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Abstract

Graphdiyne has excellent potential due to its enzymatic properties. Metal-free sulfur-doped Graphdiyne (S-GDY)

has piezoelectric characteristics, and ultrasonic excitation of S-GDY enhances peroxidase activity. It can turn hydro-
gen peroxide into toxic hydroxyl radicals and induce apoptosis in 4T1 cells. More importantly, the ultrasound (US)
enhanced nanozyme induced 4T1 cell ferroptosis by promoting an imbalanced redox reaction due to glutathione
depletion and glutathione peroxidase 4 inactivation. S-GDY exhibited enhanced nanozyme activity in vitro and in vivo
that may directly trigger apoptosis-ferroptosis for effective tumor therapy. Altogether, this study was expected to pro-
vide new insights into the design of piezoelectric catalytic nanozyme and expand their application in the catalytic
therapy of tumors.
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Graphical Abstract

Introduction

Nanozymes, as artificial enzymes of nanomaterials with
enzyme-mimicking activity [1-3]. These have higher
physicochemical stability, higher durability, and lower
cost in harsh environments compared with natural
enzymes, which have attracted the extensive attention of
researchers [4—6]. A large number of nanomaterials have
been studied and confirmed to have mimetic activities of
enzymes, such as peroxidase (POD), catalase, and super-
oxide dismutase [7-9]. Nanozymes mainly comprise
metals and metal oxides because metal active sites can
effectively mimic the redox process catalyzed by natu-
ral enzymes [10, 11]. However, introducing metals into
in vivo treatment will inevitably cause unavoidable tis-
sue damage and toxicity, limiting its clinical transforma-
tion and application [10]. Therefore, exploring safer and
more innovative nanozymes for biomedical applications
is necessary.

Graphdiyne (GDY), a recently discovered member of
carbon-based nanozymes, is an ideal candidate for dis-
ease diagnosis and treatment due to its catalytic activ-
ity, excellent biocompatibility, and non-toxicity [11-14].

GDY comprises a central benzene ring and a butadiene
linker, contains both sp and sp® hybridized carbon atoms,
and has the same hexagonal symmetric structure as gra-
phene [15, 16]. The sp and sp? hybridized carbon atoms
in GDY make the surface charge distribution uneven and
make GDY have high intrinsic activity, which provides
favorable conditions for the preparation of highly active
metal-free electrocatalysts [17-20]. Research showed
that GDY has POD-like activity, which can catalyze
hydrogen peroxide (H,O,) in the tumor microenviron-
ment to generate toxic reactive oxygen species (ROS),
especially hydroxyl radicals(-OH,21). Doping with non-
metal atoms can form more active sites and defects,
which is another effective way to improve the catalytic
performance of GDY [21, 22].

Introducing external stimuli (such as ultrasound,
light, heat, etc.) into the reaction system catalyzed by
nanozyme can enhance the enzymatic activity without
changing the intrinsic properties of nanozyme [23, 24].
Ultrasound has the characteristics of high tissue penetra-
tion and small energy attenuation [23, 25, 26]. The cavita-
tion effect can produce bubbles that release strong local
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Scheme 1. Schematic illustration of the synthesis of S-GDY nanozymes and the mechanism of piezoelectric catalytic enhancement of tumor

synergistic apoptosis—ferroptosis therapy

stress when ruptured. Once subjected to the stress the
cavitation gas rupture releases, the piezoelectric mate-
rial can immediately generate a built-in electric field
and a surface piezoelectric potential [23]. The formed
surface piezoelectric potential can transfer mechani-
cal energy, which allows charge carriers to pass through
the piezoelectric material surface or solution interface
and trigger variable redox processes [23, 27-29]. There-
fore, heteroatom doping and ultrasound can be com-
bined to increase the activity of GDY nanozymes, thereby
increasing the yield of «OH and inducing more tumor cell
apoptosis.

Ferroptosis is an iron-dependent cell death mode sig-
nificantly different from apoptosis, and the combined
strategy of ferroptosis and apoptosis may bypass the inhi-
bition of apoptosis to obtain a better therapeutic effect
[30-32]. In short, ferroptosis is mainly regulated by the

glutathione (GSH) and glutathione peroxidase 4 (GPX4)
redox system. GSH depletion led to the inactivation of
GPX4; the GPX4-catalyzed glutathione reductase reac-
tion cannot metabolize lipid oxides, and lipid peroxida-
tion (LPO) accumulation induces ferroptosis [33-37].
Therefore, the development of apoptosis-ferroptosis as a
promising tumor therapy is highly necessary.

Herein, we used GDY and sodium sulfide (Na,S) to
synthesize metal-free S-GDY nanosheets (Scheme 1).
S-GDY was a highly efficient peroxidase mimic and
exhibits nonparallel piezoelectric responsiveness for
enhanced enzyme mimicry activity. More importantly,
ultrasound-enhanced nanozymes can induce 47T1 cells to
ferroptosis by inducing GSH depletion and GPX4 inacti-
vation and breaking the balance of redox. S-GDY exhib-
ited enhanced enzyme activity in vitro and in vivo that
may directly trigger apoptosis-ferroptosis for effective
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tumor therapy. Altogether, this study was expected to
provide innovative insights into the design of piezoelec-
tric catalytic enzymes and expand their application in the
catalytic therapy of tumors.

Experimental

Materials and reagents

H,0, (30 wt%), and GSH were purchased from Alad-
din Chemical Reagent Co., Ltd. Sodium sulfide nonahy-
drate, tetrahydrofuran, and pyridine were purchased
from Sinopharm Chemical Reagent Co., Ltd. 5,5’ -dithio-
bis (2-nitrobenzoic acid) (DTNB), and 3,3",5,5 -Tetra-
methylbenzidine (TMB) were bought from J&K Chemical
Co., Ltd.2"-7"-dichlorofluorescein diacetate (DCFH-DA)
was purchased from Sigma-Aldrich. Anti-Caspase-3 and
anti-GPX4 antibodies were purchased from Abcam. Cell
counting kit-8 (CCK-8) assay and Liperfluo probe were
purchased from tongren institute of chemistry. DiR flu-
orescent dye was purchased from MedChemExpress.
Dil fluorescent dye and 4’,6-diamidino-2-phenylindole
(DAPI) were obtained from Beyotime Biotechnology.

Instruments

Characterization of S-GDY nanosheets using transmis-
sion electron microscopy (TEM, 2000 FX, JEOL, Japan).
Piezoelectric response force microscopy (PFM) was per-
formed on an atomic force microscope (Bruker Dimen-
sion Icon, Germany). The elemental analysis of S-GDY
was determined by an X-ray photoelectron spectrometer
(XPS, Thermo Fisher Scientific, USA).

Preparation of S-GDY

GDY powder (15 mg) was dispersed in ultrapure water
(15 mL) and irradiated with an ultrasonic wave for
30 min. Then the prepared solution and Na,S solution
are mixed evenly and transferred to a stainless steel auto-
clave lined with polytetrafluoroethylene, conducting a
hydrothermal reaction at 200 °C for 2 h. The obtained
nanosheets were collected through centrifugation and
washed several times with ethanol and ultrapure water.
The final nanosheets were freeze-dried for future use.

The POD-like activity of S-GDY and density functional
theory (DFT) calculations

The POD-like activity of S-GDY was measured by meas-
uring oxidized TMB’s absorbance at 652 nm using a
UV-Vis spectrophotometer (Cary 5000, Agilent Tech-
nologies Inc., USA). Briefly, S-GDY or GDY disper-
sions (100 ug mL™") were added to 3 mL of NaAc buffer
(pH=4.0) containing TMB (1 mM) and H,0O, (50 mM).
The solutions were treated with or without ultrasonic
radiation (1 W/cm™2). TMB and H,0, were added to the
Control and Control+US groups, without adding GDY
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or S-GDY. The absorbance was measured as a function
of reaction time. DFT calculations were performed as
described in detail in the literature [21].

GSH depletion by S-GDY

S-GDY (50 ug mL™") and H,0, (50 pM) were mixed with
GSH (2.5 mM) in Tris—HCI buffer (1 mL) at room tem-
perature. The control groups were prepared by replacing
S-GDY+ H,0, with S-GDY, H,0,, or ultrapure water. At
different time points, the above mixture and DTNB were
added sequentially into Tris—HCI buffer (1 mL). A micro-
plate reader quantified the amount of GSH remaining in
the mixed solution by measuring absorbance at 412 nm.

Cellular uptake

4T1 cells were seeded in confocal laser scanning micros-
copy (CLSM) dishes cultured at 37 °C in 5% CO, for 24 h.
After removing the culture medium, S-GDY nanosheets
labeled with Dil were added and incubated with 4T1
cells at different times. The nanosheets were washed with
phosphate buffered saline (PBS), and the nuclei were
labeled with DAPI. The cellular uptake ability of S-GDY
was analyzed using CLSM.

Evaluation of ROS production in 4T1 cells

4T1 cells were seeded in CLSM dishes cultured at 37 °C in
5% CO, for 24 h to detect total ROS production. CLSM
dishes were randomly distributed into four groups: Con-
trol, ultrasound, S-GDY, and S-GDY+US. We treated
4T1 cells according to the above groups and stained each
group with DCFH-DA (10 pM) to observe the produc-
tion of ROS using CLSM. The ROS production was ana-
lyzed by flow cytometry according to the manufacturer’s
instructions.

Intracellular GSH detection

4T1 cells were seeded in 12-well plates and ran-
domly distributed into four groups: Control, US,
S-GDY, and S-GDY+US. After corresponding treat-
ments, the GSH content in each well was quantified with
a GSH assay kit following the manufacturer’s protocol.

Western blot analysis

The above four groups of proteins were extracted, and
then electrophoresis, transfer, and blocking were per-
formed. Protein is incubated with anti-Caspase-3, anti-
GPX4, and anti-B-actin antibodies overnight at 4 °C. The
rabbit IgG second antibody conjugated with horseradish
peroxidase was incubated in a shaker at room tempera-
ture for 1 h. The protein bands were then developed.
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Evaluation of LPO accumulation in 4T1 cells

4T1 cells were seeded in CLSM dishes cultured at 37 °C
in 5% CO, for 24 h. 4T1 cells were seeded in CLSM
dishes and incubated overnight. CLSM dishes were ran-
domly distributed into four groups: Control, ultrasound,
S-GDY, and S-GDY+ US. Use Liperfluo (1 pM, 20 min)
probe to stain LPO and visualize it using CLSM.

Cell viability study and apoptosis assay

4T1 cells were seeded into a 96-well plate at a density of
1x 10* cells per well. After cultured at 37 °C with 5% CO,
overnight, divide wells into the following groups: Con-
trol, US, S-GDY, and S-GDY+ US. Then, the viability of
4T1 cells was measured by a CCK-8 assay according to
the manufacturer’s instructions. 4T1 cells were seeded
into a 6-well plate and incubated overnight for cell apop-
tosis assay. After corresponding treatments, the cell
apoptosis rates were detected using a flow cytometer.

The pharmacokinetics and metabolism of S-GDY in vivo
The Animal Experiment Center of Chongqging Medical
University approved all animal experiment procedures.
The tumor model was established by subcutaneously
injecting 4T1 cells (cell count 5% 10°). When the tumor
volume reached about 70—80 mm? subsequent ani-
mal experiments will be conducted. Inject DiR-labeled
S-GDY nanosheets (DiR: 0.5 mg kg™) into mice through
the tail vein, and at different time points after injection,
collect mouse blood from the orbit and centrifuge to
obtain serum. Quantitative fluorescence (FL) intensity
using a fluorescence imaging system. Collect data for fit-
ting. In addition, 4T1 tumor-bearing mice were injected
with DiR-labeled S-GDY nanosheets to observe the bio-
logical distribution and tumor-targeting ability of S-GDY
in vivo.

Anti-tumor therapy efficacy in vivo

4T1 tumor-bearing mice were randomly divided into
four groups: Control, US, S-GDY, and S-GDY+ US. After
intravenous injection of S-GDY (3 mg mL~,200 pL), 2.0
W cm ~2 US (on for 3 min, off for 3 min, four cycles) was
applied to irradiate the tumor area. The same treatment
was repeated 24 h later. During the treatment period,
the tumor volume and weight of the mice were recorded
every 2 days. After 14 days, the tumors of each group of
mice were weighed and photographed. Take the treated
tumors from each group for TdT-dependent dUTP-biotin
nick end labeling (TUNEL) and hematoxylin and eosin
(H&E) staining, and collect the main organs for H&E
staining. GPX4 in tumors was detected through Western
blot assay. GSH in tumors was also detected using a GSH
assay kit. The remaining mice were used to observe the
survival rate of each treatment group.
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Biological safety of S-GDY nanosheets

Inject S-GDY nanosheets (3 mg mL™',200 pL) intra-
venously into healthy mice to evaluate their biological
safety. At a specific time point (1, 7, and 14 d), mice were
sacrificed, and blood was collected for blood routine
and biochemical tests. Collect the main organs for H&E
staining.

Statistical analysis

Quantitative data are presented as mean = SD. Unpaired
two-tailed Students’ t-test determined statistical com-
parisons between two groups. One-way analysis of vari-
ance (ANOVA) was used to compare the difference
among multiple groups. The Kaplan—Meier method
and the log-rank test were used to estimate the survival
rates. All experiments were repeated at least three times.
The P-value less than 0.05 was considered significant.

Results and discussion

Synthesis and characterization of S-GDY nanosheets
S-GDY nanosheets were synthesized by a hydrother-
mal approach using GDY and sodium sulfide nonahy-
drate (Fig. 1A). The resultant S-GDY was characterized
by TEM (Fig. 1B), and elemental mapping images show
that carbon, oxygen, and sulfur elements are uniformly
distributed in the S-GDY nanosheets (Fig. 1C). The oxy-
gen element may originate from the absorbed oxygen
introduced during the synthesis [21]. The XPS spectrum
was used for the elemental composition of the S-GDY
nanosheet (Fig. 1D). The doping of sulfur elements in
S-GDY was quantitatively analyzed using XPS, and the
results showed that the atomic percentage of sulfur was
4.39% (Additional file 1: Table S1). XPS can observe a
weak peak of S2p (162 eV), indicating that sulfur has been
successfully doped in GDY (Fig. 1D). The peak in the C
1 s XPS spectrum of S-GDY can be back integrated into
four sub-peaks, including C=C (sp2) at 284.4 eV, C=C
(sp) at 285.0 eV, C-S at 286.3 eV, and C=S at 288.7 eV
(Fig. 1E).Whereas for the refined spectrum of S 2p
(Fig. 1F), three sub-peaks were assigned as (C)-SOx-(C)
(1684 €V), S 2p1/2 (163.1 €V), and S 2p3/2 (161.5 V).
The (C)-SOx-(C) peak might originate from SOx groups
attached to the GDY network, the S 2p1/2 peak may be
assigned to the substituted sulfur atom in the benzene
ring of GDY, and the S 2p3/2 peak might be attributed
to a thiol group attached to the GDY network [21]. The
above results demonstrated that S-GDY nanosheets have
been successfully prepared. In addition, the obtained
S-GDY nanosheets were stable in water, PBS, RPMI-1640
medium, and RPMI-1640 medium+ 10% fetal calf serum
(FBS), and only a slight increase in the size of S-GDY
nanocomposite was observed within 72 h (Additional
file 1: Fig. S1).
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Fig. 1 Synthesis and characterization of S-GDY. A The synthesis of S-GDY, B TEM image of S-GDY, C High resolution TEM and element mapping

images of S-GDY, D XPS of S-GDY, E XPS C 1

Piezoelectric property of S-GDY

The piezoelectric properties of S-GDY were confirmed
using PFM. Piezoelectric surface oscillations were
induced by applying an alternating voltage to the con-
ductive cantilever tip S-GDY in contact mode. As shown
in Fig. 2A, B, there is a clear contrast in the phase and
amplitude of different regions in the PFM amplitude and
phase maps, indicating the presence of several polariza-
tion directions. Figure 2C showed the butterfly loop due
to S-GDY’s electric field-induced polarization switching
behavior, thereby causing the strain of electric field hys-
teresis. Explicit hysteresis loops indicate the presence of
switchable polarization (Fig. 2D). Therefore, we deter-
mined that S-GDY has piezoelectric properties, which
can lay the foundation for subsequent studies.

Piezoelectric enhanced POD-like activity of S-GDY

The POD-like activity of S-GDY was evaluated using
TMB. The -OH produced by catalyzing H,O, can oxi-
dize TMB and show the characteristic peak at 652 nm.

s spectra of S-GDY, F XPS S 2p spectra of S-GDY

As depicted in Fig. 3A, compared with other groups,
the S-GDY+US group showed the most substantial
peak at 652 nm, which indicated that ultrasound irradia-
tion could significantly enhance the POD-like activity of
S-GDY. The piezoelectric enhancement of the POD-like
activity of the S-GDY and control groups and the GDY
group was quantified in Fig. 3B. Obviously, the synergy
of piezoelectric properties and ultrasonic cavitation of
S-GDY increases the absorbance of TMB to 234.5% of
that of S-GDY.

Furthermore, the steady-state catalytic kinetics analy-
sis was performed further to obtain the catalytic activ-
ity of S-GDY. The time-dependent curves of TMB were
obtained by varying the concentrations of H,O, and
TMB to obtain Michaelis—Menten curves, the Michaelis—
Menten constant (K,) and maximum velocity (V,,,,) val-
ues were calculated by the Lineweaver—Burk equation
(Additional file 1: Fig. S2, Additional file 1: Table S2).
The V_,, of H,0O, and TMB after ultrasonic irradiation
were 1149x10—8 M s™! and 12.28.3x10-8 M s,
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respectively, which increased to 182.7% and 209.9% of
those without ultrasonic irradiation (Fig. 3C, D). The
promotion effect of ultrasound on S-GDY peroxidase. In
addition, we tested the consumption capacity of S-GDY
on GSH. The results showed that S-GDY had a significant
GSH consumption capacity, which laid the foundation
for the subsequent redox destruction of tumors and the
induction of ferroptosis (Additional file 1: Fig. S3).

DFT calculations

The full-path transition state reaction energies of S-GDY
and H,O, were investigated using DFT calculations.
Gibbs free energy diagrams of POD-like reactions were
built for the basal planes of multiple potential catalyti-
cally active sites to identify the active sites of each model
and assess their POD-like activity (Fig. 3E). The largest
Gibbs free energy change of GDY with any doping occurs
on the basal plane of HOO* splitting into O~ and H™
(AG=2.15 eV). S-GDY has a lower maximum reaction
barrier than GDY. Nevertheless, the Gibbs free energy
changes during the formation of two HO* by homo-
lytic cleavage of H,O,* were — 2.41 eV and — 1.17 eV,
respectively, indicating sulfur becomes the active center
for strong HO* adsorption [21]. S-GDY! and S-GDY?
increased the number of catalytically active sites, thereby
enhancing the catalytic activity. The lowest Gibbs free
energy change of the rate-determining step occurred in
the homolysis of hydrogen peroxide to HO* (AG=- 0.
04 eV) for S-GDY>The potential barrier is very low.
Therefore, S-GDY? can effectively reduce the energy bar-
rier and enhance POD-like activity compared with other
analogues.

Figure 3F shows the electron density contrast (EDD)
diagram that can observe the charge distribution in GDY
and S-GDY. The green and blue areas represent the dis-
sipation and accumulation of electrons, respectively.
Electrons accumulate more easily at the sulfur atoms
of S-GDY! and S-GDY? than GDY, making it easier to
adsorb H,0,. The sulfur atom in S-GDY? protrudes from
the base, which may lower the energy barrier and place
it at the active center of the reaction, making it easier to
adsorb H,0,, causing H,0O, to occur homolysis evenly
and producing reactive oxygen species.

ROS Antitumor performance of S-GDY in vitro

Inspired by the excellent piezoelectric enhanced POD-
like activity of S-GDY, the in vitro therapeutic perfor-
mance was further performed against 4T1 cancer cells.
The ability of S-GDY to be uptake by 4T1 cells into the
cell is crucial for its therapeutic effect [38]. S-GDY was
labeled with red fluorescent Dil dye and co-incubated
with 4T1 cells. The results showed that with the prolon-
gation of incubation time, the red fluorescence in 4T1
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cells gradually increased, indicating that S-GDY has
good cellular uptake ability (Additional file 1: Fig. S4).

Next, DCFH-DA was used to detect the generation
of intracellular -OH by CLSM. The fluorescence inten-
sity of the S-GDY+US group was stronger than that
of the S-GDY group (Fig. 4A). The flow cytometry also
showed the same experimental results (Fig. 4B). The
above results indicate that US increases the ability of
S-GDY nanosheets to produce ROS, which is benefi-
cial for anti-tumor effects [29, 39]. Next, we detected
the consumption level of GSH in 4T1 cells after vari-
ous treatments at the cellular level (Fig. 4C). The results
showed that the S-GDY+ US group showed more sig-
nificant GSH depletion compared with the Control
group and S-GDY group (P<0.05), which may break
the intracellular redox balance and lead to the thera-
peutic effect. Depletion of intracellular GSH will lead to
the inactivation of GPX4.

Furthermore, we detected the expression level of GPX4
after various treatments by Western blot. We verified
that the expression of GPX4 in the S-GDY +US group
reduced (Fig. 4D). This leads to increased intracellular
LPO levels. Therefore, we detected the accumulation of
LPO in each group after treatment using the Liperfluo
probe. The results showed that the S-GDY +US group
showed the strongest green fluorescence, indicating the
highest accumulation of LPO (Fig. 4E). The above results
confirmed that the S-GDY+US group induced more
4T1 cells to undergo ferroptosis through GSH depletion,
GPX4 inactivation, and LPO accumulation.

Caspase-3, as the main terminal cleaving enzyme in the
process of apoptosis, encodes a 32 kDa protein, and Cas-
pase-3 is cleaved and activated when apoptosis occurs,
producing a large subunit of 17 kDa and a small subunit
of 12 kDa [40-42]. Therefore, the occurrence of apopto-
sis is evaluated by detecting the amount of Cleaved-Cas-
pase-3 (17 kDa) protein. The Western blot results showed
that the S-GDY+US group will find more Cleaved-
Caspase-3 expression, thereby inducing more apoptosis
(Fig. 4D).

To quantitatively estimate the therapeutic effect of
S-GDY on the 4T1 cell line, the CCK-8 protocol was
used to assess in vitro cytotoxicity (Fig. 4F). The toxic-
ity of pure ultrasonic irradiation to cells is negligible,
and S-GDY has certain cytotoxicity. However, combin-
ing S-GDY and US, cell viability drops sharply to 27.0%
(P<0.05). Furthermore, to quantify the level of apopto-
sis in each group, the cells were stained with Annexin
V-FITC and PI for flow cytometry detection after vari-
ous treatments. In the S-GDY + US group, 79.56% of 4T1
cells were observed to undergo apoptosis, suggesting that
ultrasound-mediated piezoelectric catalytic therapy has
excellent therapeutic effects on 4T1 cells (Fig. 4G).
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of intracellular total ROS production in 4T1 cells by flow cytometry, C The intracellular GSH levels after various treatments, D Western blot analysis
on the expressions of GPX4 and Cleaved-Caspase-3, F Cell viability of 4T1 cells after different treatments, G The apoptosis of 4T1 cells with different

treatments was detected by flow cytometry

The pharmacokinetics and metabolism of S-GDY in vivo

The half-life period of S-GDY nanosheets in the blood
was determined to be 2.278 h by intravenous injec-
tion of DiR-labeled S-GDY (Additional file 1: Fig. S5).
S-GDY nanosheets have a longer time in the blood cir-
culation and can achieve tumor targeting in the body,
followed by metabolism and excretion out of the body.

Therefore, we next evaluated the tumor-targeting ability
of S-GDY nanosheets, and the results showed that with
the prolongation of injection time, the fluorescence in
the tumor area gradually increased (Additional file 1: Fig.
S6). In contrast, the fluorescence in the liver gradually
decreased, indicating that they have good in vivo tumor
targeting ability.
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Fig. 5 Antitumor performance of S-GDY in vivo. A Time-dependent tumor volume curves after different treatments (n=5), B Tumor weight
curves after different treatments (n=5), C Photographs of tumors dissected from mice in four groups after various treatments (n=5), D H&E

and TUNEL staining of tumor regions after different treatments (scale bar: 20 um), E Concentration of GSH in tumors (n=5). F Western blot analysis
on the expressions of GPX4 and Cleaved-Caspase-3 in tumors. G Survival time of 4T1 tumor-bearing mice (n=5)

Therapeutic effect of S -GDY in vivo

As evident in Fig. 5A, tumor volume was significantly
reduced in the S-GDY+US group compared to the
control groups, and the in vivo treatment effect of the
S-GDY + US group is better than that of the S-GDY
group (P<0.05). After the treatment in vivo, the mice
were sacrificed, and the tumor was weighed to obtain
a result consistent with the tumor volume (Fig. 5B).
The digital photos of tumor sites follow the progress
of the tumor (Fig. 5C). H&E and TUNEL staining of
tumor sections revealed that severe apoptosis occurred
in the S-GDY + US group (Fig. 5D). The body weights
of mice in four groups showed negligible fluctuations
(Additional file 1: Fig. S7). No abnormal morphological
changes were observed in major organs compared to
the control group (Additional file 1: Fig. S8).

In addition, after treatment, the GSH levels in the
tumors of each group were detected. As shown in Fig. 5E,
it was found that the GSH levels in the S-GDY+US
group were significantly reduced (P<0.05). Compared
with the control group, the expression of GPX4 protein
in the S-GDY + US group was also significantly reduced,
which also verified the occurrence of ferroptosis in this
group from the in vivo level (Fig. 5F). Survival analy-
sis showed that the S-GDY 4+ US group had the highest
survival rate and longest survival time in mice due to its
excellent anti-tumor effect (Fig. 5G).

Biological safety of S-GDY nanosheets

Compared with the control group, all S-GDY-adminis-
tered groups showed little changes in routine blood tests
and blood biochemical analysis (Additional file 1: Fig.
S9). H&E staining of major organs (including heart, liver,
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spleen, lung, and kidney) from healthy Kunming mice
showed negligible damage in vivo (Additional file 1: Fig.
S$10). Therefore, the innovative S-GDY nanosheets we
constructed have good biological safety, which is benefi-
cial for their clinical translation.

Conclusions

In conclusion, this study reports a metal-free doped
S-GDY nanozyme, which appears to be a highly effi-
cient POD mimic and exhibits nonparallel piezoelectric
responsiveness for enhanced enzyme mimicry activ-
ity. More importantly, the enhanced nanozyme induced
4T1 cell ferroptosis by promoting an imbalanced redox
reaction due to GSH depletion and GPX4 inactivation.
S-GDY exhibited enhanced nanozyme activity in vitro
and in vivo that may directly trigger apoptosis-ferropto-
sis for effective tumor therapy. Altogether, this study is
expected to provide new insights into the design of pie-
zoelectric catalytic nanozymes and expand their applica-
tion in the catalytic therapy of tumors.
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POD Peroxidase

GDY Graphdiyne

H,0, Hydrogen peroxide

ROS Reactive oxygen species

OH Hydroxyl radicals

GSH Glutathione

GPX4 Glutathione peroxidase 4

LPO Lipid peroxidation

Na,S Sodium sulfide

DTNB 5,5"-Dithio-bis (2-nitrobenzoic acid)
T™MB 3,3",5,5 Tetramethylbenzidine
DCFH-DA  2’-7"-Dichlorofluorescein diacetate
CCK-8 Cell Counting Kit-8

TEM Transmission electron microscopy
PFM Piezoelectric response force microscopy
XPS X-ray photoelectron spectrometer
DFT Density functional theory

CLSM Confocal laser scanning microscopy
PBS Phosphate buffered saline

FL Fluorescence

K Michaelis-Menten constant

Vinax Maximum velocity

EDD Electron density contrast

TUNEL TdT-dependent dUTP-biotin nick end labeling
H&E Hematoxylin and eosin

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512951-023-02059-y.

Additional file 1: Table S1. Atomic Composition of S-GDY. Table S2.
Kinetic rate constant of H,0, and TMB with and without ultrasound. Fig.
S1. Particle size distribution of S-GDY at various time points in different
solvents (n = 3). Fig. S2. Apparent steady-state kinetic study of S-GDY for
(A) H,0, and (B) TMB without ultrasound and (C) H,O, and (D) TMB with
ultrasound. Fig. S3. GSH consumption rates after different treatments. Fig.

Page 11 of 12

S4. Cellular uptake of Dil-labeled S-GDY observed using CLSM (scale bar:
50 pum). Fig. S5. Circulating metabolism of DIR-labeled S-GDY in plasma.
Fig. 6. In vivo and ex-vivo fluorescence images at different time intervals
after intravenous injection of DIR-labeled S-GDY. Fig. S7. Time-dependent
body weight curves after different treatments (n =5). Fig. S8. H&E stain-
ing of major organs (heart, liver, spleen, lung, and kidney) after various
treatments (scale bar: 50 um). Fig. S9. Biochemical assay and hematology
analysis of mice intravenously injected with S-GDY. The blood samples
were collected post-injection at pre-determined time points (0, 1, 7, and
14 d). Fig. S10. H&E staining of tissue sections from major organs after
intravenously injected with S-GDY at pre-determined time points (0, 1, 7,
and 14 d). The scale bar is 50 um.

Acknowledgements

Senior Medical Talents Program of Chongging for Young and Middle-aged,
and the Kuanren Talents Program of the Second Affiliated Hospital of Chong-
ging Medical University.

Authors’ contributions

JXW carried out experiments, investigation, software analysis, and manuscript
writing. YZC conducted software analysis, investigation, and manuscript
writing. ZYZ carried out software analysis, experiments, and visualization. CZ
conducted experiments and supervision. QC carried out visualization. HTR
provided the experimental resources. YC provided experimental resources,
sorted out the experimental plan, and revised the manuscript. CJW sorted out
the experimental plan, supervised the project, and revised the manuscript. All
authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No. 81671697, 82071926 and 81630047) and the Natural Science Foundation
of Chongging (CSTB2022NSCQ-MSX0120).

Declarations

Ethics approval and consent to participate

All animal experiments were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Chongging Medical University and
approved by the Animal Ethics Committee of Chongging Medical University.

Consent for publication
Not applicable.

Competing interests
The authors have declared that no competing interest exists.

Availability of data and materials
All data generated or analyzed during this study are included in this manu-
script and its additional files.

Author details

"Department of Ultrasound, The First Affiliated Hospital of Harbin Medical
University, Harbin 150001, China. >’Chongging Key Laboratory of Ultrasound
Molecular Imaging, Institute of Ultrasound Imaging, Second Affiliated Hospital,
State Key Laboratory of Ultrasound in Medicine and Engineering, Chongging
Medical University, Chongging 400010, China.

Received: 7 April 2023 Accepted: 11 August 2023
Published online: 02 September 2023

References

1. Huang, Ren J, Qu X. Nanozymes: classification, catalytic mechanisms,
activity regulation, and applications. Chem Rev. 2019;119(6):4357-412.

2. Wang H, Wan K, Shi X. Recent advances in nanozyme research. Adv
Mater. 2019;31(45):e1805368.


https://doi.org/10.1186/s12951-023-02059-y
https://doi.org/10.1186/s12951-023-02059-y

Wang et al. Journal of Nanobiotechnology ~ (2023) 21:311

20.

21

22.

23.

24.

25.

Ren X, Chen D, Wang Y, Li H, Zhang Y, Chen H, Li X, Huo M. Nanozymes-
recent development and biomedical applications. J Nanobiotechnol-
ogy. 2022;20(1):92.

Wang Q, Jiang J, Gao L. Nanozyme-based medicine for enzymatic
therapy: progress and challenges. Biomed Mater. 2021;16(4):042002.
Wang Z, Wu FG. Emerging single-atom catalysts/nanozymes for cata-
lytic biomedical applications. Adv Healthc Mater. 2022;11(6):e2101682.
Jiang D, Ni D, Rosenkrans ZT, Huang P, Yan X, Cai W. Nanozyme: new
horizons for responsive biomedical applications. Chem Soc Rev.
2019;48(14):3683-704.

Zhu X, Xu N, Zhang L, Wang D, Zhang P. Novel design of multifunctional
nanozymes based on tumor microenvironment for diagnosis and
therapy. Eur J Med Chem. 2022;5(238):114456.

Qiu K, Wang J, Rees TW, Ji L, Zhang Q, Chao H. A mitochondria-targeting
photothermogenic nanozyme for MRI-guided mild photothermal
therapy. Chem Commun. 2018;54(100):14108-11.

Teng L, Han X, LiuY, Lu C,Yin B, Huan S, Yin X, Zhang XB, Song G. Smart
nanozyme platform with activity-correlated ratiometric molecular
imaging for predicting therapeutic effects. Angew Chem Int Ed Engl.
2021,60(50):26142-50.

Unnikrishnan B, Lien CW, Chu HW, Huang CC. A review on metal
nanozyme-based sensing of heavy metal ions: challenges and future
perspectives. J Hazard Mater. 2021;5(401):123397.

. Ling P Cheng S, Chen N, Qian C, Gao F. Nanozyme-modified metal-

organic frameworks with multienzymes activity as biomimetic

catalysts and electrocatalytic interfaces. ACS Appl Mater Interfaces.
2020;12(15):17185-92.

Zhou X, You M, Wang F, Wang Z, Gao X, Jing C, Liu J, Guo M, Li J, Luo

A, Liu H, Liu Z, Chen C. Multifunctional graphdiyne-cerium oxide
nanozymes facilitate MicroRNA delivery and attenuate tumor hypoxia
for highly efficient radiotherapy of esophageal cancer. Adv Mater.
2021,33(24):€2100556.

Min H, QiY, Zhang Y, Han X, Cheng K, Liu Y, Liu H, Hu J, Nie G, Li Y. A
graphdiyne oxide-based iron sponge with photothermally enhanced
tumor-specific fenton chemistry. Adv Mater. 2020;32(31):e2000038.
Jiang W, Zhang Z, Wang Q, Dou J, Zhao Y, Ma Y, Liu H, Xu H, Wang Y.
Tumor reoxygenation and blood perfusion enhanced photodynamic
therapy using ultrathin graphdiyne oxide nanosheets. Nano Lett.
2019;19(6):4060-7.

Li X, Guo M, Chen C. Graphdiyne: from preparation to biomedical applica-
tions. Chem Res Chin Univ. 2021;37(6):1176-94.

Kan X, Fan C,Wu C, Sun C, Li Z, Zhao Y. Graphdiyne-supported atomic cat-
alysts: synthesis and applications. ChemPlusChem. 2020;85(12):2570-9.
Gharehzadeh Shirazi S, Nasrollahpour M, Vafaee M. Investigation of
boron-doped graphdiyne as a promising anode material for sodium-lon
batteries: a computational study. ACS Omega. 2020;5(17):10034-41.

Qi H,Tong Y, Zhang M, Wu X, Yue L. Boron-doped and ketonic carbonyl
group-enriched graphdiyne as a dual-site carbon nanozyme with
enhanced peroxidase-like activity. Anal Chem. 2022,94:17272.

Niu K, Gao J, Wu L, Lu X, Chen J. Nitrogen-doped graphdiyne as a robust
electrochemical biosensing platform for ultrasensitive detection of envi-
ronmental pollutants. Anal Chem. 2021;93(24):8656-62.

Zhang S, Du H, He J, Huang C, Liu H, Cui G, Li Y. Nitrogen-doped
graphdiyne applied for lithium-ion storage. ACS Appl Mater Interfaces.
2016;8(13):8467-73.

Zhang J, Bai Q, Bi X, Zhang C, Shi M, Yu WW, Du F, Wang L, Wang Z, Zhu Z,
Sui N. Piezoelectric enhanced peroxidase-like activity of metal-free sulfur
doped graphdiyne nanosheets for efficient water pollutant degradation
and bacterial disinfection. Nano Today. 2022;43:101429.

Zhang C, Chen L, Bai Q,Wang L, Li S, Sui N, Yang D, Zhu Z. Nonmetal
graphdiyne nanozyme-based ferroptosis-apoptosis strategy for colon
cancer therapy. ACS Appl Mater Interfaces. 2022;14(24):27720-32.

Bai Q, Zhang J,YuY, Zhang C, Jiang Y, Yang D, Liu M, Wang L, Du F, Sui N,
Zhu Z. Piezoelectric activatable nanozyme-based skin patch for rapid
wound disinfection. ACS Appl Mater Interfaces. 2022;14:26455.

LiuY, Xu B, Lu M, Li S, Guo J, Chen F, Xiong X, Yin Z, Liu H, Zhou D. Ultras-
mall Fe-doped carbon dots nanozymes for photoenhanced antibacterial
therapy and wound healing. Bioact Mater. 2021;25(12):246-56.

LiuH, Li X, Chen Z, Bai L, Wang Y, Lv W. Synergic fabrication of pembroli-
zumab loaded doxorubicin incorporating microbubbles delivery for

Page 12 of 12

ultrasound contrast agents mediated anti-proliferation and apoptosis.
Drug Deliv. 2021;28(1):1466-77.

26. Zhou X, Guo L, Shi D, Meng D, Sun X, Shang M, Liu X, Zhao Y, Li J.
Ultrasound-responsive highly biocompatible nanodroplets loaded
with doxorubicin for tumor imaging and treatment in vivo. Drug Deliv.
2020;27(1):469-81.

27. Zhu P, Chen, Shi J. Piezocatalytic tumor therapy by ultrasound-triggered
and BaTiO3 -mediated piezoelectricity. Adv Mater. 2020;32(29):e2001976.

28. ZhaoY,Wang S, Ding Y, Zhang Z, Huang T, Zhang Y, Wan X, Wang ZL,

Li L. Piezotronic effect-augmented Cu2-xO-BaTiO3 sonosensitizers for
multifunctional cancer dynamic therapy. ACS Nano. 2022;16(6):9304-16.

29. HeY,Xu Z, HeY,Cao G, NiS, Tang Y, Wang J, Yuan Y, Ma Z, Wang D, Gao
D. MoS2 nanoflower-mediated enhanced intratumoral penetration and
piezoelectric catalytic therapy. Biomaterials. 2022;290:121816.

30. Yaol, Zhao MM, Luo QW, Zhang YC, LiuTT, Yang Z, Liao M, Tu P, Zeng
KW. Carbon quantum dots-based nanozyme from coffee induces
cancer cell ferroptosis to activate antitumor immunity. ACS Nano.
2022;16(6):9228-39.

31. Chen Z LiZ LiC,Huang H, RenY, Li Z, Hu Y, Guo W. Manganese-contain-
ing polydopamine nanoparticles as theranostic agents for magnetic reso-
nance imaging and photothermal/chemodynamic combined ferroptosis
therapy treating gastric cancer. Drug Deliv. 2022,29(1):1201-11.

32. ZhouY, Cai CY,Wang C, Hu GM, Li YT, Han MJ, Hu S, Cheng P. Ferric-
loaded lipid nanoparticles inducing ferroptosis-like cell death for antibac-
terial wound healing. Drug Deliv. 2023;30(1):1-8.

33, Yan HF, Zou T, Tuo QZ, Xu S, Li H, Belaidi AA, Lei P. Ferroptosis: mecha-
nisms and links with diseases. Signal Transduct Target Ther. 2021;6(1):49.

34. QiuY,CaoY,CaoW, JiaV, Lu N.The Application of ferroptosis in diseases.
Pharmacol Res. 2020;159:104919.

35. SuY, Zhao B, Zhou L, Zhang Z, Shen'Y, Lv H, AlQudsy LHH, Shang P.
Ferroptosis, a novel pharmacological mechanism of anti-cancer drugs.
Cancer Lett. 2020,28(483):127-36.

36. Zhao X, Wu J, Guo D, Hu S, Chen X, Hong L, Wang J, Ma J, Jiang Y, Niu T,
Miao F, Li W, Wang B, Chen X, Song Y. Dynamic ginsenoside-sheltered
nanocatalysts for safe ferroptosis-apoptosis combined therapy. Acta
Biomater. 2022;1(151):549-60.

37. TianH, Zhao S, Nice EC, Huang C, He W, Zou B, Lin J. A cascaded copper-
based nanocatalyst by modulating glutathione and cyclooxygenase-2
for hepatocellular carcinoma therapy. J Colloid Interface Sci. 2022;607 (Pt
2):1516-26.

38. LiX,Guans,LiH,LiD,LiuD WangJ, ZhuW, Xing G, Yue L, Cai D, Zhang
Q. Polysialic acid-functionalized liposomes for efficient honokiol
delivery to inhibit breast cancer growth and metastasis. Drug Deliv.
2023;30(1):2181746.

39. ZhaoR, ZhuH, Feng L, ZhuY, Liu B, Yu C, Gai S, Yang P. 2D Piezoelec-
tric BiVO4 artificial nanozyme with adjustable vanadium vacancy
for ultrasound enhanced piezoelectric/sonodynamic therapy. Small.
2023;1:22301349.

40. Ke H,Wang X, Zhou Z, AiW, Wu Z, Zhang Y. Effect of weimaining on
apoptosis and caspase-3 expression in a breast cancer mouse model. J
Ethnopharmacol. 2021;10(264):113363.

41. Wang XX, Zhang B, Xia R, Jia QY. Inflammation, apoptosis and autophagy
as critical players in vascular dementia. Eur Rev Med Pharmacol Sci.
2020,24(18):9601-14.

42. Silva FFVE, Padin-lruegas ME, Caponio VCA, Lorenzo-Pouso Al, Saavedra-
Nieves P, Chamorro-Petronacci CM, Suaréz-Pefnaranda J, Pérez-Sayans M.
Caspase 3 and cleaved caspase 3 expression in tumorogenesis and its
correlations with prognosis in head and neck cancer: a systematic review
and meta-analysis. Int J Mol Sci. 2022;23(19):11937.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Piezoelectric enhanced sulfur doped graphdiyne nanozymes for synergistic ferroptosis–apoptosis anticancer therapy
	Abstract 
	Introduction
	Experimental
	Materials and reagents
	Instruments
	Preparation of S-GDY
	The POD-like activity of S-GDY and density functional theory (DFT) calculations
	GSH depletion by S-GDY
	Cellular uptake
	Evaluation of ROS production in 4T1 cells
	Intracellular GSH detection
	Western blot analysis
	Evaluation of LPO accumulation in 4T1 cells
	Cell viability study and apoptosis assay
	The pharmacokinetics and metabolism of S-GDY in vivo
	Anti-tumor therapy efficacy in vivo
	Biological safety of S-GDY nanosheets
	Statistical analysis

	Results and discussion
	Synthesis and characterization of S-GDY nanosheets
	Piezoelectric property of S-GDY
	Piezoelectric enhanced POD-like activity of S-GDY
	DFT calculations
	ROS Antitumor performance of S-GDY in vitro
	The pharmacokinetics and metabolism of S-GDY in vivo
	Therapeutic effect of S -GDY in vivo
	Biological safety of S-GDY nanosheets

	Conclusions
	Anchor 30
	Acknowledgements
	References


