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Abstract Biofilms are closely associated with the tough healing and dysfunctional inflammation of

chronic wounds. Photothermal therapy (PTT) emerged as a suitable alternative which could destroy

the structure of biofilms with local physical heat. However, the efficacy of PTT is limited because the

excessive hyperthermia could damage surrounding tissues. Besides, the difficult reserve and delivery

of photothermal agents makes PTT hard to eradicate biofilms as expectation. Herein, we present a

GelMA-EGF/Gelatin-MPDA-LZM bilayer hydrogel dressing to perform lysozyme-enhanced PTT for

biofilms eradication and a further acceleration to the repair of chronic wounds. Gelatin was used as inner

layer hydrogel to reserve lysozyme (LZM) loaded mesoporous polydopamine (MPDA) (MPDA-LZM)

nanoparticles, which could rapidly liquefy while temperature rising so as to achieve a bulk release of na-

noparticles. MPDA-LZM nanoparticles serve as photothermal agents with antibacterial capability, could

deeply penetrate and destroy biofilms. In addition, the outer layer hydrogel consisted of gelatin metha-

cryloyl (GelMA) and epidermal growth factor (EGF) promoted wound healing and tissue regeneration.

It displayed remarkable efficacy on alleviating infection and accelerating wound healing in vivo. Overall,

the innovative therapeutic strategy we came up with has significant effect on biofilms eradication and

shows promising application in promoting the repair of clinical chronic wounds.
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1. Introduction nanocarrier-loaded biomaterials dressing for locally drug delivery
Chronic wounds are considered a major healthcare problem all
over the world. Common types of chronic wounds like diabetic
foot ulcers, pressure sores, venous ulcers, and surgical site
infection usually represent a stuck or delayed condition of healing
process of wounds1,2. The nonhealing wounds could cause
persistent infection or pain, prolong hospital stays, even lead to
amputation or severe complications like sepsis3. It is common that
such nonhealing wounds are often relate to persistent infection
and the formation of biofilms4. Studies show that biofilms are
contained in more than 60% of chronic wounds infection3,5,6. It
could aggravate the dysfunctional inflammation of chronic
wounds and lead to a more difficult circumstance of healing2,7.
When bacterial infection happens in wound site, bacteria tend to
aggregate as a community and embedded in extracellular poly-
meric substances (EPS) produced by themselves, constitute a
compact structure called biofilms8,9. EPS matrix could act as a
firm physical barrier that protects bacteria from the attack of
antibacterial agents and host immune responses, thus making the
bacteria become drug-resistant3,9. Normal antibacterial agents
such as antibiotics, bactericidal enzymes, antimicrobial peptides,
or quaternary ammonium compounds could not exert effective
antibacterial ability because biofilms restrict the penetration of
drugs10. The existence of biofilms severely hinders the treatment
of infection, result in inflammatory dysregulation. Therefore,
eliminating biofilms is necessary for accelerating the healing of
chronic wounds. In consideration of the insensitive to chemo-
therapy, mechanical or surgical removal of biofilms is the most
common approach in clinical treatment8. However, this approach
will bring inevitable destruction to surrounding tissues apart from
wound area. Besides, biofilms recur easily even after the treat-
ment. Given all this, the exploration of efficient ways to eradicate
biofilms is extremely needed.

Recently, photothermal therapy and photodynamic therapy have
been studied to treat chronic wounds with biofilms11e14. Photo-
thermal therapy (PTT) based on photothermal agents could destroy
the structure and components of biofilms by physical heat generated
under near-infrared (NIR) light irradiation15. Metal-based nano-
composites11,16,17, graphene-based nanoplatforms18, and polydop-
amine (PDA) nanocomposites were exploited as great photothermal
agents candidates to generate enough thermal effect to eliminate
biofilms19e22. Especially, photothermal agents like nanoparticles
could exhibit better penetration of biofilm due to the appropriate
size to get through water channels and EPS14,23,24, indicating their
better elimination efficiency within controllable temperature range.
However, the biofilm elimination efficacy of PTT is still unsatis-
factory while the local temperature rise must be controlled within a
safe range in case of hurting the surrounding normal tissues25. It is
difficult to entirely eradicate biofilms with a relative low tempera-
ture PTT. Thus some approaches should be developed to enhance
the efficacy of PTT on biofilm eradication. Furthermore, how to
reserve and continuously delivery photothermal agents to wounds at
any positions are challenges remaining. To solve these problems,
has been explored26e29. Saleh et al.30 demonstrated a nanoparticle-
laden adhesive hydrogel which could convey miRNA to accelerate
wound healing. Li et al.26 reported silica-based nanocomposites
hydrogel scaffolds that possessed antibacterial capability for pro-
moting diabetic wound repair. Therefore, it is meaningful to seek a
potent way to combine PTT with biomaterials dressing to effec-
tively eradicate biofilms and promote the repair of chronic wounds
comprehensively.

Herein, our group developed an original GelMA/gelatin-based
bilayer hydrogel dressing containing EGF and lysozyme-loaded
mesoporous polydopamine (MPDA) nanoparticles to achieve
enhanced photothermal therapy and accelerated repair for severe
infected chronic wounds with biofilms (see Scheme 1). MPDA
nanoparticles possess outstanding photothermal conversion capa-
bility as well as excellent biocompatibility25,31. More importantly,
the mesoporous structure of MPDA nanoparticles provides large
specific surface area, which makes them available for more effi-
cient drug loading and delivery32. So that we can acquire an
enhanced photothermal effect by loading plenty of antibacterial
agents on MPDA nanoparticles to cover the deficiency of low
temperature PTT. Lysozyme (LZM) is a bactericidal enzyme that
naturally exists in mammalian secretions33,34. As the component
of immune system, it could kill bacteria by specifically hydrolyze
the peptidoglycan in bacterial cell wall, thus resisting bacterial
infection35,36. It has been wildly used in eye drops or wound
healing creams to exert antibacterial activity37. In this study, we
used MPDA nanoparticles loading lysozyme (i.e., MPDA-LZM
nanoparticles) to eradicate biofilms synergistically. Photothermal
effect performed by MPDA nanoparticles could destroy the
structure of biofilms so that the loaded LZM could penetrate
deeply into biofilms and kill the bacteria underneath. Furthermore,
the antibacterial effect of LZM would be sustained after PTT so as
to eliminate the residual bacteria. To create an all-in-one wound
dressing that could provide a comprehensive treatment to chronic
wound, we came up with the GelMA-EGF/Gelatin-MPDA-LZM
bilayer hydrogel dressing. The two layers were designed to
target different phase in wound healing respectively. Gelatin-
containing MPDA-LZM nanoparticles formed the inner layer,
which could solve the infection and inflammation caused by
biofilms. Gelatin possesses a thermo-reversible gelesol transition
capability38,39, which exhibits a controlled bulk release of nano-
particles by temperature rise40. In this way, MPDA-LZM nano-
particles would be free to penetrate into the biofilms while PTT.
The outer layer was mainly made up by gelatin methacryloyl
(GelMA). Stabilized by photo-crosslinking, GelMA serves as a
strong support to wound which is good for cell attachment and
proliferation30. Besides, epidermal growth factor (EGF) was
added into GelMA to promote tissue regeneration and wound re-
epithelialization41,42. Therefore, the GelMA-EGF/Gelatin-MPDA-
LZM bilayer hydrogel dressing could not only perform PTT to
eradicate biofilms, but also promote the repair of chronic wounds
directly by itself, which provided an innovative phased treatment
to chronic wounds.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Materials

Pluronic F-127, lysozyme from chicken egg white, 3-(4,5-
Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT),
gelatin from porcine skin, methacrylic anhydride, and lithium
phenyl-2,4,6-trimethyl benzoyl phosphinate (LAP) were pur-
chased from SigmaeAldrich (Missouri, USA). Dopamine hydro-
chloride, 1,3,5-trimethylbenzene (TMB), and crystal violet were
purchased from Aladdin Co. (Shanghai, China). Escherichia coli
(ATCC 25922), tryptone soy broth (TSB) medium, and
LuriaeBertani broth (LB) medium were obtained from HuanKai
Microbial (Guangzhou, China). Murine epidermal growth factor
(EGF) was obtained from Pepro Tech (New Jersey, USA).

2.2. Synthesis of MPDA-LZM nanoparticles

MPDA nanoparticles were synthesized as previous description32.
Briefly, 0.15 g dopamine hydrochloride and 0.1 g surfactant F-127
were added to mixed solvents of ethanol and water. The solution
was stirred in dark for 15 min, and then, 160 mL of TMB was
Scheme 1 The preparation process of GelMA-EGF/Gelatin-MPDA-LZ
dropwise added under sonication. Subsequently, 375 mL of
ammonia water was added to the solution. After stirring for 2 h,
the solution was centrifuged (13 000 rpm, 10 min) by a centrifuge
(Thermo Scientific MICRO 17, Waltham, USA) and the sediment
was collected. MPDA nanoparticles were obtained after washing
by ethanol and ultrapure water.

MPDA-LZM nanoparticles were synthesized by a one-step
process. MPDA nanoparticles and LZM were mixed (1:1) in ul-
trapure water and stirred for 24 h. The sediment after centrifu-
gation was collected and resuspended for further use.

2.3. Characterizations of MPDA-LZM nanoparticles

The morphology and size of nanoparticles were observed by
scanning electron microscopy (SEM, FEI Quanta 400FEG, USA).
Additionally, the porosity of nanoparticles was characterized by
specific surface area and porosity analyzer (Micromeritics,
Atlanta, USA). The LZM loading capacity of MPDA-LZM
nanoparticles was quantified by BCA Protein Assay Kit (Beyo-
time P0012, Shanghai, China). The hydrodynamic size and zeta
potential of nanoparticles were measured using a Malvern Zeta-
sizer (Malvern Nano ZS90, UK).
M bilayer hydrogel dressing and its application on chronic wound.
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2.4. Photothermal performance study of MPDA-LZM
nanoparticles

To study the photothermal performance of MPDA-LZM nano-
particles, various concentrations (50, 100, 200, and 400 mg/mL) of
MPDA-LZM nanoparticles solutions were irradiated by an 808 nm
laser (BWT Beijing Ltd., Beijing, China) with different power
densities (0.5, 1.0, and 1.5 W/cm2) for 10 min. The real-time
temperature of different solutions was monitored and recorded by
using a digital thermometer with a thermocouple probe. The pho-
tothermal stability of MPDA-LZM nanoparticles was evaluated by
on/off cycles. Briefly, MPDA-LZM nanoparticles solution (200 mg/
mL) was irradiated by 808 nm laser at 1.0 W/cm2 for 15 min to
reach a steady maximum temperature. Then the laser was switched
off for another 15 min to obtained the cooling process. The whole
heating-cooling process was repeated for three cycles.

2.5. Antibacterial experiments in vitro

E. coli (ATCC 25922) were incubated overnight with LB culture
medium and diluted to 108 CFU/mL. Subsequently, 100 mL of
phosphate-buffered saline (PBS) or MPDA-LZM nanoparticles
was added into 100 mL of E. coli suspension to reach a final
concentration of 0, 100, 200, and 400 mg/mL. The mixed sus-
pension was then irradiated with or without 808 nm laser (BWT
Beijing Ltd.) at 1.0 W/cm2 for 10 min. The viability of bacteria
was corresponding to the absorbance of bacteria suspension at
600 nm measuring with a microplate reader (BioTek Synergy 4,
Vermont, USA). The survival percentage of bacteria was calcu-
lated as Eq. (1), where A indicates the absorbance when irradiation
time is 0 min, and B is the absorbance after irradiation.

Survival percentage (%) Z B/A � 100 (1)

2.6. Measurements of activity of lysozyme

The influence of heat on the enzymatic activity of lysozyme was
measured by evaluating the corresponding antibacterial activity.
Briefly, lysozyme solutions were prepared and incubated in 37, 50,
and 70 �C for 2 h, respectively. Then, above lysozyme solutions
were incubated with E. coli bacterial suspensions (106 CFU/mL)
at 37 �C for 1 h. The absorbance of bacterial suspensions at OD600

before and after incubation was measured by microplate reader
(BioTek). The relative activity of lysozyme was measured as Eq.
(2), where C is the antibacterial ratio in the control group and D is
the antibacterial ratio in the experimental group.

Relative activity (%) Z D/C � 100 (2)

2.7. Cytocompatibility evaluation in vitro

Mouse fibroblasts (NIH-3T3) were used in cytocompatibility
evaluation in vitro. NIH-3T3 cells were first seeded into 96-well
plates (3 � 103 cells per well) and incubated for 24 h at 37 �C
with 5% CO2. After that, different concentrations (25, 50, 100,
200, and 400 mg/mL) of MPDA-LZM nanoparticles were co-
incubated with NIH-3T3 cells for another 24 h. After co-
incubation, the culture medium was removed and the treated
cells were washed with PBS for three times. The standard MTT
assays were performed to measure the relative cell viability.
Briefly, 100 mL of fresh culture medium and 20 mL of MTT
solution (5 mg/mL) was added in the 96-well plates. All the liquid
was removed after incubation for 4 h at 37 �C. One hundred
microliter of DMSO was added each well and the 96-well plates
was placed in a shaker for 20 min. The relative cell viability was
determined by measuring the absorbance of the corresponding
supernatant at 490 nm with a microplate reader (BioTek).
2.8. Preparation of GelMA-EGF/gelatin-MPDA-LZM hydrogel

GelMA was prepared as reported previously43,44. Briefly, gelatin
was dissolved in PBS at 50 �C with a concentration of 10% (w/v).
Then, methacrylic anhydride was dropwise added into gelatin
solution under stirring to make a final concentration of 16% (v/v).
After 3 h reaction, four-fold volume of PBS was added to the
solution to terminate the reaction. The solution was next dialyzed
for 6 days followed by 3 days lyophilization. The lyophilized
GelMAwas dissolved in PBS [15% (w/v)] containing 0.25% (w/v)
of the photo-initiator lithium phenyle2, 4, 6etrimethyl benzoyl
phosphinate (LAP). Moreover, 1 mg/mL epidermal growth factor
(EGF) was added to make GelMA-EGF solution. Meanwhile, 10%
(w/v) gelatin solution was prepared and different concentrations of
MPDA-LZM nanoparticles was dispersed in the solution for
following use.

To prepare the GelMA-EGF/Gelatin-MPDA-LZM bilayer
hydrogel, GelMA-EGF solution was first added into a mold and
irradiated with a 405 nm light source (Sunp Biotech, Beijing,
China) for 1 min. After the gelling, gelatin solution with different
concentrations of MPDA-LZM nanoparticles was put upon
GelMA-EGF and frozen in 4 �C for 10 min to form the bilayer
hydrogel.
2.9. Characterization of GelMA-EGF/gelatin-MPDA-LZM
hydrogel

The modification of methacrylic anhydride was proved by proton
nuclear magnetic resonance (1H NMR). GelMA and gelatin
samples were dissolved in deuterium oxide to get 1H NMR spectra
respectively. The swelling ratio (SR) of GelMA-EGF hydrogel
was measured. GelMA-EGF hydrogel with thickness of 2 mm and
diameter of 10 mm was prepared by using a mold and then
immersed in PBS at 37 �C for 24 h. After that, the liquid was
removed and the weight of GelMA-EGF hydrogel was recorded
(Ws). Next, hydrogel was lyophilized and weighed (Wd). The SR
of GelMA-EGF hydrogel was determined as shown in Eq. (3).

SR Z (Ws e Wd)/Wd. (3)

The mechanical property of GelMA-EGF hydrogel was char-
acterized by testing the compressive modulus. Hydrogel samples
were prepared in a mold (height Z 4 mm, diameter Z 12 mm).
The measurement of compressive stressestrain was performed by
a universal tester (MTS CMT6103, USA). The rate of compressive
strain was 1 mm/min and the strain level was 75%. Compressive
modulus was calculated as the slope of the linear region of the
stressestain curves between 0 and 10% strain range. Rheological
properties of hydrogel were measured by rheometer (HAAKE
MARS III, USA). The degradation behavior of hydrogel was
measured by placing GelMA-EGF hydrogel in PBS at 37 �C for
14 days and the weight of hydrogel was taken at the set time
points (0, 1, 2, 4, 7, 14 days).
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The morphology of hydrogel was observed by scanning elec-
tron microscopy (SEM, FEI). GelMA/Gelatin hydrogel and
GelMA-EGF/Gelatin-MPDA-LZM hydrogel were prepared and
lyophilized. Then, the samples were coated with gold and
observed by SEM. The release behaviors of MPDA-LZM nano-
particles and EGF from hydrogel were measured. Briefly, hydro-
gel was placed in 3 mL of PBS and incubated at 37�C. At the set
time intervals, 0.2 mL of the release medium was taken followed
by the addition of 0.2 mL fresh PBS. The content of nanoparticles
was measured at OD808 by microplate reader (BioTek). The cu-
mulative release amount of EGF was measured by EGF ELISA kit
(QuantiCyto EMC038, Shenzhen, China).

2.10. Photothermal performance study of GelMA-EGF/gelatin-
MPDA-LZM hydrogel

The photothermal performance of the integrated GelMA-EGF/
Gelatin-MPDA-LZM hydrogel was measured. Briefly, GelMA-
EGF/Gelatin-MPDA-LZM hydrogel with different concentrations
of MPDA-LZM nanoparticles (0, 100, 200, and 400 mg/mL) were
formed in 48-well plates to avoid gelatin loss while the subsequent
liquefaction. And then hydrogel was irradiated by an 808 nm laser
(BWT Beijing Ltd.) at 1.0 W/cm2 for 10 min. The real-time tem-
perature of GelMA-EGF/Gelatin-MPDA-LZM hydrogel was
monitored by an infrared thermal imaging camera (Fluke Ti27,
Everett, USA). Viability of NIH-3T3 cells was measured to test the
biological activity of EGF. Various groups of EGF were pre-treated
with different temperature (30, 40, 50, 60, and 70 �C) and then the
standard MTT assays were performed as previous description.

2.11. Biofilm formation

E. coli were incubated overnight in LB medium on a shaking
incubator at 37 �C. Then bacteria suspension was diluted to
106 CFU/mL with tryptone soy broth (TSB) medium and added
into 24-well plates (1 mL per well) or 96-well plates (100 mL per
well). The plates were incubated at 37 �C without shaking for 5e7
days. The medium was replaced by fresh TSB medium every 24 h.
The biofilm attached on the bottom of each well could be observed
when the medium was discarded after incubation.

2.12. Evaluation of NIR-triggered antibiofilm activity in vitro

To evaluate the effect of photothermal therapy and lysozyme
respectively, 300 mL of PBS (control), MPDA nanoparticles, and
MPDA-LZM nanoparticles were added to the formed biofilms. The
biofilms with different treatments were irradiated with or without
808 nm laser (BWT Beijing Ltd.) at 1.0 W/cm2 for 10 min.

To study the NIR-triggered antibiofilm activity of GelMA-
EGF/Gelatin-MPDA-LZM hydrogel. The obtained biofilms were
treated with PBS (control), Gelatin hydrogel, GelMA/Gelatin
hydrogel, MPDA-LZM nanoparticles, Gelatin-MPDA-LZM
hydrogel, and GelMA-EGF/Gelatin-MPDA-LZM hydrogel with
or without 808 nm laser irradiation (1.0 W/cm2) for 10 min and
standing for 1 h.

2.13. Crystal violet staining

After treatments, the supernatant or hydrogel in each well was
removed and the remaining biofilms were gently washed with PBS
for three times. Crystal violet staining was performed to evaluate
the eradication of biofilms. First, 300 mL of 0.1% crystal violet
dye was added to each well and incubated at room temperature for
15 min. Then, the plates were washed thoroughly with PBS to
remove redundant crystal violet dye. Biofilms after staining were
imaged by camera. At last, 200 mL of ethanol was added into each
well to dissolve the crystal violet, and the corresponding absor-
bance of crystal violet solution at 590 nm was measured with a
microplate reader (BioTek) to quantify the amounts of remaining
biofilms.

2.14. Live/dead staining observation of biofilms by 3D CLSM

The viability of bacteria in biofilms was studied by live/dead
staining analysis. First, E. coli suspension incubated overnight was
diluted to 106 CFU/mL with tryptone soy broth (TSB) medium.
1 mL of bacteria suspension was added into confocal dish with a
glass bottom and incubated at 37 �C without shaking for 5e7 days
to form biofilms. The medium was discarded after the formation
of biofilms. PBS (control), GelMA-EGF/Gelatin hydrogel, and
GelMA-EGF/Gelatin-MPDA-LZM hydrogel were placed onto the
surface of biofilms respectively and irradiated with or without
808 nm laser (BWT Beijing Ltd.) at 1.0 W/cm2 for 10 min and
standing for 1 h. The remaining biofilms were gently washed with
PBS for three times after the supernatant or hydrogel was
removed. SYTO 9/PI Live/Dead bacterial viability kit (Thermo
Fisher L7012, Waltham, USA) was used by following corre-
sponding instruction manual. SYTO 9 and PI were equally mixed
and diluted with TSB medium before added on top of the
remaining biofilms. Then the confocal dishes were incubated for
15 min in dark. After incubation, the biofilms were examined and
imaged by a 3D confocal laser scanning microscope (CLSM,
Olympus FV3000, Tokyo, Japan).

2.15. Mouse cutaneous wound infection model

All animal experiments were approved by Institutional Animal
Care and Use Committee of Sun Yat-sen University. Six-week-old
female BALB/c mice were obtained from Guangdong Medical
Laboratory Animal Center. The mice were randomly divided into
six groups as follows: control, GelMA/Gelatin hydrogel þ laser,
GelMA-EGF/Gelatin hydrogel þ laser, GelMA/Gelatin-MPDA-
LZM hydrogel þ laser, GelMA-EGF/Gelatin-MPDA-LZM
hydrogel þ laser, and GelMA-EGF/Gelatin-MPDA-LZM hydro-
gel. First, the mouse was anesthetized and hair on dorsal side of
the mouse was shaved. A circular wound with a diameter of about
10 mm was made on the dorsum of each mouse. Subsequently,
100 mL of E. coli suspension (108 CFU/mL) was injected to the
wound and kept for 2 days to form mouse cutaneous wound
infection model.

2.16. In vivo treatment of infected chronic wound

After the formation of wound infection model, experimental
groups of infected wounds were treated with corresponding
hydrogel dressing as above mentioned. NIR laser groups
were then irradiated with an 808 nm laser (BWT Beijing Ltd.) at
1.0 W/cm2 for 10 min. The real-time temperature on mouse
wound area was monitored by an infrared thermal imaging camera
(Fluke). The condition of infected wound was observed and
photographed at regular time intervals.

To evaluate the photothermal therapeutic effect on in vivo
biofilm eradication of GelMA-EGF/Gelatin-MPDA-LZM hydro-
gel, a standard plate counting assay was performed to obtain the
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bacterial counts of the wound on Day 4. Briefly, the infected
wound tissue was excised and placed into sterile PBS. After
homodisperse, the solution was serially diluted to spread plate so
as to count the number of bacteria. The photographs of bacterial
colony plates were taken at 103 times dilution. The survival rate of
bacteria was calculated as Eq. (4):

Survival rate Z N/Nc (4)

where N represented the CFU number of different treated group,
and Nc was the CFU number of control group. Besides, to observe
the eradication of biofilms more directly, wound area skin tissues
were obtained before and after PTT. After fixed with 4% para-
formaldehyde solution and gradually dehydrated in 30, 50, 70,
90%, and absolute ethanol solutions, the samples were observed
by scanning electron microscopy (SEM, FEI).

After 12 days treatment, the mice were euthanized. The skin
tissues of infected wound were obtained and fixed with 4%
paraformaldehyde solution. Subsequently, the tissues were
embedded in paraffin and sliced. H&E staining and Masson’s
trichrome staining were performed to evaluate the condition of
wound healing. In the meantime, Giemsa staining was performed
to detect the condition of bacterial infection in wound. Moreover,
cell proliferation of wound tissue was evaluated by Ki-67 immu-
nohistochemical staining. To further assess the efficacy of the
hydrogel dressing, angiogenesis in wound area was evaluated by
immunofluorescence staining of CD31 and a-SMA.

Additionally, H&E staining of major organs including heart,
liver, spleen, lung, and kidney was conducted to evaluate the
in vivo biosafety of GelMA-EGF/Gelatin-MPDA-LZM hydrogel
dressing.

2.17. Statistical analysis

Quantitative data were presented as means � SD of at least three
samples and analyzed by one-way analysis of variance (ANOVA)
and Student’s t-test. Values of *P < 0.05, **P < 0.01, and
***P < 0.001 were considered as statistically significant.

3. Results and discussion

3.1. Preparation and characterization of MPDA-LZM
nanoparticles

MPDA-LZM nanoparticles were the major component of bio-
films eradication in GelMA-EGF/Gelatin-MPDA-LZM bilayer
hydrogel. To prepare MPDA-LZM nanoparticles, MPDA nano-
particles were first synthesized by dopamine polymerization,
LZM was then loaded through electrostatic interaction. After
loading of LZM, the distinction on morphology between two
kinds of nanoparticles was observed. The SEM images (Fig. 1A
and B) displayed uniform spherical structure of MPDA nano-
particles with diameter around 300 nm, and the mesoporous was
clearly distributed. While MPDA-LZM nanoparticles had larger
diameter (about 300 nm), mesoporous structure was not obvi-
ously to observe. The measured hydrodynamic size of MPDA-
LZM nanoparticles was 394 nm, slightly larger than that of
MPDA nanoparticles (346 nm). Supporting Information Fig. S1B
showed that zeta potentials of MPDA, LZM, and MPDA-LZM
were �17.63, 22.87, and 9.60 mV, respectively, indicating the
negative charge of MPDA was neutralized after the electrostatic
attraction of positively charged LZM. Furthermore, the porosity
of MPDA nanoparticles was characterized in Supporting
Information Fig. S1C and D. MPDA nanoparticles possessed
BET surface area of 28.08 m2/g and approximate pore diameter
of 9.32 nm, exhibiting great potential of drug loading. Conse-
quently, the proper LZM loading capacity was 18.00 � 1.37%
via quantitative analysis.

The photothermal performance of MPDA-LZM nanoparticles
was comprehensively evaluated. As shown in Fig. 1C, MPDA-
LZM nanoparticles displayed concentration-dependent tempera-
ture change under 808 nm NIR laser in 10 min. Specifically, the
temperature rapidly increased from 25.0 to 48.7 and 59.8 �C at a
concentration of 200 and 400 mg/mL, respectively. Additionally,
the maximum temperature (Fig. 1D) of 200 mg/mL MPDA-LZM
nanoparticles solution at various power densities (0.5, 1.0, and
1.5 W/cm2) increased to 37.8, 48.7, and 54.0 �C within 10 min
irradiation, respectively. Moreover, the excellent photothermal
stability of MPDA-LZM nanoparticles were demonstrated in
Fig. 1E. The recycling temperature variations of 200 mg/mL of
MPDA-LZM nanoparticles were recorded under 808 nm NIR laser
radiation for 15 min (laser on), followed by natural cooling to
room temperature for 15 min (laser off) for three laser on/off
cycles. The maximum temperature of MPDA-LZM nanoparticles
exhibited no significant deterioration during three on/off cycles
which highly demonstrated the excellent stability of photothermal
performance of MPDA-LZM nanoparticles. In our whole bilayer
GelMA-EGF/Gelatin-MPDA-LZM hydrogel system, MPDA-
LZM nanoparticles would be dispersed homogeneously in
gelatin layer to achieve light activatable drug release and photo-
thermal therapy simultaneously. It’s important to make sure that
gelatin makes no differences on the photothermal performance of
MPDA-LZM nanoparticles. So, we next measured the temperature
changes of MPDA-LZM nanoparticles in gelatin solution under
808 nm NIR laser in 10 min (Fig. 1F). It was clear that dispersed
in gelatin had no influences on the photothermal property of
nanoparticles.

3.2. In vitro antibacterial activity of MPDA-LZM nanoparticles

The antibacterial activity of MPDA-LZM nanoparticles were
investigated against E. coli. As shown in Supporting
Information Fig. S2A, there are no significant differences on
the bacterial survival of 100 mg/mL MPDA-LZM nanoparticles-
treated group whether with or without 808 nm NIR laser radi-
ation comparing with control group. However, the bacterial
survival percentage was obvious decreased to 77.42% and
46.78% in 200 and 400 mg/mL MPDA-LZM nanoparticles-
treated groups, respectively. The concentration-dependent
decrease of bacterial survival percentage indicated the effec-
tive antibacterial ability of MPDA-LZM nanoparticles. Higher
concentration of MPDA-LZM nanoparticles exhibited better
antibacterial ability.

Besides, the influence of heat on the activity of lysozyme was
evaluated. It was reported that the activity of lysozyme remained
stable between 25 and 60 �C37. To further confirm that, the pre-
pared lysozyme solutions were first incubated in 37, 50 and 70 �C
for 2 h, and then the relative activities were measured (Fig. S2B).
Obviously, the relative activities of lysozyme had no significant
differences between 37 �C group and 50 �C group. When the
incubation temperature was 70 �C, there was a slight decrease of
lysozyme activity. Therefore, a low temperature photothermal
therapy around 50 �C would not interfere the relative activities of
the lysozyme loaded on MPDA nanoparticles.



Figure 1 The morphology and photothermal performance of MPDA-LZM nanoparticles. (A, B) SEM images of (A) MPDA nanoparticles and

(B) MPDA-LZM nanoparticles (scale bar: 300 nm). (C) Temperature change of MPDA-LZM nanoparticles with NIR irradiation (1.0 W/cm2) at

different concentrations. (D) Temperature change of MPDA-LZM nanoparticles (200 mg/mL) with NIR irradiation (0.5, 1.0, and1.5 W/cm2). (E)

Recycling heating profiles of MPDA-LZM nanoparticles (200 mg/mL) with NIR irradiation (1.0 W/cm2) for three on/off cycles. (F) Temperature

change of MPDA-LZM nanoparticles (200 mg/mL) with NIR irradiation (1.0 W/cm2) in different solvents.
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3.3. In vitro cytocompatibility assay of MPDA-LZM
nanoparticles

The cytocompatibility of nanomaterials is quite important in
biomedicine. Therefore, we assessed the cytocompatibility of
MPDA-LZM nanoparticles by incubating fibroblasts (NIH-3T3)
with various concentrations of MPDA-LZM nanoparticles for
24 h. The cell viability of NIH-3T3 cells was shown in Supporting
Information Fig. S3. Compared with control group, the cell
viability maintained nearly 100% when the concentration of
nanoparticles ranged from 25 to 200 mg/mL. Though there was a
slight decrease when the concentration was up to 400 mg/mL, the
cell viability was still above 85% which means it had no signifi-
cant effect on proliferation of NIH-3T3. Generally, the result in-
dicates that MPDA-LZM nanoparticles has an excellent
cytocompatibility.

Taking an overall consideration of all the results in Figs. 1, S2,
and S3, a concentration of 200 mg/mL of MPDA-LZM nano-
particles was chosen for the subsequent application on experi-
ments. It could reach an expectation of effective antibacterial
activity meanwhile with enough photothermal performance and
cytocompatibility as we need.

3.4. Lysozyme-enhanced photothermal effect to eradicate
biofilms

In our design, the lysozyme-enhanced PTT for biofilms eradica-
tion would be achieved totally by MPDA-LZM nanoparticles. To
figure out the antibacterial effect of MPDA-LZM nanoparticles
and the synergistic effect between photothermal therapy and
lysozyme, we added MPDA nanoparticles and MPDA-LZM
nanoparticles to the in vitro established biofilms respectively.
Fig. 2 showed the crystal violet staining image of treated biofilms
and corresponding absorbance at OD590. Compared with control
group, biofilms were nearly completely eradicated by MPDA-
LZM nanoparticles with laser irradiation. The result demon-
strated the excellent biofilm eradication capability of MPDA-LZM
nanoparticles. For comparison, MPDA nanoparticles with laser
only performed photothermal effect to biofilms. The residual
biofilm mass in MPDA nanoparticles-treated group indicated that
common photothermal therapy was effective to biofilms eradica-
tion but not good as the effect combined with lysozyme.
Furthermore, biofilms treated with MPDA-LZM nanoparticles
without laser irradiation showed slight damage, which means
lysozyme can hardly destroy biofilms without the assistance of
photothermal effect. As we referred before, EPS of biofilms was
as firm as a physical barrier that could obstruct the penetration of
normal antibacterial agents. We hypothesized that the antibacterial
effect of MPDA-LZM nanoparticles without laser irradiation was
limited because LZM alone could hardly penetrate into biofilms
and kill the bacteria inside it. However, when the structure of
biofilms was incompact under the physical destruction of PTT,
LZM could be released to bacteria and exert its best antibacterial
capability by hydrolyze bacterial cell wall. All of these results
proved that there is a synergistic effect between photothermal
therapy and lysozyme on biofilms eradication. And the lysozyme-
enhanced photothermal therapy shows sufficient destruction of
biofilms.



Figure 2 Lysozyme-enhanced PTT effect on biofilm eradication. (A) Photographs of crystal violet stained E. coli biofilms treated with PBS,

MPDA nanoparticles, MPDA-LZM nanoparticles with or without NIR irradiation and (B) corresponding absorbance at 590 nm (n Z 3,

**P < 0.01, ***P < 0.001).
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3.5. Preparation and characterization of GelMA-EGF/gelatin-
MPDA-LZM hydrogel

As a major component of GelMA-EGF/Gelatin-MPDA-LZM
bilayer hydrogel, GelMA was synthesized first. The 1H NMR
spectra (Supporting Information Fig. S4) showed that meth-
acrylic anhydride was successfully modified to gelatin. The
characteristic peaks at 5.3 and 5.6 ppm indicated that gelatin was
converted to GelMA. Next, different concentrations [5%, 10%,
15%, and 20% (w/v)] of GelMA were prepared to test the
capability of photo-crosslinking. As shown in Supporting
Information Fig. S5A, all concentrations of GelMA solution
transformed to gel phase after exposed in 405 nm for 1 min. The
photo-crosslinking of GelMA was irreversible because it
couldn’t turn back to solution phase in 37 �C like gelatin did.
Moreover, adding EGF into GelMA had no effect on the photo-
crosslinking ability of GelMA (Fig. 3A). The swelling and me-
chanical property of GelMA-EGF hydrogel were measured
subsequently. Supporting Information Fig. S6 showed that
swelling ratio of GelMA-EGF hydrogel gradually decreased
while the concentration of GelMA increasing from 5% to 20%
(w/v). However, compressive stressestrain curves (Supporting
Information Fig. S7) showed an ascending tendency of me-
chanical property with concentration increasing. The compres-
sive modulus had a remarkable increase from 27.63 � 1.79 to
131.87 � 5.87 kPa, demonstrated that GelMA-EGF hydrogel
became stiffer when the concentration of GelMA increased to
20% (w/v). In a comprehensive consideration of all the charac-
teristics, 15% (w/v) was an optimal concentration of GelMA-
EGF hydrogel. It possessed an appropriate swellability to
absorb exudate and a compressive modulus of 95.07 � 8.43 kPa
that could provide strong support like native dermis30. Besides,
the thermo-reversible gelesol transition behavior of gelatin was
verified in Fig. S5B and Fig. 3B. A concentration of 10% (w/v)
was chosen for further study because its great thermo-reversible
behavior with expectant strength in gel phase and fluidity in
solution phase. The mix of MPDA-LZM nanoparticles didn’t
influence the thermo-reversible behavior of gelatin either
(Fig. 3B). We next measured the rheological properties of
different hydrogel. The temperature-dependent curves of storage
modulus (G0) and loss modulus (G00) (Supporting Information
Fig. S8A) showed clearly that the gelation temperatures of
GelMA-EGF hydrogel and Gelatin-MPDA-LZM hydrogel were
both between 25 and 30 �C, consistent with their actual perfor-
mance previously. Since the GelMA-EGF hydrogel would not
revert to solution phase at 37 �C because of the irreversible
photo-crosslinking, its degradation behavior at 37 �C was
measured in vitro. The results in Fig. S8B demonstrated the
remaining ratio of GelMA-EGF hydrogel was still above 80%
after placed in PBS at 37 �C for 14 days, indicating its long term
retention for wound healing application.

The morphology of GelMA/Gelatin hydrogel and GelMA-
EGF/Gelatin-MPDA-LZM hydrogel was observed by SEM. In
Fig. 3CeF, both layer of the two kinds of hydrogel displayed
porous structure. The addition of EGF did not make a difference to
the microstructure of GelMA hydrogel. Similarly, dispersed
MPDA-LZM nanoparticles in gelatin didn’t change the micro-
structure of gelatin. Demonstrated the potential use of GelMA/
Gelatin-based bilayer hydrogel on loading macromolecule or
nanocomposite. We then measured the release behaviors of
MPDA-LZM nanoparticles and EGF from GelMA-EGF/Gelatin-
MPDA-LZM hydrogel. The release curves were demonstrated in
Supporting Information Fig. S9, MPDA-LZM nanoparticles ach-
ieved bulk release under the irradiation of 808 nm laser within
2 min, which was attributed to the rapid gelesol transition of
gelatin. Differently, EGF exhibited a slow cumulative release of
about 55% after 7 days.

The photothermal performance of the integrated GelMA-EGF/
Gelatin-MPDA-LZM bilayer hydrogel was studied. As the pho-
tographs in Fig. 3G and H, GelMA-EGF/Gelatin-MPDA-LZM
bilayer hydrogel was put onto filter paper and irradiated with
808 nm laser. We could find that the Gelatin-MPDA-LZM layer
liquefied quickly in 2 min under laser irradiation, which would be
beneficial to quick release of nanoparticles to penetrate into bio-
films and exert antibacterial effect. Furthermore, GelMA-EGF
layer was still strong that could protect and support the wound
area. Fig. 3I and J showed the temperature change of GelMA-
EGF/Gelatin-MPDA-LZM hydrogel with different concentra-
tions of nanoparticles after irradiated for 10 min. The photo-
thermal performance displayed similar concentration-dependent
temperature change to previous nanoparticles solution, indicating
the photothermal performance of MPDA-LZM nanoparticles was
not impaired in the hydrogel system. The temperature of GelMA-
EGF/Gelatin-MPDA-LZM hydrogel (200 mg/mL of MPDA-LZM
nanoparticles) increased 22.6 �C after 10 min irradiation, which
could provide sufficient photothermal effect for subsequent ther-
apy. Besides, to figure out whether the produced heat would in-
fluence the biological activity of EGF, we tested the viability of
NIH-3T3 cells treated with different temperature pre-treated
EGF. Cells without EGF treatment were used as control. It



Figure 3 Characterization, microstructure, and photothermal performance of GelMA-EGF/Gelatin-MPDA-LZM bilayer hydrogel. (A) Pho-

tographs of the photo-crosslinking process of GelMA and GelMA-EGF. (B) Photographs of the thermo-reversible gelesol transition of gelatin and

Gelatin-MPDA-LZM. (CeF) SEM images of (C) GelMA, (D) GelMA-EGF, (E) Gelatin, and (F) Gelatin-MPDA-LZM hydrogel (scale bar:

500 mm). (G, H) Photographs of the liquefaction process of Gelatin-MPDA-LZM hydrogel under NIR irradiation. (I) Thermographic images of

GelMA-EGF/Gelatin-MPDA-LZM hydrogel with different concentrations of nanoparticles after NIR irradiation for 10 min and (J) corresponding

photothermal heating curves.
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could be inferred from Supporting Information Fig. S10 that the
temperature increase in hydrogel made no significant difference to
the biological activity of EGF.

3.6. In vitro eradication of established biofilms

After a series of optimization studies, we then assessed the anti-
biofilm capability of GelMA-EGF/Gelatin-MPDA-LZM hydrogel
on established biofilms in vitro. Different groups of hydrogel or
nanoparticles were added onto the surface of biofilms, and PBS
treatment was used as control. The results were shown in Fig. 4.
Crystal violet staining could show the residual biofilms directly.
We could tell from Fig. 4A and B that biofilms were obviously
eradicated when MPDA-LZM nanoparticles and laser irradiation
were both involved in the treatments. Indicating the excellent
antibiofilm capability of GelMA-EGF/Gelatin-MPDA-LZM
hydrogel. The live/dead staining assay in Fig. 4C also demon-
strated that biofilms were successfully eradicated by lysozyme-
enhanced photothermal therapy of GelMA-EGF/Gelatin-MPDA-
LZM hydrogel. In comparison with the intact and compact bio-
film structure of control group, biofilms treated with GelMA-EGF/
Gelatin-MPDA-LZM hydrogel þ laser exhibited a quite sparse
condition in 3D CLSM images. All above results were sufficient to
manifest the distinguished antibiofilm capability of GelMA-EGF/
Gelatin-MPDA-LZM hydrogel.

3.7. In vivo therapeutic efficacy on infected wound

With the remarkable antibiofilm ability proved above, GelMA-
EGF/Gelatin-MPDA-LZM bilayer hydrogel was then applied to
mouse cutaneous wound infection model to verify its therapeutic
efficacy. To construct the infected wound model, a full-thickness
wound was made on the dorsum of BALB/c mouse. Then the
wound was inoculated with E. coli and kept for 2 days to form
infected wound with bacterial biofilms in situ. Different groups of
bilayer hydrogel dressing were prepared and applied on mice
followed with or without NIR irradiation. Fig. 5A was the repre-
sentative thermographic images taken during photothermal ther-
apeutic period. GelMA/Gelatin-MPDA-LZM hydrogel and
GelMA-EGF/Gelatin-MPDA-LZM hydrogel both exhibited
prominent photothermal performance under laser irradiation. The
corresponding photothermal heating curves in Fig. 5B showed the
temperature change of wound area in 10 min. In the two groups
above mentioned, temperature of wound area went up to about
46 �C practically. The result confirmed that GelMA-EGF/Gelatin-
MPDA-LZM hydrogel could perform photothermal therapy with
an appropriate temperature limitation which would not injure
surrounding tissues of wound.

The efficacy of lysozyme-enhanced photothermal therapy was
evaluated by testing the survival rate of bacteria after therapy.
Hydrogel and scar tissue upon the wound were removed after 4
days treatment which is the first timepoint of observation. As shown
in Fig. 5C, apparent abscess could be observed on the wound site in
groups without experiencing the process of photothermal therapy
generated by MPDA-LZM nanoparticles. The existence of abscess
indicated severe infected condition of the wound. And the results of
standard plate counting assay were consistent with the appearance
of wound sites for different treatment groups. Survival rate of
bacteria (Fig. 5D) was extreme low in GelMA/Gelatin-MPDA-
LZM hydrogel þ laser group and GelMA-EGF/Gelatin-MPDA-
LZM hydrogel þ laser group, demonstrated their excellent anti-
bacterial and antibiofilm abilities. Without laser irradiation,
GelMA-EGF/Gelatin-MPDA-LZM hydrogel also exhibited anti-
bacterial ability in some extent due to the existence of LZM, as the



Figure 4 The capability of biofilm eradication of GelMA-EGF/Gelatin-MPDA-LZM hydrogel in vitro. (A) Photographs of crystal violet

stained E. coli biofilms in different groups and (B) corresponding absorbance at 590 nm (n Z 3, ***P < 0.001). (C) 3D confocal laser scanning

microscopy images of SYTO 9 stained E. coli biofilms after different treatments (scale bar: 50 mm). The live bacteria were in green fluorescence.

Figure 5 In vivo photothermal anti-infective efficacy of GelMA-EGF/Gelatin-MPDA-LZM hydrogel dressing. (A) Representative thermo-

graphic images of BALB/c mice infected wounds treated with different hydrogel systems and (B) corresponding photothermal heating curves

(n Z 3). (C, D) Representative wound photographs after treated with different hydrogel systems for 4 days and quantitative measurement of

bacterial survival rate by counting CFU amounts in standard plate assay (n Z 3, ***P < 0.001).
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Figure 6 In vivo accelerated wound healing of GelMA-EGF/Gelatin-MPDA-LZM hydrogel dressing. (A) Photographs of E. coli-infected full-

thickness dorsal cutaneous wounds of BALB/c mice treated with different hydrogel systems and (B) corresponding statistical graph of relative

wound area (n Z 5, **P < 0.01, ***P < 0.001).

Figure 7 Histological analysis of wound tissues obtained from BALB/c mice after treatments. (A) Representative H&E staining images of

wound skin tissues (scale bar: 500 mm and 100 mm for magnification). (B) Immunofluorescence images of wound skin tissues (green: CD31; red:

a-SMA; scale bar: 500 mm).
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survival rate of bacteria was decreased to 41.39%. But the
distinction was clear when compared it with GelMA-EGF/Gelatin-
MPDA-LZM hydrogelþ laser group, of which the survival rate was
greatly decreased to 1.92%. The results further confirmed the
synergistic effect of PTT and LZM, verified the best anti-infectious
efficacy of lysozyme-enhanced photothermal therapy provided by
GelMA-EGF/Gelatin-MPDA-LZM hydrogel.

Photographs of wound and corresponding statistical graph of
relative wound area at predetermined timepoints were shown in
Fig. 6. After 12 days, the relative wound area remained at 39.89%,
29.65%, 31.21%, 15.78%, 7.90%, and 28.48% in control, GelMA/
Gelatin hydrogel þ laser, GelMA-EGF/Gelatin hydrogel þ laser,
GelMA/Gelatin-MPDA-LZM hydrogel þ laser, GelMA-EGF/
Gelatin-MPDA-LZM hydrogel þ laser, and GelMA-EGF/
Gelatin-MPDA-LZM hydrogel groups, respectively. The fastest
closure rate and the smallest wound area in GelMA-EGF/Gelatin-
MPDA-LZM hydrogel þ laser group indicated its best therapeutic
efficacy on infected wound. When compared with GelMA-EGF/
Gelatin hydrogel þ laser group and GelMA-EGF/Gelatin-
MPDA-LZM hydrogel group, it also verified that lysozyme-
enhanced photothermal therapy made a significant difference on
the healing process of infected wound. Furthermore, the distinc-
tion in therapeutic efficacy of GelMA-EGF/Gelatin-MPDA-LZM
hydrogel and GelMA/Gelatin-MPDA-LZM hydrogel showed that
EGF contained in GelMA layer could promote the process of
wound repair. However, there were no visible difference between
Figure 8 Biosafety assay of GelMA-EGF/Gelatin-MPDA-LZM hydrog

mice model after 12 days’ treatment (scale bar: 100 mm).
therapeutic efficacy of GelMA/Gelatin hydrogel and GelMA-
EGF/Gelatin hydrogel, demonstrated that EGF could barely
exert its function without photothermal therapy performing first.
In other words, the lysozyme-enhanced photothermal therapy
acted predominantly in accelerating infected wound repair.
Therefore, an early photothermal therapy followed by EGF pro-
motion, provided by GelMA-EGF/Gelatin-MPDA-LZM hydrogel
dressing, exhibited excellent efficacy of anti-infection and
accelerating wound healing. To further prove the in vivo biofilm
eradication effect of GelMA-EGF/Gelatin-MPDA-LZM hydrogel.
Skin tissues of wound area before and after PTT were obtained
and observed by SEM. As shown in Supporting Information
Fig. S11, wound tissue before PTT appeared irregular structure
of biofilms with numerous bacteria and EPS matrix. While the
wound tissue after PTT exhibited nearly no biofilm structure, and
the morphology of bacteria was damaged. The results proved that
GelMA-EGF/Gelatin-MPDA-LZM hydrogel with laser irradiation
could indeed eradicate biofilms and subsequently accelerated the
process of wound healing in vivo.

3.8. Histological analysis

H&E staining ofwound tissueswas performed to assess the condition
of wound healing. It has been shown in Fig. 7A, thewound of control
group was unclosed and appeared amounts of inflammatory cells
infiltration. However, the infiltration of inflammatory cells was slight
el dressing. (A) H&E staining images of major organs obtained from
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in GelMA-EGF/Gelatin-MPDA-LZM hydrogelþ laser group, indi-
cated the infection has been eliminated to a great extent and the
wound healed well. The result of Masson’s trichrome staining
(Supporting Information Fig. S12A) was consistent with H&E
staining. The situation of collagen deposition in GelMA-EGF/
Gelatin-MPDA-LZM hydrogel þ laser group was the thickest
compared with other groups, represented its best cellular migration.
Furthermore, Giemsa stainingwas performed to detect the bacteria in
wound tissues. Fig. S12B showed clearly that the number of bacteria
(red arrow) in GelMA/Gelatin-MPDA-LZM hydrogelþ laser group
andGelMA-EGF/Gelatin-MPDA-LZMhydrogelþ laser groupwere
relatively minor, indicated the excellent antibacterial effect of the
inner layer Gelatin-MPDA-LZM hydrogel. Meanwhile, the expres-
sion of Ki-67 was increased (Fig. S12C), represented great cell pro-
liferation of wound area in GelMA-EGF/Gelatin-MPDA-LZM
hydrogel þ laser group. Immunofluorescence of CD31 and a-SMA
(Fig. 7B) displayed great angiogenesis condition in wound treated
with GelMA-EGF/Gelatin-MPDA-LZMhydrogelþ laser. Themore
number of vessel represented the better environment for wound
repair.

Besides, the biosafety of GelMA-EGF/Gelatin-MPDA-LZM
hydrogel was evaluated. H&E staining of major organs including
heart, liver, spleen, lung, and kidney was performed. According to
Fig. 8, there were no apparent pathologic change of the organs in
all groups. The result demonstrated the great biocompatibility of
our GelMA-EGF/Gelatin-MPDA-LZM bilayer hydrogel, also
exhibited its potential value in clinical application.

4. Conclusions

As the increasing focus on combining biomaterials with wound
healing, more and more types of functional wound dressing have
been developed to greatly improve the condition of wound heal-
ing45,46. In this study, we presented a GelMA-EGF/Gelatin-
MPDA-LZM bilayer hydrogel dressing which could effectively
eradicate biofilms and promote chronic wound repair. The bilayer
hydrogel dressing takes advantage of the thermo-reversible
gelesol transition capability of gelatin to achieve thermosensi-
tive release of nanoparticles while conducting PTT. Therefore,
MPDA-LZM nanoparticles could penetrate deep into biofilms and
perform a lysozyme-enhanced PTT to destroy biofilms. The syn-
ergistic antibacterial effect of lysozyme and photothermal therapy
was verified in vitro. The eradication of biofilms could improve
the condition of infection and inflammatory dysregulation of
chronic wound. Additionally, after the treatment to biofilms, the
outer layer hydrogel remained to support and accelerate wound
repair in later stage. While applying GelMA-EGF/Gelatin-MPDA-
LZM bilayer hydrogel dressing to infected wound mice model, the
closure rate and healing state of wound were significantly
improved, further verified its remarkable efficacy. Moreover, the
integrated process of treatment didn’t show any apparent toxicity.
In summary, our study provides an effective therapeutic strategy to
solve the tough healing problem of chronic wound via an inno-
vative bilayer hydrogel dressing combined with PTT, which is
promising to be used clinically.
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