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Graphitic Carbon Nitride Nanosheet (@ Metal-
Organic Framework Core-shell Nanoparticles for
Photo-chemo Combination Therapy

Rui Chen®, Jinfeng Zhang®, Yu Wang®, Xianfeng Chen*", J. Antonio Zapien® and Chun-Sing Lee**

Recently, nanoscale metal-organic frameworks (NMOFs) start to be developed as a promising
platform for bioimaging and drug delivery. On the other hand, combinational therapies using
multiple approaches are demonstrated to achieve much enhanced efficacy. Herein, we report,
for the first time, core-shell nanoparticles consisting of a photodynamic therapeutic (PDT)
agent and MOF shell while simultaneously carrying chemotherapeutics drug for effective
combinational therapy. In the work, core-shell nanoparticles of zeolitic-imadazolate
framework-8 (ZIF-8) as shell embedded with graphitic carbon nitride (g-C;N,) nanosheets as
core are fabricated by growing ZIF-8 in the presence of g-C;N,; nanosheets. Doxorubicin
hydrochloride (DOX) is then loaded into the ZIF-8 shell of the core-shell nanoparticles. The
combination of the chemotherapeutic effects of DOX and the PDT effect of g-C3N, nanosheets
can lead to considerably enhanced efficacy. Furthermore, the red fluorescence of DOX and the
blue fluorescence of g-C;N, nanosheets provide additional function of dual-color imaging for

monitoring the drug release process.

1. Introduction

Metal-organic  frameworks (MOFs) are self-assemblies
obtained by linking metal ions or clusters with bridging
polydentate ligands and have attracted wide attention for their
applications in gas storage'™, catalysis’’, sensing®™® and
separation'®'" which stem from their high and tunable
porosities and versatile functionalities.'>'> Besides, their
inherent porosity endows nanoscale metal-organic frameworks
(NMOFs) with fast diffusion channels which are beneficial to
many applications.'® For example, this allows fast ion transport
in high-rating lithium ion battery'”'® and efficient diffusion of
reactive oxygen species (ROS) for photodynamic therapy'®. In
the past couple of decades, NMOFs have been highlighted as a
promising delivery platform for biomedical applications.”*** As
a hybrid organic-inorganic nanomaterial, NMOFs possess many
potent features such as high loading capacity, progressive
biodegradability and low cytotoxicity®*, and are an ideal
nanocarrier for delivery of anti-cancer drugs to tumor sites>>’.
On the other hand, there has been an emerging interest in
combining therapeutic modalities to synergistically address
diseases which cannot be easily handled with a single
therapeutic approach.”®>° Notably, the combination of dual
therapies such as chemo- and photodynamic therapy (PDT) has
been demonstrated to provide improved efficacy, reduced side
effects, and retarded multiple drug resistance (MDR).>!* As an
example, Lin et al. have successfully synthesized nanoscale
coordination polymer @ pyrolipid core-shell nanoparticles that
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incorporate chemotherapeutics and photodynamic agents to
achieve enhanced anti-tumor efficacy.

More recently, integrations of nanoparticles and NMOFs
have been employed to build novel core-shell systems for
catalyst’’>’. On the other hand, there are rare reports of such
systems for biomedical applications.** *' Very recently, Lin ef
al have reported up-conversion nanoparticles @ MOF
nanocomposites as theronostic nanoplatform for up-conversion
fluorescence imaging and drug delivery respectively.*’ Tang et
al have synthesized up-conversion nanoparticles @ Fe-MOFs
core-shell nanoprobes for in vivo luminescent/magnetic dual-
mode imaging.*! While NMOFs have been extensively used as
carriers for imaging agents and drugs of different modalities, so
far there is no report on exploiting the advantages of NMOFs
for combinational therapy. In this work we prepared core-shell
nanoparticles, each of which contains graphitic carbon nitride
(g-C5Ny) nanosheets encapsulated by a zeolitic-imidazolate
frameworks-8 (ZIF-8) shell (Scheme 1a). The ZIF-8 shell in the
nanoparticles is used to host doxorubicin (DOX) molecules for
chemotherapy. At the same time, the g-C;N, nanosheets are
effective visible-light photosensitizer for PDT.** Singlet oxygen
can be generated upon photo-excitation and effectively
transported out of the nanoparticles via the porous ZIF-8 shells.
To the best of our knowledge, this is the first combinational
therapy taking advantages of MOF structure and the approach
shows much enhanced efficacy (Scheme 1b).
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Scheme 1. Schematic illustration of core-shell nanoparticles
and their combinational photo-chemo therapy. (a) Preparation
of g-C3Ny4@ZIF-8 nanoparticles and drug loading. (b) Proposed
mechanism of drug-loaded nanoparticles for fluorescence
imaging and combination therapy.

2. Results and Discussion

2.1 Preparation and characterizations of g-C;N, nanosheets

As metal-free semiconductors, g-C3N, has been regarded as a
suitable sustainable photocatalyst for facile preparation,
abundant source, good stability and tunable electronic
structure.****’” Bulk g-C;N, sheets of a few millimetres thick and
several centimetres in diameter were first obtained from
polymerization of melamine (Fig. Sla). X-ray photoelectron
spectroscopy (XPS) shows that the bulk g-C;N, composes
mainly of N and C with a molar ratio of N:C of 1.29, close to
stoichiometric 1.33 (Fig. S1d). Then g-C;N, nanosheets were
prepared by ultrasonic delamination of the bulk g-C;N, sheets
in water. Morphology of the g-C;N, nanosheets was studied
with atom force microscopy (AFM). As shown in Fig. la, the
nanosheets have monodispersed size of about 30 nm and an
average thickness of 4.5 nm (Fig. 1b). To demonstrate
successful exfoliation, X-ray diffraction (XRD) and Fourier
transform infrared (FTIR) spectroscopy were utilized to
investigate the crystal and chemical structure of both the bulk
and the nanosheets of g-C;N,. A FTIR spectrum of the g-C3N4
nanosheets shows the same vibration peaks (hydrogen bond and
N-H stretching: 3000-3600 cm™', C-NH-C stretching: 1000-
1800 cm’, triazine ring: 810 cm™) as the bulk materials,
indicating the ultrasonic exfoliation has not changed their
chemical structures (Fig. S3a). Fig. S3b shows that the
characteristic (002) peak of g-C5N, at 27.3° is much weaker in
the nanosheet sample confirming successful exfoliation.*® Fig.
1c is an HRTEM image of a nanosheet showing lattice fringes
with spacing of 0.32 nm which matches well to that of the (002)
plane of g-C3N,. Fig. 1d shows that the g-C;N, nanosheets have
an absorption peak at 315 nm and a photoluminescence (PL)
peak at 455 nm. The inset of Fig. 1d is the pictures of g-C;N,
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nanosheets under room and UV light. Under room light, it is a
white uniform suspension. After exposure to UV light, the
nanosheets present strong blue fluorescence.
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Fig. 1. Characterizations and properties of g-C;N,4 nanosheets.
(a) AFM topography of g-C;N; nanosheets and (b) the
corresponding height profile along the line in the image. (c) An
HRTEM image of g-C;N,4 nanosheets (d) Normalized UV-Vis
absorbance (solid line) and photoluminescence spectra (dashed
line) g-C;N,4 nanosheets under excitation at 350 nm.

2.2 Preparation and characterizations of core-shell nanoparticles

For synthesis of core-shell nanoparticles with MOF shells,
surface modifications on the cores (e.g., metal and protein) are
typically required to stabilize the bare cores and increase their
affinities to MOF precursors.*->* However, this is not needed
for encapsulating g-C;N, nanosheets as they are negatively
charged (Fig. S4a) and have excellent affinity to zinc ions.
Therefore, this facilitates the simple synthesis of the g-
C3;N4@ZIF-8 core-shell nanoparticles and any additional
surface modification of the g-CsN, core is not required. It
avoids the fluorescence of the g-C;N, core being quenched by
any surfactant. To construct core-shell nanoparticles, we
employed a facile synthetic route by mixing precursors
Zn(NO;),, 2-methylimidazole (2-MIm) and g-C;N, nanosheets
in a methanol solution to grow the ZIF-8 shells surrounding the
g-C;N, nanosheets. SEM and TEM images of the products
reveal that monodispersed spherical nanoparticles are prepared
with an average size of about 60 nm (Fig. 2a, 2b). A high-
magnification TEM image (Fig. 2¢) confirms that the sample
consists of g-C3N,; nanosheet of 30 nm in diameter
encapsulated within ZIF nanoparticles. Fig. 2d shows an XRD
pattern of the g-C;N,@ZIF-8 nanoparticles which is essentially
the same as that of a pure ZIF-8 sample. The peak from the g-
C;N,4 nanosheet core is not observed. It is noted that, even in
the pure g-C3N, nanosheet sample, its peak is weak (Fig. S3b).
The absence of the g-C;N, peak in the g-C;N4@ZIF-8 core-
shell nanoparticles is also attributed to the small volume
fraction of the nanosheets.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2. Characterizations and properties of g-C;N,@ZIF-8
nanoparticles. (a) SEM image of as-prepared nanoparticles. (b),
(c) TEM image of as-prepared nanoparticles under different
magnification. (d) XRD diffraction of g-C;N,@ZIF-8 (red),
ZIF-8 nanopheres (green), simulated ZIF-8 (black). (e) FTIR
spectra of g-C3Ny4 nanosheets (blue) and g-C;N4@ZIF-8 (red).
(f) Normalized UV-Vis absorbance (solid line) and
photoluminescence spectra (dash line) of g-C;N4@ZIF-8 with
excitation at 350 nm.

While the XRD pattern of the core-shell nanoparticles does
not show the existence of g-C;N, nanosheets, the g-C3N, phase
can be confirmed with FTIR. Fig. 2e is a representative FTIR
spectrum of the g-C;N4@ZIF-8 nanoparticles which shows
characteristics from both g-C;N, (marked with *) and ZIF-8
(marked with %).>* Dynamic light scattering (DLS)
measurements show that in contrast to the negative charge on
the pure g-C;N,4 nanosheets (Fig. S3a), zeta potential of the as-
prepared g-C;N4@ZIF-8 nanoparticles is +31.9 mV (Fig. S3b)
which is similar to that of the pure ZIF-8.°> As illustrated in
Fig. 2f, the g-C;N,@ZIF-8 nanoparticles shows a PL spectrum
almost identical to that of the pure g-C;N, further confirming
the existence of the g-C;N, phase. The inset of Fig. 2f displays
the pictures of the core-shell nanoparticles under room and UV
light. Under room light, the sample is still a white uniform
suspension. After exposure to UV light, the suspension remains
the blue fluorescence of the g-C;N, nanosheets.

2.3 Singlet oxygen detection

The capability of the g-C;N4@ZIF-8 nanoparticles for singlet
oxygen generation was evaluated with the standard singlet
oxygen sensor green (SOSG) probe. With reaction of 'O,, the
intramolecular electron transfer within SOSG is prohibited,
which recovers the quenched green fluorescence with high
selectivity.’® ¥ As shown in Fig. 3a, when the mixture of
SOSG and g-CsN,@ZIF-8 nanoparticles is irradiated with
visible light, the fluorescence intensity of SOSG at 530 nm
exhibits time-dependent increase, indicating the gradual
generation of 'O,. Fig. 3b illustrates the change in SOSG’s
fluorescence intensity incubated with pure g-C;N, nanosheets,
pure ZIF-8 nanoparticles and g-C;N,@ZIF-8 core-shell
nanoparticles. For pure ZIF-8 (same weight of ZIF-8 as in the
core-shell nanoparticle), the fluorescence intensity of SOSG is
constantly low under irradiation, indicating that the ZIF-8 shells
does not generate 'O,. In comparison, the fluorescence intensity
of SOSG shows similar increase with time in the presence of
pure g-C;N, nanosheets and g-C;N4@ZIF-8 nanoparticles.
These results suggest that (1) the singlet oxygen be
predominantly generated by g-C;N, phase and (2) the singlet
oxygen generated in the g-C;N, core of the g-Ci;N,@ZIF-8
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nanoparticles effectively diffuse out. Overall, this demonstrates
a good potential for application as a PDT agent.
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Fig. 3. (a) Fluorescence spectra of SOSG solution incubated
with g-C3N4@ZIF-8 over increasing irradiation time. (b) The
evolution of the fluorescence intensity of SOSG at 530 nm over
different irradiation times. (c) SEM image of DOX-loaded g-
C3N4@ZIF-8 nanoparticles. (d) Release profile of DOX from
drug-loaded g-C;N,4@ZIF-8 in simulated physiological solution
with pH values of 5.0 and 7.4.

2.4 pH-sensitive drug release profiles

To further endow g-C;N,@ZIF-8 nanoparticles with ability
of chemotherapy, the nanoparticles were soaked in a 1 mg/mL
doxorubicin (DOX) solution at a weight ratio of 1:1 (optimized
as shown in Table S1) for 2 days. The loading efficiency is
about 35% with a saturated loading content of about 0.336 mg
of DOX for 1 mg of nanoparticles as determined by UV-Vis
absorption. After drug loading, the nanoparticles show neither
observable size increase nor any sign of dissociation (Fig. 3c¢).
Drug-release experiments were carried out in phosphate buffer
solutions of two different pH values. In Fig. 3d, DOX-loaded g-
C3Ny4@ZIF-8 nanoparticles exhibit progressive release without
any burst dissociation. When immersed in pH 7.4 buffer, only
around 25% of loaded DOX was released into the ambient
solution after 70 hours. In comparison, the delivery of DOX
reveals enhanced effect with about 85% of cargo released at a
pH value of 5.0 within the same period. The pH-sensitive
release profile attributes to the acid-promoted dissolution of
ZIF-8 which is previously reported in ZIF-8 systems.’®>* These
results show that a pH-sensitive drug release profile can be
realized with the present g-C3N,@ZIF-8 cores-shell
nanoparticles, which is beneficial for targeted drug release at
acidic tumour sites.*’

2.5 Dual-color fluorescence imaging of DOX-loaded
nanoparticles

To investigate the cellular localization of g-C;N,@ZIF-8
nanoparticles, human alveolar cancer cells A549 were
individually incubated with pure DOX (5 pg/mL) and g-
C3N4@ZIF-8 nanoparticles (and 25 pg/mL) with or without
DOX loading. In the control group, pristine A549 cells do not
show any fluorescent signal (Fig. 4a). For the group incubating
with nanoparticles without DOX (Fig. 4b), the subcellular blue

Nanoscale, 2015, 00, 1-7 | 3
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fluorescence confirms the endocytosis of the g-C;N,@ZIF-8
nanoparticles into the cytoplasm. In comparison, free DOX
molecules with red fluorescent signal tend to accumulate in the
nuclei as shown in Fig. 4¢.%’ For the cells incubated with DOX-
loaded nanoparticles (Fig. 4d), the nuclei are full of the red
fluorescence from DOX and surrounded by the blue
fluorescence from the g-C;N, nanosheets in cytoplasm. These
results indicate that the DOX-loaded g-C;N,@ZIF-8
nanoparticles can effectively deliver DOX into the cell nucleus
and provide dual-colour fluorescence imaging.

g-C3N4

.. :
.v ’

Flg 4. Optical microscopy images of A549 cells under
different conditions: (a) untreated, (b) incubated with 25 pg/mL
of g-C3N4@ZIF-8 nanoparticles, (c) treated with 5 pg/mL of
DOX, and (d) incubated with 25 pg/mL of DOX-loaded
nanoparticles. The left column shows the bright field images.
The central 2 columns are the fluorescence images of g-CsN,
and DOX channels. The right column presents the overlay
images of the bright field and fluorescence images. The
fluorescent images were taken by fluorescent microscopy under
an excitation range of 330-380 nm and 450-490 nm for
nanoparticle and DOX channel, respectively.

Merge

Bright f|eld

2.6 In vitro cytotoxicity evaluation

To evaluate the feasibility of our core-shell system for
combination therapy, the cytotoxicity of g-Cs3N,@ZIF-8
nanoparticles with or without DOX loading were analysed with
the 3-(4,5-dimethylthialzol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay in A549 cell line in dark or under visible
light irradiation. Pure g-C;N, nanosheets show negligible
cytotoxicity under the condition of no light irradiation (Fig.
S5). It can be seen from Fig. 5a that the viability of the tumour
cells incubated with g-CsN4@ZIF-8 nanoparticles without
DOX (green) is almost the same as that of the control group
(cell irradiated with visible light only, i.e. without
nanoparticle). This demonstrates the excellent biocompatibility
of the as-prepared core-shell nanoparticles. When incubated

4 | Nanoscale, 2015, 00, 1-7

with the DOX-loaded nanoparticles in dark (red), the death of
A549 cell obviously increases with nanoparticle concentrations.
On the other hand, g-C;N4@ZIF-8 nanoparticles without DOX
(blue) can also effectively kill cells under visible light
irradiation, confirming their PDT effect. The highest cell-
killing rate is achieved with the combined action of DOX and
irradiation (magenta), when cells are incubated with DOX-
loaded nanoparticles under irradiation. For example, the cell
viability of DOX-loaded nanoparticles under irradiation is
16.6% at 100 pg/mL concentration, which shows much more
cytotoxicity than that of 40.3% in the DOX-loaded
nanoparticles group and that of 44.9% in the irradiated
nanoparticles group at the same concentration. Furthermore, the
combinational  therapeutic  effect of  g-C;N,@ZIF-8
nanoparticles was also observed with calcein AM and ethidium
homodimer-1 co-staining. In Fig. 5b, the pristine cells with
exposure to visible irradiation for 15 minutes display only
green fluorescence, indicating that the irradiation does not
induce cell death. However, the cells incubated with DOX-
loaded nanoparticles are almost all killed after identical
irradiation. These results are in good agreement with those from
the MTT assay, which confirms the combined therapies of g-
C3Ny4@ZIF-8 nanoparticles can effectively destroy cancer cells.
Collectively, these results suggest that the DOX-loaded g-C3N,
nanosheet@ZIF-8 core-shell nanoparticles can act as a robust
therapeutic agent to achieve dual-colour fluorescence imaging
and synergic photodynamic-chemo therapy.
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Fig. 5. (a) A549 cell viabilities at different concentrations of g-
C;N,@ZIF-8 (CN@M), DOX-loaded g-CsN4@ZIF-8 (CN@M-
DOX) for 24 h at 37 °C with or without 15-min irradiation of
visible light (100 mW/cm?). Fluorescence images of calcein
AM and ethidium homodimer-1 co-stained A549 cancer cells
incubated (b) without any nanoparticles, (¢) with DOX-loaded
g-CsN4@ZIF-8 for 24 h at 37 °C after irradiation.

3. Conclusions

This journal is © The Royal Society of Chemistry 2015
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In summary, we designed and developed a novel nanoscaled
core-shell platform composing DOX-loaded g-C;N,@ZIF-8
nanoparticles  for  combinational = chemo-therapy  and
photodynamic  therapy. The prepared g-C;N,@ZIF-8
nanoparticles possess good biocompatibility and can efficiently
generate singlet oxygen. The nanoparticles can be loaded with
an anticancer drug of DOX and deliver the drug with a
preferred pH-sensitive release profile. Furthermore, DOX-
loaded g-CsN4@ZIF-8 nanoparticles, as multifunctional
nanoscale platform, are effective for dual-colour fluorescence
imaging and imaging-guided photo-chemo therapy upon
tumour cells. We anticipate that the integration of functional
nanomaterials and MOF shells into core-shell nanostructures
would offer a promising pathway to construct enhanced
combinational therapeutics for clinical cancer treatment in the
near future.

4. Experimental

4.1 Materials

Melamine (C3H4Ng, 99%), zinc nitrate hexahydrate
(Zn(NO3),-6H,0, 99%), doxorubicin hydrochloride (DOX), 2-
methyl imidazole (C4HgN,, 99%), methanol (ACS grade, 99%),
and phosphate citrate buffer were purchased from Sigma-
Aldrich. Singlet Oxygen Sensor Green Reagent was ordered
from Life Technology. High-purity water with a resistivity
greater than 18.4 MQ-cm was collected from an in-line
Millipore RiOs/Origin water purification system. Unless
otherwise noted, all chemicals were used without further
purification.

4.2 Synthesis of g-C;N, nanosheets

Bulk g-C3N, was prepared by polymerization of melamine in a
semi-closed system. Typically, melamine (5 g) in a crucible
was heated at 600 °C for 2 h with a heating and cooling ramp
rate of 3 °C/min. The obtained bulk g-C;N, product was yellow
powder. A liquid exfoliating method was employed to obtain g-
C;N, nanosheets. Briefly, bulk g-C;N4 powder (40 mg) was
dispersed in water (40 mL) under ultrasonication (300W) for
about 14 hours. The initial light-yellow suspension was then
centrifuged at 5000 rpm to remove unexfoliated bulk g-C;Ny,
which resulted in a lightly milky suspension of g-C;N,
nanosheets. The concentration of g-C;N4 nanosheets is about
0.15 mg/mL by weighing dried samples. To improve the size
distribution of g-C;N, nanosheets as a suitable core material,
the exfoliated g-C;N4 milky solution was further centrifuged at
7000 rpm and the supernatant was concentrated from 10 mL to
1 mL of aqueous solution.

4.3 Synthesis of g-C;N,@ZIF-8 core-shell nanoparticles

Zinc nitrate hexahydrate (150 mg) and 2-methyl imidazole (350
mg) were dissolved in methanol (7.2 mL). Subsequently, 1 mL
of the concentrated g-C3N, nanosheets in water was added into
the zinc nitrate solution followed by 5-min agitation. Then, 2-
methyl imidazole solution was injected into the jar while
stirring continuously for another 5 min. The reaction solution
became milky gradually, indicating the formation of ZIF-8
shells. Then the formed nanoparticles were washed with 15 mL
of methanol for three times and then centrifuged at 7000 rpm
for 15 min to obtain the precipitation of ZIF-8 nanoparticles.
For the last step, white g-C;N,@ZIF-8 core-shell nanoparticles

This journal is © The Royal Society of Chemistry 2015
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were suspended into methanol (5 mL) for storage with the
concentration of 5 mg/mL.

4.3 Characterizations

Scanning electron microscopy was carried on JEOL JSM-820
scanning electron microscope. Energy disperse X-ray (EDX)
equipment is attached to SEM. Besides, transmission electron
microscopy images were obtained with a Philips CM-20 or a
CM-200FEG transmission electron microscope. X-ray
photoelectron spectra was obtained by Physical Electronics
PHIS5802 with Al mono excitation source (hv = 1486.6 eV).
Powder X-ray diffraction was recorded with a Siemens D500
X-Ray Diffractometer with Cu Ka radiation source (A =1.5406
A). Fourier transform infrared spectra were obtained on Perkin-
Elmer Spotlight 100 in a KBr pellet, scanning from 4000 to 400
cm’™. Atomic force microscopy was performed with a Veeco
Multimode-V. Dynamic light scattering was conducted on a
Malvern Zetasizer Nano ZS instrument. Ultraviolet-visible light
absorption and photoluminescence were recorded with a Cary
50Conc UV-Visible spectrophotometer and a Cary Eclipse
fluorescence spectrophotometer respectively. All irradiation
came from a Newport Solar Simulator with filters to get
irradiation wavelength from 400 to 700 nm.

4.4 Singlet oxygen detection

To evaluate the generation of singlet oxygen, Singlet Oxygen
Sensor Green (SOSG) was chosen for g-C;N,@ZIF-8
nanoparticles system. Specifically, the SOSG was mixed with
100 pg of nanoparticles at a final concentration of 10 pM. The
control groups were the g-C;N, nanosheets and as-synthesized
ZIF-8 nanoparticles with same weight of those as in the core-
shell nanoparticles during synthesis. The mixture solutions
were irradiated with visible light at an intensity of 100 mW/cm?
for different durations from 0 to 90 minutes. Photoluminescent
spectra of the irradiated samples were then measured with an
excitation source of 490 nm to determine the fluorescent
intensity of SOSG. The singlet oxygen generation of samples
was quantified by com-paring the fluorescence enhancement
with the control groups.

4.5 Drug loading and release

In order to evaluate drug-loading capacity of g-C;N4@ZIF-8
nanoparticle, 5 mg of nanoparticles was dispersed in 5 mL of
DOX aqueous solution with the concentration of 1 mg/mL
under ultrasonication. The mixture of drug and nanoparticles
was stirred for 2 days and then collected through centrifugation.
The concentration of DOX in the supernatant was determined
by the absorbance of DOX at 480 nm. Then the drug loading
efficiency and content were calculated.

For drug release experiments, the obtained DOX-loaded
nanoparticles were directly soaked in 5 mL of solutions with
pH values of 7.4 and 5.0. The system was kept in 37 °C with a
gentle shake. The supernatant was collected by centrifugation
and determined by UV-Vis spectroscopy to calculate the
amount of released DOX at specific time.

4.6 Dual-color fluorescence imaging
To confirm the imaging function of drug-loaded nanoparticles,

200 pL of 100 pg/mL DOX-loaded nanoparticles was added
into 800 pL of cell medium containing A549 cells. After 4-hour
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incubation, fluorescent images were taken by fluorescent
microscopy under an excitation range of 330-380 nm and 450-
490 nm.

4.7 In vitro photo-chemo therapy

The cytotoxicity of g-CsN4@ZIF-8 nanoparticles was evaluated
by standard 3-(4,5-dimethylthialzol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) assay in A549 cell line.
A549 cells were seeded and incubated at 37 ‘C in Dulbecco’s
modified Eagles medium (DMEM) containing 10% fetal bovine
serum (FBS) under an atmosphere of 5% CO, for one day.
Then, g-C;N4@ZIF-8 nanoparticles and DOX-loaded
nanoparticles were added individually into different groups of
cells. When incubated for 12 h, light groups are irradiated under
Xenon lamp for 15 min. After an incubation time of 24 h under
standard conditions, a certain amount of MTT solution in PBS
(pH=7.4) was added and incubated for another 4 h. The
medium was removed by DMSO while shaking. After that, a
micro-plate reader was used to measure the absorbance at 490
nm. Furthermore, to avoid random error, every group with a
certain drug concentration was tested five times.
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