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As an effective tumor-therapeutic modality, ultrasound-triggered sonodynamic therapy (SDT) has been exten-
sively explored to induce cancer cell death by activating sonosensitizers to generate reactive oxygen species
(ROS). However, the traditional inorganic semiconductor-based sonosensitizers still suffer from inefficient ROS

g;r:gp?;:‘;les production because of the low separation efficiency of electrons and holes (e”/h™) and their fast recombination.
Glutafhione Herein, the iron (Fe) and manganese (Mn) co-doped zinc oxide nanosonosensitizers have been rationally designed

and engineered for augmenting the SDT efficiency against tumor by inducing both multiple ferroptosis and
apoptosis of tumor cells. The Fe/Mn component was co-doped into the nannostructure of ZnO nano-
sonosensitizers, which not only catalyzed the Fenton reaction in the hydrogen peroxide-overexpressed tumor
microenvironment to produce ROS, but also depleted intracellular glutathione to suppress the consumption of
ROS. The doping nanostructure in the engineered nanosonosensitizers substantially augmented the SDT efficacy
of ZnO nanosonosensitizers by promoting the separation and hindering the recombination of e /h™ under ul-
trasound activation. The multiple ferroptosis and apoptosis in the enhanced SDT effect of Fe/Mn co-doped ZnO
nanosonosensitizers were solidly demonstrated both in vitro and in vivo on tumor-bearing mice in accompany with
the detailed mechanism assessment by RNA sequenching. This work provides a distinct strategy to augment the
nanomedicine-enabled SDT efficency by engineering the inorganic semiconductor-based nanosonosensitizers with
transitional metal doping and inducing multiple cell-death pathways including ferroptosis.

1. Introduction reactive oxygen species (ROS), which further evokes apoptosis of tumor
cells. For inorganic semiconducotor-based SDT, when US irradiates on
sonosensitizers, the electrons (e™) transfer from the valence band (VB) to

the conduction band (CB), and the holes (h™) will form in the VB. Then,

Malignancy has threatened the human health for centuries with its
high mortality [1-3]. Remarkble advances in the field of nanotherapy

have provided tremendous opportunities for human to fight against
tumor [4-14]. Among all possible efforts made by reserachers, sonody-
namic therapy (SDT) presents a promising cancer treatment modality
because of its noninvasiveness and deep tissue penetration [15-19]. SDT
employs ultrasound (US) to activate sonosensitizers for generating toxic
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the highly active e and h' can further react with oxygen (O3) and water
molecules (H20) to generate different kinds of ROS. As the US features
deep tissue penetration and high controllability, SDT is of great protential
for tumor nanotherapy as compared to traditional photodynamic ther-
apy, especially for tumor in deep site of body [20-23].
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However, SDT-based tumor treatment is still at the preliminary stage
of development and has not been extensively applied in clinic because of
the unsatisfactory anti-tumor efficacy and unclear biological effects.
Since the success of SDT highly denpends on the performance of sono-
sensitizers, both organic and inorganic sonosensitizers have been
explored and utilized recently [24-26]. Organic sonosensitizers,
including porphyrins and porphyrin derivatives, typically suffer from the
critical issues of poor stability, fast clearance and high phototoxicity,
resulting in unsatisfactory efficacy against tumor and potential bio-
toxicity in vivo [27]. In contrast, inorganic semiconductor-based sono-
sensitizers, such as zinc oxide (ZnO) nanoparticles, are more preferable
for effective SDT-based tumor treatment with high stability and low
phototoxicity [28-32]. As a typical semiconductor, the electrons in ZnO
are transferred from VB to CB opon US irradiation, resulting in the sep-
aration of e~ and h™, which further react with O, and H,0 to produce 10,
and e¢OH [33,34]. However, due to the rapid recombination rate of e
and h™, the therapeutic limitation of ZnO sonosensitizers still exists,
which would reduce the production of ROS. Therefore, it is highly
necessary to explore more effective inorganic semiconductor-based
sonosensitizers to reduce the recombination of e~ and h™ in SDT under
ultrasonic activation.

Inspired by the optical and electronic properties of ZnO, which has
great potential in nanoelectronic applications, doping of metal compo-
nent in ZnO is an effective method to improve the semiconducting
properties [35-37]. The doping transition metals typically include iron
(Fe) and manganese (Mn) elements. After doping into ZnO, Fe3t and
Mn** could attrack e” so as to form oxygen vacancy in ZnO, which leads
to the decrease of e /h™ recombination. Moreover, Fe?* and Mn?* can
react with tumor-overexpressed HyO5 in tumor site for triggering the
typical Fenton reaction, which generates the highly toxic eOH for
inducing the enhanced SDT effect [29,38-41].

Herein, the Fe/Mn-doping ZnO nanoparticle (D-ZnO NP) was
designed and constructed by adding Fe and Mn source to the Zn precursor
solution during the synthetic procedure. The as-synthesized D-ZnO NP
could not only induce the ferroptosis effect in the presence of Fe and Mn,
but also augment SDT effect by decreasing the recombination of e /h™
pairs. In detail, the Fe>" and Mn*" doping could oxidize glutathione
(GSH) to glutathione disulfide (GSSH), which decreases the consumption
of ROS. In addition, during the GSH depletion process, the Fe3* and
Mn** were respectively reduced to Fe>* and Mn2*, which could trigger
Fenton-like cataytic reaction in the presence of tumor-overexpressed
H,0; in the tumor microenvironment (TME). Thus, the ferroptosis ef-
fect was induced. Furthermore, the D-ZnO also performed better SDT
effect than pure ZnO. On one hand, the doping of Fe and Mn could
effectively separate the e /h™ pairs by reducing the band gap. On the
other hand, the Fe** and Mn** could decrease the recombination of e~/
h* pairs by attracting e”. After polyethylene glycol (PEG) surface
modification, the D-ZnO-PEG NPs could accumulate in the tumor site by
enhanced permeation retention (EPR) effect after intravenous adminis-
tration and subsequently achieve the ferroptosis-augmented SDT on
suppressing tumors under US irradiation. Therefore, our work success-
fully designed and fabricated a high-performance nanosonosensitizer
based on trasitional metal doping to achieve highly efficient tumor-
therapeutic outcome (Fig. 1).

2. Results and discussion
2.1. Fabrication and characterization of D-ZnO-PEG NPs

The D-ZnO NPs were synthesized by a simple nonaqueous sol-gel
method [35]. Briefly, the pure ZnO NPs were prepared by adding 1.89
mmol Zn acetylacetonate hydrate to 10 ml anhydrous benzyl alcohol,
then the mixture was heated in a Teflon autoclave at 200 °C for 3 days.
The white ZnO nanorods (NRs) were obtained after washing several
times by ethanol. During the synthesis procedure, 10 mol% of Fe acety-
lacetonate and 10 mol% of Mn acetylacetonate were added to the
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reaction mixture, by which the doping was achieved (Fig. 2a). Trans-
mission electron microscopy (TEM) image showed that the pure ZnO NRs
featured the average size of 70 nm (Fig. 2b). The as synthesized D-ZnO
presented globular morphology compared with the rod-like pure ZnO
according to TEM image (Fig. 2c). The high-angle annular dark-field
scanning TEM (HAADF-STEM) images exhibited that the engineered
D-ZnO NPs remained uniform and discrete with the average size of ~70
nm (Fig. 2d and e).

To confirm the success of Fe/Mn doping, the elemental mapping,
energy dispersion spectrum (EDS) and the high-resolution TEM (HRTEM)
were applied. For the elemental mapping and EDS, the distribution of O,
Zn, Fe and Mn was present in D-ZnO NPs (Fig. 2f, S1). The HRTEM im-
ages provided a closer observation of the crystal structure in D-ZnO, and
the lattice space was measured to be 0.26 nm (Fig. 2g and h). To discuss
the element-valance status of Fe and Mn in D-ZnO NPs, X-ray photo-
electron spectroscopy (XPS) was applied (Fig. $2). The Mn?*/Mn** and
Fe?"/Fe3* all existed in the structure of D-ZnO NPs (Fig. 2i and j).

In order to improve the biocompatibility and stability of D-ZnO NPs in
physiological solution and enable their further biomedical application,
mPEG-NH; was employed for surface modification. To confirm the suc-
cessful PEGylation of D-ZnO-PEG, Fourier transform infrared (FT-IR) was
applied to analyze the linkage of mPEG-NH,. The absorption bands at
1210 ecm ™! and 1156 cm™! were ascribed to C-O stretching vibration of
PEG, which demonstrated the successful PEGylation (Fig. S3) [42,43].
After PEGylation, the morphology of D-ZnO-PEG showed barely varia-
tion, which indicated the stability of the nanoparticle structure (Fig. S4).
Afterwards, the diameters of D-ZnO-PEG NPs in different solutions were
measured by dynamic light scattering (DLS). The results displayed
around 95 nm in water, 138 nm in phosphate buffered saline (PBS) and
146 nm in fetal bovine serum (FBS), respectively (Fig. S5), which indi-
cated the high dispersity of the as-prepared D-ZnO-PEG NPs for guar-
anteeing both in vitro and in vivo applications.

2.2. Invitro ferroptosis-augmented SDT performance

To assess the SDT performance of D-ZnO-PEG NPs, we employed 1,3-
diphenylisobenzofuran (DPBF) as the probe of 102 to monitor the ROS
production. DPBF was added into different groups of solutions (Control,
US, D-ZnO-PEG and D-ZnO-PEG + US). Each group was added with 0.1
mM H30o, and the absorbance intensity of DPBF at 410 nm was recorded
and analyzed by UV-vis spectrometer. The DPBF in D-ZnO-PEG + US
group exhibited more decrease rate of intensity than that in the Control,
US, ZnO-PEG + US group, indicating better SDT effect of D-ZnO than
pure ZnO by generating 'O, (Fig. 3a and b). Moreover, different groups of
solutions based on doping content (0%, 3%, 5% and 10% D-ZnO-PEG
NPs) were also analyzed. The DPBF in 10% D-ZnO-PEG + US group
exhibited more decrease rate than that in other groups (0%, 3% and 5%),
indicating the distinct effect of enhanced SDT by promoting e /h™ sep-
ration and hindering their recombination (Fig. S6). Electron spin reso-
nance (ESR) was employed to further detect the 10, generation
quantitatively. Compared with the Control, US, and ZnO-PEG + US
group, the D-ZnO-PEG + US group exhibited the highest singlet oxygen
intensities, which further confirmed the enhanced SDT effect of D-ZnO-
PEG NPs (Fig. 3c).

Furthermore, we employed 3,3,5,5-tetramethylbenzidine (TMB) as
the probe of eOH. Briefly, TMB and 0.1 mM H,05 were mixed with
different groups of solution (Control, US, D-ZnO-PEG, D-ZnO-PEG + US),
and the characteristic peak at 650 nm was recorded afterwards. Note-
worthly, the D-ZnO-PEG group showed nonnegligible increase of in-
tensity, indicating the Fenton reaction of the doped Fe/Mn in ZnO NPs.
Furthermore, when US was applied, the characteristic peak of D-ZnO-
PEG + US group inceased most significantly, confirming the enhanced
SDT effect of D-ZnO-PEG triggered by US irradiation (Fig. 3d and e). ESR
was also employed to quantitatively detect the ¢OH production. As pre-
dicted, the D-ZnO-PEG + US group exhibited the highest increase of in-
tensity, corresponding to the results of TMB eOH detection (Fig. 3f).
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Fig. 1. Schematic illustration of the synthesis of D-ZnO-PEG nanosonosensitizers and the ferroptosis-augmented SDT anti-tumor effect. (a) The fabrication of
D-ZnO NPs and further surface PEGylation. (b) The in vivo ferroptosis-augmented SDT effect after intravenous administration into 4T1 tumor-bearing mice, including
catalytic Fenton reaction, GSH consumption and enhanced ROS production by SDT effect. (c) Main process in the ferroptosis-augmented SDT procedure by the D-ZnO-

PEG nanosonosensitizers.

To investigate the underlying mechanism of the ferroptosis-
augmented SDT effect, we first took GSH into consideration. As
reducing substances, GSH can react with intracellular oxidizing agents
and provent them from damaging cell membrane and mitochondrion,
which could protect tumor cells from being killed by ROS [44]. There-
fore, it is important to consume GSH during the procedure of
ferroptosis-augmented SDT. To confirm the GSH consumption capability
of D-ZnO-PEG NPs, we used UV-vis spectrometer to detect the GSH
depletion. As shown in Fig. 3g, the GSH consumption was enhanced
obviously as the concentration of D-ZnO-PEG increased. The D-ZnO-PEG
+ US group exhibited more GSH consumption than ZnO-PEG + US group
because of the existense of Fe/Mn in these doping NPs. Notebly, the
D-ZnO-PEG + US group also induced greater degree of GSH depletion
than D-ZnO-PEG group. When US was applied, GSH was further oxidized
by US-triggered ROS during the SDT procedure (Fig. 3h). Furthermore,
the underlying mechanism of enhanced SDT effect by such doping
nanostructure was also studied. It has been demonstarted that ZnO is a
semiconductor with the band gap of about 3.37 eV, from VB to CB [45].
Herein, we plotted the Tauc plot of the Kubelka-Munk function to
calculate the band gap of D-ZnO after the solid ultraviolet spectrum was
recorded [46]. The band gap was determinded to be 2.02 eV, which was
significantly lower than that of pure ZnO (3.37 eV), indicating the
capability of easier triggering of e~ stimulation from VB to CB by US

irradiation (Fig. 3i). Moreover, the Fe>* and Mn*" in such doping
structure could attract the activated e, so as to hinder e /h™ from
recombination. In this way, ROS production was improved and SDT ef-
fect was enhanced.

2.3. Intracellular ferroptosis-augmented SDT performance

The in vitro anti-tumor effect of D-ZnO-PEG NPs was further evaluated
on 4T1 cancer cell (a mouse breast cancer cell model). First of all, the
effective cellular uptake is a vital ensurance for therapeutic effects.
Therefore, we employed confocal laser scanning microscopy (CLSM) to
observe the cellular uptake of D-ZnO-PEG NPs by 4T1 cells after labeling
D-ZnO-PEG with fluorescein isothiocyanate (FITC) and 4T1 cells with
4',6-diamidino-2-phenylindole (DAPI). After co-incubating 4T1 cells
with D-ZnO-PEG NPs, the intensity of green fluorescence increased with
time lasting and matched well with blue fluorescence of nucleus at 8 h,
which indicated large amount of cellular uptake of D-ZnO-PEG NPs by
endocytosis (Fig. S7). The typical cell-counting kit 8 (CCK-8) assay was
further applied to evaluate the intracellular anti-tumor effect of D-ZnO-
PEG NPs. The cell viability was calculated after different groups of
treatments. The cytotoxicity of D-ZnO-PEG NPs with different concen-
trations was initially calculated after different durations of co-incubation
to evaluate their biocompatibility. It was shown that the cell viability
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Fig. 2. Synthesis and characterization of D-ZnO-PEG NPs. (a) Schematic illustration of fabrication procedure of D-ZnO-PEG NPs. (b) TEM image of pure ZnO NRs.
(c) TEM image of D-ZnO NPs. (d) HAADF-STEM image of D-ZnO NPs, bright field. (e) HAADF-STEM image of D-ZnO NPs, dark field. (f) Elemental mapping of O, Zn, Fe
and Mn in D-ZnO NPs. (g, h) HRTEM image of D-ZnO NPs. (i) Fe 2p XPS spectrum of D-ZnO NPs. (j) Mn 2p XPS spectrum of D-ZnO NPs.

behaved no significant decrease even at the highest concentration (200
ppm) for 48 h, proving the relative biosafety in nomal tissues (90.5% of
viability at 200 ppm for 48 h) (Fig. 4a). When 0.1 mM H,05 was added to
simulate tumor microenvironment and US was applied, cell viability at
different concentrations was differently decreased. With the increase of
D-ZnO-PEG concentration and the elevation of US energy, the cell
viability stepped down to 20% at 200 ppm of concentration and 1.5 W/

cm? of power density (Fig. 4b). In addition, we compared the therapuetic
efficiency of D-ZnO-PEG + US group with other different groups (Con-
trol, D-ZnO-PEG, US, ZnO-PEG + US). Each group was added with 0.1
mM H30,, the concentrations of D-ZnO-PEG and ZnO-PEG were set to be
200 ppm based on Zn content and the US energy was set to be 1.5 W/cm?.
The results showed that the ZnO-PEG + US group exhibited non-
negligible decrease of cell viability (69.4%). Notebly, the cell viability of



Z. Hu et al.

Materials Today Bio 16 (2022) 100452

a b c
101 D-ZnO-PEG + US
— 09 3
£ 8
3
< 0.8 3
A3 ]
< 971 . control - ZnO-PEG + Ys
< 06{ ——US 3 us
——2ZnO-PEG + US < el Ve WS PPN
051 . p.znO-PEG + US Santrol
0.4 , r . ; : ; , ; . . . . ,
2 4 6 8 10 300 400 600 700 800 318 320 322 324 326 328
Time (min) Wavelength (nm) Magnetic Field (mT)
d e f
25| o Sontrel D-ZnO-PEG + US
- —o— D-ZnO-PEG oy
3201 —~—D-Zno-PEG +US a
[ 3
g 1.5 2 D-ZnO-PEG
© ©
£ £
§ 101 5 M\/’\/ﬂw
E-] £ Fo e . oy
<os < Control T N
_*,__‘»—/-*‘——'a )
0.0+—% ¥ P : + r : 7 - " " " " "
0 2 4 6 8 10 400 500 600 700 800 318 320 322 324 326 328
Time (min) Wavelength (nm) Magnetic Field (mT)
g h i
2.4 ]
—20 ppm 2.0 ——Control e — D-ZnO
2.0 ——12.5 ppm —Uus _ 3.0
3 —25ppm 3 16+ ——D-ZnO-PEG 3
& 161 — 50 ppm s —— ZnO-PEG +US 8 254
g — 100 ppm 2 4] ——D-ZnO-PEG + US % 20
s 12 —— 200 ppm H 14
2 £ 2 15
§ 0.84 § 0.84 £
2 <, 1.0+
0.4 : 051
0.0 T T T 0.0 T T T 0.0 . y - . . -
350 400 450 500 550 60! 350 400 500 550 600 o 1 2 3 4 5 & 7

Wavelength (nm)

Wavelength (nm)

hv (eV)

Fig. 3. In vitro ferroptosis-augmented SDT effect. (a) Time-dependent DPBF oxidation characteristic peaks of Control, US, ZnO-PEG + US and D-ZnO-PEG + US
groups. (b) Time-dependent DPBF oxidation of D-ZnO-PEG + US group. (c) ESR spectra of 10, in Control, US, ZnO-PEG + US and D-ZnO-PEG + US groups. (d) Time-
dependent TMB oxidation characteristic peaks of Control, US, D-ZnO-PEG and D-ZnO-PEG + US groups. (e) Time-dependent TMB oxidation of D-ZnO-PEG + US group.
(f) ESR spectra of ¢OH in Control, US, D-ZnO-PEG and D-ZnO-PEG + US groups. (g) Zn concentration-dependent GSH depletion of D-ZnO-PEG. (h) GSH depletion
comparison of Control, US, D-ZnO-PEG, ZnO-PEG + US and D-ZnO-PEG + US groups. (i) Solid UV-vis spectrum of D-ZnO NPs. The parameters of US irradiation were

1 MHz, 50% duty cycle, 1 W/cem?2.

D-ZnO-PEG + US group significantly dropped to 20%, suggesting the
ferroptosis-augmented SDT effect by the doping nanostructure and
composition of D-ZnO-PEG nanosonosensitizers (Fig. 4c).

To obtain more accurate anti-tumor efficiency of D-ZnO-PEG NPs, the
results carried out by CCK-8 were also evaluated by CLSM and flow
cytometry. For CLSM, the 4T1 cancer cells were first co-stained with
propidium iodide (PI, dead cells) and calcein AM (AM, live cells), then
images of different groups (Control, D-ZnO-PEG, US, ZnO-PEG + US and
D-ZnO-PEG —+ US, each group with 0.1 mM H50,) were observed and the
intensities of red fluorescence and green fluorescence were recorded. The
D-ZnO-PEG + US group exihited the highest intensity of red fluorescence,
which was much higher than ZnO-PEG + US and D-ZnO-PEG group
(Fig. 4d). Then, the flow cytometry quantitively determined the
apoptosis rates of the above different groups. The apoptosis rate of the D-
ZnO-PEG + US group reached 28.8% (early apoptosis) + 23.5% (late
apoptosis), which further confirmed the distinct in vitro anti-tumor
outcome of the enhanced SDT effect by D-ZnO-PEG NPs under US irra-
diation in TME (Fig. 4e).

To offer accurate mechanism of in vitro anti-tumor efficiency, we
further employed CLSM and flow cytometry to evaluate the ROS pro-
duction during the SDT procedure. For the CLSM observation, 2,7-
dichlorofluorescein diacetate (DCFH-DA) was used as the probe to
detect ROS and DAPI was used as the probe to detect nucleus after
different groups of treatment (Control, US, D-ZnO-PEG, ZnO-PEG + US

and D-ZnO-PEG + US, each group was added with 0.1 mM H02). Among
all groups, the D-ZnO-PEG and the ZnO-PEG + US group displayed
nonnegligible intensity of green fluorescence, confirming the Fenton
reaction effect and SDT effect. Most importantly, the D-ZnO-PEG + US
group induced the highest intensity of green fluorescence, which indi-
cated the synergistic effect of TME-triggered Fenton reaction and US-
triggered SDT enabled by these D-ZnO-PEG nanosonosensitizers
(Fig. 5a). Flow cytometry was also used to quantitively evaluate the ROS
production among the above all groups. The ROS staining rates were
determined to be 46.1% in D-ZnO-PEG, 56.8% in ZnO-PEG + US and
71.5% in D-ZnO-PEG + US, correspondingly (Fig. 5b).

In the ferroptosis program, ROS produced by Fenton reaction
damaged the cell membrane and mitochondria, and Fe>* prevented GSH
from protecting cell membrane and mitochondria [41,47,48]. Herein, the
Fe?' and Mn?" in the doping nanostructure triggered Fenton reaction in
the presence of HyO,, then the produced Fe3* and Mn** enhanced GSH
consumption effect. Therefore, we observed cell membrane and mito-
chondria damage by bio-TEM and GSH consumption by western blot
analysis. The bio-TEM images showed that the membranes of 4T1 cancer
cells were cracked obviously, and the mitochondria were also damaged
to varying degrees (Fig. 5¢). The key protein expression of ferroptosis
glutathione peroxidase 4 (GPX4) was analyzed by western blot to eval-
uate the GSH consumption in different groups (Control, US, D-ZnO-PEG,
ZnO-PEG + US, D-ZnO-PEG + US) [49,50]. The results showed that GPX4
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Fig. 4. Intracellular ferroptosis-augmented SDT anti-tumor efficiency, cell viability analysis, live/dead observation by CLSM and flow cytometry. (a)
Cytotoxicity anylysis of 4T1 cells after incubation with D-ZnO-PEG for 24 h and 48 h. (b) Relative cell viability dependent on Zn concentration and US power density.
(c) Relative cell viability in different groups of treatment (Control, D-ZnO-PEG, US, ZnO-PEG + US and D-ZnO-PEG + US). (d) Confocal images of differently treated
4T1 cancer cells stained with AM and PI. (e) Flow cytometry analysis of differently treated 4T1 cancer cells. The parameters of US energy were 1 MHz, 50% duty cycle,

1.5 W/cm?.

expression level of D-ZnO-PEG + US group decreased to 0.32
(GPX4/GAPDH) compared with the Control group (1.30). In contrast, the
expression of acyl-CoA synthetase long-chain family member 4 (ACSL4),
which is a biomarker and contributor of ferroptosis increased to 0.52
(ACSL4/GAPDH) in D-ZnO-PEG + US group compared with the Control
group (0.28), confirming the ferroptosis-induced cell membrane damage
(Fig. 5d).

Therefore, the underlying mechanism of ferroptosis-augmented SDT
against tumor was described as follows. On one hand, the doping of Fe/
Mn in the ZnO nanosonosensitizer could augment the ROS production by
US-triggered SDT. On the other hand, the Fenton reaction and GSH

depletion in ferroptosis process could enhance the tumor cell-killing ef-
fect. The synergistic effect by both enhanced SDT and ferroptosis induced
by D-ZnO-PEG NPs guarantees the high antitumor efficiency.

2.4. Biological mechanism of ferroptosis-augmented SDT by RNA
sequencing

To further determine the biological mechanism of ferroptosis-
augmented SDT by D-ZnO-PEG nanosonosensitizers, we employed RNA
expression sequencing (RNAseq) for mechanism analysis. Briefly, gene
expression profiles of different groups (Control and D-ZnO-PEG + US)
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Fig. 5. Intracellular anti-tumor mechanism, ROS detection, bio-TEM and western blot analysis. (a) Confocal images of 4T1 cells in different treatments
(Control, US, D-ZnO-PEG, ZnO-PEG + US and D-ZnO-PEG + US) after staining with DCFH-DA and DAPI. (b) Flow cytometry analysis of ROS production in the above
groups. (c) Observation of cell membrane and mitochondra damage by bio-TEM. (d) Western blot of GPX4 and ACSL4 in the above groups. The parameters of US

irradiation were set as 1 MHz, 50% duty cycle, 1.5 W/cm?, 2 min.

were analyzed by htseq-count and cufflinks after 4T1 cancer cells were
treated [51,52]. The heat map demonstrated 15,776 co-expressed genes
between the D-ZnO-PEG + US group and the Control group (Fig. 6a).
There were 1998 significantly differentially expressed genes involved in
the D-ZnO-PEG + US group according to the volcano map, including 781
up-regulated and 1127 down-regulated mRNAs (Fig. 6b and c). More-
over, the interaction relationship between key genes was illustrated by
the protein-protein interactions network analysis (Fig. 6d). For further
investigation of the biological functions, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis was performed, in
which ferroptosis, apoptosis, the TNF signaling pathway, the MARK
signaling pathway and the IL-17 signaling pathway were highly relative
to the ferroptosis-augmented SDT effect. Notably, the MARK signaling

pathway was related to ROS-induced cell apoptosis, which stressed the
effect of US-triggered SDT (Fig. 6e and f) [53].

2.5. In vivo ferroptosis-augmented SDT against tumor

The in vivo ferroptosis-augmented SDT was further assessed on the
mouse model bearing 4T1 tumor cells based on the demonstrated in vitro
therapeutic performance. It is important to ensure efficient accumulation
of D-ZnO-PEG NPs in tumor site for guaranteeing high therapeutic effect.
Therefore, we employed in vivo fluorescence imaging to monitor the
enrichment of D-ZnO-PEG NPs in tumor site directly after intravenous
injection of indocyanine green (ICG)-labelled D-ZnO-PEG NPs. With
prolonged time, the fluorescence signals in tumor site gradually



Z. Hu et al.

Materials Today Bio 16 (2022) 100452

b c
Overall statistics of different genes
Down Regulation E E Up Regulation -
] 3 (1127) I (781)
o
o 150 I :
1 Lo ¥
i-2 I .
o
o 2
@ [ .
3 1 1
= { o
s 100 \ i . - Total
o I & . 1998
=) ' ' =
E’ 1 1 .e
| ] | '
0 [ N
[ 3
[
o .
[
1 1 .
TR
o .
\
B5 0 Control vs Test
log2 Fold Change
Vitamin digestion and absorption | GGG
Viral protein interaction | I
Viral carcinogenesis 1 I
Transcriptional misregulation in cancer { IIIEEEGEGE—
TNF signaling pathway ;| I
ic lupus eryth |
Sulfur metabolism | G
Steroid biosynthesis | I
Staphy aureus infecti
p ys r ing plurip I
Ribosome | I
Rheumatoid arthritis { P
Phagosome pivalue
NF-kappa B signaling pathway | I
Neutrophil extracellular trap formation - IIIEEEGEGGEGEEEE—_—N 0.04
Mucin type O-glycan biosynthesis | | EEEG—G—— s
MARK signaling pathway | ———— 0'01
f Legionellosis ;|  IEEG—
IL-17 signaling pathway | I
N Gastric cancer | I
TNF signaling pathway | [ Ferroptosis | G
ignali ine- i —
MARK signaling pathway Cytokine-cytokine receptor
Cushing syndrome - I
P value
IL-17 signaling pathway | I 0.03 COVID-19 | —
0.02 pl 1t and coagulati I
Ferroptosis 0.01 Breast cancer - I
Basal cell carcinoma | I
Breast cancer | [INNIIIEGEGGEE Apoptosis | GGG
Apoptosis| N Alzheimer cisease
Alcoholism G
00 05 10 13 S ' 2 3
Rich factor Rich factor

Fig. 6. Biological therapeutic mechanisms of the ferroptosis-augmented SDT by RNA sequencing. (a) The heat map demonstrating co-expressed genes between
the D-ZnO-PEG + US group and the Control group. (b) The volcano map demonstrating the upregulated and downregulated genes by ferroptosis-augmented SDT. (c)
Overall statistics of 1998 differently expressed genes including 781 up-regulations and 1127 down-regulations. (d) Protein to protein interaction network of genes
involved in the major signaling pathway. Histogram of different genes that all enriched in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. (f) Histogram
of main genes that are mainly related to ferroptosis and apoptosis in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.

enhanced to 6 h and faded afterwards until 24 h, indicating the enhanced
permeability and retention (EPR) effect for accumulating D-ZnO-PEG
NPs into the tumor site (Figs. S8 and S9). To evaluate the in vivo
biocompatibility and biosafety of D-ZnO-PEG NPs, we performed a series
of experiments on healthy Kunming mice after intravenous administra-
tion, including body weight monitoring, haematology routine,
biochemistry routine and haematoxylin and eosin (H&E) staining.
Briefly, the Kunming mice were divided randomly into four groups
(Control, ZnO-PEG 20 mg/kg, D-ZnO-PEG 10 mg/kg, D-ZnO-PEG 20 mg/
kg), then body weight was recorded every 2 days till the 28th day. All
groups of injected mice showed no significant difference in biosafety
evaluation indexes compared with the control group (Fig. S10). The
haematology and biochemistry indexes in each group were all within
normal range after feeding for 4 weeks (Figs. S11 and S12). Moreover,
the H&E staining of main organs obtained on the 28th day exhibited no
obvious differences among the 4 groups, which further confirmed the
desirable biocompatibility and biosafety of D-ZnO-PEG NPs in vivo
(Fig. S13).
Encouraged by accumulation and desirable

the efficient

biocompatibility of D-ZnO-PEG NPs, we further conducted in vivo anti-
tumor evaluations on nude female 4T1 tumor-bearing balb/c mice,
which were divided randomly into 5 groups (Control, US, D-ZnO-PEG,
ZnO-PEG + US and D-ZnO-PEG + US, n = 5 in each group). US irradi-
ation was applied at tumor site every other day for 3 times after 6 h post
intravenous administration of D-ZnO-PEG NPs (Fig. 7a). Tumor size and
body weight of each mouse were measured every 2 days till the last day
of 14 days' feeding. Notably, the D-ZnO-PEG and ZnO-PEG + US group
showed some sort of tumor suppression (48.7% and 46.8% correspond-
ingly), indicating the effect of both ferroptosis and SDT. Meanwhile, the
D-ZnO-PEG + US group induced the most significant degree of tumor
suppression (92.8%), confirming the effect of ferroptosis-augmented
SDT, which corresponded to the tumor photograph observed on the
14th day after mice sacrifice (Fig. 7b, c, d, e). The H&E staining of main
organs and body weight monitoring exhibited no significant differences
among all 5 groups during the 14 days’ procedure, which further
confirmed the high therapeutic biosafety of the as-fabricated D-ZnO-PEG
NPs (Figs. S14 and S15).

The therapeutic effect of D-ZnO-PEG NPs was further evaluated by
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Fig. 7. Invivo anti-tumor analysis. (a) In vivo anti-tumor protocol of ferroptosis-augmented SDT on 4T1 tumor-bearing model. (b) Tumor volume of every mouse in
different treatment groups (Control, US, D-ZnO-PEG, ZnO-PEG + US and D-ZnO-PEG + US, n = 5 in each group). (c) Picture of tumor from each mouse after sacrifice.
(d) Tumor-growth curves of mice dependent on time in 5 groups after different treatments. (n = 5 in each group, *p < 0.05, **p < 0.01, ***p < 0.001). (e) Weight of
tumor from each mouse after sacrifice. (f) DCFH-DA staining of different treatment groups to detect ROS production. (g) H&E, TUNEL and Ki67 staining in tumor
tissues after different treatments. The applied US irradiation parameters were set to be 1 MHz, 50% duty cycle, 1.5 W/cm?, 2 min.

DCFH-DA staining, H&E, TUNEL and Ki67 staining to analyze the un-
derlying mechanism of in vivo ferroptosis-augmented SDT. For the DCFH-
DA staining, the D-ZnO-PEG + US group presented the highest intensity
of green fluorescein compared with the other 4 groups, indicating the
highest level of ROS production (Fig. 7f). The H&E and TUNEL staining
was further employed to evaluate the necrosis and apoptosis of the tumor
tissues, where the D-ZnO-PEG + US group (ferroptosis-augmented SDT
group) displayed the most degree of necrosis and apoptosis compared to
Control, US, D-ZnO-PEG, ZnO-PEG + US groups. Furthermore, the D-
ZnO-PEG + US group exhibited the lowest level of Ki67 protein, which is

a tumor proliferation marker highly related to cell mitosis, confirming
the efficient ferroptosis-augmented SDT induced by such a doping
nanostructure under US irradiation (Fig. 7g).

3. Conclusions

In summary, we successfully designed and engineered a distinct Fe/
Mn-doped ZnO nanosonosensitizer for simultaneously triggering multi-
ple ferroptosis effect in the specific tumor microenvironment and aug-
menting the therapeutic efficacy of SDT against tumor. The engineered
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D-ZnO-PEG NPs not only tringgered the catalytic Fenton reaction for
efficient ROS production and depleted GSH in the presence of Fe and Mn
for inducing multiple ferroptosis effect, but also augmented the SDT ef-
fect by decreasing the recombination of e /h™ pairs under US irradiation
during the SDT procedure. The simultaneously endowed multiple fer-
roptosis and synergistically enhanced SDT achieved high in vivo tumor-
suppression efficiency as demonstrated on tumor-bearing mice model.
The underlying high therapeutic mechanism was revealed by multiple
characterization techniques including the specific RNA sequencing. This
work provides the unique paradigm of enhancing the SDT performance of
nanosonosensitizers by trasitional metal doping, which is highly infor-
mative to further explore other ferroptosis and SDT-based therapeutic
modality for efficient tumor nanotherapy with simultaneous desirable
therapeutic biosafety, precision, efficency and outcome.
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