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Abstract
Photo-crosslinked hydrogel (PH) is an outstanding candidate for three-dimensional 
(3D) printing as a wound dressing because of its high efficiency in crosslinking and 
injectability. In this study, methylene blue (MB)-loaded UiO-66(Ce) nanoparticles (NPs) 
were synthesized to prevent drug self-aggregation and achieve the photodynamic 
therapy (PDT) effect for efficient antibacterial action. Then, a composite photo-
crosslinked silk fibroin (SF)/gelatin hydrogel loaded with MB@UiO-66(Ce) NPs 
(MB@UiO-66(Ce)/PH) was fabricated. The printability and the improvement of the 
mechanical properties of the hydrogel by the NPs were clarified. The hydrogel 
exhibited good biocompatibility and promoted the migration and proliferation of 
fibroblasts. With the PDT effect of MB@UiO-66(Ce) NPs, the hydrogel showed an 
excellent antibacterial effect, which became more pronounced as the concentration 
increased. In vivo study showed that the MB@UiO-66(Ce)/PH could fill the defects 
without gaps and accelerate the repair rate of full-thickness skin defects in mice. 
The MB@UiO-66(Ce)/PH with antibacterial properties and tissue healing-promoting 
ability provides a new strategy involving 3D bioprinting for preparing wound 
dressings.
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1. Introduction
Skin is the largest organ of the human body and is 
vulnerable to various types of traumas, such as wounds. 
Wound healing has been an ongoing topic of research and 
an area of concern in the medical field[1]. When skin trauma 
occurs, the skin’s protective barrier is damaged, leaving 
the wound site vulnerable to invasion by microorganisms 
in the environment, which can lead to severe infection[2]. 
Moreover, bacteria-associated wound infection prevents 
wound healing and may be life-threatening[3,4]. Therefore, 
wound management in the early stages is essential for 
preventing wound infection and promoting wound 
healing. Currently, wound dressings that contain 
antiseptics or antibiotics are commonly used to prevent 
and treat wound infections. However, these dressings have 
significant limitations, including long-term treatment, 
inefficacy, and high cost[5-7]. Long-term use of antibiotics 
can lead to bacterial resistance, which is a major clinical 
problem[8,9]. Therefore, it is necessary to develop a new type 
of non-antibiotic multifunctional wound dressing with 
antibacterial properties that can reduce the risk of wound 
infection caused by bacteria and promote wound healing.

Hydrogels have been widely used in skin, fat, and vessel 
tissue engineering due to their advantages including good 
hydrophilicity and biocompatibility[10]. Hydrogels have a 
similar 3D porous structure to the extracellular matrix, 
making them one of the most competitive candidates for 
wound dressings[11-13]. Meanwhile, hydrogels can maintain 
the high moisture level of the wound bed; therefore, 
hydrogels can provide an optimal 3D environment for 
cells to promote soft tissue regeneration[14]. Furthermore, 
hydrogels can be a platform for loading cells, antimicrobial 
agents, growth factors, and unique complementary and 
biological macromolecules[15].

3D bioprinting is a promising technology in the 
manufacture of hydrogels, offering a high degree of 
flexibility and reproducibility. The three most commonly 
used bioprinting techniques according to the American 
Society for Testing and Materials are jetting-based, 
extrusion-based, and vat photopolymerization-based 
bioprinting processes. The inkjet technique offers the 
advantages of low cost and fast printing speed but has the 
limitations of low accuracy and need for low-viscosity 
bioinks[16]. The vat photopolymerization technique offers 
higher resolution and accuracy than other bioprinting 
techniques. The high-resolution printing facilitates 
the fabrication of bionic mircoorganisms. However, its 
complex design, limited choice of biocompatible materials, 
and cumbersome operation hinder its wide application in 
the field of tissue engineering[17]. Extrusion bioprinting 
is the most common bioprinting technology available 

today. It has the advantage of simplicity of operation, but 
cell viability is reduced[18]. For this experiment, extrusion-
based bioprinting was chosen because the hydrogel 
dressings are cell-free, and the structure does not require 
high-resolution printing. Hydrogels can be deposited 
layer by layer to fabricate artificial skin tissue with porous 
structures customized through computer-aided design[19,20]. 
Moreover, various photo-crosslinked polymers have been 
widely incorporated as a material for 3D-bioprinted tissue-
engineered scaffolds due to their mild reaction conditions, 
highly tunable mechanical and structural properties, 
printability, biodegradability, and biocompatibility[19,21]. 
Natural polymers, which can be used as biological inks, 
such as alginate, gelatin, and SF, have recently attracted 
wide attention[22-26].

Silk fibroin (SF) extracted from Bombyx mori, which 
has good biocompatibility, adjustable biodegradability, 
and mechanical properties, has been used in various 
biomedical applications and was approved by the U.S. Food 
and Drug Administration (FDA) for use in drug delivery 
and surgical suture applications[27,28]. SF can be prepared 
into scaffolds, films, hydrogels, etc., to meet different 
clinical needs. It was reported that ultrasound or chemical 
crosslinkers could induce the formation of SF hydrogels[29]. 
However, the addition of ultrasound or toxic chemical 
crosslinkers is not conducive to the clinical promotion of 
SF hydrogels. Photo-crosslinking technology can be used 
to prepare SF hydrogels in a controllable manner without 
chemical grafting or the introduction of toxic chemical 
crosslinking agents[30]. Previous studies have shown that 
by using riboflavin (RPS) and sodium persulfate (SPS) as 
a photoinitiator under blue light irradiation, the tyrosine 
(Tyr) on the molecular chain of SF can be combined to 
form a stable tyrosine–tyrosine (Tyr–Tyr) bond[30].

Moreover, the SF hydrogel may have difficulty meeting 
the needs of tissue regeneration due to its relatively dense 
internal pores and slow degradation[29]. The β-sheet 
formation in SF hydrogels could cause changes to the 
internal structure, compressing the internal pores and 
water content. Therefore, it is necessary to introduce other 
components to control the conformational changes of SF. 
The introduction of other polymers can reduce the contact 
between SF molecules, thereby preventing the formation of 
the β-sheet as well as regulating the mechanical properties 
for soft tissue engineering[31]. Gelatin, a natural polymer 
with high biocompatibility and a cell attachment sequence 
that is similar to the extracellular matrix, has excellent 
performance in cell fixation and proliferation[32]. It contains 
about 1% of Tyr residues in the amino acid sequence of 
the gelatin strands, which can be crosslinked with the SF 
molecular chain through Tyr–Tyr bonding without chemical 
modifications. Adding gelatin as a spacer molecule to the 



International Journal of Bioprinting 3D printed hydrogel for infected wound healing via PDT

461Volume 9 Issue 5 (2023) https://doi.org/10.18063/ijb.773

SF solution offers the advantages of improving internal 
structures, adjusting mechanical properties, and enhancing 
cell adhesion in composite hydrogels. The conformational 
change in SF can be avoided by adding gelatin. At the same 
time, tyramine in gelatin can participate in a reaction in 
RPS and SPS photo-crosslinking systems to form a stable, 
double-network hydrogel.

To avoid related clinical problems caused by antibiotic 
abuse, researchers are actively exploring alternative 
therapies, including photodynamic therapy (PDT). As 
an alternative strategy, PDT has attracted widespread 
attention for the treatment of bacterial infections[33]. The 
antibacterial principle of PDT is that the photosensitizer, 
including methylene blue (MB), toluidine blue, and 
texaphyrins, produces single-line oxygen (1O2) with 
bacterial toxicity under the action of a specific wavelength 
of light[34]. The MB-derived chemical is a commonly 
used photosensitizer and near-infrared dye that has been 
approved for clinic application in PDT[35,36]. Because 
nanoparticles (NPs) are excellent drug carriers, they are 
actively used in the research and application of PDT. A 
metal–organic framework (MOF) is an organic–inorganic 
hybrid material with intramolecular pores formed by the 

self-assembly of organic ligands and metal ions through 
coordination bonds. With the advantages of easy synthesis 
and high durability, MOFs are widely used in biomedical 
research[37,38]. Due to their large specific surface area and 
high and continuous porosity, MOFs offer advantages as a 
drug delivery system, including high drug load ability and 
controllable release[39-41]. UiO-66(Ce) is a newly developed 
MOF that has been widely used with good stability in the 
study of drug delivery systems[42]. Studies have shown that 
employing UiO-66 as the photosensitizer carrier in PDT 
achieves high drug loading and antibacterial action[43].

In this study, MB was loaded onto UiO-66(Ce) 
to construct MB@UiO-66(Ce) NPs. A new cell-free 
3D-bioprinted dressing was prepared using photo-
crosslinked hydrogels consisting of SF/gelatin composite 
NPs crosslinked with the MB@UiO-66(Ce) in the RPS and 
SPS composite. A Cell Counting Kit 8 (CCK-8) assay and 
a live/dead assay were used to detect the biocompatibility 
of the dressings. In addition, the antimicrobial effect of 
the hydrogel dressing against Staphylococcus aureus and 
Escherichia coli was evaluated, and the wound healing effect 
was evaluated using a mouse model of S. aureus infection 
with total skin defects (Figure 1). In general, a new cell-free  

Figure 1. Schematic representation for the design strategy and applications of composite SF/gelatin 3D-bioprinted photo-crosslinked hydrogel for repairing 
full-thickness skin wound. Diagram created with Figdraw.
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MB@UiO-66(Ce) composite SF/gelatin 3D-bioprinted 
photo-crosslinked hydrogel system was developed to 
promote soft tissue regeneration in the infected area.

2. Materials and methods
2.1. Materials
Bombyx mori cocoons were purchased from Jiangsu 
Province, China. Type A gelatin, riboflavin (5’-phosphate 
sodium salt hydrate), and sodium persulfate were 
purchased from Sigma-Aldrich, USA. LIVE/DEAD kits 
were ordered from YESAN, China. Dulbecco’s Modified 
Eagle Medium (DMEM) and 100 U/mL penicillin and 
streptomycin were ordered from HyClone, USA. Fetal 
bovine serum (FBS) was ordered from Gibco, USA. FITC-
phalloidin and DAPI were obtained from Invitrogen, USA. 
CCK-8 assay kits were purchased from Beyotime, China.

2.2. Preparation of silk fibroin
SF was extracted from Bombyx mori cocoons according 
to the following protocol[29]. First, domestic silk moths 
were subjected to boiling in a 0.5 wt% Na2CO3 solution for 
30  min, which was repeated three times, and then dried 
in an oven at 60°C. A ternary solution was prepared with 
the molar ratio of CaCl2: water: ethanol = 1:8:2. The dried, 
degummed silk cocoons were then dissolved in the ternary 
solution, followed by dialysis in deionized water for 3 days 
(MW = 3500). Finally, the SF was obtained by freeze-
drying.

2.3. Synthesis of nanoscale MB@UiO-66(Ce)
First, the F127@UiO-66(Ce) samples were synthesized. 
Briefly, F127 (112.5 mg) was dissolved in 27 mL deionized 
water. Then, 2250 mg NaClO4 H2O, 0.3375 mL acetic acid, 
and 0.675 mL HNO3 were added and stirred to form a 
homogeneous mixture. Then, 616.5 mg (NH4)2Ce(NO3)6 
and 186.75 mg benzenedicarboxylic acid (BDC) were 
added to the mixture, followed by stirring for 20 min at 
60°C. After that, the F127@UiO-66(Ce) particles were 
suspended in a 30-mL MB aqueous solution (0.2 mg/mL),  
which was stirred for 1 h at room temperature. The 
resultant solid was obtained by centrifugation and washed 
three times with deionized water. F127 was eliminated by 

using N,N-dimethylformamide and soaking in ethanol for 
48 h at 60°C. Finally, the MB@UiO-66(Ce) product was 
obtained by vacuum-drying overnight at 60°C.

2.4. MB@UiO-66(Ce) characterization
The morphology of the obtained MB@UiO-66(Ce) was 
observed by transmission electron microscopy (TEM; FEI 
Talos L120C, Thermo Scientific, USA). The samples were 
ultrasonically dispersed in ethanol and dropped on the 
copper mesh.

The particle size was measured using a particle size 
analyzer (Nicomp Nano Z3000, PSS, USA). Samples were 
centrifuged and dispersed in ultrapure water to create 
0.5 mg/mL aqueous dispersions, which were sonicated for 
5 min before testing.

2.5. Preparation of hydrogel materials
The 50 mM RPS and 1 M SPS aqueous solutions used as 
stock solutions were applied to initiate the photochemical 
reactions. Various concentrations of MB@UiO-66(Ce) 
were mixed in the solution of 1 mL of 30 mg/mL SF and 
50 mg/mL gelatin solution with the addition of 20 μL RPS 
and 10 μL SPS stock solutions, making 0.1%, 0.5%, and 
1% w/v the final concentrations of MB@UiO-66(Ce). The 
hydrogel samples with varying concentrations of MB@
UiO-66(Ce) were designated as PH-0, PH-0.1, PH-0.5, and 
PH-1, respectively. The mixtures were exposed to 460 nm 
light to initiate photo-crosslinking at an intensity of 
1200 mW/cm2 for 30 s. The distance used for curing light 
was 20 mm. The compositions of each group of composites 
are detailed in Table 1. The 3D-bioprinted MB@UiO-
66(Ce)/PH for further cell culture and in vivo experiments 
was fabricated under sterile conditions.

2.6. 3D bioprinting
The BioScaffolder 3.2 (GESIM Corporation, Germany) 
with extrusion-based 3D-bioprinting technology was 
used as a low-temperature bioprinting modality. The print 
head temperature was adjusted to 22.5°C with a speed 
of 5  mm/s, and the MB@UiO-66(Ce)/PH were printed 
directly onto the Petri dishes. The hydrogels were printed as 
hexagons with 7-mm radius and 3-mm height. Finally, the  

Table 1. Parameter of MB@UiO-66(Ce)/PH samples

Sample
name

SF
(mg/mL)

Gelatin
(mg/mL)

RPS
(mg/mL)

SPS
(mg/mL)

MB@UiO-66(Ce)
(mg/mL)

PH-0 30 50 0.013 2.382 0

PH-0.1 30 50 0.013 2.382 0.01

PH-0.5 30 50 0.013 2.382 0.05

PH-1 30 50 0.013 2.382 0.1

Abbreviations: SF, silk fibroin; RPS, riboflavin; SPS, sodium persulfate.
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photo-crosslinked hydrogels were formed at a distance of 
20 mm using a 3 M Epilar FreeLight 2 LED dental curing 
lamp with 1200 mW/cm2 at the source for 30 s.

2.7. Scanning electron microscopy examination
The samples were freeze-dried in a vacuum for 24 h so that 
the surface microstructures and cross-sectional shapes 
of the hydrogels could be seen. The samples were then 
sprayed with gold and examined with a scanning electron 
microscope (S4800, Japan) at an acceleration voltage of 5 kV.

2.8. Mechanical properties of MB@UiO-66(Ce)/PH
The mechanical properties of the hydrogels were evaluated 
both via compression tests and tensile tests. In compression 
tests, hydrogels were prepared using a cylindrical model 
with height of 10 mm and a diameter of 10 mm. Then, 
samples were testified at room temperature with speed at 
2 mm/min on a universal mechanical tester (HY-0230, 
China). In tensile tests, hydrogels were prepared using a 
dumbbell model (dowel: 30 mm in length, 3 mm in width, 
2 mm in thickness; bell: 10 mm in length, 15 mm in width, 
2 mm in thickness) and stretched using a clamp attachment 
at a strain rate of 10 mm/min (HY-0230, China).

2.9. Morphological observation of L929 cells on the 
surface of MB@UiO-66(Ce)/PH
Cells of the 1.5 × 104 mouse fibroblast L929 cell line (CCL-1,  
ATCC) were cultured on different 3D-bioprinted MB@
UiO-66(Ce)/PH for 24 h. Samples were then fixed with 
4% polyformaldehyde; cytoskeletons were stained with 
FITC-phalloidin; and nuclei were stained with DAPI. 
The morphology of the L929 cells was observed using a 
confocal laser scanning microscope (CLSM; Leica, Wetzlar, 
Germany).

2.10. CCK-8 assay
The CCK-8 assay was used to test the viability and 
proliferation of L929 cells after exposure to the 
3D-bioprinted hydrogels. Extracts of 100 μL/well of MB@
UiO-66(Ce)/PH were put into 96-well plates, and then 2 × 
103 L929 cells were seeded and cultured. Cells were seeded 
directly in the well plates as a control (CON) group. After 
cell culture for 1, 3, 5, and 7 days, the CCK-8 working 
solution was added. The absorbance was measured at 
450  nm (Safire, Tecan, Switzerland) after incubation at 
37°C for 1.5 h.

2.11. Live/dead assay
The live/dead assay was conducted to evaluate the activity 
of L929 cells cultured in the MB@UiO-66(Ce)/PH extracts. 
In this study, the extracts of MB@UiO-66(Ce)/PH were 
prepared according to the ISO-10993 standard. Then, 1.5 × 
104 L929 cells were seeded on glass-bottom culture dishes 
and cultured for 3 days. DMEM containing 10% FBS was 

prepared as the CON group. The live/dead staining was 
implemented according to the manufacturer’s instructions. 
The stained cells were observed using CLSM (Leica, 
Wetzlar, Germany). Dead cells appeared red whereas living 
cells appeared green.

2.12. Cell migration assay
The scratch wound healing assay was performed to evaluate 
the effects of MB@UiO-66(Ce)/PH on cell migration[44]. 
L929 cells were seeded in 12-well plates, and when the 
cells reached 90%–100% confluence, a line was scraped in 
each well using the tip of a sterile plastic pipette and the 
cells were then treated with MB@UiO-66(Ce)/PH extracts. 
DMEM containing 10% FBS was prepared as the CON 
group. All plates were fixed with 4% polyformaldehyde 
at predetermined time points (0, 6, 12, and 24 h). Finally, 
they were visualized using a microscope (Ti-U, Nikon, 
Japan) and calculated using ImageJ software.

2.13. Antibacterial activity of MB@UiO-66(Ce)/PH
Gram-positive S. aureus (ATCC 25923) and gram-negative 
E. coli (ATCC 11775) were selected for the detection 
of antibacterial activity in the MB@UiO-66(Ce)/PH[45]. 
MB@UiO-66(Ce)/PH were blended with bacteria in a 
logarithmic phase (106 CFU/mL), with or without a 20-min  
treatment of laser irradiation at 660 nm, 0.5 W/cm2. The 
conventional plate counting method was adopted to value 
the changes in the number of colonies due to the MB@
UiO-66(Ce)/PH treatment. The colonies of surviving 
bacteria after 24 h were calculated using ImageJ software.

2.14. Animal experiments
All animal experiments in this study were conducted 
in accordance with the guidelines for the protection of 
animal life and protocols approved by the Institutional 
Animal Care and Use Committee (SH9H-2021-A32-1) 
and following the Animal Experimental Ethical Inspection 
procedure of the Ninth People’s Hospital, which is affiliated 
with the Shanghai Jiao Tong University School of Medicine.

A full-thickness skin defect mouse model was adopted 
to investigate the effects of MB@UiO-66(Ce)/PH treatment 
on skin wound repair in vivo. Briefly, the full-thickness 
defect model was established using 8-week-old Kunming 
mice. Wounds were made using a sterile, 5-mm biopsy 
punch outlining two circular wound patterns on each side 
of the mouse midline. The skin in the middle of the outline 
was lifted with serrated forceps; a full-thickness wound was 
created with iris scissors that extend into the subcutaneous 
tissue; and this circular tissue was excised. S. aureus (50 μL, 
1 × 106 CFU/mL) was injected at the wound sites on the 
next day to simulate infection. Day 0 was designated as 
the first day of infection. All mice were randomly divided 
into five groups (PH-0, PH-0.1, PH-0.5, PH-1, and CON 
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group), and mice in different groups received implantation 
at the wound sites with a different dose of MB@UiO-
66(Ce)/PH on day 1. All hydrogel dressings were circular 
in shape, with a diameter of 5 mm and a height of 0.5 mm. 
Mice that were treated with only sterilized phosphate-
buffered saline were used as the CON group.

Following surgery, mice were photographed at 
predetermined time points (1, 3, 7, 10, and 14 days) and 
sacrificed at either 7 or 14 days. The wound areas were 
estimated using ImageJ software. The tissues at the infected 
sites were dissected and fixed in a 4% formaldehyde 
solution for 24 h. Next, the tissues were embedded in 
molten paraffin for staining[46]. Sections were stained 
with hematoxylin and eosin (H&E) for H&E staining and 
hematoxylin, acid fuchsin solution, and aniline blue for 
Masson’s trichrome staining.

2.15. Statistical analysis
All data were presented as the mean ± standard deviation. 
One-way analysis of variance (ANOVA) and t-test analyses 
were used to analyze the data for all groups. A p < 0.05 was 
considered statistically significant.

3. Results and discussion
3.1. Preparation and characterization of  
MB@UiO-66(Ce)
TEM images show MB@UiO-66(Ce) crystals with particle 
sizes of ≈110 nm were successfully obtained. Figure  S1 
shows that large, open mesopores were periodically 
distributed throughout UiO-66(Ce), and MB was 
successfully loaded on the NPs. TEM images further 
confirmed that the NPs were well-dispersed, and the 
ordered large mesopores were uniformly distributed across 
the entire sample. The NP sizes were further examined by 
dynamic laser scattering. Similar to the TEM observations, 
the MB@UiO-66(Ce) particle size was mainly distributed 
around 110.22 ± 11.85 nm, as shown in Figure S2.

3.2. Preparation and characterization of  
MB@UiO-66(Ce)/PH dressing
Photo-crosslinked hydrogel systems used for 
3D-bioprinting were obtained by mixing gelatin into 
SF and using riboflavin and SPS as crosslinking agents. 
Figure  2A shows the 3D-bioprinted dressings in a 
hexagonal grid pattern. MB@UiO-66(Ce) was added to the 
hydrogels in different proportions, and hydrogel dressings 
were constructed via bioprinting as hexagonal scaffolds 
with the dimensions of 7-mm radius, 2-mm height, and 
1-mm grid. Figure 2B shows that the MB@UiO-66(Ce)/
PH dressing had a rough surface for cell adhesion and a 
1-mm grid formed by 3D bioprinting, which is consistent 
with the designed grid pattern (Figure S3). Meanwhile, the 

TEM image shows that MB@UiO-66(Ce)/PH dressings 
were spongy with porous interiors in the cross-section. 
Figure 2C shows the compressive strain–stress curve of 
MB@UiO-66(Ce)/PH, the compressive strength of PH-1 
hydrogel is ~45 kPa, while the compressive strength of 
the composite hydrogel significantly increased with the 
increase of NPs concentration (Figure 2D). Comparing the 
above hydrogels, Figure 2E and F shows that PH-1 hydrogel 
possessed a relatively higher elongation (51%) and a higher 
tensile strength (2.6 kPa) compared with other groups. In 
summary, the tensile stress of the hydrogels increased with 
the amount of the incorporated NPs.

3.3. Effect of hydrogels on activity and proliferation 
of L929 cells
Early cell adhesion is an important factor in subsequent 
biological behavior[47]. The cytoskeletons of L929 cells 
were stained and observed after being cultured with 
different MB@UiO-66(Ce)/PH levels for 12 h. As shown 
in Figure  3A, L929 cells adhered and spread well with 
polygonal structures on the surface of the hydrogels.

The cells in the five groups significantly increased with 
time. Figure 3B shows that the hydrogel groups proliferated 
slightly faster than the nonimplant group (CON) in 
the early stage, but there was no significant difference 
at 7 days. This may be related to the porous structure of 
hydrogel, which facilitates cell proliferation. At the same 
time, the hydrogel coating slows the UiO-66(Ce) release 
and thus reduces the toxicity of NPs. It is also shown that 
UiO-66(Ce) loaded with MB can effectively reduce the 
photosensitizer cytotoxicity in nearby cells. These results 
suggest that the hydrogel has good biocompatibility and no 
effect on the adhesion and proliferation of L929 cells.

3.4. Cytotoxicity of the hydrogels were detected by 
the CCK-8 test
L929 cells were incubated in the extracts for 3 days and 
stained with the live/dead kit. Live cells were stained with 
calcein AM (green fluorescence), whereas dead cells were 
stained with propidium iodide (red fluorescence). The 
live/dead assay showed that almost no red fluorescence 
spots appeared in the whole group (Figure 3C). The 
comparatively high cellular activity within the extracts 
indicated good biocompatibility of the gel materials.

3.5. Cell migration
Cell migration is essential for promoting wound healing[48]. 
To explore whether the hydrogels affected the migration of 
cells, we performed cell migration experiments. In different 
groups, L929 cells migrated from the surrounding region 
to the cell-free region after a 24-h culture. Figure 4A shows 
that cells in all groups gradually migrated to the scratched 
area. In the early stage, the cell migration rate was the 
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fastest in the MB@UiO-66(Ce)/PH groups compared 
with the CON group, as shown in Figure 4B. These results 
suggest that cells in the hydrogels have better migration 
ability than cells in the CON group.

3.6. Antibacterial ability of hydrogels
We quantified the antibacterial activity of the hydrogels 
against clinically common bacteria by using the plate count 
method. Colony counts decreased in the 660 nm laser 
irradiation + hydrogel group compared to the CON group, 

while the hydrogel alone group showed no bactericidal 
effect. Figure 5A and B shows that the PH-0 hydrogel 
had no effect on bacteria, with or without light (660 nm). 
Furthermore, MB@UiO-66(Ce) did not kill any bacteria 
in the absence of light. On the contrary, after 20 min of 
light exposure, MB@UiO-66(Ce) reduced the viability 
of S. aureus and E. coli compared to the CON group. 
The antibacterial effect became more pronounced as the 
concentration increased. In the PH-1 group, most bacteria 
died after light exposure, as shown in Figure 5C and D. 

Figure 2. Construction and characterization of MB@UiO-66(Ce)-SF/gelatin nanocomposite 3D-bioprinted hydrogel. (A) Photographs of 3D bioprinted 
PH-0, PH-0.1, PH-0.5, and PH-1 hydrogels. Scale bar: 5 mm. (B) SEM images of PH-0, PH-0.1, PH-0.5, and PH-1 hydrogels. Scale bar: 500 and 20 µm. 
(C)  Compression stress strain curves of PH-0, PH-0.1, PH-0.5, and PH-1 hydrogels. (D) Compression strength of PH-0, PH-0.1, PH-0.5, and PH-1 
hydrogels. (E) Tensile stress–strain curves of PH-0, PH-0.1, PH-0.5, and PH-1 hydrogels. (F) Tensile strength of PH-0, PH-0.1, PH-0.5, and PH-1 hydrogels. 
Data are means ± SD; n = 3. *p < 0.05, ****p < 0.0001.
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These results verified the photodynamic antibacterial 
properties of MB@UiO-66(Ce). It is worth noting that the 
NPs contain low amounts of MB, as mentioned above. This 
good photodynamic antimicrobial activity also highlights 
the fact that utilizing UiO-66(Ce) loaded with MB allows 
for a more uniform dispersion, which facilitates the 
production of 1O2 under light.

3.7. In vivo wound healing in a full-thickness skin 
defect model
An infected full-thickness skin defect mouse model 
was adopted to evaluate the in vivo wound healing 
performance of MB@UiO-66(Ce)/PH as a potential 
wound dressing Figure 6A. As shown in Figure 6B, the 
wound areas in all five groups healed with time. At any 

Figure 3. Influence of 3D bioprinted MB@UiO-66(Ce)/PH on the behavior of L929 cells in vitro. (A) The adhesion of L929 cells cultured on the PH-0, 
PH-0.1, PH-0.5, and PH-1 hydrogels after 12 h. Scale bar: 100 μm. (B) Quantitative analysis of the proliferation of L929 cells cultured with hydrogels by 
CCK-8. Data are means ± SD; n = 3. *p < 0.05, **p < 0.01. (C) In vitro live/dead assay of L929 cells cultured on MB@UiO-66(Ce)/PH, live cells (green), and 
dead cells (red). Scale bar: 250 μm.
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point after the operation, the wound areas in the hydrogel 
groups were much smaller than those in the CON 
group. The simulation diagram (Figure 6C) and data 
statistics (Figure 6D) show the same trend. Meanwhile, 
the hydrogels showed better healing results compared 
to the CON group and could significantly reduce the 

wound healing time. In addition, Figure 6C and D 
shows that even without NPs, PH-0 is advantageous for 
wound healing. Furthermore, the rate of wound healing, 
which is significantly affected by bacterial infection, was 
significantly increased as the antimicrobial properties of 
the material improved, indicating that the antimicrobial 

Figure 4. The migration of L929 cells under conditioned extraction of hydrogels in the wound healing assay. (A) Photographs of L929 cells at 0, 6, 12, and 
24 h after wound healing. (B) The quantification of migrating fibroblasts. Data are means ± SD; n = 3. *p < 0.05, **p < 0.01, ****p < 0.0001.
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dressings were particularly effective in promoting 
infected wound healing.

3.8. Histological evaluation of regenerated tissues
The paraffin sections were prepared and observed by H&E 
staining and Masson’s trichrome staining to evaluate the 
effect of MB@UiO-66(Ce)/PH on skin defect healing 
in  vivo. The H&E staining results showed that 7 days 

after the operation, a large number of inflammatory cells 
could be seen around the wound site in the CON and 
non-nanoparticle hydrogel (PH-0) groups, as shown in 
Figure 7A. In contrast, there was no obvious inflammatory 
cell infiltration in the three hydrogel implantation groups 
containing NPs. In addition, in the PH-0.1, PH-0.5, and 
PH-1 groups containing NPs, partial epithelial crawling 
repair was observed on the surface. Compared with the 

Figure 5. Photodynamics regulation of bacterial behavior in vitro under 660-nm light. Plate colony count images of (A) S. aureus and (B) E. coli co-cultured 
with hydrogels under 660-nm light. (C, D) The corresponding antibacterial ratio statistics. Data are means ± SD; n = 4. ****p < 0.0001.
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CON group, more fibroblasts and thicker granulation tissue 
were observed around the damaged area in these three 
groups, indicating that MB@UiO-66(Ce)/PH has good 
biocompatibility and does not cause a serious immune 
reaction during the early stage of wound infection, which 
is related to the low immunogenicity of SF and the cell-
like structure of gelatin in the 3D bioprinting of hydrogel 
matrix.

Figure 7A shows the healing process at 7 and 14 days 
of different groups. H&E staining 14 days after surgery 
revealed that the defect area of the CON group failed to 
form a good epithelial barrier. Despite the basic structure 
of the epithelium and dermis, tissue regeneration was not 
completely formed during the repair process, and there 
was a slight inflammatory reaction. In the implanted MB@
UiO-66(Ce)/PH group, complete epithelial crawling was 

observed in the defect area, and there was no obvious 
inflammatory cell infiltration. Compared to the CON group, 
the epidermis and epithelial structures that developed in 
the PH-0.5 and PH-1 groups were more complete and 
uniform; fibroblasts were placed more systematically; and 
the dermis had new blood vessels and hair follicles. These 
indicated that MB@UiO-66(Ce)/PH containing NPs has a 
good wound healing effect and can prevent the bacterial 
invasion, thus promoting wound healing.

The formation and orderly arrangement of collagen 
are important in the process of skin tissue repair and 
remodeling and also have an important impact on the 
tensile strength of granulation tissue[49]. As shown in 
Figure 7B, all groups showed collagen deposition on the 7 
and 14 days after operation. Compared with other groups, 
wounds in the CON group showed less collagen deposition, 

Figure 6. Photodynamics regulation of infected wound repair in vivo under 660 nm light. (A) The strategy of photodynamics therapy in vivo. 
(B) Representative images of the incisional skin wounds treated with hydrogels at determined time and (C) the corresponding simulation of wound area. 
(D) Quantitative analysis of the wound area evolution rate of different groups. Data are means ± SD; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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whereas wounds treated with hydrogel showed higher 
collagen density and fibrous structure at all time points. 
Compared with other groups, hydrogel groups containing 
more NPs (PH-0.5 and PH-1) showed obvious collagen 
deposition, neovascularization in the dermis, and some 
skin appendages on the 14 days. These results indicated 
that MB@UiO-66(Ce)/PH-containing NPs greatly enhance 
collagen deposition during wound healing.

In this study, the infected wound model was used. On 
the 7th day after the defect operation, only part of the 
epidermis in the blank group crawled and connected. On 
the 14th day of wound repair, the group without implanted 
materials could not achieve complete wound repair, and 
wound healing was blocked. Groups with MB@UiO-
66(Ce)/PH dressing, even without NPs, showed better 
repair than the CON group. This may be related to the 
material occupying the defect area, which is conducive 
to the crawling of fibroblasts and subsequent promotion 
of epithelial formation[50]. When more NPs were added, 
skin formation was improved due to the antibacterial 
effect of the NPs. Due to the wound formation, the skin 

tissue is more vulnerable to bacterial invasion, especially 
in the presence of chronic diseases such as diabetes, and 
infection is more likely to occur, which will hinder the 
repair and regeneration of skin tissue. Therefore, after 
wound formation, antibacterial therapy is particularly 
important for follow-up repair of the tissue[51]. In this 
study, the hydrogel group containing more NPs (PH-
0.5 and PH-1) had good biocompatibility, no obvious 
inflammatory reaction after 7 days of implantation, and 
earlier epithelial coverage. On the 14th day, there were 
good skin appendages in the dermis, indicating a good 
skin healing effect. In summary, the prepared PH gel was 
conducive to epithelium formation, collagen deposition, 
and repair of appendages in infected wounds under the 
action of composite antibacterial NPs and can promote the 
healing of infected wounds.

4. Conclusion
In this study, we developed a composite photo-crosslinked 
SF/gelatin hydrogel loaded with MB@UiO-66(Ce) NPs 
and further 3D bioprinted it with customized structures 

Figure 7. Photodynamics regulation of infected wound repair in vivo under 660 nm light. (A) H&E staining and (B) Masson’s trichrome staining of the 
wound tissue in different groups for pathological evaluation after treatment.
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for wound dressings. We also characterized the printability 
of MB@UiO-66(Ce)/PH hydrogel and improved the 
mechanical properties of the hydrogel using nanoparticles. 
At the same time, the hydrogels were shown to have 
good biocompatibility and to promote early cell adhesion 
and migration. This 3D-bioprinted dressing also has 
antibacterial properties from the PDT effect of MB@UiO-
66(Ce) NPs and promotes the healing of infected wounds. 
With a 20-min laser irradiation treatment, the MB@UiO-
66(Ce)/PH significantly reduced the viability of S. aureus 
and E. coli. The antibacterial capacity of the hydrogels 
increased with the concentration of NPs. Meanwhile, after 
a 7-day treatment with PH-1, the full-thickness skin defects 
in mice were repaired, and the hydrogels showed better 
healing effects. In conclusion, the prepared 3D-bioprinted 
composite photo-crosslinked MB@UiO-66(Ce)/PH with 
good antibacterial properties and tissue healing-promoting 
ability provides a new strategy involving 3D bioprinting for 
preparing wound dressings.
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