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ROS Generation and Reduced Glutathione Levels for Enhanced

Photodynamic Therapy
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Abstract: Graphitic carbon nitride (g-C;N,) has been used as
photosensitizer to generate reactive oxygen species (ROS) for
photodynamic therapy (PDT). However, its therapeutic effi-
ciency was far from satisfactory. One of the major obstacles
was the overexpression of glutathione (GSH) in cancer cells,
which could diminish the amount of generated ROS before
their arrival at the target site. Herein, we report that the
integration of Cu?" and g-C;N, nanosheets (Cu’*—g-C;N,) led
to enhanced light-triggered ROS generation as well as the
depletion of intracellular GSH levels. Consequently, the ROS
generated under light irradiation could be consumed less by
reduced GSH, and efficiency was improved. Importantly,
redox-active species Cu*—g-C;N, could catalyze the reduction
of molecular oxygen to the superoxide anion or hydrogen
peroxide to the hydroxyl radical, both of which facilitated the
generation of ROS. This synergy of improved ROS generation
and GSH depletion could enhance the efficiency of PDT for
cancer therapy.

Ultrathin two-dimensional (2D) nanomaterials have
sparked increasing interest owing to their unique structural
and electronic properties over the past decade.!! Tremendous
effort has been devoted to the development of synthetic
methods as well as potential applications in electronics/
optoelectronics,”! catalysis,”! energy storage,! and biosen-
sors.”l In particular, 2D graphitic carbon nitride (g-C;N,) has
shown extraordinary catalytic activity and selectivity owing to
its appropriate band gap, Lewis basic functionalities, and high
specific surface area.l’ Most notably, the electronic structure
of g-C;N,, with graphitic planes formed by triazine units,
could provide a visible light response, which demonstrated
the potential of g-C;N, as a photosensitizer for the generation
of reactive oxygen species (ROS) for photodynamic therapy
(PDT)."! However, its therapeutic efficiency was far from
satisfactory. One of the major obstacles was the overexpres-

[*] E.Ju, K. Dong, Z. Chen, Z. Liu, F. Pu, Prof. J. Ren, Prof. X. Qu
Laboratory of Chemical Biology and State Key Laboratory
of Rare Earth Resource Utilization
Changchun Institute of Applied Chemistry, Chinese Academy
of Science, Changchun, Jilin 130022 (P.R. China)
E-mail: jren@ciac.ac.cn
xqu@ciac.ac.cn
E. Ju, C. Liu, Y. Huang, Z. Wang
University of Chinese Academy of Sciences
Beijing 100039 (P.R. China)
(@ Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201605509.

Angew. Chem. 2016, 128, 11639 -11643

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sion of glutathione (GSH), which could diminish the amount
of generated ROS before their arrival at the target site and
greatly reduce the efficiency of therapy.® Little progress has
been made in this regard, mainly owing to the lack of stable
and efficient systems assembled with g-C;N, to deplete GSH
levels.”! Therefore, the construction of a g-C;N,-based system
with the ability to reduce intracellular GSH levels is required
to improve the efficiency of photodynamic therapy.

Recently, considerable attention has been directed
towards the employment of metal ions in medicine because
of their positive charges and stereoelectronic properties,
which enable them to alter the structure and function of
important biological targets. In particular, the bioactivity of
copper has stimulated an extensive search owing to its redox
activity, its requirement as a cofactor, and its predilection to
displace other essential metals.'"! An increasing amount of
evidence has suggested that the co-occurrence of copper and
GSH could promote a pro-oxidant effect through a metal-
reducing action."!l In this case, the reduction of Cu** by GSH
could give rise to the formation of a redox-active species
capable of catalyzing the subsequent reduction of molecular
oxygen to the superoxide anion, and the reduction of
hydrogen peroxide to the hydroxyl radical. A recent study
also demonstrated that Cu®" can bind to the amine moiety on
phosphatidylethanolamine lipids and react with H,O, to
increase the concentration of ROS.'?! Furthermore, the
strong spin-orbit coupling of the heavy-metal center
enhanced intersystem crossing (ISC), which invariably
resulted in more ROS generation.“‘” Therefore, the combi-
nation of redox-active metal ions and a photosensitizer might
enable the reduction of GSH levels and improvement of the
efficiency of cancer therapy.

We envisioned that the coordination of Cu*" with g-C;N,
would enhance the efficiency of photodynamic therapy
through Cu®"-induced GSH depletion and a pro-oxidant
effect. Herein, we report that the integration of Cu*" and
graphitic carbon nitride nanosheets (designated as Cu®'—
g-C;N,) led to enhanced light-triggered ROS generation as
well as the depletion of intracellular GSH levels (Scheme 1).
Consequently, the ROS generated under light irradiation
could be consumed less by the reduced GSH, and efficiency
was improved. Importantly, the redox-active species Cu™—g-
C;N, could catalyze the reduction of molecular oxygen to the
superoxide anion or hydrogen peroxide to the hydroxyl
radical, both of which facilitated the generation of ROS.

We first demonstrate our concept on the basis of time-
dependent density functional theory (TD-DFT) calculations
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Scheme 1. lllustration of g-C;N, nanosheets as photosensitizers for
photodynamic therapy and Cu**—g-C;N, with enhanced PDT through
the synergetic effect of extra ROS generation and GSH depletion.

performed at the B3LYP/6-31g level.'! The results indicated
that Cu**—g-C;N, exhibited clear separation of the HOMO
and LUMO distributions as compared with g-C;N, (see
Figure S1 and Table S1 in the Supporting Information). This
clear separation of the frontier orbitals led to a much smaller
AEg; value (energy gap between the lowest singlet excited
state and the lowest triplet excited state), thus suggesting
a potentially high ISC rate and thus the possibility of efficient
ROS generation upon irradiation with light. To substantiate
our design, we first prepared ROS-generating water-soluble
g-C;N, nanosheets by chemical oxidation of bulk g-C;N,,
followed by ultrasonication-assisted liquid exfoliation. Then
Cu®" was ligated to g-C;N, through the chelation of Cu®" with
N atoms in g-C;N,. The Lewis basic N atoms in g-C;N,
showed strong coordination to Cu®". Transmission electron
microscopy clearly revealed that the sheet structure of Cu*'—
g-C;N, had changed little as compared with g-C;N,, thus
indicating that bound Cu’" had no significant

influence on the morphology of g-C;N, (Figure 1a;
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Figure 1. a) TEM image and b) dark-field TEM image of Cu?'—g-C;N,
nanosheets and corresponding energy-dispersive spectroscopic ele-
ment mapping of C K-edge, N K-edge, and Cu K-edge signals. c) XRD
patterns of bulk g-C;N,, g-C;N, nanosheets, and Cu?*'—g-C;N, nano-
sheets. d) Fluorescence spectra of g-C;N, and Cu*"—g-C;N, at the
same concentration.

leading to photoluminescence quenching (Figure 1d).

The chemical structure of the as-prepared Cu®'—g-C;N,
was further confirmed by Fourier transform infrared (FTIR)
spectroscopy. The characteristic spectra of Cu*'—g-C;N,
showed nearly identical absorption bands with g-C;N, (Fig-
ure 2a), thus indicating that the coordinated Cu*" did not
destroy the structure of g-C;N,. The band at 810 cm™' was
attributed to the breathing of tri-s-triazine units, and the

see also Figure S2). Furthermore, the hydrody- a) N b)
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crystalline form of Cu was formed. The successful 965
ligation of Cu®" with C;N, was further confirmed
by the decreased fluorescence intensity, which
could be explained by the ability of Cu** to
capture the photoexcited electrons of g-C;N,, thus
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Figure 2. a) FTIR spectra and b) XPS spectra of the obtained g-C;N, and Cu*"—
g-C;N,. ¢) Cu2p peak and d) N 1s peak of g-C;N, and Cu®"—g-C;N, at high
resolution.
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peaks in the region of 1000-1800 cm™! originated from the

stretching vibration of aromatic CN heterocycles. In partic-
ular, the peak at 3000-3500 cm ' of Cu*'—g-C;N, was shifted
to higher frequency, which could be attributed to the
formation of Cu-N coordination bonds.') We further studied
the chemical composition and chemical states of Cu**-g-C;N,
by X-ray photoelectron spectroscopy (XPS). g-C;N, is mainly
composed of carbon and nitrogen with small amount of
oxygen adsorbed on the surface (Figure 2b). In comparison,
additional Cu and Cl appeared in the Cu®*’—g-C;N,, thus
indicating that Cu was coordinated with both N atoms of
g-C;N, and Cl atoms. The high-resolution C1s spectrum of
both Cu*"—g-C;N, and g-C;N, could be divided into two peaks
centered at 284.6 and 288.0 eV (see Figure S5). The peak
located at 288.0 eV was identified as the sp>-bonded carbon
atom, whereas the other peak was the signal of standard
reference carbon.

To verify the state of Cu in the Cu*"-g-C;N,, we further
analyzed the high-resolution Cu2p spectrum. Binding-energy
peaks were observed for Cu2p;, and Cu2p,, at 935.6 and
955.5 eV, respectively (Figure 2¢), which are typical values for
Cu*". Moreover, the two shakeup satellite lines observed at
943.5 and 963.9 eV are characteristic of Cu" with the d’
configuration in the ground state, thus indicating the para-
magnetic chemical state of Cu**."! The N1s peak of g-C;N,
could be deconvoluted into two discrete peaks at 398.3 and
399.8 eV (Figure 2d), which were ascribed to sp’-hybridized
N atoms (C—N=C) and tertiary N atoms (N(C);). The peak of
the sp*bonded N atoms in Cu®'—g-C;N, was 0.2 eV higher
than that of g-C;N,, whereas the peak for tertiary N atoms
was unchanged. A shift in the high-binding-energy direction
revealed that the electrons were transferred from N atoms in
C;N, to Cu ions. This result also indicated that Cu*' was
coordinated with the sp>bonded N atoms of g-C;N, rather
than tertiary N atoms, in accordance with the active site in
g-C;N,. After N atoms coordinated with Cu®", their electron
density decreased, thus resulting in an increase in binding
energy. All results confirmed that the as-prepared Cu*'—g-
C;N, retained the structure of g-C;N,, which was favorable for
the following study of photoinduced ROS generation.

To test whether the ligation of Cu*" could improve the
PDT efficiency of C;N, in the presence of GSH, we
investigated ROS generation under light irradiation in
a buffer. 2',7'-Dichlorofluorescein (DCF) was employed as
a probe to evaluate the production of ROS. A large amount of
ROS was detected for the light-illuminated g-C;N, system
(Figure 3a), which was generated from the interaction of
dissolved oxygen and conduction electrons in g-C;N,. How-
ever, the fluorescence was dramatically decreased in the
presence of GSH, thus demonstrating that GSH could deplete
the generated ROS to a large extent, as also shown by other
research groups. When Cu*'—g-C;N, was irradiated with light,
we found that more ROS could be generated than with
g-C;N,, thus indicating that the ligation of Cu®" could increase
the amount of ROS. Surprisingly, in the presence of GSH, the
decrease in the fluorescence intensity of DCF with light-
irradiated Cu*"~g-C;N, (26.30%) was lower than that with
light-irradiated g-C;N, (80.05%). This result suggested that
ROS consumption by GSH was inhibited to a large extent by
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Figure 3. a) Fluorescence spectra of DCFH incubated with g-C;N, or
Cu**—g-C;N, in the presence or absence of GSH (1 mm) under light
irradiation. b) GSH/GSSH ratios of solutions containing GSH and
g-C3N, or Cu®'—g-C;N, under light irradiation, as examined with

a commercial kit. ¢) Proposed mechanism of the reaction.

the ligation of Cu**. Additionally, ROS generation by Cu**—g-
C;N, was enhanced as the concentration of Cu?'—g-C;N,
increased and as the concentration of GSH decreased (see
Figures S6 and S7). The fluorescence probes hydroethidium
and terephthalate were used to confirm that the generation of
the superoxide radical and hydroxyl radical by Cu’"—g-C;N,
was improved (see Figures S8 and S9).

Next, to verify the effect of Cu®’'-g-C;N, on ROS
depletion by GSH, we determined the ratio of reduced
(GSH) to oxidized (GSSH) glutathione, an indication of
oxidative stress levels. It was reported that Cu®" could react
with GSH through a metal-reducing action.""! Accordingly,
Cu?’—g-C;N, caused a decrease in the cellular GSH/GSSH
ratio as compared with that of the control or g-C;N, group
(Figure 3b; see also Figure S10). Noting that the concentra-
tion of oxidative GSH (30 um) in the presence of Cu’*"™—g-C;N,
was three orders of magnitude higher than the concentration
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of Cu*" (0.03 um) in the
Cu*'—g-C;N,, we pro-

dte
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nism for this phenom-
enon. As shown in Fig-
ure 3¢, the presence of
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Besides the smaller
influence of GSH on
the ROS, the additional
generated hydroxyl rad-
ical could also contrib-
ute to the enhanced
PDT efficiency. Taken
together, all the above
results manifested the
capability of Cu’—
g¢-C;N, for enhanced
ROS generation under
light irradiation through
the synergy of a Cu®'-
induced pro-oxidant
effect and GSH oxida-
tion.

Encouraged by the
observed enhanced production of ROS, we next investigated
the PDT efficiency of Cu**—g-C;N, in cancer cells. Differently
treated HeLa cells were stained with dichlorofluorescein
diacetate (DCFH-DA), and then the levels of intracellular
ROS were measured by flow cytometry. A negligible per-
centage of cells treated with g-C;N, or PBS showed green
fluorescence (<2.0%), whereas cells treated with Cu*"—g-
C;N, showed a slight increase in this percentage (4.2%;
Figure 4a). After irradiation, the percentage of cells treated
with g-C;N, or Cu?'—g-C;N, that showed green fluorescence
greatly increased, thus indicating that a large amount of ROS
were generated. Notably, the percentage (57.0%) in cells
treated with Cu?*'—g-C;N, under light irradiation was much
higher than that of g-C;N, (13.4%) under the same con-
ditions, thus suggesting the improved performance of Cu*"—g-
C;N, as the ROS producer in cancer cells. To identify the
phototoxicity of the Cu’*—g-C;N, system, we conducted
a Calcein AM/prodium iodide cell-survival assay to differ-
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Figure 4. a) Flow cytometry analysis of ROS generation in cancer cells treated with different agents with or
without light irradiation, as detected with 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate. b) Fluorescence
images of Calcein AM- and Pl-costained cells with different treatments. c) Flow cytometry analysis of apoptosis
cells following treatment with different formulations. d) Cytotoxicity of g-C;N, and Cu**~g-C;N, at different
concentrations under irradiation. ) Intracellular GSH/GSSH ratios of cells treated with g-C;N, and Cu*"—g-C;N,.

entiate live (green fluorescence) and dead cells (red fluores-
cence). We found no significant cytotoxicity in cells treated
with PBS,

g-C;N,, or Cu’"—g-C;N, (Figure 4b). After irradiation with
light, a significant amount of dead cells were observed in cells
treated with g-C;N, and Cu®'—g-C;N,. This result was
attributed to the cytotoxicity of the ROS generated under
these conditions. Fluorescein—annexin V. and propidium
iodide (PI) staining assays also demonstrated that the cell
toxicity was associated with apoptosis or necrosis (Figure 4c¢).
Moreover, quantitative analysis showed that the irradiation of
Cu?'—g-C;N, with light led to more dead cells than that of g-
C;N,, which was consistent with the amount of intracellularly
generated ROS. This result was further confirmed by the
MTT cell-viability assay (MTT =3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; Figure 4d; see also Fig-
ure S11). The intracellular GSH/GSSH ratio was found to
decrease in cells treated with Cu*"~g-C;N,, which suggested
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that GSH oxidation was beneficial to the efficiency of PDT
(Figure 4 f). These results suggested that Cu*'—g-C;N, could
greatly improve ROS generation and PDTefficiency in cancer
cells.

In conclusion, we have demonstrated the integration of
Cu*' and g-C;N, with enhanced efficacy for photodynamic
therapy in cancer cells. Cu**—g-C;N, could interact with GSH
through a metal-reducing action to reduce the intracellular
GSH levels. Moreover, additional generated hydroxyl radi-
cals could also contribute to the enhanced PDT efficiency.
Thus, the enhancement was due to a combination of the Cu®*-
induced additional generation of ROS and reduced GSH
levels. This coupled metal-inorganic hybrid system provides
a new way to reduce intracellular GSH levels and improve the
efficiency of photodynamic therapy. Additionally, it can be
readily extended to improve performance in other applica-
tions, such as the degradation of organic materials, hydrogen
evolution, and solar cells.
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