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ABSTRACT: Combined therapy using multiple approaches has been demonstrated to be a
promising route for cancer therapy. To achieve enhanced antiproliferation efficacy under
hypoxic condition, here we report a novel hybrid system by integrating dual-model
photodynamic therapies (dual-PDT) in one system. First, we attached core—shell structured
up-conversion nanoparticles (UCNPs, NaGdF,:Yb,Tm@NaGdF,) on graphitic-phase carbon
nitride (g-C;N,) nanosheets (one photosensitizer). Then, the as-fabricated nanocomposite and
carbon dots (another photosensitizer) were assembled in ZIF-8 metal—organic frameworks
through an in situ growth process, realizing the dual-photosensitizer hybrid system employed
for PDT via stepwise water splitting. In this system, the UCNPs can convert deep-penetration
and low-energy near-infrared light to higher-energy ultraviolet—visible emission, which
matches well with the absorption range of the photosensitizers for reactive oxygen species
(ROS) generation without sacrificing its efficacy under ZIF-8 shell protection. Furthermore,
the UV light emitted from UCNPs allows successive activation of g-C;N, and carbon dots, and
the visible light from carbon dots upon UV light excitation once again activate g-C;N, to

produce ROS, which keeps the principle of energy conservation thus achieving maximized use of the light. This dual-PDT system
exhibits excellent antitumor efficiency superior to any single modality, verified vividly by in vitro and in vivo assay.
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B INTRODUCTION

Nowadays, dual-model photodynamic therapiess(dual-PDT),
combining two kinds of photosensitizers™as potential
collaborators in one system, may pave the avenue toward the
clinical application of photodynamic treatment, because all
photosensitizers are flawed.'™ It is well-known that the three
elements of PDT in the treatment process are the excited laser,
photosensitizer, and oxygen in tissue. In the presence of light
excitation, photosensitizers can transfer the absorbed photon
energy to surrounding oxygen molecules, generating reactive
oxygen species (ROS) including free radicals (-O,”) or singlet
oxygen ('0O,) and consequently introduce cancer cell death and
tissue damage theoretically.é_12 Therefore, hypoxia is one of
the formidable adversaries to high-efficiency photodynamic
treatment, because PDT-induced oxygen consumption is an
irreversible process.'” "
layers of the tumor can guarantee oxygen concentration to
PDT, but the absence of oxygen restricts the efficiency of
photosensitizers in the hypoxic and necrotic areas of solid
tumors (pO, < 2.5 mmHg)."”~*° Furthermore, because most
photosensitizers are activated by ultraviolet light or visible light,

6 . . .
Normoxic region in the outermost

in vivo tumor growth inhibition efficacy of PDT has been
restricted by the low tissue penetration depth of ultraviolet light
or visible light, which cannot pass through thick tissue.”' ™
Therefore, the appropriate combination of dual-model PDT,
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which can be mediated by high-penetration near-infrared
(NIR) light, should be capable of solving the above problem.

Recently, Kang and co-workers reported efficient photo-
catalyst for stable visible water splitting by attaching carbon
dots (CDs) on g-C;N, sheets.”® Notably, compared with
absorption peak of g-C;N,, the absorption intensity over the
entire wavelength range has been greatly increased after
incorporating CDs on the g-C;N, matrix. The research on
this point inspires us that the combination of g-C;N, and CDs
may constitute a high-performance photosensitizer for PDT via
the stepwise water splittin%: (i) 2H,0 - H,0, + H,; (ii)
2H,0, — 2H,0 + 0,°”*" Meanwhile, g-C3N, is an earth-
abundant and low-cost photocatalyst capable of generating H,
and H,0, from water even in the absence of catalytic metals
and can be easily prepared.zg*33 In addition, as photosensitizer,
g-C3N, nanosheets are able to generate ROS and kill cancer
cells efficiently under very low-intensity light irradiation (20
mW/cm?).%**~>" Moreover, as a new class of monodisperse
carbon materials below 10 nm in diameter, CDs exhibit unique
photoinduced electron transfer, electron reservoir properties,
and photoluminescence properties.”® ** Taking advantage of
remarkable excitation wavelength-dependent photolumines-
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Scheme 1. Schematic Illustration of the Formation Process of UCNPs-g-C;N,—CDs@ZIF-8 Composite

cence property, high photostability, good water solubility, easy
surface functionalization, good biocompatibility, and low
toxicity, CDs have been applied as nanocarriers for the delivery
of photosensitizers, chemotherapy drugs, and therapeutic gene
agents.”” ™" Interestingly, researchers found that the CDs have
any analogous peroxidase behavior, which possess high catalytic
activity for H,0O, decomposition to produce oxygen even no
light is required.””**~>°

Even if the combination of g-C;N, and CDs may
preliminarily solve low tissue penetration depth of UV—vis
light to activate single conventional photosensitizer, whether
the PDT efficacy of g-C;N,—CDs composite excited by NIR
laser is higher than those of CDs and g-C;N, excited by UV—
vis light has never been ascertained. This is because the UV—vis
light absorption intensity is considerably stronger than the NIR
light absorption intensity of g-CsN, even with a masterstroke of
CDs. Fortunately, the up-conversion nanoparticles (UCNPs)
can transfer deeply penetrating low-energy NIR light to higher-
energy UV—vis light, which matches the activation absorption
spectra of photosensitizers. Integration of UCNPs with dual
photosensitizers can efliciently generate ROS at deep depth
without sacrificing its efficacy, which is capable of solying the
above problems, when the composite is protected.by the
metal—organic frameworks (MOFs) shell.”' " In ¢he - WCNPs-
g-C;N,—CDs composite, the UV-—vis light emitted from
UCNPs upon 980 nm laser excitation allows) successive
activation of g-C;N, and CDs, and the excited visible light
from CDs can once again activate g-C3N, for ROS production,
which achieve the maximized use of the energy.

Selecting the highly water-soluble MOFs as the shell can
ensure the stability of dual-PDT system and store abundant
oxygen and water for PDT use. Especially, the ZIF-8 MOFs
have some interesting characteristics including large specific
surface area, ordered pores with tunable size and volume,
progressive biodegradability, and low cytotoxicity.”’"** There
have been two special advantages for MOFs to be concerned,
namely, the excellent hydrophilic property, which can store
abundant water for PDT, and good capping effect, which can
prevent the fluorescence intensity of encapsulated UCNPs from
being affected by the surroundings, which is much different
from and superior to mesoporous silica.”*”%°

In this study, we fabricated a dual-model photodynamic
synergistic therapy platform based on MOFs of UCNPs-g-
C;N,—CDs@ZIF-8 particles fabricated by an in situ growth
process, realizing the dual-PDT hybrid system employed for
PDT via stepwise water splitting. The inhibition effect of tumor
proliferation is surveyed on cervical cancer cells both in vitro
and in vivo. The survey results may provide important
implications for UCNPs-g-C;N,—CDs@ZIF-8 application in
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the future treatment of cancer and provide an avenue for
developing drug nanocarriers with enhanced photodynamic
therapeutic efficiency for promising clinical applications.

B RESULTS AND DISCUSSION

The formation process of UCNPs-g-C;N,—CDs@ZIF-8 dual-
PDT theranostic platform is schematically illustrated in Scheme
1. Briefly, ultrathin g-C;N, nanosheets were prepared by heat
polymerization” of ‘melamine couple with liquid exfoliation of
bulk C;N,, and-a simple electrostatic attraction participates in
the processiof subsequent UCNPs-g-C;N,. Finally, the resulting
therangstie, platform, UCNPs-g-C;N,—CDs@ZIF-8, is synthe-
sized-by ‘an encapsulation of UCNPs-g-C;N, and CDs into the
metal—organic frameworks (ZIF-8) in an in situ process. Oleic
acid 9(OA)-stabilized NaGdF,:Yb,Tm@NaGdF, nanoparticles
were first synthesized through thermal decomposition of
corresponding rare earth oleates. Poly(ethylenimine) (PEI)-
coated UCNPs (UCNPs-PEI) were then synthesized by a facile
ligand exchange method to convert hydrophobic OA-capped
UCNPs into hydrophilic ones. PEI polymer with charged
surface capped on the UCNPs also plays an important role in
the interaction with charged g-C;N, nanosheets at the
approximate neutral environment, whose mechanism is
generally known as proton sponge effect.”” The successful
modification of PEI on UCNPs can be partially proved by
Fourier transform infrared spectroscopy (FT-IR) spectra
(Figure S1). The characteristic peaks at ~3434 cm™ (vy_yy)
and 1563 cm™ (Sy_) are indicative of the stretch vibration
and deformation vibrations of the N—H bond in the —NH,
group.

In Figure 1A—D, NaGdF,Yb,Tm and NaGdF,:Yb,Tm@
NaGdF, consist of monodisperse nanoparticles with an average
diameter of ~11 and 16 nm, respectively. The transmission
electron microscopy (TEM) image of g-C;N, nanosheets
demonstrates a two-dimensional sheetlike structure with
thickness of less than S nm (Figures 1E and S2). The highly
disperse and nearly transparent nature of ultrathin g-C;N,
nanosheets in water is illustrated in inset of Figure 1E. The
TEM images of UCNPs-g-C;N, composite indicate that
UCNPs are well-dispersed on the g-C;N, nanosheets (inset
in Figure 1F). TEM image of UCNPs-g-C;N,—CDs@ZIF-8
composite is displayed in Figure 1F,G. As shown, the
composite displays a polyhedron structure with diameter of
~150 nm; thus, it should quickly be engulfed by organs such as
liver and spleen, which will help the therapeutic effect.
Additionally, no UCNPs-g-C;N, particles can be found due
to the limited electron penetration depth and the nearly
transparent nature of g-C;N,. Furthermore, the energy-
dispersive X-ray analysis (EDXA) pattern (Figure 1H)
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Figure 1. (A) Low- and (B) high-magnified TEM images of
NaGdF,:Yb,Tm. (C) Low- and (D) high-magnified TEM images of
NaGdF,:Yb,Tm@NaGdF,. (C, D insets) The corresponding particle
size distribution. TEM image of (E) g-C;N, nanosheets. TEM image
(F, G) and EDS (H) of UCNPs-g-C;N,—CDs@ZIF-8. (E, inset) The
solution of g-C;N, nanosheets dispersed in water. (F, inset) The/ TEM
image of UCNPs-g-C3N,.

identifies the presence of Na, Gd, F, Yb, Tm, and Zn elements
in the composite. Meanwhile, the powder X-ray diffraction
(XRD) pattern of UCNPs-g-C;N,—CDs@ZIF-8 composite
confirms that the diffraction peaks are assigned to the g-C;N,
nanosheets, hexagonal NaGdF,, and ZIF-8 (Figure S3). The
results give the evidence for the encapsulation of the UCNPs-g-
C;N, and CDs particles in ZIF-8 matrix. The N, adsorption/
desorption isotherm presents the typical II-type of UCNPs-g-
C;N,—CDs@ZIF-8, which is characteristic of typical macro-
porous materials suitable for carrying O, or H,O for PDT. The
specific surface area is calculated to be 769 cm?/g (Figure S4).
All above results imply that UCNPs-g-C;N,—CDs@ZIF-8
composite may be qualified for the role of anticancer
therapeutic platform.

In the schematic illustration of the proposed NaGd-
F:Yb,Tm@NaGdF, structure (Figure 2A), the core—shell
structured nanoparticles can emit strong up-conversion (UC)
emission under excitation of 980 nm laser. In Figure 2B, the
emission spectra contain three distinct Tm®" peaks: a strong
and moderate peak at 338 and 360 nm, a strong and moderate
peak at 450 and 475 nm, and a weak peak at 645 nm,
corresponding to the transitions of Tm** ions from 'I; to °F,
and 'D, to *Hy, from 'D, to °F, and 'G, to *Hy, and from °F,
to *Hg, respectively (Figure 2C).°® Note that the coating of
NaGdF, layer on NaGdF,:Yb,Tm particles can effectively
enhance the emission intensity. In Figure S5, compared with
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Figure "2.” (A) Schematic illustration of the proposed NaGd-
FeYB,Im@NaGdF, structure. (B) UC emission spectra of NaGd-
Fy:Yb,Tm and NaGdF,Yb,Tm@NaGdF, under 980 nm Iaser
excitation. (insets) Photographs of NaGdF,:Yb,Tm (left) and
NaGdF,:Yb,Tm@NaGdF, (right) particles under 980 nm irradiation.
(C) Proposed energy-transfer mechanism of Yb- and Tm-doped
nanoparticles upon 980 nm laser excitation. (D) UV—vis absorbance
spectra of g-C;N,, CDs, and g-C;N,—CDs. (E) The emission spectrum
upon 360 nm excitation and the absorption spectrum of CDs. (F) The
emission spectrum of NaGdF,:Yb,Tm@NaGdF, under 980 nm laser
excitation and the absorption spectrum of g-C;N,—CDs photo-
sensitizer.

pure UCNPs, the obvious decrease of emission intensity
especially in the UV region of UCNPs-g-C;N,—CDs@ZIF-8
indicates the effective energy transfer from UCNPs to the two
photosensitizers (g-C;N, and CDs), which is capable of
activating oxygen molecules to produce ROS.

The UV—vis absorbance spectra of g-C;N,, CDs, and g-
C;N,—CDs indicate the obvious enhancement of visible
absorption of g-C;N,—CDs after the introduction of CDs
(Figure 2D). Meanwhile, as shown in Figure 2E, CDs can emit
down-conversion emission under UV light excitation. Accord-
ingly, UCNPs (NaGdF,:Yb,Tm@NaGdF,) convert low-energy
NIR light to higher-energy UV—vis light and then transport
photon energy to dual photosensitizers to generate ROS due to
the overlap of UV—vis emission and absorption of the
photosensitizers (Figure 2F). Furthermore, in the g-C;N,—
CDs composite, the emitted UV—vis light from UCNPs upon
NIR light excitation allows successive activation of g-C3N, and
CDs, and the visible light (blue) from CDs may once again
activate g-C;N, to produce ROS, realizing the maximized use of
the energy.

Figure 3A shows the mechanism of the g-C;N, mediated
water-splitting process. g-C;N, nanosheets activated by UV—vis
light transmit the energy to water, which will induce the
splitting reaction of water (theoretical band gap is 1.23 eV) and
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Figure 3. (A) Schematic illustration of the g-C;N, mediated water-
splitting process. (B) Decay curves of DPBF absorption at 410 nm in
different solutions as a function of the laser irradiation time. (C)
CLSM images of HeLa cells incubated with PBS (control), g-C;N,—
CDs under UV light irradiation, and UCNPs-g-C;N,—CDs@ZIF-8
under 980 nm laser irradiation. All the cells were marked with DCFH-
DA. Scale bars for all images are 100 ym.

produce abundant ROS (-0, and -OH~). Then, the ROS
sensor agent 1,3-diphenylisobenzofuran (DPBF) is employed
to detect the ROS generation ability in dimethyl sulfoxide
(DMSO) solution of tested materials. As shown in Figure 3B
and Figure S6, compared with only DPBF exposed to NIR
laser, the absorption of DPBF solutions containing UCNPs-g-
C;N,—CDs@ZIF-8 exhibits obviously decreased trend when
exposed to 980 nm laser (0.5 W/cm?), suggesting the efficient
generation of ROS from UCNPs-g-C;N,—CDs@ ZIE<8.
Notably, the ROS production ability is not much difterent
from that in the presence of g-C;N,—CDs but markedly higher
than that of pure g-C;N,. Encouraged by the ROS generation
ability of as-prepared composite, which may give, rise to
effective PDT effect, we used UCNPs-g-C;N,—CDs@ZIF-8
composite to evaluate intracellular photodynamic™effect by
selecting 2’,7'-dichlorofluorescin diacetate (DCFH-DA) dye
instead of DPBF to serve as ROS-index probe. DCFH can be
oxidized to DCF, which presents bright green fluorescence (44
= 488 nm and 4, = 525 nm) in the presence of ROS, which
differs from photodegradation reaction of DPBF. In Figure 3C,
human cervical carcinoma cell line (HeLa cells) incubated with
g-C3N,—CDs and UCNPs-g-C3N,—CDs@ZIF-8 exposed
under 980 nm irradiation demonstrates strong green
fluorescence, while the HeLa cells incubated with phosphate-
buffered saline (PBS) barely exhibit fluorescence, illustrating
that UCNPs-g-C;N,—CDs@ZIF-8 composite has good intra-
cellular photodynamic effect.

As known, nontoxicity or low toxicity to body is the basic
design principle of ideal therapeutic platform. We first detected
the toxicity of pure ZIF-8 using standard 3-(4,5-dimethylth-
iazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT) assay. As
shown in Figure S7, pure ZIF-8 exhibits low toxicity. Afterward,
the cell viability of UCNPs-g-CsN,—CDs@ZIF-8 composite for
1929 cells was examined (Figure 4A). Encouragingly, after
L1929 cells are fed with different diluted concentrations of the
tested material for 12 and 24 h, the data of cell viability are
barely different from that in the control group, indicating any
dark cytotoxicity on the viability of cells can be detected even
up to a high dose of 500 pg/mL. The data of cell viability in the
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Figure 4. (A) Cell viability for L929 cells incubated with 0.1 mL of
UCNPs-g-C;N,—CDs@ZIF-8, with different concentrations for 12
and 24 h, and morphology of 1929 cells incubated for 12 and 24 h.
Scale bars for all images are 50 ym. Cell viability was measured by
MTT assay. Data represent mean + standard deviation (n = 3). (B)
Hemolytic assay of{UCNPs-g-C3N,—CDs@ZIF-8 by human red blood
cells.

test groupware average calculated by three parallel groups.
Besides, we can hardly observe any morphology change and cell
apoptosis of L1929 cells after cultivated for 12 and 24 h. The
results state that UCNPs-g-C;N,—CDs@ZIF-8 composite
possesses good biocompatibility and non-cytotoxicity to L929
cells. In this work, we did the hemolytic test of UCNPs-g-
C;N,—CDs@ZIF-8 composite, because the blood hemolysis is
another critical factor to the practical biological application.
UV-—vis spectro-photometer was employed to monitor the
absorbance values at 540 nm of suspension solutions obtained
by centrifuging the mixture of hemoglobin and various
concentrations UCNPs-g-C;N,—CDs@ZIF-8 composites. The
hemolytic data and the matching digital photographs of the
tested materials are displayed in Figure 4B. In this test, the
group mixed red blood cells (RBCs) with PBS served as
negative control, and pure H,O served as positive control.
Then hemolytic percentage is calculated by hemolytic efficiency

Aqmple — A

sample negative control

A

= X 100, and all the highest hemolytic
A —
positive control negative control

percentages of the tested samples are markedly less than the
application value (5%) even up to the highest concentration of
0.5 mg/mL. It shows insignificant hemolysis and no damage to
RBCs, which is also proved by the visual inspection of the
matching digital photographs.

Moreover, for biomedical application, the stability of
UCNPs-g-C;N,—CDs@ZIF-8 in physiological environment
(such as normal saline, PBS, and cell culture medium) is
important. We provided the corresponding data such as the
dynamic light scattering (DLS), the surface potential, and
absorbance spectra of the UCNPs-g-C;N,—CDs@ZIF-8
solutions shocked softly in normal saline and cell medium,
PBS for different times of 0, 1, 2, 3, and 5 d at 37 °C to detect
the stability. As presented in Figures S8 and S9, the UCNPs-g-
C;N,—CDs@ZIF-8 nanoparticles were observed with negli-
gible agglomeration after S d of incubation, showing remarkable
stability in normal saline, PBS, and cell-culture medium (Figure
S8A—C). The absorbance intensity and Zeta potentials of
UCNPs-g-C;N,—CDs@ZIF-8 nanoparticles have a little change
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(Figure S8D). Meanwhile, the DLS properties of UCNPs-g-
C;N,—CDs@ZIF-8 nanoparticles in normal saline, PBS, and
cell culture medium were further monitored over a span of 5 d
(Figure S9). This study further confirmed the stability of
UCNPs-g-C;N,—CDs@ZIF-8 nanoparticles, as their sizes have
no significant change.

From the UC emission spectra and insets in Figure S5, we
can see that the UCNPs-g-C;N,—CDs@ZIF-8 particles are
well-dispersed in water and also present strong UC emission
under excitation of 980 nm laser. Accordingly, we made
experiments to make sure whether UCNPs-g-C;N,—CDs@
ZIEF-8 composite could be served as an efficient luminescence
probe for bioimaging, and the results are shown in Figure 5.

Figure S. In vitro UCL imaging properties. Inverted fluorescence
microscope images of HeLa cells incubated with UCNPs-g-C;N,—
CDs@ZIF-8 for 0.5, 1, and 3 h at 37 °C. Scale bars for all images are
25 pm.

The evidently intracellular up-conversion luminescence (UCL)
signals are found, and stronger fluorescence signal is observed,
when the incubation time is increased from 0.5 to_3\h;*which
also suggests the efficient cellular uptake of UCNRs-g-C;N,—
CDs@ZIF-8 composites.

The MTT assay and dye test stained by calcein
acetoxymethyl ester (AM)/propidium «iodide (PI) were
measured for examining the cytotoxicity of UCNPs-g-C;N,—
CDs@ZIF-8 composites in vitro to HeLa cells. The MTT
results show (Figure 6A) that no significant difference is
observed in the group treated with either laser only or UCNPs-
g-C3N,—CDs@ZIF-8 composite compared with control group,
and a high cell viability of more than 80% even up to the high
concentration of 1 mg/mL indicates that UCNPs-g-C;N,—
CDs@ZIF-8 particles within wide concentration range induce
low cytotoxicity to HeLa cells. The results bring into
correspondence with the behavior of biocompatibility test,
which is particularly essential for its further biological
application. However, the different degrees of downward
trend on the cell viability appear when the cells are incubated
with UCNPs-g-C;N, and UCNPs-g-C;N,—CDs@ZIF-8 com-
posites (7.8—1000 pug/mL) after irradiation for S min at a
power density of 0.5 W/cm?. As expected, the group cultivated
with UCNPs-g-C;N,—CDs@ZIF-8 particles exposed 980 nm
laser irradiation shows the strongest inhibitory effect on cancer
cells. Compared with the cell viability of the group cultivated
with UCNPs-g-C;N, composites in the presence of 980 nm
laser, it further confirms that dual-modal photodynamic
synergistic therapy, implying UCNPs-g-C;N,—CDs@ZIF-8
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Figure 6:(A) In vitro cell viabilities of HeLa cells incubated with cell-
culture“(control), 980 nm light, UCNPs-g-C;N, with 980 nm laser
irradiation, and UCNPs-g-C;N,—CDs@ZIF-8 at varied concentrations
with and without 980 nm laser irradiation. (B) CLSM images of HeLa
cells incubated with different conditions corresponding to the toxcity
test in vitro, and all the cells are marked with calcein AM and PI Scale
bars for all images are S0 ym.

composite is a more efficient therapeutic project. Similar
behaviors are further proved by the confocal laser scanning
microscopy (CLSM) images of HeLa cells in the dye
experiment. The inhibitory effect on HeLa cells stained with
calcein AM and PI is presented in Figure 6B.

The serum biochemistry assay and complete blood count
assessment further reveal any potential toxicity of UCNPs-g-
C;N,—CDs@ZIF-8 composite during the treating time.
Complete blood counts, blood levels of white blood cells
(WBC), red blood cells (RBCs), hematocrit (HCT),
hemoglobin (HGB), mean corpuscular volume (MCV), mean
corpuscular hemoglobin concentration (MCHC), mean
corpuscular hemoglobin (MCH), blood urea level (BUN),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), the ratio of albumin and globulin (A/G) and alkaline
phosphatase (ALP), and platelets (PLT) of normal saline and
UCNPs-g-C3;N,—CDs@ZIF-8 composite treated mice are
recorded, and statistic is based on five mice per data point
(Table S1). Compared with the control group, all the
biochemistry results in the treatment group indicate no clear
signal of injury in liver or kidney and no obvious interference
with the physiological regulation of immune response for
UCNPs-g-C;N,—CDs@ZIF-8 particles.

The worthy dual-modal photodynamic synergistic therapy in
vitro and all the biocompatibility evaluation of UCNPs-g-
C;N,—CDs@ZIF-8 composite encourage us to explore their
effectiveness in vivo synergistic therapy against Ul4 tumor-
bearing mouse. Both the body weight change and tumor size
increases in the healing process are the major factors to evaluate
the toxicity of the tested materials to the living body, so the
mice tumor sizes and body weights were monitored 1 d apart,
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and the results are showed in Figure 7. We are thrilled that the
body weights increase in all the groups with a steady and

Figure 7. In vivo anticancer properties. (A) The body weight and (B)
relative tumor volume of tumor-bearing mice in different groups vs the
treatment time. (C) Representative photographs of tumor-bearing
mice and tumor tissue excised from tumor-bearing mice treated with
(a) normal saline, (b) pure UCNPs-g-C;N,—CDs@ZIF-8 composite,
(c) 980 nm, (d) pure UCNPs-g-C;N, with 980 nm laser irradiation,
and (e) UCNPs-g-C;N,—CDs@ZIF-8 with 980 nm laser irradiation
on day 14. (D) The weight of tumor excised from tumor-bearing mice.
*p < 0.01 vs control group, **p < 0.01 vs control group. The data in
the figures are average calculated by five mice each group.

sustainable pace in this assay (Figure 7A), and the survival rates
of all groups are 100% in the entire treatment process. It
suggested that the test material has no acute toxicity to the
body. In Figure 7B, the growth rate of tumor exhibits a slight
inhibition through cultivating with UCNPs-g-C;N,—CDs@
ZIF-8 composite without laser irradiation or directly exposing
to the laser alone. By contrast, the group treated with UCNPs-
g-C3N, composite and exposed to the laser shows the ‘partially
delayed tumor tissue and a smallest tumor volume. For mice
injected with UCNPs-g-C;N,—~CDs@ZIF-8 particles and
exposed to laser light irradiation, the tumor growth is’obviously
delayed. This behavior is consistent with the\result of ROS
assessment in vitro using DCFH-DA as .probe. The tumors
tissues and the corresponding representative organs are
dissected from mouse bearing Ul4 tumor after treatment for
14 d. Meanwhile, the digital photographs of representative mice
and the homologous tumor tissues are showed in Figure 7C.
Additionally, the apoptosis and morphology of major organs
slices excised from all the treatment groups are monitored by
hematoxylin and eosin (H&E) after staining (Figure 8). H&E
stained images of organs further demonstrate that our
therapeutic reagent has barely acute toxcity to mice.

B CONCLUSIONS

In summary, we prepared an excellent dual-photodynamic
UCNPs-g-C3N,—CDs@ZIF-8 system to achieve enhanced
antiproliferation efficacy under hypoxic condition, which
combined traits of maximized energy utilization, nontoxicity,
and excellent biological compatibility. The resulting system is
believed to be able to efficiently transport deeply penetrating
photon energy to successively activate the photosensitizers of g-
C;N, and CDs, producing ROS rapidly and killing efficiently
cancer cells even in the case of hypoxia, according to all the test
results. Furthermore, the advent of ZIF-8 shells not only store
plenty of O, or H,O needed for photodynamic effect but
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Figure 8. Representative H&E stained histological images of the
superficial regions of heart, liver, spleen, lung, and kidney slices. Scale
bars for all images are 50 ym.

prevent the fluorescence intensity from being influenced by
environment, which, is superior to mesoporous silica. The
composite is highly efficacious for antiproliferation of cancer
cells both in_wvitro and in vivo. The design of dual-
photodypamie treatment system provides an avenue for
developing drug carriers with enhanced PDT efliciency,
which, iswclinically applicable in cancer theranostics.

" EXPERIMENTAL SECTION

Reagents and Materials. All chemicals and reagents were used as
received in this experiment without any further purification, containing
Gd,0;, Yb,05 and Tm,0; (99.99%) (from Sinopharm Chemical
Reagent Co., Ltd.,, Shanghai, China), nitric acid (HNO;), ammonium
hydroxide (NH;-H,O, 28%), melamine (C;H,Ng, 99%), cyclohexane,
OA, l-octadecene (ODE), and methanol (from Tianjin Kermel
Chemical Reagent Co., Ltd.), PEI (25 kDa), citric acid, zinc nitrate
hexahydrate (Zn(NOj;),-6H,0), 2-methylimidazole (2-MeIm), PBS,
ammonium fluoride (NH,F), sodium hydroxide (NaOH), DPBF,
MTT, DMSO, 4',6-diamidino-2-phenylindole (DAPI), calcein AM,
and PI (from Sigma-Aldrich).

Synthesis of g-C3N,. The g-C;N, nanosheets were synthesized by
calcination process in air integrated with a subsequent liquid
exfoliation. Briefly, melamine (S g) was placed in the semiclosed
furnace of 600 °C for 2 h in air with a heating and cooling ramp rate of
3 °C/min, and the bulk g-C;N, yellow powder was obtained.
Subsequently, bulk g-C;N, yellow powder (40 mg) was dispersed in
deionized water (40 mL) with ultrasonication for ~14 h. The light-
yellow suspension was first centrifuged at 3000 rpm to eliminate the
unexfoliated bulk g-C;N,, and then the lightly milky suspension was
centrifuged at 8000 rpm to retain precipitate for further drying.

Synthesis of CDs. Typically, citric acid (1.0507 g) was dissolved in
ultrapure water (30 mL) with stirring until clarification. After
ammonium hydroxide (28 wt %) was added, the mixture was
transferred to high-pressure reaction vessel heating at 200 °C for 12 h.
Then, the yellow solution was dialyzed by dialysis tubing with 3.5 kDa
(whose molecular weight cut off (MWCO) was 3500) for 3 d to
remove small molecules. The amount of ammonium hydroxide
ultimately results in the number of amino on the surface of CDs.”

Synthesis of OA-Coated NaGdF,:Yb,Tm@NaGdF,. The OA-
coated NaGdF,:Yb, Tm@NaGdF, nanoparticles were prepared via
methanol route with a slight modification.”” Monodispersed
NaGdF,:Yb, Tm were first obtained according to the following
process: 1.5 mmol of RECl; (RE = 75% Gd + 25% Yb + 0.5% Tm)
was injected in a 100 mL flask containing OA (6 mL) and ODE (23
mL) and then gradually heated to 90 °C under a vacuum until free of
bubbles to remove water content and oxygen. After that, the mixture
was heated to 156 °C for 30 min under N, protection, to yield light-
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yellow uniform solution, and cooled to SO °C. Then, methanol
solution (1S mL) containing NaOH (3.7S mmol) and NH,F (6
mmol) were added, and the solution was vigorously stirred more than
30 min. Subsequently, the solution was slowly heated to 90 °C under a
vacuum again to remove the impurities with low boiling point and
residual water. After the solution was free of bubbles, the temperature
was increased to 245 °C, kept there for 45 min in N, atmosphere
environment, and cooled to room temperature naturally. The
NaGdF,:Yb, Tm nanoparticles were collected by centrifugation and
alternately washed with ethanol and cyclohexane. Finally, the
nanoparticles were dispersed in cyclohexane (S mL) for later use.
For the core—shell synthesis, 1.0 mmol of GdCl; was injected in a 100
mL flask containing OA (6 mL) and ODE (23 mL), and it was
subsequently heated at 110 °C under a vacuum until free of bubbles.
After it was flushed with N,, the solution was heated to 156 °C for 30
min to form homogeneous and transparent solution before cooling to
50 °C. A methanol solution (15 mL) containing NaOH (9 mmol) and
NH,F (5.625 mmol) was slowly added along with the previous core
nanoparticels in cyclohexane and vigorously stirred more than 30 min,
followed by gradually increasing temperature to 110 °C under a
vacuum. After the temperature was increased to 245 °C and kept for
4S5 min in a N, atmosphere, the deep-yellow solution was cooled to
room tempreature. The resulting nanoparticles were collected, washed
with ethanol and cyclohexane, and redispersed in cyclohexane (S mL).
The core—shell UC nanoparticles NaGdF,:Yb,Tm@NaGdF, were
denoted as UCNPs.

Synthesis of UCNPs-PEIl. Typically, a ligand exchange approach
was adopted to obtain amino-functionalized UCNPs-PEI using PEL
UCNPs (1.5 mmol) in cyclohexane were injected into PEI aqueous
solution (20 mL) containing 2.0 g of PEI, followed by vigorous stirring
for 24 h. The obtained product was centrifuged and washed with
deionized water to remove unreacted PEL

Synthesis of UCNPs-g-C3N,. In brief, the exfoliated g-C;N,
nanosheets (5 mg) were first dissolved in deionized water.
Subsequently, as-prepared UCNPs-PEI nanoparticles were added
into g-C3N, aqueous solution followed by 4 h of agitation. The
resulting UCNPs-g-C;N, were collected by centrifugation and washed
with deionized water.

Synthesis of UCNPs-g-C3N,—CDs@ZIF-8. In a typical procéss,a
methanol solution of 2-Melm (350 mg, 7.2 mL) was first mixed with
the aforementioned aqueous solution of UCNPs-g-C5Ny-inano-
composites (2.5 mL) and CDs by sonication, and vigorously stirred
at room temperature. Then the methanol solution of Zn(NO;), (150
mg, 7.2 mL) was gradually injected into the abové, Solution over 20
min using a syringe pump to produce UCNPRs:g-C;N,@ZIF-8
particles. Following the addition of Zn(NOj,),, “the\reaction solution
became milky gradually, showing the formation of ZIF-8 shells. The
resulting sample was separated by centrifugation and washed with
methanol twice.

ROS Detection. DPBF has been appointed ROS probe in this test,
because oxidation and reduction reaction proceed between DPBF with
ROS to cause the absorbance, and fluorescence intensities of DPBF,
therefore, decreased at 410 nm when the mixture was laser-induced.
Operation details are as follows: 10 mg of g-C;N,, g-C;N,—CDs, or
UCNPs-g-C;N,—CDs@ZIF-8 composites were added into 2 mL of
DPBF stock solution (0.5 mg/mL), respectively, and kept in dark.
After ultrasonic treatment, both g-C;N, and g-C;N,—CDs mixed
solutions were exposed to 360 nm laser, or then UCNPs-g-C;N,—
CDs@ZIF-8 composites were exposed to 980 nm laser for specific
time intervals (S, 10, 15, and 20 min) with the injected atmosphere
with low concentration of O, to mimic the anaerobic environment,
respectively. Finally, a UV—vis spectro-photometer was used to
monitor the absorbance of supernatant at 410 nm after centrifuging.

NIR Laser-Induced in Vitro PDT Performance of Composites.
The NIR laser-induced in vitro PDT performance to HeLa cells was
investigated by using CLSM. In brief, HeLa cells (~5 X 10* well™")
were cultured in 5% CO, at 37 °C for overnight to form a monolayer
when it is placed into 6-well culture plates with glass slide. Next, 2
mL/well of the tested materials (1 mg/ mL) were injected, and 980 nm
laser (0.5 W/cm?) was used to intermittent optical radiation in the
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course of cell culture with an atmosphere of 5% O, and 5% CO, at 37
°C for another 4 h to mimic the anaerobic environment. After residual
material was removed thoroughly by washing three times with PBS,
the cells were stained with DCFH-DA for 20 min. Finally, the results
were monitored by CLSM.

In Vitro Cell Viability of UCNPs-g-C;N,—CDs@ZIF-8 Compo-
sites. Appraising the toxicity of UCNPs-g-C;N,—~CDs@ZIF-8
composites to L1929 fibroblast cells usually call MTT assay to help.
First, L929 fibroblast cells at a density of ~7500 per well were placed
into a 96-well plate. After the cell line grew with adherence and formed
a monolayer at simulated normal body temperature condition (5%
CO,, 37 °C), 0.1 mL of UCNPs-g-C;N,—CDs@ZIF-8 composites
with diluted concentration (7.8, 15.6, 31.3, 62.5, 125, 250, and 500 ug/
mL) was injected into each well. For the material to get to cells, the
mixture was placed for another 12 or 24 h. Next, 0.02 mL/well of the
as-prepared MTT stock solution (S mg/mL) was mixed and
sequentially cultured for 4 h (5% CO,, 37 °C). Prior to 0.15 mL/
well of DMSO was added, thoroughly remove the suspension. Many
results demonstrated: The metabolism of living cells can reduce MTT
to produce water-insoluble formazan using cytochrome ¢, and the
absorbance at 488 nm of formazan is directly proportional to the
amount of living cells. So, the 96-well plate plate was shocked for 5
min for the formazan to completely dissolve in DMSO solvent, and
then it was measurediusing a microplate reader. Meanwhile, a confocal
laser scanning micrescope (Leica TCS SP8) was employed to detect
the morphology of 1.929 cells for 12 and 24 h. The data in this test are
average calculated by the three paralleled groups of each
concentration,

Hemolysis Assay. To get RBCs, we washed the EDTAK2
stabilized human blood with PBS and centrifuged until the supernatant
solution become transparent. Then, the obtained RBCs were diluted
By PBS with the volume proportion of 1:10. Diluted RBCs (0.3 mL)
suspension placed within tube is being mixed with 1.2 mL of PBS,
defonized water, and UCNPs-g-C3N,—CDs@ZIF-8 (15.6, 31.3, 62.5,
125, 250, and 500 pg/mL) to detect the absorbance at $41 nm of the
upper supernatants using UV—vis spectroscopy after shake the tube
and rest for 2 h.

In Vitro Cytotoxicity of UCNPs-g-C3N;—CDs@ZIF-8 Compo-
sites. The detection process of biocompatibility to 1929 fibroblast
cells in vitro also can be applied to cytotoxicity test to cancer cells in
vitro. Instead of L929 fibroblast cells, HeLa cancer cells were cultivated
in a cell medium with an atmosphere of 5% O, and 5% CO, at 37 °C
to mimic the anaerobic environment and various certain concen-
trations of pure UCNPs-g-C;N,—CDs@ZIF-8 composites, UCNPs-g-
C;N, composites with 980 nm laser irradiation, and UCNPs-g-C;N,—
CDs@ZIF-8 composites with 980 nm laser irradiation in the MTT
assay. Besides, the group treated with PBS was employed as control
blank group.

The detection process of dye experiment in vitro has a strong
resemblance to that of photodynamic effects, except that the live and
dead cells were stained with calcein AM (2 mM) and PI (S mM) for 1
h.

Up-Conversion Luminescence Microscopy Observation of
UCNPs-g-C;N,—CDs@ZIF-8 Composite. In brief, HeLa cells (~5 X
10* well™') were cultured overnight and formed a monolayer when it is
placed into 6-well culture plates with glass slide. Then, 2 mL of as-
prepared UCNPs-g-C;N,—CDs@ZIF-8 (0.5 mg/mL) was injected for
specific cultivating time (0.5, 1, and 3 h, respectively) at simulated
normal body temperature, rinsing the cells three times with PBS at the
indicated time points after removal of the culture medium.
Subsequently, 1 mL/well formaldehyde (2.5%) was fixed with the
cells at 37 °C for 10 min and rinsed three times with PBS again.
Finally, all collected cells were monitored by UC luminescence
microscopy.

Animal Experiments and ex Vivo Histological Staining. Each
female Balb/c mice (25—30 g) injected Ul4 cells (murine cervical
carcinoma cell lines) into the left subaxilla were partitioned into five
evenly distributed groups. The tumor-bearing mice with bean-size
tumorlike feature were cultured with different test condition, including
normal saline, pure 980 nm laser irradiation, pure UCNPs-g-C;N,—
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CDs@ZIF-8 composites, UCNPs-g-C;N, composites with 980 nm
laser irradiation, and UCNPs-g-C;N,—CDs@ZIF-8 composites with
980 nm laser irradiation. Just as we know, the group treated with
normal saline as control black group, and the tumor site exposed to
980 nm laser (0.5 W/cm?) for 10 min after intravenous injection of the
different materials for 12 h. In vivo biodistribution result in Figure S10
verifies that 12 h postinjection is the optimal time point. In this work,
each mouse was injected with 0.1 mL of tested materials (1 mg/mL) 1
d apart, and the tumor volumes and body weights of each mouse were
interval recorded every other day, meanwhile. After 14 d of treatment,
the tumor-bearing mice were sacrificed to collect the blood, for blood
biochemistry and hematology analysis, and to dissect the tumor tissues
and typical organs (heart, liver, spleen, lung, and kidney) for further
histology analysis.

Characterization. XRD measurements were performed on a
Rigaku D/max-TTR-III diffractometer using Cu Ka radiation 1=
0.15405 nm). SEM micrographs were measured on a scanning
electron microscope (SEM, JSM-6480A, Japan Electronics). TEM
images were recorded on an FEI Tecnai G* S-Twin with a field
emission gun operating at 200 kV. N, absorption/desorption
isotherms were obtained at 77 K using a Micromeritics ASAP TriStar
II instrument. The specific surface area was determined through the
Brunauer—Emmett—Teller method. The pore size distribution was
calculated by the Barret—Joner—Halenda method. Atomic force

microscope (AFM) images were recorded by CSPMSS00. The X-ray

photoelectron spectrum (XPS) was measured on a VG ESCALAB MK
I electron energy spectrometer using Mg KR (1253.6 €V) as the X-ray
excitation source. FT-IR spectra were obtained on a PerkinElmer 580B
IR spectro-photometer using the KBr pellet as the background. UCL
emission spectra were obtained using 980 nm LD Module
(K98D08M-30W, China) as the excitation source and detected by
R9SS (Hamamatsu) from 400 to 900 nm. All the UC spectra in our
experiment were gained under the same condition with the same signal
amplification. UV—vis spectra were detected by UV-1601 spectro-
photometer. CLSM images were recorded using Leica SP8. The UCL
images were obtained on Nikon Ti—S with an external 980 nm laser
irradiation.
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