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ABSTRACT

Herein, we report a light-triggered hydrogel dressing fabricated via high-resolution digital light processing (DLP)
3D printing that seamlessly integrates programmable architecture with precisely tailored phototherapeutic
functions. Dopamine-modified gelatin methacryloyl serves as the photocurable matrix, while glycerol is intro-
duced to tune curing kinetics and improve optical transparency. Porphyrinic metal-organic frameworks (MOFs)
are embedded as photoactive fillers to integrate both photodynamic and photothermal antibacterial functions. A
facile FeCls post-treatment strategy introduces dynamic Fe3*-catechol coordination bonds into the 3D-printed
hydrogel network, which remarkably boosts singlet oxygen (105) yield by 2.6-fold through a photocatalytic
oxygen cycling. The obtained hydrogel dressing achieves 99.99% inactivation of Staphylococcus aureus and
Escherichia coli within 15 min of irradiation, along with favorable biocompatibility. In full-thickness wound
healing assays, the hydrogel mitigates inflammation and accelerates tissue regeneration, reaching ~89% wound
closure within 12 days. Moreover, the glycerol-water binary solvent system endows the hydrogel with excellent
anti-freezing and water retention properties, enabling stable operation in both extreme cold and dry-heat en-
vironments. This digitally programmable platform enables patient-specific, conformal dressings with

environment-adaptive functionality, offering a scalable solution for remote and resource-limited.

1. Introduction

Bacterial infection is a major impediment to wound healing, delaying
tissue repair and complicating the management of chronic wounds [1].
In this context, light-based antimicrobial strategies, particularly photo-
dynamic therapy (PDT) and photothermal therapy (PTT), have emerged
as promising alternatives because they are minimally invasive and are
generally less prone to driving antimicrobial resistance than conven-
tional antibiotics [2,3]. PDT eliminates bacteria by activating photo-
sensitizers to generate reactive oxygen species (ROS), which induce
irreversible oxidative damage to essential cellular components [4]. In
contrast, PTT relies on photothermal agents to convert light into local-
ized heat, leading to bacterial death through protein denaturation and
disruption of membrane integrity [5].

Currently, various photosensitive materials—including black phos-
phorus, metal-organic frameworks (MOFs), MoSy, and aggregation-
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induced emission luminogens (AlEgens)—have shown strong PDT/PTT
efficacy and considerable potential for infected-wound treatment [6-9].
However, conventional topical administration of these nanoagents faces
two major limitations. Mechanical friction and wound exudates can
rapidly remove surface-applied agents, diminishing local concentration
and therapeutic efficacy, while systemic absorption from the wound site
may lead to phototoxic side effects [10,11]. To address these issues,
hydrogel-based PDT/PTT platforms have been developed to physically
confine photosensitive agents within polymer networks, thereby
improving local retention and minimizing off-target exposure [10,12].
Moreover, hydrogels with high water retention, extracellular matrix-
mimicking 3D networks, and favorable biocompatibility create a near-
physiological microenvironment at the wound site. Such a milieu fa-
cilitates cell migration, proliferation, and differentiation, ultimately
promoting tissue remodeling and functional recovery [12,13].
Nevertheless, the growing clinical demand for treating complex
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wounds poses substantial challenges for the personalized application of
phototherapeutic hydrogel dressings. This challenge arises from the
inherent heterogeneity in wound tissue geometry, stiffness, and
anatomical location [14,15]. Conventional bulk hydrogels with homo-
geneous architectures often fail to conform to irregular or anatomically
constrained wound sites. In contrast, injectable hydrogels, owing to
their low modulus, can readily adapt to uneven wound surfaces. Drug-
loaded injectable hydrogel platforms have shown promising therapeu-
tic outcomes in diseases such as osteomyelitis, periodontitis, and teno-
synovitis [16-18]. However, they often suffer from limited mechanical
robustness and rapid degradation, compromising durability during
prolonged use. Alternatively, three-dimensional (3D) wound geometries
can be acquired using scanning devices and translated into defect-
matched hydrogel dressings via computer-aided 3D printing. Owing to
their tunable physicochemical properties and precise structural cus-
tomizability, advanced 3D-printed hydrogels have demonstrated broad
applicability in the repair of complex tissues, including cartilage, mus-
cle, nerves, and blood vessels [19-22]. Notably, 3D printing also enables
remote, on-demand fabrication, offering considerable promise for future
space exploration missions, where medical supplies are constrained and
resupply from Earth is impractical.

Digital light processing (DLP)-based additive manufacturing is a
high-precision, high-throughput 3D printing technology [23,24]. It
employs a projector to selectively photopolymerize resins in a layer-by-
layer manner, thereby enabling the accurate fabrication of complex 3D
structures [25]. Compared with other 3D printing modalities, DLP offers
distinct advantages, higher printing resolution and dimensional fidelity,
faster fabrication, and improved surface quality [25,26]. Accumulating
evidence indicates that DLP provides an effective route to engineer
hydrogels with intricate 3D architectures from both synthetic and
naturally derived precursors. Photocurable biomaterial matrices such as
gelatin methacryloyl (GelMA), methacrylated hyaluronic acid, and silk
fibroin-based derivatives have been widely explored for tissue engi-
neering, wound repair, and drug delivery [27]. More importantly, DLP
printing facilitates the precise in situ integration of diverse therapeutic
drugs and nanoparticles within these matrixes, enabling the develop-
ment of multifunctional dressings with tailored biological effects for
precise and on-demand therapies. However, few DLP-printable hydrogel
systems have been reported to simultaneously achieve favorable print-
ing fidelity, anti-freezing tolerance and enhanced phototherapeutic ac-
tivity. Furthermore, current DLP-printed phototherapeutic hydrogels
mostly rely on direct loading of photosensitive fillers, and post-printing
coordination chemistry to amplify synergistic PDT/PTT performance
remains largely unexplored.

Building on these advancements, we developed a DLP-based photo-
therapeutic hydrogel platform that synergistically integrates program-
mable 3D architecture with chemically augmented photodynamic and
photothermal functions. Specifically, using dopamine-modified GelMA
(GMD) chemistry, we introduced a glycerol co-solvent system to
simultaneously improve DLP processability and optical transparency. A
porphyrinic MOFs (PCN-224), which integrate the Zrg clusters and
porphyrin based molecular units into 3D network, were selected as
photoactive fillers due to their dual photosensitizing capability.
Importantly, we established a post-printing FeCls treatment to construct
Fe3'-catechol coordination within the printed hydrogel. This facile co-
ordination chemistry amplifies photodynamic and photothermal activ-
ities by 2.6-fold and 1.4-fold compared to untreated controls,
respectively. We systematically evaluated the platform's antimicrobial
efficacy against clinically relevant pathogens (S. aureus and E. coli),
biocompatibility, and therapeutic performance in infected wound
models. Furthermore, the glycerol-water binary network was examined
for environmental resilience, extending applicability to extreme cold
and arid conditions. This work demonstrates how digital fabrication,
coordination chemistry, and rational material design can converge to
create adaptable, patient-specific wound care solutions.
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2. Experimental
2.1. Materials

Gelatin (Type B, from bovine skin), glycerol and water-soluble
diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide (TPO-SDS) were
bought from Merck, Italy. ZrOCl,-8H20 (99.9%), 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (TCPP, 97%), methacrylic anhydride (MA,
94%), dopamine hydrochloride (98%), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC, 98.5%), N-hydroxysuccinimide
(NHS, 99%), 4-morpholineethanesulfonic acid (MES, 99.5%), Iron(III)
chloride (99%), and poly(ethylene glycol) diacrylate (PEGDA,
Mn = 575, 99%) were purchased from Macklin Biochemical Technol-
ogy, China. 9,10-anthracenediyl-bis (methylene) dimalonic acid (ABDA,
90%), phosphate buffered saline (PBS, pH = 7.2), and tetracycline hy-
drochloride (TH, 90%) were purchased from Shanghai Vita Chemical
Reagent, China. Benzoic acid (99.5%) and other chemicals were ob-
tained from Sinopharm Chemical Reagent, China. Fresh rabbit blood
was purchased from Qingdao Antiserum Biotechnology Co., Ltd., China,
and L1929 cells were obtained from Procell Life Science and Technology
Co., Ltd., China. All chemicals were used as received without any
additional purification.

2.2. Synthesis of GelMA

Gelatin methacryloyl (GelMA) was synthesized following a previ-
ously reported method with slight modification [28]. Briefly, gelatin
powder (10 g) was dissolved in 100 mL of PBS at 50 °C. Then, 2 mL of
MA was added dropwise to the mixture, which was kept under magnetic
stirring (500 rpm) for 5 h. After the reaction, 400 mL of PBS was added,
and the solution was dialyzed in deionized water using dialysis mem-
branes (MWCO = 8-14 kDa) for 7 days at 40 °C. Finally, the dialyzed
solution was freeze-dried to yield GelMA with a degree of substitution of
approximately 60%.

2.3. Synthesis of GMD

GelMA-dopamine (GMD) was synthesized using a previously re-
ported method [29]. In detail, 1.5 g of synthesized GeMA was dissolved
in 150 mL of degassed MES buffer (50 mM, pH = 4.5) at 37 °C. EDC
(862.6 mg) and NHS (518 mg) were then added to the solution. After
stirring for 20 min, 853.4 mg of dopamine hydrochloride, pre-dissolved
in 4.5 mL of MES buffer (50 mM, pH = 3.3), was mixed with the mixture.
The reaction was conducted at 37 °C in darkness with shaking at
100 rpm for 24 h. The obtained product was transferred to a dialysis
membrane (MWCO = 8-14 kDa) and dialyzed in a 0.001 mol/L HCI
solution for two days, followed by one day in deionized water. Finally,
the product was lyophilized to yield GMD. The content of dopamine
grafted onto the GMD polymer was determined based on a standard
curve established from the absorbance of dopamine solutions [30].

2.4. Synthesis of zirconium-based porphyrinic MOFs

Zirconium-based porphyrin-MOFs were synthesized following a
previously reported method [31]. In detail, 3 g of benzoic acid and
300 mg of ZrOCl,-8H0 were dissolved in 20 mL DMF under ultra-
sonication for 20 min. Subsequently, 100 mg of TCPP was added to the
solution, followed by additional ultrasonication for 30 min. After that,
the mixture was transferred to a Teflon-lined autoclave and heated at
120 °C for 24 h. After the reaction, the mixture was cooled to room
temperature naturally and centrifuged at 8000 rpm for 30 min to collect
the precipitate. The precipitate was washed sequentially with DMF
(twice) and with ethanol (three times) to remove impurities. Finally, The
MOFs (PCN-224) nanocrystals were obtained after drying in a vacuum
oven at 60 °C for 12 h.
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2.5. Preparation of 3D printable formulations

The preparation of GMD/MOFs- glycerol/water (GW) precursor
formulation began with dissolving GMD (30%, w/v) and TPO-SDS
(1.5%, w/v) in a GW solution (50%, v/v) under sonication at 45 °C.
Then, the solution was mixed with an equal volume of MOFs/GW (1 mg/
mL) suspension, followed by the addition of PEGDA (0.5%, v/v) and
magnetic stirring to ensure a homogeneous precursor solution. The
GMD/MOFs-W precursor formulation was prepared using the same
procedure, with the GW solvent replaced by deionized water only (W).
In addition, GMD-W and GMD-GW precursor formulation were prepared
using a similar procedure. For the GMD-W formulation, GMD (15%, w/
v) and TPO-SDS (0.75%, w/v) were dissolved in deionized water, fol-
lowed by the addition of PEGDA (0.5%, v/v) and stirring to homoge-
neity. By replacing the deionized water described above with GW
solution, the GMD-GW precursor formulation was obtained.

2.6. DLP 3D printing

Prior to initiating the printing process, the Materials Test program of
DLP 3D printer (MAX X27, Asiga, AUS, wavelength emission 385 nm,
nominal XY resolution of 27 x 27 ym?) was used to investigated the
functional relationships between light intensity and curing depth, as
well as between exposure time and curing depth [32]. The printing
parameters for the DLP process were subsequently optimized based on
these derived functional models.

3D models were designed using Cinema 4D software and exported as
STL files for 3D printing. The DLP process was performed using the Asiga
MAX X27 above mentioned. The hydrogels were printed applying pre-
optimized parameters, then washed in deionized water (50 °C) or GW
solution (depending on their formulation) to remove uncured residues.
Subsequently, these hydrogels were post-cured in a UV chamber for
2 min. The obtained GMD/MOFs-GW hydrogel was further immersed in
a 0.05 mol/L FeCl3-GW solution at 50 °C for 2 h to allow Fe3* chelation.
Finally, the GMD/MOFs/Fe3*-GW hydrogel was stored in a sterile 50%
glycerol/PBS (GP) solution at 4 °C to ensure stability until further use.

2.7. Characterization

Structural and morphological characterizations were performed as
follows. 'H NMR spectra of gelatin, GelMA, and GMD were recorded on
a nuclear magnetic resonance spectrometer (AVANCE III HD 400,
Bruker, Germany) at 400 MHz. UV-vis spectra were collected using a
UV-vis spectrophotometer (UV-2600, Shimadzu, Japan) and a multi-
mode microplate reader (BioTek Synergy HTX, Agilent, USA). The
chemical structure and crystalline properties were analyzed by Fourier
transform infrared spectroscopy (FTIR, NEXUS 470, Nicolet, USA), X-ray
diffractometer (XRD, D2 PHASER, Bruker, Germany), and X-ray
photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos, UK). The
micromorphology was observed via a scanning electron microscope
(SEM, SU1510, Hitachi, Japan), a field emission scanning electron mi-
croscope (FESEM, Regulus8100, Hitachi, Japan), and a transmission
electron microscope (TEM, JEM-2100, Hitachi, Japan). For glycerol-
containing hydrogels, samples were immersed in deionized water for
24 h (water refreshed every 8 h), lyophilized, and then characterized by
FESEM coupled with an energy dispersive X-ray spectroscopy (EDS)
system. Particle size statistics were performed using Nano Measurer
software (Fudan University, China).

Thermal, mechanical and 3D printing-related characterizations are
described below. The thermodynamic behavior of the hydrogels was
evaluated by differential scanning calorimetry (DSC, DSC3+, Mettler,
Switzerland) over a temperature range of —60 to 60 °C at a heating rate
of 10 °C/min. Mechanical performances were characterized by dynamic
mechanical analysis (DMA, Q800, TA, USA). Cylindrical 3D-printed
hydrogels (diameter = 10 mm, height = 3 mm) were tested between
parallel plates (amplitude = 0.05 mm, frequency = 10 Hz) at —40 °C and
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37 °C, respectively, to evaluate anti-freezing performance. The photo-
rheological behavior of the precursor formulations was measured using
a rheometer (Physica MCR 302, Anton Paar, Austria) equipped with a
UV spot light source (LC8 lamp, Hamamatsu Photonics, Japan). The
uncured formulation was drop-cast onto the center of a quartz platform,
and the storage modulus (G") during photopolymerization was recorded
in real-time under UV irradiation (40 mW/cm?) with a 25 mm parallel
plate, 0.2 mm gap, 10 Hz frequency, 1% strain, and 30 °C test temper-
ature. The printing fidelity of the 3D printed objects was analyzed using
a 3D optical scanner (E3, 3Shape, Denmark). The scanned data were
aligned with the original STL model, and the geometric deviations were
visualized as a color-coded heat map.

2.8. Visible light transmittance test

A solar power meter (SPM, LH-122, Lianhc, China) was utilized to
evaluate the visible light transmittance of 3D printed hydrogels. Before
testing, the visible light source was adjusted to achieve a stable irradi-
ance (Ip = 30 mW/cm?). A uniformly thick 3D printed hydrogel sample
was then placed over the probe, ensuring full coverage. The transmitted
light intensity (I) was recorded, and the measurement was repeated 3
times for statistical reliability. The visible light transmittance was
calculated using Eq. (1):

I
Visible light transmittance (%) = X 100 1)
0

2.9. Adhesion strength test

The skin-adhesion strength of 3D printed hydrogels was evaluated
using a standard pull-off adhesion test (ASTM F2258) with fresh porcine
skin as the substrate, which closely mimics the properties of human skin
[33]. Before testing, porcine skin samples were degreased and surface
moisture was removed using filter paper. A 3D printed hydrogel sample
(10 x 10 x 1 mm) was sandwiched between two porcine skin layers and
maintained at 37 °C for 2 h to ensure sufficient contact. Such skin-
hydrogel-skin assembly was subsequently measured using an elec-
tronic universal testing machine (PT-1198, Pootab, China) at a constant
speed of 5 mm/min until complete detachment occurred. The adhesion
strength was calculated according to Eq. (2):

FmaX -
Adhesion strength (kPa) = s x 100073 2

where F,x and S represent the maximum tensile force and the adhesion
area, respectively.

2.10. Water retention test

Water retention capacity was assessed by exposing hydrogel samples
(10 mm diameter, 2 mm thickness) to a controlled dry-heat environment
(40 °C, 10% RH). Samples were periodically removed and weighed at
predetermined intervals (0.5, 1, 2, 4, 8, 24, 48 h). The weight retention
rate was calculated according to Eq. (3):

Weight retention rate (%) = % x 100 3)
0

where W, represents the weight at dehydration time t, and Wo denotes
the initial weight before testing.

2.11. Photodynamic and photothermal activity test

The photodynamic activity was evaluated by ABDA degradation ki-
netics induced by 'O,. A 3D printed disc-shaped hydrogel sample
(diameter = 10 mm, height = 1 mm) was placed at the bottom of a
quartz cuvette, followed by the addition of 3 mL ABDA solution (40 mg/
L). The system was kept in the dark for 1 h to ensure adsorption
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equilibrium. Subsequently, it was exposed to a xenon lamp (~30 mW/
cm?, A > 420 nm) for 20 min. The UV-vis absorption spectra of the
solution were recorded every 5 min using a UV-vis spectrophotometer
over a wavelength range of 300-500 nm.

To evaluate the photothermal activity, the disc-shaped hydrogel
sample (diameter = 10 mm, height = 1 mm) was irradiated with a xenon
lamp (~30 rnW/cmZ, A > 420 nm), and the surface temperature was
monitored real-time using an infrared thermal imaging camera
(UTi260E, UNI-T, China).

2.12. Antibacterial performance assessments

The antibacterial performance was quantitatively evaluated
following a previous method with slightly modification [34]. Gram-
positive Staphylococcus aureus (S. aureus, ATCC 6538) and Gram-
negative Escherichia coli (E. coli, ATCC 43895) were selected as model
bacteria in this assay. Specifically, 20 pL of freshly prepared bacterial
suspension (10 CFU/mL) was pipetted into each well of a sterile 24-well
plate, followed by complete coverage with the 3D printed hydrogel
samples (diameter = 10 mm, height = 1 mm). The 24-well plate was
then irradiated under a Xenon Lamp (30 mW/cmz, A > 420 nm) for
15 min, while an identical plate was maintained in darkness as the
control. Subsequently, 2 mL of sterile PBS was added to each well, and
the bacteria were resuspended by repeated pipetting (10 times). The
resuspension was then serially diluted (10-, 100-, and 1000-fold), and
50 pL of each dilution was evenly spread onto LB-agar plates. Bacterial
colonies were counted after incubation at 37 °C for 16-24 h. All ex-
periments were performed in triplicate using independent hydrogel
samples.

In addition, 200 pL of the bacterial suspension (10° CFU/mL) was
dropwise pipetted onto LB-agar plates and uniformly spread using a
sterile spreader. After the bacterial suspension air-dried naturally, disk-
shaped hydrogel samples (diameter = 10 mm, height = 1 mm) were
placed onto the inoculated agar plates. Then, the plates were transferred
to the Xenon Lamp (30 mW/crnz, A > 420 nm) and illuminated for
15 min. Subsequently, the hydrogels were carefully removed with sterile
tweezers, and the plates were incubated at 37 °C for 24 h. Herein, GMD-
GW samples loaded with 0.5 mg/mL of TH (denoted as GMD,/TH-GW)
were 3D-printed and served as a release-mediated antibacterial group
for comparison.

To further elucidate the bactericidal mechanism of the 3D-printed
hydrogels, bacterial suspensions were inoculated onto each hydrogel
sample and illuminated for 15 min under the white light (30 mW/cmz,
A > 420 nm). Then, the treated samples were fixed with 2.5% glutar-
aldehyde at 4 °C for 24 h, followed by gradient dehydration in ethanol
series (50%, 60%, 70%, 80%, 90%, and 100%). After natural drying, the
samples were observed by SEM to analyze bacterial morphological
changes.

2.13. Hemolysis behavior assessment

A PBS suspension containing 5% (v/v) red blood cells (RBCs) was
obtained by centrifugation following the previous method [35]. The
hemolysis assay was conducted by adding 1 mL of PBS, 40 mg of
hydrogel specimen, and 0.5 mL of prepared RBCs/PBS suspension
sequentially into a 1.5 mL centrifuge tube. Herein, 1 mL of deionized
water and 1 mL of PBS, each mixed with 0.5 mL of RBCs/PBS suspen-
sion, were used as the positive and negative controls, respectively. All
the mixtures were incubated at 37 °C for 3 h, followed by centrifugation
at 2000 rpm for 10 min. After that, a UV-vis spectrophotometer was
employed to record the absorbance of each supernatant at 540 nm. The
hemolysis ratio was calculated using Eq. (4):

Ahydrogel - Anegative

Hemolysis ration (%) = x 100 4

positive — {negative
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where Anydrogel, Anegatives and Apositive denote the absorbance values of
the hydrogel, PBS, and deionized water groups, respectively.

2.14. Cytotoxicity assessment

The in vitro cytotoxicity of the 3D printed hydrogels on mouse
fibroblast cells (1929) was assessed following CCK-8 assay method with
leaching pattern [36]. The revied L929 cells were seeded into a 96-well
plate and pre-cultured in Dulbecco's Modified Eagle Medium (DMEM)
under a 5% CO atmosphere at 37 °C for 24 h. At the same time, 40 mg of
sterile hydrogel specimen was immersed in 100 pL of DMEM for
extraction. Then, the pre-cultured mediums in 96-well plate were
replaced with the same volume of 0.1% Triton X-100, fresh DMEM, and
specimen extract, respectively. After an additional 48 h incubation, the
CCK-8 reagent was added to each well and incubated for 2 h at 37 °C.
The absorbance was measured at 450 nm using a Multimode Reader.
Cell viability for each specimen was calculated according to Eq. (5):
Aspecimen -

A ositive
POIVe 100 )]

- Apositive

Cell viability (%) =

negative

where Agpecimen, Apositive» ad Anegative T€present the absorbance values of
the hydrogel specimen, 0.1% Triton X-100 (positive control), and fresh
DMEM (negative control), respectively.

The viability of L929 cells was further assessed using a live/dead
fluorescence staining assay [37]. Briefly, after co-incubation with 0.1%
Triton X-100, fresh DMEM, or specimen extract, the cells in 96-well plate
were washed with PBS. Subsequently, a diluted Calcein-AM solution was
added and incubated for 15 min in the dark to stain live cells. Following
three PBS washes, a diluted propidium iodide solution was added and
incubated for 5 min in the dark to stain dead cells. Finally, these cells
were rinsed with PBS and imaged under a fluorescence microscope.

2.15. Wound healing assay and histological analysis

Adult male Kunming rats (6-8 weeks old, ~250 g) were used in the
wound healing assay. All animal care and experimental procedures were
conducted in accordance with the Animal Management Regulations of
the Ministry of Health of the People's Republic of China and the
Guidelines for the Care and Use of Laboratory Animals in China. The
protocols were approved by the Animal Welfare and Ethics Committees
of BeiJian Testing Co., Ltd. and Hunan University of Arts and Science.
Before the operation, all rats were anesthetized by injection of 4%
pentobarbital sodium and fixed in a prone position on a surgical plat-
form. The dorsal hair was shaved and the area was disinfected using
povidone-iodine. Then, three full-thickness circular wounds (diameter:
~1 cm) were created on the dorsal skin of each rat, and each wound aera
was evenly spread with 50 pL of S. aureus suspension (~10% CFU/mL).
After 60 min of bacterial infection, the three wounds were topically
treated with PBS (blank), 3M™ dressing, and GMD/MOFs/Fe3t-GW
hydrogel, respectively. Subsequently, the back of rat was irradiated for
15 min with a xenon lamp (~30 mW em™2, A > 420 nm), and then
covered with sterile gauze. The wound healing progression was recorded
at 0, 4, 8, and 12 days, and the wound areas were quantified using
ImageJ software. No additional irradiation was performed during the
subsequent observation period. The percentage of residual wound area
was determined according to Eq. (6):

S
Residual wound area (%) = S—" x 100 (6)
0

where S, and Sy denote the wound area on day n and day 0, respectively.

In addition, the wound tissues were harvested from the dorsal region
at days 4, 8, and 12 postoperatively following euthanasia. The tissues
were fixed in 4% paraformaldehyde solution for 24 h, embedded in
paraffin, and sectioned. Subsequently, the histological sections were
stained with hematoxylin and eosin (H&E) for further pathological
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analysis.
2.16. Statistical analysis

ANOVA and Student's t-test were used for statistical analysis. A P-
value <0.05 was considered statistically significant, while P > 0.05 was
considered not significant (N. S.). All experimental data were expressed
as mean =+ standard deviation, with error bars in figures representing
standard deviations.

3. Results and discussions
3.1. Characterization of the synthesized GMD and MOFs

The synthetic procedures for GelMA and GMD are illustrated in
Fig. S1. Successful synthesis of GMD was verified by chemical structure
characterization, with a methacryloyl degree of substitution of ~60%
(Figs. S2-S3). Zirconium-based porphyrin-MOFs crystals were synthe-
sized via a hydrothermal method (Fig. S4), and their morphology and
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crystalline structure were characterized by FESEM and XRD (Figs. S5-
S6).

3.2. Design and printability of the 3D-printed formations

In our previous study, the GelMA/MOFs system was shown to be
suitable for DLP 3D printing [32]. Herein, the GelMA chains were
further functionalized with dopamine moieties and employed as a
photocurable precursors for DLP. As displayed in Fig. S7, when water
was used as the sole solvent in the formulation (as in the previous pro-
tocol), the dopamine-modified GelMA (GMD) exhibited pronounced
turbidity upon photocuring. This loss of optical clarity would inevitably
reduce the light-harvesting efficiency of the embedded MOFs, with
UV-vis absorption spectra (Fig. S8a) showing a marked attenuation of
their characteristic absorption peaks. Moreover, the resulting optical
scattering markedly diminished the photoinitiation efficiency of internal
photosensitizers during DLP 3D printing, ultimately leading to failure in
fabricating well-defined architectures (Fig. S8b). After preliminary
screening of glycerol concentrations ranging from 20% to 60%, the 50%

Fig. 1. (a) Optical photographs of GMD-W (left), GMD-GW (middle), and GMD/MOFs-GW (right) hydrogels. (b) Schematic diagram of light transmission mea-
surement. (c) Light transmittance. (d) Schematic diagram of the proposed mechanism for light transmittance improvement. (e¢) UV-vis spectra of the GMD-W
formulation before and after photocuring. (f) Schematic diagram of the crosslinking mechanism for GMD/MOFs-GW hydrogel. (g) Photorheological curves of the

given formulations. (*** represents P < 0.001).
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GW binary system was selected as the optimal formulation. It markedly
improved the optical transparency of cured GMD resin, which addressed
the turbidity problem and in turn guaranteed sufficient photocuring
efficiency and printing feasibility. Fig. 1a presents the photographs of
the photocured hydrogels obtained from the GMD-W, GMD-GW, and
GMD/MOFs-GW formulations, respectively. The light transmittance of
the hydrogels was further quantitatively evaluated using transmission
measurements (Fig. 1b). At 1 mm thickness, the GMD hydrogel was
largely opaque, with a transmittance of only ~14.2%. In stark contrast,
the GMD-GW hydrogel maintained excellent transparency (~97.3%).
Notably, even after incorporation of MOFs, the transmittance of the
GMD/MOFs-GW hydrogel remained high at ~82.5%. As the thickness
increased to 3 mm, the GMD hydrogel became virtually opaque (~1.8%
transmittance). Remarkably, the GMD-GW hydrogel retained its trans-
parency (~95.6%), demonstrating negligible thickness-dependent scat-
tering. For the GMD/MOFs-GW hydrogel at this thickness, the
transmittance decreased to 69.3%, which could be attributed to the
intrinsic absorption and scattering by the embedded MOFs. A proposed
mechanism underlying the GW-induced transparency enhancement of
the GMD resin is illustrated in Fig. 1d. It is reasonably speculated that in
a single aqueous solvent, the catechol groups along the GMD chains tend
to form aggregates through n-n stacking. Subsequent photo-crosslinking
of methacrylate groups immobilizes these aggregates and may result in
irregular chain packing and the formation of large polymer domains,
which is a plausible cause for the diminished optical transmittance.
[38,39]. Consistently, UV-vis spectroscopy (Fig. 1e) revealed a marked
increase in the visible-light absorbance of GMD resin after polymeriza-
tion in aqueous solvent alone, corroborating the macroscopic decrease
in transparency. By contrast, it is proposed that in the GW binary sol-
vent, hydrogen bonding between catechol and glycerol may weaken n-n
stacking and facilitate a more uniform chain arrangement, which ac-
counts for the enhanced optical transparency [39]. In addition, the
UV-vis absorption spectra of the GMD-GW and GMD/MOFs-GW for-
mulations before and after photocuring are shown in Fig. S9. As ex-
pected, the absorption spectra of both GMD-GW and GMD/MOFs-GW
formulations exhibited negligible differences before and after photo-
curing, and the characteristic absorption peaks of MOFs remained
distinct, indicating that the optical transparency of the resulting
hydrogels was well preserved. In particular, no characteristic absorption
peak of ortho-quinone appeared at 395 nm in either cured formulation,
confirming that the catechol groups remained unoxidized during the
DLP 3D printing [30].

In the printable formulations, 0.5% (v/v) PEGDA was used as a
crosslinker to improve the printability and structural formability of the
hydrogel. This was the lowest concentration of crosslinker that enabled
successful printing. Further elevation of the PEGDA content increased
the crosslinking density, thereby compromising the flexibility of the
hydrogel network. Fig. 1f illustrates the formation mechanism of the
GMD/MOFs-GW hydrogel. Following UV exposure, the GMD molecular
chains and PEGDA form a three-dimensional network through covalent
cross-linking. This network is additionally stabilized Zr**-catechol co-
ordination with the embedded MOFs, leading to a significant enhance-
ment in structural integrity [40]. Meanwhile, rheological measurements
(Fig. S10) demonstrated that the incorporation of MOFs exerted a
negligible impact on the viscosity () of the formulations, with the n
values remaining within the typical range (0.001-1 Pa-s) for conven-
tional DLP 3D printing [41]. Given the potential competitive absorption
between the embedded MOFs and the photoinitiator, the photo-
polymerization kinetics of printing formulations were thoroughly
investigated. As shown in Fig. 1g, the polymerization process of GMD-W,
GMD-GW, and GMD/MOFs-GW formulations occurred in <10 s upon UV
irradiation, which is an indication of their suitability for DLP 3D printing
in principle [42]. Theoretically, catechol groups in GMD retard photo-
polymerization reaction by scavenging free radicals generated by the
photoinitiator. However, glycerol in the GW binary system could sup-
press this retardation by binding to the catechol groups [43].
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Consequently, the photorheological results demonstrated an earlier
polymerization onset for GMD-GW compared to GMD-W. In contrast,
light absorption competition from MOFs moderately delayed the pho-
topolymerization of GMD/MOFs-GW. Such a competitive effect has been
strategically exploited in DLP 3D printing to enhance printing fidelity by
suppressing undesired polymerization [41].

To further determine the optimal DLP 3D printing parameters, the
curing behavior of the GMD/MOFs-GW formulation was investigated
using a Materials Test program. As shown in Fig. 2a, curing depth
showed a strong linear dependence on exposure time (range: 11-23 s)
under constant light intensity, described by the equation
y = —0.33 + 0.06x (R% > 0.99). Conversely, at a fixed exposure time
(Fig. 2b), curing depth exhibited a logarithmic dependence on light in-
tensity (range: 20-40 rnW/crnz), fitted by y = In(0.38 + 0.055x)
(R? > 0.95). These empirical working curves served as the quantitative
basis for parameter selection, with the selection criterion set as the cure
depth being no less than 1.2 times the layer thickness to ensure reliable
interlayer adhesion. For formal printing, a fixed layer thickness of 50 pm
was adopted, with a baseline UV intensity of 30 mW/cm? and a baseline
exposure time of 15 s. Benefiting from the layer-by-layer tunability of
the DLP system, the exposure time and light intensity of individual
layers were fine-tuned within the calibrated range according to the
cross-sectional filling ratio and structural features, to balance curing
fidelity and printing efficiency. All parameter adjustments strictly fol-
lowed the pre-established working curves.

After optimizing the printing parameters, a three-dimensional GMD/
MOFs-GW hydrogel structure was fabricated using a DLP 3D printer. The
workflow is illustrated in Fig. 2c. A model was first designed with
Cinema 4D and exported in STL format, then imported into Asiga
Composer for parameter configuration. The photocurable formulation
was poured into the resin tank, and the DLP program was initiated.
Guided by a high-power UV LED and a high-resolution optical system
(27 x 27 pm), the sliced model was projected layer by layer, selectively
curing predefined regions. Each cured layer was lifted to allow fresh
resin flow, and the process was repeated until a complete 3D hydrogel
structure was obtained [44]. Such process enables the fabrication of
diverse hydrogel architectures with high structural fidelity. Fig. 2d and e
demonstrate that the printed samples faithfully reproduce both the
Chinese characters (Jiangnan University) and the English letters
(Polito), with smooth surfaces and well-defined edges. The printing
accuracy of the GMD/MOFs-GW hydrogel was evaluated using a 3D
scanner. As shown in Fig. 2f, the printed hydrogel replicated the original
model comprising a circular base and five pyramid-like structures. The
geometric deviation heat map reveals that most surface errors were
below 0.05 mm, confirming the high fidelity of the printed constructs.
Fig. 2g-i exhibited representative 3D models, including bowl, hollow
cube and terrain shapes. Notably, a more complex axisymmetric model
with central pillars was also accurately reproduced without internal
supports (Fig. 2j). The printability achieved is in good agreement with
recent literature in the field of photocurable hydrogels with such content
of water [32,45-47] and demonstrates the capability of the GMD/MOFs-
GW formulation to achieve high-precision replication of intricate
structures via DLP 3D printing. Such specific structures are designed to
address critical requirements in wound management, including con-
formability, stretchability, and breathability.

3.3. Characterizations of the 3D-printed hydrogels

Given the catechol groups in GMD molecules, the printed GMD/
MOFs-GW hydrogels were subsequently treated with FeClg (Fig. S11).
Herein, an excess concentration of Fe>™ was applied to compensate for
diffusion within the hydrogel network, thereby ensuring sufficient
catechol-Fe>* coordination. During the treatment, mono catechol-Fe>*
complexes were initially formed in the FeCl3-GW solution (pH ~ 2.1)
and subsequently converted into bis catechol-Fe>* complexes after im-
mersion in GP solution (pH ~ 7.2). The UV-vis absorption spectra of
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Fig. 2. (a) The functional relationship between curing thickness and exposure time for GMD/MOFs-GW formulation under 40 mW/cm? light intensity. (b) The
functional relationship between curing thickness and light intensity for GMD/MOFs-GW formulations after exposure for 20 s. (¢) Schematic illustration of DLP 3D
printing process. (d-e) The STL models and the printed hydrogels of Chinese characters and English letters. (f) Printing accuracy analysis via 3D scanning (Color bar
represents deviation from reference, red: positive, blue: negative). (g-j) 3D printed hydrogels with bowl, hollow cube, terrain and axisymmetric structure with central

pillar shapes.

different hydrogels are shown in Fig. 3a. The GMD-GW hydrogel
exhibited negligible absorption in the visible region. In contrast, the
GMD/Fe>*-GW hydrogel displayed a broad absorption band around
~575 nm, which is attributed to the formation of bis catechol-Fe3*
complexes [48]. Moreover, in addition to the characteristic peaks of
MOFs, the spectrum of the GMD/MOFs/Fe®*-GW hydrogel also exhibi-
ted additional features arising from the bis-complex absorption.

To further evaluate the mechanical properties of 3D-printed hydro-
gels, DMA was performed at physiological temperature (37 °C). As
shown in Fig. 3b, the storage modulus (G') increased from 56.1 kPa for
GMD-W to 58.0 kPa for GMD-GW. This increase is consistent with the

photorheological results and confirms the reinforcing effect of glycerol.
Incorporation of MOFs into GMD-GW further elevated the G’ to 61.7 kPa,
indicating a notable enhancement in the crosslinking density and
network rigidity. Given the strong chelating affinity between catechol
and Zrg clusters, the mechanical reinforcement is consistent with
catechol-Zr coordination [40]. Following Fe>' treatment, the G' of
GMD/MOFs/Fe>"-GW increased to 72.4 kPa, indicating additional
physical crosslinking via bis catechol-Fe>* complexes formation.
Therefore, both catechol-MOFs and catechol-Fe*™ coordination in-
teractions coexist in the GMD/MOFs/Fe>"-GW hydrogel to improve the
mechanical property (Fig. 3c). As shown in Fig. 3d, A compression test
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Fig. 3. (a) UV-vis spectra of hydrogels before and after chelating Fe®*. (b) DMA of 3D printed hydrogels at 37 °C. (c¢) Schematic illustration of catechol-MOFs and
catechol-Fe>* complexes. (d-g) SEM images of GMD-W, GMD-GW, GMD/MOFs-GW, and GMD/MOFs,/Fe>*-GW hydrogels, respectively. (h) Fitting curves of ABDA
degradation rate. (i) Fe 2p XPS spectrum of GMD/MOFs/Fe>"-GW. (j) Schematic diagram of the proposed mechanism for 10, generation enhancement.

was conducted to further evaluate the mechanical robustness of the 3D-
printed circular GMD/MOFs/Fe>*-GW hydrogel (Video 1). The circular
hydrogel exhibited remarkable fracture resistance and efficient defor-
mation recovery, which can be attributed to the synergistic contribution
of covalent bonds, hydrogen bonds, and dual coordination interactions.
Notably, the mechanical performance measured are slightly higher than
similar systems without MOFs, underscoring the importance of matrix/
filler interaction. [49]

Fig. 3d-g presents SEM images of freeze-dried 3D-printed hydrogels.
Prior to lyophilization, the GMD-GW, GMD/MOFs-GW, and GMD/
MOFs/Fe>*-GW hydrogels were immersed in deionized water to remove
glycerol. All freeze-dried hydrogels exhibited porous morphologies in
these images. Compared with GMD-W, the GMD-GW hydrogel showed
smaller pore sizes. This was attributable to the partial retention of
glycerol, which formed hydrogen bonds with GMD, as only partial
removal occurred during solvent exchange. In GMD/MOFs-GW and
GMD/MOFs/Fe3*-GW, both large and small pores were observed,
reflecting a heterogeneous network architecture. This morphology is
ascribed to the incorporation of MOFs and Fe>*, which facilitated the
formation of metal-coordination complexes, thereby inducing hetero-
geneous chain migration and rearrangement of GMD molecules during
freeze-drying [50]. Furthermore, high-magnification FESEM images in
Fig. 3f and g revealed small surface protrusions on GMD/MOFs-GW and
GMD,/MOFs/Fe®>"-GW, which are attributed to embedded insoluble

MOF crystals. The EDS spectrum (Fig. S12a) confirmed the presence of
all constituent elements, and the corresponding elemental mapping
(Fig. S12b) demonstrated a uniform spatial distribution of Zr and Fe.
The photodynamic activity of the MOF-embedded 3D-printed
hydrogels was assessed using ABDA as a 'O, probe. The absorption
spectrum of ABDA alone remained essentially unchanged after 20 min of
irradiation (Fig. S13a), confirming its stability under the applied light.
Similarly, ABDA solutions containing GMD-W or GMD-GW hydrogels
exhibited negligible spectral variations (Fig. S13b and c), indicating a
lack of photodynamic activity in these systems. In sharp contrast, a
pronounced decrease in absorbance at the characteristic peak was
observed in the presence of GMD/MOFs-GW and GMD/MOFs/Fe>"-GW
hydrogels (Fig. S14a and b). This observation is attributable to the
degradation of ABDA by 10, generated from the hydrogels upon irra-
diation. To further quantify the 'O, generation efficiency, the photo-
degradation rate of ABDA was analyzed based on the absorbance
decrease at 400 nm (Fig. 3h). The slope values obtained from linear
fitting for the control, GMD-W, and GMD-GW groups approximated
zero, verifying their negligible photodynamic activity. Conversely, the
GMD/MOFs-GW and GMD/MOFs/Fe>t-GW groups exhibited distinct
photodegradation kinetics, with fitted slopes of —5.25 x 1073
and — 1.36 x 1072 respectively. These findings demonstrate the effi-
cient light-induced 'O, generation of MOF-embedded 3D-printed
hydrogels. Moreover, the efficiency of GMD/MOFs/Fe3"-GW was
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approximately 2.6-fold higher than that of GMD/MOFs-GW, thereby
confirming its significant enhancement effect. To elucidate the mecha-
nism underlying this enhancement, XPS analysis was performed on the
dried hydrogel (Fig. 3i). The results showed Fe®* (711.2 and 724.4 eV)
existed in a stable complexed state within the hydrogel matrix [51,52].
In addition, linear fitting of HyOy detection profiles demonstrated
negligible Hy0, release from the GMD/MOFs/Fe>"-GW hydrogel under
illumination, while the GMD/MOFs-GW hydrogel displayed prominent
H20, release (Fig. S15). Thus, we propose that the photoexcited
porphyrin units in MOFs react with oxygen via two distinct
pathways—energy transfer and electron transfer—generating 10, and
H,0,, respectively [53,54]. The stably retained Fe>" ions rapidly cata-
lyze the decomposition of photogenerated H,O5 to regenerate oxygen
through the catalase-like reaction [55]. This photocatalytic oxygen
cycling not only suppresses HoO5 accumulation, thereby limiting the
electron transfer pathway, but also increases the local oxygen concen-
tration, promoting the energy transfer route and consequently
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enhancing the yield of highly targeted 'O, (Fig. 3j). To confirm the light-
dependent nature of such photo-reaction, ABDA degradation was tested
with GMD/MOFs-GW and GMD/MOFs/Fe>"-GW hydrogels in the dark
(Fig. S16). The absence of any degradation confirms that the photody-
namic effect is triggered only upon illumination.

Porphyrin-MOFs and Fe®' ions are well recognized as efficient
photothermal agents [56,57]. The photothermal performance of the 3D-
printed hydrogels was recorded under visible light irradiation. As shown
in Fig. 4a, all hydrogels exhibited a temperature rise during 30 min of
illumination, with GMD/MOFs-GW and GMD/MOFs,/Fe>*-GW showing
the most pronounced heating, reaching 50.8 °C (AT = 26.4 °C) and
61.4 °C (AT = 37.0 °Q), respectively. In contrast, GMD-W and GMD-GW
showed only minor temperature increases to 33.2 °C (AT = 8.8 °C) and
35.5 °C (AT = 11.1 °C). Infrared thermal images captured within the
initial 5 min (Fig. 4b) further revealed the fast surface heating of GMD/
MOFs-GW and GMD,/MOFs,/Fe>*-GW, with the latter exhibiting superior
performance. The cyclic photothermal stability (Fig. 4c) showed that

Fig. 4. (a) Heating curves of GMD-W, GMD-GW, GMD/MOFs-GW and GMD/MOFs,/Fe>*-GW hydrogels under light illumination within 30 min. (b) Thermal images
of hydrogel samples under light illumination within 5 min. (c) Heating-cooling curves of GMD-W, GMD-GW, GMD/MOFs-GW and GMD/MOFs/Fe>"-GW hydrogels
under cyclic light illumination. (d) Schematic illustration of tensile-adhesion test. (e) Adhesion strength of different hydrogels to the pork skin. (f) Weight retention of
the hydrogels stored at 40 °C with 10% relative humidity for 48 h. (g) Photographs of each hydrogel with bending after being frozen at —30 °C for 24 h. (d) DMA of

each hydrogel at —30 °C.
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both hydrogels underwent rapid heating and cooling during repeated
on/off light cycles, maintaining excellent repeatability. Notably, the
maximum temperature in each cycle slightly increased, likely due to
gradual water loss and enhanced thermal conductivity. Quantitatively,
the maximum temperature rise of GMD/MOFs/Fe>"-GW under visible
light irradiation was approximately 1.4 times that of GMD/MOFs-GW.
These findings confirm that MOFs endow the hydrogel with
outstanding photothermal properties, while Fe>* acts as a synergistic
component to further enhance the photothermal heating effect.

Catechol groups in GMD molecular chains enable strong adhesion to
biological tissues through hydrogen bonding and cation-n interactions
with surface functional groups [58,59]. Hence, we evaluated the tissue
adhesion strength of 3D-printed hydrogels on porcine skin (simulating
human tissue) using a tensile-adhesion test (schematic, Fig. 4d). As
shown in Fig. 4e, GeIMA-W, which lacks catechol groups, exhibited
minimal adhesion (~0.29 kPa). In contrast, GMD-W showed signifi-
cantly stronger adhesion (~10.45 kPa), attributed to its abundant
catechol groups. The adhesion strengths of GMD-GW, GMD/MOFs-GW,
and GMD/MOFs/Fe>"-GW were lower, at approximately 7.46 kPa,
7.20 kPa, and 5.79 kPa, respectively. This gradual decrease suggests that
glycerol, MOFs, and Fe3" each interact with catechol groups, likely
reducing adhesion through two mechanisms: (1) increased internal
crosslinking that restricts polymer chain mobility at the interface, and
(2) partial blocking of accessible catechol groups, limiting their inter-
action with the tissue surface [59].

The applicability of hydrogel dressings under extreme conditions
remains a key challenge for their practical translation. Most conven-
tional hydrogels are prone to dehydration in dry environments or
freezing at low temperatures, compromising their structural integrity
and functionality, thus severely limiting their potential for medical use
in harsh scenarios [60]. In this work, glycerol and water molecules self-
assembled into a stable hydrogen-bonded network, which not only
preserved water activity but also significantly suppressed evaporation
and permeation, thereby ensuring long-term hydration stability. As
shown in Fig. 4f, after 48 h under arid conditions (40 °C, 10% RH), the
GMD-W hydrogel retained only ~13.5% of its mass, indicating severe
dehydration. In contrast, the hydrogels incorporating the GW system
(~39% theoretical water content) retained ~75% of their mass. This
difference is attributed to the effective water-retention capability
imparted by glycerol. As displayed in Fig. S17, the GMD-W hydrogel
shrank drastically (> 78%), becoming dry and rigid after 48 h, whereas
the GW-system hydrogels maintained their volume with <24%
shrinkage due to limited water loss. This excellent shape stability is
critical for extending the service life of hydrogel dressings under arid
conditions. In addition to preventing drying, glycerol confers antifreeze
properties to the hydrogels by disrupting hydrogen bonds between
water molecules and inhibiting ice crystal formation [61]. As shown in
the DSC curves (Fig. S18), the GMD-W hydrogel exhibits an endothermic
peak near 3.4 °C, corresponding to ice melting. However, the peaks for
the GMD-GW, GMD/MOFs-GW, and GMD/MOFs/Fe>*-GW hydrogels
are all shifted to around —35.8 °C, indicating that the GW binary solvent
system significantly depresses the freezing point and enhances anti-
freezing performance. Fig. 4g exhibits the bending states of the hydro-
gels after storage at —30 °C for 24 h. The GMD-W hydrogel fractured
during bending, while the other three showed excellent flexibility
without any cracks. As shown in Fig. 4f, the frozen GMD-W hydrogel had
an impractically high storage modulus, and the GW-based hydrogels
showed increased moduli compared to those at 37 °C, due to suppressed
polymer chain dynamics [47,62]. The above findings confirm that the
GW binary solvent system endows the 3D-printed hydrogels with
excellent anti-freezing and water-retention capabilities, making them
suitable for use in extreme conditions.

3.4. Antibacterial efficacy and biocompatibility of 3D-printed hydrogels

The antibacterial performance was evaluated given the promising
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photodynamic and photothermal activities of the GMD/MOFs/Fe>*-GW
hydrogels. As shown in Fig. 5a and b, the blank control showed that 15-
min light irradiation alone resulted in negligible reductions of S. aureus
(~29.22%) and E. coli (~18.89%), indicating no meaningful bacteri-
cidal capacity of the light. Similarly, the GMD-GW hydrogel showed no
significant antibacterial activity under either dark or light conditions,
confirming its lack of inherent antimicrobial properties. However, the
incorporation of MOFs dramatically boosted the antibacterial efficiency
of the hydrogel under light irradiation. Specifically, the GMD/MOFs-GW
hydrogel achieved high antibacterial efficiencies (~99.83%
and ~ 99.82% against S. aureus and E. coli, respectively). This perfor-
mance was further enhanced by GMD/MOFs/Fe>"-GW hydrogel,
yielding a 99.99% eradication rate against both strains. Moreover,
neither of the MOFs-embedded hydrogels exhibited significant anti-
bacterial efficacy in the dark, confirming the photodynamic/photo-
thermal nature of their bactericidal action and its intrinsic dependence
on light activation. This visual evidence is directly supported by repre-
sentative images of the bacterial growth on agar plates (Fig. 5a).

The bactericidal mechanism was investigated by examining the
morphological changes of both bacterial strains via SEM after they were
incubated on the hydrogels and irradiated for 15 min. As shown in
Fig. 5d, both S. aureus and E. coli on the GMD/-GW hydrogel exhibited
intact and regular morphologies, whereas those on the GMD/MOFs-GW
and GMD/MOFs/Fe>*-GW hydrogels showed notable deformation and
rupture. This phenomenon is attributed to the efficient PDT/PTT inac-
tivation mechanism. Specifically, upon irradiation, the MOF-embedded
hydrogels generate cytotoxic !0, and localized heat, thereby collec-
tively disrupting bacterial membrane integrity and physiological func-
tions to induce lethal outcomes [63,64].

Typically, the transient nature of 'O, and poor thermal conductivity
confine the bactericidal activity of PDT/PTT hydrogels to a localized
area [65]. Therefore, we conducted an inhibition zone assay to inves-
tigate the bactericidal mode of the GMD/MOFs/Fe3-GW hydrogels. As
shown in Fig. Se, S. aureus and E. coli colonies in the blank group grew
uniformly on the agar plates, indicating that the illumination conditions
had no interfering effect on the experimental results. In the release-
mediated antibacterial group, distinct inhibition zones around GMD/
TH-GW hydrogels stemmed from TH diffusion that generates a bacteri-
cidal microenvironment to inhibit bacterial growth [66]. In the absence
of TH, the GMD-GW hydrogels reduced bacterial colonies only under-
neath them, with no detectable inhibition zone in the surrounding area.
This observed reduction is more likely attributable to physical adhesion
rather than direct killing. Notably, the GMD/MOFs/Fe>*-GW hydrogels
achieved near-complete bacterial inactivation within the covered area,
confirming the robust killing efficacy of the integrated PDT/PTT. The
absence of an inhibition zone around the hydrogel, combined with the
short diffusion range of 'O, and the immobilization of photoactive
components in the network, suggests that the bactericidal effect is pre-
dominantly contact-mediated. Accordingly, DLP 3D printing offers a
practical therapeutic advantage by enabling precisely fitted hydrogel
dressings, which ensures close tissue contact favorable for treatment
efficacy. This role of 3D printing was recently reported in literature for
different hydrogel systems. [46,47]

To verify the critical role of the GW antifreeze system in preserving
photodynamic antibacterial activity at extreme low temperatures, a
glycerol-free aqueous hydrogel (GMD/MOFs,/Fe3*-W) was obtained via
solvent exchange, which fully froze at —30 °C. As shown in Fig. S19a, the
frozen GMD/MOFs/Fe3*-W hydrogel achieved only ~39.34%
(S. aureus) and ~ 55.63% (E. coli) bacterial reductions under light
irradiation at —30 °C, while the GMD/MOFs/Fe3*-GW hydrogel
retained an exceptional 99.99% bactericidal efficiency under identical
conditions. This result is ascribed to the severe inhibition of 105 diffu-
sion induced by ice formation in frozen hydrogels, whereas the GW bi-
nary system maintains a continuous liquid phase within the 3D-printed
GMD/MOFs/Fe>*-GW hydrogel network, thereby providing the essen-
tial medium for 10, transport and antibacterial activity at this extremely
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Fig. 5. Antibacterial efficiency of different hydrogels against (a) S. aureus and (b) E. coli. (c) Survival colonies of bacteria after the antibacterial testing. (d) SEM
images showing the bacterial morphology on the surface of hydrogels after 15 min light illumination. (e) Inhibition zone assay for evaluation of bacterial killing
mode. (f) Hemolysis ratios and photographs of hemolysis results. (g) Cytocompatibility evaluation. (h) Live/dead staining images of L929 cells. (*** and N. S.

represents P < 0.001 and P > 0.05, respectively).

low temperature [67].

The hemocompatibility and cytocompatibility of the 3D-printed
hydrogels were evaluated using in vitro hemolysis and cytotoxicity as-
says, respectively. As shown in Fig. 5f, deionized water (positive control)
induced a hemolysis ratio close to 100%, which was visually confirmed
by the near-total disruption of RBCs in the corresponding inset.
Conversely, the PBS solution (the negative control) resulted in a he-
molysis ratio of nearly 0%, with the RBCs remaining intact and no sig-
nificant hemolysis observed. Notably, the hemolysis ratios of the GMD-
GW, GMD/MOFs-GW, and GMD/MOFs/Fe>*-GW hydrogels (approxi-
mately 1.5%, 2.7%, and 1.0%, respectively) were all well below the
established safety threshold of 5% [68]. Furthermore, the corresponding
insets showed that the RBCs largely maintained their structural integrity
with no obvious hemolysis, demonstrating their excellent hemo-
compatibility. The cytotoxicity results are presented in Fig. 5g. The cell
viability of the GMD-GW, GMD/MOFs-GW, and GMD,/MOFs/Fe3"-GW
hydrogels were approximately 107.4%, 99.3%, and 98.7%, respectively.
All values exceeded the safety standard of 80%, demonstrating no sig-
nificant cytotoxicity for such three hydrogels [69]. Fig. 5h further shows
the fluorescence staining images of L929 cells after co-culture with these
hydrogels. It can be observed that the majority of cells in all groups
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exhibited green fluorescence, indicating that they were viable and
maintained a healthy, normal morphology. Only a minimal number of
cells displayed red fluorescence, signifying a dead state. This observa-
tion is fully consistent with the quantitative cell viability results.
Therefore, these findings from in vitro hemolysis and cytotoxicity assays
confirm that the 3D-printed GMD-GW, GMD/MOFs-GW, and GMD/
MOFs/Fe3"-GW hydrogels possess excellent biocompatibility and meet
the essential non-toxicity requirements for medical wound dressings.

3.5. Evaluation of wound healing performance

To assess the in vivo PDT/PTT therapeutic potential of 3D-printed
hydrogels, we established a S. aureus-infected rats' dorsal wound
model and selected GMD/MOFs/Fe>"-GW hydrogels for treatment
(Fig. 6a). Fig. 6b shows the wound healing processes treated with PBS,
3M™, and the GMD/MOFs/Fe>"-GW hydrogels over 12 days. It was
obvious that the GMD/MOFs/Fe>*-GW group exhibited faster wound
contraction more vigorous peri-wound hair regrowth, indicating accel-
erated recovery of the infected-wound and surrounding skin. As shown
in Fig. 6c¢, the residual wound area in all groups gradually reduced, a
trend consistent with the expected action of the body's inherent
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Fig. 6. (a) Schematic diagram of therapeutic strategy for S. aureus infected wounds. (b) Photographs of wound healing at days 0, 4, 8, 12. (c) Wound area simulation
and calculation at days 0, 4, 8, 12. (d) H&E staining of wound sites at days 4, 8, 12.

immunity and self-recovery [70]. The blank group exhibited the largest
residual area on days 4, 8, 12, with wound closure rates of 16.2%,
33.9%, 62.2%, respectively. The commercial 3M™ dressing improved
healing efficiency, with rates of 27.1%, 43.6%, 72.5% on the same days.
Notably, the GMD/MOFs/Fe>"-GW hydrogel achieved the highest rates
(45.1%, 71.7%, 89.0%) on days 4, 8, 12.

H&E staining was further employed to assess histopathological
changes during wound healing. As depicted in Fig. 6d, substantial in-
flammatory cells (red arrows) were present in the blank and 3 M™
groups on day 4, while significantly fewer were observed in the GMD/
MOFs/Fe>t-GW group. This indicates that the potent PDT/PTT activity
of GMD/MOFs/Fe>*-GW hydrogel effectively controlled infection and
relieved inflammation. By day 8, the GMD/MOFs/Fe>"-GW group
showed complete resolution of inflammation and early re-
epithelialization, while inflammatory cells were still evident in the
blank and 3M™ groups. At day 12, inflammation had subsided and
epidermal regeneration was complete across all groups, with the for-
mation of new hair follicles observed only in the GMD/MOFs/Fe3*-GW
group. Neo-epidermal thickness was quantified to assess re-
epithelialization across treatment groups (Fig. S20). At day 4, all
groups showed similarly thin neoepidermis (~15-18 pm) corresponding
to early-stage wound repair. By day 8, the GMD/MOFs/Fe>"-GW group
exhibited substantially higher neoepidermal thickness (~36.5 pm) than
the blank (~25.4 ym) and commercial 3 M™ dressing (~20.6 pm)
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groups. Persistent bacterial infection in the blank group suppressed
epithelial maturation, resulting in stagnant and slightly reduced neo-
epidermal thickness (~23.4 pm) at day 12. Despite delayed epithelial
growth at day 8, the 3M™ group improved to ~47.7 pm by day 12.
Notably, the GMD/MOFs/Fe>"-GW hydrogel achieved the greatest
neoepidermal thickness (~53.1 pm) at day 12, approaching native rat
epidermal thickness. These findings confirm that this phototherapeutic
hydrogel potently promotes epithelial regeneration in infected wounds,
and are in good agreement with recent literature. [47] Nevertheless,
further experiments are required to better evaluate the efficacy of the
proposed material in vivo testing, which will be investigated in a dedi-
cated follow-up study. In particular it would be necessary to conduct a
full campaign of comparative studies with dedicated control experi-
ments which can describe the role of every single component.

To objectively evaluate the performance of this work, a multidi-
mensional comparison with representative hydrogel wound dressings
reported in literature was performed (Fig. S21). The comparative anal-
ysis based on actual available literature reveals that our hydrogel has
unique advantages in printing precision, extreme low-temperature
resistance and antibacterial efficacy, while its mechanical property
and wound healing rate are relatively moderate compared with specially
optimized systems.
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4. Conclusions

Collectively, this work establishes an innovative paradigm for
advanced wound management by synergizing rational hydrogel design
with DLP-based additive manufacturing. The strategic incorporation of
glycerol enhances printability, optical transparency, and environmental
stability of the hydrogel. Meanwhile, the dual coordination networks
(catechol-MOFs and catechol-Fe>*) represent a unique design strategy
that simultaneously optimizes mechanical robustness (storage modulus
~72.4 kPa at 37 °C). Fe>*-mediated amplification of photodynamic
(~2.6-fold increase in 10, yield) and photothermal (~1.4-fold increase
in maximum temperature rise) performance enables potent antibacterial
activity, achieving 99.99% inactivation of S. aureus and E. coli within
15 min. In vivo validation demonstrates clinically significant wound
healing efficacy (~89.0% healing rate at 12 days vs. 72.5% for com-
mercial dressings), with effective inflammation suppression. Beyond
traditional wound dressings, the DLP manufacturing approach provides
unprecedented design freedom, enabling patient-specific morphology
matching and programmable internal architectures for integrating sen-
sors or therapeutic devices. This convergence of advanced coordination
chemistry, functional biomaterials, and digital manufacturing technol-
ogy opens new avenues for personalized medicine, with broader impli-
cations extending to tissue engineering, wearable bioelectronics, and
next-generation theranostic platforms.
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