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A diabetic wound causes thousands of infections or photo-bio-catalytic cascade
deaths around the world each year, and its healing remains a critical HOFs nanoreactor

glucose

challenge because of the ease of multidrugresistant (MDR)
bacterial infection, as well as the intrinsic hyperglycemic and
hypoxia microenvironment that inhibits the therapeutic efficiency.
Herein, we pioneer the design of a photobiocatalytic cascade
nanoreactor via spatially organizing the biocatalysts and photo-
catalysts utilizing a hydrogen-bonded organic framework (HOF)
scaffold for diabetic wound therapy. The HOF scaffold enables it to
disperse and stabilize the host cargos, and the formed long-range-
ordered mesochannels also facilitate the mass transfer that enhances
the cascade activity. This integrated HOF nanoreactor allows the HOF-101 cAT %Gm ® ces

continuous conversion of overexpressed glucose and H,O, into toxic

reactive oxygen species by the photobiocatalytic cascade. As a result, it readily reverses the microenvironment of the diabetes wound
and exhibits an extraordinary capacity for wound healing through synergistic photodynamic therapy. This work describes the first
example of constructing an all-in-one HOF bioreactor for antimicrobial diabetes wound treatment and showcases the promise of
combined biocatalysis and photocatalysis achieved by using an HOF scaffold in biomedicine applications.
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which eagerly binds with polysaccharides, lipids, and proteins
to destroy bacterial membranes and organelles and ultimately
results in cell death.>® Nevertheless, the aPDT efficiency is still
restricted in the MDR-infected diabetic wound healing because
(1) most photosensitizers have limited clinical applications
attributable to their defects such as easy aggregation, poor
water solubility, and less accumulation on the bacterial
surface,”” (2) in addition to high H,O,-expressive inflamma-
tion,” the hostile hyperglycemic environment in diabetic
wounds can cause the constriction of blood vessels and inhibit
angiogenesis, and hence prolong the scarring or nonhealable
wounds that impede the healing process,'”'" (3) aPDT relies
on a successive oxygen consumption process, which hugely

Chronic nonhealing wounds caused by bacterial infection have
severely threatened the public’s safety and ecological environ-
ment for a long time,"” especially susceptible to multidrug-
resistant bacteria (MDR)-infected diabetic wounds. The
MDR-infected diabetic wounds usually result in serious
chronic skin wounds and have resulted in significant morbidity
and mortality worldwide. Traditional antibiotics, as the most
efficient microbial infection strategy, were once all the rage in
the past few decades. Unfortunately, the worldwide overuse of
continuous generation of antibiotics in healthcare has
exaggeratively pushed them to the limits, triggering the
evolution of microorganisms into drug-resistant strains and o o > )
even the constant emergence of MDR “superbacteria.”>* exacerbates local hypoxia in the original hypoxic microenviron-

Antimicrobial photodynamic therapy (aPDT), a noninvasive

and unconventional treatment, features the virtues of limited May 25, 2022
drug resistance, minimal invasiveness, great selectivity, and no August 10, 2022
side effects, which has been recognized as a promising August 10, 2022

technique for various bacteria-infected disease wound August 19, 2022

therapies. It relies on the photoinduced generation of cytotoxic
reactive oxygen species (ROS), especially singlet oxygen ( '0,),
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Scheme 1. Schematic Representation of the Photobiocatalytic Cascade HOF Nanoreactor for Accelerating Diabetic Wound
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ment to largely constrict the aPDT therapeutic outcomes.'”
Besides, MDR-infected diabetic wound healing is a compli-
cated process including three phases: inflammation, prolifer-
ation, and tissue remocleling.13 Therein, the hypoxic environ-
ment is aggravated by the aggregation of highly oxygen-
consuming inflammatory cells, but the prolonged oxygen
deprivation in chronic trauma severely delays wound healing.
Hitherto, massive efforts have been invested in exploiting
oxygen-generating systems.'”'® It is urgently needed to
conceive new aPDT strategies circumventing the aforemen-
tioned challenges for MDR-infected diabetic wounds therapy.

Rational encapsulation of biofunctional proteins into porous
organic frameworks, mainly focused on metal—organic frame-
works (MOFs), is advanced nanotechnology for restoring the
enzymatic function in a cell-free environment,'*™"? which
provides new insights into the next-generation nanobiosystem
for different applications. However, the most widely used MOF
matrix, zeolitic imidazolate framework-8 (ZIF-8), has a
narrowly crystallographic aperture (ca. 3.4 A) that restrains
the mass transfer for biocatalysis and also limits the subsequent
loading of therapeutic cargos.”’ As a class of emerging porous
crystal materials, hydrogen-bonded organic frameworks
(HOFs) hold a reticular chemistry with high porosity, large
specific surface areas, and tailored pore size/shape.”">* Beyond
that, hydrogen-bonded linkage topology endows HOFs with
several distinct merits such as mild synthetic condition, easy
recyclability, and excellent biocompatibility benefiting from
their metal-free attribute. Such structural features provide new
opportunities for designing the alternative HOF bionanosys-
tem, yet the proof-of-concept biomedical study is scarce
because the HOF chemistry is still in its infancy, most likely
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due to its low structural stability of hydrogen-bonded
linkage.”” %

Herein, we integrated a photobiocatalytic cascade HOF
nanoreactor that enabled the continuous toxic ROS gener-
ation, as well as glucose- and H,0,-activated oxygen pumping,
for antimicrobial diabetes wound therapy. The inspiration for
this HOF bioreactor was drawn from the natural biocascade,”®
which enabled the intracellular biotransformation of unwanted
substances into on-demand biomolecule utilizing tandem
enzymatic reactions. The photocatalyst and cascading enzymes,
involving glucose oxidase (GOx) and catalase (CAT), were
spatially immobilized within a mesoporous HOFs scaffold. The
HOF skeleton dispersed and stabilized the host cargos, and its
mesoporous channel ensured the high accessibility of the
internalized biocatalysts that favored the biomimetic cascade
process (Scheme 1). By means of the photobiocatalytic
cascade of our HOF bioreactors, the excessive endogenous
glucose and H,O, in diabetes wound could efliciently convert
into highly active singlet oxygen in situ. This process relieved
the hyperglycemic and hypoxic microenvironment and
accelerated the aPDT process for diabetic wound healing.

HOF-101, also termed as PEC-1,”?® was selected as the
framework for engineering the photobiocatalytic cascade
nanoreactor because (1) HOF-101 is topologically constructed
by a large z-conjugated photosensitizer, termed as 1,3,6,8-
tetrakis(p-benzoic acid)pyrene (H,TBAPy). Such reticular
linkage allows the spatial organization of H,TBAPy and
enlarges the z-conjugated system, and these features advance

https://doi.org/10.1021/jacsau.2c00321
JACS Au 2022, 2, 2048—2058


https://pubs.acs.org/doi/10.1021/jacsau.2c00321?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00321?fig=sch1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Self-assembly

(B)
)
12
£
£s
£ 489.6mig .-
E ----------- PP LT Lihd
g4 i’
3 HOF-101
- i « EnHOF-101
0
00 02 04 06 038 1.0

P/P,

10 nm

Top view: H-bonded interaction

Ce6
—

+. Side view: - Stacking

Ce6@EnHOF-101

merged

(E)

Ce6@EnHOF-101

Figure 1. (A) Schematic representation of the preparation of the photobiocatalytic cascade HOF-101 nanoreactor. (B) N, adsorption/desorption
isotherms of HOF-101 before and after enzyme encapsulation. (C) CLSM images of the spatial distribution of CAT and GOx within HOF-101.
Note that the HOF-101 has weak green fluorescence, which has been deducted in the CLSM imaging of FITC-CAT. (D) Cryo-EM image of the
designed HOF-101 nanoreactor. (E) Digital photographs of the EnHOF-101 before and after Ce6 loading.

the photodynamic efficiency; (2) the layer-by-layer 7—n
stacking affords HOF-101 high chemical stability in a wide
range of pH (pH 1-12).7** Considering the mild
crystallization process of HOFs and the large molecular size
of enzymes (CAT: 4.9 X 4.4 X 5.6 nm; GOx: 6.0 X 5.2 X 7.7
nm, Figure S1), the bulky biocargos, including GOx and CAT,
were spatially confined within the HOF-101 scaffold via an in
situ approach®® (Figure 1A, the biocomposite was denoted as
EnHOF-101), followed by loading the photosensitizer, chlorin
e6 (Ce6), within the topological mesopores to reinforce the
photodynamic capacity (Figure 1A, the bioreactor was denoted
as Ce6@EnHOEF-101).

The powder X-ray diffraction patterns of the synthesized
EnHOF-101 and Ce6@EnHOF-101 well inherited the Bragg
diffraction peaks of the parent HOF-101 (Figure S2),
indicating that the crystallinity was reserved. The scanning
electron microscopy (SEM) image presented a rod-like
nanostructure of the as-synthesized Ce6@EnHOF-101 (Figure
S3A), which was in agreement with that of HOF-101 (Figure
S3B). To examine the encapsulation of enzymes, we first
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designed an adsorption experiment (details seen in the
supplementary methods section in the Supporting Information
and Figure S4), which elucidated that the bulky GOx and CAT
(GOx: 6.0 X 5.2 X 7.7 nm; CAT: 4.9 X 4.4 X 5.6 nm, Figure
S1) were impossible to be surface-adsorbed onto or post-
infiltrate into the as-synthesized HOF-101. In the Fourier-
transform infrared spectra (Figure S5), the spectral bands at
1700—1610 cm™ and 1595—1480 cm™" in EnHOF-101 were
designated as the amide I band and amide II band of the
peptide skeleton of the enzymes,™ attesting the successful
incorporation of enzymes. Besides, the loading of the enzymes
was further supported by the nitrogen adsorption/desorption
isotherm experiments (Figure 1B). The nitrogen—adsorption
amount of EnHOF-101 [calculated Brunner—Emmet—Teller
(BET) surface area: 489.6 m*/g] was significantly reduced in
comparison to that of the pure HOF-101 (calculated BET
surface area: 975.3 m?/ g). Also, the calculated pore volume of
EnHOF-101 dynamically decreased at the same time (Figure
S6), indicating the successful loading of enzymes. A closer
examination of the spatial distribution of enzymes in EnHOF-
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101 was carried out by confocal laser scanning microscopy
(CLSM) experiment, where the CAT and GOx were
prelabelled with the green dye fluorescein isothiocyanate
(FITC) and the red dye rhodamine B (RhB), respectively. As
displayed in Figure 1C, the overlapped fluorescence elucidated
that both GOx and CAT were confined throughout the HOF-
101 scaffold. Furthermore, the enzyme-loading efficiencies,
calculated according to fluorescence intensity changes (Figure
S7) in the supernatants before and after encapsulation, were ca.
18.3 and 15.8 wt % for CAT and GOx, respectively (Table S1).
These results together demonstrated that both CAT and GOx
were efficiently encapsulated into HOF-101.

To clarify if the enzymes could reserve their original activity
after encapsulation, we also synthesized the GOx-encapsulated
HOF-101 (GHOF-101) and CAT-encapsulated HOF-101
(CHOF-101), respectively, using a similar in situ approach
(Figure S8). The catalytic rates (Figure S9) of GHOF-101 and
CHOF-101 were slightly inferior to the free GOx and CAT at
the same enzyme dosage (Figure S10). These slight decreases
in activities after encapsulation were caused by the inevasible
inhibition of the substrate diffusion process by the host
shell.’*™** Tt was worth noting that compared with the free
enzyme, much higher activity conversions were observed in
EnHOF-101 after exposure to different nonphysiological
conditions, including high temperature (60 °C), polar solvent
(acetone), proteolytic enzyme (s mg/mL trypsin), and
denatured reagent (6 M urea), respectively (Figure S11).
Such enhancement in stability was attributed to the robust and
porous HOF-101 shell shielding the enzyme against denatura-
tion. These experimental results together verified that the
enzymes involving GOx and CAT were successfully encapsu-
lated into HOF-101 while maintaining desirable bioactivities.

We next attempted to unveil the microstructure of EnHOF-
101 using low-electron-dose cryoelectron microscopy (Cryo-
EM, Figure 1D). With Cryo-EM, the lattice planes along the (0
1 1) direction and its well-organized 1D channel-like
mesopores (ca. 2.0 nm) could be clearly witnessed throughout
the framework. This crystallographic structure was in line with
the standard HOF-101, suggesting that the biocargo
encapsulation could not change the topological linkage, in
which the intrinsic 1D channel-like mesopores were well
reserved. Such a long-order mesoporous channel favors the
loading of small reagents, such as Ce6 photosensitizer (ca. 16.1
X 14.0 A, Figure S12). After Ce6 loading, the obtained Ce6@
EnHOF-101 showed an apparent color change (Figure 1E),
indicating the successful immobilization of Ce6, which was also
supported by another CLSM imaging experiment (Figure
$13). The UV—vis spectra analysis gave a loading of Ce6 as
high as 23.9 wt % (Figure S14 and Table S3). In addition, we
found that the UV—vis absorption band of Ce6 was slightly
redshifted in Ce6@HOF-101, indicating the host—guest
interaction between Ce6 and HOF-101 scaffold (Figure S15).

In order to improve the dispersibility and biocompatibility of
the prepared Ce6@HOF-101, a hydrophilic and biocompatible
polymer, polyvinylpyrrolidone (PVP), was modified onto its
surface. As presented in Figure S16, after PVP surface
modification, Ce6@EnHOF-101 showed a significantly
reduced water contact angle from 134.97 to 60.85°, suggesting
an enhancement in hydrophilicity. In addition, the successful
surface modification of PVP was also confirmed by the zeta ({)
potential experiment (Figure S17). As a result, Ce6@EnHOF-
101 after PVP modification displayed higher dispersibility
compared to the raw Ce6@EnHOF-101, as evidenced by the

dynamic light scattering analyses (Figure S19A). Moreover, the
PVP-modified Ce6@EnHOF-101 retained good dispersion
even after placing at room temperature for 24 h (Figure S18B).

We began to evaluate the biocatalytic cascade performance of
the designed Ce6@EnHOEF-101. Notably, we beforehand
optimized the ratio of GOx to CAT during the preparation
of Ce6@EnHOF-101 and selected the best Ce6@EnHOF-101
in terms of the glucose consumption capacity (the GOx: CAT
ratio (w/w) of 1:1 was the optimized value, Figure S19). This
optimized Ce6@EnHOF-101 was used for the following
experiments. Viewing the microenvironment of the MDR-
infected diabetic wound shows that it has high concentrations
of glucose and H,0, that inhibit wound healing. Thus,
controlling and reversing this adverse microenvironment is of
vital importance. In the biocascade process of GOx-CAT
enzymes (Figure 2A), the glucose could be oxidized and

(A)

glucose []1GHOF-101 [ | EnZIF-8 ] EnHOF-101
-~ 0, + Glucose %% 1,0, AL 1o 4 0,
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Figure 2. (A) Photobiocatalytic cascade in Ce6@EnHOF-101
nanoreactors. Time-dependent glucose consumption (B) and O,
generation (C). Concentrations of all nanoparticles remained the
same (1 mg/mL) in (B,C). (D) Identified 'O, by EPR using TEMP
as the probe. The concentrations of all nanoparticles remained the
same (1 mg/mL), and all of the trials were irradiated with 45 mW/
cm? of white light for 10 min before the EPR measurement.

converted into gluconic acid and H,O0, by GOx with the
participation of O, (eq 1), and the endogenous or newly
generated H,0, could be decomposed into O, by CAT (eq 2).
In this sense, this cascade reaction permitted the continued
scavenging of glucose and H,0,, yet the supplement of
substantial O,, enabling to relieve the hyperglycemic and
hypoxic microenvironment. At the same time, the continuous
supplement of O, also facilitated the generation of toxic ROS
(*O,) under the aPDT process (eq 3), which should expedite
the killing of MDR bacteria.

glucose + O, GOx gluconic acid + H,0, (1)
CAT
H,0, — H,0 + O, (2)

Ce6@EnHOF — 101, hv |
0, 0, (3)
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Figure 3. (A) Photographs of the MRSA bacterial colonies after treatments with different materials (left) and the corresponding bacterial viability
(right). All the experimental groups that required irradiation were irradiated with 45 mW/cm? of white light for 10 min, and all groups were then
incubated in an incubator at 37 °C overnight before the evaluation. (B) Collapse and shrinkage morphology of MRSA after treatment with Ce6@
EnHOF-101 under white light irradiation for 10 min. (C) SYTO9/PI two-color fluorescent images for the live (green fluorescence) and dead (red

fluorescence) bacterial staining assay of MRSA. Scale bar: S ym.

As illustrated in Figure 2B, when Ce6@EnHOF-101 was
incubated with 20 mM glucose solution, the glucose could be
continuously consumed, accompanied by the pH decreasing
because of the generation of gluconic acid (Figure S20A). In
addition, the efficiency of glucose decomposition was much
superior to the counterpart without CAT loading in the same
GOx dosage (the GHOF-101 group in Figure 2B), verifying
that the regeneration of O, by CAT, in turn, improved the
glucose decomposition. At the same time, the O, concen-
tration was observed to be slightly decreased under the
catalytic process of GOx (Figure 2C). Such a slightly decreased
O, concentration was also observed in the GHOF-101 because
of the aerobian biocatalysis of GOx (Figure 2C). However, in
the presence of H,0,, Ce6@EnHOF-101 could accelerate O,
generation with the concentration increasing from 6.11 to
20.35 mg/L in 600 s, and abundant O, bubbles were clearly
observed during this biocatalytic process (the inset in Figure
2C). As a comparison, in the presence of H,0,, no produced
O, was recorded in GHOF-101 on account of the absence of
CAT. These results together illustrated that our biocatalytic
cascade EnHOF-101 indeed enabled us to decompose glucose
and H,0, while producing O,.

To highlight the advantages of the GOx-CAT biocatalytic
cascade, we synthesized the EnHOF-101 analogue through
coencapsulation of the cascading enzymes consisting of GOx
and peroxidase (horseradish peroxidase, HRP), and this
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analogue was denoted as GHHOF-101 (Figure S8). The
biocascade reaction of GOx-HRP is also able to decompose
glucose and H,0,, which has been widely explored for
nanocatalytic medicine.””** As shown in Figure S21A, our
EnHOF-101 outperformed GHHOF-101 with respect to
glucose decomposition. This was attributed to the regeneration
of O, by CAT in the GOx-CAT biocatalytic cascade, in which
the regenerated O,, in turn, improved the efficiency of glucose
decomposition (Figure 2B). Moreover, in the presence of
H,0,, the O, production assay displayed in Figure S21B
showed that our EnHOF-101 could accelerate O, generation,
ascribing to the efficient breakdown of H,0, by CAT.
However, GHHOF-101 was unable to generate O, because
the peroxidase activity of HRP was unable to convert H,O,
into O,. Therefore, the presented GOx-CAT biocatalytic
cascade showcased enhanced activity in terms of glucose and
H,0, consumption, as well as O, generation.

The channel-like mesopores of HOF-101 should enhance
the accessibility of the encapsulated enzymes and might favor
the biocatalytic cascade. To verify this conjecture, the
micropore ZIF-8 was also selected as the scaffold to construct
a similar biocatalytic cascade nanoreactor because the mild
crystallization condition of ZIF-8 allows it to encapsulate many
enzymes via an in situ approach'®™'??%313573 ({details seen in
the Supporting Information, Figures S$22—S24). The bio-
cascade activity of our Ce6@EnHOF-101, in terms of glucose
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decomposition (Figures 2B and S20B) and H,0,-activated O,
generation capacity (Figure 2C), significantly outperforms the
Ce6@EnZIF-8 counterpart at the same enzymes dosage and
testing conditions. Such enhancement in the biocascade ability
was attributed to the different crystallographic structures
(Figure S25). HOF-101 has a much larger crystallographic
pore (24.5 X 18.6 A) compared to ZIF-8 (3.4 A).* On the
basis of the biocascade activity, we speculated that the channel-
like mesopores of HOF-101 accelerated the diffusion of the
catalytic substrate that favored the biocatalysis, but this
mechanism required further experiments to confirm.

The antibacterial efficacy of the aPDT process depends
greatly on ROS production. Therefore, we first investigated the
photoinduced ROS production of our Ce6@EnHOEFE-101
nanoreactor using 2,7-dichlorofluorescein diacetate (DCFH-
DA) as the ROS probe, wherein nonfluorescent DCFH-DA
could be oxidized to highly fluorescent 2,7-dichlorofluorescein
in the presence of ROS.*" We noted that our Ce6@EnHOF-
101 possessed higher ROS production than the Ce6@EnZIF-8
counterpart (Figure S26) under the same nanomaterial
amounts. This resulted from the larger pore of HOF-101,
facilitating Ce6 loading (Table S3, 23.9 wt % in Ce6@EnHOF-
101, while 4.3 wt % in Ce6@EnZIF-8), and the incorporation
of Ce6 indeed could strengthen the ROS generation of HOF-
101 (Figure S27).

A closer examination of the ROS species was carried out by
electron paramagnetic resonance (EPR) spectra, in which the
dominated ROS was identified as 'O, using  2,2,6,6-
tetramethylpiperidine as the probe (Figure 2D). HOF-101 is
periodically linked by a large 7-conjugated photosensitizer of
H,TBAPy. It endowed HOF-101 with an inherent capacity for
phototriggered 'O, generation, which was much superior to
the free H,TBAPy molecule (Figure S28). After loading the
Ce6 into the mesopore of En@HOF-101, the ability of 'O,
generation of the formed Ce6@EnHOF-101 was dramatically
improved (Figure 2D). Importantly, in the existence of H,0O,,
the EPR signal of the generated 'O, was further enhanced.
This was attributed to the continuous supply of O, through
H,0, decomposition by CAT (Figure 2C), in turn, facilitating
the conversion of O, to 'O, under light irradiation. In addition,
the positive effect of CAT on 'O, generation was also
supported by another control experiment, wherein EnHOF-
101 outperformed GHOF-101 (without CAT) in terms of 'O,
generation under an equal H,0O, concentration (Figure $29).

A diabetic wound has a typically hyperglycemic microenviron-
ment compared to conventional wounds. Encouraged by the
high biocascade activity and 'O, generation capacity of the
designed photobiocatalytic cascade HOF nanoreactor, the
antibacterial performance against multiple-resistant staph-
ylococcus aureus (MRSA) under the simulated hyperglycemia
environment was investigated by a classical plate count
method. All the experimental groups requiring irradiation
were irradiated with 45 mW/cm? of white light for 10 min and
then incubated in an incubator at 37 °C overnight. As shown
in Figure 3A, the antibacterial activities were comprehensively
assessed by various treatment groups: (1) blank, (2) HOF-101,
(3) Ce6@HOF-101, (4) Ce6@EnHOF-101, (5) blank + light,
(6) HOF-101 + light, (7) Ce6@HOF-101 + light, and (8)
Ce6@EnHOF-101 + light. Without the light irradiation, the
number of bacterial colonies in group (2) to (4) was less than
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32% colony-forming units (CFU), implying that the MRSA
killing was limited without 'O, generation (Figure 3A).
Whereas under the light irradiation for 10 min, both Ce6@
HOF-101 and Ce6@EnHOF-101 showed dynamically im-
proved abilities for killing MRSA bacteria, which were much
superior to the pure HOF-101. This was ascribed to the high
loading and well-dispersive Ce6 in the mesopore of HOF-101,
which significantly enhanced the toxic 'O, production.
Extraordinarily, Ce6@EnHOF-101 presented extremely effi-
cient antibacterial ability with an inhibition rate up to near
100% (CFU = 99.9%, Figure 3A), while ca. 35% MRSA
bacteria still survived using Ce6@HOF-101 (CFU = 64.9%,
Figure 3A). Besides, a further insight into the time-dependent
bacterial growth also confirmed the superior antibacterial
performance of Ce6@EnHOF-101 (Figure S30). Such
extraordinary antimicrobial ability of Ce6@EnHOF-101
verified the important role of the microenvironment
modulation by biocascade cascade. That is, based on the
designed biocascade reaction, Ce6@EnHOF-101 could con-
tinuously catalyze glucose into oxygen, as evidenced by the
decreasing glucose concentration around the bacterial colony
(Figure S31). This glucose consumption could cut off the
nutrients for bacterial growth, which efficiently inhibited
bacterial proliferation. In addition, the cell exposure experi-
ment also confirmed that our Ce6@EnHOF-101 indeed could
promote the O, generation under the simulated hyperglycemic
and H,0,-overexpressed microenvironment (Figure $32), and
the newly produced O, advanced the highly toxic 'O,
conversion under an aPDT process.

To further illustrate the advantages of our HOF system on
antibacterial performance, the in vitro antibacterial experiment
using the Ce6@EnZIF-8 analogue was also carried out (Figure
$33). Under similar light irradiation, the designed Ce6@
EnHOF-101 displayed remarkable enhancement in the
antibacterial ability compared with Ce6@EnZIF-8. This was
comprehensible because the channel-like mesoporous HOF-
101 scaffold favored the biocascade efficiency and the
phototriggered 'O, generation, which were well demonstrated
in Figures 2 and S26.

To closely understand the antibacterial mechanism, the
morphology changes in MRSA were first unveiled in various
treatment groups. No obvious morphology changes were found
in the SEM images of group (1) to (6), in which the typical
spherical shape of MRSA with membrane integrity, a clear
boundary, and a smooth surface remained (Figure S34). As a
comparison, in group (7), Ce6@HOF-101 resulted in the
partial collapse and shrinkage in the cell membrane of MRSA
(Figure S34). It should be noted that using our Ce6@EnHOF-
101 nanoreactors in group (8), the bacterial membranes were
seriously damaged by cell wall fragmentation and completely
lost their primary spherical morphologies (Figure 3B). In order
to revalidate the antibacterial mechanism, the two-color live/
dead cell analysis by fluorescent imaging was conducted
(Figure 3C), where SYTO9 and propidium iodide (PI) were
applied to differentiate the living bacteria (green fluorescence)
and dead bacteria (red fluorescence), respectively. As expected,
the bright green fluorescence was observed in group (1) to (6),
indicating that the vast majority of MRSA was still alive. By
contrast, a mass of dead bacteria was identified in group (7).
More importantly, almost all bacteria were killed using our
Ce6@EnHOF-101 nanoreactors in group (8). These results
together demonstrated that the photobiocatalytic cascade
HOF nanoreactors could effectively relieve the hyperglycemic
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Figure 4. (A) Schematic diagram of the construction of the MRSA-infected diabetic model and the treatment strategy. (B) Photographs of the
MRSA-infected diabetic mice wounds in different groups. Each wound was administered every 2 d, and the blank group was treated with PBS. Scale
bar: 1 cm. (C) Time-dependent changes in wound areas. (D) H&E and Masson staining images of wound tissue slices after treatment for 12 days.

Scale bar: 100 ym.

and hypoxic microenvironment and exhibited extraordinary
antimicrobial ability through a synergistic photodynamic
therapy.

The in vivo antibacterial activity was evaluated on a bacteria-
infected diabetic mice model, in which circular wounds with a
diameter of 0.8 cm were inflicted on the back of the mice and
then infected with MRSA (50 uL, ODgy = 1.0) for 24 h
(Figure 4A). The MRSA-infected mice were randomly
assigned into six groups (n = S for each group) based on the
different treatments: (1) blank, (2) blank + light, (3) Ce6@
HOF-101, (4) Ce6@HOF-101 + light, (5) Ce6@EnHOF-101,
and (6) Ce6@EnHOF-101 + light. The dosages of the
materials were kept at 100 yg/mL. At day 1 and 3, the mice
were anesthetized with isoflurane gas, and 40 yL of materials
solution (100 pug/mL) was dropped onto the wound and
irradiated with white light (45 mW/cm?) for 30 min. In order
to observe the wound healing situation, the wounds were
photographed at day 0, 2, 4, 6, 8, 10, and 12. As seen from the
wound healing processes in Figure 4B, without the light
irradiation in groups (3) and (S5), both Ce6@HOEF-101 and
Ce6@EnHOF-101 could not advance the wound healing
compared to the blank group (1), which was caused by the
limited antibacterial abilities in dark conditions (Figure 3A).
However, under the light irradiation, our Ce6@EnHOF-101
nanoreactor dynamically accelerated wound healing, signifi-
cantly outperforming the Ce6@HOF-101 counterpart. Nota-
bly, on the fourth day, the wound area treated by Ce6@
EnHOF-101 became visually smaller. After treatment over 8
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days, an obviously scabbed wound was noticed, and the wound
was almost healed in 12 days, manifesting the highly efficient
diabetic wound therapy through the synergistic effect of the
photobiocatalytic cascade in our Ce6@EnHOF-101 nano-
reactor. Such a synergistic effect on wound therapy was also
elucidated by the time-dependent changes in the wound area
(Figure 4C), wherein the rate of wound area reduction in the
Ce6@EnHOEF-101 group was much faster than other groups
including Ce6@HOF-101. Furthermore, hematoxylin and
eosin (H&E) (Figure S35) and Masson (Figure S36) staining
were applied to evaluate the wound healing statuses. As shown
in Figure 4D, the Ce6@EnHOF-101-treated wound exhibited
no obvious inflammation in H&E staining and maximum
collagen fibers in Masson staining, demonstrating that the
proposed Ce6@EnHOF-101 nanoreactor could -effectively
promote the healing of infected diabetes wounds.

We next investigated the biocompatibility of Ce6@EnHOF-
101. Initially, the hemolysis assay was conducted under
different Ce6@EnHOF-101 concentrations. Figure S37
showed that no obvious hemolysis was observed by coculturing
Ce6@EnHOF-101 with red blood cells (RBCs). Then, the
thiazolyl tetrazolium (MTT) assay (Figure S38) was carried
out on 293T normal cells to assess the cytotoxicity of Ce6@
EnHOF-101, in which no observable toxicity was found.
Afterward, the toxicity assay of major organs and blood tests
were carried out. There were no significant lesions or
inflammation in the major organs, such as the heart, liver,
spleen, lung, and kidney (Figure $S39). The routine blood test
showed that the RBC, white blood cell, hemoglobin,

https://doi.org/10.1021/jacsau.2c00321
JACS Au 2022, 2, 2048—2058


https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00321/suppl_file/au2c00321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00321/suppl_file/au2c00321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00321/suppl_file/au2c00321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00321/suppl_file/au2c00321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00321/suppl_file/au2c00321_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00321?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00321?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00321?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00321?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin (MCH), MCH concentration (MCHC), and
platelets (PLT) levels of mice in various treatment groups
presented similar results (Figure S40). Further examination by
blood biochemical analyses revealed that there were no distinct
differences in the contents of albumin, alanine amino-
transferase, aspartate aminotransferase, creatinine, lactate
dehydrogenase, total protein, uric acid, and urea among the
various test groups (Figure S41). These results together
demonstrated the good biocompatibility of our Ce6@EnHOEF-
101 nanoreactor, ascribing to the metal-free attribute of HOF
and the mild conditions required in both photocatalysis and
biocatalysis.

In summary, we engineered a biomimetic cascade nanoreactor
through spatially organizing enzymes and photosensitizers into
a mesoporous HOF scaffold. It allowed the in situ conversion
of overexpressed glucose and H,O, into useful O, in the
diabetes wound, which effectively relieved the hyperglycemic
and hypoxic microenvironment through the biocatalytic
cascade. In addition, the substantial O, production further
boosted the highly toxic 'O, generation and thus advanced the
synergetic aPDT-based diabetic wound therapy. In comparison
to the microporous ZIF-8 counterpart, our photobiocatalytic
cascade HOFs exhibited enhanced biocascade activity and
ROS generation capacity on account of the larger pore channel
that favored the confined biocatalysis, as well as the Ce6 cargo
loading. It resulted in a much higher antibacterial performance
of our HOF nano-biosystem compared to the well-known ZIF-
8 counterpart. Considering the metal-free feature and the
biocompatible assembling condition of HOFs, we believe that
our work may provide new insights into the design and
synthesis of biosafe HOF nanobiosystem for a broad range of
biomedical applications.

Ce6@EnHOF-101 was prepared through a mild de novo assembly
method, with some modifications.”* 10 mg of H,TBAPy was dissolved
into 1 mL of DMF through ultrasonic treatment. Then, 9 mL of pH 4
enzyme aqueous solution (containing 2.5 mg GOx and 2.5 mg CAT)
was quickly poured into the H,TBAPy solution under stirring at room
temperature in the dark. After S min stirring, the mixed solution was
aged for another 15 min, and the EnHOF-101 hybrid was formed.
Subsequently, 400 L of Ce6 (10 mg/mL in DMF) was introduced,
and the Ce6 permeated into the channel-like mesopore of EnHOF-
101 under stirring for 10 min.

After centrifugation, the obtained Ce6@EnHOF-101 precipitate
was dispersed in S mL of PVP aqueous solution (4 mg/mL) and
stirred at room temperature for 2 h in the dark. Finally, the prepared
Ce6@EnHOF-101 was collected by centrifugation and washed with
deionized water two times and ethanol one time. In the case of
activity tests and therapeutic applications, the collected Ce6@
EnHOF-101 was directly washed with deionized water three times
and stored at 4 °C.

The multienzyme loadings in EnHOF-101 and EnZIF-8 were
evaluated by the fluorescence labeling experiments. To quantify
each enzyme, GOx was labeled with RhB (a red dye), while CAT was
labeled with FITC (a green dye). In the assembly process, the raw
enzymes were replaced by the dye-labeled enzymes, and other steps
were similar to the aforementioned descriptions.
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The loading of each enzyme was measured by examining the
corresponding fluorescence decrease in the supernatant before and
after encapsulation via fluorescence spectra. The FITC-CAT and
RhB-GOx were quantified at A, = 520 nm (488 nm excitation) and
Aem = 583 nm (540 nm excitation), respectively.

For simulating the microenvironment of a diabetes wound, the
antibacterial experiments were carried out in a hyperglycemia
condition, and they were divided into eight groups (n = 3 in each
group): (1) PBS, (2) HOF-101, (3) Ce6@HOF-101, (4) Ce6@
EnHOF-101, (5) PBS + light, (6) HOF-101 + light, (7) Ce6@HOF-
101 + light, and (8) Ce6@EnHOF-101 + light. The concentrations of
different nanoparticles, sterile PBS, and glucose used in the
experiments were 500 pg/mL, 10, and 20 mM, respectively. First,
MRSA solutions (ODgy, = 1.0) were mixed with the sample solutions
of group (1) to (8), respectively, and incubated for 30 min at 37 °C.
Then, group (S) to (8) were subjected to white light irradiation (4S
mW/cm?) for 10 min, while group (1) to (4) were kept in the dark
for 10 min. Then, the pathogen suspension was diluted § X 10> folds
with sterile PBS, and 100 uL of diluted pathogen suspension was
spread onto a solid agar plate. Finally, all of the agar plates were
incubated in an incubator at 37 °C overnight. The number of CFUs
was recorded to evaluate the antibacterial performance. The inhibition
ratio (IR) was calculated based on the following equation (eq 4)

C,—C
0~ % 100%

Co (4)

IR =

where C is the CFU of the experimental group treated with the
sample solution, and C, is the CFU of the control group without any
treatment.

All experiments on mice in our research were carried out following the
approved protocol by Institutional Animal Care and Use Committee
of the Shenzhen People’s hospital (AUP-220402-YHT-0189-01), and
the experiments were conducted in accordance with relevant
institutional and national guidelines and regulations.

To evaluate the in vivo antibacterial property of Ce6@EnHOF-101,
the wound model was built on the back of the diabetic mice. The
BALB/C mice (male, 6—8 weeks) were purchased from Gem Pharma
Tech, China, and were maintained under specific pathogen-free
conditions in the animal center of the Shenzhen People’s hospital.
The diabetes mice models were established by injecting streptozo-
tocin (STZ, Gentihold Biotechnology Co., Ltd., Beijing, China)
through intraperitoneal injection. The blood glucose level was
measured after 7 d. When the blood glucose level was above 16.7
mM, the model was considered successful. After anaesthetization, the
hair on the skin was shaved off, and the surface was sterilized with
70% alcohol prior to the creation of wounds. A wound with a
diameter of 0.8 cm on mice was made, and the MRSA suspension (1.0
X 10® CFU, 50 uL) was subsequently injected into the wound. The
infected wound model was built after 24 h bacteria reproduction.

Then, the mice were divided into six groups (n = 5 for each group)
for different treatments: (1) blank, (2) blank + light, (3) Ce6@HOF-
101, (4) Ce6@HOF-101 + light, (S) Ce6@EnHOF-101, and (6)
Ce6@EnHOEF-101 + light. The dosages of the materials used were
kept at 100 yg/mL. On day 1 and 3, the mice were anesthetized with
isoflurane gas, and 40 uL of materials solution (100 pg/mL) was
dropped onto the wound and irradiated with white light (45 mW/
cm?) for 30 min. In order to observe the wound healing situation, the
wounds were photographed on day 0, 2, 4, 6, 8, 10, and 12. On day
12, all mice were sacrificed, and the skin tissue around the wounds
was carefully collected and fixed with 4% paraformaldehyde solution
to prepare the pathological slides. Finally, the tissue sections were
stained by H&E and Masson staining. Meanwhile, the blood of the
animals was obtained by the infraorbital plexus blood collection
method for further analysis.
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Other methods are provided in the supplementary method section in
the Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00321.
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