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Drug-resistant bacteria caused by the abuse of antibiotics have brought great challenges to antimicrobial
therapy. Herein an antibiotic-free polydopamine (PDA) modified metal-organic framework (PDA-FDM-
23) with photothermal-enhanced chemodynamic effect was developed for synergistic antibacterial
treatment. The PDA-FDM-23 antibacterial agent exhibited high peroxidase-like activity. Moreover, the
process was significantly accelerated by consuming glutathione (GSH) to generate more efficient
oxidizing Cu*. In addition, the photothermal therapy (PTT) derived from PDA improved the
chemodynamic therapy (CDT) activity triggering a reactive oxygen species explosion. This PTT-enhanced

CDT strategy illustrated 100% antibacterial efficiency against both Staphylococcus aureus and
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Accepted 24th July 2023 Escherichia coli. Cytotoxicity and hemolysis analyses fully demonstrated the excellent biocompatibility of
PDA-FDM-23. Overall, our work highlighted the strong peroxidase catalytic activity, excellent GSH

DOI: 10.1035/d3ra03246a consumption and photothermal performance of PDA-FDM-23, providing a new strategy for antibiotic-
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1. Introduction

The misuse or high-dose use of antibiotics in clinical practice
has led to the emergence and spread of drug-resistant bacteria,
posing a great threat to population health."”” Among them,
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) are
the typical pathogens that cause various infections and even
severe systemic diseases.>* Thus, it is critical to develop novel
and highly efficient antimicrobial strategies without using
antibiotics.

Photothermal therapy (PTT) features the capability of
damaging the integrity of pathogenic bacteria by generating
hyperthermia to destroy the structure of a biofilm,* exhibiting
the obvious advantage of non-invasive bacterial eradication
without inducing resistance. However, the desirable curative
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free reactive oxygen species (ROS) synergistic sterilization.

treatment for anti-bacteria requires the high power of the
excitation light and high dosage of photothermal agents,® which
would damage normal tissues. Notably, the synergistic PTT and
chemodynamic therapy (CDT) have received tremendous
attention and exhibited cooperatively enhanced bactericidal
activity,*® especially only requiring low dosage of light irritation
intensity, providing an available strategy for solving the above
problems. CDT, which is based on the in situ conversion of
hydrogen peroxide (H,0O,) to highly toxic hydroxyl radicals ("OH)
in lesions under the catalysis of Fenton agents, has been
recognized as an emerging and efficient strategy for disease
treatment,' such as tumor and antimicrobial therapy."***
Particularly, the bactericidal action induced by ROS destroying
bacterial membranes, DNA, protein and other components
avoids the occurrence of drug resistance caused by antibiotic
sterilization.”"” So far, despite Fe-based nanomaterials being
the most used CDT agents, the amount of "OH generated is
insufficient to effectively kill pathogens.”*** Exploring novel
and highly efficient CDT agents that can produce sufficient
highly toxic ROS in response to the bacteria microenvironment
is urgently needed for antibacterial applications.
Metal-organic frameworks (MOFs), possessing high specific
surface area and porosity, and abundant active sites, exhibit
attractive superiority in catalysis, gas storage and drug
delivery.”** Besides, the metal centers of MOFs can be released
as metal ions during the degradation process of MOFs,*
choosing a suitable metal ion that may be as effective CDT
agents. As a mineral nutrient in the biological progresses,
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copper ions possessed crucial biological functions such as cell
signaling conduction, metalloallosteric regulating and energy
metabolism.?® More to mention that Cu' is also found to have
excellent Fenton-like catalytic activity and the reaction rate of
Cu’ is much higher than that of Fe*', resulting in high ROS
generation.”*” It is notable that the microenvironments of
infection sites often have abnormally high glutathione (GSH)
levels that are induced by anaerobic glycolysis.>”*® Furthermore,
the excess GSH in the infection sites could reduce the Cu(u) to
Cu(1), then Cu(y) reacts with H,O, to produce ‘OH, further
accelerating the rate of Fenton reaction. Specially, Wang et al.
reported that Cu-doped porous carbon acted as GSH
peroxidase-like nanozymes significantly improving the sterili-
zation effect by depleting GSH in bacteria.”” However, the
doping process is complicated, easy to fall off, and it is not easy
to ensure the consistency of doping concentration. Therefore,
choosing a MOF containing copper ions as the Cu-loading
vehicle, in which the released copper ions can play a nano-
zyme role to consume GSH and enhance Fenton reaction, may
be a promising strategy. Two-dimensional (2D)
Cug(CgH,04)6(H20)6- H3[P(W3040)4] (FDM-23) MOF with ultra-
thin thickness and 2D morphology, was a Cu-based MOF exfo-
liated from 3D MOF, exhibiting notable electrocatalysis, sensing
and separation performance.”** It is expected that the released
copper ions of 2D FDM-23 MOF can trigger GSH elimination,
then catalyze Fenton-like reaction, significantly increasing the
CDT effect.

Herein, we design a polydopamine (PDA) modified 2D FDM-
23 MOF (PDA-FDM-23) for photothermal enhanced chemo-
dynamic synergetic antibacterial therapy (Scheme 1). The
introduction of PDA can employ near-infrared (NIR) light to
induce mild photothermal effect to fight bacteria, and enhance
the peroxidase-like catalytic activity, thereby generating addi-
tional "OH to destroy bacteria.”” As expected, PDA-FDM-23 has
excellent GSH-depleting enhanced CDT performance, which

View Article Online

Paper

can exert peroxidase catalytic activity while consuming GSH in
bacteria to generate Cu', cascade-catalyze high-efficiency
Fenton-like reactions, and significantly improve the antibacte-
rial effect by generating abundant ROS. The antibacterial
strategy of PTT synergistic GSH depletion-enhanced CDT
produces almost 100% antibacterial efficiency against S. aureus
and E. coli. Most importantly, this Cu-based MOF composite
platform exhibits good biocompatibility, ensuring its potential
for biomedical applications.

2. Materials and methods

2.1. Materials

Analytical grade copper(u) nitrate trihydrate (Cu(NO;),-3H,0),
isophthalic  acid (m-H,BDC), phosphotungstic  acid
(H3[P(W3010)4]) and dopamine hydrochloride (DA-HCI) were
purchased from Sigma-Aldrich Co., Ltd. (USA). Ammonia
aqueous solution (NH;z-H,O, 28-30%) was obtained from
Macklin Co., Ltd. (Shanghai, China). Aminomethane hydro-
chloride (Tris-HCI), methanol and N,N-dimethyl formamide
were provided by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Cell Counting Kit-8 was purchased from
MedChemExpress Co., Ltd. (Shanghai, China), and other bio-
logical reagents were purchased from Beyotime Biotechnology
Co., Ltd. (Shanghai, China). Corneal epithelial cells (HCEC) and
mouse fibroblasts (L-929) were provided by the Cell Bank of the
Chinese Academy of Science (Shanghai, China).

2.2. Synthesis of PDA-FDM-23

The detailed synthesis steps were presented in Scheme 1.
Firstly, 3D FDM-23 MOF nanocrystals were prepared according
to the previously reported methods.****> The preparation process
of FDM-23 is as follows: 500 mg Cu(NO;),-3H,0, 350 mg m-
H,BDC, and 2.5 g H;3[P(W30,()4] were dissolved in 19 mL N,N
dimethylformamide (DMF), 19 mL ethyl alcohol, and 13 mL
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Scheme 1 Schematic illustration of the PDA-FDM-23 for photothermal-enhanced catalytic antibacterial therapy.
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H,0 in a 100 mL vial for sonication treatment to ensure
homogeneity. Then the above solution was heated at 85 °C in an
oven for 24 h. The product was washed with H,O several times
and the blue crystals 3D FDM-23 MOF was obtained vig filtra-
tion and drying in vacuum oven. Then the nanosheets of 2D
FDM-23 were obtained by ultrasonic stripping. Briefly, 0.1 g of
3D FDM-23 MOF nanocrystals were added to 50 mL distilled
water and sonicated continuously for 10 hours. After centrifu-
gation, the supernatant was taken and lyophilized for 2 days to
obtain 2D FDM-23. Subsequently, the PDA-FDM-23 composite
was synthesized by using a solution oxidation method.*® 0.01 g
of 2D FDM-23 was taken to be dispersed in a Tris-HCI buffer
solution (10 mM, pH 8.5, 20 mL), and then 0.02 g of DA-HCl was
added to the above mixture and stirred continuously at room
temperature for 24 hours. Finally, the PDA-FDM-23 nanosheets
were collected by centrifugation (12 000 rpm, 15 min), washed
with deionized water for three times, and then freeze-dried for
further use.

2.3. Synthesis of PDA nanospheres

The PDA nanospheres with an average diameter of approxi-
mately 150 nm were synthesized by oxidation and self-
polymerization of dopamine. 3 mL of aqueous ammonia solu-
tion (NH;3-H,O, 28-30%), 40 mL of ethanol and 90 mL of
deionized water were mixed and stirred at room temperature for
0.5 hours. 0.5 g of DA-HCI was dissolved in 10 mL of deionized
water and then added to the above mixture solution. After 24
hours of reaction, the precipitate was taken out after centrifu-
gation, and the obtained PDA nanospheres were washed three
times with deionized water.

2.4. Characterizations of the nanodrugs

The morphological characterization of the as-prepared mate-
rials was performed by a transmission electron microscopy
(HT7800, Hitachi, Japan). The hydrodynamic diameters and
zeta potentials of particles were determined by a dynamic light
scattering (DLS) particle size analyzer (Zetasizer Nano ZS90,
Malvern, UK). The Fourier transform infrared spectroscopy (FT-
IR) spectra were conducted by a Fourier transform infrared
spectrometer (Nicolet iS5, Thermo Scientific, USA). The X-ray
diffraction (XRD) patterns were collected using a Japan Rigaku
Ultima IV diffractometer. And a UV-vis spectrophotometer
(U3900H, Hitachi, Japan) was used to measure the UV-vis
spectra of samples. X-ray photoelectron spectroscopy (XPS,
Escalab 250Xi, ThermoScientific, USA) was employed to record
the XPS spectra. The TGA curves were acquired with a thermal
gravimetric analyzer (TG209 F3, Netzsch, Germany). The Cu
content in the PDA-FDM-23 composite was determined by
inductively coupled plasma-mass spectroscopy (ICP-MS, TQ,
ThermoFisher, USA). The fluorescence images were collected by
an inverted fluorescence microscope (Axio vert Al, Zeiss,
Germany).

2.5. Photothermal effect of PDA, FDM-23 and PDA-FDM-23

To measure the photothermal conversion ability of the samples,
the PDA-FDM-23 solutions containing different concentrations

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were irradiated with 808 nm near-infrared laser for 10 minutes.
The PDA-FDM-23 solutions were then irradiated with near-
infrared radiation of different power densities for 10 minutes.
Photostability was determined by 5 laser on/off cycles of irra-
diation for 10 minutes and natural cooling to room tempera-
ture. The temperature changes during the experiment were
collected and recorded by the infrared thermal imager (FLIR).
The photothermal conversion efficiency of PDA-FDM-23 mate-
rials was calculated according to the following eqn (1)-(3)
referring previous study.** The related parameters were shown
in Table S1.}

hS( Tmzlx - Tﬁuur)
= — 1
T T - 10-4m) @)
Zmici
S — 2
hS - 2)
T-T.
_ suur = 1.
0 Tmax - Tsuur (T 98) (3)

where Tpax is the maximum temperature of the PDA-FDM-23
solution, Ty, is the ambient temperature of the surrounding,
A is the absorbance value of the PDA-FDM-23 solution at 808 nm
(Agos = 1.982). hS was calculated using the following eqn (2); s
is the slope of the fitting line between cooling time ¢ and —In 6.

2.6. Peroxide-like catalytic activity of PDA-FDM-23

The formation of ‘OH was investigated by methylene blue (MB)
degradation experiment. In short, PDA-FDM-23 (100 pg mL ™)
was reacted with H,0, (1 mM) in phosphate buffer solution at
pH 7.4 under different conditions (with or without laser irra-
diation). The supernatant was collected after centrifugation. MB
dye (10 ng mL™") was added and incubated for 0.5 h at 25 °C.
The color change of the solution and the characteristic absor-
bance change at 660 nm were monitored. Then, the ability of
PDA-FDM-23 to cascade-catalyze the generation of "OH after
completely exhausting GSH was explored. PDA-FDM-23 was
incubated with 1 mM GSH for 2 hours to completely consume
GSH, the precipitate was removed by centrifugation, H,0, (1
mM) and MB (10 pg mL ") were added to react for 0.5 h, and the
absorbance was detected. The POD-like catalytic activity of PDA-
FDM-23 was investigated according to the method in the
previous literature with some modifications.***® The magnified
initial linear portion of the nanozyme reaction-time curve of MB
colorimetric reaction catalyzed by PDA-FDM-23. A length of
400 s was chosen for the initial rate period because the R”
coefficients were close to 1 during this period after a linear-
regression analysis. With catalyzed oxidation of PDA-FDM-23,
the color of substrate MB gradually weakens and the absor-
bance value decrease. Thus, the absolute value of reaction rate
was adopted to carry out the Michaelis-Menten curve. The
Michaelis—-Menten curves of PDA-FDM-23 was obtained as
shown in Fig. S7,7 which the MB concentration varied from 0 to
30 g mL ™. The kinetics constants v, and K,,, were obtained
by fitting the reaction velocity values and the substrate
concentrations as following equation:
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V= (Vmax X [S])/(Km + [S])

where v is the initial reaction velocity and v,y is the maximal
reaction rate that is observed at saturating substrate concen-
trations. [S] is the concentration of the substrate and K, is the
Michaelis constant.

2.7. GSH-depleting function of PDA-FDM-23

The consumption of GSH by PDA-FDM-23 was assessed using
the 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) probe. Different
concentrations of PDA-FDM-23 and GSH (1 mM) were mixed
and sampled at different time points after the reaction. The
supernatant was incubated with DTNB (0.1 mM) at 25 °C for 3
minutes, and the absorbance of the mixed solution was recor-
ded with a multifunctional microplate reader.

2.8. Antibacterial performance evaluation

Gram-positive S. aureus and Gram-negative E. coli were cultured
in fresh Luria-Bertani broth medium to logarithmic growth
phase (37 °C, 200 rpm min "), and then the bacterial suspen-
sion was diluted to 10° colony forming units (CFU) per mL for
further experiments. Different concentrations of PDA-FDM-23
or 100 ug mL ™" of different materials (PDA, FDM-23, PDA-
FDM-23) were added to treat bacteria for 4 h respectively.
Then, irradiation with near-infrared laser or without near-
infrared laser (1.5 W cm ™2, 20 min) was performed, and PBS
treatment group was used as a control. Then 100 pL treated
bacterial suspension was taken from each group, diluted
appropriately, smeared on solid medium to culture at 37 °C for
24 h. The bacterial CFU numbers were calculated by Image]
software. All repeated three times
independently.

experiments were

2.9. Bacterial membrane integrity detection

The propidium iodide (PI) dye could smoothly pass through the
cell membrane of dead bacteria. After different treatments,
bacterial suspension (10° CFU mL™") was incubated for 4 h.
Bacterial cells were then collected by centrifugation and stained
with PI dye (30 uM) at room temperature for 20 min in the dark.
The bacteria were washed 3 times with PBS and observed by
fluorescence inverted fluorescence microscope.

2.10. Morphological observation of bacteria

The effects of different treatments on bacterial morphology
were studied by scanning electron microscope (SEM). Bacterial
samples from different groups were centrifuged and fixed in
1 mL of 2.5% glutaraldehyde for 4 hours and then stored at 4 °C
overnight. The bacteria were dehydrated sequentially with
increasing concentrations of ethanol (10, 30, 50, 70 and 90%)
for 10 minutes. Subsequently, the dehydrated bacterial sample
was dried at room temperature, sputter-coated with gold and
characterized by SEM.

2.10.1. ROS detection in bacteria. The changes of ROS in
bacteria were detected using 2’,7-dichlorofluorescin diacetate

(DCFH-DA) reactive oxygen species assay Kkit. Different
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treatment groups after laser irradiation/non-laser irradiation
were stained with DCFH-DA (10 uM) for 30 minutes. The collect
precipitate was washed 3 time with PBS and that green fluo-
rescence was observed using fluorescence microscopy to detect
ROS production.

2.11. Cytotoxicity assay

CCK-8 assay was employed to evaluate the cytotoxicity of
different materials. HCEC and L-929 cells were incubated at 37 ©
C under 5% CO, in Dulbecco modified Eagle medium (DMEM)-
F12 and DMEM with 10% fetal bovine serum and 1% penicillin-
streptomycin, respectively. In short, 1 x 10* cells per well were
seeded in 96-well microplates and cultured for 24 h. The cells
were then cultured for 24 h after different drug treatments (with
or without laser irradiation). Finally, the cells were treated with
CCK-8 solution for 1-4 h and the optical density was measured
at 450 nm using a multifunctional microplate reader.

2.12. Cell morphology observation

The cell morphology was viewed by fluorescence staining.
Briefly, the cell slides were preinstalled in a 12-well plate, and
cell suspension was added for culture for 24 hours. After the
addition of different materials (PDA, FDM-23, PDA-FDM-23),
the cells were exposed to laser light for 20 minutes (1.5 W
em™?) or in the dark. After incubated at 37 °C for 1 day, washed
with PBS for 3 times, and fixed with formaldehyde, the cell
slides were stained with phalloidin FITC and DAPI, and
observed under a laser confocal microscope.

2.13. Hemolytic analysis

Hemolysis experiment was carried out with fresh blood of 8
week-old female C57BL/6] mice. Red blood cells were collected
at 10 000 rpm for 5 minutes and washed 5 times with PBS to
completely remove white blood cells. 200 pL of red blood cells
were aspirated and fixed to 10 mL with PBS to obtain a 2% red
blood cell suspension. Next, red blood cell suspensions were
added to equal volumes of PDA, FDM-23 or PDA-FDM-23 with
different concentrations and incubated at room temperature for
4 h. After centrifugation at 10 000 rpm for 15 min, the absor-
bance (570 nm) of the supernatant was determined using
a microplate reader. Deionized water group and PBS group were
used as positive control group and negative control group
respectively. The hemolysis rate was calculated as follows:

Asample - Anegative %< 100%

- Anegalive

Hemolysis (%) =
Apositive

2.14. Statistical analysis

All the data are expressed as the means + SEM. Statistical
significance was evaluated by Student's ¢-test for between two-
group comparison and one-way ANOVA with Fisher's LSD for
multiple-group analysis. P-value < 0.05 was considered statisti-
cally significant.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Design and characterization of PDA-FDM-23

PDA-FDM-23 composite nanosheets were prepared according to
the previously reported method.****> The 2D MOF nanosheets
were obtained by exfoliating the 3D MOF-FDM-23 crystals via
ultrasonic treatment, and then the PDA was modified on the
surface of the nanosheets by a simple self-assembly method.
The TEM image of Fig. 1a revealed that the PDA was well-
dispersed spherical particles with an average size of about
150 nm. After modified PDA, the lamellar microstructure of 2D
FDM-23 remained unchanged, with an average diameter of
about 500 nm (Fig. 1b). Moreover, the size of the PDA-FDM-23
nanosheet was determined by DLS which was significantly
larger than the pure FDM-23 nanosheets due to the hydration
(Fig. S17), revealing the successfully modification of PDA on the
nanosheet. The zeta potential of PDA-FDM-23 under physio-
logical conditions (pH 7.4, PBS) had a higher absolute value
(24.5 mV) than PDA and FDM-23, indicating the excellent
stability of PDA-FDM-23 in solution (Fig. 1c).
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FT-IR spectrums of PDA, 2D FDM-23 and PDA-FDM-23 were
shown in Fig. 1d. The peaks at 3430 cm ™' were ascribed to the
O-H stretching vibrations.’”?® The peaks at 1610 cm ™" were
assigned to the stretching vibrations of C=C in the benzene
ring. In the FT-IR spectrum of PDA-FDM-23, the peaks at
1490 em ™' and 1030 cm ™' were corresponded to the N-H
shearing vibrations and C-O stretching, respectively, proving
that PDA was successfully modified on the MOF surface.
Notably, the representative COO- peak at 1390 cm ™' moved to
1260 cm ™' indicating the formation of a hydrogen bond
between the amino group of PDA and carboxyl group of 2D
FDM-23.** XRD characterization revealed that the patterns of
FDM-23 and PDA-FDM-23 were basically consistent,* indicating
that the crystallographic structure of FDM-23 was integrity
without suffering destruction of post-modification (Fig. 1e). To
further validate the successful synthesis of PDA-FDM-23, UV-vis
absorption spectra of nanomaterials were investigated as shown
in Fig. 1f. The FDM-23 shown strong absorption peak at about
250 nm below 400 nm, which indicated that the pure FDM-23
MOF displayed no visible light response.** The abnormal
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Fig.1 Characterization of PDA-FDM-23. The representative TEM images of PDA (a) and PDA-FDM-23 (b). (c) The zeta potential of PDA, FDM-23
and PDA-FDM-23. (d) The FT-IR spectra of PDA, FDM-23, PDA-FDM-23. (e) The XRD results of PDA, FDM-23 and PDA-FDM-23. (f) The UV-vis
absorption spectra of PDA, FDM-23 and PDA-FDM-23. (g) XPS survey spectra analysis of PDA-FDM-23. (h) Representative images of PDA, FDM-
23 and PDA-FDM-23 dispersed in water. (i) Thermogravimetric analysis of FDM-23 and PDA-FDM-23.
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values of FDM-23 absorption curve below 300 nm was due to the
strong UV absorption of FDM-23 MOF structure. On the
contrary, the pure PDA exhibited strong absorption perfor-
mance at about 280 nm.** After decorating PDA onto FDM-23
MOF, the UV-vis diffuse reflectance spectra of PDA-FDM-23
composites shows the absorption characteristics of two
components. Meanwhile, the enhanced absorbance of PDA-
FDM-23 in the near infrared region compared with FDM-23
was the premise of photothermal therapy, resulting in higher
photothermal efficiency.** SEM-EDS elemental mapping anal-
ysis disclosed that the two synthesized MOF materials were
composed of C, N, O, P, W and Cu, which were uniformly
distributed throughout the nanosheets (Fig. S21). And as illus-
trated in the XPS analysis (Fig. 1g and S3at), the chemical bond
peaks located at 36 eV, 134 eV, 284 eV, 401 eV, 531 eV and 934 eV
originated from W 4f, P 2p, C 1s, N 1s, O 1s, and Cu 2p,*®
respectively. The atomic percentage provided in the XPS spec-
trum confirmed the presence of Cu element. The spectrum of
Cu 2p could be deconvolved into two individual peaks (Fig. S3b
and ct), located at near 934 eV and 932 eV respectively, corre-
sponding to Cu** (2ps/,) and Cu™ (2ps/,).** The existence of Cu*
might be ascribed to the partial reduction reaction during the
synthesis of FDM-23. To be expected, PDA-FDM-23 containing
copper ions as the Cu-loading vehicle can released copper ions
to consume GSH and enhance Fenton reaction, collaborating
PTT to achieve enhanced antibacterial therapy.

3.2. Dispersion and stability of PDA-FDM-23

The dispersion stability of PDA, FDM-23 and PDA-FDM-23
composites in deionized water was monitored by sedimenta-
tion experiment (Fig. 1h). The original PDA showed significant
subsidence after 30 min ultrasound dispersion. In contrast,
PDA-FDM-23 solution had less agglomeration and could
maintain good dispersion. This can be interpreted that the large
aperture and specific surface area of the layered FDM-23 facil-
itated the dispersion of the PDA nanoparticles. Then, the FDM-
23 and PDA-FDM-23 were subjected to thermogravimetric
analysis to obtain stability information (Fig. 1i). When the
temperature was increased to 200 °C, the weight of PDA-FDM-23
began to drop, which was assigned to the decomposition of
PDA,* suggesting the outstanding stability of PDA-FDM-23
under physiological conditions.

3.3. Photothermal effect of PDA-FDM-23

According to the analysis result of the UV-vis absorption spec-
trum, the composite PDA-FDM-23 still maintained a good
absorption in the NIR region, which endowed it with great
potential for photothermal therapy. Therefore, we systemati-
cally explored its photothermal conversion properties. As shown
in Fig. 2a, the temperature of PDA-FDM-23 solution raised with
the increase of concentration under the irradiation of NIR laser
(808 nm, 1.5 W cm ). Particularly, the temperature of the 100
ug mL~" group could reach 50.1 °C after 10 min of irradiation,
which was in accordance with the reported photothermal
temperature.*® Furthermore, the PDA-FDM-23 composite
material showed obvious dependence on laser power, and
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a significant temperature rise was observed at an intensity of
1.5 W em™? (Fig. S41). The photothermal stability of antibac-
terial agent was also an important index for evaluating the
photothermal property for practical application. It could be
found that the PDA-FDM-23 solution could be stably heated to
about 50 °C after five consecutive heating and cooling cycles
(Fig. 2b), and the absorbance value has no significant decrease
before and after irradiation (Fig. S51), which further proved the
high photostability of PDA-FDM-23. In addition, photothermal
curves (Fig. 2¢) and infrared images (Fig. 2d) demonstrated that
the PDA-modified FDM-23 retained the ability to convert light
energy into thermal energy. More to mention that, the photo-
thermal efficiency of PDA-FDM-23 was higher than PDA at an
equivalent dose, which was due to the improved dispersibility
facilitating the thermogenesis.** The photothermal conversion
efficiency of PDA-FDM-23 was calculated to be as high as
17.26% (as shown in Fig. S61). The PDA-FDM-23 photothermal
agent, possessing improved dispersibility, high photostability
and enhanced photothermal conversion ability, would be
beneficial to enhance photothermal antibacterial therapy.

3.4. Peroxidase-like activity and GSH-depleting function

Previous studies suggested that Cu-MOF had peroxidase-like
activity, which can catalyze H,0, to produce ROS,**
rendering them promising CDT agents for antibacterial
therapy. To investigate the CDT capability of as-prepared PDA-
FDM-23, MB was adopted as an indicator of '‘OH that
produced from CDT catalytic reaction. Blue MB exhibited
a fading phenomenon after oxidation by ‘OH resulting the
decrease of absorbance value at 660 nm. As shown in Fig. 2e,
compared with the inconspicuous changes in absorbance value
induced by PDA-FDM-23, PDA-FDM-23 + H,0, showed a signif-
icant decrease, indicating that PDA-FDM-23 had strong
peroxidase-like catalytic activity to catalyze H,O, to produce
ROS. The Michaelis constant K, value was obtained by fitting
the reaction velocity as shown in Fig. S7, which was 11.24 uM.
Moreover, the PDA-FDM-23 displayed more significant catalytic
activity under NIR laser irradiation, suggesting that ionization
at elevated temperatures accelerated the efficiency of the
Fenton-like reaction.*

The peroxidase-like catalytic activity of PDA-FDM-23 corre-
lated with H,O, in a dose-dependent manner (Fig. 2f). With the
increase of H,0, concentration, the degradation of MB was
more obvious owing to the gradual production of "OH. Inter-
estingly, PDA-FDM-23 still maintained its catalytic activity for
H,0, (Fig. 2e) after GSH exhaustion, with a stronger trend. We
speculate that this effect may result from that the Cu®>" in PDA-
FDM-23 consumes glutathione through redox reaction. As
a Fenton-like reagent, Cu* generated in this process show high-
efficient catalytic ability, further improving the level of
‘OH."™*"* The free copper ions of PDA-FDM-23 can deplete the
environmental GSH of infections and amplify the oxidative
stress of "OH, resulting in enhanced antibacterial effects. Thus,
we employed ICP-MS to confirm the release of copper ions from
PDA-FDM-23 over time. Fig. 2¢g revealed the sustained release of
copper ions in PBS solution and enhancement after laser

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photothermal properties, peroxidase-like activity and GSH-depleting function of PDA-FDM-23. (a) Temperature elevation of different
concentrations of PDA-FDM-23 (0, 25, 50, 75, 100 and 200 pg mL™%) measured under an 808 nm NIR laser (1.5 W cm™2). (b) Temperature change
of 100 pg mL~! PDA-FDM-23 during five cycles of on/off NIR laser irradiation. (c) Photothermal curves of different materials (PDA, FDM-23 and
PDA-FDM-23) at a concentration of 100 ug mL L. (d) Infrared thermography of PDA, FDM-23 and PDA-FDM-23. (e) Evaluation of *OH generation
ability of PDA-FDM-23 under different treatments with MB probe ((1) MB; (2) PDA-FDM-23 + H,O5; (3) HO, + MB; (4) PDA-FDM-23 + MB; (5)
PDA-FDM-23 + NIR + MB; (6) PDA-FDM-23 + H,O, + MB; (7) PDA-FDM-23 + H,O; + NIR + MB; (8) PDA-FDM-23 + GSH + H,O, + MB; (9) PDA-
FDM-23 + GSH + H,O, + NIR + MB). (f) MB degradation ability of PDA-FDM-23 in the presence of different concentrations of H,O,. (g) The
release of copper ions over time as measured by ICP-MS under laser (+NIR) and non-laser illumination (—NIR). The GSH depletion ability of PDA-
FDM-23 determined by DTNB probe at different times (h) and different concentrations (i).

irradiation, laying the foundation for the potential function of
PDA-FDM-23. Then, we monitored the GSH-depleting ability of
PDA-FDM-23 using a DTNB probe, which was reduced by GSH
with characteristic change in absorbance at 412 nm. After
adding GSH, the absorption peak of DTNB at 412 nm gradually
weakened and almost disappeared after 3 h (Fig. 2h), indicating
that PDA-FDM-23 possessed GSH-depleting properties in
a concentration-dependent manner (Fig. 2i).

Taken together, the remarkable photothermal performance,
peroxidase-like catalytic performance of PDA-FDM-23 and GSH
depletion function complemented and reinforced each other to
generate abundant ROS, showing a great application prospect
in synergistic antibacterial therapy.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.5. Synergistic antibacterial performance of PDA-FDM-23

Considering the excellent properties mentioned above, the
synergistic antibacterial properties of PDA-FDM-23 in vitro were
comprehensively evaluated using Gram-positive bacterial S.
aureus and Gram-negative bacterial E. coli as representative
models. Firstly, the photothermal antibacterial effect of PDA-
FDM-23 under non-laser and laser irradiation (1.5 W cm ™2, 20
min) was separately investigated by plate counting method
(Fig. S8a and bt). Obviously, under dark conditions, PDA-FDM-
23 could inhibit both bacteria to some extent, and the anti-
bacterial effect relied on the concentration of PDA-FDM-23,
which might be derived from the peroxidase-like activity of
PDA-FDM-23 itself. After the introduction of laser, the survival
rates of S. aureus and E. coli treated with 100 pg mL ™" PDA-FDM-
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23 were only 15.6% and 0.45%, respectively, and no bacteria
survived at 200 ug mL ™", which confirmed the important role of
laser irradiation in the catalytic antibacterial activity of PDA-
FDM-23. Then, to further highlight the synergistic antibacte-
rial function of PDA-FDM-23, the antibacterial capabilities of
different materials in the absence and presence of laser irradi-
ation were compared with each other. As presented in Fig. 3a
and b, compared to the blank control, the viable count of PDA
was slightly reduced regardless of laser irradiation, indicating
that the photothermal conversion performance of PDA could
not support the killing of bacteria by PDA alone. Besides, the
similarity of the number of unmodified FDM-23 colonies to that
of PDA suggested that FDM-23 could not exert the antibacterial
effect due to its slight antibacterial function and almost no
photothermal conversion ability. Surprisingly, although the
bactericidal effect of PDA-FDM-23 without laser treatment was

Control PDA FDM-23 PDA-FDM-23 b

Q

View Article Online

Paper

weak, the antibacterial rates of PDA-FDM-23 exposed to laser
against both S. aureus and E. coli reached 100%, revealing that
the broad-spectrum photothermal antibacterial effect of PDA-
FDM-23 was superior to that of FDM-23 and PDA alone.

To elucidate the mechanism of PDA-FDM-23 against
bacteria, the integrity of the bacterial membrane was assessed
using PI. The cell membrane of the dead bacteria could not
prevent PI dye from entering the nucleus due to the loss of
selective permeability. According to the results of Fig. 3c and
S9,7 the laser-treated PDA-FDM-23 group had the highest
number of bacterial deaths compared to the other treated
groups, demonstrating that the PDA-FDM-23 we prepared had
remarkable cell membrane destruction capability, which was
also in line with the plate counting results. And SEM observa-
tion of bacterial morphology showed that the bacteria in the
other treatment groups had a complete and smooth outer

()
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Fig. 3 Evaluation of antibacterial activity of PDA-FDM-23. (a) The plate count images of different materials (PDA, FDM-23 and PDA-FDM-23)
after treatment with or without light (concentration: 100 pg mL™%, laser power: 1.5 W cm™2, 20 min). (b) Relative bacterial survival rates of S.
aureus and E. coli after various treatments. (c) Fluorescence-stained images of S. aureus and E. coli with Pl after different treatments. (d) SEM
images of S. aureus and E. coli in different treatment groups. (e) Typical fluorescence images of ROS stained by DCFH-DA in S. aureus and E. coli
under different treatments. Data were represented as means + SEM (n = 3). ns: no significant difference, ****P < 0.0001, ***P < 0.001, *P < 0.1.
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Fig. 4 Biocompatibility analysis of PDA-FDM-23. (a and b) Cytotoxicity of HCEC and L-929 cells with PDA-FDM-23 treated for 24 h. (c and d)
Relative activities of HCEC cells and L-929 cells treated with various materials (100 pg mL™) without or with NIR laser irradiation (A = 808 nm,
1.5 W cm™2). (e) Fluorescent staining images of different materials incubated with HCEC and L-929 cells for 24 h. Green was the FITC-phalloidin
labeled cytoskeleton and blue was the DAPI-stained nucleus. (f) Hemolysis analysis and representative image of PDA, FDM-23 and PDA-FDM-23
in various concentrations on erythrocyte suspension. Data were represented as means + SEM (n = 3). ns: no significant difference.

membrane, similar to the natural living bacteria. However, after
laser treatment of PDA-FDM-23, the bacteria wrinkled and the
framework completely collapsed, further illustrating the bacte-
rial membrane rupture effect mediated by photothermal and
reactive oxygen species (Fig. 3d). More importantly, the level of
ROS closely associated with bacterial death was carried out by
DCFH-DA probe. As expected, the PDA-FDM-23 near-infrared
synergistic treatment group exhibited the strongest ROS fluo-
rescence, indicating that PDA-FDM-23 combined with near-
infrared treatment could effectively produce ROS in bacteria
(Fig. 3e and S107).

Based on the above results, the following possible PDA-FDM-
23 synergistic antibacterial mechanisms are summarized: (1)
PDA-FDM-23 exerts peroxidase-like activity to catalyze endoge-
nous H,0, to produce toxicity "‘OH to damage bacterial cell wall;
(2) mild photo-thermal action directly destroys bacteria and

© 2023 The Author(s). Published by the Royal Society of Chemistry

accelerates the catalytic effect of PDA-FDM-23 through ioniza-
tion; (3) the depletion of GSH by PDA-FDM-23 weakens the
scavenging of ROS by micro-environment in bacteria, and the
resulting Cu' increases the generation of ROS through more
efficient Fenton reaction. Therefore, PDA-FDM-23 can be
regarded as a promising synergistic antibacterial therapeutic
agent.

3.6. Biocompatibility of PDA-FDM-23

Biocompatibility of antibacterial materials was essential for
utilization in biomedical applications.**** The cytotoxicity was
investigated using Cell Counting Kit-8 assay with HCEC and L-
929. As displayed in Fig. 4a and b, the high concentration of
PDA with strong cell activity demonstrated the good biocom-
patibility of PDA, while the apparent toxicity of FDM-23 at low
concentrations might be attributable to cell damage caused by
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metal ions.** Hopefully, the PDA-modified FDM-23 group
exhibited notably improved cell activity relative to FDM-23, with
the activity still exceeding 80% at 100 pg mL~". Meanwhile, in
order to eliminate the effect of laser on cells, we measured the
cytotoxicity of different materials with or without laser irradia-
tion. No significant differences were found with or without laser
irradiation, suggesting the excellent biosafety of photothermal
antibacterial agent PDA-FDM-23 (Fig. 4c and d). And the results
of cell morphology staining further validated the cell compati-
bility of PDA-FDM-23. Except for cell shrinkage in the PDA-FDM-
23-incubated group, the cell morphology of the other groups
was unchanged in contrast with normal cells, regardless of laser
illumination (Fig. 4e). Additionally, blood compatibility was
another index to judge the safety of biomaterials besides cyto-
toxicity. According to the results in Fig. 4f, unlike the FDM-23
material leading to severe hemolysis, PDA-FDM-23 maintained
conspicuous blood compatibility even at high concentrations.
All the above results certified the feasibility of PDA-FDM-23
composite as a safe and excellent antibacterial nanoplatform
for photothermal catalytic antibacterial treatment.

4. Conclusions

In this study, we successfully developed a multifunctional GSH-
depleting photothermal catalytic nanomaterial consisting of
PDA nanosheets and 2D FDM-23 nanosheets self-assembly. The
obtained PDA-FDM-23 not only exhibits excellent peroxidase-
like activity to decompose H,0, to generate 'OH, but also
shows remarkable photothermal performance to directly
damage bacterial membranes, and simultaneously improve the
catalytic efficiency of the peroxidase-like enzyme. In addition, it
can also effectively enhance the generation of "OH through
strong glutathione consumption, and has a satisfactory killing
effect on both Gram-positive bacteria and Gram-negative
bacteria. More importantly, the good biocompatibility of the
synthesized PDA-FDM-23 endows it with the feasibility of safe
biological applications. In conclusion, our work provides
a promising strategy for clinical photothermal enhanced che-
modynamic synergetic antibacterial therapy.
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