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The intrinsic hypoxic tumor microenvironment and limited accumulation of photosensitizers (PSs) result
in unsatisfied efficiency of photodynamic therapy (PDT). To enhance the PDT efficiency against solid tu-
mors, a functional oxygen self-supplying and PS-delivering nanosystem is fabricated via the combination
of catalase (CAT), chlorin e6 (Ce6) and metal-phenolic network (MPN) capsule. It is demonstrated that

the CAT encapsulated in the capsules (named CCM capsules) could catalyze the degradation of hydrogen

Keywords:

Metal-phenolic network (MPN)
Photodynamic therapy (PDT)
Capsule

Oxygen self-supply

Drug delivery

peroxide (H,0;) to produce molecular oxygen (O,), which could be converted into cytotoxicity reactive
oxygen species (ROS) by surface-loaded Ce6 under 660 nm laser irradiation, leading to synergistic anti-
cancer effects in vitro and in vivo. Therefore, the application of CCM capsule could be a promising strategy
to improve PDT effectiveness.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Despite the rapid development of nanoparticle-based ther-
anostic agents in cancer treatment, the clinical translation of
nanomedicine still faces many challenges, such as poor efficacy,
safety and scale-up/cost [1-3]. At present, the modulation of tumor
microenvironments and the properties optimization of nanoparti-
cles have been considered as efficient strategies to improve the
therapeutic efficacy of cancer and facilitate the clinical translation
of nanomedicine [4,5]. Photodynamic therapy (PDT), which em-
ploys photosensitizers (PSs) to generate ROS in the presence of
oxygen (0,) to kill cancer cells, is a major non-invasive strategy for
superficial tumor treatment [6,7], due to its unique features, such
as low side effects, high curative effects, and minimal invasiveness
[8-10]. However, there still exist drawbacks that limit its clinical
application. Firstly, the hydrophobic properties of most clinical PSs
resulted in their aggregation under physiological conditions, lim-
ited tumor accumulation and reduction of the quantum yield of
ROS production [11]. Secondly, the hypoxia in tumor reduces the
PDT efficacy as it is an oxygen-dependent process [9,12]. There-
fore, the development of strategies to overcome the shortcomings
of PDT is of great significance for cancer therapy.
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Recently, nanocarriers have been used to overcome some obsta-
cles of PDT. For instance, nanocarriers with optimized properties
have efficiently realized the tumor targeting delivery of PSs and O,
[13-16]. What's more, based on the higher concentration of H,0,
in the tumor than normal tissues [17-19], in situ production of O,
inside the tumor could be a more effective approach to overcome
tumor hypoxia and enhance PDT [20]. For example, the use of cata-
lase (CAT) to decompose the excessive H,0, (ranging from 100
umol/L to 1 mmol/L) for generation of O, is a promising approach
to relieve the hypoxic tumor microenvironment and promote the
therapeutic effect of PDT [21]. To date, the nanoparticulate system
has been used for targeted delivery of functional enzymes with
reduced off-target side effects [22]. However, compared with the
methods of encapsulating enzymes inside or adsorbing on the sur-
face of the nanoparticles, which could limit the loading efficiency
and cause enzymes inactivation [23-25], enzyme encapsulation in
a hollow capsule with a large cavity can maintain the enzyme’s
conformation freedom, and protect the encapsulated enzymes
against degradation from exposure to the biological environment
during blood circulation [26-28]. In particular, metal-phenolic net-
work (MPN) capsules gained wide attention due to their unique
properties, including facile assembly process, pH-responsive prop-
erties, lysosome escape ability, higher drug loading capacity, good
biocompatibility and multifunctional imaging capability [27,29-35].
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Fig. 1. Schematic illustration of CCM capsule preparation and the mechanism involved in PDT enhancement against cancer.
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Fig. 2. Characterization of CAT@ZIF-8 NPs and CCM capsules. (A) SEM image of CAT@ZIF-8 NPs. (B) TEM image of CCM capsules. Scale bars are 500 nm. (C) HAADF-STEM
and EDX mapping images of CCM capsules, showing carbon (C), oxygen (O), and iron (Fe) elements. The scale bar is 100 nm. (D) PXRD patterns of CCM, CAT@ZIF-8 NPs,
ZIF-8 NPs and simulated ZIF-8. (E) Zeta potential of ZIF-8 NPs, CAT@ZIF-8 NPs, CAT@ZIF-8@MPN NPs, and CCM capsules in water. Data are represented as the means + SD,
n = 3. (F) Fluorescence spectra of MPN capsules, free Ce6, and CCM capsules. (G) Optical photograph of CCM capsule suspension without/with 100 mmol/L H,0,.
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Fig. 3. (A) Flow cytometry analysis of 4T1 cells treated with free Ce6 or CCM capsules for 2 h. (B) Normalized concentration of the DPBF in the presence of free Ce6 or CCM
capsules. (C) CLSM images showing the production of ROS detected by DCFH-DA. The scale bar is 50 pm.
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Fig. 4. Viability of 4T1 cells after incubation with different concentrations of free Ce6 or CCM capsules (A) without or (B) with irradiation by 660 nm laser for 1 min. Data
are represented as the means + SD, n = 3, **P < 0.01, **** P < 0.001. (C) Fluorescence images of live/dead cells after treatment with free Ce6 and CCM capsules with/without
irradiation. Green fluorescence represents live cells and red fluorescence represents dead cells. Scale bars are 50 pm.

Herein, we constructed a high-performance PDT nanosystem
(denoted as CCM capsules) via a facile and biofriendly strategy.
In our system, CAT-loading MPN capsules were prepared by zeo-
lite imidazolate frameworks (ZIF-8) sacrifice templating method,
where ZIF-8 encapsulated CAT via biomimetic mineralization
followed by coating with tannic acid (TA) and Fe3*. Subsequently,
chlorin e6 (Ce6) was loaded onto the capsules through the co-
ordination between carboxyl group (-COOH) and Fe3* (Fig. 1).
This nanosystem could significantly improve the PDT efficacy
through overcoming the hypoxia in tumor microenvironment and
increasing the accumulation of Ce6 in tumor.

To encapsulate CAT into ZIF-8 NPs, CAT and 8-arm
poly(ethylene glycol) (8-arm-PEG-OH) were mixed with zinc
nitrate and 2-methylimidazole (2-MIM) in an aqueous solution.
The 8-arm-PEG-OH can extract Zn** due to the interactions be-
tween the repeat unit of ethoxyl groups in PEG and Zn%*, and
induce the mineralization of Zn** with 2-MIM and CAT [36-38].
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Then, MPN films were easily deposited on the surface of the
CAT@ZIF-8 NPs based on the high adhesion between tannic acid
(TA) with substrates and the strong coordinating ability of TA
with Fe3+ [39]. Finally, ethylenediaminetetraacetic acid disodium
salt (EDTA) was used to remove the ZIF-8 NPs followed by the
cooperation of Ce6 to obtain the hollow CCM capsules contain-
ing CAT and Ce6. Scanning electron microscopy (SEM) (Fig. 2A)
and transmission electron microscopy (TEM) images (Fig. S1A in
Supporting information) showed that the CAT@ZIF-8 NPs have a
dodecahedral morphology with a size of about 250 nm, which is
similar to ZIF-8 NPs (Figs. S1B and C in Supporting information).
Energy-dispersive X-ray (EDX) mapping analysis of CCM capsules
showed the well-matched elements (C, O, and Fe) distribution
(Figs. 2B and C). The patterns of ZIF-8 NPs powder X-ray diffrac-
tion (PXRD) and CAT@ZIF-8 NPs matched well with the simulated
one (Fig. 2D), which indicated that the encapsulation of CAT did
not affect the crystal structure of ZIF-8 NPs. The hollow and
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Fig. 5. The biodistribution and antitumor properties of CCM capsules towards 4T1 tumor-bearing Balb/c mice. (A) Ex vivo fluorescence images of major organs and tumors
excised from mice at 2, 4 and 12 h after intravenous injection of CCM capsules or free Ce6. Lu, K, T, H, Li, and S stand for lung, kidneys, tumor, heart, liver and spleen,
respectively. (B) Relative mean fluorescence intensity of tumors. Data are represented as the means + SD, n = 3. (C) Average radiant efficiency of the isolated organs and
tumors at 12 h after intravenous injection of free Ce6 and CCM capsules. Data are represented as the means + SD, n = 3. (D) A schematic diagram of the inoculation and
treatment protocol of 4T1 subcutaneous tumor. (E) Time-dependent variations of body weight, and (F) tumor volume. Data are represented as the means + SD, n = 5. (G)
Tumor weight and corresponding tumor inhibition rate. Data are represented as the means + SD, n = 5. (H) The photograph of the excised tumors. *P < 0.05, ** P < 0.01,

#*#* P < 0.0001.

amorphous structure of CCM capsules supported the successful
removal of ZIF-8 NPs [23,40,41]. As shown in Fig. 2E, the change
of zeta potential values from 22.6 mV to 17.7 mV for ZIF-8 NPs
and CAT@ZIF-8 NPs indicated the successful encapsulation of CAT.
After MPN films were deposited and the templates were removed,
zeta potential values become -21.5 and -33.2 mV respectively.
When CCM capsules were dispersed in RPMI 1640 medium, the
zeta potential value changed to be —17.2 mV compared to that
(-33.2 mV) in water [36], which could be due to the adsorption of
protein corona on CCM capsules. Meanwhile, the specific absorp-
tion peaks of Ce6 (about 660 nm) and ligand-metal charge transfer
band of phenol-iron coordination (500-650 nm) can be detected
in the ultraviolet-visible spectroscopy (UV-vis) [42], indicating
the successful fabrication of CCM capsules (Fig. S2 in Supporting
information). In addition, the emission peak of the fluorescence
spectrum around 670 nm also confirmed the successful loading
of Ce6 in CCM capsules (Fig. 2F). The loading efficiency of Ce6 in
CCM capsules was about 11.7% based on the standard curve of Ce6
(Figs. S3A and B in Supporting information). The loading efficiency
of CAT in CAT@ZIF-8 NPs was about 95.87% (230.1 U/mg) based on
the standard curve of CAT (Fig. S4 in Supporting information). The
catalytic activity of CAT was evaluated in vitro. As shown in Fig. 2G
and Fig. S5 (Supporting information), due to the permeability
of the capsules [29,43], obvious bubbles were generated in CCM
and CAT@MPN capsule suspensions after adding of H,0, solution,
which was not observed in Ce6@MPN (CM) or MPN capsule sus-
pensions. These results indicated that CAT loaded CCM capsules
could effectively decompose H,0, into O,, which was expected to
improve the oxygen level in hypoxic tumors microenvironment.
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To investigate the cell uptake of CCM, 4T1 cells were incubated
with Ce6 or CCM capsules for different periods (0.5, 1, and 2 h)
followed by flow cytometry analysis. The result showed that more
Ce6 and CCM capsules were associated with 4T1 cells with the
increase of incubation time (Fig. S6 in Supporting information),
indicating the time-dependent cellular uptake. In addition, higher
levels of Ce6 signal were observed in cells treated with CCM cap-
sules than those treated with free Ce6, suggesting the increased
delivery of Ce6 by CCM capsules (Fig. 3A). The enhanced cellular
uptake of Ce6 by CCM was confirmed by confocal laser scanning
microscope (CLSM) (Fig. S7 in Supporting information). After in-
cubation for 2 h, red fluorescence of Ce6 could be observed inside
the 4T1 cells and the fluorescence signal in cells treated with CCM
capsules was much stronger than those treated with free Ce®6.

Under a specific wavelength (660 nm), the energy transfer from
excited Ce6 to the surrounding oxygen leads to the production of
high cytotoxic ROS [44]. In this study, 1,3-diphenylisobenzofuran
(DPBF) was used as a probe to detect the generation of ROS in
vitro [45-47]. As shown in Fig. 3B, normalized change in concentra-
tion of DPBF in the presence of CCM capsules is similar to that in
the presence of Ce6 under 660 nm laser irradiation, demonstrating
the same efficiency of ROS generation. In addition, DCFH-DA was
used as a fluorescence probe to detect the intracellular ROS level
via flow cytometry and CLSM [47,48]. As shown in Fig. S8 (Sup-
porting information), 4T1 cells incubated with CCM capsules plus
laser irradiation displayed the highest fluorescence intensity com-
pared to those incubated with free Ce6, indicating the enhanced
Ce6 cellular internalization through CCM capsules. The generation
of ROS was further confirmed by CLSM (Fig. 3C). Without laser ir-
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radiation, weak fluorescence signals were observed in cells treated
with free Ce6 or CCM capsules, in contrast, laser irradiation in-
duced the strongest green fluorescence in cells treated with CCM
capsules, indicating efficient generation of ROS.

To investigate the potential anticancer activity of CCM capsules,
the cytotoxicity of CCM capsules were measured in 4T1 cells by
MTT method and live/dead assay. As shown in Fig. 4A and Fig.
S9A (Supporting information), free Ce6, MPN, and CM capsules
did not exhibit obvious cytotoxicity without 660 nm laser irradi-
ation, while CAT@MPN and CCM capsules exhibited cytotoxicity in
a concentration-dependent manner, which can be ascribed to the
disruption of redox balance in cells induced by CAT [49]. Upon a
660 nm laser irradiation, the CCM capsules showed the highest cy-
totoxicity (Fig. 4B and Fig. S9B in Supporting information). More-
over, live/dead cell fluorescent staining assay showed that CCM
capsules plus laser irradiation killed 4T1 cells more effectively than
other treatments (Fig. 4C and Fig. S10 in Supporting information).

To visually detect the biodistribution of CCM capsules in vivo,
free Ce6 and CCM capsules were intravenously injected into the
4T1 tumor-bearing Balb/c female mice, and the in vivo fluorescence
signals were monitored at predetermined time points (Fig. S11 in
Supporting information). The result showed that a relatively weak
fluorescence signal was detected in tumor site of mice treated with
free Ce6 (Figs. 5A and B). The fluorescence signal decreased along
with time and no obvious fluorescence was observed after 12 h,
indicating that free Ce6 could be quickly excreted from the body
(Fig. 5C) [15]. In contrast, a much stronger fluorescence signal was
observed at the tumor site of mice treated with CCM capsules
(Figs. 5A and B). Compared with the other organs, the tumors were
found to show a high average radiant efficacy after 12 h, which
was probably due to the EPR effect (Fig. 5C). These results illus-
trated that CCM capsules could increase accumulation of Ce6 in
the tumor and provide a possible platform for further antitumor
application in vivo.

To evaluate the antitumor effects of CCM capsules, 4T1 tumor-
bearing female mice were divided into five groups and exposed
to PBS, CAT@MPN, free Ce6, CM and CCM capsules as indicated
(Fig. 5D). Intravenous injection of CAT@MPN capsules did not sig-
nificantly inhibit tumor growth (Fig. 5F). The free Ce6 and CM cap-
sules plus 660 nm laser irradiation inhibited the growth of tumor
to some extent due to the basic PDT therapeutic efficacy. In con-
trast, CCM capsules treatment plus 660 nm laser irradiation signif-
icantly suppressed the tumor growth, which could be attributed to
the effective accumulation of Ce6 and the generation of ROS in tu-
mor (Fig. 5F). At the end of day 14, CCM capsules treatment plus
laser irradiation resulted in the lowest tumor weight (0.45 g) and
the highest tumor inhibition rate of 77.1% (Fig. 5G). The volume of
tumors in the group of CCM capsules treatment was the smallest
among all tumors (Fig. 5H). During the entire treatment period, no
changes of body weights (Fig. 5E) and abnormal behaviors were
observed, indicating the low side effects of CCM capsules. All ani-
mal procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Shandong University and
approved by the Animal Ethics Committee of Shandong University.

In summary, we reported the design and fabrication of a novel
nanosystem, named CCM capsules, through the combination of
CAT, Ce6 and MPN capsules to enhance the efficacy of PDT. We
proved that CCM capsules possess a good capability to decompose
H,0, to generate O,, thus effectively alleviating the hypoxic mi-
croenvironment of tumor. The photosensitizer Ce6 loaded on MPN
capsules by cooperating with iron ions could be efficiently deliv-
ered into tumor tissues in vitro and in vivo. Therefore, the novel
nanosystem has the potential to become a promising platform for
enhancement of PDT and other oxygen-dependent tumor therapy.
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