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Abstract
Plant-induced resistance plays a crucial role in the plant defense system by activating intrinsic immune 
mechanisms. In this study, a novel amidase- and redox-responsive codelivery nanosystem was developed by 
covalently linking salicylic acid (SA) to functionalized disulfide-doped mesoporous silica nanoparticles (MSNs-
ss-NH2) for the efficient delivery of SA and bioavailable silicon concurrently. Physicochemical characterization 
confirmed the successful preparation of MSNs-ss-SA, demonstrating its structural integrity and glutathione and 
amidase responsive degradation mechanism. With a particle size of approximately 90 nm, MSNs-ss-SA could 
penetrate the stomata of rice leaves, facilitating the efficient intracellular transport of SA and bioavailable silicon. 
Biological activity assays revealed that MSNs-ss-SA exhibited superior efficacy in inducing resistance to rice sheath 
blight compared to conventional SA, which was primarily due to its ability to enhance physical barrier formation, 
strengthen antioxidant defense systems, upregulate the expression of key defense-related genes, and increase 
chitinase synthesis, collectively triggering both systemic acquired resistance and induced systemic resistance. Most 
importantly, biological safety assessments confirmed its excellent compatibility with rice plants, aquatic organisms, 
soil ecosystems, and human cell models. Therefore, the prodrug system of SA and bioavailable silicon shows a 
significant potential for sustainable agricultural plant disease management.
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Introduction
Plant diseases pose a significant threat to the growth, 
yield, and quality of field crops, presenting consider-
able challenges to global agricultural productivity and 
food security [1]. Conventional chemical pesticides 
play a critical role in controlling plant diseases, thereby 
ensuring crop yield and food security [2, 3]. However, it 
is concerning that over 800,000 tons of chemical fungi-
cides were applied globally in 2021, and more than 90% 
of pesticides are lost to the surrounding environment 
through processes such as drift, biodegradation, surface 
runoff, photolysis, and evaporation, leading to significant 
resource waste and negative environmental impacts [4–
6]. Therefore, it is still a great challenge to develop eco-
friendly plant immune inducers to minimize chemical 
fungicide usage and reduce environmental risks.

Plant immune inducers are emerging as a sustainable 
green strategy for plant disease management, offering 
an eco-friendly alternative to traditional plant disease 
control methods [7, 8]. Upon exposure to these induc-
ers, plants rapidly activate their intrinsic immune defense 
mechanisms to induce systemic acquired resistance 

(SAR) throughout the entire plant, thereby enhancing its 
immunity resistance against pathogen invasion [9–11]. 
Salicylic acid (SA), a key endogenous signaling molecule 
in plant immunity, mediates several defense mechanisms, 
including the activation of SAR, the induction of disease 
resistance gene expression, the strengthening of physi-
cal defense barriers, the activation of antioxidant defense 
systems, and the promotion of chitinase synthesis, which 
collectively contribute to the effective defense of plants 
against pathogens [12]. Despite its potent immune-
inducing effects on plants, high concentrations of SA can 
adversely affect plant growth [13–15]. Moreover, SA is 
rapidly metabolized within plants via glycosylation path-
ways, resulting in a short duration of action, which limits 
its effectiveness and widespread application in agricul-
tural fields [16–19]. Therefore, developing effective strat-
egies to reduce the toxicity of SA to plants, improving its 
delivery efficiency within plant tissues, and enhancing its 
bioavailability are of significant theoretical and practical 
importance for reducing the dependence on chemical 
fungicides and promoting sustainable crop production.
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Rice, a silicon-accumulating crop, stores more than 
10% silica in its stem and leaf dry weights, which is ten 
times greater than that of nitrogen and twenty times 
greater than that of phosphorus [20, 21]. Studies have 
demonstrated that the exogenous application of inor-
ganic silica nanoparticles could induce disease resistance 
at the physiological, biochemical, and molecular levels 
by significantly increasing the available silicon content in 
rice plants [22–25]. At the physiological level, the depo-
sition of silica in the epidermal cell walls of rice leaves 
and stems forms a physical barrier that hinders or delays 
pathogen infection [26]. Biochemically, silica stimulates 
rice to rapidly produce defense compounds such as phe-
nolics, flavonoids, lignin, callose, and plant toxins, while 
also increasing the activity of defense enzymes such as 
peroxidase, phenylalanine ammonia-lyase, polyphe-
nol oxidase, lipoxygenase, and β-1,3-glucanase [27]. At 
the molecular level, silica enhances the expression of 
defense-related genes associated with the SA, jasmonic 
acid (JA), and ethylene (ET) pathways, thereby enhancing 
the disease resistance of rice plants [28]. However, sev-
eral studies have reported that larger nanoparticle sizes 
may reduce the conductivity efficiency within plants [29]. 
Additionally, high concentrations of silica nanoparticles 
can cause aggregation in leaf tissues, block stomata, dis-
rupt leaf transpiration, and lead to chlorosis [30]. There-
fore, it is critical to improve the utilization efficiency of 
silica on leaf surfaces.

Disulfide-doped mesoporous silica nanoparticles 
(MSNs-ss-OH) with a high specific surface area exhibit 
excellent degradable properties, allowing organic sili-
con to decompose into small fragments containing both 
organic and inorganic silicon molecules in a reduc-
tive environment, thus facilitating better absorption 
and transport within plants [31–34]. In addition, the 
abundant hydroxyl functional groups on the surface of 
MSNs-ss-OH allow for various chemical modifications, 
enabling loading of different types of immune inducers, 
which enables the controlled release of immune inducers 
and bioavailable silicon concurrently, addressing com-
mon issues such as uneven release and excessive toxicity 
often encountered in traditional pesticide delivery meth-
ods [35–39]. Therefore, MSNs-ss-OH are an ideal carrier 
for loading plant immune inducers, offering significant 
potential for agricultural applications.

Glutathione, a thiol-containing antioxidant widely 
present in plant cells, plays a crucial role in the degra-
dation of disulfide bonds in pesticide delivery systems, 
which has been utilized for the in vivo transport of plant 
immune inducers [29, 40, 41]. Amidase can hydrolyze 
amide compounds into corresponding acids and amines, 
which is abundant in rice plants and is usually used to 
detoxify amide herbicides [42–44]. In this study, a dual 
stimuli-responsive prodrug nanosystem (MSNs-ss-SA) 

was synthesized by conjugating SA to functionalized 
disulfide-doped mesoporous silica nanoparticles (MSNs-
ss-NH2) via amide bonds to facilitate the efficient deliv-
ery of SA and bioavailable silicon concurrently. The 
synthesized MSNs-ss-SA were extensively characterized, 
and its biological activity was systematically evaluated 
using rice plants and rice sheath blight disease as target 
models. The study revealed the relationships between the 
concentrations of SA and bioavailable silicon and their 
respective impacts on biological activity, physical barri-
ers, defense-related enzyme activities, and endogenous 
hormone contents. Additionally, the safety profile of the 
prodrug nanosystem, and its potential effects on rice 
yield and quality were also explored.

Experimental
Materials
Salicylic acid (SA, purity 98.0%), cetyltrimeth-
ylammonium p-toluenesulfonate (CTAT), 
bis(trimethoxysilylpropyl)disulfide (BTSPD), tetraethyl 
orthosilicate ester (TEOS), ammonium nitrate, and 
3-Aminopropyltrimethoxysilane (APS) were purchased 
from Tianjin Heowns Biochemical Technology Co., Ltd. 
(Tianjin, China). Amidase (from Pseudomonas aerugi-
nosa, with hydroxamate transferase activity ≥ 200 units/
mg protein, molecular weight around 228 kDa) and glu-
tathione were obtained from Sigma-Aldrich Co., LLC (St. 
Louis, MO, USA). Triethylamine, triethanolamine (TEA), 
thionyl chloride, methanol, ethanol, isopropanol, tolu-
ene, dichloromethane, N,N-dimethylformamide (DMF), 
Tween 80, hydrochloric acid (HCl), sodium hydrox-
ide, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 
acid (HEPES), glycerol, ethylenediaminetetraacetic acid 
(EDTA), glutathione, magnesium chloride (MgCl2), 
dithiothreitol (DTT), trichloroacetic acid (TCA), thio-
barbituric acid (TBA), potassium dihydrogen phosphate 
(KH2PO4), hydroxylamine hydrochloride, hydrogen per-
oxide (H2O2), ascorbic acid (AsA), bovine serum albumin 
(BSA), β-mercaptoethanol, L-methionine, nitroblue tet-
razolium (NBT), riboflavin, Triton X-100, polyvinylpyr-
rolidone (PVP), guaiacol, and acetic acid were acquired 
from Sinopharm Chemical Reagent Co., Ltd. (Beijing, 
China). Chromatographic grade acetonitrile and formic 
acid were purchased from Tedia Company Inc. (Fairfield, 
OH, USA). The deionized water (18 MΩ/cm) used in the 
experiment was obtained from a Milli-Q water purifica-
tion system (Millipore, Milford, MA, USA).

Synthesis of the organosilane-salicylic acid prodrug 
nanosystem (MSNs-ss-SA)
Synthesis of MSNs-ss-OH
Typically, 0.15  g of TEA and 0.6  g of CTAT were dis-
solved in 40 mL of deionized water and stirred at 85  °C 
for 30  min. And then, a mixture of TEOS (3  g) and 
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BTSPD (1  g) was gradually added under continuous 
vigorous stirring. After 4  h, the resulting product was 
collected by centrifugation and refluxed in a 1.5% ammo-
nium nitrate solution for 12 h to remove the CTAT tem-
plate. This refluxing step was repeated twice, followed by 
centrifugation, and washing with ethanol. The surfactant-
free MSNs-ss-OH were dried under vacuum at 85 °C.

Synthesis of MSNs-ss-NH2
The synthesized MSNs-ss-OH (500  mg) were dispersed 
in 100 mL of toluene via ultrasonication. The reaction 
mixture was heated to 90  °C and stirred for 3  h, fol-
lowed by the addition of 500 µL of APS. The suspension 
was then cooled to room temperature and stirred for an 
additional 1  h. The mixture was reheated to 90  °C and 
refluxed under nitrogen for 24 h. Afterward, the product 
was cooled, washed three times with anhydrous ethanol, 
and dried under vacuum to yield amino-functionalized 
MSNs-ss-OH (MSNs-ss-NH2).

Synthesis of salicyl chloride (SAC)
A total of 2.56 g of SA was placed in a single-neck flask 
equipped with a magnetic stirrer bar. The flask was then 
purged with nitrogen gas for 20  min to ensure an oxy-
gen-free environment. Thionyl chloride (6.50 mL) was 
then added to the flask, followed by the slow addition of 
6 drops of DMF to catalyze the reaction. Furthermore, 
the mixture was stirred at 55 °C for 12 h refluxed at 80 °C 
for 36 h. After cooling the product to room temperature, 
the remaining thionyl chloride was removed by repeated 
additions of toluene under vacuum conditions. Finally, a 
translucent pale-yellow oil was obtained with a yield of 
98.81% (2.81 g), which was identified as salicyl chloride. 
The product did not require further purification and was 
ready for use in subsequent reactions.

Synthesis of MSNs-ss-SA
To synthesize the MSNs-ss-SA, 0.5  g of MSNs-ss-NH2 
was dispersed in 37.5 mL of toluene (MSNs-ss-NH2). The 
dispersion was then purged with nitrogen gas for 30 min 
to ensure an oxygen-free environment. Afterward, 1.2 
mL of triethylamine was added to the mixture. The 
mixture was then cooled to 0  °C, and a toluene-dichlo-
romethane mixture (v/v, 3:1) solution containing 0.8  g 
of SAC was added dropwise. After stirring the reaction 
mixture at room temperature for 48 h, the product was 
separated by centrifugation. The solid was then washed 
twice with toluene, followed by multiple washes with eth-
anol to remove any remaining free SA and triethylamine 
hydrochloride. The MSNs-ss-SA were obtained by drying 
under vacuum at 90 °C.

Characterization
The morphological characteristics of the samples were 
acquired by using a FEI Tecnai 12 transmission electron 
microscope (TEM) (Philips, Eindhoven, Netherlands) 
operating at an acceleration voltage of 120  kV. Energy-
dispersive X-ray spectroscopy (EDX) was performed on 
a Tecnai G2 F30 TEM (Philips, Eindhoven, Netherlands) 
equipped with a 300 kV acceleration voltage for analyz-
ing the elemental composition of the samples. The crys-
talline phases of the samples were analyzed via powder 
X-ray diffraction (XRD) using a Bruker D8 Advance dif-
fractometer (Bruker Co. Ltd., Karlsruhe, Germany) with 
Cu Kα radiation (λ = 1.5418 Å). The functional groups 
present in the samples were identified by Fourier-trans-
form infrared spectroscopy (FTIR) using a Nicolet iS20 
spectrometer (Thermo Fisher Scientific, Waltham, MA, 
USA) in transmission mode with KBr pellet prepara-
tion. The hydrodynamic size and surface charge of the 
samples were conducted with a Nano-ZS90 Nanosizer 
(Malvern Instruments, Malvern, UK). The content of 
SA in the MSNs-ss-SA was quantified using thermo-
gravimetric analysis (TGA) on an SDT-Q600 analyzer 
(TA Instruments-Waters LLC, New Castle, DE, USA) 
under a nitrogen atmosphere, with heating from room 
temperature to 800 °C at a rate of 10 °C/min. X-ray pho-
toelectron spectroscopy (XPS) was performed on a 
Thermo ESCALAB 250Xi spectrometer (Thermo Fisher 
Scientific, Waltham, MA, USA) to investigate the ele-
mental composition and chemical states of the samples. 
Nitrogen adsorption-desorption isotherms at 77 K were 
measured using a Micromeritics TriStar sorptometer 
(Micromeritics Instrument Corporation, Norcross, GA, 
USA) to measure the specific surface area, pore size dis-
tribution, and pore volume of the samples. The specific 
surface area was calculatedusing the Brunauer-Emmett-
Teller (BET) method, while the Barrett-Joyner-Halenda 
(BJH) method was employed to analyze the pore size 
distribution and pore volume. The chemical structure 
of the MSNs-ss-SA was further characterized using ¹³C 
magic angle spinning nuclear magnetic resonance (¹³C 
MAS NMR) spectroscopy on a Bruker AVANCE III 400 
WB spectrometer (Bruker BioSpin GmbH, Rheinstetten, 
Germany) at 400  MHz, with a 4  mm rotor spinning at 
6.5 kHz. The concentration of bioavailable silicon in the 
samples was analyzed by inductively coupled plasma 
mass spectrometry (ICP-MS; NexION 2000, Perki-
nElmer, Waltham, MA, USA).

Loading efficiency of SA
Approximately 5  mg of MSNs-ss-OH, MSNs-ss-NH2, 
and MSNs-ss-SA were individually placed in platinum 
pans and heated to 800 °C under a nitrogen atmosphere. 
The loading efficiency (LE) of SA in MSNs-ss-SA can be 
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calculated using the following formula based on the TGA 
results:

	 LE (%) = (M3 − M2) × 100� (1)

where M2 is the weight loss of MSNs-ss-NH2, and M3 is 
the weight loss of MSNs-ss-SA.

Amidase and glutathione-mediated degradation of MSNs-
ss-SA
The MSNs-ss-OH containing disulfide bonds can be 
degraded through reduction reactions with reducing 
agents, resulting in the formation of thiol-containing 
organosilicon fragments [45]. Similarly, the amide bonds 
between SA and amino groups in MSNs-ss-SA can be 
cleaved by amidase, leading to the release of SA [46]. To 
investigate the degradation processes of MSNs-ss-SA, 
TEM was used to observe their breakdown in the pres-
ence of 100 U/L amidase and 8.0 mM glutathione. The 
samples were collected, drop-cast onto Formvar-coated 
copper grids, dried, and then visualized at predetermined 
time points (0, 1, 3, 7, 10, and 14 d).

Controlled release kinetics
The release behaviors of SA and bioavailable silicon from 
MSNs-ss-SA were systematically investigated under vari-
ous conditions using a dialysis-based method [47]. The 
prodrug nanosystem was degraded in different solutions 
at 25 °C to simulate the intracellular environment of rice 
plants. Typically, a 2.0 mL dispersion containing glutathi-
one (8.0 mM) or amidase (100 U/L) of MSNs-ss-SA was 
enclosed in a dialysis bag with a molecular weight cutoff 
of 3500 Da (Thermo Scientific, USA). The dialysis bag 
was then immersed in 48 mL of deionized water supple-
mented with either glutathione (8.0 mM) or amidase (100 
U/L), and stirred continuously at 100 rpm at room tem-
perature for 14 d. To assess the combined effect of both 
stimuli, an additional experiment was conducted using 
a mixed solution of glutathione (8.0 mM) and amidase 
(100 U/L). At predetermined time points, aliquots were 
removed from each sample, and an equivalent volume of 
fresh glutathione or amidase solution was added to main-
tain consistent experimental conditions. The collected 
samples were filtered through a 0.22 μm membrane. The 
released concentrations of SA and bioavailable silicon 
were quantified using HPLC and ICP-MS, respectively. 
Deionized water was used without the addition of glu-
tathione or amidase were used to evaluate the baseline 
release of SA and bioavailable silicon from MSNs-ss-SA. 
All the experiments were conducted in triplicate.

The release data of SA and bioavailable silicon from 
MSNs-ss-SA were analyzed using zero-order (2), first-
order (3), Higuchi (4), Ritger-Peppas (5), and Weibull (6) 
models, respectively [48]:

	
Zero-order model : Mt

Mz
= kt� (2)

	
First-order model:

Mt

Mz
= 1 − e−kt� (3)

	
Higuchi model:

Mt

Mz
= kt

1
2 � (4)

	
Ritger-Peppas:

Mt

Mz
= ktn� (5)

	
Weibull model:

Mt

Mz
= 1 − e−( t

β )k

� (6)

where Mt is the amount of SA or bioavailable silicon 
released at time t; Mz is the total amount of SA or bio-
available silicon in the prodrug nanosystem; k is the 
release constant; and n is the release exponent indicative 
of the SA or bioavailable silicon release mechanism from 
MSNs-ss-SA; and β and k are kinetic constants.

Uptake and transportation in rice plants
TEM was used to evaluate the penetration and transloca-
tion behaviors of MSNs-ss-SA in rice [49]. At the booting 
stage of rice, 1.0 mM of MSNs-ss-SA solution was evenly 
sprayed onto the first fully expanded leaf while ensuring 
that the droplets did not contact other leaves. The con-
trol group was treated with an equal volume of deionized 
water. After 24 h, the third fully expanded leaf was col-
lected, and small leaf Sect. (1 mm × 2 mm) were excised 
and fixed in 2.5% glutaraldehyde at 4  °C overnight. The 
samples were then rinsed with 0.1 mol/L phosphate buf-
fer (pH 7.2) and subsequently fixed with 1% osmium 
tetroxide. Following fixation, the samples were dehy-
drated through a graded ethanol series, replaced with 
acetone, and subsequently infiltrated and embedded in 
epoxy resin. Ultrathin sections were prepared using an 
ultramicrotome and placed on copper grids. TEM was 
used to visualize and image the samples, and the distribu-
tion of MSNs-ss-SA in the rice cells was analyzed.

Effects on rice resistance-related physical barriers
Callose staining and content quantification in rice stems
For the histochemical analysis of callose deposition in 
rice stems, fresh stem segments were fixed in FAA solu-
tion (formalin-acetic acid-ethanol) for 24  h. After fixa-
tion, the samples were decolorized with 70% ethanol to 
eliminate chlorophyll, followed by thorough rinsing with 
distilled water. The decolorized tissues were then stained 
with 0.05% (w/v) aniline blue prepared in 0.07 M potas-
sium phosphate buffer (pH 9.0) and incubated in the dark 
for 2 h. Subsequently, the stained samples were mounted 
on microscope slides and visualized under a fluorescence 
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microscope (Zeiss Axio Imager M2, Carl Zeiss Micros-
copy GmbH, Jena, Germany) equipped with UV excita-
tion at 365 nm. Callose deposits were identified by their 
characteristic bright blue fluorescence. Digital images 
were captured using an integrated imaging system to 
evaluate callose deposition levels.

The deposition of callose in the plants was quantified 
using the method described by Piršelová et al. [50]. To 
determine the callose content in the rice stems, 0.5 g of 
stem tissue was collected and incubated in 2 mL of 98% 
ethanol (v/v) for 1  h. The excess ethanol was removed, 
and the stems were homogenized in liquid nitrogen. The 
homogenized tissue was transferred to 5 mL tubes con-
taining 1 mL of 1  M NaOH and incubated at 80  °C for 
15 min. After cooling to room temperature, the samples 
were centrifuged to remove particulates. The callose con-
tent was quantified using aniline blue staining, followed 
by fluorometric measurement with an F-7000 fluores-
cence spectrophotometer (Hitachi High-Tech Corpora-
tion, Tokyo, Japan). Each treatment and control included 
three independent biological replicates.

Lignin content quantification in rice stems
The content of lignin in rice stems was determined using 
the method described by Chang et al. [51]. Typically, a 
total of 10  mg of dried tissue was placed in a test tube, 
followed by the addition of 1 mL of 25% acetyl bromide in 
acetic acid. The mixture was heated at 70 °C for 30 min. 
After cooling to room temperature, 0.9 mL of 2 M NaOH, 
5 mL of acetic acid, 0.1 mL of 7.5  M hydroxylamine 
hydrochloride, and an additional 3 mL of acetic acid were 
added sequentially. The solution was centrifuged at 1,000 
× g for 5 min, and the absorbance of the supernatant was 
measured at 280 nm to determine the lignin content.

Greenhouse experiment
Rice plants (Oryza sativa L. cv. Lemont) were cultivated 
in sterilized soil in an artificial climate chamber under 
30/26°C day/night temperatures, with a photoperiod of 
14  h (40,000  lx) and 95 ± 5% relative humidity until the 
booting stage. The plants were then treated with SA, 
MSNs-ss-OH, MSNs-ss-OH and SA, or MSNs-ss-SA. 
Three days after treatment, five tillers per plant were 
inoculated with Rhizoctonia solani (R. solani, YN-7). The 
experimental greenhouse conditions were maintained at 
30 °C for the 14 h light period and 28 °C for the 10 h dark 
period. Lesion length in the rice stems was measured 
to evaluate the influence of different treatments on rice 
resistance to sheath blight at 14 d post-inoculation. The 
experiment was repeated three times, with 20 plants used 
for each repetition.

RNA isolation and gene expression profile analysis
Approximately 100  mg of fresh rice stems from differ-
ent treatment groups were collected at 14 d after inocu-
lation with R. solani. The stem samples were placed into 
2.0 mL centrifuge tubes containing 5 mm shaking beads 
and immediately frozen in liquid nitrogen. The frozen 
samples were then ground into a fine powder using a tis-
sue grinder (Shanghai Jingxin, China). Total RNA was 
extracted using the TRIzol method, and the extracted 
RNA was reverse-transcribed into cDNA using the HiS-
cript II Q RT SuperMix for qPCR (+ gDNA wiper) kit 
(Vazyme, China). Quantitative real-time PCR (qRT-PCR) 
was conducted using the ABI Viia™ 7 Real-Time PCR 
System (Applied Biosystems, USA) with ChamQ SYBR 
qPCR Master Mix (Vazyme, China). The sequences of 
primers used in the analysis were provided in Table S1. 
The qRT-PCR protocol was as follows: 50  °C for 120  s, 
95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 
60  °C for 30  s. After that, a melting curve analysis was 
performed with the following steps: 95 °C for 15 s, 60 °C 
for 60 s, and 95 °C for 15 s. eEF1α was used as the house-
keeping gene, and the relative expression levels of target 
genes were calculated using the 2−ΔΔCT method. Each 
sample was analyzed with three biological replicates and 
three technical duplications.

Phytohormone extraction and analysis
Fourteen days after inoculation with R. solani, 0.15 g of 
fresh rice stem tissue was transferred into a 2 mL cen-
trifuge tube. Four 5  mm shaking beads were added to 
each tube, followed by immediate freezing in liquid 
nitrogen. The samples were subsequently ground into 
a fine powder using a TissueLyser (Jingxin, Shanghai, 
China). After homogenization, 1 mL of extraction solu-
tion (isopropanol: H₂O: HCl = 2:1:0.002) was added, 
and the mixture was sonicated for 30 min at 4 °C in the 
dark using a KQ5200DE ultrasonic cleaner (Kunshan 
Shumei Ultrasonic Instruments, Suzhou, China). The 
samples were centrifuged at 15,000  rpm for 2  min at 
4  °C using an Eppendorf 5424R centrifuge (Eppendorf 
SE, Hamburg, Germany), and the resulting supernatant 
was subjected to HPLC-MS/MS analysis. All analyses 
were conducted using a 1260 Agilent Technologies sys-
tem (Agilent Technologies Inc., Santa Clara, CA, USA) 
equipped with a binary pump and vacuum degasser, and 
a Varian 410 Prostar autosampler (Varian Inc., Palo Alto, 
CA, USA) with a 10 µL injection loop. The system was 
coupled to a Thermo Scientific TSQ-4600 triple quad-
rupole mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA). HPLC separation was performed 
using a Phenomenex Kinetex F5 (100 × 2.1 mm, 2.6 μm) 
(Phenomenex Inc., CA, USA) at a flow rate of 0.2 mL/
min, with the column temperature maintained at 40  °C 
using an Agilent column thermostat. The mobile phases 
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consisted of solvent A (H₂O containing 0.1% formic acid) 
and solvent B (acetonitrile). The HPLC gradient program 
was as follows: 0–1 min, 90% A; 1–6 min, 90 to 45% A; 
6–8 min, 45 to 0% A; 8–10 min, 0% A; 10–11 min, 0–90% 
A; 11–15  min, 90% A. Samples were ionized using an 
electrospray ionization (ESI) source in negative ion 
mode. SA and JA were quantified using multiple reac-
tion monitoring (MRM). The fragment ion m/z values 
were 137.1/93.1 and 209.1/59.2. Argon was used as the 
collision gas, with the pressure set to 2 mbar for all the 
experiments. Hormone levels were quantified from three 
independent biological replicates for each treatment.

Antioxidative activity
Fresh stem tissue (0.2  g) was homogenized at 60  Hz 
for 30  s using a tissue grinder. After homogenization, 
enzyme extraction buffer was added, and the mixture was 
vortexed for 15 s. The enzyme extraction buffer consisted 
of HEPES buffer (pH 7.8) supplemented with 20% (v/v) 
glycerol, 1 mM EDTA, 1 mM AsA, 1 mM glutathione, 5 
mM MgCl₂, and 1 mM DTT. The homogenate was centri-
fuged at 10,000 × g for 20 min at 4 °C, and the resulting 
supernatant was collected for subsequent analysis. For 
the malondialdehyde (MDA) assay, 4 mL of a TCA-TBA 
solution was mixed with 2 mL of the enzyme extract. For 
the control, 2 mL of extraction buffer was used instead of 
the enzyme extract. The reaction mixture was incubated 
in boiling water for 20  min and cooled to room tem-
perature. The cooled mixture was centrifuged at 4,000 
× g for 10  min, and the supernatant was collected. The 
absorbance of the supernatant was measured at 450, 532, 
and 600 nm using a spectrophotometer. Catalase (CAT) 
was extracted using 25 mM KH₂PO₄ buffer (pH 7.4). The 
reaction mixture consisted of 100 µL of supernatant and 
1,900 µL of 10 mM H₂O₂. The reaction was monitored at 
240  nm for 3  min, and the decrease in absorbance was 
recorded. The extinction coefficient of H₂O₂ was set as 
23.148 mM− 1 cm− 1, and the CAT activity was expressed 
accordingly. SOD was extracted using 50 mM phosphate 
buffer (pH 7.8) containing 0.1% (w/v) ascorbate, 0.1% 
(w/v) BSA, and 0.05% (w/v) β-mercaptoethanol. Superox-
ide dismutase (SOD) activity was determined indirectly 
via the inhibition of NBT reduction. The reaction mix-
ture contained 100 µL of enzyme extract, 1,900 µL of 50 
mM phosphate buffer (pH 7.8), 9.9 mM L-methionine, 57 
µM NBT, 0.0044% riboflavin, and 0.025% Triton X-100. 
The mixture was exposed to fluorescent light at 250 µmol 
m− 2 s− 1 for 20  min, and the absorbance was measured 
at 560 nm to determine SOD activity. Peroxidase (POD) 
was extracted using a 50 mM phosphate buffer (pH 7.0) 
containing 1% (w/v) PVP. The reaction mixture consisted 
of 50 µL of enzyme extract, 1.75 mL of 50 mM sodium 
phosphate buffer (pH 7.0), and 0.1 mL of 4% guaiacol. The 
reaction was initiated by adding 0.1 mL of 1% (v/v) H₂O₂. 

The increase in absorbance at 470 nm was recorded over 
2 min to calculate POD activity.

Safety assessment
Phytotoxicity on Oryza sativa seedlings
Typically, five uniformly germinated Oryza sativa L. 
cv. Lemont seeds were transferred to a plastic box 
(5.1 cm×6.4 cm×6.45 cm) filled with sterilized paddy soil. 
When the rice seedlings reached the three-leaf stage, 
the leaves were treated with different concentrations of 
MSNs-ss-SA (1.0, 2.0, 4.0 and 8.0 mM). Each treatment 
was replicated six times, with a control group treated 
with distilled water. The plants were then cultivated in an 
automatic illuminating incubator at 28 °C, and 70% rela-
tive humidity, with a 12-h light/12-h dark photoperiod. 
Seven days after treatment, key growth and physiological 
parameters were measured to determine the phytotoxic-
ity of MSNs-ss-SA to Oryza sativa seedlings.

Acute toxicity to Daphnia magna neonates
Daphnia magna is highly sensitive to aquatic toxicants, 
which is recognized as an internationally standardized 
indicator organism for evaluating the ecological safety of 
nanomaterials in aquatic environments [52]. The acute 
toxicity of SA to Daphnia magna neonates (< 24  h old) 
was measured according to the Organization for Eco-
nomic Cooperation and Development (OECD) standard 
procedure [53]. Various concentrations of SA and MSNs-
ss-SA (0, 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 mM) 
solutions were prepared. Ten neonates were placed in 
70  mm diameter glass Petri dishes containing 10 mL of 
the prepared solutions. The concentrations were stan-
dardized based on the SA content in both SA technical 
and MSNs-ss-SA. The organisms were not fed during the 
experiment. Neonates were exposed for 48 h at 20 ± 2 °C 
with a 16:8 h light-to-dark cycle. At the end of the expo-
sure period, the mortality rate was determined by count-
ing the number of deceased neonates in each Petri dish. 
Each treatment was replicated three times. The median 
lethal concentration (LC50) for the 48-h exposure was cal-
culated using probit analysis.

Acute toxicity to Eisenia fetida
Eisenia fetida, an important bioindicator for soil health, 
is highly sensitive to soil pollutants [54]. The acute tox-
icity of SA and MSNs-ss-SA to Eisenia fetida was eval-
uated using standard artificial soil tests [55]. The sandy 
artificial soil was composed of 10% ground sphagnum 
peat, 20% kaolin clay, and 70% industrial fine sand. The 
SA and MSNs-ss-SA were incorporated into 500  g of 
this soil to create treatments with different active ingre-
dient concentrations (50, 100, 200, 400, 800, 1600, and 
3200  mg/kg). The soil moisture content was adjusted 
to 35% of its maximum water-holding capacity. The SA 
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content in both SA technical and MSNs-ss-SA was stan-
dardized based on the mass of SA. The treated soils were 
placed into 1  L glass beakers, and ten pre-acclimated 
earthworms were introduced into each beaker. The con-
trol group was treated with an equal volume of deionized 
water. The beakers were sealed with perforated polyvinyl 
chloride polymer film and maintained at 20 ± 2  °C with 
80-85% relative humidity and 400–800  lx light intensity. 
After 14 d, mortality was recorded, and the LC50 for Eise-
nia fetida was calculated using log-probit analysis.

Apoptosis assay in human hepatocyte L02 cells
To evaluate the cytotoxicity of MSNs-ss-SA, apoptosis 
in human hepatocyte L02 cells was quantified via flow 
cytometry. Cells in the logarithmic growth phase were 
seeded into 6-well plates at a density of 1 × 105 cells/mL 
and cultured for 24  h. Subsequently, cells were treated 
for 24  h with free SA (1.0 mM), MSNs-ss-SA (1.0 mM 
SA equivalent), or DMEM medium (untreated control). 
After treatment, cells were washed three times with ice-
cold PBS, detached using trypsin, and centrifuged at for 
5 min. Cell pellets were resuspended in 100 µL of binding 
buffer and stained with 5 µL Annexin V-FITC and 10 µL 
propidium iodide (PI) in the dark for 15 min, with gentle 
resuspension every 5 min. Apoptotic profiles were ana-
lyzed using a BD FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, USA), and data were processed 
with FlowJo v10 software. Quadrants were defined as 
follows: necrotic cells (Annexin V⁻/PI⁺, Q1), late-stage 
apoptotic cells (Annexin V⁺/PI⁺, Q2), early apoptotic cells 
(Annexin V⁺/PI⁻, Q3), and viable cells (Annexin V⁻/PI⁻, 
Q4).

Effects on rice yield and quality
Grain yield and yield components
The field experiment was conducted from May 2024 to 
November 2024 at the College of Agriculture, Yangzhou 
University (32°34′N, 119°40′E). Field trials were con-
ducted in a humid subtropical monsoon climate, with an 
average annual temperature of 14.8  °C, average annual 
precipitation of 1262.2  mm, and a frost-free period of 
approximately 220 d. The physicochemical properties 
of the paddy soil (0–20  cm) were as follows: pH 6.87, 
organic matter content of 12.6 g/kg, total nitrogen con-
tent of 9.4 g/kg, available nitrogen content of 73.3 mg/kg, 
available phosphorus content of 85.6  mg/kg, and avail-
able potassium content of 103.1 mg/kg.

To evaluate the potential of MSNs-ss-SA for agricul-
tural applications, two rice varieties with different levels 
of resistance to sheath blight were selected for this study. 
The highly susceptible indica variety Oryza sativa L. cv. 
Lemont and the highly resistant japonica variety Oryza 
sativa L. cv. Huruan 1212 were chosen to evaluate the 
effects of MSNs-ss-SA on rice quality and yield. Basal 

fertilizer was applied 7 d before transplanting rice seed-
lings, which consists of 235 kg/ha urea, 750 kg/ha super-
phosphate, and 300  kg/ha potassium chloride. Nitrogen 
supplementation was applied at the tillering, jointing, 
and panicle differentiation stages, with 118 kg/ha of urea 
administered at each stage to ensure adequate nitrogen 
availability. Irrigation and pest management were in 
accordance with standard local practices.

Seedlings at the 3.5-leaf stage were transplanted 
with a row spacing of 28 cm × 12 cm. Each experimen-
tal plot covered an area of 30  m², and the treatments 
were arranged in a randomized block design with three 
replicates per treatment. Sowing occurred on May 23, 
transplanting on June 16, and harvesting occurred on 
November 15. During the booting stage of the rice plants, 
the rice leaves were treated with different concentrations 
of MSNs-ss-SA (0.1, 1.0, and 4.0 mM), which were based 
on the concentration of SA. At maturity, 50 rice hills per 
treatment were systematically surveyed using a combina-
tion of fixed-point and random sampling methods. The 
number of panicles per hill was recorded and categorized 
to evaluate yield components. Key agronomic traits, 
including grains per panicle, seed-setting rate, thousand-
grain weight, and total yield, were systematically mea-
sured and recorded. The control group was treated with a 
0.25% Tween 80 solution without MSNs-ss-SA.

Grain quality
The grains were stored at room temperature for three 
months before evaluating their quality attributes. Rice 
processing, and nutrition were assessed using standard-
ized methodologies [56]. Processing quality parameters, 
including the brown rice rate, milled rice rate, head rice 
rate, chalky grain rate, and chalkiness degree, were evalu-
ated using conventional milling techniques and image 
analysis. The brown rice and milled rice rates were deter-
mined by calculating the percentage of dehulled and 
polished rice relative to the total grain weight. The head 
rice rate was measured as the proportion of intact ker-
nels (≥ 75% of the original grain length) in the milled rice. 
The chalky grain rate and chalkiness degree were quan-
tified using a chalkiness scanner (SC-E Rice Chalkiness 
Meter, Wanshen, Hangzhou, China) to assess both the 
proportion and intensity of chalkiness in the rice grains. 
The protein content was measured using the Kjeldahl 
method, whereas the amylose content was analyzed via 
iodine colorimetry [57, 58].

Data analysis
All the statistical analyses were conducted using SPSS 
23.0 statistical analysis software (SPSS, Chicago, IL, 
USA). The data were analyzed by the Duncan multiple 
range test (p < 0.05) and expressed as the mean ± standard 
deviation (SD) for all the experiments.
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Results and discussion
Preparation and characterization of MSNs-ss-SA
The detailed synthesis processes of MSN-ss-SA are illus-
trated in Fig. 1A. First, SAC was synthesized via the reac-
tion of SA with thionyl chloride, activating the carboxyl 
group for subsequent chemical modifications. And then, 
the disulfide-bridged mesoporous silica nanoparticle 
(MSN-ss-OH) was prepared via a hydrothermal method, 
using TEOS and BTSPD as silane sources, CTAT served 
as the template, and TEA as the catalyst. After removing 
the surfactant (CTAT) in the channels of MSN-ss-OH, 
the surface and pores were aminated by reaction with 
APS, resulting in an amine-functionalized MSN-ss-OH 
(MSN-ss-NH2). Finally, the amino groups were conju-
gated with SAC by a nucleophilic substitution reaction, 
forming a bioavailable silicon-based prodrug nanosystem 
(MSN-ss-SA).  As illustrated in Fig. 2A, the MSNs-ss-OH 
exhibited a uniform spherical morphology with distinct 
mesoporous structures. At higher magnification in the 
TEM image, a well-defined central radial pore structure 

was clearly observed (Fig.  2D). After the modifica-
tion with amino groups on the surface of MSNs-ss-OH, 
the TEM images showed that the mesoporous chan-
nels were partially obscured by those functional organic 
compounds (Fig.  2B and E). After loading with SA, the 
pore structure of the MSNs-ss-SA became undetectable, 
which may be due to the entrapment of pesticide mole-
cules within the channels and on the surface of MSNs-ss-
NH2 (Fig. 2C and F). The average sizes of MSNs-ss-NH2 
and MSNs-ss-SA were 89.0 and 90.7  nm respectively, 
both of which are larger than the size of the blank MSNs-
ss-OH (86.5  nm). The averaged hydrodynamic sizes of 
MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA, deter-
mined by dynamic light scattering (DLS) measurements, 
were 161.1, 181.5 and 254.2  nm respectively (Table S2). 
The Z-average size was increased in each step, particu-
larly after the formation of MSNs-ss-SA, which is a sign 
for addition of SA. The size differences between the TEM 
and DLS measurements can be partly attributed to the 
larger hydrodynamic radius of the particles measured in 

Fig. 1  The synthesis processes of MSN-ss-SA and the mechanism for the controlled release of SA and bioavailable silicon from MSN-ss-SA (A). The pro-
posed mechanistic model for the MSNs-ss-SA-plant-pathogen interaction in the suppression of rice sheath blight (R. solani) (B)
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solution by DLS [59]. Some additional aggregation effects 
may have also contributed to the increased size observed 
in DLS measurements [60]. TEM mapping (Figs.  2G-
M) and EDX spectrum (Fig.  2N) further suggested that 

the O, Si, C, N, and S elements were uniformly distrib-
uted in the MSNs-ss-SA. The solid-state 13C MAS NMR 
spectrum of MSNs-ss-SA (Fig. S1) revealed resonances at 
43.23, 22.23, and 11.02 ppm, corresponding to the -CH2 

Fig. 2  TEM images of MSNs-ss-OH (A), MSNs-ss-NH2 (B) and MSNs-ss-SA (C); The images of (D), (E) and (F) were higher magnification of TEM images of 
(A), (B) and (C); Element mapping (G–M) of MSNs-ss-SA; EDX spectrum of MSNs-ss-SA (N)
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groups in the structure of MSNs-ss-SA [61]. Additionally, 
the characteristic peaks at 170.98 and 161.83 ppm were 
attributed to the carbonyl carbon in the amide bonds and 
the carbon of the benzene ring linked to a hydroxyl group 
respectively, indicating the successful grafting of SA 
onto MSNs-ss-NH2 via amide bonds [62].  Furthermore, 
the changes in the physical and chemical properties of 
MSNs-ss-SA during synthesis were systematically inves-
tigated. As shown in Fig. 3A, the XRD pattern of MSNs-
ss-OH exhibited a broad peak at approximately 2θ = 22.3°, 
with no discernible diffraction peaks, confirming its 

amorphous structure [63]. A comparison with the JCPDS 
file for pure silica nanoparticles indicated that the syn-
thesized MSNs-ss-OH did not contain any impurity 
peaks [64]. The introduction of amino groups and SA 
did not alter the diffraction pattern of MSNs-ss-OH, 
indicating that the modification process preserved the 
structural integrity of the prodrug nanosystem. The zeta 
potential variations of the prodrug nanosystem were also 
measured and shown in Fig.  3B. The zeta potential of 
MSNs-ss-OH was − 16.5 mV, which was attributed to the 
negative charge of the Si-OH groups on their surface. For 

Fig. 3  XRD patterns of MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (A); Zeta potential of MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (B); TGA analysis of 
MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (C); Survey scan XPS spectra of MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (D); Deconvolution of highreso-
lution XPS spectra for the N 1s peaks of MSNs-ss-NH2 (E); Deconvolution of high-resolution XPS spectra for the N 1s peaks of MSNs-ss-SA (F); FTIR spectra 
of MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (G); Nitrogen adsorption–desorption isotherms of MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (H); Pore 
size distribution of MSNs-ss-OH, MSNs-ss-NH2, and MSNs-ss-SA (I)
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MSNs-ss-NH2, the zeta potential was increased to + 36.4 
mV due to the replacement of Si-OH with C-NH2 groups 
[33]. When SA was grafted onto MSNs-ss-NH2, the zeta 
potential was reversed to − 21.3 mV, reflecting the shield-
ing effect of the phenolic hydroxyl groups in SA [65]. Fur-
thermore, the SA loading capacity of the prodrug delivery 
system was determined by TGA analysis. As depicted in 
Fig. 3C, the weight loss of MSNs-ss-OH was 18.0%, which 
was attributed to the decomposition of organic com-
pounds and the evaporation of water molecules. After 
APS modification, the weight loss of MSNs-ss-NH2 was 
increased to 23.1%. Following chemical coupling with SA, 
the weight loss was further increased to 35.1%. Based on 
more weight loss of MSNs-ss-SA compared with MSNs-
ss-NH2, the loaded amount of SA was calculated to be 
12.0% in the MSNs-ss-SA. To further investigate the 
changes in elemental composition and electronic states 
of MSNs-ss-OH during chemical modification, XPS anal-
ysis was performed [66]. As illustrated in Fig. 3D, the sur-
vey spectrum of MSNs-ss-OH presented characteristic 
peaks at 103.4, 164.42, and 285.39  eV, corresponding to 
Si 2p, S 2p, and C 1s, respectively. Following the grafting 
of APS, a new nitrogen peak at 401.23 eV confirmed the 
successful formation of MSNs-ss-NH2. High-resolution 
N 1s XPS spectra of MSNs-ss-NH2 and MSNs-ss-SA fur-
ther confirmed the nature of the nitrogen species (Fig. 3E 
and F). MSNs-ss-NH2 exhibited three characteristic 
peaks at 401.32, 400.47, and 399.04 eV, which correspond 
to NH3

+, C-N, and NH2, respectively [67]. In contrast, 
MSNs-ss-SA showed two peaks at 401.48 and 399.55 eV, 
corresponding to N-H and N-C = O, respectively [68]. 
These results indicated that SA was successfully grafted 
onto MSNs-ss-NH2 via amide bonds (Fig. 3F). The chem-
ical modification processes of MSNs-ss-OH were fur-
ther characterized using FTIR spectroscopy (Fig.  3G). 
Compared to the MSNs-ss-OH, MSNs-ss-NH2 dis-
played two characteristic peaks at approximately 1488 
and 1570  cm− 1, corresponding to N-H stretching and 
bending vibrations respectively, indicating the successful 
introduction of amino groups [69]. After the conjugation 
of SA, a new peak at 1597 cm− 1 was observed, which was 
attributed to the C = C stretching vibration of the benzene 
ring [70]. In addition, a peak at 1303 cm− 1 was assigned 
to C-OH (phenolic) stretching, indicating the success-
ful attachment of SA to MSN-ss-NH2 [71]. The variation 
of surface area and average pore size during the process 
of modification were also monitored by N2 adsorption-
desorption isotherms (Fig. 3H and I, Table S2). The bare 
MSNs-ss-OH exhibited the typical type IV isotherm, 
with a BET surface area of 460.97 m2/g, a pore volume 
of 1.07 cm3/g, and an average pore size of 9.34 nm. After 
amino modification, the BET surface area of MSNs-ss-
NH2 was significantly decreased to 115.48  m2/g, with a 
pore volume reduction to 0.61 cm3/g. Further decreases 

were observed for MSNs-ss-SA, indicating successful 
loading of SA for MSNs-ss-NH2. 

Release kinetics
Controlled release of SA
As shown in Fig. 4A, a small amount of SA (6.50%) was 
released from MSNs-ss-SA over a period of 14 d in the 
absence of glutathione and amidase, suggesting that 
SA was primarily anchored onto the MSNs-ss-NH2 by 
chemical grafting. The cumulative release of SA in 8.0 
mM glutathione rose to 49.84% over 14 d, which could 
be attributed to the susceptibility of the disulfide bonds 
within the MSNs-ss-SA framework to cleavage under 
reductive microenvironment conditions, resulting in the 
structural disintegration of MSNs-ss-SA and the signifi-
cant release of the loaded SA [72]. With the introduction 
of amidase into the MSNs-ss-SA dispersion, the release 
of SA from MSNs-ss-SA exhibited a significant accel-
eration, achieving a cumulative release of 91.30% within 
14 d. More importantly, under the combined influence 
of glutathione and amidase, the release rate of SA was 
further enhanced. This was primarily attributed to the 
erosion of the MSNs-ss-SA scaffold and the cleavage of 
amide bonds, indicating its dual-responsive performance 
to both redox and amidase stimuli, which enables the 
controlled release of SA.

Controlled release of bioavailable silicon
As shown in Fig. 4B, in the absence of glutathione, only 
8.29% cumulative release of bioavailable silicon in ami-
dase solution was observed, whereas in the presence of 
glutathione, 67.41% of bioavailable silicon was released 
over 14 d. Compared with amidase-treated MSN-ss-SA, 
glutathione treatment significantly enhanced the release 
rate of bioavailable silicon. Further investigation into 
the combined effect of amidase and glutathione on the 
release rate of bioavailable silicon revealed that, under 
both stimuli, the release rate was significantly acceler-
ated, with 70.51% of bioavailable silicon released after 14 
d. This was primarily attributed to the cleavage of amide 
bonds in MSNs-ss-SA, which increased the hydrophilic-
ity of the carriers, thereby accelerating the degradation 
of disulfide bonds in the MSN-ss-OH by glutathione and 
promoting the release of bioavailable silicon [73].

The release mechanism
To further investigate the release mechanism of MSNs-
ss-SA, the release kinetics of SA and bioavailable silicon 
were analyzed using zero-order, first-order, Higuchi, 
Ritger-Peppas, and Weibull models. The parameters and 
regression coefficients (r²) of each model are shown in 
Tables S3-S4. The release of SA was well-described by the 
Weibull model under various conditions (Table S3), with 
regression coefficients consistently >0.997. The diffusion 
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index values for MSNs-ss-SA were all <1.0, indicating 
that the release of SA follows an anomalous diffusion 
mechanism [74]. In contrast, the release of bioavailable 
silicon was best fitted to the Ritger-Peppas model (Table 
S4), which produced significantly higher regression coef-
ficients (r² > 0.994), demonstrating a strong alignment 

with the experimental release profiles. Moreover, the dif-
fusion index values for MSNs-ss-SA were all >0.89, sug-
gesting that the bioavailable silicon release was primarily 
attributed to erosion of the framework [75].

Fig. 4  Release profiles of SA from MSNs-ss-SA in the presence of glutathione and amidase (A); Release profiles of bioavailable silicon from MSNs-ss-SA 
in the presence of glutathione and amidase (B); In vitro degradation of MSNs-ss-SA in a mixture solution containing 8.0 mM glutathione and 100 U/L 
amidase (C)
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In vitro biodegradation
As shown in Fig.  4C, the MSN-ss-SA framework began 
to disintegrate after one day of incubation under ami-
dase and glutathione conditions. As the time went on, 
progressive dissolution of certain nanoparticles was 
observed, with significant degradation noted by day 7. 
Following exposure to an 8.0 mM glutathione and 100 
U/L amidase mixture solution for 14 d, the MSN-ss-SA 
framework was almost entirely eroded, and no intact 
spherical nanoparticles were observed. This finding sug-
gested that the free thiol groups in glutathione effectively 
cleave the disulfide bonds within the framework, thereby 
facilitating the degradation of the MSN-ss-SA structure 
and promoting the release of SA and bioavailable silicon.

Uptake and translocation in rice plants
As depicted in Fig. 5A, rice leaf cells treated with deion-
ized water maintained intact and well-preserved cellu-
lar structures, including clearly defined cell walls (CW), 
cell membranes (CM), chloroplasts (Chl), and protoplast 

granules (PG), with no detectable MSNs-ss-SA. In con-
trast, the TEM images in Fig. 5B revealed the intracellu-
lar distribution of MSNs-ss-SA within rice leaf cells. The 
treated cells retained structural integrity, with MSNs-
ss-SA primarily localized in vacuoles (VAC), cell walls 
(CW), and chloroplasts (Chl). Furthermore, after being 
sprayed on the upper leaves, MSNs-ss-SA was detected in 
the lower leaves, indicating its high penetration efficiency 
and rapid translocation capacity in rice plants. These 
findings demonstrated that MSNs-ss-SA could efficiently 
penetrate rice cell walls and achieve targeted localiza-
tion within cellular organelles. This efficient translocation 
significantly enhanced the utilization of SA and bioavail-
able silicon within the rice plants, thereby inducing SAR 
throughout the plant [76, 77]. 

Effects on induced resistance in rice plants
As illustrated in Fig.  6, lesion lengths were measured 
14 d after inoculation. The results demonstrated that at 
an SA concentration of 0.1 mM, none of the treatments 

Fig. 5   TEM images of rice leaves after treatment with deionized water (A) and MSN-ss-SA (B). Red arrows indicate the localization of MSNs-ss-SA. Abbre-
viations: Chl refers to chloroplast; VAC refers to vacuole; CM refers to cell membrane; CW refers to cell wall; and PG refers to protoplasmic granule vesicles
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Fig. 6  Images of disease severity and statistical histogram of lesion length in the rice cultivar Lemont. Rice plants at the booting stage were treated with 
SA, MSNs-ss-OH, MSNs-ss-OH and SA, or MSNs-ss-SA, followed by inoculation with the sheath blight pathogen (R. solani) three days post-treatment. Treat-
ments were performed with SA concentrations of 0.1 mM (A), 1.0 mM (B), and 4.0 mM (C). Error bars represent SD and different capital letters represent 
significant differences (p < 0.05)
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significantly induced resistance to sheath blight in rice. 
In contrast, at higher concentrations of 1.0 mM and 4.0 
mM, the MSNs-ss-SA treatment resulted in 46.67% and 
50.09% reduction in lesion length, respectively, compared 
with those of the control treatment. These findings indi-
cate that the MSNs-ss-SA treatment had a greater ability 
to induce resistance to sheath blight in rice plants com-
pared with the other treatments. The observed differ-
ences in resistance induction between MSNs-ss-SA and 
the other treatments could be explained as follows: (1) 
MSNs-ss-NH2 grafted with SA via amide bonds could 
control the releases of SA under the action of rice-spe-
cific amidase, thereby extending its retention time in 
rice [78]; (2) the amidase and glutathione present in rice 
plants facilitated the degradation of MSNs-ss-SA to syn-
chronize the release of SA and bioavailable silicon, which 
synergistically enhanced the disease resistance of plants 
[79].

Effects on rice resistance-related physical barriers
To achieve an optimal balance between cost-effectiveness 
and efficacy in managing sheath blight, a concentration 
of 1.0 mM MSNs-ss-SA was used in subsequent experi-
ments to investigate its mechanism on enhancement of 
rice disease resistance. Rice plants at the booting stage 
were treated with SA, MSNs-ss-OH, MSNs-ss-OH 
and SA, or MSNs-ss-SA, followed by inoculation with 

the sheath blight pathogen (R. solani) three days after 
treatment.

Impacts on Callose deposition
To assess callose deposition, rice stem sections were 
stained with aniline blue and then observed under fluo-
rescence microscopy 7 d after inoculation. As shown in 
Figs. 7A-E, all the treatments significantly increased the 
callose deposition values in the phloem. Compared to the 
water-treated control, callose deposition was increased 
by 1.07-fold in SA treated plants, 1.11-fold in MSNs-ss-
OH treated plants, and 1.18-fold in MSNs-ss-OH and 
SA treated plants. Notably, MSNs-ss-SA treatment led to 
the highest enhancement, with callose deposition reach-
ing approximately 1.3-fold greater than that of the con-
trol (Fig. 7F). These results indicated the effectiveness of 
both MSNs-ss-OH and SA in promoting callose deposi-
tion in rice stems. Therefore, the obtained nanosystem 
facilitated the simultaneous, controlled release of SA and 
bioavailable silicon, further enhancing callose deposition 
and reinforcing the defense of rice against plant patho-
gens [80, 81].

Effects on lignin content
Lignin, a critical component of the secondary cell wall, 
plays an essential role in reinforcing the mechanical 
integrity of the cell wall, thereby forming an effective 
physical barrier against pathogen invasion [82]. In this 

Fig. 7  Rice plants at the booting stage were treated with water (control) (A), SA (B), MSNs-ss-OH (C), MSNsss-OH and SA (D), or MSNs-ss-SA (E), followed 
by inoculation with the sheath blight pathogen (R. solani) three days after treatment. At seven days postinoculation, callose deposition patterns in rice 
stem tissues were analyzed. Rice stems were processed using paraffin embedding and sectioning, followed by staining with aniline blue dye (pH 8). Scale 
bar: 100 μm. Relative content of callose (F), relative content of lignin (G), and relative expression level of the chitinase gene (H) in rice stems. Error bars 
represent SD and different capital letters represent significant differences at p < 0.05 (Duncan test)
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study, the lignin content in rice stems was measured 
using spectrometric analysis at 7 d after inoculation with 
R. solani. As shown in Fig. 7G, compared with the control 
treatment, SA, MSNs-ss-OH, MSNs-ss-OH and SA, and 
MSNs-ss-SA treatments significantly increased the lig-
nin content. Specifically, lignin levels were increased by 
1.19-fold in SA treated plants, 1.25-fold in MSNs-ss-OH 
treated plants, 1.50-fold in MSNs-ss-OH and SA treated 
plants, and 1.73-fold in MSNs-ss-SA treated plants, 
respectively. The MSNs-ss-SA treatment resulted in the 
highest lignin content increase (1.73-fold) among all 
treatments, likely due to the synergistic release of active 
components such as SA and bioavailable silicon, which 
substantially activated lignin biosynthesis pathways in 
rice plants [83, 84].

Chitinase gene expression
Chitinase plays a pivotal role in plant disease resistance 
by degrading fungal cell walls [85]. To investigate the 
molecular mechanism underlying the immune enhance-
ment mediated by MSNs-ss-SA, the expression level of 

chitinase-related gene in rice stems was analyzed. As 
shown in Fig.  7H, all the treatments upregulated chi-
tinase gene expression compared to the control, with 
MSNs-ss-SA inducing the most significant increase 
(> 3-fold). These results indicated that MSNs-ss-SA sig-
nificantly enhanced the expression of chitinase-related 
gene through the synergistic release of SA and bioavail-
able silicon, thereby effectively degrading pathogen cell 
walls and reinforcing rice immunity [86]. 

Effects on hormone content
SA and JA are essential endogenous plant hormone sig-
naling molecules that play pivotal roles in inducing plant 
defense responses and enhancing inherent resistance to 
plant diseases [87]. As illustrated in Fig.  8A and B, the 
SA, MSNs-ss-OH, and MSNs-ss-OH and SA treatments 
resulted in increases in the SA and JA contents, rang-
ing from 27.90 to 59.65% and 48.14–116.11%, respec-
tively. Notably, the MSNs-ss-SA treatment induced the 
most significant increase in both SA and JA contents, 
with a 99.06% increase in SA and a 213.85% increase in 

Fig. 8  Rice plants at the booting stage were treated with SA, MSNs-ss-OH, MSNs-ss-OH and SA, or MSNs-ss-SA, followed by inoculation with the sheath 
blight pathogen (R. solani) three days after treatment. Fourteen days post-inoculation, the endogenous SA content (A), JA content (B), MDA content (C), 
SOD activity (D), POD activity (E), and CAT activity (F) in rice stems were quantified. Error bars represent SD and different capital letters represent significant 
differences at p < 0.05(Duncan test)
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JA compared with that of control group. The increase in 
both hormones was likely attributed to the controlled-
release mechanism of the prodrug nanosystem.

Effects on the antioxidative system
To evaluate the effects of MSNs-ss-SA on the antioxida-
tive defense system in rice, the key indicators of lipid per-
oxidation (such as the MDA content) and the activities 
of critical antioxidant enzymes (SOD, POD, and CAT) 
were quantified in rice stems [88]. As shown in Fig. 8C, 
all the treatments significantly reduced the MDA levels in 
the rice stems. Notably, the MSNs-ss-SA treatment had 
the most pronounced effect, with MDA levels decreas-
ing by 70% with that in the control group, suggesting its 
effective alleviation of pathogen-induced damage to plant 
cells. Furthermore, MSNs-ss-SA demonstrated the most 
significant enhancement in antioxidative activity, with 
SOD, POD, and CAT activities increasing by 62.79%, 
37.48%, and 75.42%, respectively, compared with that in 
the untreated control plants (Figs.  8D-F). The applica-
tion of MSNs-ss-SA effectively mitigated the detrimental 
effects of pathogen infection on membrane lipid peroxi-
dation and the antioxidative defense system in rice.

Regulation of disease resistance genes in rice
To investigate the regulatory effects of different treat-
ments on rice disease resistance, this study quantitatively 
analyzed the expression levels of key genes in the SA and 
JA signaling pathways, which are closely related to plant 
immunity. The SA pathway plays a crucial role in SAR, 
while the JA pathway is primarily associated with ISR 
[89, 90]. Specifically, the expression levels of SA-related 
genes (OsPR1a and OsWRKY45) and JA-related genes 
(OsAOS2 and OsJAMYB) were quantitatively analyzed 
under different treatment conditions. The results dem-
onstrated that all the treatments significantly upregulated 
these defense-related genes, with the MSNs-ss-SA treat-
ment resulting in the highest levels of gene expression. 
In the SA pathway, compared to the control group, the 
SA, MSNs-ss-OH, MSNs-ss-OH and SA, and MSNs-
ss-SA treatments increased OsPR1a expression by 50%, 
60%, 70%, and 100%, respectively (Fig.  9A). Similarly, 
OsWRKY45 expression was upregulated by 50%, 75%, 
100%, and 150% in the respective treatments (Fig.  9B). 
The pronounced upregulation of these SA-responsive 
genes suggested an enhanced SAR response in rice 
plants. In the JA pathway, all the treatments significantly 
increased the expression of OsAOS2 and OsJAMYB, key 
genes involved in ISR activation. Compared with that 
in the control, OsAOS2 expression increased by 100%, 
200%, 300%, and 400% in the SA, MSNs-ss-OH, MSNs-
ss-OH and SA, and MSNs-ss-SA treatment groups, 
respectively (Fig.  9C). Similarly, OsJAMYB expression 
was enhanced by 50%, 75%, 100%, and 150% across the 

different treatments (Fig.  9D). These findings indicated 
that JA-mediated defense responses were significantly 
strengthened, particularly under the MSNs-ss-SA treat-
ment. Overall, this study confirmed that MSNs-ss-SA 
effectively modulated rice disease resistance by simulta-
neously activating the SA and JA pathways. The substan-
tial upregulation of OsPR1a and OsWRKY45 supported 
an enhanced SAR, while the increased expression of 
OsAOS2 and OsJAMYB reinforced ISR. These findings 
indicate that MSNs-ss-SA induced strong activation of 
the SAR and ISR, significantly enhancing plant resistance 
to pathogens via a prodrug nanosystem-mediated dual 
hormone signaling mechanism.

Based on the above findings, the proposed mecha-
nism by which MSNs-ss-SA enhances disease resis-
tance in rice is illustrated in Fig. 1B. When MSNs-ss-SA 
(approximately 90 nm in size) are applied to rice leaves, 
they are rapidly absorbed through the stomata, resulting 
in efficient cellular entry and uniform tissue distribution. 
Within the plant, MSNs-ss-SA undergo gradual degra-
dation mediated by endogenous amidase and glutathi-
one, which cleave the amide and disulfide bonds in their 
framework. This degradation facilitates the controlled, 
simultaneous release of SA and bioavailable silicon. The 
released SA and silicon synergistically reinforce struc-
tural defense mechanisms by increasing callose and lig-
nin deposition, activating the antioxidant defense system 
(SOD, POD, and CAT), and upregulating defense-related 
genes (OsPR1a, OsWRKY45, OsAOS2, and OsJAMYB). 
These molecular responses activate the SAR and ISR of 
rice plants, thereby significantly enhancing their resis-
tance to pathogens.

Biosafety evaluation
To evaluate the environmental safety of MSNs-ss-SA, 
comprehensive assessments were conducted using Oryza 
sativa, Daphnia magna, Eisenia fetida, and human hepa-
tocyte L02 cells as representative model organisms for 
plants, aquatic systems, soil ecosystems, and human 
health, respectively. As shown in Figs.  10A-D, no sig-
nificant differences were observed in the chlorophyll 
content, shoot height, shoot fresh weight, or shoot dry 
weight of rice seedlings treated with various concentra-
tions of MSNs-ss-SA compared with that in the water 
treatment (control). At an SA concentration of 8.0 mM 
within MSNs-ss-SA, no phytotoxic effect was observed, 
demonstrating its excellent safety for rice plants. In the 
case of Daphnia magna (Fig. 10E), a model organism for 
aquatic environments, both SA and MSNs-ss-SA exhib-
ited dose-dependent toxicity. However, the LC50 value of 
MSNs-ss-SA was determined to be 1.98 mM, approxi-
mately six times greater than that of free SA (LC50 = 0.336 
mM), indicating a significant reduction in toxicity due 
to the grafting of SA molecules onto MSNs-ss-NH2. 
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Similarly, in the soil model organism Eisenia fetida 
(Fig.  10F), MSNs-ss-SA (LC50 = 861.28  mg/kg) demon-
strated significantly lower toxicity compared to free SA 
(LC50 = 166.38  mg/kg), which reduced their acute toxic-
ity on non-target soil organisms by approximately five-
fold. More importantly, the cytotoxicity of MSN-ss-SA 
and free SA was further evaluated in human hepatocyte 
L02 cells (Figs.  10G-I). At the same SA concentration, 
cell viability (Q4 represents viable cells) in the MSN-ss-
SA treatment (92.8%) was slightly lower than the water 
control (93.4%) but higher than the SA treatment (92.1%). 
The total apoptosis rate (Q2 and Q3, represent late-stage 

apoptotic cells and early apoptotic cells) for MSN-ss-SA 
(6.23%) was marginally elevated compared to the water 
control (5.42%) but remained lower than free SA (7.12%). 
These results indicate that the prodrug nanosystem has 
excellent safety in plants, aquatic organisms, soil ecosys-
tems, and human cell models, making it a promising can-
didate for sustainable disease management.

Effects on rice yield and quality
As shown in Table S5, as the concentration of MSNs-
ss-SA increased, both rice varieties showed higher 
yields, with a significant increase observed at higher 

Fig. 9  Rice plants at the booting stage were treated with SA, MSNs-ss-OH, MSNs-ss-OH and SA, or MSNs-ss-SA, followed by inoculation with the sheath 
blight pathogen (R. solani) three days after treatment. Fourteen days post-inoculation, the relative gene expression levels of OsPR1a (A), OsWRKY45 (B), 
OsAOS2 (C), and OsJAMYB (D) in rice stems were measured. The gene expression levels were normalized using eEF1α (AB013606) as an internal control. 
Error bars represent SD and different capital letters represent significant differences at p < 0.05(Duncan test)
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concentrations (1.0 mM and 4.0 mM), ranging from 10.10 
to 16.92%. This yield improvement was closely correlated 
with increases in the seed setting rate (1.98–5.34%) and 
1,000-grain weight (1.13–1.66%). MSNs-ss-SA likely 
enhanced the stress tolerance of rice plants and improved 
the nutritional supply to the grains, thereby promot-
ing grain filling and plumpness, in turn increasing the 
1,000-grain weight and seed setting rate. However, owing 
to the pre-determined number of panicles per unit area 
and grains per panicle at the booting stage, MSNs-ss-SA 
showed a limited impact on these parameters.

Further investigation of the effect of MSNs-ss-SA on 
rice quality (Table S6) revealed an increase in the whole 
milled rice rate at higher concentrations, particularly at 
1.0 mM and 4.0 mM, with a significant improvement 
of 5.98–8.63%. However, no significant changes were 
detected in the brown rice rate, milled rice rate, chalky 
grain rate, chalkiness degree, protein content, or amy-
lose content at all concentrations. The observed yield 
improvement may correlate with enhanced stress toler-
ance and nutrient allocation, though further field trials 
are required to confirm these mechanisms. However, its 

Fig. 10  Effects of foliar application of MSNs-ss-SA on the physiological and growth parameters of rice seedlings, including the leaf SPAD value (A), shoot 
height (B), shoot fresh weight (C), and shoot dry weight (D). Concentration-response curves for mortality occurrence (%) in Daphnia magna after 2 d of 
treatment with SA and MSNs-ss-SA (E), and in Eisenia fetida after 14 d of treatment with SA or MSNs-ss-SA (F). The ratio of apoptotic and necrotic cells in 
human hepatocyte L02 cells after treatment with control (G), SA (H), and MSNs-ss-SA (I). Error bars represent SD and different capital letters represent 
significant differences at p < 0.05(Duncan test)
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direct impact on intrinsic quality parameters, such as 
the brown rice rate, milled rice rate, chalky grain rate, 
chalkiness degree, protein content, and amylose content 
remain limited, as these traits are largely influenced by 
genetic factors, environmental conditions, and cultiva-
tion practices.

Conclusions
In this work, an amidase- and redox-responsive mesopo-
rous silica-based prodrug (MSNs-ss-SA) was developed 
for the controlled and efficient delivery of SA and bio-
available silicon. The synthesized nanosystem was sys-
tematically characterized using TEM, element mapping, 
EDX spectroscopy, ¹³C MAS NMR, XRD, zeta potential, 
FTIR, XPS, nitrogen adsorption-desorption, and TGA 
analysis. The nanosystem, with a size of approximately 
90  nm, readily penetrated the stomata of rice leaves, 
where amidases and glutathione in the plant degraded 
the disulfide and amide bonds, triggering the sustained 
release of SA and bioavailable silicon within plant cells. 
By prolonging the duration of SA -induced disease resis-
tance in plants, the nanosystem enhanced various plant 
defense mechanisms, including reinforcement of physical 
barriers (lignin and suberin deposition), upregulation of 
antioxidant defense enzymes (POD, SOD, and CAT), the 
activation of defense-related genes (OsPR1a, OsWRKY45, 
OsAOS2, and OsJAMYB), and the stimulation of chitinase 
synthesis. These actions collectively induced both SAR 
and ISR in rice, leading to long-term immune protection 
against plant diseases. Additionally, MSNs-ss-SA dem-
onstrated excellent safety for both target and nontarget 
organisms, while also improving rice yield and processing 
quality. Therefore, the prodrug nanosystem provides an 
innovative and sustainable approach for modern agricul-
tural disease management by enhancing crop resistance 
to pathogens and reducing reliance on chemical pesti-
cides. Although this study highlights the potential of the 
MSNs-ss-SA nanosystem in enhancing disease resistance 
in rice, several limitations must be addressed to advance 
its translational application. First, the experiments were 
conducted using a single crop model (Oryza sativa L. cv. 
Lemont), and it is unclear whether the findings can be 
applied to other plant species or different rice varieties. 
Second, while the research focused on short-term effects 
under controlled greenhouse conditions, it lacks valida-
tion through field trials in different regions with vary-
ing environmental conditions (e.g., different soil types, 
temperatures, and rainfall). Such trials are necessary to 
evaluate the effectiveness and long-term environmental 
impact of the nanosystem. Finally, although the nano-
system controls diseases by boosting plant immunity, its 
slower action compared to conventional chemical fun-
gicides limits its utility in rapid pathogen outbreak sce-
narios. Addressing these limitations will determine how 

effectively nanotechnology can be incorporated into sus-
tainable pest management systems, ultimately balanc-
ing effectiveness, environmental safety, and economic 
feasibility.
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