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Bimetal metal—organic framework domino micro-
reactor for synergistic antibacterial starvation/
chemodynamic therapy and robust wound
healingt
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Antibacterial chemodynamic therapy (aCDT) has captured considerable attention in the treatment of
pathogen-induced infections due to its potential to inactivate bacteria through germicidal reactive
oxygen species (ROS). However, the lifespan of ROS generated by CDT is too short to achieve the efficacy
of complete sterilization; thus, residual bacteria inevitably reproduce and cause super-infections. To
address this concern, we devise an innovative bimetal, metal-organic framework (BMOF) domino micro-
reactor (BMOF-DMR), consisting of Cu/Zn-rich BMOF and glucose oxidase (GOx), via electrostatic self-
assembly. GOx catalyzes conversion of glucose into H,O,, and the Cu?* ions then convert H,0, into "OH
to kill bacteria, thereby showing a domino effect. Accordingly, the BMOF-DMR not only blocks the nutri-
ent/energy supply for bacteria, but also triggers a Fenton(-like) reaction and glutathione (GSH) depletion
in a self-generating H,O, microenvironment, all leading to high-efficiency bactericidal performance
through synergistic starvation/chemodynamic therapy. Remarkably, in vitro and in vivo assessments
demonstrate that the BMOF-DMR has superior cytocompatibility and exhibits robust ability to accelerate
infectious full-thickness cutaneous regeneration through eradicating bacteria, promoting epithelialization
of the wound beds and facilitating angiogenesis from the antibacterial activity and delivery of bimetal
elements. The advantage of this antibacterial platform is that it suppresses bacterial metabolism by block-
ing the energy supply, which might prevent secondary infections from residual bacteria. As envisaged, the
use of such a micro-reactor with starvation/chemodynamic therapy is a promising approach for combat-
ing bacterial skin wounds.

1. Introduction

Pathogenic bacteria-induced infections pose a serious health
threat to human beings, causing diverse diseases, including
skin pustules,’ respiratory infections,® surgical infections,’
bacteremia,® bacillary dysentery,””® and gastric ulcers.’ To treat a
bacterial infection, antibiotics are inevitably and extensively uti-
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lized in clinical practice.”® However, the misuse and abuse of
antibiotics have led to the pandemic of multidrug-resistant bac-
teria."" Broad-spectrum antibiotics with high doses not only
provoke severe toxic side effects,"® but also engender large-scale
environmental pollution.”®'* Therefore, the development of
safe, efficient, and antibiotic-free therapeutic strategies is highly
demanded to ease the burden to society and the environment.
Antibacterial dynamic therapy (ADT) has become a main-
stream of antibiotic-free therapeutic methods in recent years,
arousing considerable research interests all over the
world.”™"7 ADT is mainly divided into exogenous and
endogenous tactics. Exogenous ADT tactics, including photo-
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dynamic therapy (PDT) and sonodynamic therapy (SDT), rely
on absorbing external energy (such as light or ultrasonic wave)
to yield germicidal reactive oxygen species (ROS) for rapid
sterilization."®®° Nevertheless, limited tissue penetration,
dependence on external energy supply, and the lack of infec-
tious microenvironment (IME) responsiveness dramatically
impede the further application of exogenous ADT at the
bedside.?’”® Hence, scientists have shifted their focus to
endogenous ADT for a breakthrough.>*>® Endogenous ADT
tactics, mainly chemodynamic therapy (CDT), achieve steriliza-
tion through the generation of 'OH triggered by Fenton or
Fenton-like reactions.”® CDT enables a response to an IME that
possesses peculiarities of an acidic micromilieu and elevated
expression of hydrogen peroxide (H,0,).>°*" Both peculiarities
will trigger a Fenton-like reaction for enhanced CDT. However,
insufficient H,O, content in the IME and the short lifespan of
the ROS generated by CDT make the bactericidal efficacy far
from satisfactory and possibly give rise to super-infections
caused by the residual surviving bacteria.>*> Therefore, it is
necessary to devise a self-generated H,O, antibacterial strategy
that can provide feedstock for CDT.

Bacteria are everywhere in nature: on, in, and around us,
and only require a few minutes to replicate due to their fast
metabolism.**** The energy for nearly all pathogenic bacterial
metabolism is supplied by the rechargeable cycle of adenosine
tri-phosphate (ATP) and adenosine di-phosphate (ADP),**°
which depends on the oxidation of carbohydrates, such as
glucose.’”?” Given the essential role of glucose in bacterial
growth and metabolism, consuming glucose is expected to
starve the bacteria by blocking their energy supply. As an
efficient biocatalyst, glucose oxidase (GOx) is capable of cata-
lyzing glucose into gluconic acid and H,0, under physiological
conditions, and has received enormous attention in oncology
therapy and evolved to starvation therapy.*® *° Integrating star-
vation therapy into antibacterial CDT not only provides
sufficient H,0, feedstock for CDT, but also permanently down-
regulates the bacterial metabolism via glucose depletion,
resulting in augmented CDT efficiency.

Metal-organic frameworks (MOFs) are a recently identified
class of porous polymeric materials comprised of metal ions
and organic ligands through coordination bonds. MOFs have
been extensively applied in advanced biomedical fields, such
as cargo delivery,”’ bioimaging,** biocatalysis,*® anti-
infection,"** and tissue regeneration,*® due to their chemical
diversity, high porosity, and potential metal ion delivery.*” Of
the diverse MOFs, zeolitic imidazolate framework-8 (ZIF-8),
which consists of zinc ions (Zn**) and 2-methylimidazolate
organic ligands as link units, is one of the most widely used
because of its mild preparation conditions, high specific
surface area, and excellent biocompatibility. For instance,
Alyami et al. reported a CRISPR/Cas9 gene editing protein
delivery system based on ZIF-8 that allowed for targeted and
cell-specific delivery.*® Zhu et al. encapsulated a neuropeptide
(SP) in ZIF-8 to prepare a hydrogel-based wound dressing
(SP@ZIF-8-PEG-TK@CA), which can induce the proliferation of
human dermal fibroblasts and promote wound healing.*’
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However, ZIF-8 only contains Zn>* ions and lacks specific
metal ions to trigger Fenton or Fenton-like reactions for CDT,
which restricts its application to infectious wound healing.
Copper (Cu) is an essential element with a long history of use
in humans and accelerates cutaneous regeneration by invol-
ving many wound-healing-associated processes, including
induction of vascular endothelial growth factor (VEGF), angio-
genesis, and the expression and stabilization of the skin extra-
cellular matrix (ECM).*® Cu®" ions, as a Fenton-like activity
agent, enable the rapid conversion of H,O, to highly germici-
dal "OH.>® Considering the foregoing advantages, we herein
propose a bimetal metal-organic framework domino micro-
reactor (BMOF-DMR), consisting of Cu-doped ZIF-8 and GOx,
via electrostatic self-assembly (Scheme 1a). In this system, GOx
first consumes glucose to suppress bacterial metabolism and
generate gluconic acid and H,0, via an enzymatic reaction. In
response to the acidic conditions, BMOF-DMRs degrade,
accompanied by a slow release of Cu®>" and Zn>". The released
ions not only trigger Fenton-like reactions for robust steriliza-
tion, but also facilitate angiogenesis to heal the wound
(Scheme 1c). The entire treatment process is as follows: H,0,
generation — Zn>*/Cu®" delivery — Fenton-like reaction —
antibacterial therapy — wound healing. These sequential pro-
cesses resemble a chain reaction seen in falling dominoes.
Both in vitro and in vivo assessments were implemented to vali-
date the biological domino effects of our proposed design.

2. Results and discussion

2.1. Preparation and characterization of a BMOF and
BMOF-DMR

To empower ZIF-8 with the capacity of Fenton-like activity and
soft tissue regeneration in our study, copper (Cu), a micronu-
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Scheme 1 Schematic illustrations of the preparation of (a) BMOF-DMR,
(b) its therapeutic effect toward bacteria-induced wound healing, and
(c) the domino reaction mechanism of the BMOF-DMR for killing bac-
teria and wound regeneration.
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trient essential element, was introduced into ZIF-8 to form
bimetal metal-organic frameworks (BMOFs). The Cu/Zn-rich
BMOF was fabricated through a facile homogeneous nuclea-
tion reaction at ambient temperature, which is in accordance
with the reported synthesis method of ZIF-8.>" Differing from
pristine ZIF-8, the incorporated Cu®>* occupies partial lattice
points of Zn>* to permit the formation of a Cu/Zn-rich BMOF
with a zeolite-like framework structure via the coordination of
Zn**/Cu®" and 2-methylimidazole. GOx is further decorated
onto the BMOF via electrostatic-driven self-assembly into an
“arm” BMOF with H,0, self-generating ability for enhanced
chemodynamic therapy, ultimately constructing a domino
microreactor (BMOF@GOXx). This microreactor is expected to
sequentially enable rapid sterilization and wound healing by a
series of domino reactions (Scheme 1).

The morphology and microstructure of the as-prepared
BMOF were first examined by SEM and TEM, respectively. As
shown in Fig. 1a and ¢, BMOFs have a regular dodecahedron
shape with a size of approximately 2-6 pum, which resembled
pristine ZIF-8 as reported in a previous study.”’ However, the
addition of Cu slightly deformed the orderly crystal structure
and wrinkled the surface. This alteration of morphology may
be ascribed to partial Cu ions occupying the lattice points of
Zn ions and forming Cu/Zn heterogeneous metal clusters.’>
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Fig. 1 SEM images of (a) BMOF and (b) BMOF-DMR (the green particles
represent GOx); (c) TEM images and (d) elemental mapping of the
BMOF; (e) XRD patterns and (f) N, adsorption—desorption isotherms of
the BMOF and BMOF-DMR; (g) zeta potentials of the BMOF, GOx, and
BMOF-DMR; (h) SEM images of the BMOF morphology after immersion
in PBS with different pH values (37 °C, pH 7.4, 5.6, 3.8) for 7 d.
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Fig. S1af indicates that the BMOF crystals contained Zn, Cu, C,
N, and O elements, which correspond to metal clusters and
organic ligands. The EDS mapping results (Fig. 1d) confirmed
the coexistence and homogeneity of Cu and Zn elements in the
BMOF, indicating that Cu ions were successfully introduced
into ZIF-8. After loading GOx, a mass of small particles was
embedded on the surfaces of the rhombic dodecahedron, indi-
cating that GOx successfully attached onto the BMOF surface
(Fig. 1b). BCA assays were carried out to further quantification-
ally measure the amount of loaded GOx. As shown in Fig. S2,7
the protein content of the BMOF-DMR is far more than that of
the BMOF, suggesting that the GOx is successfully loaded in the
BMOF-DMR. Besides, the calculated GOx loading capacity is
about 2.868 wt% according to the BCA assays. To figure out the
amount of Cu in BMOF-DMR, the concentration of Cu®>" in the
completely dissolved BMOF-DMR hydrochloric acid solution (1
M, pH = 0) was measured. And the calculative mass fraction of
the Cu content is about 4.655 + 0.004 wt%. Fig. S31 indicates
that no significant differences in hydrodynamic sizes are
observed between the BMOF and BMOF-DMR, which agrees
with the SEM results. The XRD spectra results are shown in
Fig. 1e. Compared with the XRD simulation spectra of ZIF-8, the
peaks in the XRD spectra of the BMOF slightly weakened and
broadened after introducing Cu*’, indicating a decrease in the
crystallinity of the synthesized BMOFs (Fig. 1e).>® These weaken-
ing and broadening peaks in the BMOF result from the fact that
Cu** ions occupy part of the lattice locations of Zn**, leading to
increasing disorder of the BMOF crystal structure. After decora-
tion with GOx, nonetheless, all the XRD peaks negligibly
changed, suggesting the crystal structure of the BMOF is not
altered in the BMOF-DMR. Moreover, the N, adsorption/desorp-
tion isotherms (77 K) of the BMOF and BMOF-DMR were type-1,
indicating that there are micropores in the BMOF structure. The
BET surface areas of the BMOF and BMOF-DMR were calculated
as approximately 1179 and 1073 m? g~ ', while the corres-
ponding total pore volumes were about 0.54 and 0.50 cm® g™*
respectively (Fig. 1f). The XPS spectra of the prepared
BMOF-DMR are shown in Fig. S4a-c.t The peaks at 1044.7 eV
and 1021.7 eV correspond to Zn,,/, and Zn,,;),, indicating the
existence of Zn*>* (Fig. S4bt). The peaks of Clypi, and Cuypse
are located at 953.9 eV and 934.0 eV with two satellite peaks,
both of which are typical bonding energies of Cu®* (Fig. S4ct).
These results suggest that GOx fills a part of the pores within
the BMOF due to the reduction of the pore volume and BET
surface area. According to the SEM and BET analyses, we found
that GOx both attaches on the surface and distributes to the
inner pores of the BMOF.

The colloidal stability of the BMOF and BMOF-DMR was
first assessed to explore their dispersion and stability under
liquid conditions. As illustrated in Fig. S5, the Tyndall effect
of the BMOF-DMR was still apparent after 48 hours of incu-
bation, indicating that the BMOF-DMR possesses excellent col-
loidal stability. The Tyndall effect could also be observed in
BMOF colloidal solution after 48 hours (h). However, after
incubating the BMOF colloidal solution for 8 h, some yellow
sediment appeared on the bottom of the glass bottle,
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suggesting the unsatisfactory colloidal stability of the BMOF.
Therefore, the loading of GOx increases the colloidal stability
of the BMOF, which is because of the increased surface poten-
tial. To investigate the biodegradability of the BMOF-DMR, the
amounts of Zn>" and Cu®" released from the BMOF-MOR at
different time intervals in PBS buffer (37 °C, pH 7.4) were
investigated by ICP-MS. The release of metal ions was quite
rapid during the first 5 h, and then slowed down, especially
after 8 h of incubation (Fig. S2bt). The cumulative ion release
of Zn®>" and Cu”" after 5 h of incubation was 0.085 wt% and
0.071 wt% of the total mass of the BMOF-DMR, respectively.
To visually investigate the biodegradability of the BMOF-DMR,
SEM images of the BMOF-DMR morphology were examined
after the immersion of the BMOF-DMR in a different PBS
buffer for 7 d. As shown in Fig. 1h, acidic conditions will
promote the collapse of the BMOF-DMR structure. The regular
dodecahedron structure of the BMOF-DMR was almost
unchanged after immersion in neutral PBS buffer (pH 7.4) for
7 d, while it was hard to find any intact regular dodecahedron
structure under acidic conditions (pH 5.6, pH 3.8). According
to the previous literature,> an IME is always accompanied by
acidic conditions (pH 5.5) due to low-oxygen fermentation,
which triggers the production of organic acids such as lactic or
acetic acid. These conditions will induce the BMOF-DMR to
rupture and release functional metal ions. However, the best
peroxidase-like activity of the released Cu®* requires a strongly
acidic environment with a pH of around 3 to 4, and the IME
contains only a small amount of H,0,, which restricts the CDT
ability of the BMOF. Fortunately, the catalytic process of GOx
will further lead to local acidic conditions (pH 3-4)** in which
the BMOF-DMR collapses more severely than in the PBS buffer
(pH 5.6) and delivers a considerable amount of metal ions
with robust peroxidase-like activity.

To explore the chemical composition of the BMOF-DMR,
FTIR characterization was performed (Fig. S1bf). The peaks at
3131 em™" and 2925 cm™" can be ascribed to the stretching
vibrations of C-H bands. The peaks of C=N are at 1572 cm™"
and the bands in the region of 900-1500 cm ™" are associated
with the bending of rings. Moreover, the characteristic vibration
of the Zn-N band was also detected at 426 cm™". Interestingly,
the spectra of the BMOF-DMR showed a great match with the
spectra of the BMOF, indicating the combination of GOx and
the BMOF seldom relies on chemical bonding. Furthermore,
zeta potential values of the BMOF and GOx were measured to
investigate their surface charge properties. The surface of the
BMOF (1.28 mV) was positively charged, which is beneficial to
absorbing the negatively charged GOx (—18.53 mV) by electro-
static interactions (Fig. 1g). The =zeta potential of the
BMOF-DMR was negative (—4.30 mV) because of the presence of
GOx, which has a negative charge.

2.2. Evaluation of extracellular chemodynamic activity

Since the synthesized BMOF-DMR includes two catalytic species,
in which GOx catalyzes the decomposition of glucose, while the
BMOF possesses intrinsic peroxidase-like activity, we hypothesized
that enhanced chemodynamic activity could be achieved by the

This journal is © The Royal Society of Chemistry 2022
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BMOF-DMR. The peroxidase-like activity of the BMOF-DMR was
first evaluated using TMB as the substrate. As illustrated in
Fig. 2e, TMB can be oxidized by H,0, to generate the deep blue
substance oxXTMB, which has a significant absorbance peak at
652 nm.>* The BMOF-DMR possesses increased enzyme-mimetic
activity with the concentration increasing due to high-yield H,O,
generated by glucose catalysis (Fig. 2g). The BMOF-DMR exhibited
greater catalytic ability than GOx or BMOF alone (Fig. S6at). In
fact, the oxidation of TMB relies on the yields of ‘OH generated by
H,0,.>®> Hence, the catalysis of Cu®* was likely devoted to
enhanced "OH production, resulting in the higher absorbance
peak of oxITMB in the BMOF-DMR group compared to the GOx
group within the same time frame. Nevertheless, the absence of
H,0, production in the BMOF group contributed to the lowest
absorption peak at 652 nm. The generation of H,0, was further
quantified to confirm the self-generated H,O, strategy. As shown
in Fig. S7,f the BMOF-DMR can significantly generate H,O, by
catalyzing conversion of glucose, and the generated H,O, concen-
tration reaches about 23.762 mM.

To further confirm the peroxidase-like ability of the
BMOF-DMR, methylene blue (MB) was acquired to detect the
outcome of 'OH.>® After reacting with "OH, the fluorescence of
MB declined, responding to the decrease in the absorption
peak at 660 nm in the UV-vis spectra (Fig. 2f). Fig. 2h shows the
time-dependent chemo-dynamic activity of the BMOF-DMR, ver-
ifying that Cu®" catalyzes H,O, generated by the oxidation of
glucose to produce "OH via a Fenton-like reaction. Nevertheless,
the best Fenton-like activity requires a strongly acidic environ-
ment with a pH of 3-4, which severely limits its applications in
an IME where a near-neutral pH is required. Fortunately,
glucose, a naturally nontoxic and biocompatible substance, can
be catalytically oxidized by GOx to generate substantial gluconic
acid and H,0,. The generation of gluconic acid dramatically
decreases the ambient pH and greatly maximizes the peroxi-
dase-like activity of the BMOF-DMR.

Electron spin resonance (ESR) spectroscopy identified the
generation of "OH using DMPO as a trapping agent (Fig. 2i).
Over time, the classical 1:2:2:1 signal which refers to the
presence of ‘OH became stronger, suggesting that abundant
‘OH was produced. The mechanism of the BMOF-DMR gener-
ating "OH was concluded as the following equations:

GOX catalysis:

Glucose + O, — gluconic acid 4+ H,0, (1)
Acid degradation of the BMOF:
BMOF — Zn*" + Cu*" + 2-methylimidazole (2)
Catalase-like action:
Cu*" + H,0, — Cu" + 0, (3)
Peroxidase-like/Fenton-like action:
Cu' + H,0, — Cu*" + "'OH (4)

The GOx catalytic production not only provides Fenton-like
and catalase-like reactions with an essential ingredient (H,0,),

Nanoscale, 2022, 14, 2052-2064 | 2055
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Fig. 2 UV-vis spectra of GSH reduction after treatment with (a) BMOF and (b) BMOF-DMR (0.5 w/v % glucose) at different concentrations; (c) the
corresponding loss of GSH in samples of different concentrations; (d) the reaction of GSH and DTNB; (e) oxidation reaction of TMB; (f) reaction
mechanism of MB and "“OH; UV-vis spectra of (g) TMB and (h) MB reductions for different reaction systems; (i) ESR spectra of the BMOF-DMR.

but also enhances the release of Cu**, which can endow the
BMOF-DMR with excellent "OH generation ability to enable
CDT.

Glutathione (GSH), a natural tripeptide composed of gluta-
mate, glycine, and cysteine, plays a pivotal role as an essential
“guardian” of bacterial cells against extracellular oxidative
invasion. Once met with ROS (like "OH, "0,>~ and '0O,), GSH is
oxidized and transformed into GSSG, resulting in oxidative
stress. Thus, the consumption of GSH is ascribed to the pro-
duction of ROS and contributes to the out-of-balance redox
environment. 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) is a
commonly used auxiliary color developing agent of GSH,
which converts colorless GSH solution into yellow solution

2056 | Nanoscale, 2022, 14, 2052-2064

(Fig. 2d). As shown in Fig. 2a and b, the absorbance of GSH
composites at 405 nm markedly decreased with an increase in
BMOF and BMOF-DMR concentrations. This phenomenon is
attributed to Cu®*/Cu* redox transition, and the corresponding
equation is:*”

Cu*" + GSH — Cu™ + GSSG.

With the BMOF structure collapsing, Cu®" is released and
acts as a catalyst to accelerate the conversion of GSH to GSSG.
Therefore, more GSH is consumed with increasing concen-
trations of both the BMOF-DMR and BMOF, which is charac-
terized as declined absorbance at 412 nm (Fig. 2a and b).

This journal is © The Royal Society of Chemistry 2022
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Dramatically, the BMOF-DMR consumes more GSH than the
BMOF at each concentration according to the quantitative
experiment (Fig. 2c). The depletion of GSH will amplify the
effect of CDT as the “guardian” (GSH) of the cellular anti-
oxidant defense system has been collapsed.

Considering these results, the reactions triggered by the
BMOF-DMR are sequentially associated and resemble domi-
noes (Fig. S8t). GOx, serving as the starting catalyst, is able to
continuously convert nontoxic glucose into sufficient H,O,
and contribute to a locally acidified environment, which will
further induce the degradation of the BMOF. Thereafter, the
release of Cu®>* from the BMOF will react with intracellular
GSH bacteria to generate Cu', leading to the consumption of
GSH. Finally, the Cu**/Cu” pairs can achieve GSH depletion,
'OH generation, and O, regeneration via circular conversion
between Cu”" and Cu™.

2.3. Antibacterial activity in vitro

Inspired by the potent chemodynamic performance of the
BMOF-DMR, its antibacterial outcomes were investigated
in vitro. To evaluate the broad-spectrum antimicrobial ability
of the BMOF-DMR, Gram-negative (Escherichia coli, E. coli) and
Gram-positive (Staphylococcus aureus, S. aureus) bacteria, two
common pathogenic bacteria, were employed. The bacterio-
static ability of the BMOF-DMR was first explored by the
spread-plate assay in the presence of glucose. As displayed in
Fig. 3a, S. aureus possesses a relatively higher resistance
against the BMOF than the BMOF-DMR, which agrees with the
generation of more toxic ‘'OH in BMOF-DMRs. GOx exhibited
part of the inhibition effect of bacteria due to the generation
of H,0,, indicating that H,0, alone could not efficiently oblit-
erate bacteria. Apart from catalysis, GOx is also a starvation
therapy agent via consuming the glucose nutrients.”®>® More
importantly, the degradation of glucose not only provides an
acidic environment to accelerate the liberation of Cu®** and
Zn>", but also generates H,0, as the reactant of peroxidase-like
reactions. According to previous reports, Zn>" may generate
ROS in bacterial cells and induce oxidative stress to disorga-
nize gene expression, obstruct the synthesis of cell walls, and
ultimately contribute to bacterial death.®®®" Hence, a massive
amount of released Zn** and high-yield "OH endow the
BMOF-DMR with excellent bacteriostatic ability in a relatively
low concentration, as shown in the quantitative results of the
spread plate assay (Fig. 3b and d). The antibacterial efficiency
of S. aureus and E. coli is 93.03% and 95.05% for the
BMOF-DMR at a concentration of 40 pg mL™', respectively.
Dramatically, the group treated with the BMOF alone elimi-
nated over 90% of bacteria at a concentration of 50 ug mL ™",
which is due to the release of Zn?*". However, Zn*" and Cu** are
both potentially cytotoxic when they exceed a certain concen-
tration range.®*®* Since high concentrations of Cu®*" and Zn**
could damage the healthy tissues, and 40 pg mL™’
BMOF-DMR could kill over 90% of S. aureus and E. coli, this
concentration was chosen for the subsequent investigations.
SEM images were carried out to observe the morphologies
and integrity of bacteria after treatment with the BMOF-DMR,
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BMOF, or PBS (Fig. 3e). The surface of both S. aureus and
E. coli cells remained intact and smooth after treatment with
BMOF and PBS, while the cell membranes wrinkled and col-
lapsed with a bit of cytoplasm leakage (red arrows in Fig. 3e)
when exposed to the BMOF-DMR, indicating the BMOF-DMR
exhibits adequate antibacterial activity.

To clarify the antibacterial activity of the nanocomposites,
dual fluorochromes (STYO-9 and PI) were implemented for
staining live (green) and dead (red) bacteria. After BMOF and
BMOF-DMR treatment, the red fluorescence signal increased
significantly (Fig. 3f); the BMOF-DMR had a better antibacter-
ial effect against both S. aureus and E. coli than the BMOF as
the strong red signal appeared only in the BMOF-DMR, where
the intensity of the red signal accounted for 78.0% and 90.2%
of the total intensity toward S. aureus and E. coli, respectively
(Table S1). The BMOF possessed a more robust antibacterial
efficiency toward S. aureus than E. coli, which is consistent
with the spread plate assay results (Fig. 3a-d).

To explore the kinetics of the antimicrobial course, antibac-
terial kinetic tests that show the relationship between the time
and number of bacteria cells were conducted (Fig. 3g and
Fig. S9at). The bacterial growth curves indicate that both the
BMOF and BMOF-DMR inhibit S. aureus growth. In contrast,
E. coli continued to grow after treatment with the BMOF, but
still showed a certain degree of resistance compared with the
control group. However, BMOF-DMR treatment completely
suppressed E. coli growth within 5 h, reflecting its potent anti-
bacterial activity, which is associated with the BMOF-DMR
starvation therapy as GOx consumes the main nutrients
(glucose) to block bacterial energy supply.

To confirm the generated acidic conditions during the anti-
bacterial process, the pH value of the bacterial suspension
treated with samples was measured. As shown in Fig. S9b,7
the pH value could decrease to 3-4 in the BMOF-DMR treated
media after incubation for 5 h, while the BMOF treated group
maintains the original pH value, indicating the catalytic
process of GOx will lead to local acidic conditions.

Herein, a mechanism based on the energy blocking
enhancement of CDT for eradicating pathogens is shown in
Scheme 2. GOx first consumes glucose to continuously block
the bacterial energy supply, as well as generate gluconic acid
and H,0, via enzymatic reactions.

In response to the local acidic conditions, the BMOF-DMR
begins to degrade, accompanied by a slow release of Cu** and
Zn**. Subsequently, the released ions not only trigger a peroxi-
dase-like reaction to produce abundant ‘OH, but also cause
intracellular GSH depletion, leading to cell wall damage and
oxidative stress. Moreover, the released Zn>' and "OH will
further invade bacterial cells and inactivate the enzymes and
DNA system of bacteria, achieving robust sterilization.

2.4. Biocompatibility of the BMOF-DMR in vitro

Since a high-dose of Cu®** and Zn** may harm normal tissue,
the cytotoxicity of the BMOF-MOR nanocomposites at bacteri-
cidal concentrations was investigated. Mouse fibroblast cells
(L929) and human umbilical vein-derived cells (HUVECSs) were
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Fig. 3 Antibacterial evaluations: spread plate results of (a) S. aureus and (c) E. coli treated with PBS, GOx, BMOF, or BMOF-DMR; the corresponding
antibacterial efficiency of (b) S. aureus and (d) E. coli; (e) SEM images of bacterial morphology and integrity; (f) fluorescence images of live/dead
staining of S. aureus and E. coli after PBS, BMOF, and BMOF-DMR treatment (the red and green cycles in the upper left represent red and green flu-
orescence intensity ratios, respectively); (g) bacterial growth kinetic curves of S. aureus treated with PBS, BMOF, or BMOF-DMR after 5 h of succes-

sive incubation (M40: 40 ug mL~* BMOF; MD40: 40 ug mL™* BMOF-DMR).

acquired to test BMOF-MOR biocompatibility in vitro. A CCK-8
assay was first performed to investigate the cytocompatibility
of the BMOF-DMR. As shown in Fig. 4c, the proliferation of
the L929 cells in the BMOF group was comparable to the
control group, indicating the excellent cytocompatibility of the
BMOF. In addition, the BMOF-DMR groups showed a compara-
tive value of optical density compared to the PBS and BMOF
groups. L929 cells continued to grow even when co-incubated

2058 | Nanoscale, 2022, 14, 2052-2064

with 40 pg mL~' BMOF-DMR, suggesting that the BMF-DMR
has negligible cytotoxicity. Similar results were seen in the
CCK-8 assay of HUVECs (Fig. S107). Nevertheless, the cell
number decreased as the concentration of the BMOF-DMR
increased because of the cytotoxic ‘OH produced, which comes
from the catalysis of glucose (4.5 g L") in DMEM. To further
explore the impact of the BMOF-DMR on cell growth, DAPI
and FITC-phalloidin were utilized to counterstain the cell
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Scheme 2 Schematic of the disinfection mechanism of the BMOF-DMR towards S. aureus and E. coli.

nucleus (blue) and the cytoskeleton (green) (Fig. 4a).
Compared with the PBS group, more F-actins were present in

b PBS M40 MO10 MD20 MD40
L/o
Staining 100 um
6 d
1.0{™pgs * 120
E 08{™™uin ' E 10
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L l I I = 80 i
£l g
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Time (d) Group

Fig. 4 Mouse fibroblast cell line L929 was utilized to evaluate the bio-
safety of samples in vitro: (a) fluorescence images of L929 cells culti-
vated on PBS, BMOF, or BMOF-DMR for 1 d. The cytoskeleton is stained
green with phalloidin, and the nuclei are stained blue with DAPI; (b) flu-
orescence images of live/dead fluorescence of L929 cells after treat-
ment with PBS, BMOF, or BMOF-DMR; (c) CCK-8 test of L929 cells co-
cultured with different samples for various times; (d) the corresponding
VEGF content of L929 cells after 3 d of co-culture with samples (M40:
40 pg mL~* BMOF; MD40: 40 pg mL~* BMOF-DMR).

This journal is © The Royal Society of Chemistry 2022

the BMOF-DMR group, which suggests that cells were in an
active state and spreading well. As illustrated in Fig. 4b, a live/
dead staining assay was performed to evaluate the cytotoxicity
of the BMOF-DMR. A negligible number of dead cells were
present in all groups, indicating that the prepared samples
had little influence on cell viability.

ELISAs were carried out to explore whether the BMOF-DMR
can induce intracellular VEGF expression. The larger the con-
centration of the BMOF-DMR was, the more VEGF was
detected (Fig. 4d). This may be ascribed to the fact that the
releasing Cu®* can promote the expression of VEGF and
angiogenesis.®*®> Compared with the PBS and BMOF groups,
40 pg mL™' BMOF-DMR induced more VEGF generation
because of significant Cu®* release. However, the existence of
GOx contributed to the pH decrease and cytotoxicity due to the
domino reaction effect. Even if 1929 cells suffered toxicity
from °‘OH, they produced more VEGF in the BMOF-DMR
group, disclosing the impressive effect of Cu®* on the induc-
tion of angiogenesis.

2.5. Antibacterial activity and wound healing in vivo

The excellent antibacterial activity and biocompatibility of
BMOF-DMRSs in vitro inspired us to investigate its capacity for
healing infected wounds using an S. aureus-infected wound
model (Fig. 5a). The BMOF-DMR was expected to kill patho-
gens and induce significant angiogenesis, thus achieving the
purpose of wound healing (Fig. 5b). Female Balb/c mice (7
weeks) were purchased from Chengdu Dossy Experimental
Animals Co., Ltd. All the animal care and experimental proto-
cols were approved and complied with the instructions of the
Medical Ethics Committee of Sichuan University (No.
2021605A). To evaluate the antibacterial activity of the
BMOF-DMR in vivo, a round full-thickness cutaneous wound
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the corresponding tissue culture medium. (f) Digital photographs of
bacterial liquid culture media after the addition of interstitial liquid for 2
d.

was created on the dorsal sites of mice by surgical scissors and
the wound was then infected with S. aureus. The wound
images were recorded at different time points (-1, 0, 1, 3, 5,
and 7 d) using a digital camera, and the harvested images
were then manipulated to give the schematic diagrams of
wound closure progress (Fig. 5¢). Compared to controls, mice
treated with the BMOF-DMR first formed scars and the area of
the wounds decreased faster and almost disappeared on d 7.
In addition, the infections were markedly suppressed after
treatment with the BMOF-DMR for 3 d, while the wounds of
the controls were still suppurated in various degrees (Fig. 5c).
Moreover, the wound area of the BMOF-DMR group decreases
faster than other groups, illustrating that the BMOF-DMR can
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promote the process of wound healing (Fig. S11at). To assess
the germicidal efficiency, the interstitial fluids of wounds after
treatment with samples for 1 d were collected with sterile wet
cotton and cultured for 2 d to determine the infection con-
ditions. The results of the spread plate assay in Fig. 5d and e
demonstrate that bacteria in the BMOF-DMR group could
decrease to 13.2%, eliminating most pathogenic bacteria. The
ZIF-8 group rarely eradicated the pathogen, while the BMOF
group exhibited a slight antibacterial effect with bacterial sur-
vival rates of 84.4% and 35.7%, respectively. The reason for the
different antimicrobial performance between ZIF-8 and the
BMOF may be ascribed to few functional metal ions released
in ZIF-8 due to its relatively stable crystal structure and lack of
Cu*". Moreover, the results of the digital photos of bacteria
solution, obtained by culturing the interstitial fluid of wounds
for 2 d, clearly distinguished the efficiency of sterilization for
each group by observing the turbidity of the liquid media. The
liquid media of the BMOF-DMR-treated and blank control
groups were both limpid such that the symbol behind the
bottle could be observed, while the turbid bacterial suspension
obscured the symbol behind the bottle in other groups, which
is consistent with the spread plate assay in Fig. 5e (Fig. 5f).

To further evaluate the wound infection, histological ana-
lysis was performed, including Giemsa and immunohisto-
chemical (CD34 and TNF-a) staining. As shown in Fig. 6a,
Giemsa staining suggested that fewer bacteria survived in the
BMOF-DMR group (marked by yellow arrows). The inflamma-
tory response is an important signal of bacterial infection.
Tumor necrosis factor a (TNF-a) is an important marker of cel-
lular immunity,®® and CD34 is a marker of hematopoietic stem
cells.®”% In fact, TNF-a plays an imperative role in inflamma-
tory reactions, and its expression reflects the severity of the
inflammation.®® CD34 is a well-recognized blood vessel
marker, which could represent angiogenesis. TNF-a staining
showed that the BMOF-DMR group had a small inflammatory
response, while other groups indicated more severe levels of
inflammation. The quantitative results of TNF-a staining
further distinguished the differences in the inflammatory
response among the groups. The low positive portion of the
BMOF-DMR accounted for only 18.3%, whereas the pro-
portions of the low positive parts in the PBS and ZIF-8 groups
were 26.2% and 22.8%, respectively (Fig. 6b). The blood
vessels were mainly distributed in the skin epidermis and
inflammation was inconspicuous in the BMOF-DMR group
based on CD34 staining (Fig. 6¢). Further quantitative analysis
of CD34 staining disclosed that the BMOF-DMR and BMOF
groups, with 19.5% and 15.8% of the percentage contribution
of the low positive parts, respectively, promoted the formation
of new vascular endothelial cells compared to the ZIF-8 group,
which had a negligible positive signal. This finding indicates
that Cu®* can induce angiogenesis in vivo. The quantitative
results of CD34 and TNF-a immunohistochemical staining
showed a low inflammatory reaction and better angiogenesis
in the BMOF-DMR group, which is consistent with its strong
antibacterial and biocompatible capability (Fig. 6d and e).
Taken together, these results indicate that the BMOF-DMR

This journal is © The Royal Society of Chemistry 2022
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enabled the eradication of pathogens in the infected wounds
and the release of Cu®>" promoted angiogenesis.

We performed H&E, Masson, and immunofluorescence
staining to further assess wound healing in vivo. As shown in
Fig. 7a, mostly intact dermal tissue with considerable hair fol-
licles, connective tissues, and a few inflammatory cells
appeared on the BMOF-DMR wound after 7 d of treatment
according to the H&E staining results, which closely resembles
the dermal tissue of normal mice. In contrast, the wounds of
other groups had numerous inflammatory cells, and the hair
follicles and connective tissues were hardly recognizable, illus-
trating the poor healing of wounds. In addition, the widths of
the residual granulation tissues were 1.20, 1.12, 1.84, and
0.49 nm for PBS, ZIF-8, BMOF, and BMOF-DMR, respectively,
indicating better recovery of the wound treated with the
BMOF-DMR. Hence, the BMOF-DMR could significantly accel-
erate wound healing. Collagen is one of the essential com-
ponents of normal skin tissues and can reflect wound recovery.
Masson staining revealed that more collagen deposition was
found in the PBS and BMOF-DMR groups, while the ZIF-8 and
BMOF groups induced little collagen deposition (Fig. 7b).
According to the quantitative results, the collagen volume frac-
tion of the BMOF-DMR was 2-fold that of the ZIF-8 and BMOF
groups and 1.5-fold that of the PBS group (Fig. 6f).
Immunofluorescence staining of VEGF was used to evaluate
angiogenesis in the BMOF-DMR-treated wounds. As displayed
in Fig. 7c, the expression of VEGF (green) was significantly

BMOF BMOF-MDR Normal

Fig. 7 In vivo evaluation of wound healing: (a) HGE, (b) Masson and (c) VEGF/DAPI immunofluorescence staining of the dermis of the wound area

after treating the infected wounds with different samples for 7 d.

This journal is © The Royal Society of Chemistry 2022
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higher in the BMOF-DMR group, supporting the theory that
the release of Cu®>" promotes VEGF expression. The quantitat-
ive results further confirm the most expression of VEGF in the
BMOF-DMR (Fig. S1ict). In addition, the VEGF fluorescence
signal distribution of the BMOF-DMR covers the entire dermis,
whereas the green fluorescence signal only appears in scars
and parts of the dermis near the epidermis in the PBS and
ZIF-8 groups, providing further evidence that Cu®*" promotes
angiogenesis among the whole corium layer during wound
healing.

The biosafety of BMOF-DMR in vivo was investigated by
blood biochemical analysis, including white blood cells
(WBC), neutrophil granulocytes (NEUT), red blood cells (RBC),
hemoglobin (HGB), hematocrit (HCT), and platelets (PLT). The
WBC and NEUT of the control group were at higher levels than
those seen in the BMOF-DMR group after 7 d of treatment due
to severe inflammation (Fig. S11a and bt), which is consistent
with the wound images, immunohistochemistry, and H&E
staining. As shown in Fig. S11c-f,f no significant difference
was observed in the BMOF-DMR group compared to the
control groups for the HGB, HCT and PLT indicators.
Moreover, the major organs (heart, liver, spleen, lungs, and
kidneys) of mice were collected for histological analysis with
H&E staining (Fig. S12g7). No visible abnormal organs or
tissues could be observed among all groups after treatment for
7 d and no inflammation or histological lesions could be
observed from the BMOF-DMR group. Additionally, the weight
of the mice changed negligibly over the course of the experi-
ment (Fig. S11b}). Thus, these results illustrate that
BMOF-DMR treatment has good biosafety and does not
change the blood biochemistry in vivo.”®

3. Conclusions

In summary, we successfully synthesized a BMOF/GOx
bimetal metal-organic framework domino micro-reactor via
electrostatic self-assembly. The engineered domino micro-
reactor not only suppresses bacterial metabolism through
blocking energy supply, but also triggers a Fenton-like reac-
tion and GSH depletion through self-generating H,0, in an
IME, resulting in synergistic starvation/chemodynamic
therapy. Both in vitro and in vivo experiments have evidenced
that the BMOF-DMR presents high-efficiency and long-dur-
ation antibacterial performance. Moreover, superior cyto-
activity, upregulation of the expression of VEGF, in vivo angio-
genesis and biocompatibility were found on the BMOF-DMR
because of the delivery of micronutrient elements (Cu, Zn)
from a bimetal MOF. Bacterial infection is well eradicated
with starvation/CDT synergistic therapy, and neovasculariza-
tion is accelerated with metal ion release, which promotes
infectious full-thickness cutaneous regeneration.
Accordingly, this work provides a new platform with a multi-
farious function of angiogenesis and bacteriostasis to defeat
recalcitrant bacteria-caused skin wounds.
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4. Experimental

Details of the experimental procedures are provided in the
ESL ¥
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