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Photodynamic therapy (PDT) has been rapidly developed as an effective therapeutic approach in clinical
settings. However, hypoxia seriously limits the effectiveness of PDT. Here, we report a porphyrin-based
metal-organic framework combined with hyaluronate-modified CaO, nanoparticles (PCN-224-CaO,-
HA) to target and enhance PDT efficacy. CaO, reacts with H,O or weak acid to produce O,, overcoming
the hypoxia problem. Hyaluronate protects CaO, and specifically targets the CD44 receptor, which is
highly expressed on tumor cell membranes, performing targeted therapy. After PDT treatment in vitro,
the survival rates of 4T1 and MCF-7 tumor cells were 14.58% and 22.45%, respectively. The fluorescence
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Accepted 4th September 2021 imaging showed that PCN-224-CaO,-HA effectively aggregated in the tumor after 12 h of its

intravenous injection into tumor-bearing mice. PCN-224-Ca0O,-HA exhibited efficacious tumor growth
DOI- 10.1039/d1na00610j inhibition via enhanced PDT. Overall, this nanosystem providing in situ oxygen production was

rsc.li/nanoscale-advances successfully used for targeted PDT with a significantly enhanced therapeutic efficacy in vitro and in vivo.
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Introduction

To overcome the threat of cancer to human health, photody-
namic therapy (PDT) is a rapidly developing effective thera-
peutic approach that can be used against minimally invasive
tumors.”® PDT treatment is based on the administration of
a photosensitizer (PS) that is able to accumulate in tumors,
followed by local irradiation of the tumor with a light of
a specific wavelength to activate the PS, which in turn stimu-
lates oxygen (O,) to generate reactive oxygen species (ROS),
particularly singlet oxygen (*0,), which destroys cancer cells.*®
By localizing the PS and light, PDT can selectively cause tumor
cells apoptosis and necrosis without damaging surrounding
normal tissues.” As a result, PDT has been used to treat meso-
thelioma, pancreatic cancer, and head and neck cancer in
clinical settings.>* As the investigation on PDT treatment has
progressed, most of the attention in recent years has focused on
how to improve photodynamic efficiency."*** According to the
three fundamental conditions of PDT, research has been
devoted to PS design and synthesis,* enhancing their ability to
absorb light wavelength® and enhancing the production of
0,." Since the first PS hematoporphyrin was used in the early
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1980s, a series of porphyrin derivatives, including chlorins,
phthalocyanines, and naphthalocyanines, have been explored."”
However, the low uptake into the tumor, relative poor tissue
penetration, suboptimal tumor accumulation and poor
aqueous solubility or dispersity limit their use as a therapeutic
approach in clinical practice.’® The advent of nanotechnology
promoted a new generation of PS, which is carried by nano-
materials to improve its accumulation into the tumor and
eliminate organic hydrotropes.” In 2014, nanoscale metal-
organic frameworks (nMOFs) were constructed with a PS as the
ligand, providing a new strategy for PDT.** The regular
arrangement of PS in nMOFs avoids the self-quenching of PS,
and the porosity of nMOFs facilitates the diffusion of '0,.
Furthermore, nMOFs present good biocompatibility and
biodegradability, making them most promising PS, predicted to
become the fourth generation of PS.**?

The localization of O, molecules in tissues is an essential
aspect for effective PDT. However, the uncontrollable growth of
tumor cells, as well as the dysregulated formation of blood vessels
in the tumor, inevitably leads to cancer hypoxia, which is
a common phenomenon in tumors, which seriously restricts PDT
efficiency.” Recently, a large number of nMOFs with catalytic
activity or self-generating ability to produce ROS have been
applied in PDT. A MnFe,0,@MOF nanostructure was used to
catalyze H,0, for persistent O, production and self-sufficiency.**
A MOF integrating Pt nanozymes was used to catalyze H,O, to
achieve enhanced PDT.*> A MOF loaded with glucose oxidase and
catalase was also used to promote the catalysis of H,O, and
produce O,.”® But, most of the O, generation ability based on
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a catalyst might be limited by the specified intracellular
concentration of H,0,.”” More recently, CaO, was utilized as an
O, production material in tumor therapy due to its high
biocompatibility and efficient O,-evolving ability.?*** Neverthe-
less, the aqueous instability of CaO, prompts that a protectant is
essential to avoid premature decomposition. Additionally, tar-
geted therapy is crucial to minimize the damage to healthy tissue
and enhance the curative effect.**** Although PDT can selectively
induce tumor cell apoptosis via immobilization with a laser, the
accumulation of the nanosystem in the tumor is slow and not
completely effective in the tumor bed due to the leaky nature of
the tumor vasculature.® To overcome these limitations, targeting
ligands such as small molecules,***” antibodies* and aptamers®
have been conjugated with the nanoparticles. Targeting ligands
functionalized with nanoparticles can bind to the cell-surface
receptors and enter the cells by receptor-mediated endocytosis,
thus enhancing their uptake by cancer cells to achieve targeted
therapy.*®

In this work, an in situ oxygen production system was con-
structed using a porphyrin-based MOF (PCN-224) combined
with hyaluronate (HA)-modified CaO, nanoparticles, which was
used to target and enhance PDT. As shown in Scheme 1, PCN-
224 nanoparticles were synthesized firstly. Then, HA-modified
Ca0, nanoparticles were decorated on PCN-224 in situ to
obtain PCN-224-CaO,-HA. PCN-224-CaO,-HA slowly reacted
with H,O or weak acid to produce O, in sufficient quantities,
solving the hypoxia problem and enhancing the efficacy of PDT.
In addition, HA protects the CaO, and specifically targets the
CD44 receptor, which is highly expressed on the tumor cell
membranes of 4T1 and MCF-7 cells, realizing targeted therapy.
The experimental results indicate that PCN-224-CaO,-HA
enhances the therapeutic effect and the targeting efficiency of
PDT in vitro and in vivo.

Results and discussion

Firstly, PCN-224 nanoparticles were synthesized according to
our previous work when heating ZrOCl, and H,TCPP in N,N'-

Zr, cluster CaCl,, NaHA

DMF
90°C J

PCN-224

H,0,, NH,*H,0 \j
) PCN-224-Ca0,-HA
TCPP

650nm %

Scheme 1 Schematic representation of PCN-224 combined with
hyaluronate (HA)-modified CaO, nanoparticles for enhanced photo-
dynamic therapy.
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dimethylformamide (DMF) at 90 °C for 5 h.** The PCN-224-
CaO,-HA nanoparticles were then obtained by growing HA-
modified CaO, on the surface of PCN-224 at room tempera-
ture. PCN-224 combined with HA-modified CaO, was realized
by the coordination interactions between HA and Zr*" ions.*
The morphologies of the obtained PCN-224 and PCN-224-CaO,-
HA were observed by transmission electron microscopy (TEM).
Fig. 1a and b show that PCN-224 was characterized with a good
monodispersed size distribution of approximately 200 nm. After
combination with HA-modified CaO,, the diameter of PCN-224
and its morphology was almost unchanged. The particle size
and dispersivity of PCN-224 and PCN-224-CaO,-HA were also
measured by dynamic light scattering (DLS), as shown in
Fig. S1.7 Relatively narrow size distributions were observed with
diameters of 220 nm (PCN-224) and 245 nm (PCN-224-CaO,-HA)
from the DLS tests. The CaO, nanoparticles were found to be

PCN-224-Ca0,-HA

PCN-224

Intensity (a.u.)
Zeta potential (mV)

——Ca0,HA
——PCN-224
—— PCN-224-Ca0,-HA .30
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Fig. 1 Characterization of PCN-224 and PCN-224-CaO,-HA. TEM
images of (a) PCN-224 and (b) PCN-224-CaO,-HA. (c) Elemental
mapping of Zr, Ca, C, N and O in PCN-224-CaO,-HA. (d) XPS spectra
of CaO,-HA, PCN-224 and PCN-224-Ca0O,-HA. The inset shows the
high-resolution XPS spectrum of Ca 2p. (e) Zeta potential of PCN-224
and PCN-224-Ca0O,-HA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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obviously attached to the surface of PCN-224. TEM elemental
mapping (Fig. 1c) and energy dispersive spectra (Fig. S2t)
showed the homogeneous distribution of Zr, Ca, C, N and O
elements in the same particle. Fig. 1d shows the X-ray photo-
electron spectroscopy (XPS) of PCN-224-CaO,-HA, which was
performed to determine the elements and the valence state. The
binding energies of the elements Zr and Ca were 182.9 eV and
347.9, and 351.2 eV, respectively.

Due to the carboxyl groups in TCPP and hyaluronate, the
lower valence state of O (0,>7) in XPS is indistinguishable.
However, the O, generation of PCN-224-CaO,-HA verifies the
existence of CaO,, which was measured using a dissolved
oxygen instrument. As shown in Fig. S3,f the dissolved O,
content of CaO, and PCN-224-Ca0O,-HA dispersed in water were
higher than that of PCN-224. In addition, the zeta potential of
PCN-224 changed from 31.2 mV to —29.7 mV after the addition
of HA-modified CaO, (Fig. le). The negative zeta potential
originated from the hyaluronate, which suggested that PCN-224
was successfully modified with HA-modified CaO,. Additionally,
pure HA-CaO, nanoparticles were prepared in the absence of
PCN-224. The as-prepared HA-CaO, (Fig. S41) showed a similar
morphology to that of PCN-224-CaO,-HA. The Fourier-
transform infrared (FT-IR) spectra of HA-CaO, clearly display
the characteristic peak of a carboxyl group, as shown in Fig. S5.F
The powder X-ray diffraction (PXRD) patterns of PCN-224 and
PCN-224-Ca0,-HA are identical to the simulated one obtained
from the single-crystal data of PCN-224, confirming the stability
of PCN-224-Ca0,-HA (Fig. S67). The typical diffraction peaks of
Ca0, in the patterns of PCN-224-Ca0O,-HA are not clear, which
might be due to the low crystallinity of CaO,.*®

TCPP belongs to the porphyrin family, thus making it
a highly effective PS for PDT. Therefore, the photophysical
properties of PCN-224 and PCN-224-Ca0O,-HA were studied in
detail. As shown in Fig. 2a, TCPP shows a strong characteristic

< PCN224 SMMPBS > PCNZ24.CaO, WA §mM PBS

—TCPP
——PCN-224
0.94 ——PCN-224-CaO HA

|-=—PCN-224 10 mM PBS e~ PCN-224.Ca0,HA 10 mM PBS|

1004—*—PCN224 serum  —v—PCN-224-Ca0,HA serum

Degradation (%)
@
3

300 350 400 450 500 550 600 650 700 LI
Wavelength (nm)

10 15 20 25
Time (h)

@
S
s

FL Intensity (a.u.)

500

510 550 530 530 550 560 510 520 530 540 550 560
Wavelength (nm) Wavelength (nm)

Fig.2 (a) UV-vis absorption spectra of TCPP, PCN-224 and PCN-224-
CaO,-HA. (b) Degradation rates of PCN-224 and PCN-224-CaO,-HA
under different conditions (5 mM PBS, 10 mM PBS and serum). Fluo-

rescence spectra of DCFH incubated with (c) PCN-224 or (d) PCN-
224-Ca0,-HA for different irradiation times.
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absorption peak at 419 nm for the Soret band and four peaks at
514, 549, 590 and 645 nm for the Q band. In comparison, PCN-
224 and PCN-224-CaO,-HA show slight red shifts for all the
bands relative to TCPP, with peaks at 425, 523, 562, 598, and
653 nm. This redshifting was attributed to the enlarged conju-
gated area of the porphyrin after the formation of PCN-224,
which is in accordance with the reported literature.*® Impor-
tantly, CaO, and HA had no effect on the UV-vis absorption of
PCN-224. The degradation degree of PCN-224 and PCN-224-
Ca0,-HA in phosphate-buffered saline (PBS) and serum were
also evaluated by measuring the UV-vis absorption of the
released TCPP ligand in the supernatant (Fig. S7 and S8%). As
shown in Fig. 2b, PCN-224 and PCN-224-Ca0,-HA were stable in
serum. However, PCN-224 was not stable in PBS, and the TCPP
ligands were rapidly released in both 5 mM and 10 mM PBS due
to the high affinity of Zr"" towards the phosphate ions. In
contrast, the stability of the nanocomposite in PBS was greatly
improved due to the protection of HA-modified CaO,. There-
fore, the use of PCN-224-CaO,-HA could be considered in the
biomedical field when the phosphate concentration in the
blood is less than 5 mM.

Next, the ROS generation ability of PCN-224 and PCN-224-
Ca0,-HA was monitored using fluorescent 2',7'-dichloro-
fluorescein (DCFH) as a probe. Strong fluorescence was
observed for CaO,-HA, PCN-224, and especially for PCN-224-
CaO,-HA, under LED irradiation, indicating excellent ROS
production ability of PCN-224-CaO,-HA, as shown in Fig. S9.7
The fluorescence intensity of DCFH increased significantly with
increasing LED irradiation time, which corresponded to
increased ROS generation efficiency (Fig. 2¢ and d). Obviously,
the ROS generation ability of PCN-224-CaO,-HA was better than
that of PCN-224 in the same LED irradiation time, which
confirmed the significant role of CaO, in PDT. In addition, to
optimize the PDT performance of PCN-224-Ca0,-HA, the ROS
capacity of PCN-224 combined with different amounts of CaO,
was measured. An optimal 3 : 1 ratio of (Zr"*/Ca®") in PCN-224-
Ca0,-HA, measured by inductively coupled plasma (ICP), was
able to generate the optimal ROS amount. Meanwhile, the UV-
vis absorption spectra of PCN-224-Ca0,-HA still show clear
Soret bands and four Q bands when PCN-224 is combined with
different amounts of CaO, (Fig. S10%).

The cytotoxicity of PCN-224-CaO,-HA was evaluated using
a standard Cell Counting Kit-8 (CCK-8) to assess its biocom-
patibility. The mouse breast cancer cell line 4T1, human breast
cancer cell line MCF-7 and normal human hepatocytes cell line
LO2 were incubated with PCN-224-Ca0,-HA at different TCPP
gradient concentrations (0, 5, 10, 15, 20, 25 pg mL’l) for 24 h.
As shown in Fig. 3a, when the TCPP concentration reached
25 pg mL ™, the survival rate of the 4T1, MCF-7 and LO2 cells
still remained above 80%. The cytotoxicity was negligible at
concentrations below 20 pg mL™", which demonstrated that
PCN-224-Ca0,-HA exhibits good biocompatibility in vitro. In the
presence of LED irradiation, the cytotoxicity of PCN-224-CaO,-
HA or PCN-224 towards the 4T1, MCF-7 and LO2 cells was
assessed. As shown in Fig. 3b, PCN-224 exerted high phototox-
icity towards both cancer and normal cells. CaO, reacted with
H,0 or weak acid to produce O,. And HA specifically targeted

Nanoscale Adv, 2021, 3, 6669-6677 | 6671
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Fig.3 (a) Cytotoxicity studies by CCK-8 assay for 4T1, MCF-7 and LO2

cells after incubation with various concentrations of PCN-224-CaO,-
HA for 24 h. Cell viability after incubation with (b) PCN-224 or (c) PCN-
224-Ca0,-HA under LED irradiation for 10 min. (d) Confocal fluo-
rescence images of cells incubated with PCN-224-CaO,-HA for 4 h.
Scale bar: 50 um.

the CD44 receptor, which is highly expressed on tumor cell
membranes. After PDT treatment in vitro, the survival rates of
the 4T1, MCF-7 and LO2 cells were 14.58%, 22.45% and 74.09%,
respectively (Fig. 3c). Thus, the cytotoxicity of PCN-224-CaO,-HA
against both 4T1 and MCF-7 cells was much stronger than
against normal cells LO2. To verify the targeting effect of HA to
tumor cells, the cellular uptake of PCN-224-CaO,-HA was
measured by monitoring the TCPP fluorescence. 4T1, MCF-7
and LO2 cells were incubated with PCN-224-CaO,-HA, and
then imaged using a confocal laser scanning microscope
(CLSM). As shown in Fig. 3d, 4T1 and MCF-7 cells presented
clear red fluorescence of TCPP, while red fluorescence in LO2
cells was negligible. The results indicated that PCN-224-CaO,-
HA targets 4T1 and MCF-7 cells and presents excellent
phototoxicity.

To confirm the above results, a double-staining assay of
calcein-AM and propidium iodide (PI) was also used for visual
verification of the killing efficiency of the cells in vitro, where
green and red fluorescence represent living and dead cells,
respectively. As shown in Fig. 4a, b and S11,f partial death
occurred in both cancer and normal cells treated with PCN-224,
demonstrating the excellent PDT performance of the porphyrin-
based MOF. In comparison, the PDT effect of PCN-224-Ca0O,-HA
was superior to that of PCN-224, which might be ascribed to the
in situ O, production of CaO, and the targeted effect of HA.
Moreover, the apoptosis rate of the 4T1 and MCF-7 cells was
higher than that of LO2 cells when treated with PCN-224-CaO,-
HA, which further emphasized the important role of HA in
targeted therapy. Besides this, CLSM was used to further study
the ROS production in cells after treatment with PCN-224-CaO,/
HA under LED irradiation. 2',7-Dichlorofluorescein diacetate
(DCFH-DA) is sensitive to the presence of ROS, thus it can be

6672 | Nanoscale Adv, 2021, 3, 6669-6677

View Article Online

Paper

PCN-224-
PCN-224+ laser  Ca0_-HA+laser

)

PCN-224-
PCN-224+ laser  CaO_-HA+laser

| [P

Control+laser

Calcein-AM
Calcein-AM

Pl

Merge

PCN-224-
CaO,-HA+laser

C PCN-224
Control PCN-224  _ca0.-HA

PCN-224

Control+laser  'jocer

DCFH

Bright Field

Merge

PCN-224
-Ca0,-HA  Control+laser

PCN-224-
CaO_-HA+laser

PCN-224

Control PCN-224 + laser

DCFH

Bright Field

Merge

Fig. 4 CLSM images of (a) 4T1 and (b) MCF-7 cells after incubation
with PCN-224 or PCN-224-CaO,-HA under LED irradiation for 10 min
(the green color represents live cells and the red represents dead cells).
CLSM images of ROS generation in (c) 4T1 and (d) MCF-7 cells incu-
bated with PCN-224 or PCN-224-CaO,-HA under LED irradiation for
10 min. Scale bar: 50 um.

used to evaluate the existence of ROS in cells by fluorescence
microscopy. As shown in Fig. 4c, d and S12, the cells treated
with PCN-224 or PCN-224-Ca0,-HA in the absence of LED irra-
diation exhibited negligible fluorescence. Compared with LO2
cells, 4T1 and MCF-7 tumor cells showed strong fluorescence
when treated with PCN-224-Ca0,-HA under LED irradiation,
which is also consistent with the results of cell survival
experiments.

Motivated by the excellent therapy performance in vitro, we
further investigated the therapeutic efficacy of PCN-224-CaO,-
HA using mice bearing subcutaneous 4T1 tumors. The mice
were divided into six groups: (1) control; (2) PCN-224; (3) PCN-
224-Ca0,-HA; (4) control + laser; (5) PCN-224 + laser; (6) PCN-
224-Ca0,-HA + laser. The tumor sizes in the six groups were
monitored every two days in the following 14 days to determine
the antitumor effect of the different treatments, as shown in the
data in Fig. 5a. In PCN-224 + laser group, the tumor volume was
only partially reduced. Notably, remarkable inhibition of tumor
growth in the PCN-224-CaO,-HA + laser group was observed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 PDT of mice treated with PCN-224 and PCN-224-CaO,-HA in
a subcutaneous tumor model. (a) Photographs of the 4T1 tumor-
bearing mice before treatment and on days 7 and 14 after various
treatments. (b) Representative photographs of the tumor dissection.
(c) Relative tumor volume after various treatments. (d) Tumor weight
after various treatments.

The enhanced therapeutic effect might be ascribed to the
specific targeting effect of tumor cells and self-generation of O,
of CaO, (Fig. 5b-d). In addition, PCN-224 and PCN-224-CaO,-
HA showed no significant therapeutic effect without LED irra-
diation. The body weight was continuously monitored in all
mice throughout the entire treatment and the results revealed
no changes among the groups, shown in Fig. S13.} This result
was also in good agreement with the data in vitro.

PCN-224-Ca0,-HA was found to accumulate effectively at the
tumor site after 12 h of intravenous administration, which was
attributed to the enhanced permeability and retention effect*
and HA-mediated targeted accumulation of the therapeutic
agent (Fig. 6a and b). As expected, obvious fluorescence was
recorded at the tumor site, while only a negligible signal was
observed in other organs (including heart, liver, spleen, lung
and kidney). After 24 h, the fluorescence intensity gradually
decreased as a result of the disintegration of PCN-224-CaO,-HA
and the gradual removal of the released TCPP. The mice were
sacrificed 24 h later, and the tumor and organs were taken for
fluorescence imaging. As shown in Fig. 6b, significant fluores-
cent aggregation was still observed in the collected tumors,
indicating that PCN-224-CaO,-HA exhibits good retention
ability.

After the terminal of therapeutic experiments, the collected
tumors were sliced for histological analysis. The expression of
the hypoxia inducible factor (HIF-1a) protein as an indicator of
tumor hypoxia was also evaluated to further explore hypoxia in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Fluorescence imaging of 4T1 tumor-bearing mice taken at
different time points after intravenous injection with PCN-224-CaO,-
HA. (b) Fluorescence imaging of major organs and tumor after intra-
venous injection at 24 h. (c) HIF-1a staining tumor tissues harvested
from 4T1 tumor-bearing mice treated with PBS, PCN-224 and PCN-
224-Ca0,-HA. Green, HIF-1a. Blue, DAPI. (d) H & E and TUNEL
staining of tumors subjected to different treatments. Scale bar: 50 pm.
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the tumor tissues with different treatments (Fig. 6¢). The groups
treated with PBS and PCN-224 displayed significant green
fluorescence, which suggested that HIF-1a was overexpressed.
However, the group treated with PCN-224-CaO,-HA only
exhibited slight green fluorescence, which indicated that PCN-
224-Ca0,-HA served as an oxygen generator to overcome
hypoxia in tumor tissues. The microscopy images of tumor
sections for hematoxylin and eosin (H & E) staining and
transferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL) are presented in Fig. 6d. H & E staining
showed significant tumor cell necrosis and tumor tissue
damage in the PCN-224-CaO,-HA + laser treated group
compared with others. Correspondingly, TUNEL staining assay
also revealed a higher level of apoptosis. In addition, the main
organs of the mice after treatment were dissected and analyzed
by H & E staining, which exhibited no evident tissue damage, as
shown in Fig. S14.F These results demonstrate that PCN-224-
CaO,-HA exhibits a strong photodynamic effect and good
biocompatibility in vivo.

Experimental

Materials

Zirconyl chloride octahydrate (ZrOCl,-8H,0) and 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin (H,TCPP) were purchased
from Jinan Camolai Trading Company. Calcium chloride was
purchased from J&K Scientific. Benzoic acid (BA) and sodium
hyaluronate were purchased from Shanghai Aladdin Biochem-
ical Technology Co., Ltd. Absolute ethyl alcohol (C,Hs;OH), N,N'-

Nanoscale Adv., 2021, 3, 6669-6677 | 6673
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dimethylformamide (DMF) and hydrogen peroxide (H,O,,
30 wt%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Phosphate buffer (PBS, pH = 7.4), Cell Counting Kit-8
(CCK-8), Calcein-AM/PI, and 2',7’-dichlorofluorescin diacetate
(DCFH-DA) were purchased from Sangon Biotech Co., Ltd.
(Shanghai China). Dulbecco's modified Eagle's medium
(DMEM) and penicillin-streptomycin solution were purchased
from HyClone (Logan City, USA). Fetal bovine serum (FBS) was
purchased from PAN-biotech (Aidenbach, Germany). The
mouse breast cancer cell line 4T1, human breast cancer cell line
MCF-7 and normal human hepatocytes cell line LO2 were
purchased from Silver Amethyst Biotech. Co. Ltd (Beijing,
China). Ultrapure water was used throughout all of the experi-
ments. The chemicals were of analytical grade and used without
further purification.

Instrumentation

Transmission electron microscope (TEM) images were obtained
using an H-800 microscope (Hitachi, Japan). Zeta potentials
were measured on a Malvern Zetasizer Nano-ZS. PXRD experi-
ments were recorded on a D/Max-2500 X-ray diffractometer
using Cu-Ke radiation (A = 1.5418 A). X-ray photoelectron
spectra (XPS) were recorded using a Thermo Fisher Scientific
ESCALAB 250Xi spectrometer (USA). The Ca** and Zr** ion
contents were measured by inductively coupled plasma mass
spectrometry (ICP-MS, 8900, Agilent, USA). The UV-vis spectra
were recorded on a Cary 60 UV-vis spectrophotometer (Agilent
technologies). The fluorescence measurements were recorded
on an F-4600 (Hitachi, Japan) instrument. CCK-8 assay was
performed on a microplate reader (DG5033A, China). Confocal
fluorescence imaging was performed using a Leica TCS SP8
inverted confocal microscope (Leica, Germany). The cell images
were acquired using a 20x objective. In vivo imaging was per-
formed using an IVIS Lumina LT imaging system.

Synthesis of PCN-224

150 mg of ZrOCl,-8H,0, 50 mg of H,TCPP and 1400 mg of
benzoic acid were dispersed in 50 mL of DMF in a three-necked
flask. Then, the mixture solution was kept in an oil bath at 90 °C
for 5 h. At the end of the reaction, the dark purple solid product
was collected by centrifugation, followed by washing with fresh
DMF three times. Finally, PCN-224 was dried under vacuum at
60 °C.

Synthesis of PCN-224-Ca0,-HA

Firstly, 30 mg of the as-prepared PCN-224 was fully dispersed in
15 mL of absolute methanol. Then, 1 mL of an aqueous solution
of sodium hyaluronate (0.5 mg mL~") and 250 uL of an aqueous
solution of calcium chloride (2 mol L") were added to the
above solution under vigorous stirring. After ten minutes,
700 pL of 30% H,0, was slowly added to this solution at a rate of
1 drop per 10 seconds under constant stirring. After that,
ammonia solution was added to the above mixture solution to
activate the reaction until a suspended solid was formed.
Subsequently, the product was collected by centrifugation,
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followed by washing it twice with methanol. Thus, PCN-224-
CaO,-HA nanoparticles were obtained.

Detection of ROS

DCFH converted from non-fluorescent DCFH-DA can react with
ROS to produce DCF with green fluorescence, which was
employed as a probe for ROS measurements. Firstly, 0.5 mL of
1.03 mM DCFH-DA in DMSO was added to 2.0 mL of 0.01 M
sodium hydroxide and reacted in the dark at room temperature
for 30 min to hydrolyze DCFH-DA to DCFH. Then, the reaction
was stopped with 10 mL of sodium phosphate buffer (pH 7.4).
Before use, the DCFH solution was kept on ice away from light.
In brief, 1 mL aqueous solutions of PCN-224 and PCN-224-CaO,-
HA (30 pug mL~' TCPP) containing the stock solution of
DCFH (10 puM) were irradiated using a light-emitting diode
(LED, 650 nm). The solution was centrifuged immediately after
each irradiation for 1 min, and the fluorescence of the super-
natant was measured to estimate ROS.

Dissolved O, measurements

15 mg of PCN-224-Ca0,-HA were dispersed in 15 mL of deion-
ized water and the oxygen concentration was monitored per
minute using a portable dissolved oxygen meter. As a control,
the oxygen concentration of 15 mL of deionized water con-
taining 15 mg of PCN-224 was monitored under the same
conditions.

Quantitative analysis of the degradation rate of PCN-224 and
PCN-224-Ca0O,-HA

Firstly, TCPP standard solutions with concentrations of 0.1, 0.5,
1, 2, 5 and 10 uM were prepared. The absorbance of these
solutions at 418 nm was recorded and a standard curve of
absorbance and corresponding concentration was plotted.
Secondly, PCN-224 and PCN-224-CaO,-HA were digested by 1 M
NaOH for 24 h to fully release TCPP, and the content of TCPP
was analyzed using UV-vis spectroscopy. Finally, PCN-224 and
PCN-224-Ca0,-HA with the same concentration of TCPP were
dispersed in 5 mM PBS buffer, 10 mM PBS buffer and bovine
serum, respectively. After 2, 6, 12, 24 and 36 h of incubation, the
supernatant was collected and the absorbance at 418 nm was
utilized to determine the concentration of TCPP. Thus, the
degradation rates of PCN-224 and PCN-224-CaO,-HA in
different solutions were calculated.

Cell culture

4T1, MCF-7 and LO2 cells were cultured in high glucose DMEM
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S), followed by incubation in a stan-
dard humidified incubator at 37 °C under an atmosphere con-
taining 5% CO,. The cells were rinsed once with PBS and then
digested with 1 mL of lysis buffer (0.25% trypsin). Then, the
cells were collected by centrifugation (800 rpm, 3 min), and
plated on 96-well plates or a CLSM-exclusive culture disk one
day before the cell viability measurements and cell imaging.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The cell density was determined using a TC20 automated cell
counter (Bio-Rad).

Cellular uptake

To study the active targeting ability of PCN-224-Ca0,-HA, 4T1,
MCF-7 and LO2 cells were seeded into confocal dishes at
a density 1 x 10 cells per well, and the plates were maintained
at 37 °C in 5% CO, air incubator overnight. Then, the culture
medium was replaced with fresh medium containing PCN-224-
Ca0,-HA (20 ug mL~ " TCPP) and the cells were cultured at 37 °C
in 5% CO, for 4 h. The cells were washed with PBS three times
before imaging was carried out by CLSM.

Cell compatibility

4T1, MCF-7 and LO2 cells were carefully seeded in a 96-well plate
(10* cells per well) and allowed to adhere overnight. Next, the cells
were treated with different concentrations (0, 5, 10, 15, 20, 25 ug
mL ™" TCPP) of PCN-224-Ca0,-HA for 24 h. The cell viability was
measured by CCK-8 assay. Cell viability was evaluated according to
the equation: cell viability (%) = (Atest — Ao/Acontrol — Ao) X 100%.
Atesty Ao and Aconerol represent the absorbance of experimental
group, blank group and control group, respectively.

Cell cytotoxicity

4T1, MCF-7 and LO2 cells were seeded in a 96-well plate (10*
cells per well) and allowed to adhere overnight. Next, the culture
medium was replaced with fresh medium containing PCN-224
or PCN-224-Ca0,-HA at TCPP concentrations of 0, 1.25, 2.5, 5,
10 and 20 pg mL™". After 4 h, the cells were irradiated under
650 nm LED irradiation for 10 min. After further incubation for
24 h, the old medium was replaced with 10 pL of CCK-8 solution
and the cells were cultured. The cell viability was determined by
CCK-8 assay.

Intracellular ROS detection

The generation of intracellular ROS was investigated using
DCFH-DA as an indicator. In brief, 4T1, MCF-7 and LO2 cells
were seeded into confocal dishes at a density 1 x 10° cells and
permitted to adhere overnight. Then, the culture medium was
replaced with fresh medium containing PCN-224 or PCN-224-
CaO,-HA (20 pg mL ™' TCPP) and the cells were incubated for
a further 4 h. The dishes were washed with PBS twice and stained
with DCFH-DA (10 mM) for 20 min. After that, the cells were
washed with 1 x PBS (0.01 M) three times to fully remove DCFH-
DA that did not enter the cells and were then irradiated with
650 nm LED irradiation for 10 min. Finally, intracellular ROS
generation was observed by CLSM (E, = 488 nm, E,,, = 525 nm).

Live and dead cell assay

4T1, MCF-7, and LO2 cells were seeded in a 6-well plate (10>
cells per well) for 12 h, followed by incubation with (1) control;
(2) PCN-224; (3) PCN-224-Ca0,-HA; (4) control + laser; (5) PCN-
224 + laser; and (6) PCN-224-CaO,-HA + laser, respectively, fol-
lowed by a further 18 h of incubation. The cells were digested
with trypsin and a cell suspension prepared, followed by
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washing it with PBS buffer three times. The above treated cells
were incubated with the calcium AM/PI for 20 min. Next, the
cells were transferred to a confocal dish and CLSM was used to
obtain the fluorescence images of the stained cells.

Tumor models

All animal studies were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals (Ministry of Science
and Technology of China, 2006) and approved by the Institu-
tional Animal Care and Use Committee of Linyi University. 4-5
week old female Balb/c nude mice were purchased from Beijing
Charles River Laboratory Animal Technology Co., Ltd (China). A
tumor model was established by subcutaneously injecting 4T1
cells (1 x 10° cells in 100 L of PBS) into the right leg of mice.

Antitumor assay in vivo

When the tumor volumes reached approximately 100 mm?,
tumor bearing mice were randomly divided into six groups (five
mice per group) of (1) control; (2) PCN-224; (3) PCN-224-CaO,-
HA,; (4) control + laser; (5) PCN-224 + laser; (6) PCN-224-CaO,-HA
+ laser. Then, mice were intravenously treated with PCN-224 or
PCN-224-Ca0,-HA (100 pL, 5 mg kg~ ' TCPP) every 3 days. The
control + laser, PCN-224 + laser and PCN-224-Ca0,-HA + laser
groups were subjected to 650 nm LED irradiation for 10 min at
12 h after the intravenous injection. The tumor volumes and
body weights were measured every two days to evaluate the
therapeutic effects. The tumor volume (V) was calculated
according to the following equation: V = L x W*/2. L and W
represent the length and width of the tumor, respectively. And
the relative tumor volumes of different treated groups were
deduced from V/V,. (in which V, is the tumor volume at the
beginning of treatment). At the end of the treatment, the mice
were sacrificed, and the tumors and major organs (including
heart, liver, spleen, lung and kidney) were harvested and fixed in
paraformaldehyde (4%), dehydrated, embedded in paraffin,
sectioned and stained with H & E (hematoxylin and eosin
staining assay). To further study the apoptosis of the tumor
cells, the tumor tissues were also subjected to terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining assays.

Hypoxia study in vivo

4T1 tumor-bearing mice were randomly divided into three
groups, and then the mice received an intravenous injection of
100 pL of saline, PCN-224 and PCN-224-Ca0,-HA (5 mg kg ™'
TCPP). 24 h post-injection, all of the mice were sacrificed and
the tumor tissues were extracted and HIF-lo. staining was
performed.

Conclusions

In summary, a self-supplying O, nanosystem (PCN-224-CaO,-
HA) based on a MOF combined with hyaluronate-modified
CaO, nanoparticles was constructed. This nanosystem was
able to slowly produce oxygen to reduce hypoxia in the tumor

microenvironment, and enhance the effects of PDT.
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Hyaluronate protected CaO, and specifically targeted the CD44
receptor to perform targeted therapy. The successful in vitro and
in vivo results obtained in this work indicated that PCN-224-
Ca0,-HA was able to provide a significantly enhanced thera-
peutic effect. These facile O, self-supplemented and
hyaluronate-modified peroxide nanoparticles combined with
a MOF might provide perspectives on how to overcome hypoxia
in tumors and develop MOF-based targeted therapy.
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