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Bacterial biofilm infection is a serious obstacle to clinical therapeutics. Photodynamic therapy (PDT)
plays a dynamic role in combating biofilm infection by utilizing reactive oxygen species (ROS)-induced
bacterial oxidation injury, showing advantages of mild side effects, spatiotemporal controllability and
little drug resistance. However, superfluous glutathione (GSH) present in biofilm and bacteria corporately
reduces ROS levels and seriously affects PDT efficiency. Herein, we have constructed a Cu®*-infused
porphyrin metal-organic framework (MOF@Cu?*) for the enhanced photodynamic combating of biofilm
infection by the maximum depletion of GSH. Our results show that the released Cu?* from porphyrin
MOF@Cu?* could not only oxidize GSH in biofilm but also consume GSH leaked from ROS-destroyed
bacteria, thus greatly weakening the antioxidant system in biofilm and bacteria and dramatically
improving the ROS levels. As expected, our dual-enhanced PDT nanoplatform exhibits a strong biofilm
eradication ability both in vitro and in an in vivo biofilm-infected mouse model. In addition, Cu?* can
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promote biofilm-infected wound closing by provoking cell immigration, collagen sediment and
angiogenesis. Besides, no apparent toxicity was detected after treatment with MOF@Cu?*. Overall, our
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1 Introduction

Bacterial infections have become a major medical and financial
problem worldwide, leading to the death of 17 million patients
annually."™ Clinical statistics have indicated that about 80% of
infectious diseases are caused by bacterial biofilm.”” In bio-
film, bacterial clusters are embedded in an autocrine matrix,
named extracellular polymeric substance (EPS), which protects
them from harsh external environments, such as the human
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design offers a new paradigm for photodynamic combating biofilm infection.

immune system and antimicrobial agents.®*' It has been

reported that bacterial resistance in biofilm is a thousand times
higher toward antibiotics than planktons.'*** The incapacity to
entirely obliterate biofilm usually brings about repeated infec-
tion, therapeutic failure, and even death.'* Hence, there is a
dire need for a new antimicrobial strategy that can effectively
destroy biofilm without developing drug resistance.

In recent years, as a non-antibiotic alternative therapeutic
for combating bacterial biofilm infection, photodynamic therapy
(PDT) has received much more attention because of its particular
antimicrobial mechanism without evoking bacterial resistance.'**°
The underlying principle of PDT is the activation of O, molecules
by the irradiation of the photosensitizer (PS) with a laser of an
appropriate wavelength, resulting in the production of oxidative
reactive oxygen species (ROS) and the subsequent eradication of
bacteria and biofilm, showing the advantages of specific space-time
selectivity and minimal invasiveness.”*>* ROS is capable of destroy-
ing bacterial cell walls, causing the leakage of cell contents and
inactivating bacterial enzymes, thus resulting in irreversible bacter-
ial death and biofilm dispersion.*?** Although promising, excess
glutathione (GSH) in biofilm and bacteria plays a vital role in
consuming ROS and severely affects PDT efficiency.”> Hence, PDT
has to utilize large doses of photosensitizers and high-powered
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Scheme 1 Representative scheme of the synthesis of MOF@Cu?* for eradicating biofilm and promoting wound healing. (A) The synthesis of MOF@Cu?".
(B) Released Cu?* can effectively oxidize GSH in biofilm and ROS-destroyed bacteria, thereby weakening the antioxidant system of biofilm and bacteria

and thus greatly increasing ROS levels.

light density, which inevitably induces injury to healthy tissues and
causes patients great pain.’® Recently, some strategies have been
devoted to reducing biofilm GSH levels for improving PDT effi-
cacy;”>*” however, there are still concerns over how to consume
GSH that leaked from ROS-destroyed bacteria, which also play an
important role in decreasing PDT efficacy.*® Consequently, there is
a great need to develop a new strategy to efficiently eliminate GSH
from both the biofilm and destroyed bacteria for maximum
enhancement of PDT efficacy.

Herein, a maximum GSH-depleting photodynamic nanosys-
tem has been developed by loading Cu®" into porphyrin metal-
organic frameworks (MOF) for efficaciously eradicating bacterial
biofilm infection. Scheme 1 illustrates that 5,10,15,20-tetrakis-(4-
methoxycarbonylphenyl)porphyrin (TCPP) was used as an organic
photoactive ligand and the Zr, cluster was utilized as a metal node
to form the MOF, which exhibits strong visible light-induced ROS
production ability. Moreover, benefiting from the porous struc-
ture and unreacted carboxylic groups, MOF supplies high surface
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area and many metal ion ligand-binding sites for loading Cu™,
which has been proven to possess strong reducing properties. Our
results indicated that released Cu®** could efficiently eliminate
GSH in biofilm and ROS-destroyed bacteria, thus greatly improv-
ing PDT efficacy in combating biofilm infection both in vitro and
in an in vivo S. aureus-infected biofilm wound model. Further-
more, Cu*" released from Cu®*-infused MOF (MOF@Cu*") can
facilitate wound healing through stimulating cell migration,
collagen deposition and angiogenesis with no distinct toxicity.
Consequently, our designed nanosystem offers valid and secure
simultaneous PDT therapeutics for antibiofilm infection.

2 Experimental section
2.1 Synthesis of MOF

ZrOCl,-8H,0 (300 mg), TCPP (100 mg) and benzoic acid (2.8 )
were dispersed in 20 mL, 40 mL and 40 mL of DMF,

This journal is © The Royal Society of Chemistry 2024
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respectively, and then added to a flask with stirring. Subse-
quently, the mixture was heated at 90 °C and reacted for 5 h.
Finally, MOF was obtained by centrifugation and rinsed with
DMF, EtOH and water.

2.2 Synthesis of MOF@Cu**

MOF (40 mg) and CuCl,-2H,0 (20 mg) were added to deionized
water (20 mL) under slight sonication. Subsequently, the mix-
ture was reacted on a shaker at 25 °C for 1 day. The suspension
was then centrifuged and rinsed with H,O to eliminate the
unabsorbed Cu®*'. The amount of Cu*" in the MOF@Cu?*" was
determined by ICP-MS. The obtained MOF@Cu”" was freeze-
dried and stored at 4 °C under dark conditions.

2.3 Cu* release from MOF@Cu>*

To evaluate the release behavior of Cu®*", MOF@Cu>" (10 mg)
was added to deionized water (4 mL) with gentle stirring. The
mixture was then centrifuged to acquire the supernatant, which
was replaced with fresh water (4 mL); the Cu** in the super-
natant was assessed by ICP-MS.

2.4 Detection of ROS generation.

DCFH-DA was hydrolyzed to DCFH by adding NaOH solution.>”
MOF or MOF@Cu®>* (100 ug mL™") was then mixed with DCFH
(10 uM) with or without GSH (1 mM). The mixture was
illuminated by light (0.65 W em ™2, 638 nm) for 600 s. Finally,
the suspensions were centrifuged and the ROS levels in super-
natants were detected using a fluorescence spectrophotometer.

2.5 GSH depletion capacity of MOF@Cu**

GSH (30.7 mg) was added to tris buffer (10 mL, 25 mM, pH 7.2)
to form a homogeneous solution. MOF@Cu** (5 mg) and MOF
(5 mg) were then introduced into the above solution with slight
agitation. At different time points, 1 mL of the above mixture
was extracted and centrifuged at 12000 rpm for 0.25 h to
remove the precipitate in the bottom. Finally, DTNB solution
(200 pL, 200 uM) was added to the supernatant and kept for
180 s, and ODg;, i Was then measured to evaluate the GSH level.

2.6 In vitro antimicrobial assays

Gram-positive S. aureus and Gram-negative E. coli were used to
investigate the antimicrobial ability of MOF@Cu”*. A single
colony of bacteria at solid Luria Bertani agar plates was
transferred into LB medium (10 mL) and cultured at 37 °C
for half a day. Next, the cultured bacteria were centrifuged
(3000 rpm, 180 s), rinsed three times with tris buffer (0.025 M,
pH 7.2) and diluted to 10° CFU mL '. Subsequently, the
antibacterial efficiency of MOF@Cu®>* was detected via the plate
counting method. Typically, the above suspensions (500 puL)
were put into a 24-well plate and treated with saline, MOF, Cu**
or MOF@Cu?* with or without laser illumination (0.65 W cm ™2,
600 s). After culturing for another 720 min, the bacterial
solution (0.1 mL) was uniformly coated on agar plates and
incubated for 720 min to form bacterial clones. Finally, the
numbers of colonies were detected to evaluate microbic
viability.

This journal is © The Royal Society of Chemistry 2024
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Bacterial activity was also evaluated through a live/dead
staining experiment. Generally, bacterial suspensions from
the various groups above were stained with FDA (10 pL,
10 mg mL™ ") and PI (5 uL, 1 mg mL ') for 0.5 h, respectively.
Excess dye was then washed off by centrifugation (3000 rpm,
600 s) and rinsed with tris buffer several times. Finally, the
microbial condition was detected by fluorescence microscopy.

2.7 Intracellular ROS production property of MOF@Cu>*

To evaluate the ability to generate intracellular ROS, DCFH-DA
(10 uM) was added to microbial suspensions and cultivated for
0.5 h. After rinsing three times with tris buffer, the bacterial
suspensions were treated with saline, MOF, Cu®*" or MOF@Cu*"
with or without light illumination (0.65 W cm™2, 600 s). The
amount of ROS produced in the bacteria was visualized using
fluorescence microscopy.

2.8 In vitro antibiofilm property of MOF@Cu>*

To culture biofilm, 10 pL of S. aureus or E. coli and 990 pL of
TSB were added to a 24-well plate and incubated at 37 °C for
48 h. The medium was discarded and replaced with fresh TSB
at intervals of 1 day. Biofilm attached to the bottom of wells
could be detected after 48 h.

To evaluate the antibiofilm ability of MOF®@Cu?*, S. aureus
or E. coli biofilm was treated with MOF, Cu?*" or MOF@Cu?*"
with or without light illumination (0.65 W cm™?2, 600 s). Then,
the medium was eliminated and the remaining biofilm was
rinsed with tris buffer. Finally, the biofilm was subjected to
mild sonication for 600 s, diluted and spread onto an agar
plate. After incubation for 720 min, microbial colonies were
recorded to evaluate bacterial viability.

To assess the biomass of biofilm after various disposals, the
biofilm was dyed with crystal violet solution (0.1%) for 0.5 h
and photographed after rinsing with tris buffer to eliminate the
residual dye. Finally, 95% ethanol was utilized to dissolve the
crystal violet-stained biofilm and the ODsq4 ,m, Was measured to
assess the biofilm biomass.

The live/dead staining assay was also conducted to assess
the microbial condition in the biofilm. After various treat-
ments, biofilm was dispersed in tris buffer and stained with
FDA (10 pL, 10 mg mL ") and PI (5 pL, 1 mg mL ") in dark
conditions for 0.5 h, respectively. After rinsing 3 times with tris
buffer, the bacterial condition in the biofilm was observed by
fluorescence microscope.

SEM was utilized to evaluate the bacterial morphology in
biofilm. After the treatment of the various groups, S. aureus or
E. coli biofilm was fixed by 2.5% glutaraldehyde solution for
720 min and then subjected to dehydration by gradient ethanol
solution (30%, 50%, 70%, 80%, 90% and 100%). After drying at
room temperature, biofilm morphology was evaluated by SEM.

2.9 Assessment of GSH levels in dead bacteria

After incubating with the control, MOF, or MOF@Cu”" without
light irradiation for 4 h, the bacteria (10° CFU mL™") were
subjected to an ultrasonic cell crusher for 20 min to fully
destroy the bacteria and the supernatant was harvested by
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centrifugal separation. Next, deproteinizing reagents were
added to the supernatant to avoid protein interference. Finally,
DTNB was added to the above solution and OD4qnm Was
monitored to evaluate the GSH consumption rate in bacteria.
The GSH consumption rate can be determined based on the
formula below:

ODcontrol - ODsampIe
ODsamp]e

Loss of GSH (%) = x 100%
where ODconerol aNd ODgample indicate the absorption values of
control group and tested group, respectively.

2.10 Detecting GSH levels in biofilm

After incubating with the control, MOF or MOF@Cu®" for 5 h,
S. aureus or E. coli biofilm was rinsed with saline 3 times.
Subsequently, Tris buffer was added to the biofilm and soni-
cated for 30 min. Finally, the DTNB assay was used to evaluate
the residual content rate of GSH in the biofilm. The GSH
residual content rate can be calculated according to the follow-
ing formula:

Content of GSH (%) = ODsample

= x 100%
ODcontroI 0

where ODontrol and ODgample Tepresent the absorptions of the
control group and tested group at 412 nm, respectively.

2.11 In vitro migration and viability of human umbilical vein
endothelial cells (HUVECs)

HUVECs were seeded into to a 24-well plate at a density of
2 x 10° per well and cultured in a serum-free medium until the
formation of cell monolayers. Next, a 20 pL pipette tip was
scraped perpendicularly to the cell’s flat face. After the scratch
was finished, the well plates were rinsed three times with saline
to eliminate exfoliated cells. After treatment with different
groups, cells were placed in an incubator. Finally, cells were
taken out (at 0 h or 24 h) and the results of cell migration were
observed by fluorescence microscopy. The percentage of cell
mobility was calculated based on the formula below:

Ay — A

HUVECs mobility (%) = * % 100%

o
where A, and Ag indicate the original scratch area and the
scratch area after cultivation, respectively.

2.12 Hemolysis assay

The hemolysis assay was performed to assess the blood com-
patibility of MOF@Cu®". Generally, fresh blood (2 mL) was
extracted from the mice’s orbital veins and stabilized with
heparin. Red blood cells (RBCS) were isolated by dilution to
4 mL with saline and centrifugation (3000 rpm for 5 min).
Then, RBCS were further rinsed with saline and dispersed in
diluted tris buffer (10 mL). After that, different concentrations
of MOF@Cu?" solutions were cultivated with RBCS for 240 min
at 37 °C. Finally, the absorbances of the supernatants from each
group were measured at 570 nm via a microplate reader. The
hemolysis rate (%) was determined based on the formula

1320 | J Mater. Chem. B, 2024, 12, 1317-1329
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below:

Hemolysis rate (%) = OD. — 0D,

= 2T P00 100
op, —op, ~ 100%

where OD;, OD,, and OD,, indicate the absorptions of the test
group, negative control group and positive control group,
respectively.

2.13 Cytotoxicity assays

Cell viability was appraised via MTT assay. First, L929 cells were
grown in 96-well cell plates for one day to reach a density of
1 x 10” cells per well. After removing the DMEM medium, fresh
DMEM with various concentrations of MOF@Cu?" was added to
each well separately. After 1 day of cultivation, the cells were
rinsed with saline and MTT/DMEM solution (10%, 100 pL) was
added to each well and cultivated for 240 min. Finally, dimethyl
sulfoxide (DMSO, 100 pL) was introduced to the wells and
cultivated at 37 °C for 600 s. Cell proliferation was confirmed
by a microplate reader at 490 nm with a reference wavelength of
630 nm.

2.14 In vivo antibiofilm assay of MOF@Cu”*

All animal experiments were approved by the Animal Experi-
ment Ethics Committee of Henan University (Kaifeng, China).
Male mice aged 6-8 weeks were used to establish the biofilm-
infected wound model for testing the biofilm elimination and
wound healing effect of MOF@Cu®". First, mice were injected
intraperitoneally with 4% sodium chloral hydrate (0.1 mL/10 g)
for anesthesia. After the depilation of the mice’s backs, 6 mm
diameter wounds were created and cultured with S. aureus
(50 pL, 10° CFU mL ") for 24 h to establish a biofilm-infected
model. Mice were stochastically divided into 8 groups: saline;
saline + L; MOF; MOF + L; Cu*"; Cu®** + L; MOF@ Cu**; MOF@
Cu”* + L. Light-irradiated groups underwent 638 nm light
illumination (0.65 W c¢cm™>2, 600 s). During the treatment
process, photographs were taken every 48 hours to record
wound conditions, and the weight alteration of each mouse
was also monitored. After 10 days, mice were sacrificed and
wound tissue was collected to determine the bacterial number
at the infected site via the method of plate counting. For the
evaluation of GSH concentration, mice skin wounds were
dissected and homogenized. After centrifuging at 12000 rpm
for 15 min, supernatants were mixed with DTNB solution to
evaluate the GSH level. Hematoxylin and eosin (H&E) staining,
Masson’s trichrome staining and CD31 staining were per-
formed to further assess the wound healing process. Finally,
the major organs of mice were harvested and their potential
changes in histopathology were detected by H&E staining.

2.15 In vivo ROS fluorescence imaging

In vivo fluorescence imaging was performed to evaluate ROS
levels at biofilm-infected wounds. Mice were stochastically
divided into 8 groups, the same as before. Next, the mice were
completely anesthetized, followed by the administration of
drugs at biofilm-infected wound sites and then the injection
of the ROS probe DCFH-DA through the tail vein at a dose of

This journal is © The Royal Society of Chemistry 2024
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1.8 mg kg '. After 30 min, 638 nm light illumination
(0.65 W cm ™2, 600 s) was applied to the wound site. Fluores-
cence images were taken using a live imaging system for small
animals and their mean fluorescence intensities were quanti-
fied using the software attached to the live imaging system.

2.16 Statistical analysis

Data are represented as the mean + standard deviation (SD).
Statistical analysis was conducted by employing the OriginPro
2017 software. Differences between the two groups were calcu-
lated using Student’s ¢-test. Inter-group and intra-group com-
parison analyses were performed using one- or two-way
ANOVAs with Tukey’s multiple comparison test. In all cases,
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probability (p) values of less than 0.05 were considered statis-
tically significant.

3 Results and discussion
3.1 Synthesis and characterization of MOF@Cu>*

The MOF was prepared according to a previously reported
method.*® SEM (Fig. 1(a)) and TEM (Fig. 1(b)) indicated that
the MOF exhibited a spherical shape with an average diameter
of around 100 nm. The XRD results showed that the MOF
displayed typical (002), (022) and (222) peaks at 4.6°, 6.5° and
7.9° (Fig. 1(c)), which was consistent with a previous report.*'
Next, the chemical structure of MOF was determined through
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FTIR; typically peaks at 1400 cm ™' and 1603 cm™ " were due to
the symmetric and asymmetric stretching vibrations of the
carboxyl group, respectively. The N, adsorption-desorption
isotherm and pore size distribution results showed that the
BET surface area, the average pore size, and the pore volume of
MOF were 1964 m> ¢~ !, 1.9 nm and 1.127 cm® g~ ', respectively
(Fig. S1, ESIt). The porous structure and carboxylic groups of
MOFs can provide large available surface areas and binding
sites for loading Cu**.*° CuCl,-2H,0 was selected as the copper
source to prepare MOF@Cu’*. As shown in Fig. 1(e) and (f),
TEM element mappings and energy-dispersive spectroscopy
(EDS) confirmed the loading of Cu®". Moreover, the valence
state of MOF@Cu*" was evaluated by XPS. As shown in Fig. 1(g),
the Cu 2p peak was observed after Cu®** infusion, and
the typical peaks of Cu 2pz, and Cu 2p,, at 933.8 eV and
953.8 eV could be assigned to Cu(u) (Fig. 1(h)). The zeta
potential increased from +14.9 mV to +37.9 mV (Fig. 1(i)). These
results collectively evidenced the successful preparation of
MOF@Cu*". In addition, no distinct change in morphology,
size, water dispersibility, crystal structure, chemical structure

View Article Online
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and ultraviolet-visible absorption spectra were detected
(Fig. 1(a)-(d), (j) and Fig. S2 (ESI%), indicating that Cu** loading
had no influence on MOF properties. The amount of Cu®>" in
MOF@Cu>" was determined to be 1.2 mol mL ™" by ICP-MS.
The release behavior of Cu®" was evaluated by immersing
MOF@Cu®" in deionized water, as shown in Fig. S3 (ESIf).
About 58.9% Cu®" was released from MOF@Cu>" after 60 h,
indicating that MOF@Cu®" possessed a sustained Cu®" release

property.

3.2 Photodynamic activity and GSH consumption property of
MOF@Cu?**

To study the photodynamic activity of MOF@Cu?", a fluores-
cence probe, DCFH, was utilized to assess ROS production.
Compared with non-light conditions, both MOF and MOF@Cu®*
produced strong fluorescence intensities under 638 nm light
illumination for 10 min (Fig. 2(a)). The amount of ROS produced
by MOF@Cu>" is comparable to that of MOF, indicating that the
loading of Cu®" did not affect its PDT efficiency. Furthermore,
the effect of GSH on PDT was also investigated. MOF and
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MOF@Cu”" were separately mixed with GSH under the same
conditions (638 nm irradiation for 10 min) to evaluate changes
in fluorescence intensity.** As illustrated in Fig. 2(b), with the
addition of GSH, the fluorescence intensity of MOF was close to
the level of the control group, suggesting that GSH could
consume ROS and seriously affect the photodynamic efficiency
of MOF. However, the fluorescence intensity of MOF@Cu>" +
GSH was much stronger as compared to the MOF + GSH group,
indicating that MOF@Cu®* can deplete GSH efficaciously and
greatly improve ROS production efficiency. To validate the
mechanism, the depletion of GSH by MOF@Cu>* was further
studied using the Ellman assay, in which GSH could be reduced
by colorless DTNB to a yellow product, with an absorption peak
at 412 nm (Fig. 2(c)).** On this basis, we investigated the residual
GSH levels in the mixed solution of MOF@Cu”*" and GSH at
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(C) Control MOF
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different time points. As depicted in Fig. 2(d), for the MOF@Cu>*
group, the absorbance at 412 nm decreased continuously
with the increasing reaction time, while no distinct change
was detected for the MOF group (Fig. S4, ESIt), indicating that
MOF@Cu”* possessed an excellent GSH depletion ability. The
rate of GSH consumption by MOF@Cu”" reached 96.7% after 4 h
of incubation. However, this value was almost unchanged for
MOF alone, further confirming that the GSH consumption-
ability of MOF@Cu>" was derived from Cu®" (Fig. 2(e)).>*> Next,
we investigated whether MOF@Cu®" could consume GSH from
dead bacteria. Herein, Gram-positive staphylococcus aureus
(S. aureus) and Gram-negative Escherichia coli (E. coli) were
chosen as model bacteria. As shown in Fig. 2(f), negligible
bacterial GSH depletion ability was detected for the control
and MOF groups. However, the S. aureus and E. coli GSH
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Fig. 3 In vitro antimicrobial performances of MOF@Cu?*. (a) Images of agar plates of S. aureus after various therapies. (b) Percentage survival rates
obtained via counting S. aureus colonies of (a) (n = 3; mean + SD). (c) Live/dead fluorescence images of S. aureus stained by FDA (green, viable bacteria)
and PI (red, dead bacteria) after different therapies. (d) Intracellular ROS fluorescence images of S. aureus stained by DCFH-DA. Statistical significance

was calculated by two-way ANOVA using the Tukey post-test.
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consumption efficacy reached 93.6% and 90.1% for MOF@Cu”"
groups, proving that MOF@Cu®" could efficaciously consume
the GSH leaked by bacteria. The ability of MOF@Cu>" to
consume biofilm GSH was also examined. As shown in
Fig. 2(g), no distinct GSH level was detected after treating with
the control or MOF groups, while GSH content in the
MOF@Cu’*-treated S. aureus or E. coli biofilm was significantly
reduced to 17.2% or 19.6%. Overall, the above results proved
that MOF@Cu”* possessed superior GSH consumption ability
both in dead bacteria and bacterial biofilm, which was expected
to break redox homeostasis and greatly improve its PDT efficacy
in combating biofilm infection (Fig. 2(h)).

3.3 In vitro antibacterial activities of MOF@Cu>*

Inspired by the above results, we next appraised the in vitro
antibacterial effects of MOF@Cu®" by the spread plate method,
live/dead staining assay and intracellular ROS analysis. The
treatment groups were sectioned based on the therapies they
were exposed to, including saline, MOF, Cu®*" and MOF@Cu*".
The groups treated with light illumination were marked as
saline + L, MOF + L, Cu®* + L, MOF@Cu”" + L, respectively.
The antibacterial activity of MOF@Cu®" was investigated on
S. aureus. As shown in Fig. 3(a) and (b), no obvious antimicro-
bial effects were detected for the saline, saline + L, and MOF
groups, implying that MOF alone exhibited little bactericidal
ability. However, when the MOF group was combined with light
illumination, it demonstrated an antibacterial effect and
bacterial viability was decreased by approximately 48.7%. This
could be attributed to the PDT effect of MOF. Besides, the
bacterial viability of free Cu®*, Cu®>" + L and MOF@Cu®** groups
decreased by 47.1%, 48.2% and 46.4%, respectively, indicating
incomplete bacterial eradication solely through the bactericidal
properties of Cu>".>* Remarkably, an intense antibacterial effect
(98.9%) with nearly invisible colonies was detected for the
MOF@Cu** + L group. This enhanced bactericidal activity was
due to the simultaneous effect of PDT and Cu®*, wherein PDT
could generate ROS to attack bacteria, causing them to release
GSH. The released Cu®* could then deplete GSH, disrupting the
bacterial intracellular defense system, thereby strengthening
the bactericidal action of ROS and improving the overall anti-
microbial activity. To further understand the antibacterial
effect of MOF@Cu™', live/dead staining experiments were per-
formed. We stained the bacteria with FDA and PI to visualize
live or dead bacteria. FDA could penetrate the intact bacterial
membrane and display green fluorescence, whereas PI could
enter dead bacteria through the disrupted membrane and emit
red fluorescence. As shown in Fig. 3(c), almost all bacteria
emitted red fluorescence for the MOF@Cu** + L group, while
other groups still exhibited green fluorescence, confirming that
light-irradiated MOF@Cu>" possessed the best antimicrobial
ability. In the end, intracellular ROS levels were assessed with
various treatments via the DCFH-DA probe. As disclosed
in Fig. 3(d), distinct green fluorescence could be observed
for the light-illuminated MOF or MOF@Cu>* groups, and
the MOF@Cu®* + L group exhibited stronger fluorescence.
Moreover, the semi-quantitative results of live/dead staining
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and ROS fluorescence images were evaluated by Image J soft-
ware and the results confirmed that MOF@Cu** possessed the
best bactericidal activity and ROS production activity (Fig. S5
and S6, ESIt), suggesting that the released Cu®" can signifi-
cantly enhance the efficiency of ROS production by consuming
GSH leaked from dead bacteria. Similar experimental results
could also be detected for E. coli. (Fig. S7-S12, ESIt) Conse-
quently, our prepared GSH-consuming photodynamic nano-
platform exhibited excellent broad-spectrum bactericidal
ability under light irradiation.

3.4 In vitro antibiofilm activity of MOF@Cu>*

The remarkable antibacterial activity of MOF@Cu®" suggested
that it may possess exceptional capabilities in eradicating
biofilm. To investigate this aspect, a series of experiments were
conducted, including crystal violet staining assay, the spread
plate method, live/dead staining assay and SEM. Initially, the
antibiofilm activity of MOF@Cu”* was investigated on S. aureus,
as disclosed in Fig. 4(a) and (b), the MOF alone group presented
an apparent dark purple color and large amounts of biomass,
indicating that the MOF did not show any antibiofilm ability.
However, the color of the crystal violet-stained biofilm became
much lighter and the biofilm mass decreased by 37.4%, 41.3%,
42.7%, and 41.6% for MOF + L, Cu®*', Cu** + L and MOF@Cu>*"
groups, respectively, suggesting that the light-irradiated MOF
and Cu®" exerted an antimicrobial effect to a certain extent.
The MOF@Cu®>" + L group showed the lightest color and only
15.4% of biofilm mass was detected, indicating that Cu>" could
effectively enhance the photodynamic effect of MOF for elim-
inating the biofilm. We assumed this could be attributed to the
GSH-consuming ability and the inherent bactericidal effect
of Cu®*. The results from the spread plate method, bacterial
viability measurement and live/dead staining assay further
confirmed this effect (Fig. 4(c)-(e)), consistent with the
in vitro antibacterial results. Finally, the morphological changes
in the S. aureus biofilm were detected via SEM. As disclosed in
Fig. 4(f), compared with the control groups, the MOF@Cu>" + L
group-treated biofilm showed the most severe damage
to bacteria, including severe folding and shrinkage of the
bacterial surface, significant deformation of the bacterial mor-
phology, and the loss of cell integrity. This suggests that the
combination of MOF@Cu®" and light treatment resulted in the
most potent destructive effects on the S. aureus biofilm. Similar
results were found in E. coli (Fig. S13-S18, ESIT). In summary,
these findings afford precious insights into the effectiveness of
light-irradiated MOF@Cu®" in the destruction of biofilm.

3.5 In vitro biocompatibility and cell migration assays of
MOF@Cu**

To further investigate the in vivo application potentials of
MOF@Cu?", in vitro assessments were conducted to assess
the biocompatibility of MOF@Cu®" via hemolysis and MTT
assays. As depicted in Fig. S19 (ESIt), no significant hemolysis
was detected even at a high concentration of 200 ug mL™",
indicating the negligible cytotoxicity of MOF@Cu>". The MTT
assay corroborated these findings by demonstrating a cell
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Fig. 4 In vitro antibiofilm efficacy of MOF@Cu?*

. (a) Images of crystal violet-dyed S. aureus biofilm after treatment with various groups. (b) Biomass of S.

aureus biofilm after treatment with various groups (n = 3; mean + SD). (c) Agar plate photographs of S. aureus isolated from biofilm after various
therapies. (d) Percentage survival rates of S. aureus obtained from biofilm with various therapies (n = 3; mean + SD). (e) Fluorescence images of S. aureus
biofilm after various therapies. (f) SEM images of S. aureus biofilm after various therapies. Statistical significance was calculated by two-way ANOVA using

the Tukey post-test.

survival rate above 90% even at the aforementioned concen-
tration of MOF@Cu®>" (Fig. S20, ESI{). Collectively, these out-
comes establish the favorable in vitro biocompatibility of
MOF@Cu?**.

Cu** plays an important role in regulating cellular metabo-
lism, such as in angiogenesis. It has been reported that Cu**
could expedite the healing of mice skin wounds.?® The primary
mechanism of Cu®** in modulating wound healing was mostly

(a) Control MOF

dependent on upregulating vascular endothelial growth factor
and integrin, stimulating the multiplication of human umbili-
cal vein endothelial cells, inducing collagen deposition, and
increasing copper-dependent enzymes.***” The human umbi-
lical vein endothelial cells (HUVEC) showed great effects in
terms of inflammation and wound healing.*®**° Herein, a
wound-scratch assay was performed to appraise the impact of
MOF@Cu®" on HUVEC migration. As illustrated in Fig. 5(a),

moF@cuz  (b)
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Fig. 5 In vitro migration of HUVEC cells. (a) Photos of HUVEC cell migration after various treatments by scratch tests at 0 h and 24 h. (b) A quantitative
study of the cell migration rate after various treatments at 24 h (n = 3; mean =+ SD). Statistical significance was calculated by one-way ANOVA using the

Tukey post-test.
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after 24 hours of treatment, the cells in the MOF@Cu*" group
exhibited substantial migration into the scratched area, result-
ing in a distinct reduction in the size of the initial wound.
Quantification using image J software further confirmed these
observations (Fig. 5(b)), revealing an approximately 82.4%
increase in HUVEC mobility in the MOF@Cu** group, which
was higher than the control (41.6%) and MOF groups (35.9%).
These results indicated that MOF@Cu** could promote cell
migration and may facilitate wound healing.

3.6 Antibiofilm and skin wound healing effects of MOF@Cu”*
in vivo

Encouraged by the excellent antibiofilm and cell proliferation
properties of MOF@Cu®" in vitro, we next assessed its ability to
combat biofilm infection and promote wound healing in vivo by
constructing a mice model of the S. aureus biofilm-infected
skin wound (6 mm in diameter). The whole animal experiment

(a)

S. aureus

Day -1

Creation of biofilm
infected wound

Day 0
Injection of MOF@Cu?

Without Light (f)

With Light
p<0.0001

Control MOF ~ Cu?* MOF@Cu?"

Relative wound area (%)

(e)

Without Ligh]
With Light

@
g
Masson

p<0.0001

\hmir

Control  MOF  Cu?* MOF@Cu?*

@ 9 9 B
8 3 8 3

Percentage survival (%)

CD 31

638 nm laser irradiation

Without Light

With Light

View Article Online

Journal of Materials Chemistry B

is shown in Fig. 6(a). The infected mice were divided into 8
groups (5 mice in each group) and named saline; saline + L;
MOF; MOF + L; Cu**; Cu*" + L; MOF@Cu?*'; MOF@Cu>* + L.
First, in vivo fluorescence imaging was performed to evaluate
ROS levels in biofilm-infected wounds before/after various
treatments. As shown in Fig. S21(a) and b) (ESIt), much higher
fluorescence intensity was detected for the MOF@Cu** + L
group than other groups, proving that MOF@Cu®" possessed
the best ROS production ability. Next, the wound areas of all
groups were monitored on days 0, 2, 4, 6, 8, and 10. As can be
seen from Fig. 6(b), wounds in all groups became smaller, and
skin epidermal thickening and inflammation could be detected
for control groups, while the MOF@Cu”" + L group showed the
minimum wound area. The wound-healing effect of MOF@Cu**
was also assessed by monitoring the real-time changes in wound
areas. As illustrated in Fig. 6(c) and (d), the MOF@Cu** + L
group exhibited the smallest wound area, accounting for
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Fig. 6 In vivo antibiofilm and wound healing effects of MOF@Cu?". (a) A schematic description of the establishment of S. aureus biofilm-infected mice
and the subsequent combination therapy. (b) Photographs of wound changes after different treatments of mice on days 0, 2, 4, 6, 8, and 10 (scale bars:
2 mm). (c) The dynamic trajectory of the wound area of mice in each group within 10 days. (d) The percentages of wound areas in different treated mice
after 10 days (n = 5; mean + SD). (e) Quantitative analysis of surviving microbes at wound tissues (n = 3; mean =+ SD). (f) HGE, Masson and CD 31 staining
of wound tissue after various therapies. () saline, (Il) saline + L, (Ill) MOF, (IV) MOF + L, (V) Cu®*, (VI) Cu®* + L, (VIl) MOF@Cu?®* and (VIIl) MOF@Cu®* + L.
Scale bars: 100 um). Statistical significance was calculated by two-way ANOVA using the Tukey post-test.

1326 | J. Mater. Chem. B, 2024,12,1317-1329

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3tb02577b

Published on 02 2024. Downloaded on 19.07.2025 03:58:19.

Journal of Materials Chemistry B

approximately 2.7% of the initial wound size, indicating the
superior effectiveness of this treatment in promoting wound
healing as compared to the other groups. To evaluate the GSH-
consuming ability of MOF@Cu>" in vivo, mice skin samples
were obtained to determine GSH levels. As shown in Fig. S22
(ESIY), the GSH levels were very low in the MOF@Cu”" + L group,
indicating that the light-irradiated MOF@Cu*"* exhibited signif-
icant GSH-depleting behavior in vivo. In addition, to further
assess the antimicrobial activity of MOF@Cu”*, wound skin
samples were harvested from all treatment groups, and the
bacteria in wounds were quantified using the plate counting
method. As depicted in Fig. S23 (ESIf) and Fig. 6(e), the
MOF@Cu®>" + L group displayed a remarkable absence of
bacterial colonies in comparison to the other treatment groups,
and bacterial viability was decreased by approximately 97.9%.
These results unequivocally highlighted the pronounced anti-
bacterial effect of light-irradiated MOF@Cu®’, underscoring its
superiority in mitigating bacterial growth. On day 10, skin
wounds were dissected, and skin sections were stained with
H&E for histological analysis (Fig. 6(f)). Compared with healthy
skin, the saline group possessed a large amount of inflamma-
tory cell accumulation and a thickening of the epidermal layer.
In contrast, light-irradiated MOF@Cu** displayed minimal
infiltration of inflammatory cells, dense tissue structure, and
intact histological features. These observations were consistent
with the staining results obtained using Masson’s trichrome
(Fig. 6(f)). In the MOF@Cu®" + L group, a significant increase in
the number of collagen fibers was observed, and the fibers were
closely and regularly arranged, similar to healthy skin. To assess
new vessel formation, CD 31 immunohistochemical staining
was also conducted (Fig. 6(f)). The number of blood vessels was
significantly higher in the MOF@Cu>" + L treatment group than
in the other groups, which was consistent with the results of
H&E and Masson staining. We assumed that this was mainly
caused by the synergistic effect of PDT in combating biofilm
infection and the angiogenesis of Cu®>'. In summary, our
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designed MOF@Cu>" nanosystem had excellent antibiofilm
activity in vivo and superior capability in promoting wound
healing.

3.7 Biosafety evaluation of MOF@Cu** in vivo

To appraise the in vivo biosafety of MOF@Cu**, histological
analysis was conducted on the major organs of mice, including
the heart, liver, spleen, lungs, and kidneys, dissected from
mice in the different treatment groups after 10 days. Notably,
no significant inflammatory lesions or organ damage were
observed in any of the examined major organs of the mice
(Fig. 7) and all the mice grew stably during the treatment
(Fig. S24, ESIf). Moreover, hematological parameters, such as
platelet count (PLT), mean corpuscular hemoglobin concen-
tration (MCHC), mean corpuscular hemoglobin (MCH), mean
corpuscular volume (MCV), hematocrit (HCT), hemoglobin
(HGB), red blood cell count (RBC) and white blood cell count
(WBC), as well as parameters related to kidney and liver
function, including urea, uric acid (UA), urea nitrogen (UREA),
aspartate transaminase (AST) and alanine transaminase (ALT)
were assessed. The results indicated no significant differences
in these parameters among the treatment groups (Fig. S25(a),
ESIt). Additionally, the blood biochemistry parameters related
to liver and kidney function (ALT, AST, UREA, and UA) were
found to be within the normal range (Fig. S25(b), ESIt), further
confirming that the material did not induce liver or kidney
dysfunction. These collective findings indicate the excellent
biosafety profile of MOF@Cu®*, supporting its promising
potential for clinical applications.

4 Conclusions

This study has favorably prepared Cu**-infused MOF as a novel
dual-enhanced photodynamic therapy approach for the eradi-
cation of bacterial biofilm infection. This therapeutic strategy
capitalizes on the simultaneous action of the bacterial-killing

MOF +L Cu? CuZ+L

MOF@Cu* MOF@Cu? + L

Fig. 7 H&E staining of internal organs (heart, liver, spleen, lungs, kidney) of mice after various therapies.
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effect of ROS and Cu®" in the maximization of GSH depletion
within bacteria and biofilm, and the consequent enhancement
of PDT efficacy against biofilm. In vitro and in vivo investiga-
tions confirmed the outstanding biofilm elimination capacity
of MOF@Cu®" under 638 nm laser irradiation. Noteworthy
findings also indicated the minimal toxicity associated with
the entire treatment process, stimulation of angiogenesis in
mice, and a substantial reduction in the healing time of skin
wounds. Collectively, this research provides a compelling and
innovative avenue for developing antimicrobic reagents and the
eradication of biofilm formation.
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