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Abstract

Background: Healing of MRSA (methicillin-resistant Staphylococcus aureus) infected deep burn wounds (MIDBW) in
diabetic patients remains an obstacle but is a cutting-edge research problem in clinical science. Surgical debridement
and continuous antibiotic use remain the primary clinical treatment for MIDBW. However, suboptimal pharmacokinet-
ics and high doses of antibiotics often cause serious side effects such as fatal complications of drug-resistant bacterial
infections. MRSA, which causes wound infection, is currently a bacterium of concern in diabetic wound healing. In
more severe cases, it can even lead to amputation of the patient’s limb. The development of bioactive nanomaterials
that can promote infected wound healing is significant.

Results: The present work proposed a strategy of using EGCG (Epigallocatechin gallate) modified black phosphorus
quantum dots (BPQDs) as therapeutic nanoplatforms for MIDBW to achieve the synergistic functions of NIR (near-
infrared)-response, ROS-generation, sterilization, and promoting wound healing. The electron spin resonance results
revealed that EGCG-BPQDs@H had a more vital photocatalytic ability to produce singlet oxygen than BPQDs@H. The
inhibition results indicated an effective bactericidal rate of 88.6% against MRSA. Molecular biology analysis demon-
strated that EGCG-BPQDs significantly upregulated CD31 nearly fourfold and basic fibroblast growth factor (bFGF)
nearly twofold, which were beneficial for promoting the proliferation of vascular endothelial cells and skin epidermal
cells. Under NIR irradiation, EGCG-BPQDs hydrogel (EGCG-BPQDs@H) treated MIDBW area could rapidly raise tempera-
ture up to 55 °C for sterilization. The MIBDW closure rate of rats after 21 days of treatment was 92.4%, much better
than that of 61.1% of the control group. The engineered EGCG-BPQDs@H were found to promote MIDBW healing by
triggering the PI3K/AKT and ERK1/2 signaling pathways, which could enhance cell proliferation and differentiation. In
addition, intravenous circulation experiment showed good biocompatibility of EGCG-BPQDs@H. No significant dam-
age to major organs was observed in rats.
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Conclusions: The obtained results demonstrated that EGCG-BPQDs@H achieved the synergistic functions of photo-
catalytic property, photothermal effects and promoted wound healing, and are promising multifunctional nanoplat-

forms for MIDBW healing in diabetics.

Keywords: Multifunctional nanoplatforms, Black phosphorus quantum dots, Diabetic deep-burn wound healing,
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Introduction

MRSA infected deep-burn wound in diabetic patients is
a fatal threat to human health and the frontier in clini-
cal medicine [1]. Surgical debridement and continuous
use of antibiotics are still the primary clinical treatment
for MIDBW [2, 3]. However, suboptimal pharmacoki-
netics and large doses of antibiotics usually cause severe
side effects, like deadly complications of resistant bacte-
ria infection [4]. MRSA, which causes wound infections,
is currently a major obstacle to the healing of diabetic
wounds. It can even cause amputation of the patient’s
limb (5, 6]. Even worse, the development of new antibiot-
ics has not been realized for a long time worldwide [7].
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Therefore, besides surgical debridement and continuous
use of antibiotics, multifunctional collaborative therapy
nanoplatform attracts MIDBW in diabetic patients. To
date, various nanomaterials have been currently avail-
able in diabetic-infected wound healing, such as metal—
organic frameworks [8, 9], dopamine [10-13], peptides
[14], metal oxides, and nano silver [15, 16]. These excel-
lent pioneered works suggest that multifunctional nano-
platforms with advantages of strong antibacterial and
effective promoting of wound healing function are attrac-
tive, promising strategies for treating infected wounds.
Among these numerous antibacterial materials,
black phosphorus (BP) is attractive because of its broad
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Scheme 1. The schematic illustration of the synthesis of EGCG-BPQDs@H nanocomposite and the process of sterilization and stimulation of cell
behaviors that can promote regenerative activities of the skin cells and actively participate in epidermal regeneration, and accelerate the healing in

optical absorption and striking charge carrier mobil-
ity, exhibiting outstanding singlet oxygen (*O,) activa-
tion and the high-temperature generation under NIR
irradiation [17, 18]. Recently, photocatalytic properties
and photothermal activity have been intensively inves-
tigated in biomedical applications [19], especially in the
field of anti-infection wound treatments by their virtues
of minimally invasive, effective sterilization, and easy
operation [20-22]. These reported excellent works dis-
closed the attractive prospect of BP in infected wound
healing. However, these documents mostly focused
on BP nanosheets, while BPQDs have seldomly been
researched, particularly in MIDBW. Therefore, the con-
struction of a multifunctional BPQDs nanoplatform with
collaborative properties of NIR response, ROS genera-
tion, sterilization, and promoted wound healing is a chal-
lengeable but attractive strategy for MIDBW therapy.

Herein, in order to achieve a multifunctional BPQDs
nanoplatform, we proposed a strategy of constructing
EGCG-modified BPQDs. As illustrated in Scheme 1,
firstly, EGCG molecules were modified on BPQDs by the
interactions between -OH group on EGCG and P atoms
from BPQDs, such as hydrogen bond and molecule
interactions. Previous works have proved the excellent
biological function of tea polyphenol, especially EGCG
[23—-26]. Then, the obtained EGCG-BPQDs were loaded
into hydrogels as a dual-purpose nano-agent to possess
an antibacterial effect and simultaneously accelerate
wound healing. Specifically, the engineered nanomateri-
als are expected to promote angiogenesis and epithelial
regeneration by upregulating cellular CD31 and bFGF
expression. Furthermore, under NIR irradiation, the
nanomaterials will induce high levels of ROS production
to eradicate antibiotic-resistant bacterial infections while
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generating local heat and accelerating microcirculatory
blood flow. Our previous works and related reported
works have explored hydrogels that can be used as excel-
lent drug delivery systems [27]. Hydrogels encapsulated
with EGCG-BPQDs will provide sustainable moisture
and prolonged release of EGCG-BPQDs, which are ben-
eficial for wound healing. Finally, the constructed hydro-
gels encapsulated EGCG-BPQDs are expected to achieve
functional antibacterial, vascular regeneration, and accel-
erated epithelial regeneration.

Materials and methods

Materials

Methicillin-resistant Staphylococcus aureus (MRSA) and
Gram-negative bacteria Escherichia coli (E. coli) were
purchased from Guangdong Microbial Culture Col-
lection (China). Dulbecco’s modified Eagle’s medium
(DMEM), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), and fetal bovine serum
(FBS) were purchased from Gibco (USA). Human skin
keratinocytes cells (HaCat) and human umbilical vein
endothelial cells (HUVEC) were obtained from American
type culture collection (ATCC). The 2,2’-bis(anthracene-
9,10-diylbis(methylene))-dimalonic acid (ABDA) was
supplied from Shanghai Civi Chemical Technology Co.,
Ltd. 1-methyl-2-pyrrolidone (NMP) was purchased
from Aladdin. The primary antibodies to CD31, VEGE,
bFGE, Tubulin were obtained from Cell Signaling Tech-
nology (USA). We used deionized water throughout the
experiment.

Characterization

The component of EGCG-BPQD@H was identified by
Fourier transform infrared spectroscopy (FTIR, SHI-
MADZU, Kyoto, Japan) with the KBr disk method. Rele-
vant fluorescence data were acquired with a fluorescence
photometer (F97PRO, Shanghai, China). UV-vis data
were measured by UV-vis spectrophotometer (Perki-
nElmer Lambda 605S UV-vis spectrometer) at room
temperature. The sample’s crystal structure was tested by
X-ray diffraction (XRD, Shimadzu, Kyoto, Japan) and Cu
K radiation. We also used dynamic laser scattering (DLS,
Malvern, Nano ZS90, Worcestershire, UK) to test the
sample’s particle size. The sample’s appearance charac-
teristics were displayed through a transmission electron
microscope (TEM, JEM-1200EX, Tokyo, Japan). Infra-
red thermal imager and NIR laser were purchased from
Dongguan Bufan Electronics Co., Ltd., China. Confocal
laser scanning microscopy (CLSM, Leica TSCSP5 con-
focal unit) was used to observe the expression of related
proteins in cells.

Page 4 of 20

Therapy of burn wounds infected with MRSA in diabetic
rats

All animal experiments were carried out according to
the Guidelines for Care and Use of Laboratory Animals
of Jinzhou Medical University. Male Sprague—Dawley
rats, weighing 190 420 g, were obtained from Vital River
Company (Beijing, China). After one week of acclimati-
zation at the animal holding unit, the rats were ready for
the following experiments. The diabetic animal model
was established with streptozotocin (STZ; St. Louis
Sigma, Missouri; 80 mg/kg), and rats were injected intra-
peritoneally with STZ (0.1 M pH 4.5 citrate buffer formu-
lation) once daily for four days. Rats with blood glucose
levels greater than 300 mg/dL were selected for the test.
Briefly, the dorsal hair was shaved and decontaminated
after anesthetization, and then the electric device heated
at 120°C was in contact with the shaved dorsal skin for
12 s to cause a diameter of ~13 mm deep partial-thick-
ness burn injury. Then the burn area was injected 100uL
of MRSA suspension and was diluted to 2.0 x 10’ CFU/
mL to build an experimental model of infection. After
continuous infection for three days, the prepared hydro-
gel, BPQDs@H, EGCG@H, and EGCG-BPQDS@H
were applied to the wound once daily directly. Mean-
while, the infected wound area was photographed at
the same height, and a vernier caliper measured the
size of wounds. The control+NIR, BPQDs@H + NIR,
EGCG@H+ NIR, and EGCG-BPQDS@H + NIR groups
were treated with 808 nm laser (2.5 W/cm?, 5 min), and
the temperate changes of wounds were monitored via
thermographic pictures captured by the infrared thermal
imaging system. Then bodyweight of rats was registered
every time. The burn wounds tissues and systemic organs
were harvested for protein extraction and histological
analyses.

In vitro antibacterial activity analyses

After activation and incubation, MRSA and E. coli were
cultured at 37°C in a fresh liquid LB medium. The MRSA
and E. coli (1.0 x 108 CFU/mL) were briefly extended into
the LB-Agar-Medium. After that, filter papers containing
EGCG-BPQDs@H or other nanomaterials were spread
on the MRSA and E. coli agar plates as a method of anti-
bacterial activity evaluation. Each group’s diameters of
the bacteriostatic ring were measured after incubation
for 24 h. We also used MRSA and E. coli to estimate the
synergetic antibacterial effects of EGCG-BPQDs@H plus
NIR laser irradiation. Logarithmic growth phase bacteria
were incubated in LB medium and then mixed with each
group of materials in a 1.5 mL Solarbio tube containing
100pL of normal saline. For all groups, the bacteria were
illuminated with/without NIR laser (808 nm, 2.5 W/cm?)
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for 10 min and were incubated for another 24 h in the
LB-Agar-Medium for CFU. In addition, to observe the
antibacterial effect of different groups directly, bacterial
morphology was examined by scanning electron micro-
scope (SEM).

Calcein-AM/PI staining

The antibacterial effect was measured by the dou-
ble fluorescent dye method. Specifically, bacteria were
treated with hydrogel, BPQDs@H, EGCG@H, or EGCG-
BPQDs@H for 3 h at 37°C. The bacteria were irradiated
with/without NIR laser (2.5 W/cm? 10 min). Bacteria
were incubated with calcein-AM and PI (Solarbio, China)
after centrifuging at 5000 rpm for 5 min. Then, the bac-
teria were washed with phosphate-buffered saline (PBS)
and placed on glass slides. The bacteria with different
treatments were presented under a fluorescence micro-
scope (Leica DM4000B, Germany). The red-fluorescent
nucleic acid dye PI, which can penetrate the damaged
cell wall, was used to mark dead bacteria. In contrast, the
Calcein-AM that penetrated the living cell membrane
was cleaved by the intracellular esterase to form Calcein,
which emitted strong green fluorescence and remained in
the live bacteria.

Photocatalytic property of EGCG-BPQDs@H

The ABDA probes were applied to detect singlet oxygen
generation and time-varying changes. The fluctuation of
ABDA probes was recorded to reflect the generation of
ROS. We added EGCG-BPQDs@H into the 5 mM ABDA
solution and then irradiated it under the near-infrared
laser. The test was performed every 5 min. In addition,
the single linear state of oxygen produced is detected by
electron spin resonance spectroscopy.

The intracellular ROS level of bacteria was measured
by fluorescent probe, 2/,7/-dichlorodihydrofluorescein
diacetate (DCFH-DA, Beyotime, China), which could
be deacetylated and oxidized to fluorescent products.
The MRSA, after various treatments, was fixed with 4%
paraformaldehyde and then incubated with DCFH-DA
probe for 30 min in the dark. The fluorescence imaging
was immediately recorded with Leica DM4000B micro-
scope. The fluorescent intensity was measured via Image]
and Fijil2 plugin to quantify the total ROS level via
EGCG-BPQDs@H.

Determination of protein leakage

The leakage of protein through the membrane of MRSA
was observed after exposing different samples. NIR-
treated groups were irradiated with 808 nm NIR light
for 20 min at a power density of 2.5 W/cm?® Subse-
quently, the bacterial suspension supernatant was col-
lected by centrifugation at 12,000 rm for 5 min. Finally,
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the supernatant liquid was immediately withdrawn and
seeded into a 96-well plate. The protein intensities of dif-
ferent groups were determined by the microplate reader
at 562 nm through the BCA assay kit (Beyotime, China)
to determine the relative protein leakage of each sample.

Biofilm formation assay

MRSA biofilm model was employed to assess the antibi-
ofilm ability of EGCG-BPQDs@H antibacterial nanoplat-
forms. 2 mL of 5 x 108 CFU mL™! of MRSA were seeded
into a 24-well plate and incubated for 48 h to establish
biofilm. After different treatments, crystal violet (CV)
staining was utilized to evaluate the antibiofilm effect.
MRSA biofilms were washed with gentle running deion-
ized water to remove the unbound dye. The bound CV
was dissolved using absolute ethanol. At last, a micro-
plate reader was used to measure the absorbance of all
samples at 590 nm.

Histology analyses

In the infected burn wound healing experiment, indi-
vidual wound tissues and major organs of the rats were
harvested for histological analysis. The tissues were fixed
in 4% formaldehyde and dehydrated through alcohol. The
paraffin-embedded tissues were cut to a 5 pm thickness
and were stained with hematoxylin and eosin (H&E) and
Masson stain to evaluate the recovery of wound healing.
Besides, the biocompatibility of nanomaterials in vivo as
assessed by H&E staining of main organs. The sections
were captured with Leica DM4000B microscope.

In vitro angiogenesis assay of HUVECs

The angiogenesis ability of EGCG-BPQDs@H in vitro
was assessed by endothelial tube-like formation as speci-
fied by the manufacturer’s guidelines. HUVEC was used
for this assay. The night before the experiment, pipette
tips and well plates were placed in a —20 °C freezer,
and the Matrigel (BD Biosciences, USA) thawed at 4°C.
First, 80 pL Matrigel was incubated into a 96-well plate
for 30 min at 37 C to induce gelation. 1.0 x 10* HUVECs
were first seeded on EGCG-BPQDS@H or BPQDs@H or
EGCG@H with 100puL of FBS-free culture medium above
solidified Matrigel for 6 h. finally, the differentiation of
HUVECs were observed through an inverted phase-con-
trast microscope (Leica DM4000B, Germany). The total
length and number of nodes and segments were digitally
imaged and quantified using the Angiogenesis Analyzer
macro in Image].

In vitro HUVECs migration experiment

Scratch test to assess the migration ability of HUVECsS,
which measures the expansion of HUVECs on margin.
HUVECs were seeded at a density of 8 x 10*/well in a
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12-well plate with FBS-free medium to form a confluent
monolayer. After incubation for 1 d, a straight scratch was
created by pipette tip, and the debris was gently washed
twice with PBS. Then, each group was treated with their
corresponding nanomaterials at 37 C in the incubator.
The cells were treated with 4% paraformaldehyde, incu-
bated with 0.1% Triton X-100 (Sigma, USA), and then
stained with 4/,6-diamidino-2-phenylindole solution
(DAPI, Invitrogen, USA). The difference between scratch
wounds at 0 h and 24 h was captured with an inverted
microscope, and the rate of cell migration was calculated
as follows:

HUVECSs migration (%) = (Won — W1i2n)/Won, 1

W, was the initial wound area, and W4, was the wound
area after 12 h of incubation.

Cell viability assay

The MTT assay was used to determine the prolifera-
tion of HUVECs in leach liquor of each group material
and normal medium at different times. Firstly, HUVECs
(5000 cells/well) were incubated in 96-well plates for
24 h. After starvation with fetal bovine serum (FBS)-free
medium overnight, the culture medium was removed
and replaced by the different groups’ leach liquor, respec-
tively. They were incubated, and the solution in each well
was pipetted out at 6, 12, and 24 h. Subsequently, 20uL
of MTT solution (5 mg/mL in FBS) was added to each
well for 4 h at each time. Then, the supernatant was
removed, and 150pL dimethyl sulfoxide (DMSO) was
added to each well and incubated for 15 min in a dark
place. Finally, quantitative detection was performed on
a microplate reader at 490 nm. In order to better mimic
the microenvironment of bacterial infections in vivo, the
cells were pretreated with 1 pg/mL lipopolysaccharide
(LPS) followed by different nanomaterials treatments for
24 h, and cells treated with LPS alone were used as a pos-
itive control.

Western blot analysis

Cells or tissues around the wound were collected and
homogenized with RIPA (EnoGene, China) buffer to
collect supernatants. Equal amounts of proteins (15 pg)
separated on 10% polyacrylamide gels and transferred on
PVDF membrane, which was blocked with 5% skim milk
for 2 h. Then, the membranes were incubated with CD31,
VEGE, bFGF, Tubulin antibodies followed by correspond-
ing second antibodies for 2 h at indoor temperature.
Immune reactivity was detected with a super signal ultra-
chemiluminescent reagent (Pierce Chemical, Rockford,
IL, USA). Images were captured by Alpha Innotech Photo
Documentation System (Alpha Innotech, Hayward, CA,
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USA). Quantification of the protein expression was per-
formed by Image] software.

Immunofluorescence double labeling method

The leach liquor of each group was added to the well
plate. In each group, HUVECs and HaCaTs were washed
3 times with PBS and treated with 4% PFA for 40 min.
After incubated with 0.1% Triton X-100, cells were
washed 3 times and blocked with 5% goat serum for
2 h. Cells were also incubated with primary anti-bFGF
(1:1000, CST, USA); anti-Tubulin (1;1000, CST, USA);
anti-CD31 (1;500, Abcam, UK); anti-VEGF (1;500,
Abcam, UK) overnight at 4°C. Subsequently, they were
washed 3 times and incubated with Alexa Fluor 488 goat
anti-rabbit IgG or Alexa Fluor 594 goat anti-mouse IgG
(1;500, Thermo, USA) for 2 h. Nuclei were stained with
DAPI for 15 min. After washing, confocal laser scanning
microscopy was used for other cells characterization.

Statistical analysis

All independent experiments were performed in trip-
licate in the corresponding condition. All Graphs were
rendered using GraphPad Prism software, version 6.
One-way analysis of variance (ANOVA) with post hoc
Tukey multiple comparison tests was used to analyze sta-
tistical significance. Differences between different groups
at *P <0.05, **P <0.01, ***P <0.001 were considered as sta-
tistically significant.

Results and discussion

Preparation and characterization of EGCG-BPQDs@H

The black phosphorus quantum dots were obtained
by the liquid-phase ultrasonic stripping method, and
500 mg of black phosphorus powder was put into 50 mL
of N-methyl pyrrolidone (NMP), mixed, and ground
in a mortar. The mixture was sonicated in an ice bath
for 4 h, and then centrifuged at a speed of 12,000 r/
min for 20 min. The supernatant containing BPQDs
was decanted. We then carried out a series of related
experiments to verify the successful preparation of the
composite. Firstly, we used HRTEM to observe the mor-
phological characteristics of EGCG-BPQDs. As shown in
Fig. 1A, we can see homogeneous EGCG-BPQD nano-
particles. The insert in Fig. 1A is the image of one single
magnified BPQD. The lattice fringes of the BPQD could
be discriminated. The DLS indicated that the size of
BPQDs is about 3 nm (Fig. 1B).

The results of FTIR spectra showed that the absorp-
tion peak at 1718 cm™! and the broad absorption peak at
1400-1600 cm ™! were characteristic absorption peaks of
-C=0 and benzene of EGCG, 1100 cm ™}, and 1250 cm™*
were P=O stretching vibration peak. It is proved that
the prepared EGCG-BPQD@H already contains EGCG
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and BPQD (Fig. 1C). In addition, the synthetic hydrogels
were tested by FTIR (Additional file 1: Fig. S1). We tested
the crystal form of the synthesized product by XRD. In
Fig. 1D, the diffraction peaks at~ 16°, 34°, and 52° corre-
sponded well to the diffraction peaks of the (020), (040),
and (060) crystal planes of BPQD, showing that BPQD
still maintains a complete structure when it was fused
to the hydrogel or bonded to EGCG (Fig. 1D). We dem-
onstrated the successful preparation of EGCG-BPQDs
by UV-vis spectroscopy. As shown in Fig. 1E. BPQDs
exhibited a strong and sharp absorption peak at approxi-
mately 420 nm, which indicated the successful synthesis
of high-quality BPQDs [28]. Moreover, the characteristic
absorption peaks of EGCG and BPQDs can be observed
in EGCG-BPQDs, which again demonstrated that we
have successfully synthesized EGCG-BPQDs. The fluo-
rescence spectra demonstrated that the emission peaks
of BPQDs and EGCG appear at 460 nm and 481 nm,
respectively, and the peak of EGCG-BPQDs@H appears
at 467 nm (Fig. 1F). These results indicated that we have

successfully prepared EGCG-BPQDs and well dispersed
in hydrogels.

To verify the photothermal capability of EGCG-
BPQDs@H in photothermal therapy, we irradiated
EGCG-BPQDs@H with a NIR laser (2.5 W/cm?, 808 nm)
for 5 min and recorded the temperature change with
a thermal imager (Fig. 1G and I). As shown in Fig. 1H,
the temperature of EGCG-BPQDs@H and BPQDs@H
increased to 53.5 C and 50.2 C, while the temperature of
EGCG@H only changed to 1.7 °C, indicating that EGCG-
BPQDs@H have excellent photothermal performance
while its maximum photothermal conversion efficiency
was reaching 46.7% (Additional file 1: Fig, S2). Finally,
the stability of EGCG-BPQDs@H under cyclic light was
also further explored. The samples were irradiated for the
same duration and cycle (4 cycles, 5 min each cycle). The
highest temperature that the samples could reach after
each cycle was recorded using a thermal imager (Fig. 1H).
At the second cycle, the maximum temperature of the
BPQDs began to decrease rapidly, reaching a maximum
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temperature of just 15.5 ‘C by the fourth cycle. In con-
trast, maximum temperature of the EGCG-BPQDs@H
remained near 52 C and still maintained good photother-
mal properties. These results indicate that the hydrogels
provided some protection to the BPQDs and reduced the
degradation of the BPQDs.

The production of singlet oxygen is an important basis
for assessing the effectiveness of the photocatalytic effect
with photosensitizers. We evaluated the ability of EGCG-
BPQDs@H to produce singlet oxygen under NIR irra-
diation using ADBA solution. Under NIR conditions, the
intensity of the absorption peak of the ABDA solution
at 380 nm decreased sharply, indicating that the mate-
rial produces a large amount of singlet oxygen (Fig. 1J).
In contrast, the absorption spectra of the ABDA solution
alone or the EGCG@H group did not change significantly
under NIR irradiation (Additional file 1: Fig. S3A, B). To
further validate the conclusions, electron spin resonance
measurements were performed to verify the ability of the
material to produce singly linear oxygen. After 5 min of
irradiation, typical electron spin resonance spectra were
observed (Fig. 1K). The relative intensity of the electron
spin resonance produced by EGCG-BPQDs@H was sig-
nificantly higher than BPQDs@H for the same recording
time, indicating that EGCG-BPQDs@H had a stronger
ability to produce singlet oxygen. In vitro release experi-
ments with EGCG@H were performed using dialy-
sis bags and demonstrated that free EGCG showed a
faster release rate. In contrast, EGCG@H and EGCG-
BPQDs@H could control the slow and smooth release of
EGCG (Additional file 1: Fig. S3C). UV-vis indicated that
more EGCG was released from EGCG-BPQDs@H under
NIR irradiation, which contributed to our further modu-
lation of drug release (Additional file 1: Fig. S3D).

In vitro antibacterial properties of EGCG-BPQDs@H

The agar spread assay was performed to evaluate the anti-
microbial capacity of different nanomaterials. After 37°C
constant temperature cultivation, treatment with hydro-
gel did not show antibacterial effect for the tested bacte-
rial. On the contrary, antibacterial rings of tested bacteria
were clearly observed after treatment with BPQDs@H,
EGCG@H, or EGCG-BPQDs@H (Fig. 2A). The diam-
eters of the EGCG-BPQDs@H group antibacterial zone
towards E. coli and MRSA were~23 mm,~21 mm,
respectively (Fig. 2B and C), demonstrating its obvi-
ous antibacterial activity. These results presented a
stronger antibacterial effect after treatment with EGCG-
BPQDs@H, attributed to the synergistic relationship
between EGCG and BPQDs. In addition, experiments
demonstrated that BPQDs could cause bacterial toxic-
ity in the absence of NIR. MRSA and E. coli cells from
different treatments were diluted and spread on the
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agar plates, respectively. Next, the colony counts assay
investigated the antibacterial effect of black phospho-
rous quantum dots (Fig. 2D and F). The results of the
colony count assay without NIR were in harmony with
the antibacterial ring. Nevertheless, the bacteria viabil-
ity in BPQDs@H + NIR treated groups was only 3.2% for
E. coli and 11.3% for MRSA, respectively (Fig. 2E and G).

These data also suggested the stronger antibacte-
rial effect empowered by phototherapy. Anyhow, these
results indicated that neither EGCG-BPQDs@H nor
photothermal treatment could eliminate the selected
bacteria. On the contrary, especially in E. coli, almost
no bacterial colonies were detected after combinational
treatment EGCG-BPQDs@H under NIR irradiation. That
is to say, the EGCG-BPQDs@H + NIR could more effi-
ciently suppress bacterial viability and inhibit the growth
of E. coli and MRSA. Briefly, the local thermal heat pro-
duced by nanomaterials under NIR irradiation was able
to destroy bacteria by deactivating enzymes and disrupt-
ing metabolism in bacteria. Moreover, the NIR radiation
provoked the release of EGCG from EGCG-BPQDs@H,
which increased the local EGCG concentration. The high
EGCG content affected bacterial activity and led to bac-
terial death [29]. Therefore, cooperative treatment was a
prominent strategy to eliminate bacteria.

Evaluation of the integrity of bacteria
The bacterial survival rate was further identified through
fluorescence staining assays to evaluate the antibacterial
effect of the cooperative treatment. Fluorescence pictures
of live/dead staining showed that only intense green fluo-
rescence and no visible red fluorescence were observed
in bacteria after treatment with normal hydrogels or with
NIR only. By contrast, the BPQDs@H, EGCG@H, EGCG-
BPQDs@H, BPQD@H+NIR, and EGCG@H+ NIR
treated bacterial emitted red fluorescence as well as green
fluorescence, suggesting regional antibacterial efficacy
was achieved (Fig. 3A). The strongest red fluorescence
could be detected in the group in which the bacterial
were treated with EGCG-BPQDs@H with NIR, indicat-
ing the potent antibacterial activity of the cooperative
treatment (Fig. 3B). SEM was used to observe the cellular
morphological changes of MRSA following the different
treatments (Fig. 3C). As demonstrated in SEM pictures,
it was found that bacterial remained.

typical spherical shape and intact smooth sur-
face after treatment with normal hydrogel, NIR.
In the case of the MRSA treated with BPQDs@H,
EGCG@H, EGCG-BPQDs@H, BPQD@H+NIR, or
EGCG@H +NIR, obvious disruption appeared on
their original morphology, indicating their surface
became slightly rough and fragmentary. In contrast,
the structure of bacteria was distorted and displayed
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more serious damage after combining with EGCG-
BPQDs@H under NIR irradiation, implying the strong-
est antibacterial effect of the cooperative treatment.
Besides the special photothermal property of BPQDs
can convert near-infrared light into local high tempera-
ture to denature the enzymes in the bacteria, the phe-
nolic hydroxyl of EGCG could bind to the phospholipid
bilayer of bacteria and the amino and carboxyl groups

in bacterial membrane proteins, which was reported to
disrupt the integrity of the bacterial membrane [30].

Antibacterial mechanism exploration in vitro

In addition to the above results, the active oxygen gen-
erated under radiation was further examined to explore
the antibacterial mechanism and antibacterial effect.
DCFH-DA was used to monitor the generation of ROS
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after different treatments on MRSA. As a potential
photocatalyst, black phosphorous nanomaterials could
generate numerous singlet oxygen (*O,), introducing
reactive oxygen-dependent oxidative stress and mem-
brane damage [31-34]. It was observed that little green
fluorescence of the bacteria was detected after treat-
ment with normal saline or NIR. Whereas the laser
irradiation significantly enhanced ROS production
in BPQDs@H and EGCG-BPQDs@H treated group.
More importantly, a much higher level of ROS was
generated in EGCG-BPQDs@H treated group, partly
attributed to the spontaneous slow release of EGCG.
Meanwhile, comparing with EGCG-BPQDs@H group,

ROS production was obviously upregulated in EGCG-
BPQDs@H+ NIR group due to the EGCG release
and high temperature (Fig. 4A and C). Since the rup-
ture of the membrane causes cytoplasm to leak, the
degree of protein leakage can be used as a response to
the antibacterial effect [35]. We further evaluated the
leakage of intracellular protein after exposure to differ-
ent groups. As shown in Additional file 1: Fig. S4, the
leakage of proteins from the bacteria treated with the
combination was significantly reduced. Nevertheless,
in the other groups, only relatively weak changes were
observed, indicating that EGCG-BPQDs@H caused
severe disruption of the bacterial cell membrane under
NIR irradiation.
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Biofilms have further weakened the therapeutic effect
due to their resistance to antibiotic therapy [36]. There-
fore, the antibacterial activity of EGCG-BPQDs@H
against the MRSA biofilm was the further test. The
darker the blue, the more biofilm stained by crys-
tal violet. Limited radicalization was observable fol-
lowing normal saline or BPQDs@H treatment alone,
and the radicalization activity was not related to NIR
light (Fig. 4B). As shown in Fig. 4D, the corresponding

absorbance and solution color of the group treated
with EGCG-BPQDs@H + NIR were the least of all the
treating sets, suggesting that the synergistic system
of EGCG-BPQDs@H+NIR has an efficiency against
biofilm. In brief, simply NIR radiation, EGCG@H, or
the BPQDs@H cannot kill bacteria effectively. Under
the NIR irradiation, the photothermal and photocata-
lytic properties of EGCG-BPQDs@H could be acti-
vated, together with increased release of EGCG, which
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exerted additional antibacterial effects to the bacteria
system. EGCG-BPQDs@H excited by NIR laser present
a higher bactericidal efficiency than EGCG-BPQDs@H.
This enhancement might be due to the synergistic effect
of photothermal and active oxygen sterilization. Com-
parison between EGCG-BPQDs@H and BPQDs@H also
affirmed the positive efficacy of EGCG, and there was
no significant change before and after NIR illumination.
Accordingly, the NIR regulated photothermal, ROS and
release promoting synergetic therapy could be used to
completely combat multidrug-resistant bacterial infec-
tions. In addition, we obtained fluorescent images of
bacterial biofilms after incubating the composite hydro-
gel-treated bacteria with FITC-Con A (Additional file 1:
Fig. S5). The bacterial biofilm was significantly reduced
after treatment with EGCG-BPQDs@H with NIR irradia-
tion, demonstrating the good antibacterial properties of
this hydrogel system for biofilms.

Promoting migration and proliferation effects
of EGCG-BPQDs@H in vitro
It is commonly accepted that endothelial cell migration
is critical in angiogenesis [37]. EGCG is considered to
have a superior impact in accelerating wound healing
by virtue of antibacterial, anti-inflammatory, and facili-
tating angiogenesis [38—40]. Therefore, the regenerative
ability of EGCG-BPQDs@H was further investigated
through HUVECs. Following the different treatments
of cells scratch, the migration extent revealed a differ-
ence (Fig. 5A). Compared with other groups, significant
cell migration was detected in EGCG-BPQDs@H group
after 24 h incubation (Fig. 5B). The wound area in EGCG-
BPQDs@H group decreased dramatically by 52.8%, while
only 43.1%, 38.3%, and 17.6% of the wound decreased in
the EGCG@H, BPQDs@H, and control group. Cytocom-
patibility is key to wound healing as it is in direct con-
tact with the wound tissue. Cell proliferation was also
determined by MTT assay. The cell proliferation was
sustainedly increased optical density (Fig. 5C). The prolif-
eration of HUVECs after treatment of EGCG-BPQDs@H
was significantly faster than other groups after 12- and
24-h incubation. The migration and proliferation among
HUVEC:s indicated nanomaterials have good biocompat-
ibility and the ability to improve wound healing, which
could be attributed to the sustained release of EGCG,
offering an appropriate microenvironment for distribu-
tion. Meanwhile, we evaluate the capacity of nanomate-
rials to promote epithelial by detecting the expression of
basic fibroblast growth factor (bFGF) in HaCaT cells. It is
widely accepted that bFGEF.

is a kind of growth factor that takes a significant role in
the therapy of skin trauma, neovascularization, and tis-
sue regeneration [41]. Immunofluorescence observed on
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CLSM revealing expression of bFGF protein in HaCaTs
was much higher in EGCG-BPQDs@H treatment
(Fig. 5D).

Through western blot (Fig. 5E) and relative western
blot quantitative analysis (Fig. 5F), enhanced expression
of bFGF was discovered in EGCG-BPQDs@H group.
Although the bFGF protein levels of other signal groups
were higher than the control group, both were lower than
the EGCG@BOQDs@H group, indicating the synergis-
tic properties of black phosphorus quantum dots and
EGCG. Therefore, the experimental results confirmed
that the nanomaterials could accelerate epithelial healing
by promoting the expression of bFGF in epithelial cells.

EGCG-BPQDs@H facilitated vascularization

Angiogenesis is developing new capillaries to form the
original microvasculature, which is a crucial stage in
wound healing [42]. Total processes involved the pro-
liferation, migration, alignment, and germination of
endothelial cells and connections between cells, tubular
structures, and lumina [43]. We conducted the Matrigel
experiment to simulate the angiogenesis of endothe-
lial cells on connective tissue membrane. As shown in
Fig. 6A, HUVECs incubated on the Matrigel after dif-
ferent materials treatments formed tube networks and
mesh-like circles to a different degree. The HUVECs
treated with EGCG@H and EGCG-BPQDs@H exhibited
more notable angiogenesis indexes. Furthermore, longer
total lengths, enhanced number of nodes were observed
in EGCG-BPQDs@H treatment (Fig. 6B and C). These
results identified that EGCG-BPQDs@H served as
an ideal extracellular matrix to facilitate endothelial
cell tubule formation in vitro, which may accelerate
endothelization and angiogenesis in impaired tissues.

To further identify our inference, we performed
CLSM and western blot to examine the expression
of the angiogenesis-associated proteins. It has been
widely demonstrated that CD31 and VEGF can assess
the level of angiogenesis. The highly expressed CD31
indicates the tight junctions between endothelial cells
and is involved in the formation of blood vessels [44].
EGCG@H exhibited a modicum improvement in the
expression of CD31. By contrast, EGCG-BPQDs@H
further enhanced the expression level of CD31
(Fig. 6D). Moreover, the result of western blot acted by
immunofluorescence staining (Fig. 6E). The expression
of CD31 in the group with the treatment of EGCG@
BOQDs@H was remarkably improved compared to
other groups (Fig. 6F). Undoubtedly, the expression of
VEGF in EGCG-BPQDs@H treatment was higher than
other groups. All these results suggested that we had
proved once again that EGCG-BPQDs@H could ame-
liorate wound healing through promoting angiogenesis
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according to the relative protein expression. In com-
bination with these findings, our study provides sup-
porting evidence for using NIR-responsive, synergistic
antimicrobial, sustained-release hydrogels of EGCG-
modified BPQDs to promote MIDBW healing. To fur-
ther investigate the healing effect in more detail, we
carried out experiments in vivo.

In vivo assessment of burn-wound healing

To further explore the therapeutic benefits of EGCG-
BPQDs@H in burn-wound healing in vivo, the digital
photographs of burn-wound showed male Sprague—Daw-
ley diabetic rats infected burning wounds (Fig. 7A).
The burn-wounds of diabetic rats treated with EGCG-
BPQDs@H with or without NIR revealed accelerated
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wound closure in the continued bacterial infected burn-
wound healing experiment (Fig. 7B). More specifically,
the relative wound area on day 21 exhibited that local
EGCG-BPQDs@H with NIR irradiation application
leading to 92.4% wound closure, which was conspicu-
ously higher than the control group (61.1%) (Fig. 7C).
Remarkably, the elevated temperature induced by the

photothermal effect was detected upon NIR irradiation.
The highest temperature of wound region treated with
BPQDs@H or EGCG-BPQDs@H was ~55°C after 5 min’
irradiation, revealing prominent photothermal perfor-
mance of black phosphorus quantum dots (Fig. 7D).

One major concern about photothermal therapy (PTT)
is that local hyperpyrexia may cause secondary injury
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to the burn wound. The impairment to cells around the
wound caused by PTT is far less serious than that caused
by bacterial infection. This is acceptable for PTT-medi-
ated improvement of blood flow and increased oxygen
supply to promote burn-wound healing. In contrast, the
trauma area in the control or EGCG@H groups showed
temperature increase of only 1.7 ‘C and 2.0 ‘C. Moreover,
no significant body weight fluctuations were observed in
all groups during the treatment period (Fig. 7E), indicat-
ing the satisfactory bio-safety of these tested nanomateri-
als. In the meantime, an obvious healing effect can also
be observed in the treatment of EGCG-BPQDs@H com-
pared with other single treatment groups. While ECGC@
BPQDs@H + NIR group indicating the minimum wound
area and fastest healing rate, which revealed the EGCG-
BPQDs@H could be used to apply the drug-resistant
bacterial infected diabetic wound in vivo with assistance
of the photothermal and photocatalytic effects. Next,
to verify the in vivo antimicrobial activity, we collected
MRSA from the wound skin and performed a bacterial

colony count test using the LB agar plate smear method.
As shown in Additional file 1: Fig. S6A, few colonies
were seen in the EGCG-BPQDs@H+ NIR group, and
the results were consistent with in vitro experiments.
For the clinical treatment of diabetic burn patients, this
near-infrared light-responsive composite hydrogel can
promote repair and resistance to drug-resistant bacte-
rial infections. In addition, the superficial application and
the ability to achieve rapid wound healing provide ease
and feasibility for clinical application. Phototherapy has
attracted a great deal of research due to its remote con-
trollability, deep tissue penetration, and non-invasive
nature [45-48]. Its potential for a wide range of biologi-
cal applications includes, but is not limited to, trauma
repair, tumor treatment [49-51], and probe imaging [52,
53]. As its antibacterial mechanism is different from that
of antibiotics, the use of PTT can effectively avoid the
development of resistance. These are very attractive for
clinical applications. And by H&E staining (Additional
file 1: Fig. S6B), many inflammatory cells were found in
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the wounds treated with the control group. After treat-
ment with EGCG-BPQDs@H with NIR, there was a sig-
nificant reduction in the number of inflammatory cells in
the wounds relative to the other groups.

To observe the histological changes in wound heal-
ing, H&E and Masson staining were performed to study
the mechanism behind this process. Compared with
other groups, control and BPQDs@H groups could
not develop intact epidermal tissue. EGCG@H and
EGCG-BPQDs@H groups had completed the procedure
of re-epithelialization. The epithelium of the EGCG-
BPQDs@H with NIR group was smoother and more
regulated than of the EGCG-BPQDs@H group, and fol-
licles began to develop around the wound (Fig. 8A). Mat-
son staining was then applied to samples from different
groupings to reflect collagen deposition in the sarcom-
eres. As a result, only a few collagen fiber bundles were
formed in the control and BPQDs@H groups. There
was still large spaced and a loose reticular arrangement
between the collagen fibers and skin tissue remain-
ing. In contrast, EGCG-BPQDs@H group had an intact
epidermal structure and dense, regular collagen fib-
ers with a larger collagen deposition area at the wound
(Fig. 8B). Subsequently, western blot analysis revealed
that EGCG-modified BPQDs had increased the expres-
sion of key signaling molecules in the PI3K/AKT
and ERK1/2pathways (Fig. 8C). Quantitative analysis
revealed that phosphoinositide 3-kinase (PI3K), pro-
tein kinase B (AKT), and extracellular signal-regulated
kinase (ERK1/2) were significantly increased in the
EGCG-BPQDs@H group compared to the control group
(Fig. 8D). These signaling pathways direct cells prolif-
eration and differentiation, which was attributed to the
stimulative effect of the phosphate/phosphonate ions fol-
lowing the degradation of BPQDs. Figure 8E summarizes
the previous findings on how nanomaterials induce sign-
aling pathways to direct cell proliferation and differentia-
tion. In addition, we subcutaneously injected the hybrid
hydrogel into the dorsal side of the rats (Additional file 1:
Fig. S7). The experimental results revealed a gradual
decrease in hydrogel content due to in vivo metabolism.
During this process, there was no swelling or necrosis of
the tissue around the hydrogel, indicating that the hydro-
gel system has favorable biocompatibility.

Biological safety in vivo

The results presented above fully attested to the promi-
nent properties and potential of EGCG-BPQDs@H
with NIR irradiation treatment in antibacterial activ-
ity and wound healing. Meanwhile, it is crucial to assess
the biocompatibility of combined photothermal therapy
in vivo for its practical application. Due to the char-
acteristics of nanomaterials in direct contact with the
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burn-wound, blood biochemical analysis, and histologi-
cal examination were applied to evaluate the biocompat-
ibility of the cooperative treatment in vivo. BP has been
widely used in drug delivery with high biocompatibility
[54]. Additionally, biodegradation products of BP are
phosphate ions and phosphonates, which are normally
present in the blood [55]. Biochemistry analyses were
carried out for blood at the twenty-first day. The liver
function indexes (such as ALT and AST) and kidney
function indexes (such as BUN and CREA) in the EGCG-
BPQDs@H+NIR system were in the normal range
(Fig. 9A). Subsequently, for EGCG-BPQDs@H + NIR
system, H&E staining did not detect apparent inflam-
mation and necrosis in the normal anatomical structure
of various organs after treatment (Fig. 9B). In addition,
we co-cultured the nanomaterial hydrogel with HaCaTs
and found that the cells had good morphology with no
obvious deformation or necrosis, proving their good bio-
compatibility (Additional file 1: Fig. S8). The hemolytic
properties of the nanomaterial hydrogels were evaluated
by measuring the hemolytic properties of red blood cells.
The hemolysis rate of BPQDs@H, EGCG@H, and EGCG-
BPQDs@H was significantly lower (less than 5%) after
incubation of erythrocytes with each group of compos-
ites compared with water, indicating that the composite
hydrogels had no significant hemolytic effect (Additional
file 1: Fig. S9). These results strongly demonstrated that
the EGCG-BPQDs@H with NIR irradiation system could
be competent for a safe and effective therapeutic strategy
to accelerate infected burn-wound healing.

Conclusion

In summary, the present work successfully constructed
photocatalytic, photothermal effects of EGCG modified
black phosphorus quantum dots as multifunctional nan-
oplatforms and evaluated their antibacterial ability and
wound healing activity in MRSA-infected wounds under
diabetic conditions. The resulted EGCG-BPQDs present
an effective sterilization rate of 88.6% for MRSA. Com-
bining the photothermal effect of our sterilization depot
promotes the release of EGCG, and EGCG-BPQDs@H
could produce 'O, in the case of NIR light. Molecular
biology analysis demonstrated that EGCG-BPQDs sig-
nificantly upregulated CD31 nearly fourfold and basic
fibroblast growth factor (bFGF) nearly twofold, which
were beneficial for promoting the proliferation of vascu-
lar endothelial cells and skin epidermal cells. Under NIR
irradiation, EGCG-BPQDs hydrogel (EGCG-BPQDs@H)
treated MIDBW area could rapidly raise temperature
up to 55 °C for sterilization. The MIBDW closure rate
of rats after 21 days of treatment was 92.4%, much bet-
ter than 61.1% of the control group. The engineered
EGCG-BPQDs were found to promote MIDBW healing
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Scheme diagram showing nanomaterials direct cell proliferation and enhanced fibrinogen expression to accelerate wound healing
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Fig.9 Preliminary toxicity study in vivo. A Hepatorenal function test for ALT, AST, CREA and BUN. B Histological toxicological observation of H&E
staining of the heart, liver, spleen, lung, and kidney with different treatments, bar=100 um

by triggering the PI3K/AKT and ERK1/2 signaling path- = damage to major rat organs was observed. The obtained
ways, enhancing cell proliferation and differentiation. In  results demonstrate that EGCG-BPQDs promise multi-
addition, the intravenous circulation experiment showed functional nanoplatforms for MIDBW healing. The treat-
good biocompatibility of EGCG-BPQDs. No obvious ment of acute and chronic difficult-to-heal skin wounds
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associated with infection has been an important clinical
issue. For the clinical treatment of diabetic burn patients,
this NIR light-responsive composite hydrogel can pro-
mote repair and resistance to drug-resistant bacterial
infections. In addition to the superficial application and
the ability to achieve rapid wound healing also provide
convenience and feasibility in clinical applications. Thus,
the results of this study provide strong evidence for the
clinical applicability of EGCG-BPQDs@H for the suc-
cessful treatment of wounds in complex disease condi-
tions such as diabetes with infected burn wounds. This
type of hydrogel dressing is expected to provide clinical
candidates in the future.
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