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ABSTRACT: Recently, the combination of chemotherapy and chemodynamic
therapy (CDT) has become a desirable strategy in the treatment of cancer.
However, a satisfactory therapeutic outcome is often difficult to achieve due to the
deficiency of endogenous H,0, and O, in the tumor microenvironment. In this
study, a CaO,@DOX@Cu/ZIF-8 nanocomposite was prepared as a novel
nanocatalytic platform to enable the combination of chemotherapy and CDT in
cancer cells. The anticancer drug doxorubicin hydrochloride (DOX) was loaded
onto calcium peroxide (Ca0,) nanoparticles (NPs) to form CaO,@DOX, which
was then encapsulated in a copper zeolitic imidazole ester MOF (Cu/ZIF-8) to
form CaO,@DOX@Cu/ZIF-8 NPs. In the mildly acidic tumor microenviron-
ment, CaO,@DOX@Cu/ZIF-8 NPs rapidly disintegrated, releasing CaO,, which
reacted with water to generate H,0, and O, in the tumor microenvironment. The =
ability of CaO,@DOX@Cu/ZIF-8 NPs to combine chemotherapy and CDT was -

assessed by conducting cytotoxicity, living dead staining, cellular uptakes, H&E staining, and TUNEL assays in vitro and in vivo. The
combination of chemotherapy and CDT of CaO,@DOX@Cu/ZIF-8 NPs had a more favorable tumor suppression effect than the
nanomaterial precursors, which were not capable of the combined chemotherapy/CDT.

Ca0,@DOX@CWZIF-8

1. INTRODUCTION

Modulating oxidative stress in cancer cells is becoming an
increasingly popular anticancer strategy. One method of
modulating oxidative stress is through chemodynamic therapy
(CDT), which relies on Fenton or Fenton-like reactions
between metal ions and hydrogen peroxide (H,0O,) to produce
highly cytotoxic hydroxyl radicals (*OH) that induce oxidative
stress in cells." Therefore, CDT is particularly appealing as an
anticancer strategy because it does not produce any off-target
effects and can enhance the efficacy of traditional cancer
treatments such as chemotherapy, photothermal therapy
(PTT), and photodynamic therapy (PDT).'~* However, the
Fe’* that catalyzes the Fenton reaction reacts weakly with
H,0, under weakly acid conditions, such as in the tumor
microenvironment, and is only effective under strongly acidic
conditions with pH values up to 2—4.°~° In contrast, Cu* can
generate hydroxyl radicals (*OH) more efficiently than Fe®"
through Fenton-like reactions under weakly acidic or neutral
conditions. Furthermore, Cu*-catalyzed Fenton-like reactions
are a)plproximately 160 times faster than those catalyzed by
Fe2+ 910

Recently, copper-containing MOFs have attracted significant
interest in cancer therapy due to their unique physicochemical
properties and excellent biocompatibility, as well as their ability
to easily control the structure, composition, morphology, and
size of the MOFs during preparation. In addition, the organic
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ligands in the MOFs do not prevent the Cu®* ions from
producing hydroxyl radicals (*OH) through Fenton-like
reactions with H,0,, and the MOFs can be loaded with
chemotherapeutic drugs for enabling tumor chemotherapy due
to their large specific surface areas. For example, MOF199, a
copper-based MOF, has been used as a nanocarrier for drug
delivery.”"' =" However, reports on the application of copper-
based MOFs for CDT therapy are still scarce, despite their
widespread potential as novel therapeutics for the treatment of
a variety of different cancers.'®

The therapeutic efficacy of CDT is highly dependent on the
levels of endogenous H,O, in the tumor microenviron-
ment.'®"” Although most tumor cells contain significantly
higher levels of intracellular H,O, compared to normal cells,
these levels are still not sufficient for effective CDT treatment
of tumor cells.'"® Therefore, the ability of a CDT agent to
generate enough H,0, for inducing oxidative stress is critical
for ensuring that it exhibits robust anti-cancer potency. This
problem can be circumvented by incorporating compounds
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Figure 1. Synthesis of CaO,@DOX@Cu/ZIF-8. Anti-tumor mechanism of CaO,@DOX@Cu/ZIF-8 in vivo.

capable of generating intracellular H,0, into drug delivery
systems.'” To improve the efficacy of CDT, materials can be
developed that enable a combination of chemotherapy, PDT,
PTT, and other therapeutic mechanisms to overcome the
hurdles from which individual therapeutic mechanisms often
suffer.”*~>* Doxorubicin hydrochloride (DOX) is a well-known
and hi§hly utilized chemotherapeutic drug in cancer treat-
ment.””*® Under aerobic conditions, DOX can activate
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, which catalyzes the reaction between NADPH and
O, to generate superoxide radicals (0,*7).*° Superoxide
dismutase (SOD) can convert O,"” to H,0,, which is the
substrate of CDT.”” In cancer cells, the production of O,"~ will
induce oxidative damage, leading to apoptosis.”® However,
because most tumor microenvironments are O,-deficient, the
ability of DOX to generate O, in tumor cells will be
limited.”” Therefore, circumventing the O, deficiency problem
of the tumor microenvironment can improve the sensitivity of
tumor cells to DOX while also improving CDT efficacy.
Exogenous calcium peroxide (Ca0O,) has demonstrated the
ability to provide the tumor microenvironment with enough
H,0, and O, to promote CDT.*® CaO, also has excellent
biocompatibility and will not cause toxic side effects in normal
cells after entering the body.”’ Upon entering the tumor
microenvironment, CaO, reacts with water to produce H,O,
and 0,.*7% However, since CaO, reacts readily with water,
finding a suitable carrier to ensure that CaO, will not break
down prematurely before entering tumor cells is imperative.
Herein, as shown in Figure 1, we designed a MOF comprising
a copper zeolitic imidazolate framework (Cu/ZIF-8) that was
loaded with DOX and CaO,. The Cu/ZIF-8 was chosen
because it is stable under physiologically neutral conditions,
thereby preventing DOX and CaO, from disassociating from
the MOF due to decomposition.*™*” To prepare the MOF
nanocomposite, CaO, nanoparticles (NPs) were first synthe-
sized, after which DOX was loaded onto the surface of CaO,
NPs to form CaO,@DOX. Finally, the CaO,@DOX surface
was modified with a layer of Cu/ZIF-8 to synthesize CaO,@
DOX@Cu/ZIF-8. We hypothesized that, upon entering the

acidic microenvironment of the tumor, the Cu/ZIF-8 frame-
work will rapidly decompose to release DOX, CaO,, and Cu**,
the latter of which catalyzes the Fenton-like reactions to
produce H,0, in situ. Meanwhile, the unprotected CaO, will
react with water to form H,O, and O,. In the presence of
excess GSH in the tumor microenvironment, the generated
H,0, will react with the dissociated Cu®>* in a Fenton-like
reaction to produce highly toxic *OH. Furthermore, the
generated O, will improve the hypoxic condition within the
tumor, enhance the sensitivity of the tumor cells to DOX, and
improve the efficacy of the chemotherapy. Therefore, the
independent production of both H,O, and O, by the MOF
nanocomposite will enable a synergistic CDT and chemo-
therapeutic effect, offering a new strategy to improve the
effectiveness of combinatorial chemokinetic therapies.

2. EXPERIMENTAL SECTION

2.1. Materials. Anhydrous calcium chloride (CaCl,),
ammonium hydroxide (NH;-H,O, 28 wt %), polyethylene
glycol 200 (PEG-200), hydrogen peroxide (H,0,, 30 wt %),
DOX, 2-methylimidazole (99%), copper(II) nitrate trihydrate
(Cu(NO,),-3H,0, 99.5%), zinc nitrate hexahydrate (Zn-
(NO;),-6H,0, 98%), triethylamine (>98%), and methanol
(99.5%) were obtained from Aladdin Reagents (Shanghai,
China). 1,3-Diphenylisobenzofuran (DPBF), 2’,7’-dichloro-
fluorescin diacetate (DCFH-DA), and 5,5'-dithiobis-(2-nitro-
benzoic acid) (DTNB) were obtained from Nanjing KGI
Biotechnology Development Co., Ltd. Roswell Park Memorial
Institute-1640 (RPMI-1640), phosphate buffered saline (PBS),
fetal bovine serum (FBS), penicillin—streptomycin (cell
culture-grade), and trypsin (0.25%) containing 0.1% ethyl-
enediaminetetraacetic acid (EDTA) were purchased from
Servicebio Co., Ltd. The Calcein AM/PI Double Stain Kit,
Annexin V-FITC/PI Apoptosis Detection Kit, and Cell
Counting Kit-8 (CCK-8) were obtained from Nanjing KGI
Biotechnology Development Co., Ltd. HGC cells were
obtained from Procell Life Science and Technology Co., Ltd.

2.2. Preparation of CaO,@DOX@Cu/ZIF-8 NPs.
2.2.1. Synthesis of Ca0O,. First, CaCl, (2 g) was dissolved in
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distilled water (15 mL), to which NH;-H,O (10 mL of a 1
mol/L solution diluted from the 28 wt % concentrate) and
PEG-200 (100 mL) were added sequentially. H,0, (15 mL of
30 wt % solution) was added dropwise to the solution while
stirring over 20 min to form a precipitate, which was collected
by centrifugation (12,000 rpm, 15 min), washed three times
with methanol, and dried under a vacuum at 60 °C for 4 h.

2.2.2. Synthesis of CaO,@DOX. First, CaO, (50 mg) was
dissolved in methanol (40 mL) by ultrasonication. Then, 10
mL of a 1 mg/mL solution of DOX in methanol was added to
the solution, which was stirred for 10 h. After centrifugation of
the mixture (12,000 rpm, 15 min), the pellet was washed three
times with methanol and dried under vacuum at 60 °C for 4 h
to obtain CaO,@DOX.

2.2.3. Synthesis of Ca0,@DOX@Cu/ZIF-8. CaO,@DOX@
Cu/ZIE-8 was prepared by an in situ assembly method. First,
Ca0,@DOX (50 mg) was dispersed into methanol (20 mL)
under ultrasonication. Separately, Zn(NO;),-6H,0 (12 mg)
and Cu(NO;),-3H,0 (3 mg) were dissolved in methanol (10
mL). Then, in another container, 2-methylimidazole (13 mg)
was dissolved in methanol (10 mL), to which triethylamine
(16 pL) was added dropwise. Finally, all three solutions were
mixed and stirred at room temperature for 2 h. The product
was collected by centrifugation (12,000 rpm, 15 min), washed
three times with methanol, and dried under a vacuum at 60 °C
for 4 h.

2.3. Characterization of CaO,@DOX@Cu/ZIF-8. The
scanning electron microscope used to characterize the
morphological structure of the material was purchased from
Hitachi, Japan. A UV-—vis spectrophotometer (Shanghai
Metash Instruments Co.) was employed to characterize the
changes in absorbance during the synthesis of the materials.
Fourier-transform infrared spectroscopy (FT-IR, Thermo
Scientific, USA) was used to characterize the functional groups
in the various materials. A particle size analyzer (Brookhaven
Instruments, USA) was used to measure the zeta potentials
and particle sizes of the materials. Lastly, flow cytometry
(Beckman Coulter, USA) and fluorescence microscopy
(Olympus, Japan) were employed for in vitro cell analysis.

2.4. Kinetics of DOX Release from CaO,@DOX@Cu/
ZIF-8. Since the pH of an environment affects the rate of drug
release, the kinetics of DOX release from CaO,@DOX@Cu/
ZIF-8 was simulated in physiological environments with pH
values of 5.5 and 7.4. CaO,@DOX@Cu/ZIF-8 was dissolved
in 2 mL of PBS (pH 5.5 and 7.4), and the solutions were
sealed in dialysis bags (2000 kDa cutoff). The dialysis bags
were immersed in 30 mL of PBS at 37 °C in the dark, and
aliquots (2 mL) of the solution were removed at regular
intervals to quantitate the amount of DOX in solution based
on the change in absorbance at 480 nm.

2.5. ROS Detection and GSH Consumption. The *OH
generation performance of CaO,@DOX@Cu/ZIF-8 NPs was
investigated using DPBF as an *OH quencher. DPBF reacts
with *OH in solution, resulting in a reduction in the
absorbance at 410 nm. We prepared two sets of CaO,@
DOX@Cu/ZIF-8 (1 mg/mL) aqueous solutions (3 mL): one
set containing 1 mL of GSH (20 mM) as the experimental
group and the other set adding no more than 1 mL of GSH-
free distilled water as the control group. H,0, (1 mL of a 1
mM solution) and DPBF (1 mL of a 10 mg/mL solution) were
added to each solution, and the changes in the absorbance of
Ca0,@DOX@Cu/ZIF-8 solutions (with and without GSH)
as a result of DPBF were measured by UV—vis spectroscopy.

DTNB was employed to study the responsiveness of CaO,@
DOX@Cu/ZIF-8 to GSH. First, 240 uL of a 2.5 mg/mL
solution of DTNB in PBS and 30 uL of a 9.4 mM solution of
GSH in water were added to deionized water (2 mL). This
solution was diluted with CaO,@DOX@Cu/ZIF-8 NPs (200
ug/mL) to achieve final concentrations of CaO,@DOX@Cu/
ZIF-8 NPs of 0, 10, 20, 40, and 80 pg/mL, while maintaining
the same volume across all five solutions. The solutions were
allowed to stand for 30 min, after which they were centrifuged
(10,000 rpm, 10 min), and the absorbance of the supernatant
was measured by UV—vis spectroscopy at 412 nm.

2.6. Cytotoxicity. HGC cells were cultured in a medium
comprising 89% RPMI-1640, 10% FBS, and 1% penicillin—
streptomycin in an incubator set at 37 °C with a CO,
concentration of 5%. The survival rate of cells treated with
Ca0,@DOX@Cu/ZIF-8 NPs was determined by CCK-8
assays. The HGC cells were inoculated into 96-well plates (1 X
10* cells/well). Free DOX (0.625, 1.25, 2.5, 5, and 10 pg/mL)
as well as CaO,@Cu/ZIF-8 and CaO,@DOX@Cu/ZIF-8
(12.5, 25, 50, 100, and 200 pg/mL each) were added to the
cell suspensions. After incubating for 24 h, the cells were
washed twice with 100 L of PBS, after which 10 yL of the
CCK-8 reagent was added, and the cells were incubated for 2 h
in the dark. Finally, the absorbance of each solution was
measured at 450 nm using a microplate reader to calculate the
cell viability.

2.7. Intracellular *OH Detection. HGC cells were
inoculated into 6-well plates (1 X 10° cells/well) and cultured
at 37 °C with a CO, concentration of 5%. All materials were
dissolved in medium. Each solution in each well was
supplemented with 2 mL of DOX (S ug/mL), 2 mL of Cu/
ZIF-8 NPs (100 pg/mL), and 2 mL of CaO,@DOX@Cu/
ZIF-8 NPs (100 pug/mL), and the cells were incubated for 6 h.
After washing the cells twice with 100 uL of PBS each, 2 mL of
DCFH-DA (10 uM) was added, and the cells were incubated
for another 30 min. After incubation, the HGC cells were
washed twice with 100 uL of PBS and observed under a
fluorescent microscope. In addition, 2 mL of CaO,@DOX@
Cu/ZIF-8 NPs (100 ug/mL) were added to HGC cells and
then incubated for 0, 2, 4 and 6 h. The cells were treated
according to the same operation as above, and the results of
the experiment were observed again.

2.8. Cellular Uptake and Apoptosis Assays. HGC cells
were inoculated into 6-well plates (1 X 10° cells/well). The
culture environment temperature was 37 °C, and the CO,
concentration was 5%. HGC cells without material treatment
were used as the control (blank). The HGC cells in the
experimental group were supplemented with 2 mL of a 50 ug/
mL solution of CaO,@DOX@Cu/ZIF-8 and incubated for 2,
6, and 12 h. After 12 h, the HGC cells were fixed with ice
methanol for 0.5 h, and the pellet was washed twice with PBS.
The HGC cells nuclei were labeled by DAPI and observed
under a fluorescence microscope. The changes in fluorescence
of DOX after cellular uptake of the MOF nanocomposite were
quantified by flow cytometry.

The effect of free DOX, CaO,@Cu/ZIF-8, and CaO,@
DOX@Cu/ZIF-8 on inducing apoptosis was assessed in HGC
cells. The cells without material treatment represented the
control (blank). The HGC cells in the experimental group
were separately treated with free DOX (S pug/mL), CaO,@
Cu/ZIF-8 (100 ug/mL), and CaO,@DOX@Cu/ZIF-8 (100
ug/mL), and the cells were incubated for 24 h. The HGC cells
were collected from 6-well plates after digestion with trypsin
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Figure 2. Characterization of CaO,@DOX@Cu/ZIF-8 NPs. (a) SEM images and (b) DLS particle size analysis of CaO,@DOX@Cu/ZIF-8. (c)
Zeta potentials of Ca0,, Ca0,@DOX, and CaO,@DOX@Cu/ZIF-8. (d) UV—vis spectra of Ca0,, DOX, CaO,@DOX, and CaO,@DOX@Cu/
ZIF-8. (e) FTIR spectra of CaO,, DOX, CaO,@DOX, and CaO,@DOX@Cu/ZIF-8. (f) Energy spectra of Ca, Zn, Cu, C, and O in CaO,@

DOX@Cu/ZIF-8.

and centrifugation (500 rpm, 24 °C, S min), and the pelleted
cells were reconstituted in 500 uL of binding buffer after
washing twice with pre-chilled PBS. Finally, the cells were
stained with S yL of Annexin V-FITC and PI to determine the
apoptotic status by flow cytometry.

2.9. Live—Dead Staining Assay. HGC cells were
inoculated into 6-well plates (1 X 10° cells/well). The culture
environment temperature was 37 °C, and the CO,
concentration was 5%. HGC cells were separately treated
with 2 mL of free DOX (10 ug/mL), 2 mL of CaO,@Cu/ZIF-
8 (200 ug/mL), and 2 mL of CaO,@DOX@Cu/ZIF-8 (200
ug/mL). After 24 h of incubating, the HGC cells were washed
with PBS twice, after which they were stained with 2 mL of PI
and Calcein-AM (S ug/mL). After incubation at 37 °C for 20
min in the dark, cells were washed twice with PBS and then
analyzed by fluorescence microscopy.

2.10. In Vivo Analysis. BALB/c female nude mice (about
4 weeks old, Nanjing Marex Biotechnology Co., Ltd.) were
kept in a sterile room at a temperature of 26 °C and 40—50%
relative humidity. All animal procedures were performed in
accordance with the guidelines for care and use of Laboratory
Animals of Soochow University and approved by the Soochow
University Laboratory Animal Center (approval number:
202210A415). HGC cells (1-2 X 10°) were suspended in
100 uL of PBS and inoculated into the axilla of the nude mice
for seven consecutive days to establish an in vivo mouse tumor
model. After the tumors reached a certain size, the mice were
divided into four treatment groups (n = 3): the PBS group
(control), the DOX group, the CaO,@Cu/ZIF-8 group, and
the CaO,@DOX@ZIF-8 group. The individual treatments
were administered into the caudal vein (tail) (the drug
injection dose was calculated as 2 mg/kg dissolved in 200 L
of PBS) for 14 consecutive days, and the tumor volumes and

19405

changes in body weight of the mice were recorded daily. After
the 14 day treatment period, the nude mice were sacrificed,
and the heart, liver, spleen, lungs, kidneys, and tumor were
dissected. The excised hearts, livers, spleens, lungs, kidneys,
and tumors were preserved in formalin for subsequent
histological analysis. Sections of these organs and tumors
were also stained with hematoxylin and eosin (H&E) stain,
and the tumors were examined for apoptosis by the TUNEL
method.

3. RESULTS AND DISCUSSION

3.1. Characterization of Ca0,@DOX@Cu/ZIF-8 NPs. A
bottom-up approach was used to synthesize CaO,@DOX@
Cu/ZIF-8 NPs. First, CaO, was prepared by a hydrolysis-
precipitation method. DOX was then immobilized on the
surface of CaO, through coordination bonds between DOX
and Ca** to form CaO,@DOX. The Cu/ZIF-8 was then
fabricated on the surface of CaO,@DOX using an in situ
synthesis approach to prepare CaO,@DOX@Cu/ZIF-8 NPs.
scanning electron microscopy (SEM) images of CaO,@
DOX@Cu/ZIF-8 (Figure 2a) show that the nanocomposite
particles were spherical in shape and were ~200 nm in
diameter (Figure 2b). The zeta potential of CaO, was +39.17
mV (Figure 2c), but after the surface of CaO, was coated with
DOX, the zeta potential decreased to +22.80 mV, indicating
that DOX was successfully loaded with CaO, After wrapping
Cu/ZIE-8 around CaO,@DOX, the zeta potential decreased
to +14.6 mV, indicating that the Cu/ZIF-8 was successfully
loaded onto CaO,@DOX NPs.

Figure 2d shows that the UV—vis spectrum of CaO,@DOX
featured the same absorption peak around 490 nm as the UV—
vis spectrum of pure CaO,, indicating the successful loading of
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Figure 3. Characterization of CaO,@DOX@Cu/ZIF-8. (a) DOX standard curve. (b) Drug release profiles of CaO,@DOX@Cu/ZIF-8 at different
pHs. (c) Changes in the particle size of CaO,@DOX@Cu/ZIF-8 NPs in PBS (pH 7.4) and FBS. (d) Production of ROS by CaO,@DOX@Cu/
ZIF-8 under normal physiological conditions. (e) Production of ROS by CaO,@DOX@Cu/ZIF-8 in a simulated tumor microenvironment. (f)
GSH depletion capacity at different concentrations of CaO,@DOX@Cu/ZIF-8 (0, 10, 20, 40, and 80 ug/mL).

DOX onto CaO,. However, the absorption spectrum of
Ca0,@DOX@Cu/ZIF-8 did not feature the peak at 490 nm,
indicating that the Cu/ZIF-8 had been successfully wrapped
around CaO,@DOX. FT-IR was utilized to further assess
whether CaO,@DOX@Cu/ZIF-8 was successfully prepared
by analyzing the changes in the functional groups throughout
the preparation. As shown in the FT-IR spectrum of CaO,,
DOX, Ca0,@DOX, and CaO,@DOX @ Cu/ZIF-8 (Figure
2e), the absorption bands at 881 and 1115 cm™" corresponded
to the characteristic peaks of peroxide bonds (O-0),
indicating that CaO, was successfully prepared. The FT-IR
spectrum of DOX featured absorption bands at 987, 1211,
1284, 1406, 1618, and 3421 cm™, which corresponded to the
N-H stretching vibrations, C—O—C stretching vibrations,
C=N stretching vibrations, C—H bending vibrations, C=0
stretching vibrations, and O—H stretching vibrations, respec-
tively. The FTIR spectra of CaO,@DOX and CaO,@DOX@
Cu/ZIF-8 featured the same vibrational peaks as DOX near
1406 cm™!, indicating that the DOX was successfully loaded
onto Ca0,. CaO,@DOX@Cu/ZIF-8 produced the same
characteristic peak at 1584 cm™' as ZIF-8, indicating that
Cu/ZIF-8 was successfully loaded onto CaO,@DOX NPs.
Figure 2f shows the elemental mapping of CaO,@DOX@Cu/
ZIF-8, which demonstrated that the nanocomposite comprised
Ca, O, Zn, and Cu elements that were uniformly distributed
throughout.

The loading of DOX and the release kinetics of DOX from
CaO0,@DOX@Cu/ZIF-8 were analyzed by UV—vis spectro-
photometry. According to the standard curve (Figure 3a), the
loading capacity of DOX was quantitatively determined to be
5.0 wt %. At pH 7.4, the cumulative DOX release was only 30%
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(Figure 3b). However, when the pH dropped to S.5, more than
90% of the total DOX was released within 15 min. These
results corroborated the hypothesis that the Cu/ZIF-8
framework would decompose under acidic conditions,
achieving an efficient release of DOX. To ensure that the pH
of the solution did not affect the shape and stability of the
MOF nanocomposite, the particle size analyzer was used to
monitor the stability of CaO,@DOX@Cu/ZIF-8 in serum and
PBS (pH = 7.4). After 168 h in both serum and PBS, the
particle size of the material negligibly changed, indicating that
it would be highly stable under physiological conditions
(Figure 3c).

3.2. Detection of Extracellular *OH. The ability of
CaO,@DOX@Cu/ZIF-8 to generate H,O, radicals was
investigated using the fluorescent probe DPBF. DPBF has
long been recognized for its high specificity in reacting with
reactive oxygen species (ROS), such as hydroxyl (*OH),
alkoxy (RO*®), or alkylperoxy (ROO®) radicals. Upon reaction
with these ROS, DPBF is rapidly converted to 1,2-
dibenzoylbenzene (DBB) and irreversibly oxidized, causing
its absorption intensity at 410 nm to be rapidly reduced. In the
tumor microenvironment, CaO,@DOX@Cu/ZIF-8 decom-
poses to release CaO, and the fragments of the Cu/ZIF-8
MOF. CaO, reacts with H,O, in the tumor cells in the
presence of GSH to produce *OH, which then reacts with
DPBE. Therefore, monitoring the change in absorbance at 410
nm was used to determine if CaO,@DOX@Cu/ZIF-8 was
responsive to GSH. To accomplish this, CaO,@DOX@Cu/
ZIF-8 NPs solutions were supplemented with GSH, H,O,, and
DPBEF by varying the incubation time to determine whether
—OH was produced. As shown in Figure 3d, under normal
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Figure 4. In vitro experiments with CaO,@DOX@Cu/ZIF-8. (a) Fluorescence microscopy images demonstrating the cellular uptake of CaO2@
DOX@Cu/ZIF-8 into HGC cells over time. (b) Flow cytometry analysis of the cells incubated with CaO,@DOX@Cu/ZIF-8. (c) Cell viability of
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with DOX, CaO,@Cu/ZIF-8, and CaO,@DOX@Cu/ZIF-8 at different concentrations. P values in panels (d) were calculated by Student’s t-test;

triple asterisks indicate p < 0.001.

physiological conditions, after the solution containing GSH,
H,0,, and DPBF was supplemented with CaO,@DOX@Cu/
ZIF-8, with time increase, the absorbance at 410 nm did not
change. However, in the simulated microenvironment of the
tumor, the absorbance of DPBF at 410 nm gradually decreased
with increasing incubation time, indicating that the DPBF
reacted with the ROS generated from the components of
Ca0,@DOX@Cu/ZIF-8 NPs after decomposition in the
acidic medium (Figure 3e). In the simulated microenviron-
ment of the tumor, the absorbance of DPBF at 410 nm was
found to be almost unchanged when only CaO, was added
(Figure S1), thus indicating that CaO,@DOX@Cu/ZIF-8
NPs have the ability to release ROS in the tumor environment.

3.3. Extracellular Depletion of GSH. DTNB was used to
detect whether CaO,@DOX@Cu/ZIF-8 NPs were responsive
to physiological levels of GSH. In the tumor microenviron-
ment, CaO,@DOX@Cu/ZIF-8 NPs will decompose to release
Cu**, which will react with H,0, to produce *OH in the
presence of GSH. Therefore, the response of CDT materials to
GSH is essential. In the presence of sufficient GSH and H,O,
levels, Cu** can catalyze the conversion of GSH to GSSG. If
the amount of glutathione peroxidase is sufficient and the rate-
limiting factor of the reaction, there will be an appropriate
amount of GSH left, and the remaining GSH will react with
DTNB to form GSSG and S-mercapto-2-nitrobenzoic acid,
forming an absorption peak at 412 nm. Therefore, monitoring
the change in the absorbance of the reaction solution at 412
nm was used to determine whether CaO,@DOX@Cu/ZIF-8
reacted with GSH. As the concentration of CaO,@DOX@Cu/
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ZIF-8 NPs increased from 0 to 80 pg/mL, the absorbance of
the solution at 412 nm decreased continuously (Figure 3f),
which indicated that the GSH content in the solution
decreased rapidly, further demonstrating that CaO,@DOX@
Cu/ZIF-8 NPs had excellent GSH responsiveness.

3.4. Cellular Uptake and Toxicity In Vitro. The uptake
of CaO,@DOX@Cu/ZIF-8 NPs by cells was observed by
fluorescence microscopy after incubation of HGC cells with
Ca0,@DOX@Cu/ZIF-8 NPs (S0 ug/mL) for 2, 4, 6, and 12
h. The cells were stained with DAPI, and the red fluorescence
represents CaO,@DOX@Cu/ZIF-8 NPs, while the nucleus
was stained blue. Figure 4a shows that red fluorescence
appeared in the cells after 2 h, indicating that CaO,@DOX@
Cu/ZIF-8 had entered the cells. As the time gradually
increased to 12 h, the intensity of red fluorescence gradually
increased with time, indicating that CaO,@DOX@Cu/ZIF-8
NPs accumulated gradually in the cells over time. The flow
cytometry results (Figure 4b) demonstrated that the
fluorescence intensity of the dye in the HGC cells increased
as the cell culture time increased, corroborating the staining
patterns observed in the fluorescence microscopy images.
Therefore, CaO,@DOX@Cu/ZIF-8 NPs was taken up into
the cells over time.

The toxicity of CaO,@DOX@Cu/ZIF-8 in tumor cells and
normal cells was assessed by CCK-8 assays. HGC cells were
treated with PBS, DOX, CaO,@Cu/ZIF-8, and CaO,@
DOX@Cu/ZIF-8, while the MEF cells (Mouse embryonic
fibroblasts) were treated with PBS, CaO,@Cu/ZIF-8, and
Ca0,@DOX@Cu/ZIF-8. All cells were incubated for a total of
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24 h. As shown in Figure 4c, at a concentration of 200 yg/mL,
the viability of the MEF cells co-incubated with CaO,@Cu/
ZIF-8 and CaO,@DOX@Cu/ZIF-8 was greater than 90%,
indicating that Cu/ZIF-8 was biocompatible and non-toxic.
However, the viability of the HGC cells decreased with
increased concentrations of nanomaterials (Figure 4d).
Ca0,@DOX@Cu/ZIF-8 group had the greatest decrease in
cell viability compared to the other materials. This suggested
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that CaO,@DOX@Cu/ZIF-8 NPs had a more potent effect
on the proliferation of the cancer cells compared to the other
materials, as expected. The DOX, CaO,@Cu/ZIF-8, and
CaO,@DOX@Cu/ZIF-8 corresponding ICs, values are
calculated as in Table S1.

3.5. Intracellular *OH Production. To further investigate
whether CaO,@DOX@Cu/ZIF-8 NPs could generate ROS
intracellularly, the DCFH-DA probe was employed to detect
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Figure 7. In vivo effects of CaO,@DOX@Cu/ZIF-8 in Balb/c nude mice. (a) Flow chart of the in vivo experiments. (b) Tumor size changes
during the 14 day treatment with PBS, DOX, CaO,@DOX@Cu/ZIF-8, and CaO,@DOX@Cu/ZIF-8. (c) Tumor weight after the treatment of the
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the production of ROS. Upon entry into cells, DCFH-DA is
hydrolyzed by intracellular esterases to produce the non-
fluorescent 2’,7’-dichlorodihydrofluorescein (DCFH). DCFH
is readily oxidized by intracellular ROS, producing the
fluorescent 2',7’-dichlorofluorescein (DCF). Therefore, the
levels of intracellular ROS can be determined by monitoring
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the change in the fluorescence. The fluorescence intensities of
DCEF in the cells treated with DOX, Cu/ZIF-8, and CaO,@
DOX@Cu/ZIF-8 were measured by inverted fluorescence
microscopy and quantified from the microscopy images in the
Image] software. The corresponding results are shown in
Figure Sab. The Cu/ZIF-8- and CaO,@DOX@Cu/ZIF-8-
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treated cells had obvious fluorescence signals, indicating that
the Cu/ZIF-8 decomposed to release Cu®*, which reacted with
H,0, to generate *OH in the tumor cells. These two groups
produced stronger fluorescence signals than the cells treated
with CaO,@DOX@Cu/ZIF-8 under the same conditions,
which was attributed to the fact that CaO, was released from
the nanocomposite and reacted with water to generate a large
amount of H,0, in the tumor cells to convert DCFH to DCF.
In addition, as shown in Figure Sc,d, there was a gradual
increase in the fluorescence intensity of DCF in the cells
treated with CaO,@DOX@Cu/ZIF-8 NPs over time,
indicating that CaO,@DOX@Cu/ZIF-8 NPs demonstrated a
sustained output of ROS. These results firmly demonstrated
that CaO,@DOX@Cu/ZIF-8 NPs could effectively generate
ROS for enabling effective CDT in tumor cells.

3.6. Anticancer Activity In Vitro. PI and Calcein-AM
dyes are widely used to assess cell viability after cells are
treated with NPs because live cells fluoresce green and dead
cells fluoresce red. As shown in Figure 6a, the cells treated with
PBS (blank group) comprised nearly entirely green-fluorescing
cells, indicating that most of the cells were alive. At the same
drug concentration, some red fluorescence appeared in the
field of view after cells were treated with DOX and CaO,@Cu/
ZIF-8 NPs, indicating that some cells underwent apoptosis
after treatment. In contrast, there was almost no green
fluorescence in the field of view after treatment of the cells
with CaO,@DOX@Cu/ZIF-8 NPs, indicating that most of the
cells underwent apoptosis. Therefore, CaO,@DOX@Cu/ZIF-
8 NPs had the most significant killing effect on the tumor cells,
which reflected the advantages of the combined CDT and
chemotherapy in the treatment of cancer. It can also be seen
from Figure 6b that the cell survival rate of the blank group was
100%, while the apoptosis rate of the DOX group was 50.8%.
Furthermore, the apoptosis rate of CaO, @Cu/ZIF-8 NPs
group was 64.8%, while the apoptosis rate of CaO,@DOX@
Cu/ZIEF-8 NPs group was 80.6%.

3.7. Antitumor Effect In Vivo. After establishing the
mouse tumor model and 14 consecutive days of treatment with
the nanomaterials, the heart, liver, spleen, lungs, kidneys, and
tumors were dissected from the nude mice (Figure 7a). Based
on the photos (Figure 7b) and masses of the tumors (Figure
7c), the tumors dissected from the mice in the control group
were the largest and heaviest, while the tumors dissected from
the mice treated with CaO,@DOX@Cu/ZIF-8 NPs were the
smallest and lightest. As shown in Figure 7d, after continuous
treatment for 14 days and weighing the nude mice daily, no
significant changes in body weight between the CaO,@DOX@
Cu/ZIF-8-treated group and the blank group were observed.
The tumors dissected from the mice treated with CaO,@
DOX@Cu/ZIF-8 NPs demonstrated the smallest volume
change based on observation, indicating that CaO,@DOX@
Cu/ZIF-8 NPs were the most efficacious of the nanomaterials
for inhibiting tumor growth (Figure 7e). To further investigate
the efficacy of the nanomaterials in vivo, TUNEL analysis was
performed on the tumors of nude mice treated with PBS,
DOX, CaO,@Cu/ZIF-8, and CaO,@DOX@Cu/ZIF-8. Sig-
nificantly higher levels of apoptosis were observed in the
tumors derived from the mice treated with free DOX, CaO,@
Cu/ZIF-8, and CaO,@DOX@Cu/ZIF-8 compared to the
tumors derived from the mice treated with PBS, with the
highest apoptosis rate being observed in the CaO,@DOX@
Cu/ZIF-8 group (Figure 7f). After H&E staining analysis of
the tumor sections and major organs, the tumor cells in both
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CaO,@Cu/ZIF-8NPs and CaO,@DOX@Cu/ZIF-8NPs-trea-
ted mice had been destroyed, but the cells in the major organs
remained normal, demonstrating that the CaO,@DOX@Cu/
ZIF-8 nanomaterial was able to selectively inhibit the growth of
the HGC-based tumor without affecting normal cells (Figure

7g).

4. CONCLUSIONS

In this paper, we successfully fabricated a pH-sensitive, MOF-
containing core—shell nanoplatform (CaO,@DOX@Cu/ZIF-
8). DOX was loaded onto the surface of CaO, NPs, onto
which the Cu/ZIF-8 MOFs were layered. The Cu/ZIF-8 was
used as a backbone to encapsulate CaO,@DOX to form a
TME-responsive, chemotherapeutic drug delivery system.
Under acidic conditions (i.e, tumor microenvironment),
Ca0,@DOX@Cu/ZIF-8NPs rapidly disintegrated to release
Cu**, which reacted with H,O, in the presence of GSH in a
Fenton-like manner to produce highly cytotoxic *OH radicals,
thereby inducing oxidative stress and killing the cancer cells.
The hydrolysis of intracellular CaO, produced H,O,,
enhancing the CDT efficacy of the nanomaterials in cancer
cells. It was demonstrated by cellular experiments that CaO,@
DOX@Cu/ZIF-8 enhanced the treatment of tumors by
combining chemotherapy with CDT compared to a single
treatment. The analysis of major organs and tumors in nude
mice showed that CaO,@DOX@Cu/ZIF-8 had a more
pronounced tumor inhibition effect compared to other
materials and excellent biocompatibility. Therefore, this
nanocatalytic drug provides a new idea to realize the
combination of chemotherapy and CDT to enhance the
inhibition effect on tumors.
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