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Tumor hypoxia hampers the therapeutic efficacy of photodynamic therapy (PDT) by hardly supplying
sufficient oxygen to produce cytotoxic compounds. Herein a dual enzyme-mimicking radical generator
has been developed for the in situ generation of oxygen and abundant radical oxygen species to enhance
PDT efficacy under photoacoustic imaging guidance. A manganese-incorporating and photosensitizer-
loaded metal organic framework exhibited both catalase-like and peroxidase-like catalytic activities
specifically at the tumor microenvironment, leading to simultaneous series catalysis and parallel catalysis
pathways. As a result, the MOF-based radical generator nanoparticles can not only supply oxygen for PDT
to produce singlet oxygen, but also generate hydroxyl radicals, thus further enhancing the anti-cancer
effect of PDT. In vitro and in vivo evaluation of the radical generator nanoparticles demonstrated the
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relieved tumor hypoxia microenvironment, remarkably increased level of reactive oxygen species, and sig-
nificantly improved anti-cancer effect with desirable PA imaging capacity. This work presents a “series—
parallel catalysis” strategy enabled by a MOF nanozyme to enhance PDT efficiency and provides new
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1. Introduction

Photodynamic therapy (PDT), being approved for clinical use
in oncology, is an important non-invasive cancer treatment
modality with high accuracy and safety." PDT involves the com-
bination of light, photosensitizer and oxygen (O,). Upon light
irradiation, the photosensitizer is excited from the ground
state to the first excited single state and then converted to the
triplet state. The excited triplet state can react with O, via elec-
tron transfer to generate singlet oxygen ('O,) that is able to kill
cancer cells.” However, PDT efficacy is largely restricted by
hypoxia (a hallmark of solid tumor in which the tissues are
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insights into a highly efficient and low-toxic anti-cancer approach.

deprived of adequate 0,).** To address the issue of insuffi-
cient oxygen supply, a few strategies have been developed,
including O, delivery (using hemoglobin,>® perfluorocarbon’)
and O, generation (using catalase-like nanoparticles such as
MnO,,*° Ca0,,"* Pt""" to catalyze H,0, into O, to alleviate
tumor hypoxia). The catalase-like nanoparticle-based O, gene-
ration approach has been intensively explored in recent years,
given that the involved nanomaterials not only act as the
source to supply O, but also provide a versatile platform for
multi-channeled treatment.”* However, these nanoparticles
suffer from low photosensitizer loading capacity, which
implies a high dosage of nanoparticles required to achieve
desirable therapeutic efficacy.

Another critical challenge that limits the practical appli-
cation of PDT is the relatively weak oxidation ability of *0,, a
therapeutic reactive oxygen species (ROS) generated through
PDT. ROS, at a high level, can break the redox homeostasis
and induce irreversible cancer cell damage, while a low level of
ROS can stimulate cancer cell growth or be easily neutralized
by endogenous antioxidants.">"> Therefore, the production of
sufficient, highly active ROS is vital in PDT induced anticancer
therapy. However, the main type of ROS in PDT is limited to
'0, (Eo('0,/0,7) = 0.65 V), which has a weaker oxidation
ability than many other types of ROS such as hydroxyl radicals
(Eo("OH, H'/H,0) = 2.33 V). Thus, the production of highly oxi-
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dative "OH is ideal to be incorporated into the rational design
of the PDT nanoplatform to boost therapeutic efficiency.

Aside from therapeutic consideration, PDT is a local cancer
treatment operation that requires bio-imaging guidance.'®"”
Photoacoustic (PA) imaging is a newly emerging noninvasive
biomedical imaging modality based on the generation of ultra-
sonic wave of ultrasound imaging, thus being able to provide
high contrast imaging of the fine structure of deep tumors and
anatomical, functional and metabolic information for tumor
localization to guide local treatment such as PDT.'®"’

Recently, metal-organic framework (MOF) nanomaterials
have attracted wide attention and stood out among various
nanomaterials for biomedical applications, by virtue of their
unique structural, photonic and bio-nano interface character-
istics.?® MOFs are hybrid crystals composed of metal ions or
clusters connected by multidentate organic ligands to form
metal-organic arrays possessing a structure with very high
porosity and enormous surface area that enable high drug
loading capacity. MOFs are highly tunable in terms of chemi-
cal composition, crystal structure, morphology and porosity,
which renders them the capacity to incorporate various func-
tional metal ions and therapeutic agents for drug delivery, bio-
imaging, and multifunctional biomedical applications.”"** In
this work, we developed a MOF74-based dual-enzyme mimick-
ing radical generator (ICG@PEG-MnMOF74) that demon-
strated enhanced PDT treatment of tumors (Fig. 1). The radical
generator ICG@PEG-MnMOF74 particle consists of three key
components that are manganese ion-doped MOF74, photosen-
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sitizer indocyanine green (ICG), and stabilizer polyethylene
glycol (PEG). The key aspects of ICG@PEG-MnMOF74 directly
attributed to the enhanced PDT performance include: (1) well-
dispersed and nanosized ICG@PEG-MnMOF74 particles acting
as a catalyst and a photosensitizer to trigger oxygen generation
and subsequent self-oxygen supplement PDT that generated a
large amount of cytotoxic 'O, (“series catalysis route”); (2)
ICG@PEG-MnMOF74 particles exhibited peroxidase-like cata-
Iytic activities that induced a Fenton-like reaction to generate
abundant 'OH to kill cancer cells. The simultaneous pro-
duction of 'O, and "OH leads to a “parallel catalysis route”; (3)
both series and parallel catalysis routes occur in response to
the tumor microenvironment conditions, leading to high
tumor selectivity and specificity; and (4) ICG@PEG-MnMOF74
exhibited PA imaging functionality that enabled the accurate
diagnosis and precision localization of tumors, serving as an
imaging tool to guide PDT. Overall, the radical generator-
mediated PDT approach via series and parallel catalysis routes
not only makes up for the deficiencies of additional PDT but
also introduces new therapeutic and imaging features,
opening up an avenue for local cancer treatment.

2. Experimental methods
2.1. Materials

All chemicals, including manganese acetate tetrahydrate
(>99.9%), 2,5-dihydroxyterephthalic acid (>98%), N,N-dimethyl-
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Fig. 1 Schematic illustration of the synthesis and enhanced photodynamic therapy (PDT) of ICG@QPEG-MnMOF74 radical generator nanoparticles

via series—parallel catalysis.
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formamide, NaOH (>98%), 3,3',5,5"tetramethylbenzidine
(TMB), hydrogen peroxide (H,O,, 29.0-32.0%), hydrochloric
acid (37%), acetic acid (>99%), sodium acetate anhydrous
(299%), phosphate buffered saline (PBS), paraformaldehyde,
2',7'-dichlorofluorescein diacetate (DCFH-DA) and 2-(4-amidi-
nophenyl)-6-indolecarbamidine dihydrochloride (DAPI, >98%)
were purchased from Sigma-Aldrich. Dulbecco’s modified
Eagle’s medium (DMEM), penicillin/streptomycin, and fetal
calf serum (FCS) were purchased from Gibco. Phosphonic acid
terminated poly(ethylene glycol) was synthesized using a con-
trolled/living radical polymerization according to procedures
described previously.>*** Milli-Q water was used in the
experiments.

2.2. Synthesis of MONMOF74

Manganese acetate (1.3 mmol) and 2,5-dihydroxyterephthalic
acid (dhtp) (0.5 mmol) were dissolved in 5 mL and 2.648 mL
of  N,N-dimethylformamide (DMF) respectively (the
molar ratio of linker to metal = 2.6:1).>® dhtp solution was
added into manganese acetate solution in a dropwise
manner under vigorous stirring at room temperature.
After stirring for 20 h, the resultant was centrifuged with
DMF, and then washed and -centrifuged twice using
methanol.

2.3. PEGylation of MnMOF74

To synthesize PEGylated MOF nanoparticles, the MnMOF74
slurry was dispersed in water and mixed with phosphate
group-terminated poly (ethylene glycol) (PEG) at a PEG to MOF
mass ratio of 2:1. The mixture was then sonicated in a water
bath at room temperature for 30 min. The excessive PEG was
removed via centrifugation. The resultant was dispersed in
water and designated as PEG-MnMOF74.

2.4. ICG loading

Pre-dissolved ICG water solution was added into the
PEG-MnMOF74 suspension at a mass ratio of 1:1. After
mixing for 24 h via continuous stirring, the resultant was
washed and collected by centrifugation, and denoted as
ICG@PEG-MnMOF74. The loading capacity of ICG was calcu-
lated as the proportion of ICG in the total amount of
ICG@PEG-MnMOF74.

2.5. Michaelis-Menten kinetics by TMB assay

TMB assay was conducted to monitor the chromogenic reac-
tion (4 = 650 nm) of the MOF/H,0, system. A solution (pH =
4) was prepared using HAC/NaAC in the presence of NaHCO;
(25 mM). In an 800 uL buffer solution, 50 pg mL~" of MOF
suspension was mixed with TMB and H,O, at the final con-
centrations of 800 pM and 1 mM respectively. The absor-
bance of the mixture was measured on a UV-vis spectrometer
(CARY 300, Varian) equipped with a temperature
controller. For the kinetic study, the concentrations of H,0,
(0.01, 0.05, 0.1, 0.2, 0.5, 1, 1.5, 2, 4, and 8 mM) were varied
while the concentrations of TMB (800 pM) remained
fixed. The Michaelis-Menten constant was calculated by
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using Lineweaver-Burk plots of the Michaelis-Menten

equation:
1 Kn 1
—=——Xx(C+—],
vV Vnm ( Km)

where v represents the initial velocity, Vi . the maximum
reaction velocity, C the concentration of the substrate, and
K,, the Michaelis-Menten constant.

2.6. Evaluation of H,0, consumption

H,0, consumption was evaluated by using the titanium
sulfate (Ti(SO,4);) colorimetric method. PEG-MnMOF74
(0.25 mg) was incubated at 37 °C with 0.5 mL of H,0, (1 mM),
followed by mixing with a 25 mL solution containing 1.33 mL
of Ti(SO,), (24%) and 8.33 mL of H,SO, for 10 min. The
mixture was then centrifuged to collect the supernatant, and
the concentration of H,0, in the supernatant was obtained by
measuring the absorbance at 4 = 405 nm. The continuous cata-
Iytic effect was measured by the repetitive addition of H,O,
(1 mM) to the solution.

2.7. Cell culture

Breast cancer cells (4T1 cells) were cultured in a growth
medium (DMEM) supplemented with 10% fetal calf serum
(FCS), streptomycin (100 mg mL™") and penicillin (100 units
mL ™). The cells were cultured at 37 °C in a humidified atmo-
sphere with 5% CO, in air.

2.8. Invitro and in vivo photoacoustic imaging

The PA imaging of ICG@PEG-MnMOF74 was conducted on a
Vevo LAZR Photoacoustic Imaging System (VisualSonics Inc.,
Toronto, Canada) equipped with a LZ250 (fiber-optic bundles:
25.4 x 1.25 mm; focal depth: 10 mm; center frequency: 21 MHz;
axial resolution: 75 pm). Prior to imaging, 100 pg mL™'
ICG@PEG-MnMOF74 was scanned under PA at different wave-
lengths from 690 nm-960 nm to determine the A ICG of
certain concentrations was subjected to PA imaging with regard
to the region of interest (ROI). For the in vivo PA imaging, 4T1
tumor-bearing Balb/c mice (n = 3) were intravenously injected
with 200 pL of saline containing ICG@PEG/MOF (4 mg kg™ ICG,
10 mg kg~ ' PEG-MnMOF?74). After injection, PA images of tumor
sites were recorded at A, = 780 nm at 1, 2, 4, 6, 8 and 24 h. The
intensities in the ROI were quantified using Vevo LAZR software.

2.9. Invitro cell viability assessment

The in vitro cytotoxicity was assessed by CCK-8 assay. The 4T1
cells were treated with ICG and ICG@PEG-MnMOF74 at a con-
centration equivalent to 5, 10 or 15 pg mL ™" of ICG containing
25 mM NaHCO;. After 6 h of incubation, the cells were irra-
diated at a power of 1.5 W cm > for 3 min on ice (excluding
the photothermal effect). The cell viability was measured by
using a CCK-8 cell viability kit and calculated by comparing
with the control group without treatment. The cell living status
was also visualized by live and dead staining with calcein acet-
oxymethyl ester (CAM) and propidium iodide (PI) to differen-
tiate live (green fluorescence) and dead (red fluorescence)

This journal is © The Royal Society of Chemistry 2021
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cells. Images were recorded with a confocal laser scanning
microscope (FV 1000, Olympus, Japan). Cell quantification was
conducted using Image]. Live and dead cells in 3 randomly
selected views with equivalent areas were counted. The percen-
tages were calculated as live cell percentage = live cells/(live
cells + dead cells) x 100%.

2.10. In vitro oxidative stress assessment

The hydroxyl radical generation ability of PEG-MnMOF74 under
the tumor microenvironment conditions was evaluated by using
a hydroxyphenyl fluorescein (HPF) probe. The 4T1 cells were
seeded at a density of 1 x 10°> in DMEM in the ¢ 15 CLSM-exclu-
sive culture disk and allowed to adhere overnight. The cells
were treated with different agents (i.e., PBS, H,O, (100 uM),
PEG-MnMOF74 (25 pg mL™"), PEG-MnMOF74 (25 pug mL™") +
H,0, (100 pM)). After incubation for 6 h, the cells were cultured
with HPF solutions (10 pL of 1 mM per mL culture) for 30 min.
The level of the intracellular hydroxyl radical was evaluated with
confocal microscopy by detecting the fluorescence at Aex =
488 nm and Ze, = 525 nm. The experiments were carried out in
25 mM NaHCOj; cultures with various pH values.

The in vitro oxidative stress level was assessed using 2',7-
dichlorofluorescein diacetate (DCFH-DA). The 4T1 cells were
seeded at a density of 1 x 10° in DMEM in the ¢ 15 CLSM-exclu-
sive culture disk and allowed to adhere overnight. The culture
medium was then replaced with media containing
ICG@PEG-MnMOF74 or ICG at a concentration equivalent to
10 pg mL™" of ICG. Five treatments (i.e, PBS, H,O, (100 pM),
H,0, (100 pM) + laser irradiation, ICG + H,0, (100 pM) + laser
irradiation, PEG-MnMOF74 + H,0, (100 pM), and
ICG@PEG-MnMOF74 + H,0, (100 pM) + laser irradiation) were
performed to evaluate the in vitro oxidative stress. After incubation
for 6 h, the cells were incubated with DCFH-DA (30 uM) for
30 min. Laser irradiation was then conducted on selected groups
at a power of 1.5 W cm ™ for 3 min on ice. The level of intracellu-
lar ROS was evaluated with confocal microscopy by detecting the
fluorescence of DCF (e = 488 nm, Ay, = 525 nm for DCFH-DA).

2.11. Invivo biosafety study

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Chongqing Medical University and experiments were performed
with the approval of the Animal Ethics Committee of The First
Affiliated Hospital of Chongqing Medical University. 7-Week
female Balb/c mice (~20 g) were intravenously injected with
200 pL of ICG@PEG-MnMOF74 saline solution at the dosages
of 10, 40 and 80 mg kg~ ' with the same volume of saline as the
control. At 30-day post-treatment, blood was collected for hem-
atological and biomedical index analysis. Mice were then sacri-
ficed to collect their major organs (heart, liver, spleen, lungs,
and kidneys) in 4% paraformaldehyde solution for histopathol-
ogy analysis (hematoxylin and eosin (H&E) staining assay).

2.12. In vivo anti-cancer effect evaluation

Xenografted tumors were generated in female Balb/c mice
(~20 g, 7 weeks old) by subcutaneously inoculating 1 x 10° 4T1

This journal is © The Royal Society of Chemistry 2021
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cells suspended in PBS (100 pL). Once the tumor reached a
volume of 100 mm?, mice per group were randomly allocated
to 5 groups (n = 5): saline (group I), laser (group II), ICG +
laser (group 1III), ICG@PEG-MnMOF74 (group IV),
ICG@PEG-MnMOF74 + laser (group V). ICG and
ICG@PEG-MnMOF74 in saline were injected via the tail vein
(200 pL, 4 mg kg~ ICG). After 6 h, the mice from group II, III
and V were irradiated at the site of tumors with an 808 nm
laser (1.5 w cm_z, on 20 s, off to room temperature, a total of
10 min on). Tumors were measured every two days with a
digital caliper. The tumor volumes (V) were calculated as V=L
x W?/2, and also normalized to the initial volume (V;) to
obtain the relative tumor volume (V/V;). Mice were euthanized
once the tumor volume reached 1000 mm?.

2.13. Invivo detection of tumor hypoxia status

To visualize the hypoxia status of the 4T1 tumor, 6 mice were ran-
domly divided into 2 groups (control and ICG@PEG-MnMOF74,
n =3 in each group). The two groups were intravenously injected
with saline and ICG@PEG-MnMOF74 (4 mg kg™ ICG, 10 mg
kg™ PEG-MnMOF74) respectively. The oxygenated hemoglobin
levels of tumor tissues at 1, 2, 4, 6, 8, and 24 h post-injections
were evaluated using a Vevo LAZR PA imaging system in oxy-hem
mode and oxyhemoglobin saturation (sO, Avr Total). It was
recorded by measuring the ratios of oxygenated hemoglobin (4 =
850 nm) and deoxygenated hemoglobin (4 = 750 nm). At 6 h
post-injection, the tumor tissues were collected for HIF-1a stain-
ing with the red fluorescence indicating hypoxia regions.

2.14. Characterization

The size distribution and zeta potential were measured using a
Malvern Zetasizer Nano Series. X-ray diffraction (XRD)
measurements were performed on PEG/MOF powders using a
PANalytical Empyrean II Co Source XRD instrument operated
at 45 kV and 40 mA and a scan rate of 0.01° min~" applied
with a step size of 26 = 0.0260°. The morphology of nano-
particles was observed using a transmission electron micro-
scope (TEM, FEI Tecnai G2) at an acceleration voltage of 200
kv. Thermogravimetric analysis (TGA, TA Instruments, Q5000)
was performed under nitrogen 40 mL min~" from 30 to 800 °C
with a rate of 20 °C min~'. The manganese content was
measured on a PerkinElmer OPTIMA 7300 inductively coupled
plasma optical emission spectrometer (ICP-OES) after the dis-
solution of the MOF in 1 M hydrochloride acid. The concen-
tration of ICG was measured at a wavelength of 780 nm on a
SpectraMax paradigm multimode microplate reader. O, gene-
ration was monitored by using a dissolved oxygen meter
(HANNA HI 98193). Electron spin resonance (ESR) spectra
were obtained at room temperature in perpendicular mode on
a Bruker EMX-8/2.7 spectrometer with the following settings:
microwave frequency = 9.773 GHz, microwave power =
6.325 mW, modulation frequency = 100.00 kHz and modu-
lation amplitude = 2.00 G. DMPO was used as a spin trap. The
experiment was carried out in 25 mM NaHCO3/5% CO, solu-
tion systems with various pH values.

Nanoscale, 2021,13,17386-17395 | 17389
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2.15. Statistical analysis

Quantitative data are presented as mean + SEM and analyzed
by two-way ANOVA with Tukey’s multiple comparisons test
using GraphPad Prism software; a P-value <0.05 was con-
sidered statistically significant (*P < 0.05, **P < 0.01, and ***P
<0.001).

3. Results and discussion

3.1. Synthesis and physicochemical structure of
ICG@PEG-MnMOF74

The radical generator for enhanced PDT was designed and syn-
thesized by incorporating Mn ions and photosensitizer ICG
into a MOF74 structure. Mn-containing MOF74 was firstly syn-

View Article Online
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thesized by the copolymerization of manganese ions with di-
methylformamide links, and stabilized by the surface modifi-
cation of PEG and loaded with photosensitizer ICG. Mn-
MOF74 particles exhibited a suborbicular morphology with the
particle size being about 50 nm (Fig. 2a and b), and
PEG-MnMOF74 appeared less aggregated than MnMOF74 (ESI
Fig. S17). Such improved dispersity after PEG coating is also
demonstrated by the relatively narrow hydrodynamic size dis-
tribution of PEG-MnMOF74 (176 nm in average size and 0.08
in PDI (Fig. 2c), compared with MnMOF74 being 342 nm in
size and 0.27 in PDI). PEG modification not only increased
MnMOF74 particle dispersity in water but also alleviated
severe aggregation in electrolyte solutions (i.e. saline, PBS,
culture medium containing serum) (ESI Table S1). The XRD
patterns of both PEG-MnMOF74 and MnMOF74 particles
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Fig. 2 Physicochemical structure and catalytic characterization of radical generator nanoparticles. (a) TEM image, (b) SEM image, and (c) DLS of
PEG-MnMOF74. (d) XRD pattern and (e) TGA profiles of MNMOF74 and PEG-MnMOF74. (f) Repetitive catalytic ability of PEG-MnMOF74 with the
repetitive addition of H,O,. (g) O, generation from mixing PEG-MnMOF74 and H,0O,, compared to H,O, alone. The insert photograph shows H,O,
solutions with (right) and without (left) PEG-MnMOF74. (h) Michaelis—Menten steady-state kinetics by plotting reaction velocity (v) against H,O,
concentration. The insert is a compilation of digital photos of the aliquots captured at the end of each reaction. (i) ESR spectra of PEG-MnMOF74
solution, H,O, solution, and PEG-MnMOF74 with the addition of H,O, in the buffers of pH 6.5 and pH 7.4.
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showed characteristic peaks at 26 = 7.8° and 20 = 12.7° that are
associated with reflection from the (110) and (300) planes
(Fig. 2d).>° The sharp peaks in the XRD pattern of
PEG-MnMOF74 indicated that PEG-MnMOF74 particles were
well crystallized. The XPS spectrum revealed the co-existence
of Mn, O and C elements in both PEG-MnMOF74 and
MnMOF74 (ESI Fig. S2t). ICP and TGA analysis showed that
the Mn ions and PEG molecules account for 19.29 wt% and
11 wt% respectively in PEG-MnMOF74 (Fig. 2e). The successful
loading of ICG in PEG-MnMOF74 was monitored by UV-vis
spectroscopy, and the loading capacity of ICG was calculated
to be approximately 28.6 wt%.

3.2. Dual enzyme-like property of PEG-MnMOF74

Manganese is a versatile transition metal with bioactive cata-
lytic activities. In nature, Mn functions in the oxygen-evolving
complex of photosynthesis.>” Mn setves as a cofactor in many
enzymes, and a trace metal required for the normal growth
and development of human beings.>” The ability of Mn-con-
taining nanomaterials to catalyze H,O, to O, has been recently
explored for biomedical applications.>®*° Given that
PEG-MnMOF74 particles have a high content of Mn
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(~20 wt%), PEG-MnMOF74 can serve as a desirable catalase-
mimicking nanozyme agent. The catalase-like activity of
PEG-MnMOF74 was evaluated by measuring H,O, consump-
tion and recording the dissolved O, level (Fig. 2f and g). The
results from the H,0, consumption study showed that ~80%
of H,0O, was consumed within 3 h after the first addition of
H,0,, indicating the high degree of catalytic efficiency of
PEG-MnMOF74 (Fig. 2f). After three cycles of H,0, addition
and consumption, PEG-MnMOF74 still remained efficient cata-
lytic activity that was able to decompose ~73% of H,0, The
ability of PEG-MnMOF74 to generate O, from H,0, was
assessed by recording the amount of O, production using an
oxygen probe (Fig. 2g). The addition of PEG-MnMOF74 in
H,0, solution induced the rapid generation of O, and reached
17 mg L™" after 30 min reaction, while the dissolved O, in
water in the absence of PEG-MnMOF74 remained at a basal
level.

Based on the fact that Mn(u) is a Fenton-like catalyst,
we investigated the peroxidase-like activity of PEG-MnMOF74
to disproportionate H,O, to "OH. A typical chromogenic reac-
tion of TMB was used to evaluate the peroxidase-like activity of
PEG-MnMOF74 particles qualitatively and quantitatively
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Fig. 3 In vitro evaluation of PDT mediated by ICG@QPEG-MnMOF74. (a) Cell viability of ICG and ICG@QPEG-MnMOF74 with 808 nm laser irradiation.
(b) Confocal images of 4T1 cells treated with PBS, ICG (10 ug mL™) and ICG@QPEG-MnMOF74 (containing 10 ug mL™* ICG) with or without 808 nm
laser irradiation. Green and red fluorescence indicate live and dead cells via CAM and PI staining. (c) Confocal images of 4T1 cells stained with a
hydroxyl radical indicator hydroxyphenyl fluorescein (HPF) under different treatment conditions. Green fluorescence indicates the level of intracellu-
lar hydroxyl radical generation. (d) Confocal images of 4T1 cells stained with a ROS indicator DCFH-DA under different treatment conditions. Green
fluorescence indicates the level of intracellular ROS generation. Scale bar = 100 pm.
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(Fig. 2h). The TMB solution turned blue with the addition of
PEG-MnMOF74 and H,O,, and the blue color became darker
with the increase of either reaction time or H,O, concen-
tration. This phenomenon was caused by '‘OH generation
during H,0, decomposition that oxidizes TMB to a blue
product (with light absorption A« 650 nm). The absorbance
at 4 = 650 nm was plotted against time with the addition of
H,O0, at different concentrations into PEG-MnMOF74, and the
initial velocities were calculated. The initial velocities against
H,0, concentration were fitted into the Michaelis-Menten
equation, and the Michaelis-Menten constant (K;,) and
maximum velocity (Vi) were calculated as 0.055 mM and
1.86 x 107® M s™' respectively, indicating the high catalytic
activity of converting H,0, to ‘OH. The K, value of 0.055 mM
indicates that the PEG/Fe-LDH nanocatalyst could achieve 50%
of maximum catalytic activity at the H,O, concentration as low
as 0.055 mM, which is lower than the typical H,O, concen-
tration in the tumor microenvironment (0.1 mM). The Vmax of
PEG-MnMOF74 indicates that the PEG-MnMOF74 could cata-
lyze H,0, at the maximum velocity of 1.86 x 107° M s™*. Next,
the radical species from the catalytic reaction was identified by
electron spin resonance (ESR) spectroscopy with 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) as a spin trap (Fig. 2i). The ESR
spectrum of PEG-MnMOF74 solution with the addition of
H,0, under pH 6.5 showed a characteristic 1:2:2:1 hydroxyl
radical signal, while this signal was not observed in the ESR
spectra under pH 7.4. This acidity-triggered ‘OH generation
indicates the potential use of PEG-MnMOF74 as a tumor-selec-
tive ROS generator to specifically kill cancer cells. The intra-
cellular catalytic generation of *OH via PEG-MnMOF74 was ver-
ified by using a highly reactive oxygen radical probe hydroxy-
phenyl fluorescein (HPF). The cells displayed strong green
fluorescence with PEG-MnMOF74 in the presence of H,O, at
pH 6.5 (Fig. 3c). In contrast, a low level of fluorescence signal
was observed in the cells with the control treatments (Fig. 3c).
The results indicate the stimuli-responsive intracellular
hydroxyl radical generation ability of PEG-MnMOF74 in the
tumor microenvironment.

3.3. Invitro assessment of enhanced PDT

The PDT assessment of ICG@PEG-MnMOF74 was performed
on breast cancer 4T1 cells, and the cell viability was assessed
by both CCK-8 assay and CAM/PI (live/dead) cell staining.
From CCK-8 results (Fig. 3a), ICG@PEG-MnMOF74 demon-
strated significantly stronger inhibition on 4T1 cell growth
than pure ICG treatment at ICG concentrations of 5, 10 and
15 pg mL™" under laser irradiation. For example, at an ICG
concentration of 10 pg mL™", cell viability was 11.9% in the
ICG@PEG-MnMOF74 + laser group, which was remarkably
lower than 59.8% in the ICG + laser group. In comparison,
PEG-MnMOF74 demonstrated cell growth inhibition only at
the concentrations being higher than 25 pg mL™" (ESI
Fig. S3%), indicating that the combination of ICG and
PEG-MnMOF74 enhances the anticancer effect. By staining
cells with living/dead cell dyes, negligible dead cells were
found in the treatment groups of laser only and
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ICG@PEG-MnMOF74, as indicated by the strong green fluo-
rescence of calcein-AM staining and few red fluorescence of PI
staining (Fig. 3b). The treatment of ICG + laser led to an
increased number of dead cells, suggesting that the combi-
nation of ICG and laser irradiation has shown a certain photo-
dynamic effect. Notably, the ICG@PEG-MnMOF74 + laser
exhibited a remarkably enhanced photodynamic effect that led
to significantly increased cell death, in comparison to other
treatments. In addition, results from the live cell quantifi-

6h 8h 24 h

Low  High

Low High

(C) Control

DAPI

HIF1-a

Merged

Fig. 4 In vivo PA imaging of ICG@QPEG-MnMOF74 nanoparticles in 4T1
tumor bearing mice. (a) In vivo PA images of tumor tissues at different
time intervals after the intravenous injection of ICGQPEG-MnMOF74. (b)
In vivo tumor oxygenation before and after the intravenous injection of
ICG@PEG-MNMOF74 was detected by PA imaging in the oxyhemoglobin
mode. (c) Immunofluorescence images of tumor tissues stained by a
hypoxia probe HIF1-a and DAPI. Scale bar = 100 pm.
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cation of the fluorescence images (ESI Fig. S47T) correspond to
the cell viability results from the CCK-8 assay.

To further explore the active compound that induces cell
death, intracellular ROS generation was characterized by the
DCFH-DA probe that could be rapidly oxidized by 'O, and "OH
and emit green fluorescence acting as a 'O, and "OH sensor
(Fig. 3d). The confocal images showed that only the
ICG@PEG-MnMOF74 + laser group exhibited strong green
fluorescence that was obviously much weaker in other control
groups, indicating the significant production of ROS in 4T1
cells treated by ICG@PEG-MnMOF74 and laser. This phenom-
enon is in accordance with the aforementioned cell viability
results, and highlights the indispensable role of MNMOF74 in
the enhanced PDT approach.

3.4. Invivo assessment of enhanced PDT

In vivo anticancer behavior and photoacoustic imaging per-
formance of ICG@PEG-MnMOF74 were evaluated using a 4T1
xenograft mouse model. Firstly, using ICG@PEG-MnMOF74 as
a diagnostic agent has been explored by evaluating PA signals.
The PA signal intensity increased in a linear relationship with
the concentration of ICG@PEG-MnMOF74 (ESI Fig. S57),
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demonstrating desirable PA responses. The in vivo PA images
of tumor tissues showed that the PA signal increased gradually
after the intravenous administration of ICG@PEG-MnMOF74,
and the PA signal intensity reached the maximal at 6 h post-
injection (Fig. 4a). The bio-imaging results imply the promis-
ing application of ICG@PEG-MnMOF74 to guide PDT treat-
ment. Prior to performing PDT in vivo, we confirmed the
ability of ICG@PEG-MnMOF74 to alleviate tumor hypoxia
in vivo. The first line of evidence came from PA imaging in the
oxyhemoglobin mode that was used to detect the oxygenated
hemoglobin level of tumors before and after the adminis-
tration of ICG@PEG-MnMOF74 (Fig. 4b). Before injecting
ICG@PEG-MnMOF74, oxyhemoglobin showed weak signal
intensity. The signal increased significantly after the adminis-
tration of ICG@PEG-MnMOF74 and lasted for over 24 h. The
PA imaging of tumor tissues in the oxyhemoglobin mode
clearly showed that ICG@PEG-MnMOF74 could effectively
improve oxygenation in hypoxic tumor regions. The hypoxia-
inducible factor (HIF)-1a staining was conducted to form our
second line of evidence to support the effect of
ICG@PEG-MnMOF74 to alleviate tumor hypoxia. The tumors
of mice treated with ICG@PEG-MnMOF74 exhibited very weak
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Fig. 5 In vivo therapeutic effect and biosafety evaluation of ICG@QPEG-MnMOF74. (a) Tumor volume and (b) tumor weight of 4T1 tumor-bearing
Balb/c mice with the intravenous injection of saline, ICG and ICG@PEG-MnMOF74 with or without 808 nm laser irradiation. *P < 0.05, **P < 0.01,
and ***P < 0.001. (c) Representative images of tumor tissues collected after different treatments for 12 days. (d) Body weight of Balb/c under
different treatment conditions. (e) Histological images of major organ tissues (heart, kidneys, liver, lungs, and spleen) collected at 30-day post-injec-

tion of ICG@QPEG-MnMOF74 at different doses. Scale bar = 100 pm.
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red fluorescence of HIF-la and thus showed a low level of
hypoxia, while the tumor tissues treated with the saline
control exhibited a strong HIF-1a signal and a high level of
hypoxia (Fig. 4c). All above results demonstrated that
ICG@PEG-MnMOF74 could trigger in vivo localized oxygen gene-
ration efficiently and increase the level of endogenous oxygen
level that can be beneficial to enhance PDT performance.

In vivo PDT evaluation was conducted by treating 4T1-tumor
bearing mice with different treatments including saline, laser
only, ICG@PEG-MnMOF74 (14 mg kg' containing ICG 4 mg
kg ™), ICG (4 mg ke™) + laser, and ICG@PEG-MnMOF74 (14 mg
kg™") + laser. ICG@PEG-MnMOF74 exhibited the obvious inhi-
bition of tumor growth after intravenous injection under laser
irradiation, demonstrated by the significantly smaller tumor size
than other groups (Fig. 5a-c). In particular, at the end of the
treatment period, the average tumor volume of the
ICG@PEG-MnMOF74 + laser group was about 2.7-fold smaller
than that of the saline group (Fig. 5a). The enhanced anti-cancer
effect induced by the ICG@PEG-MnMOF74 could be largely
attributed to dual enzyme-like activities of PEG-MnMOF74 by
simultaneously producing O, and ROS ('O, and "OH).

To evaluate in vivo biosafety, Balb/c mice were intravenously
injected with ICG@PEG-MnMOF74 at a low dose of 10 mg
kg™, a medium dose of 40 mg kg™*, and a high dose of 80 mg
kg~'. At 30-day post-injection, the major organs (heart, liver,
spleen, lungs and kidneys) were collected for histological ana-
lysis. H&E staining images of tissues with the
ICG@PEG-MnMOF74 treatment showed no observable patho-
logical abnormalities (Fig. 5e), signifying the biocompatibility
of ICG@PEG-MnMOF74. Also, the blood of mice was collected
after a 30-day treatment period for complete blood count and
biochemical index analysis including liver functional markers
(ALT, AST, and TBIL), kidney functional markers (BUN and
CR), and myocardial enzyme spectrum (CK and LDH-L). The
results showed negligible variation among the different
groups, indicating undetectable toxicity in a relatively long
timeframe (ESI Fig. S6T). Moreover, the body weight of all mice
increased regularly and demonstrated no significant change
amongst groups (Fig. 5d). All these results indicated that the
ICG@PEG-MnMOF74 has desirable in vivo biocompatibility.

4. Conclusions

This work presented a “series—parallel catalysis” strategy that
simultaneously produced O, and "OH to alleviate tumor hypoxia
and generate abundant radicals for the enhanced PDT of
cancers. It is realized by developing a dual-enzyme mimicking
radical generator ICG@PEG-MnMOF74 that was constructed via
a facile method and demonstrated both catalase-like and peroxi-
dase-like activities. Both in vitro and in vivo experiments, using
breast cancer 4T1 cell and animal models, exhibited the ability
of ICG@PEG-MnMOF74 to overcome hypoxia and generate
abundant ROS to specifically and efficiently kill cancer cells.
The PA imaging functionality of ICG@PEG-MnMOF74 further
guaranteed the precision localization of the tumor for improved
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PDT performance. We envisage that this multi-channeled
radical generation strategy, along with the multifunctional dual-
enzyme-like nanoplatform, will open the door to promote
precise and effective PDT outcome.
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