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SUMMARY
Recent advancements in sonodynamic therapy (SDT) for cancer treatment have highlighted the potential of
enhancing reactive oxygen species (ROS) generation and improving therapeutic outcomes. This study intro-
duces zinc oxide (ZnO) nanorods (NRs) in situ loaded with silver nanoparticles (ZnO@Ag NRs), designed to
optimize ROS production under ultrasound irradiation and offer significant advantages in tumor specificity
and biosafety. The transmission electron microscopy and elemental mapping confirmed the consistent
size and monodispersed Ag nanoparticle for ZnO@Ag NR. Sonodynamic properties showed that ZnO@Ag
NRs produce higher singlet oxygen and hydroxyl radicals under ultrasound. In vitro studies demonstrated
excellent biocompatibility and enhanced cell-killing effects of ZnO@Ag NRs on CT-26 cells, while in vivo re-
sults confirmed its superior anti-tumor efficacy and biosafety. Furthermore, the ZnO@Ag NRs’ antibacterial
properties were also confirmed, suggesting additional benefits in treating cancers associated with bacterial
infections. Collectively, these findings establish ZnO@Ag NRs as a potent and safe agent for ultrasound-
driven cancer therapy.
INTRODUCTION

Recent years have seen increasing interest in cancer treatments

that regulate reactive oxygen species (ROS), including singlet

oxygen (1O2), superoxide radical (O2$
�), and hydroxyl radical

($OH).1 Oxidative stress induced by ROS leads to effective, can-

cer-specific cell death.2 Recent advances in catalytic chemistry,

particularly catalytic Fenton reactions, provide practical

methods for generating ROS through redox reactions.3–5 Dy-

namic therapies using nanomaterials that generate excessive

toxic ROS have significant cancer treatment advantages due

to their non-invasiveness and high selectivity.6 By enhancing

permeability and retention (EPR), nanoparticles facilitate not

only their internalization by cancer cells but also their selective

accumulation in tumors.7 Although the large surface area of

nanoparticles enhances ROS production, excessive ROS can

irreversibly damage cellular components like organelles and

the cytoskeleton, leading to tumor cell destruction.8 Non-inva-

sive treatments like photodynamic therapy (PDT) and sonody-

namic therapy (SDT), known for their precise control andminimal
iScience 28,
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side effects, have been extensively studied.9–11 Specifically,

SDT excels over PDT in terms of deeper tissue penetration,

uniform energy absorption, and enhanced biosafety.12,13 Recent

reviews have comprehensively discussed the advances in inor-

ganic sonosensitizers and their ROS-generating capabilities,

providing a foundation for the development of novel SDT

agents.14,15 Currently, SDT utilizes two primary types of sono-

sensitizers: organic substances and inorganic nanomateri-

als.16–18 In addition to having poor hydrophobicity, low bioavail-

ability, rapid elimination, and insufficient tumor accumulation,

organic sonosensitizers are often difficult to use.16,19 In contrast,

inorganic sonosensitizers are promising for SDT applications

due to their ultrasound stability, tumor specificity, and prolonged

circulation. However, the development of additional inorganic

sonosensitizers is critical to address the growing therapeutic de-

mands in both research and clinical applications.20

Ultrasound (US) exhibits characteristics similar to light spec-

trums across various wavelengths in SDT, which may activate

specific semiconductors based on the fundamental mechanisms

of sonoluminescence.21,22 The activators in a semiconductor
111858, February 21, 2025 ª 2025 Published by Elsevier Inc. 1
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Figure 1. Schematic diagram of treatment with enhanced sonodynamics after intravenous injection of ZnO@Ag NRs into a colorectal tumor-

bearing mouse
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cause electron tobe excited from the valenceband to the conduc-

tion band as ultrasound energy is absorbed by it.23–25 These elec-

trons move to the material’s surface, catalyzing redox reactions

that transform adsorbed O2 into toxic 1O2.
26 Given the pivotal

role of electrons, semiconductors with suitable bandgap

structures are essential for effective electron-hole separation.

Constructing heterostructures is crucial for improving quantum

yield. Coupling semiconductor materials or noble metals with a

base semiconductor forms heterostructures that enhance

spatial charge separation via electron transfers between compo-

nents.27–29 This configuration allows for the effective spatial sep-

aration of electrons and holes induced by acoustic waves.30–32

Therefore, the selection of semiconductors with suitable bandg-

aps and Fermi level interactions is essential for developing

advanced sonosensitizers that guarantee efficient electron-hole

separation.33,34 This insight underscores the crucial importance

of carefully designed heterostructures in boosting both the effi-

ciency and efficacy of sonodynamic cancer therapy.35

Zinc oxide nanorods (ZnO NRs), extensively studied for their

unique piezoelectric properties, owe these features to their non-

centrosymmetric crystal structure. ZnO NRs exhibit a piezoelec-

tric effect when exposed to ultrasound irradiation, indicating their

potential as piezocatalysts. Although promising, piezocatalytic

treatment currently faces limitations, notably its relatively low

capability for ROS generation.36 In this study, we specifically de-

signed ZnO nanorods (NRs) that in situ loaded Ag nanoparticle
2 iScience 28, 111858, February 21, 2025
(NPs), termed ZnO@Ag NRs. Featuring a strategic bandgap,37

ZnO@Ag NPs offer an alternative as an SDT agent. The hetero-

structure of ZnO@Ag NRs is constructed through the conordina-

tion-redox reaction of Ag on the surface of ZnO NRs. ZnO@Ag

nanorods (NRs) form a heterojunction due to the difference in

Fermi levels between ZnO and Ag. This heterojunction facilitates

efficient electron-hole separation, which is critical for enhancing

reactive oxygen species generation under ultrasound irradiation.

As shown in Figure 1, ZnO@AgNRs effectively separate electrons

and holes under ultrasound, thereby enhancing SDT mechanics

and increasing ROS generation, which accelerates tumor death.

Additionally, ZnO nanorods alone are known to exhibit antibacte-

rial properties, as demonstrated in previous studies.38 The incor-

poration of silver nanoparticles further enhances these properties,

providing a synergistic effect that improves the overall antibacte-

rial efficacy of ZnO@Ag NRs. Consequently, this study lays the

groundwork for a promising ultrasound-driven tumor treatment

platform, potentially inspiring further development of more effec-

tive treatment strategies.

RESULTS

Synthesis and characterization of ZnO@Ag
ZnO nanorods were synthesized and loaded with Ag nanopar-

ticles using a well-established NaBH4 reduction method39

(Figure 2A). Transmission electron microscopy (TEM) results



Figure 2. Characterization of ZnO@Ag

(A) Schematic representation for ZnO@Ag NRs

synthesis.

(B) Representative TEM image for ZnO@Ag NRs.

Scale bar, 10 nm, 50 nm, 100 nm, individually.

(C) Elemental mapping image of the distribution of

Ag, Zn, and O in ZnO@Ag NRs. Scale bar, 100 nm.

(D) The zeta potential results for ZnO@Ag NRs and

ZnO NRs.

(E) The dynamic light scattering result for ZnO@Ag

NRs sample. Data are represented as mean ± SD.
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revealed ZnO@Ag NRs were approximately 220 nm in length,

with uniformly distributed Ag nanoparticles on the surface, ex-

hibiting ideal monodispersity (Figure 2B). Dark-field imaging

further confirmed the successful deposition of Ag nanoparticles.

Elemental mapping depicted the distribution of Ag, Zn, and O in

the ZnO@Ag, confirming the successful synthesis of the hetero-

structure (Figure 2C). The synthesis of ZnO@Ag results in the for-

mation of a heterostructure, where Ag nanoparticles are in close

contact with ZnO nanorods. This heterojunction allows for

efficient charge transfer, with Ag acting as an electron sink

that prevents the recombination of photoexcited electron-hole

pairs. This structural feature is expected to enhance the catalytic

properties of ZnO@Ag. The zeta potentials were measured

as �16.04 mV for ZnO and 15.21 mV for ZnO@Ag, respectively

(Figure 2D). The average size of ZnO@Ag NRs was about

240 nm, consistent with previous electron microscopy findings

(Figure 2E).

The sonodynamic properties of ZnO and ZnO@Ag NRs
We employed electron spin resonance (ESR) spectroscopy

with 2,2,6,6-tetramethylpiperidine (TEMP) as the probe for de-

tecting 1O2, as shown in Figure 3A. TEMP reacts specifically
iSc
with 1O2 to form TEMP-1O2, which gen-

erates a characteristic 1:1:1 triplet ESR

signal under ultrasound conditions

(1.5 W/cm2, 50% duty cycle, 1 MHz).

This method is widely recognized for

detecting singlet oxygen in SDT sys-

tems.12,31 Although the 9,10-Anthrace-

nediyl-bis (methylene)dimalonic acid

(ABDA) assay is commonly used in

photodynamic therapy (PDT), the

TEMP-based ESR method provides

direct and reliable confirmation of 1O2

in our study. As demonstrated by the

ESR data, the ZnO@Ag NRs exhibit

significantly enhanced 1O2 generation

under ultrasound irradiation compared

to ZnO NRs alone. The 1:1:1 triplet

signal from the TEMP spin trap in Fig-

ure 3A indicated 1O2 generation in the

ZnO + US group, with a more intense

signal observed in the ZnO@Ag + US

group. Typically, no significant signal

was observed for ZnO or ZnO@Ag
without US, indicating that US is essential for their 1O2 gener-

ating ability, and that ZnO@Ag has a significantly better cata-

lytic effect than ZnO. 5,5-Dimethyl-1-pyrroline N-oxide

(DMPO) was used as an $OH indicator to access the $OH gen-

eration ability of both NRs under the same US conditions and

without, using the ESR method. A 1:2:2:1 signal from the

DMPO spin trap in Figure 3B indicated $OH generation in

the ZnO + US group, with a more intense signal in the

ZnO@Ag + US group. Similarly, no significant signal was de-

tected for ZnO or ZnO@Ag without US, underscoring the ne-

cessity of US for $OH generation. Once again, this conformed

the superior catalytic effect of ZnO@Ag. Furthermore,

3,30,5,50-tetramethylbenzidine (TMB) was used as an indicator

to measure hydroxyl radical generation under US conditions

(1.5 W/cm2, 50% duty cycle, 1 MHz). A distinct 370 nm ab-

sorption peak indicated the formation of blue ox-TMB from

the reaction between TMB and hydroxyl radicals under oxida-

tive conditions. The ultraviolet (UV) spectral results revealed

that after a 4-min US treatment, the characteristic absorption

peak of the ZnO@Ag + US group was higher than that of in

ZnO + US group, highlighting ZnO@Ag’s superior hydroxyl

radical generating ability, attributed primarily to its unique
ience 28, 111858, February 21, 2025 3



Figure 3. The sonodynamic properties of

ZnO and ZnO@Ag NRs

(A) The ESR results of 1O2 generation in all groups.

(B) The ESR results of $OH generation in all

groups.

(C) The UV spectral results of $OH generation in all

groups.

(D) The statistical analyses results of the absor-

bance at 370 nm in all groups.

(E) The UV spectral results of ZnO@Ag NRs after

different US treating times.

(F) The statistical analyses result of the absor-

bance at 370 nm ZnO@Ag NRs undergoing

different US treating times.

Data are represented as mean ± SD, ‘‘*’’ means

p < 0.05, ‘‘***’’ means p < 0.001, ‘‘****’’ means

p < 0.0001.
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electronic band structure and significant sonodynamic effects

(Figure 3C). We conducted statistical analyses and tests on

the 370 nm value, which confirmed similar findings (Figure 3D).

Additionally, using similar methods, we investigated the ROS

production properties of ZnO@Ag; the characteristic absorp-

tion peak increased over time, with the strongest peak

observed in the 4-min US treatment group, indicating that

the $OH generation ability of ZnO@Ag depended on the dura-

tion of US treatment (Figure 3E). The statistical analysis of the

370 nm value (Figure 3F) and 650 nm value (Figure S1) yielded

similar results. Our results confirmed that ZnO NRs exhibit an

absorption band around 373 nm, consistent with previous

research40 (Figure S2). However, the absorbance value of
4 iScience 28, 111858, February 21, 2025
ZnO NRs at 373 nm is not large enough

to interfere with or mask the ox-TMB re-

sults on the 370 nm value due to its low

concentration of use. In conclusion, our

findings confirmed that the ROS pro-

duction ability of ZnO@Ag exceeded

that of ZnO and is highly depended on

the duration of US treatment in this

study.

To validate the electron/hole migration

mechanism, ultraviolet photoelectron

spectroscopy (UPS) measurements

were performed on ZnO and ZnO@Ag

samples (Figures 4A and 4B). The UPS

spectra reveal a work function of 3.98

eV for ZnO and 4.12 eV for ZnO@Ag,

indicating an increase upon Ag loading.

This increase in work function upon Ag

loading suggested a shift in the elec-

tronic structure, consistent with the for-

mation of a heterojunction between

ZnO and Ag. The difference in energy

levels facilitates electron migration from

the ZnO conduction band to the Ag

nanoparticles, supporting enhanced

electron-hole separation. In particular,

the shift in the secondary electron cutoff
from 17.24 eV for ZnO to 17.1 eV for ZnO@Ag provided direct

evidence of electronic interactions between ZnO and ZnO@Ag,

which aligned with our proposed mechanism of charge transfer

enhancement. The schematic diagram (Figure 4C) visually rep-

resented the electron and hole migration mechanism between

ZnO and Ag nanoparticles. The diagram included the energies

of the conduction band (LUMO) and valence band (HOMO) for

ZnO, valence band (VB) edge energy were confirmed by the

formulation of VB = CB + Eg as previously reported,41 as well

as the Fermi level for Ag nanoparticles, illustrating the charge

transfer dynamics. This help clarify the role of Ag in capturing

electrons from the conduction band of ZnO, thereby enhancing

charge separation and promoting ROS generation.



Figure 4. The electron/hole migration

mechanism for ZnO@Ag

(A) The UPS result for ZnO@Ag sample.

(B) The UPS result for ZnO sample.

(C) The schematic diagram for illustrating the

electron and hole migration mechanism between

ZnO and Ag nanoparticles.
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The biosafety and anti-tumor effect of ZnO and ZnO@Ag
NRs in vitro

We initially evaluated the biosafety of ZnO and ZnO@Ag NRs in

CT-26 cells using Cell Counting Kit-8 (CCK8) assays. The results

showed that 83%ofCT-26 cells survived ZnO@Ag treatment till a

concentration of 25 mg/mL, demonstrating the NRs’ good

biocompatibility (Figure 5A). The ZnO@Ag group had the most

effective cell-killing effects under ultrasound (1.5 W/cm2, 50%

duty cycle, 1 MHz, 5 min) than any of the other five groups (Fig-

ure 5B). Calcein-AM (live cells) and propidium iodide (PI) staining

confirmed the biosafety and antitumor effects of both NRs. (Fig-

ure 5C). Minimal red fluorescence was observed in PBS with or

without US treatment, indicating SDT’s biosafety. Additionally,

minimal red fluorescence and widespread green fluorescence

in the ZnO and ZnO@Ag groups without US treatment confirmed

the high biosafety of both NRs. With US exposure (1.5 W/cm2,

50% duty cycle, 1 MHz, 5 min), the ZnO@Ag group displayed

stronger red fluorescence compared to theZnOgroup, indicating

that ZnO@Ag could stimulate more cancer cell death than ZnO.

To investigate the cell-killing mechanisms of both NRs as sono-

sensitizers and chemodynamic agents, we used 20, 70- diacetate
of dichlorofluorescein (DCFH-DA), which turns into green-fluo-

rescent DCF upon oxidation by ROS, to evaluate intracellular

ROS levels (Figure 5D). Under ultrasound irradiation, ROS levels

were significantly higher in ZnO@Ag than in ZnO, possibly due to

the enhanced electronic band structure of ZnO@Ag.
iSc
The cells were stained with Annexin

V-FITC/PI and counted via flow cytom-

etry; the results revealed that while the

ZnO + US group showed a cancer

apoptosis rate of 19.1%, the highest

rate was in the ZnO@Ag + US group

at 51.4%, underscoring its potential

in ultrasound irradiation (Figure 6A).

Meanwhile, no significant cell apoptosis

was observed in the other four

groups, indicating the biosafety of

ZnO, ZnO@Ag, and the ultrasound irra-

diation. We also assessed mitochon-

drial damage using JC-1 dye, where

red fluorescence indicated healthy

mitochondria and green fluorescence

indicated damaged mitochondria. The

results, shown in Figure 6B, indicated

severe mitochondrial damage in both

the ZnO + US group and the

ZnO@Ag + US group, as evidenced

by strong green fluorescence. Addition-

ally, the strongest green fluorescence
in the ZnO@Ag + US group suggested an enhanced anti-

tumor effect compared to ZnO, consistent with previous

findings. Correspondingly, the strong red fluorescence

confirmed the biosafety of ZnO, ZnO@Ag, and ultrasound

irradiation.

Additionally, the pathogen represented by Fusobacterium

nucleatum, known to significantly promote the progression

of colorectal cancer,42 could be inhibited by the ROS gener-

ated during US treatment with the NRs. This inhibition might

benefit the outcome of colorectal cancer, particularly in cases

associated with bacterial infections infected.43,44 We then as-

sessed the antibacterial efficacy of ZnO and ZnO@Ag NRs us-

ing the spread plate method. F. nucleatum at a concentration

of 2 3 108 CFU/mL was mixed with ZnO and ZnO@Ag; the

mixture was then subjected to US exposure (1.5 W/cm2,

50% duty cycle, 1 MHz, 5 min) or was left untreated. As

shown in Figure 7A, minimal antibacterial effects were

observed in the PBS group, ZnO group, ZnO@Ag group,

and PBS + US group. In contrast, the ZnO + US group

and ZnO@Ag + US group displayed antibacterial effects,

with antibacterial efficiencies of 85.78% and 96.21%, respec-

tively. Subsequent statistical chart further confirmed this

trend (Figure 7B). From these results, it can be inferred

that the antibacterial effect of ZnO@Ag was superior to

that of ZnO, a performance aligned with increased ROS

production.
ience 28, 111858, February 21, 2025 5



Figure 5. The biosafety and anti-tumor ef-

fect of ZnO and ZnO@Ag NRs in vitro

(A) The biosafety of ZnO and ZnO@Ag NRs in CT-

26 cells.

(B) The anti-tumor effect of ZnO and ZnO@Ag NRs

with or without US irradiation.

(C) The results of live and dead cell staining of ZnO

and ZnO@Ag NRs with or without US irradiation.

Scale bar, 100 mm.

(D) The evaluation of intracellular ROS levels in

ZnO and ZnO@Ag NRs with or without US irradi-

ation. Scale bar, 100 mm.

Data are represented as mean ± SD, ‘‘NS’’ means

p > 0.05, ‘‘**’’ means p < 0.01, ‘‘***’’ means

p < 0.001.
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The biosafety and anti-tumor effect of ZnO and ZnO@Ag
NRs in vivo

Basedon the in vitro results,weconductedacomprehensive invivo

study using CT26 tumor-bearing BALB/c mice and ZnO@Ag and

ZnO NRs. We established a subcutaneous tumor model in

5-week-old male Balb/c mice (20–25g), administering treatments

via tail vein injection to evaluate the anti-tumor effects of

ZnO@Ag. After tumors reached approximately 100 mm3, we

randomly divided 40 mice into six groups (PBS, ZnO, ZnO@Ag,

PBS + US, ZnO + US, ZnO@Ag + US), each group containing five

mice. A NRs treatment (2 mg/kg for ZnO or ZnO@Ag) was admin-

istered intravenously on days 0 and 2. An ultrasound intervention

(1.5 W/cm2, 50% duty cycle, 1 MHz, 15 min) was conducted on

days 1 and 3 for two weeks, weight and tumor volume were

measured bi-daily (Figure 8A). Results show that the PBS group,

ZnO group, and ZnO@Ag group had unrestricted tumor growth,

highlighting their limited intrinsic anti-tumor properties (Figure 8B).

However, therapeutic outcomes improved significantly following

US intervention; notably, the ZnO@Ag + US group demonstrated
6 iScience 28, 111858, February 21, 2025
the most substantial effect with a

significant reduction in tumor volume

(Figures 8C and 8E). Additionally, mouse

body weight remained stable throughout

the treatment period (Figure 8D), under-

scoring the treatment’s safety and indi-

cating that neither ZnO@Ag nor ZnO NRs,

nor ultrasound exposure, induced sys-

temic toxicity or adversely affected the

mice. The enhanced anti-tumor efficacy

of ZnO@Ag compared to ZnO was poten-

tially attributed to the unique electronic

band structure boosting SDTperformance

following Ag loading. To validate the thera-

peutic efficacy, we stained histological

sections with Hematoxylin & Eosin (H&E),

Terminal deoxynucleotidyl transferase

dUTP nick end labeling (TUNEL), and Ki-

67. The results indicated that tumor cell

structures remained largely intact in the

PBS, ZnO, ZnO@Ag, and PBS + US

groups, while both the ZnO@Ag + US and

ZnO + US groups exhibited varying de-
grees of necrosis. The ZnO@Ag + US group showed the most se-

vere tumor tissue damage and the largest area of necrosis

compared to the ZnO + US group (Figure 9A). Cellular proliferation

post-interventionwasassessedusingKi-67 immunohistochemical

staining on tumor sections. Extensive cell proliferation was

observed in the PBS group, while ZnO@Ag significantly inhibited

tumor cell proliferation, consistent with earlier tumor growth curve

findings.Major organswere collected and stainedwithHematoxy-

lin and Eosin (H&E). Noneof the intervention groups showed signif-

icant organ toxicity (Figure 9B). These results confirm the biocom-

patibility and safety of the treatments, particularly for ZnO@AgNRs

usedwithultrasoundunder the testedconditions.Thiscomprehen-

sive study underscores the potential of ZnO@Ag NRs as a potent

cancer treatment strategy when combined with ultrasound.

DISCUSSION

In this study, we successfully synthesized and characterized a

novel nanocomposite, ZnO@Ag NRs, which significantly



Figure 6. The anti-tumor effect of ZnO and

ZnO@Ag NRs in vitro

(A) The flow cytometry results of Annexin V-FITC/

PI-stained CT-26 cells co-culture with ZnO and

ZnO@Ag NRs undergoing US irradiation or not.

(B) The result for mitochondrial damage of CT-26

cells co-culture with ZnO and ZnO@Ag NRs un-

dergoing US irradiation or not. Scale bar, 200 mm.
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enhances the efficacy of SDT for cancer treatment. The incorpo-

ration of silver nanoparticles (AgNPs) into ZnO NRs not only

improved the generation of ROS under US irradiation but also

demonstrated a notable increase in tumor cell cytotoxicity both

in vitro and in vivo.

The enhanced ROS generation observed in ZnO@Ag NRs

can be attributed to the formation of a heterojunction between

ZnO and Ag, which facilitates efficient electron-hole separa-

tion.45 This heterojunction arises due to the difference in their

Fermi levels, allowing for a smooth transfer of electrons from

ZnO to AgNPs. The Ag nanoparticles, acting as electron sinks,

effectively capture electrons and prevent their recombination

with holes, thereby prolonging the lifetime of charge carriers

and promoting higher ROS generation.46 This enhanced ROS

generation involves the band structure of the ZnO@Ag NRs.

The Ag nanoparticles modify the electronic properties of the

ZnO nanorods, creating more active sites for ROS produc-

tion.47 This is crucial because ROS play a key role in damaging

cellular components such as DNA, proteins, and lipids, leading

to cell apoptosis. Additionally, the presence of Ag nanoparticles
iSc
can enhance light absorption and

charge separation efficiency, further

boosting ROS production.48 This sepa-

ration allows more holes to participate

in the oxidation reactions that generate

ROS. Even a sparse distribution of

AgNPs significantly impacts electron-

hole separation due to their high elec-

tron affinity. Previous studies have

shown that low concentrations of noble

metal nanoparticles can effectively

enhance the photocatalytic and sonody-

namic properties of semiconductor ma-

terials by improving charge separation

efficiency.49,50 Our findings, confirmed

through ESR and UV-vis spectroscopy,

demonstrate that ZnO@Ag NRs

generate significantly higher levels of

singlet oxygen (1O₂) and hydroxyl radi-

cals ($OH) compared to ZnO NRs alone

under identical ultrasound conditions.

The enhanced ROS generation observed

in ZnO@Ag NRs, including singlet oxy-

gen, was confirmed through ESR spec-

troscopy using the TEMP probe. TEMP

reacts specifically with 1O₂ to form

TEMP-1O₂, generating a distinct triplet

signal, which is a well-established
method for singlet oxygen detection in SDT studies.12,31 While

the ABDA assay is more common in photodynamic therapy, the

TEMP-based ESR method provides direct confirmation of 1O₂

generation under ultrasound, making it highly suitable for our

SDT study. This enhanced 1O₂ production is a result of the

effective electron-hole separation facilitated by the ZnO@Ag

heterojunction, which promotes efficient ROS generation.

While AgNPs typically exhibit a surface plasmon resonance

(SPR) band around 400–420 nm, this characteristic band was

not observed in our composite material. This absence can be

attributed to several factors. Firstly, the very small and uniformly

dispersed AgNPs on ZnO NRs can cause broadening and a shift

in the SPR band. When AgNPs are very small (typically less than

10 nm), the SPRband can become less pronounced or undetect-

able due to increased damping of the plasmon resonance.47,51

Secondly, the strong interaction and charge transfer between

AgNPs and ZnO NRs can lead to quenching or significant modi-

fication of the SPR band.52 Lastly, the low concentration of

AgNPs relative to ZnO NRs might contribute to the weak or un-

detectable SPR band.53 Additionally, the presence of ZnO NRs
ience 28, 111858, February 21, 2025 7



Figure 7. The antibacterial effect of ZnO and ZnO@Ag NRs in vitro

(A) The representative image of plate in all groups.

(B) The statistical result for the evaluation of antibacterial effect in all groups.

Data are represented as mean ± SD, ‘‘***’’ means p < 0.001.
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and other components in the samplematrix can cause scattering

and absorption that overlap with or mask the SPR band of

AgNPs.54

In vitro studies revealed that ZnO@Ag NRs exhibit excellent

biocompatibility up to a concentration of 25 mg/mL, with minimal

cytotoxicity observed in the absence of US. Upon US irradiation,

ZnO@Ag NRs showed significantly enhanced cell-killing effects

compared to ZnO NRs. This enhanced efficacy was further

validated through live/dead cell staining, intracellular ROS mea-

surement, and flow cytometry analysis, indicating that ZnO@Ag

NRs could effectively induce apoptosis in cancer cells. The Ag

nanoparticles modify the electronic properties of the ZnO nano-

rods, creating more active sites for ROS production.45,53 This is

crucial because ROS play a key role in damaging cellular compo-

nents such as DNA, proteins, and lipids, leading to cell

apoptosis.55,56 Additionally, the presence of Ag nanoparticles

can enhance light absorption and charge separation efficiency,

further boosting ROS production.45

ZnO@Ag NRs cause significant mitochondrial damage, evi-

denced by strong green fluorescence from JC-1 staining. The

mechanism involves ROS generation, which induces oxidative

stress, leading to lipid peroxidation of mitochondrial mem-

branes and loss of mitochondrial membrane potential.57 This

disruption impairs the electron transport chain, reducing ATP

production and initiating apoptosis pathways. The release of

cytochrome C from damaged mitochondria into the cytoplasm

activates caspases, which execute apoptosis.58

The in vivo studies in CT26 tumor-bearing BALB/c mice

demonstrated that ZnO@Ag NRs, when combined with US,

significantly inhibited tumor growth without causing systemic

toxicity. The stable body weights of treated mice and the

absence of significant histopathological changes in major or-

gans confirmed the biosafety of the treatment. Histological anal-

ysis of tumor tissues showed extensive necrosis and reduced

cell proliferation in the ZnO@Ag + US group, highlighting the

potent anti-tumor efficacy of this treatment modality.
8 iScience 28, 111858, February 21, 2025
An additional advantage of ZnO@Ag NRs is their intrinsic

antibacterial properties, which are beneficial for treating can-

cers associated with bacterial infections. The superior anti-

bacterial efficacy of ZnO@Ag NRs compared to ZnO NRs

alone is attributed to the synergistic effect of ROS generation

and the intrinsic antibacterial activity of AgNPs.59,60

In conclusion, our study demonstrates that ZnO@Ag NRs

are a potent and safe sonosensitizer for cancer therapy,

capable of significantly enhancing ROS generation under US

and effectively inducing tumor cell death. Their dual function-

ality, including antibacterial properties and antitumor effect,

further expands their therapeutic potential. Our findings

suggest that the unique heterostructure of ZnO@Ag NRs facil-

itates efficient electron-hole separation, thereby preventing

the recombination of charge carriers and enhancing the pro-

duction of cytotoxic ROS. This mechanism is pivotal for the

observed increase in anticancer efficacy, which is comple-

mented by the material’s good biocompatibility and additional

antibacterial properties. The dual functionality of ZnO@Ag

NRs underscores their potential as a versatile tool in cancer

treatment, particularly in cases associated with bacterial in-

fections. Future work will focus on optimizing the nanoparticle

synthesis for scalable production and further clinical evalua-

tion to explore the full potential of this promising SDT agent.

It contributes significantly to the growing field of nanomedi-

cine by advancing the design and application of functionally

enhanced nanomaterials, exposing cancer patients to safer

and more effective therapeutic options.

Limitations of the study
Future research focused onmechanistic insights, scalability, and

clinical translation will be key to realizing the full potential of

ZnO@Ag NRs in cancer treatment. Additionally, understanding

the interaction between ZnO@Ag NRs and the tumor microenvi-

ronment could provide new avenues for optimizing therapeutic

strategies. The promising results from this study lay a solid



Figure 8. The anti-tumor effect of ZnO and ZnO@Ag NRs in vivo

(A) Schematic of the NRs treatment strategy.

(B) The digital image of the tumors in all groups.

(C) The results of tumor volume in all groups during the intervention.

(D) The results of mice bodyweight in all groups during the intervention.

(E) The changes of tumor volume for every individual mouse in all groups during the intervention.

Data are represented as mean ± SD, ‘‘***’’ means p < 0.001.
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Figure 9. The biosafety and anti-tumor results of ZnO and ZnO@Ag NRs in vivo

(A) The H&E, TUNEL, Ki67 results for tumor sections in all groups. Scale bar, 100 mm.

(B) The H&E results for major organs (including lung, liver, spleen, kidney, and heart) in all groups. Scale bar, 100 mm.
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foundation for the development of ZnO@Ag NRs as a versatile

platform for cancer therapy, opening up new possibilities for

combining nanotechnology with traditional treatment modalities

to achieve better clinical outcomes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strain

Fusobacterium nucleatum ATCC ATCC25586

Chemicals, peptides, and recombinant proteins

Zinc acetate dihydrate Beyotime Biotechnology Co. LTD Z433041-1kg/5970-45-6

Sodium borohydride solution Beyotime Biotechnology Co. LTD CAS No.:16940-66-2

Silver nitrate Beyotime Biotechnology Co. LTD CAS:7761-88-8

3,3’, 5,5’- tetramethylbenzidine Alibaba Group CAS: 54827-17-7

Cell count Kit-8 kit Beyotime Biotechnology Co. LTD C0038

Critical commercial assays

Electron spin resonance (ESR) Beijing Zhongke Baitest Information

Technology Co. LTD

BC231030-305

Transmission Electron Microscope Beijing Zhongke Baitest Information

Technology Co. LTD

BC230613-151

Experimental models: Cell lines

CT26.WT (Mouse Colorectal Carcinoma

Cells)

the Chinese Academy of Sciences

Shanghai Cell Bank (Shanghai)

YML026

Experimental models: Organisms/strains

BALB/c mice Shanghai Slac Experimental Animal Co.

LTD

021-57639280
EXPERIMENTAL MODE AND STUDY PARTICIPANT DETAILS

Materials
We purchased the ethanol from China National Pharmaceutical Chemical Reagent Co., Ltd., and the zinc acetate dihydrate from

Shanghai Aladdin Technology Co., Ltd., Ltd., A solution of sodium borohydride and silver nitrate was provided by Shanghai Biyuntian

Biotechnology Co., Ltd., and 3,3’, 5,5’- tetramethylbenzidine (TMB) was purchased fromAlibaba Group. cell count Kit-8 kit (cck-8 kit)

was purchased from Shanghai Biyuntian Biotechnology Co., Ltd., Calcein/PI cell activity and cytotoxicity testing kit was purchased

from Shanghai Biyuntian Biotechnology Co., Ltd., 2 ’, 7’ - Diacetate of dichlorofluorescein (DCFH-DA) was purchased from Shanghai

Biyuntian Biotechnology Co., Ltd. Tian Biotechnology Co., Ltd., I obtained 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) from Shanghai

APExBIO, and JC-1 reagent kit from Yisheng Biotechnology Co., Ltd.

Cell line
We used CT-26 cells from the Chinese Academy of Sciences Shanghai Cell Bank (Shanghai) to study. Cells were incubated at 37�C
and 5% CO2 in DMEM complete medium containing 10% fetal bovine serum.

Animals
Six-week-old male BALB/c mice were obtained from Shanghai Slac Experimental Animal Co., Ltd. (Shanghai, China) and raised at

Shanghai Tenth People’s Hospital (Shanghai, China). The animal research has been approved by the Animal Ethics Committee of

Shanghai Tenth People’s Hospital. Mice were raised in a temperature-controlled environment (20-24�C) with a relative humidity of

50-60% and exposed to specific pathogens for 12 hours.

METHOD DETAILS

Synthesis of nanoparticles
Synthesis of ZnO nanorods

In a three-neck flask fitted with a condenser and a dropping funnel, dissolve 511 mg of zinc acetate dihydrate (Zn(OAc)₂$2H₂O) in

35 mL of ethanol. Gradually add 35 mL of ethanol with 466 mg of sodium hydroxide (NaOH), stirring continuously to maintain

room temperature and ensure uniform reactantmixing. Continue stirring for 30minutes to complete the reaction. Transfer themixture
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to a 140 mL Teflon-lined autoclave, seal it, and heat to 160�C for 24 hours to facilitate the reaction. After the reaction, cool the auto-

clave to room temperature and collect the ZnO nanorods by centrifugation. Wash the ZnO nanorods thrice with ultrapure water and

then with ethanol to remove impurities. Dry at 50�C to obtain the final sample.

Synthesis of ZnO@Ag nanoparticles

Suspend the prepared ZnO nanorods in ultrapure water to ensure uniform distribution. Slowly add a silver nitrate (AgNO₃) solution,

stirring vigorously for 20 minutes to facilitate Ag deposition on the ZnO surface. Then, carefully add a pre-prepared ice-cold solution

of sodiumborohydride (NaBH₄) tomoderate the reaction kinetics. Collect the ZnO@Ag nanorods by centrifugation post-reaction. This

process forms a heterostructure, enhancing the sonodynamic and antimicrobial properties due to improved charge separation and

increased reactive surface area.

Characterization of nanoparticles
Transmission Electron Microscopy (TEM) and elemental mapping

Weused Transmission ElectronMicroscopy (TEM) and Energy Dispersive X-ray (EDX) spectroscopy for elemental mapping. Samples

of ZnO@Ag NRs were prepared by dropping a small amount of the nanorod suspension onto a carbon-coated copper grid and al-

lowing it to dry at room temperature. TEM images were captured using a JEOL JEM-2100 transmission electron microscope oper-

ated at an accelerating voltage of 200 kV. Imageswere acquired to observe themorphology and size distribution of the ZnO@AgNRs.

Elemental mapping was conducted using EDX spectroscopy attached to the TEM. The distribution of zinc (Zn), oxygen (O), and silver

(Ag) was mapped by collecting EDX spectra at each pixel in the scanned area.

Electron spin resonance (ESR) spectroscopy for singlet oxygen detection

ESR spectroscopy was employed to detect singlet oxygen generation using 2,2,6,6-tetramethylpiperidine (TEMP) as a specific

probe. TEMP reacts with 1O2 to form a stable nitroxide radical (TEMP-1O2), which produces a characteristic 1:1:1 triplet ESR signal.

This method is a reliable and established technique for detecting singlet oxygen in sonodynamic therapy systems.

In vitro biosafety evaluation and antitumor efficacy
CCK-8 assay protocol for testing the biocompatibility of nanoparticles

Inoculate CT26 cells into a 96well culture plate, with 4000 cells per well, and incubate for 24 hours. Next, add different concentrations

of ZnO separately ZnO@Ag (0, 3.125, 6.25, 12.5, 25, 50, 100) m Incubate with a concentration of g/mL. After 24 hours, remove the

culture medium and carefully wash three times with PBS for 5 minutes each time. Subsequently, replace the culture medium with

DMEM containing 10% cell counting Kit-8 and continue to incubate for 1 hour. Detect the relative viability of cells by comparing

the absorbance values of fluorescence spectrometers at 450 nm.

CCK-8 method for determining the cytotoxicity of nanoparticles

Inoculate CT26 cells into a 96 well culture plate, with 4000 cells per well. After incubation for 24 hours, add different concentrations of

ZnO and ZnO@Ag (0, 3.125, 6.25, 12.5, 25, 50, 100) mg/mL. After 12 hours, irradiate with ultrasound for 1 minute. After 24 hours, re-

move the culture medium and wash it carefully three times with PBS, each time for 5 minutes. Replace the culture medium with

DMEM containing 10% cell counting Kit-8 and continue to incubate for 1 hour. Using an enzyme-linked immunosorbent assay

(ELISA) reader, measure the absorbance at 450 nm.

Calcein/PI staining experiment

Inoculate 105 CT26 cells per well in a 12well plate, culture for 24 hours, and then add different combinations ofmaterials to the culture

medium for uniform dispersion. After 12 hours, irradiate with ultrasound for 1 minute. After co incubation for 24 hours, wash three

times with PBS. After treatment, cells were stained using Calcein-AM (to stain live cells green) and Propidium Iodide (PI, to stain

dead cells red) for 15 minutes, then washed three times with PBS carefully to remove excess impurities. Fluorescence images

were captured using an inverted fluorescence microscope (Olympus IX73).

ROS generation detection

Inoculate CT26 cells into a 12 well plate with an initial density of 105 cells per well. Add materials ZnO into different pores ZnO@Ag.

After incubation for 12 hours, use ultrasound Illuminate for 1 minute with a duty cycle of 50%. Cells treated with complete culture

medium will be used as the control group. Treated CT-26 cells were incubated with DCFH-DA, and fluorescence images were taken

using fluorescence microscope.

Flow cytometry analysis of apoptosis

Apoptosis was assessed using Annexin V-FITC/PI staining followed by flow cytometry. The preparation and treatment of cells were

the same as descripted in 12.3.5. Treated cells were stained with Annexin V-FITC and PI according to the manufacturer’s protocol

and analyzed using a BD FACSCanto II flow cytometer. Data were processed using FlowJo software to determine the percentage of

apoptotic cells.

Mitochondrial membrane potential

Mitochondrial membrane potential was assessed using JC-1 dye, which emits red fluorescence in healthy mitochondria and green

fluorescence in depolarized mitochondria. The preparation and treatment of cells were the same as descripted in 12.3.5. Stained

cells were imaged using a fluorescence microscope (Olympus IX73) with filters for JC-1 red and green emissions.
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In vivo antitumor efficacy
Animal models establishment and intervention strategies

The treatment of mice was shown in Figure 7A. 30 six-week-old BALB/c mice were divided into 6 groups randomly. 100 mL of the

CT26 cell suspension (containing 1 3 106 cells) was subcutaneously injected into the right flank of each mouse. 5 days after the in-

jection, the tumors reach an approximate volume of 100mm3. Administer treatments was applied via tail vein injection at the specified

dosage (3.5 mg/kg for ZnO or ZnO@Ag) at day0 and day 2. Then we apply ultrasound (US) treatment (1.5 W/cm2, 50% duty cycle, 1

MHz) to the tumor area for 4 minutes on day 1 and day 3. To assess the in vivo antitumor efficacy, tumor volumes were measured

using a digital caliper and calculated using the formula: Volume = (Length 3 Width2) / 2 every other day. At day 14, the mice were

killed and the tumors and major organs including lung, liver, spleen, kidney, and heart were harvested for further study.

Histological analysis

Tumor tissues and major organs were fixed in 10% formalin, and embedded in paraffin. Sections were stained with Hematoxylin and

Eosin (H&E) for general histology and with TUNEL and Ki-67 to assess apoptosis and proliferation, respectively. Stained sections

were imaged using a light microscope (Leica DM5000 B) equipped with a digital camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown as mean + SD unless otherwise noted. One-way ANOVA was used to analyze the data. Statistically significant

differences were defined as p values less than 0.05. All significant differences were represented by symbols. ‘*’ means p value < 0.05,

‘**’ means p value < 0.01, ‘***’ means p value < 0.001, ‘****’ means p value < 0.0001.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum or is not part of any clinical trial.
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