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protect Physcomitrium patens against salt stress
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Abstract

logical management of bryophytes.

homeostasis, Calcium ion signaling

Mosses play a crucial role in environmental protection, ecological preservation, and horticulture. While the effects

of nanomaterials on angiosperms have been widely studied, their impact on bryophytes remains underexplored. In
this study, we investigated the effects of mesoporous silica nanoparticles (MSNs) and virus-like mesoporous silica
nanoparticles (VMSNs) on the model moss species Physcomitrium patens (P patens). Our results revealed that MSNs,
with an average size of approximately 123 nm, are nontoxic to P. patens and enhance its salt tolerance. The expression
of key genes involved in stress responses were significantly induced in MSN-treated plants under salt stress, includ-
ing peroxidase (POX), L-ascorbate oxidase (L-AO), alternative oxidase (AOX), and calcium-dependent protein kinase (CPK).
MSN treatment reduced the accumulation of H,0, and O, increased Ca“* signaling, and modulated reactive oxygen
species (ROS) homeostasis, collectively improving moss tolerance to salt stress. MSNs were observed on the cell sur-
face, in intercellular space, and within the cytosol and vesicles. They were transported bidirectionally between rhizoids
and apical leaves. This study provides novel insights into the distribution, transport, and functional mechanisms

of MSNs in mosses, offering a valuable foundation for the application of nanomaterials in plant stress biology and eco-
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Introduction

With the challenges posed by global climate change, both
the ecological environment and agricultural production
are under tremendous pressure (Wang et al. 2024). Soil
salinization poses a significant threat to plant growth and
development, severely impacting their ability to thrive in
environments and affecting the natural geographic dis-
tribution of plants. Unlike animals, plants are immobile
and must rely on their inherent mechanisms to adapt to
harsh conditions. Overtime, plants have evolved vari-
ous defense strategies to cope with severe environmental
challenges (Gong et al. 2020).

Salt stress affects plants at multiple levels, leading to
a cascade of responses that impact growth and devel-
opment. At the cellular level, salt stress often induces
lignin accumulation, disrupts pectin cross-linking, and
reduces cellulose content, potentially compromising
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cell wall integrity (Dabravolski and Isayenkov 2023). In
Nicotiana tabacum, salinized plants exhibit enlargement
of upper epidermal cells and a reduction in leaf succu-
lence, as evidenced by decreased leaf water content per
unit area, a lower fresh-to-dry weight ratio, and a faster
rate of water loss (Han et al. 2013). Physiologically, salt
stress significantly impairs photosynthesis. A significant
reduction in net photosynthetic rate, maximum photo-
chemical efficiency, or effective quantum yield of PSII
has been observed in species such as Physcomitrium
patens (P. patens), tobacco, and Arabidopsis, leading to
a decrease in fresh weight per growth area and reduced
pigment contents (Han et al. 2013; Xiao et al. 2021;
Zhuang et al. 2025). Furthermore, salt stress triggers the
production of reactive oxygen species (ROS) within plant
cells. While low concentrations of ROS serve as signal
molecules, excessive ROS such as superoxide radicals,
hydrogen peroxide, and hydroxyl radicals can disrupt cel-
lular functions, impairing plant growth and development.
To mitigate ROS induced damage, plants enhance their
antioxidant defense systems, including enzymes such as
superoxide dismutase (SOD), peroxidase (POX), cata-
lase (CAT), and nonenzymatic antioxidants, which help
improve tolerance to salt stress (Singh 2022). Moreo-
ver, salt stress disrupts ion homeostasis by affecting the
uptake and transport of sodium and potassium ions,
as well as maintaining their concentrations (Han et al.
2013; Zhang et al. 2018; Xiao et al. 2021). Calcium sign-
aling also plays a pivotal role in plants response to salt
stress, the calcium signaling pathway is highly conserved
in the studied terrestrial plants, and its sensor proteins
(such as CPKs) are widely involved in stress responses
(Manishankar et al. 2018; Xiao et al. 2021). Transcrip-
tomic and proteomic studies have further elucidated the
molecular mechanisms underlying salt stress tolerance.
Stress-responsive genes, including transcription factors,
salt-sensitive genes, ion homeostasis regulators, trans-
porters, and calcium-dependent protein kinases, and
stress-response genes, have been identified as potential
molecular markers for evaluating salinity stress in plants
(Grimplet et al. 2017; Li et al. 2017; Gao et al. 2018; Bork-
iewicz et al. 2020; Liu et al. 2024). Although plant adapta-
tion to salt stress can be improved by strategies such as
developing new salt-tolerant varieties through genetic
improvement, choosing and cultivating germplasm with
strong salt tolerance, and progress in these areas has
been relatively slow and is constrained by numerous fac-
tors. Therefore, it remains essential to identify effective
and safe methods to enhance plant salt tolerance.

In recent years, nanomaterials have emerged as key
players in agriculture, offering innovative solutions to
address practical challenges in agricultural production
(Zhou et al. 2021; Du et al. 2022). Nano-fertilizers and
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nano-pesticides, have shown positive effects on plant
growth and stress tolerance. For example, ZnO nano-
particles, when applied at optimal concentrations, can
improve plant germination and enhance stress tolerance,
alleviate toxicity induced by cadmium and aluminum in
plants such as pepper and soybean (Kolencik et al. 2020;
Zhang et al. 2024; Tahira et al. 2025). These nanoparti-
cles also increase chlorophyll content and enhance pho-
tosynthetic efficiency under environmental stresses.
Similarly, SiO, nanoparticles improve plant resilience to
drought, salt, and cold stress by promoting seed germi-
nation, biomass accumulation, and photosynthetic activ-
ity (Kalteh et al. 2014; Siddiqui et al. 2014; Bastias et al.
2014; Ashkavand et al. 2016; Du et al. 2022; Tang et al.
2012; Wang et al. 2023). However, the effects of nanopar-
ticles on plant growth are not always beneficial. Several
studies have reported adverse impacts, including reduced
growth, genotoxicity, cytotoxicity, and oxidative stress.
Nanoparticles like ZnO, MgO, MnO and Ag have been
shown to induce DNA strand breakage, generate ROS,
disrupt chloroplast structure, and impair growth (Ahmed
et al. 2017; Liang et al. 2018; Mangalampalli et al. 2018;
Ghosh et al. 2019). These dual effects highlight the
importance of a careful and comprehensive assessment
of nanoparticle applications to ensure their safety and
efficacy in agricultural production and environmental
protection.

Although significant progress has been made in under-
standing the impact of nanomaterials on crop plants,
studies on their effects in bryophytes remain limited.
Mosses, as early land plants, exhibit distinct differ-
ences from angiosperms in many respects. Their stress
response mechanisms (e.g., calcium signaling pathways)
are closer to the origin of plant evolution (Manishankar
et al. 2018), providing theoretical insights into nanomate-
rial-plant interactions. Plants have potential applications
in saline soil remediation (Salma et al. 2025), and clarify-
ing how nanomaterials enhance their salt tolerance will
guide the design of nanotechnologies for ecological resto-
ration. As a model organism for bryophytes, P. patens has
a well-established gene editing system, which facilitates
in-depth analysis of the molecular mechanisms underly-
ing -enhanced salt tolerance (Rensing et al. 2020). This
characteristic makes it an ideal candidate for exploring
the functional mechanisms of nanomaterials in plants.
They are structurally simple, lacking vascular tissue and
true differentiation of roots, stems, and leaves, with their
leaves typically consisting of a single layer of cells (Rens-
ing et al. 2020). Despite their structural fragility, mosses
exhibit remarkable adaptability to environmental stress
and play a critical role in ecosystems. Given their unique
physiological and ecological characteristics, mosses are
valuable not only as environmental monitoring plants,
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Scheme 1 Synthesis and Mechanism of Action of MSN/VMSN in Physcomitrium patens (P. patens). A Synthesis process of MSN and VMSN
nanoparticles. B Effects of MSN/VMSN treatment on the growth of P patens under salt stress. C Expression changes of relevant genes following MSN

treatment under salt stress. Created with BioGDPcom

but also for their ability to restore ecological balance,
significantly contributing to soil conservation and water
purification (Szczepaniak and Biziuk 2003; Gecheva
and Yurukova 2014; Fernandez et al. 2015). Although
SiO, nanoparticles show potential in improving salt
tolerance in higher plants (Rai-Kalal et al. 2021), the
transport mechanism, subcellular distribution, and func-
tional association of mesoporous silica nanoparticles
(MSNSs) in bryophytes (simple early land plants) remain
unknown. Specifically, there is a lack of direct evidence
on whether MSNs can enhance salt tolerance in mosses.
Given the fundamental differences in ion transport and
stress response mechanisms between mosses (devoid of
vascular tissues) and higher plants (Rensing et al. 2020),
conclusions from higher plant studies cannot be extrap-
olated to mosses. Thus, we highlighted the necessity of
exploring MSN mechanism in moss models. In recent
years, P patens has garnered increased attention as a
model system for study of bryophytes, owing to its exten-
sive genomic resources and advanced functional verifi-
cation techniques (Rensing et al. 2008, 2020). However,
the effects of nanoparticle exposure on P. patens remain
poorly understood, and the potential impact of moss on
broader ecological systems is yet to be fully explored.

In this study, MSNs were synthesized via an alka-
line-catalyzed hydrolysis method, while virus-like
mesoporous silica nanoparticles (VMSNs) were
obtained using a two-phase diffusion system. The mor-
phology of MSNs and VMSNs was characterized by
transmission electron microscopy (TEM), and their
size and dispersity were assessed by dynamic light scat-
tering (DLS). Both MSNs and VMSNs were applied
to P. patens gametophores under NaCl stress. Growth
area and survival rates were compared between the
nanoparticle-treated and control groups. The maxi-
mum quantum yields of photosystem II (PSII), reac-
tive oxygen species levels, and calcium signaling were
measured to assess the physiological responses in moss.
Fluorescein isothiocyanate labeled MSNs (MSN-FITC),
along with TEM observations, were used to investi-
gate the uptake, transport, and distribution of MSNs
within P, patens cells. RNA sequencing and quantitative
reverse transcription PCR (qRT-PCR) were performed
to explore the molecular mechanisms underlying. Our
results provide new ideas and insights for the appli-
cation of nanoparticles in plants, as illustrated in
Scheme 1.
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Results

Synthesis and characterization of MSN, VMSN

and MSN-FITC

In order to understand the effects of two kinds of nano-
silica with distinct morphologies on P patens, it was
crucial to first confirm the successful synthesis of these
nano-silicon structures. TEM imaging revealed that
MSN exhibited a porous spherical structure (Fig. 1A),
while VMSN displayed a characteristic spiky surface
morphology (Fig. 1B). After modification with FITC,
the morphological characteristics of MSN remained
unchanged, indicating that FITC can be used as a label
for tracking MSN within plant cells (Fig. 1C). Addition-
ally, all three types of nano-silica formulations exhibited
good dispersity (Fig. 1A and C). Statistical analysis of the
TEM results for the three types of nano-silicon revealed
that the dry-state particle sizes of MSN, VMSN, and
MSN-FITC were 64.84+5.41 nm, 62.49+6.10 nm, and
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63.99 £4.71 nm, respectively. As shown in Figure S1 and
Fig. 1D, there were no significant differences in their dry-
state particle sizes.

The hydrated particle size and surface potential of
MSN and VMSN nano-silica formulations were evalu-
ated using DLS (Fig. 1F and G). The mean hydrated par-
ticle sizes of MSN and VMSN were 123.11+1.39 nm and
184.04.+ 1.54 nm, respectively. The significant difference
in their hydrodynamic radii is attributed to their distinct
morphologies, which lead to different extents of surface
hydration.

Zeta potential measurements showed that both types
of nano-silica exhibited negative surface charges. The
zeta potential of MSN was —13.23+1.42 mV, and that of
VMSN was —15.70+1.51 mV (Fig. 1G), and there were
no significant differences in their zeta potential. These
results demonstrate that the successful preparation of
two nano-silica formulations with distinct morphologies
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Fig. 1 Characterization of MSN, VMSN and MSN-FITC. A-C TEM of MSN, VMSN and MSN-FITC. The insets in the top right of each panel show

images of nanoparticles in aqueous solution. D Average dry-state particle size of MSN, VMSN and MSN-FITC. E Fluorescence images of MSN-FITC
with different concentration. F Average hydrated particle size and polydispersity index (PDI) of MSN and VMSN. G Zeta potential measurements

of MSN and VMSN in aqueous solution. H UV-vis spectra of MSN, VMSN and MSN-FITC in ethanol. I Fluorescence excitation spectra and J emission
spectra of MSNs-FITC and free FITC in ethanol. K Fluorescence intensity of MSN-FITC at varying concentrations (Ex=490 nm, Em =520 nm). Asterisks
indicate the significant difference, ns indicates no significance, *** p <0.001 (two-way ANOVA)
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and undifferentiated zeta potential as well as dry-state
particle sizes. They are stable in aqueous solution.

Since the subsequent distribution and metabolism of
these nano-silica formulations in plants will be assessed
using FITC fluorescence, the spectral properties of MSN
and MSN-FITC were thoroughly evaluated. Fluores-
cence imaging of MSN-FITC was first performed using
an in vivo imaging system. As shown in Fig. 1E, MSN,
after being modified with FITC, exhibited excellent fluo-
rescence imaging properties, with the fluorescence sig-
nal intensity increased as the concentration increased.
UV-Vis spectroscopy further confirmed the success-
ful modification of FITC onto the surface of MSN, with
characteristic absorption peaks observed in the 450—
520 nm wavelength range (Fig. 1H).

Fluorescence excitation and emission spectra of MSN-
FITC and free FITC revealed that at the same concentra-
tion, the fluorescence intensity of MSN-FITC was over
1.5 times higher in excitation and over 1.4 times higher
in emission than that of FITC, respectively (Fig. 1I and
J). The results confirmed the successful conjugation
of FITC to the surface of MSN via chemical synthe-
sis without compromising its fluorescence properties.
Notably, MSN-FITC exhibited enhanced fluorescence
performance compare to free FITC (Fig. 11 and J), likely
due to the hydrophobic nature of FITC and the excellent
dispersibility of MSN. This finding suggested that FITC
modification can serve as an effective tracing tool of
MSN and further highlighted the superior dispersibility
of MSN. As shown in Fig. 1K, the fluorescence intensity
of MSN-FITC increases with its concentration, indicat-
ing that FITC fluorescence can be used for quantitative
analysis of nano-silica formulations. These findings are
consistent with those presented in Fig. 1E, confirming
that MSN showed excellent dispersibility and is an ideal
carrier for hydrophobic molecules.

Enhanced salt tolerance in P. patens via MSN and VMSN
application

To investigate the effects of MSN and VMSN on the
growth or physiological responses of P. patens under salt
stress conditions, we first examined the plant’s response
to various concentrations of NaCl (Figure S2). On day
10 of exposure, protonemata began to emerge in sam-
ples treated with lower NaCl concentrations (50 mM
and 150 mM), but at a slower rate compared to the con-
trol, indicating that these lower concentrations of NaCl
exerted a growth-inhibitory effect on P patens. Sam-
ples treated with 300 mM NaCl showed no noticeable
changes, suggesting that this concentration was sufficient
to suppress normal growth. In contrast, samples exposed
to 500 mM and 800 mM NacCl exhibited distinct whitish
discoloration by day 10, indicating severe damage, with

Page 5 of 18

plants turning white and dying at these high concen-
tration (Figure S2). Based on these results, we selected
500 mM NacCl, the lowest concentration causing signifi-
cant stress, as the concentration for testing the effects of
MSNs and VMSNs.

Next, different concentrations of MSN and VMSN were
applied to assess their effects on P. patens growth and salt
tolerance. The results showed that, in the absence of salt
stress, neither MSN nor VMSN had a significant impact
on plant growth or the Maximum quantum yield of pho-
tosystem II (Fv/Fm) photosynthetic rate (Fig. 2). After
treatment with 500 mM NaCl, plants without the appli-
cation of nanoparticles exhibited significant chlorosis,
with the Fv/Fm value dropping from 0.6158 +0.005559
to 0.3737+0.012972 by day 6. In contrast, plants treated
with MSNs at concentrations of 50 mg/L, 100 mg/L and
300 mg/L displayed improved tolerance to NaCl toxicity,
as evidenced by reduced chlorosis at both 10 and 15 days
(Figure S3A), and the Fv/Fm value was 0.4243 + 0.011606
at 6 days under 300 mg/L MSN treatment, significantly
higher than that of the untreated plants (Fig. 2B and C).
However, treatment with VMSN, regardless of concen-
tration, showed no substantial improvement over the
untreated controls (Figure S3B, Fig. 2B and C). These
results suggest that high-concentration MSN treatment
can effectively alleviate salt stress induced by 500 mM
NaCl in P, patens.

To further investigate the effects of MSNs and VMSNs
on the recovery of P patens after the removal of NaCl
stress, we compared the recovery process of plants placed
on BCD medium for 60 days following a 10-day exposure
to 500 mM NaCl (Fig. 3). The results showed that, after
experiencing NaCl stress, only 52.30% of the plants were
able to survive (Fig. 3A and D) and regain their photo-
synthetic capacity (Fig. 3B and C). In contrast, follow-
ing MSN and VMSN treatment, the survival rates after
recovery increased to 87.96% and 72.22%, respectively,
representing a 1.68 and 1.38 fold improvement com-
pared to the control group without nanoparticle treat-
ment. Meanwhile, the growth area of the surviving plants
was 36.40% of that observed in non-stressed plants, and
there was no significant difference in the growth area of
the surviving plants (Figure S4). Notably, MSN treatment
significantly enhanced the Fv/Fm of the plants after stress
relief (Fig. 3C) and promoted the recovery of P pat-
ens, further indicating the beneficial role of MSN in the
recovery process.

MSN alleviates salt stress by modulating ROS accumulation
and affecting calcium signaling

To investigate the role of MSN in enhancing salt stress
tolerance in P patens, we employed 3,3'-diaminobenzi-
dine (DAB) and nitro blue tetrazolium (NBT) staining to
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Fig. 2 Effects of MSNs and VMSNs on Physicomitrium patnes (P. patens) under NaCl stress. A Representative images of P, patens exposed

to 500 mM NaCl with MSN or VMSN treatment. Tips (2-3 mm) excised from one-month-old P patens gametophores were soaked in 300 mg/L

MSN or VMSN for 4 h and then washed with sterile water. The tips were transferred to BCD medium containing 500 mM NacCl, with 0 mM NaCl

as the control. Images were taken on day 10 of treatment. Scale bar=1 mm. B Representative images of chlorophyll fluorescence Fv/Fm parameter
of the plants under salt stress for 6 days. C Quantification of chlorophyll fluorescence Fv/Fm parameter under stress for 6 days. Data are presented
as means+SEM (n=15). Asterisks indicate the significant difference, ns indicates no significance, ** p <0.01 (two-way ANOVA)

assess changes in hydrogen peroxide (H,0,) and super-
oxide anion (O,-7) accumulation (Fig. 4A and B). In the
absence of salt stress, MSN treatment did not signifi-
cantly affect ROS accumulation, as indicated by staining
patterns similar to the mock condition, suggesting that
MOSN itself does not induce ROS accumulation signifi-
cantly. However, when plants were subjected to 500 mM
NaCl stress, both DAB and NBT staining revealed a sub-
stantial increase in ROS levels in the leaves, as evidenced
by darker staining. Notably, the leaves treated with MSN
exhibited reduced staining compared to untreated plants,
indicating a reduction in ROS accumulation (Fig. 4A and
B). This suggests that while NaCl induced substantial
accumulation of H,O, and O,-7, MSN treatment effec-
tively mitigated ROS buildup in the leaves of P. patens.
Calcium ions (Ca®*) are essential intracellular signal-
ing molecules, and their concentration changes directly
reflect cellular responses of plants to NaCl stress. To
investigate whether MSN influence Ca®*-mediated sign-
aling in P. patens under salt stress, real-time subcellular
Ca”" oscillations in P. patens were recorded using Ca*"
transient measurement (Fig. 4C and D). The MSN treat-
ment exhibited slightly elevated and sustained fluores-
cence intensity compared to the Mock treatment, which
showed a stable and gradual decline in fluorescence
intensity, suggesting an enhancement of basal calcium
signaling by MSN (Fig. 4C). Under NaCl treatment, the
MSN-pretreated plants displayed more pronounced and

dynamic changes in fluorescence intensity, character-
ized by a clear oscillatory pattern and higher peak values,
compared to MSN non-pretreated plants (Fig. 4D). This
indicates an amplified calcium signaling response to salt
stress when MSNs were applied. Overall, these results
suggest that MSNs can reduce ROS accumulation and
enhance the robustness of calcium signaling in P. patens
under NaCl-induced stress, highlighting their potential
role in modulating plant tolerance to salt stress.

MSNs are distributed on the cell surface, partially enters
cells and can be transported in vivo
To determine whether exogenously applied MSN can be
internalized by the cells of P. patens, we conjugated MSN
with a fluorescent marker (FITC) and observed its distri-
bution using confocal microscopy (Figure S5). After 4 h
of treatment with 9 mg/mL MSN-FITC, the FITC fluo-
rescence signal displayed a flocculent distribution, pri-
marily localized in the cytoplasm and potentially within
vacuoles or vesicles. The FITC signal did not exhibit sig-
nificant enrichment along cell contours, nor did it over-
lap with chloroplast autofluorescence. Furthermore, the
signal did not present as dot-like or filamentous struc-
tures typically associated with mitochondria (Figure S5).
To further confirm the localization of MSN nanopar-
ticles, we treated P patens leaves with 300 mg/L MSN
for 4 h and examined the samples using TEM (Fig. 5 and
Figure S6). TEM results revealed the presence of MSNs
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significant differences, *p < 0.05, **p < 0.01, ***p <0.001 (two-way ANOVA, Tukey test), ns indicates no significance

in the epicuticular wax layer, the cytoplasm, and vesicu-
lar structures. No MSNs were observed in the untreated
plants (Fig. 5A and C). In treated plants, MSNs were
not detected in the nuclei or chloroplasts (Fig. 5D and
E, Figure S6). These findings indicate that MSNs primar-
ily accumulate in the epicuticular wax layer of P. patens
leaves, and a smaller fraction of nanoparticles is internal-
ized into cells, where they are mainly localized in cyto-
plasmic vesicles.

To investigate whether MSNs can be transported
between cells and tissues within P. patens gametophores,
we treated either the rhizoids (basal structures of the
gametophore) or the apical leaves with 9 mg/mL MSN-
FITC and observed the distribution of FITC fluorescence
using confocal laser scanning microscopy after 4 and 24 h
of exposure (Fig. 6). At 4 h, the FITC fluorescence signals
were primarily localized in the treated tissue, either the
rhizoids or apical leaves. However, after 24 h, the gameto-
phores exhibited fluorescence signals in multiple tissues,
including untreated regions. Specifically, when rhizoids

were treated with MSN-FITC, fluorescence signals were
observed in the stem and apical leaves at 24 h (Fig. 6A).
Conversely, when apical leaves were treated, fluores-
cence signals were detected in the stem and rhizoids after
24 h (Fig. 6B). Taken together, these results indicate that
MSNs can be transported intracellularly and intercellu-
larly across different tissues of P. patens.

Transcriptional regulation of stress-responsive genes in P.
patens by MSN under NaCl treatment

To investigate the transcriptional changes induced by
MSN under NaCl stress in P patens, a comparative
transcriptomic analysis was performed. Detailed met-
rics summarizing clean reads, including clean reads
pairs, clean bases, read lengths, quality scores (Q20 and
Q30), and GC content, were provided in Table S2. The
sequencing data exhibited excellent quality, with Q20
and Q30 values exceeding 98% and 95%, respectively.
Following filtering, the high-quality base pairs exceeded
6x10° bps. Additionally, the Pearson correlation
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Fig. 4 Effect of MSNs on ROS accumulation and subcellular Ca®* oscillations in P patens under NaCl stress. A Representative images of P patens
leaf staining with 3, 3'-diaminobenzidine (DAB) to detect hydrogen peroxide accumulation after 6 days of 500 mM NaCl stress, with or without
300 mg/L MSN treatment. B Representative images of P. patens leaf staining with nitro blue tetrazolium (NBT) to detect superoxide anion
accumulation. Scale bar=1 mm. € Ca®* transients of P patens treated with 300 mg/L MSN. Tips excised from one-month-old P patens
gametophores were soaked in 300 mg/L MSNs for 4 h and washed using sterile water, with sterile water serving as the non-treated mock group.
D Ca’* transients of P patens treated with 300 mg/L MSN and under 500 mM NaCl. F, represents the initial fluorescence intensity. F represents

the real-time fluorescence intensity

heatmap of samples showed strong correlations (Figure
S7A), confirming high reproducibility among biological
replicates and the reliability of the transcriptomic data.

To identify DEGs modulated by MSN under NaCl
stress, thresholds of |log, (Fold Change)| >1.5 and
False Discovery Rate (FDR)<0.05 were applied. The
volcano plot revealed a total of 1008 DEGs, of which
455 were upregulated and 553 were downregulated in
MSN-treated plants compared to non-treated plants
under 500 mM NaCl stress (Figure S7B and Table S3).
GO enrichment analysis indicates that the DEGs were
primarily involved in “response to stimulus’, “metabolic
process’, “binding activity’, and “transporter activity”
(Figure S7C). KEGG pathway enrichment analysis fur-
ther highlighted significant pathways including “mem-
brane transport’, “signal transduction’, “energy
metabolism”, and “environmental adaptation” (Fig-
ure S7D). These findings suggest that MSN modulates
transcriptional responses in P. patens under salt stress
by promoting pathways involved in stress signaling,

oxidative stress mitigation, and metabolic regulation,
ultimately enhancing salt stress tolerance.

To further examine the role of specific stress-respon-
sive genes, key genes were selected based on their func-
tions in abiotic stress response. A heatmap (Fig. 7A)
showed that genes involved in ROS scavenging, such
as peroxidase (POX), L-ascorbate oxidase (L-AO) and
alternative oxidase (AOX), were significantly upregu-
lated in MSN-treated plants under NaCl stress, high-
lighting the enhanced antioxidant capacity provided
by MSN. Similarly, genes encoding heat shock proteins
and chaperones, including dnaj heat shock protein fam-
ily (HSP40) member CI13 (DNAJC13) and heat shock
protein 20 (HSP20), showed increased expression, indi-
cating improved protein stability and folding by MSN
under salt stress conditions. The calcium signaling-
related gene calcium-dependent protein kinase (CPK)
was also upregulated in MSN-treated plants, suggest-
ing amplified calcium-mediated signaling, which is
crucial for stress signal transduction. Additionally,
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Fig.5 TEM observation of MSN distribution in P patens leaves. A, B and C MSNs were not observed anywhere in the mock group. D, E and F MSNs
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were observed in the cuticular wax layer outside the cell wall, cytoplasm and vesicles. CW: Cell wall, Cyto: Cytoplasm, EWL: Epicuticular wax layer,
MVB: Multivesicular body. The red arrows indicate MSNs. Scale bars are provided in the figure

developmental and metabolic genes, such as lateral
organ boundaries domain protein (LBD20), PIN-
Formed proteins (PIN), UDP-glucuronosyltransferase
(UGT) and SALT SENSITIVE3 (S83), displayed elevated
expression, reflecting enhanced metabolic adjustments
and developmental regulation in the presence of MSN.
Stress marker genes, such as PRI, were also signifi-
cantly upregulated under salt stress with MSN treat-
ment, indicating enhanced defense responses.

To wvalidate the transcriptomic results, qRT-PCR
analysis was performed on selected DEGs (Fig. 7B).
Under salt stress conditions, expression levels of POX
(Pp6c4_10910), L-AO (Pp6c3_3840), AOX (Pp6c2_7190)
and CPK (Pp6c4_3920 and Pp6cl9_10470) were 7.56,
5.46, 3.66, 1.65 and 2.33 times higher, respectively, in
MSN treated plants compared to non-treated plants. Sim-
ilar results were observed for DNAJC13 (Pp6¢4._12980),
HSP20  (Pp6¢6_1990), dnak  (Pp6c2_6930 and
Pp6ci_12170), LBD20 (Pp6c¢3_14860 and Pp6¢ll_6380),
UGT64 (Pp6c5_1710), SS3  (Pp6c3_18420), PRI
(Pp6c25_5400) and PIN (Pp6cl4_4770), further sup-
porting the reliability of the transcriptomic data. These
results demonstrate that MSN enhances salt stress tol-
erance in P patens by modulating key stress-responsive
pathways, including ROS scavenging, calcium signaling,
and metabolic regulation. These findings provide insights
into the potential of MSN as an effective tool for improv-
ing plant resilience to abiotic stress.

Discussion

In this study, we explored the effects of two silica-based
nanomaterials, MSNs and VMSNs, on the model moss
species P. patens. We observed that MSNs were distrib-
uted on the cell surface of P. patens, with some nanopar-
ticles entering the cytoplasm and vesicles (Fig. 5). This
is consistent with previous studies where nanoparticles,
including MnONP and ZnO, were found to accumulate
on the cell wall even after washing (Ghosh et al. 2019;
Motyka et al. 2019b). In higher plant species, SiNPs have
also been shown to accumulate on plant surfaces, form-
ing a physical barrier that may protect plants from stress
(Merwad et al. 2018; Li et al. 2023). Our findings further
revealed that MSNs not only accumulated in the cuticle
wax layer outside the cell wall but also penetrated cells
and were transported within the gametophyte tissues
(Figure S6, Figs. 5 and 6). While previous studies in other
plant species, such as wheat, Arabidopsis, and rice, sug-
gest that nanoparticles may enter plant cells through
stomata, hydrophilic pores, or by directly damaging the
cuticle (Nadiminti et al. 2013; Larue et al. 2014; Avellan
et al. 2019; El-Shetehy et al. 2021), P patens lacks sto-
mata in its gametophyte leaves (Caine et al. 2016), leav-
ing the exact mechanism of MSN entry into moss cells
unclear. Nevertheless, similar phenomena have been
observed in other studies. For instance, nanoparticles
such as nano-TiO, and ZnO showed increased uptake
with exposure time and successfully penetrated moss
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Fig. 6 Intercellular transport and tissue distribution of MSN-FITC in P. patens gametophores observed under confocal laser scanning microscopy. A
Rhizoids treated with 9 mg/mL MSN-FITC and fluorescence observed in rhizoids, stems, and apical leaves after 4 and 24 h. B Apical leaves treated
with 9 mg/mL MSN-FITC and fluorescence observed in rhizoids, stems and apical leaves after 4 and 24 h. Scale bars are indicated in each subfigure

tissue (Ghosh et al. 2019). Additionally, Fe nanoparticles
penetrated the leaves of the bryophyte Aphanorrhegma
when applied as mineral water suspensions (Canivet et al.
2014). Our study also indicates that nanoparticles suc-
cessfully entered moss cells, similar to previous reports.
Interestingly, the method of external application of
nanomaterials seems to influence their penetration into
cells. In our experiments, as in others where intracellu-
lar nanoparticles were detected, the immersion method
was employed. When Ag-Nano was incorporated into
the culture medium, despite its high toxicity to P. patens,
TEM images showed no nanoparticles entered the cells.
This suggests that nanoparticle entry may depend on the

(See figure on next page.)

method of external application, though the exact mecha-
nism remains to be further investigated.

Existing research on nanoparticles in mosses has pri-
marily focused on metal nanoparticles such as nano-
ZnO, MnONP and AgNPs, which negatively affect moss
growth and stress resistance through oxidative stress,
genotoxicity, and epigenotoxicity (Liang et al. 2018;
Ghosh et al. 2019; Motyka et al. 2019a). For instance,
AgNPs were found to be toxic to the growth of P. patens
gametophytes, with toxicity closely related to the con-
centration and surface coatings (Liang et al. 2018). In
contrast, the nanoparticles used in this study are silica
nanoparticles, which are derived from silicon, a trace

Fig. 7 Differential expression analysis of P. patens gametophyte clusters following MSN treatment. A The heatmaps of P. patens on 500 mM NaCl
at 300 mg/L MSN. These genes are derived from differentially expressed genes (DEGs) related with abiotic stress (salt stress). The FPKM (fragments
per kilobase per million) values are shown in each circle. Using row scale and the scale method is normalized. Gene identifier shown in brackets
after each protein name. B The gRT-PCR of the genes related with abiotic stress (salt stress). Data are presented as means + SEM (n=3). Asterisks
indicate the significant difference between Mock_NaCl and MSN_NaCl. ns indicates no significant difference, * p <0.05, ** p<0.01, *** p<0.001

(t-test)
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element that plays an essential role in plant growth,
development, and stress responses (Coskun et al. 2019).
Studies have demonstrated that silicon improves growth
and stress tolerance in crops such as rice, cucumber,
sorghum, tomato, soybean (Artyszak 2018; Gou et al.
2020; Zhu et al. 2020; Ismail et al. 2022). Silicon applica-
tion has been shown to reduce oxidative stress, alleviate
damage, and regulate plant hormones like abscisic acid
and gibberellin to improve seed germination (Shi et al.
2014; Gou et al. 2020). Nano-silica application in agri-
culture have also gained attention, with findings showing
enhance plant stress tolerance by increasing antioxidant
activity, and reducing reactive oxygen species (Farhangi-
Abriz and Torabian 2018). Additionally, silica nanoparti-
cles have been shown to promote rice root development,
improve drought resistance, and enhance wheat growth
by increasing auxin and fructose content (Du et al. 2022;
Li et al. 2023). In this context, our study provides evi-
dence that silica nanoparticles are non-toxic to mosses
and can improve their tolerance to salt stress. Moreover,
the differential effects of MSN and VMSN on moss salt
resistance, likely due to their distinct surface morpholo-
gies, highlight the complexity of nanoparticles-moss
interactions. Other studies have shown that factors such
as size and concentration affect their effectiveness too
(Yusefi-Tanha et al. 2022).

Bryophytes are pioneer plants that thrive in environ-
ments where higher plants struggle. Enhancing their salt
tolerance could expand their ecological distribution, ena-
bling them to thrive in diverse ecosystems, accelerate soil
desalination, improve soil quality, and create favorable
conditions for other plants. Mosses exhibit exceptional
adaptability to stress due to their unique photosynthetic
processes, water absorption and retention capabilities,
and ability to regulate metabolic activities (Rensing et al.
2008, 2020; Khraiwesh et al. 2015). For instance, Antarc-
tic moss has been shown to withstand high salt stress,
with the ROS scavenging system playing a critical role
in this resilience (Zhang et al. 2019). However, nanopar-
ticles sometimes induce oxidative stress in mosses. For
example, nano-ZnO reduces L-ascorbic acid (AsA) con-
centrations significantly (Motyka et al. 2019a). In con-
trast, MSN treatment in this study effectively reduced
the accumulation of H,0, and O,-~ under salt stress,
thereby enhancing the survival rate of P patens (Fig. 4).
This is consistent with studies on bio-selenium nanopar-
ticles (bioSeNPs), which significantly reduced DAB and
NBT staining in salt-stressed seedlings (El-Badri et al.
2022). Transcriptome analyses, including GO and KEGG
enrichment, along with qRT-PCR validation (Fig. 7 and
Figure S7), further revealed that under salt stress, MSN
treatment upregulated genes involved in ROS scaveng-
ing, such as POX, L-AO and AOX, thereby enhancing
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antioxidant capacity in P patens. Chloroplasts and the
process of photosynthesis are crucial physiological
aspects affected by salinity stress (Vineeth et al. 2023).
The moss gene, PaPC, can enhances photosynthesis and
salt stress tolerance in Arabidopsis without affecting
growth (No et al. 2025). Our study showed that MSN
treatment significantly improved the Fv/Fm ratio and
survival rates of P patens under salt stress (Figs. 2 and
3), providing further evidence of its protective effects.
Calcium signaling also plays a pivotal role in maintain-
ing cell membrane integrity, regulating ion transport,
and activating adaptive responses (Qudeimat et al. 2008).
In this study, MSN treatment slightly increased baseline
calcium signaling under normal conditions, with a sig-
nificant enhanced signal under salt stress (Fig. 4). The
upregulation of CPK in MSN-treated plants further links
molecular responses to observed physiological changes
(Fig. 7). This suggests that MSN treatment enhances
stress perception and activate downstream adaptive
responses. Finally, MSN treatment upregulated genes
involved in developmental and metabolic processes,
such as LBD20, PIN, UGT64 and SS3, as well as chap-
erones like DNAJC13 and HSP20, which are critical for
protein stability and proper folding (Fig. 7). These results
further support enhanced metabolic and protein func-
tional adjustments of MSN treatment under salt stress.
Therefore, the improved Fv/Fm ratios and survival rates
observed in MSN treated mosses can be attributed to the
modulation of key molecular pathways including oxida-
tive stress mitigation, calcium signaling, protein stability,
and metabolic regulation (Scheme 1).

Conclusion

Mosses play a vital role in ecosystem functions, including
soil formation and improvement, air purification, climate
regulation, biodiversity maintenance, and environmen-
tal monitoring. Additionally, mosses possess significant
economic value, such as medicinal and ornamental uses.
Enhancing the salt tolerance of mosses offers the poten-
tial to expand their ecological distribution and cultivation
range, improve their yield and quality, and create new
opportunities for the utilization of moss resources. This
study revealed that silica-based nanoparticle MSNs are
non-toxic to moss growth. MSNs were observed to local-
ize on the plant surface, with some nanoparticles entering
plant cells and being transported across tissues. Notably,
MSN treatment significantly improved moss resistance
to salt stress. Physiological measurements demonstrated
that increased survival rates were associated with
enhanced Fv/Fm ratios, modulation of calcium-regu-
lated signaling pathways, and reduced oxidative dam-
age caused by ROS accumulation. On a molecular level,
transcriptome analysis and gene expression validation
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confirmed that MSN treatment modulates key pathways
involved in oxidative stress mitigation, calcium signaling,
protein stability, and metabolic regulation. These findings
provide valuable insights into the potential of nanomate-
rials in plant science, particularly in enhancing the eco-
logical tolerance and resilience of mosses in challenging
environments.

Materials and methods

Chemicals

Cetyltrimethylammonium Bromide (CTAB), Tetra-
ethyl orthosilicate (TEOS), and 3-aminopropyltrieth-
oxysilane (APTES) were purchased from MACKLIN
(Shanghai, China). Fluorescein isothiocyanate (FITC)
and N-Hexadecyltrimethylammonium Chloride (CTAC)
were obtained from Aladdin (Shanghai, China). Trola-
mine (TEA), cyclohexane, acetone, ethanol and sodium
hydroxide (NaOH) were sourced from SINOPHARM
(Beijing, China).

Synthesis of VMSN via a two-phase diffusion system
VMSNs were synthesized using a two-phase diffusion
system. For the aqueous phase, 1 g of CTAB and 0.8 mL
NaOH (0.1 M) were dissolved in 50 mL of deionized
water and maintained at 60°C. For the organic phase,
20 mL of TEOS was mixed with 80 mL of cyclohexane
to form a homogeneous solution at a volume ratio of
20% (v/v). The mixture was then added dropwise to the
aqueous phase under continuous stirring, forming a two-
phase reaction system with the organic phase layered on
top of the aqueous phase.

The two-phase reaction system was maintained at 60°C
with constant stirring for 72 h to ensure complete reac-
tion and formation of the VMSN structure. After the
reaction, the mixture was collected by centrifugation at
11,000 rpm, yielding VMSN@CTAB. The product was
washed with deionized water and ethanol sequentially.
To remove CTAB template, VMSN@CTAB were redis-
persed in 50 mL of acetone and refluxed at 50°C for 12 h.
The purified VMSNs were then collected and stored for
further use.

Synthesis of MSN via alkaline catalysis hydrolysis method

MSNs were synthesized using an alkaline-catalyzed
hydrolysis method. Initially, 20 g of CTAC was dis-
solved in 200 mL of deionized water and stirred at 95°C
until fully dissolved. Subsequently, 600 mg of TEA was
added to the solution and stirred for 1 h until the mixture
became completely transparent. Then, 15 mL of TEOS
was added into the reaction system and maintained at
95°C for an additional hour to facilitate the formation of
the MSN@CTAC composite. The product, MSN@CTAC,
were collected by centrifugation and washed three times
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with deionized water and methanol to remove residual
reactants.

Subsequently, 0.5 g of the synthesized MSN@CTAC
were redispersed in 80 mL of methanol, followed by the
addition of 4.5 mL of concentrated hydrochloric acid.
The mixture was refluxed at 60°C for 48 h to remove the
CTAC template. The MSNs were then obtained by cen-
trifugation and washed sequentially with deionized water
and methanol before being stored for further use.

Synthesis of MSN-FITC

Fluorescent label FITC was conjugated to the surface of
MSN via a condensation reaction involving amino and
carboxyl groups. To prepare MSN-NH,, 1 g of MSN
was dispersed homogeneously in 100 mL of ethanol and
heated to 70°C with stirring. APTES (2 mL) was then
added dropwise to the suspension, and the mixture was
refluxed at 70°C for 24 h in a condensation apparatus. The
product was collected by centrifugation at 11,000 rpm for
25 min, followed by sequential washing with water and
ethanol to yield MSN-NH,.

To attach FITC, 20 mg of MSN-NH, was dispersed in
10 mL of ethanol, and 1 mg of FITC was added to the sus-
pension under dark condition. The reaction was allowed
to proceed for 24 h in the dark. The resulting MSN-FITC
was collected by centrifugation (11,000 rpm, 25 min). The
quantity of FITC conjugated to the MSN was determined
by measuring the fluorescence intensity.

Characterization of MSNs and VMSNs

The morphology of MSNs and VMSNs was examined
using transmission electron microscopy (TEM, TECNAI
G2 20 S-TWIN), confirming the successful synthesis of
two distinct nano-silica formulations. Particle size and
dispersity were measured and assessed using dynamic
light scattering (DLS, Malvern Nano-Z590). Successful
labeling of FITC molecules on MSN was verified using an
ultraviolet—visible (UV-Vis) spectrophotometer (Alpha-
1860plus). Further characterization, including the effi-
ciency of FITC labeling, dispersibility, and drug-loading
potential of the silica particle formulation, was evalu-
ated using a fluorescence spectrophotometer (Shimadzu
RF-6000) and a small animal in vivo imaging system
(Spectral AMIX).

Plant growth conditions and treatments

The moss P. patens Gransden 2004 ecotype, provided
by Prof. Mitsuyasu Hasebe, was used as the wild type
(WT) in this study. Plants were grown on BCD medium
supplemented with 1 mM CaCl, at 25°C under a 16 h
light/8 h dark photoperiod with a light intensity of
60—80 pmol photons m™ s~!. For salt stress assays,
2-3 mm tips excised from one-month-old P patens
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gametophores were transferred to BCD medium con-
taining different concentrations of NaCl (0 mM,
50 mM, 150 mM, 300 mM, 500 mM and 800 mM), with
0 mM NaCl serving as the control. Photos were taken at
5,10, and 15 days.

For MSN and VMSN treatments, various concen-
trations of MSN and VMSN, ranging from 0.1 mg/L
to 300 mg/L (specifically, 0.1 mg/L, 1 mg/L, 10 mg/L,
50 mg/L, 100 mg/L and 300 mg/L), were dissolved in
sterile water to assess the effect of P patens to nano-sil-
ica formulations under salt treatments. For the control
group, an equivalent volume of sterile water was used.
The 2—3 mm tips from 1-month-old gametophores were
immersed in different concentrations of MSN or VMSN
for a duration of 4 h. Subsequently, they were rinsed
thoroughly with sterile water and placed onto the BCD
medium supplemented with 500 mM NaCl to induce salt
stress for further evaluation.

Measurement of the growth area, survival rate,

and maximum quantum yield of photosystem Il (Fv/Fm)
The plants were pretreated with nanoparticles for 4 h
followed by being placed on BCD containing 500 mM
NaCl for 6 days. The representative images were obtained
using Nikon camera. The Fv/Fm was photographed and
measured by a pulse-amplitude modulation fluorometer
(Heinz Walz GmbH, HEXAGON-IMAING-PAM) and
a FluorCam fluorescence imaging systema (Photon Sys-
tems Instruments, FluorCam 800MF). Plants for meas-
urement at stress stage and recovery stage were kept in
the dark for 30 min before measurement. After the 6-days
salt stress, plants were transferred to BCD medium for a
60-days recovery period. The growth area was measured
by Image J. The survival rate was calculated as the ratio of
the number of viable gametophyte to the number of total
gametophyte placed per dish in the BCD medium.

Nitro blue tetrazolium (NBT) and 3,3’-diaminobenzidine
(DAB) staining

Plants were pretreated with nanoparticles for 4 h and
them placed on BCD medium containing 500 mM NaCl
for 6 days. For NBT staining, leaves were incubated with
1 mg/mL of NBT (Shanghai yuanye Bio-Technology,
$19048) in potassium phosphate buffer (pH 7.8) for the
detection of superoxide anion radicals. For DAB staining,
leaves were incubated with 1 mg/mL of DAB (Shanghai
yuanye Bio-Technology, $19134) in potassium phosphate
buffer (pH 3.8) for 2 h to visualize hydrogen peroxide.
After staining, the samples were decolorized in 95% etha-
nol, and images were taken using a stereo microscope
(Olympus corporation, SZX2-ILLTQ).
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The mitochondrial Ca2*uptake assay in P. patens

The fluorescent dye Rhod-2/AM (Thermo Fisher Scien-
tific, R1244) was used to measure mitochondrial Ca?*
uptake, following the manufacturer’s instructions (Li
et al. 2022). Briefly, the 2-3 mm tips from nanoparti-
cle-treated or non-treated 1-month-old gametophore
were incubated with 3 mg/L Rhod-2/AM by vacuum
pump for 30 min to allow the cells to load the dyes.
After incubation at 37 °C for 45 min and rinsed with
sterile water to remove the excessive dye, the samples
were observed on optical mapping system (SciMedia,
MiCAMO2LEX2-LZ4) according to the manufacturer’s
instructions.

Transmission electron microscopy (TEM) for ultrastructural
analysis

For transmission electron microscopy, one-month-old
single gametophores were soaked in 300 mg/L MSN for
4 h, followed by rinsing with sterile water. The leaves
were transferred to fresh TEM fixation buffer (Service-
bio, G1102) and cut into 1-2 mm? pieces, as previously
described by Du et al. (Du et al. 2022). Ultrastructural
imaging was performed using a transmission electron
microscopy (Hitachi, HT7800).

Fluorescence microscopy of MSN-FITC

The rhizoids and apical leaves of one-month-old single
gametophores were exposed to 9 mg/mL MSN-FITC
for 2 s to observe the uptake of MSN-FITC. After expo-
sure, the samples were incubated at room tempera-
ture for 4—24 h. After washed with sterile water for 3
times, the fluorescence signals were observed using
confocal microscopy (ZEISS, LSM 980). Excitation was
performed at 488 nm, and the emission filters for MSN-
FITC were set to 520—-541 nm.

Isolation of plant RNA and Real-Time Quantitative PCR
(gRT-PCR) analysis

Total RNA was extracted using TransZol (TransGen
Biotech, Q30704) according to the manufacturer’s
instructions. ¢cDNA synthesis was conducted using
MonScript™ RTIII All-in-One Mix with dsDNase
(Monad, MR05101M). qRT-PCR was performed using
ArtiCan®E© SYBR qPCR Mix (Beijing Tsingke Biotech,
TSE401) on a Bio-Rad CFX384 system. The primer
sequences utilized for qRT-PCR are listed in Supple-
mentary Table S1.

RNA Sequencing (RNA-seq) and transcriptome analysis

One-month-old gametophores were subjected to
500 mM NaCl salt stress for 10 days with or with-
out 300 mg/L MSN treatment. The samples were



Zhou et al. Stress Biology (2025) 5:69

immediately transferred to liquid nitrogen. Total
RNA is extracted using HiPure Universal RNA Mini
Kit (Magen, R4130-02). The quality of extracted RNA
is assessed using Nanodrop 2000 and Agilent 2100 to
determine RNA integrity. mRNA was enriched using
Oligo (dT) magnetic beads, purified, and used to con-
struct a sequencing library according to the manu-
facturer’s instructions with the VAHTS Universal V6
RNA-seq Library Kit for MGI (VAzyme, Nanjing,
China). The prepared libraries were sequenced using
an MGI high-throughput sequencer (Yuenyong et al.
2018). Raw sequencing data were processed using
SOAPnuke (v2.1.0) for quality filtering. Quality control
included evaluating read quality, base composition, and
adapter contamination. Low-quality bases and adapters
were trimmed, and reads were filtered to remove any
potential contaminants or low-complexity sequences.
Differential gene expression analysis was performed by
fitting models to estimate gene expression levels and
dispersion. Volcano plots were used to visualize the sta-
tistical significance (-log;,FDR) versus log,fold change
in gene expression between treatment and control
groups. Differential expressed genes (DEGs) were iden-
tified using the thresholds: |log, (Fold Change)| >1.5
and False Discovery Rate (FDR)<0.05. Gene Ontol-
ogy (GO) enrichment analysis is performed to anno-
tate DEGs and classify them into biological processes,
molecular functions, and cellular components. Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way analysis is conducted by KOBAS (V3.0) to eluci-
date the metabolic pathways and interactions involved
in the observed gene expression changes. Pathway
enrichment analysis was performed using R software
with self-written scripts and BH correction. The raw
sequencing data have been submitted to the BioProject
database with the accession ID PRINA1184830.

lllustration and statistical analysis

Scheme 1 was created with BioGDP.com. In this study, all
experiments were performed with three biological repli-
cates. Student’s ¢-test was used for hypothesis testing in
statistics between two samples by GraphPad Prism ver-
sion 8.0. Statistical analysis for group comparisons was
conducted using Two-way ANOVA, followed by post-hoc
Tukey tests. Significant differences in figures were indi-
cated by asterisks *, ** and corresponding to p <0.05,
p<0.01 and p <0.001, respectively.

Abbreviations

P patens Physcomitrium patens
MSNs Mesoporous silica nanoparticles
VMSNs Virus-like mesoporous silica nanoparticles

CPK Calcium-dependent protein kinase
LBD20 Lateral organ boundaries domain gene 20
PIN PIN-formed protein
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UGTe4 UDP-glucuronosyltransferase 64

SS3 Salt sensitive3

PRI Pathogenesis-related protein 1

dank Dnak heat shock protein

DNAJC13  Dnaj heat shock protein family (Hsp40) member C13

POX Peroxidase

L-AO L-ascorbate oxidase

AOX Alternative oxidase

HSP40 Heat shock protein 40

HSP20 Heat shock protein 20

TEM Transmission electron microscopy

DLS Dynamic light scattering

FITC Fluorescein isothiocyanate

CTAB Cetyltrimethylammonium Bromide

TEOS Tetraethyl orthosilicate

APTES 3-Aminopropyltriethoxysilane

CTAC N-Hexadecyltrimethylammonium Chloride
TEA Trolamine

Fv/Fm Maximum quantum yield of photosystem Il
DAB 3,3"-Diaminobenzidine

NBT Nitro blue tetrazolium

gRT-PCR  Quantitative reverse transcription PCR
RNA-seq  RNA sequencing

UV-Vis Ultraviolet-visible spectrophotometer
ANOVA Analysis of variance

DEGs Differentially expressed genes

FDR False discovery rate

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
WT Wild type

H,0, Hydrogen peroxide

0,~ Superoxide anion

ROS Reactive oxygen species

SOD Superoxide dismutase

CAT Catalase

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544154-025-00262-5.

Supplementary Material 1: Figure S1. TEM observation of MSN, MSN-FITC
and VMSN-FITC, and average size. ns indicates no significant difference
(two-way ANOVA, Tukey test).

Supplementary Material 2: Figure S2. Salt stress responses of P. patens.

Supplementary Material 3: Figure S3. The effects of different concentra-
tions of nanoparticales on P patens under salt stress.

Supplementary Material 4: Figure S4. Growth area of P. patens during the
recovery stage.

Supplementary Material 5: Figure S5. Localization of MSN-FITC in P. patens
leaves observed under confocal laser scanning microscopy after 4 hours
of treatment with 9 mg/mL MSN-FITC.

Supplementary Material 6: Figure S6. Localization of MSN in P patens
leaves observed by transmission electron microscopy after 4 hours of
treatment with 300 mg/L MSN.

Supplementary Material 7: Figure S7. Transcriptome analysis of P patens
comparing MSN treatment vs Mock of under NaCl stress.

Supplementary Material 8: Table S1. The primers used for gRT-PCR.

Supplementary Material 9: Table S2. Clean reads information table follow-
ing adapter sequence filtering of raw sequencing data in P patens treated
and ntreated with MSN under 500 mM sodium chloride conditions.

Supplementary Material 10: Table S3. The number of upregulated and
downregulated genes in the volcano plot are 455 and 553 respectively,
along with their specific names.



https://doi.org/10.1007/s44154-025-00262-5
https://doi.org/10.1007/s44154-025-00262-5

Zhou et al. Stress Biology (2025) 5:69

Acknowledgements

The authors thank the assistance provided by the Generic Diagramming Plat-
form (GDP): A Comprehensive Database of High-Quality Biomedical Graphics
in the schematic diagrams. The authors also thank Prof. Mitsuyasu Hasebe
(National Institute for Basic Biology) for providing Gransden 2004. Special
thanks are also extended to Prof. Xin Hou and Dr. Yafei Shi (Wuhan University)
for chlorophyll fluorescence experiments.

Authors’ contributions

L.D, LL and W.Q conceived the study, designed the research, and secured
funding for the project. Y.Z, Z.Y, J.L, XX, and W.Y. executed the laboratory
work. ZY.and J.L. performed bioinformatics data analysis and visualization.
ZY., JL. and CL. drafted the manuscript. Y.Z. and L.D. conducted critical
reviews, and revised the manuscript. All authors have read and approved the
final version of the manuscript.

Funding

This research was funded by grants from the National Natural Science Founda-
tion of China (No. 32300244), Natural Science Foundation of Hubei Province
(2023AFB661 and 2024AFB824), Hubei Key Laboratory of Embryonic Stem Cell
Research, Hubei University of Medicine (2024ESOF002), Scientific Research
Plan of Education Department of Hubei Province (B2022004), and National
Natural Science Foundation of China (52373305).

Data availability

The raw sequencing data have been submitted to the BioProject database
with the accession ID PRINA1184830. The materials used in this study will be
made available to researchers upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Received: 4 March 2025 Revised: 26 July 2025 Accepted: 11 August 2025
Published online: 14 November 2025

References

Ahmed B, Dwivedi S, Abdin MZ, Azam A, Al-Shaeri M, Khan MS, Saquib Q,
Al-Khedhairy AA, Musarrat J (2017) Mitochondrial and chromosomal
damage induced by oxidative stress in Zn’*ions, ZnO-bulk and ZnO-NPs
treated Allium cepa roots. Sci Rep 7:40685. https://doi.org/10.1038/srep4
0685

Artyszak A (2018) Effect of silicon fertilization on crop yield quantity and qual-
ity a literature review in Europe. Plants 7(3):54. https://doi.org/10.3390/
plants7030054

Ashkavand P, Tabari M, Zarafshar M, Tomaskova |, Struve DK (2016) Effect of
SiO, nanoparticles on drought resistance in hawthorn seedlings. Forest
Res Papers 76:350-359. https://doi.org/10.1515/frp-2015-0034

Avellan A, Yun J, Zhang Y, Spielman-Sun E, Unrine JM, Thieme J, Li J, Lombi
E, Bland G, Lowry GV (2019) Nanoparticle size and coating chemistry
control foliar uptake pathways, translocation, and leaf to rhizosphere
transport in wheat. ACS Nano 13:5291-5305. https://doi.org/10.1021/
acsnano.8b09781

Bastias A, Yanez M, Osorio S, Arbona V, Gomez-Cadenas A, Fernie AR, Casaretto
JA (2014) The transcription factor AREB1 regulates primary metabolic
pathways in tomato fruits. J Exp Bot 65:2351-2363. https://doi.org/10.
1093/jxb/erul 14

Borkiewicz L, Polkowska-Kowalczyk L, Ciedla J, Sowinski P, Joriczyk M, Rymasze-
wski W, Szymariska KP, Jazwiec R, Muszyriska G, Szczegielniak J (2020)
Expression of maize calcium dependent protein kinase (ZmCPK11)

Page 16 of 18

improves salt tolerance in transgenic Arabidopsis plants by regulating
sodium and potassium homeostasis and stabilizing photosystem Il.
Physiol Plant 168:38-57. https://doi.org/10.1111/ppl.12938

Caine RS, Chater CC, Kamisugi'Y, Cuming AC, Beerling DJ, Gray JE, Fleming
AJ (2016) An ancestral stomatal patterning module revealed in the non-
vascular land plant Physcomitrella patens. Development 143:3306-3314.
https://doi.org/10.1242/dev.135038

Canivet L, Dubot P, Denayer FO (2014) Uptake of iron nanoparticles by Apha-
norrhegma patens (Hedw.) Lindb. J Bryol 36:104-109. https://doi.org/10.
1179/1743282014Y.0000000102

Coskun D, Deshmukh R, Sonah H, Menzies JG, Reynolds O, Ma JF, Kronzucker
HJ, Bélanger RR (2019) The controversies of silicon’s role in plant biology.
New Phytol 221:67-85. https://doi.org/10.1111/nph.15343

Dabravolski SA, Isayenkov SV (2023) The regulation of plant cell wall organisa-
tion under salt stress. Front Plant Sci 14. https://doi.org/10.3389/fpls.2023.
1118313

Du J, LiuB, ZhaoT, Xu X, Lin H, JiY, LiY,Li Z, Lu C, Li P, Zhao H, Li Y, Yin Z,
Ding X (2022) Silica nanoparticles protect rice against biotic and
abiotic stresses. J Nanobiotechnol 20:197. https://doi.org/10.1186/
$12951-022-01420-x

El-Badri AM, Batool M, Mohamed IAA, Wang Z, Wang C, Tabl KM, Khatab A,
Kuai J, Wang J, Wang B, Zhou G (2022) Mitigation of the salinity stress in
rapeseed (Brassica napus L.) productivity by exogenous applications of
bio-selenium nanoparticles during the early seedling stage. Environ Pol-
lut 310:119815. https://doi.org/10.1016/j.envpol.2022.119815

Silica nanoparticles enhance disease resistance in Arabidopsis plants (2021)
Silica nanoparticles enhance disease resistance in Arabidopsis plants. Nat
Nanotechnol 16:344-353. https://doi.org/10.1038/s41565-020-00812-0

Farhangi-Abriz S, Torabian S (2018) Nano silicon alters antioxidant activities of
soybean seedlings under salt toxicity. Protoplasma 255:953-962. https://
doi.org/10.1007/500709-017-1202-0

Ferndndez JA, Boquete MT, Carballeira A, Aboal JR (2015) A critical review of
protocols for moss biomonitoring of atmospheric deposition: sampling
and sample preparation. Sci Total Environ 517:132-150. https://doi.org/
10.1016/j.scitotenv.2015.02.050

Calcium-dependent protein kinases in cotton: insights into early plant
responses to salt stress (2018) Calcium dependent protein kinases in cot-
ton: insights into early plant responses to salt stress. BMC Plant Biol 18:15.
https://doi.org/10.1186/512870-018-1230-8

Gecheva G, Yurukova L (2014) Water pollutant monitoring with aquatic bryo-
phytes: a review. Environ Chem Lett 12:49-61. https://doi.org/10.1007/
s10311-013-0429-z

Ghosh I, Sadhu A, Moriyasu Y, Bandyopadhyay M, Mukherjee A (2019) Manga-
nese oxide nanoparticles induce genotoxicity and DNA hypomethyla-
tion in the moss Physcomitrella patens. Mutat Res Genet Toxicol Environ
Mutagen 842:146-157. https://doi.org/10.1016/jmrgentox.2018.12.006

Gong Z, Xiong L, Shi H, Yang S, Herrera-Estrella LR, Xu G, Chao DY, Li J, Wang PY,
Qin F, Li J, Ding Y, ShiY, Wang Y, Yang Y, Guo Y, Zhu JK (2020) Plant abiotic
stress response and nutrient use efficiency. Sci China Life Sci 63:635-674.
https://doi.org/10.1007/511427-020-1683-x

GouT, Chen X, Han R, Liu J, Zhu Y, Gong H (2020) Silicon can improve seed
germination and ameliorate oxidative damage of bud seedlings in
cucumber under salt stress. Acta Physiol Plant 42:12. https://doi.org/10.
1007/511738-019-3007-6

Grimplet J, Pimentel D, Agudelo-Romero P, Martinez-Zapater JM, Fortes
AM (2017) The lateral organ boundaries domain gene family in grape-
vine: genome-wide characterization and expression analyses during
developmental processes and stress responses. Sci Rep 7:15968. https://
doi.org/10.1038/541598-017-16240-5

Han'Y, Wang W, Sun J, Ding M, Zhao R, Deng S, Wang F, Hu Y, Wang Y, LuY, Du L,
Hu Z, Diekmann H, Shen X, Polle A, Chen S (2013) Populus euphratica xth
overexpression enhances salinity tolerance by the development of leaf
succulence in transgenic tobacco plants. J Exp Bot 64:4225-4238. https://
doi.org/10.1093/jxb/ert229

Ismail LM, Soliman MI, Abd EI-Aziz MH, Abdel-Aziz HMM (2022) Impact of silica
jons and nano silica on growth and productivity of pea plants under
salinity stress. Plants 11(4):494. https://doi.org/10.3390/plants 11040494

Kalteh M, Zarrin TA, Shahram A, Maryam MA, Alireza FN (2014) Effect of silica
nanoparticles on basil (Ocimum basilicum) under salinity stress. J Chem
Health Risks 4:49-55. https://doi.org/10.53555/jchr


https://doi.org/10.1038/srep40685
https://doi.org/10.1038/srep40685
https://doi.org/10.3390/plants7030054
https://doi.org/10.3390/plants7030054
https://doi.org/10.1515/frp-2015-0034
https://doi.org/10.1021/acsnano.8b09781
https://doi.org/10.1021/acsnano.8b09781
https://doi.org/10.1093/jxb/eru114
https://doi.org/10.1093/jxb/eru114
https://doi.org/10.1111/ppl.12938
https://doi.org/10.1242/dev.135038
https://doi.org/10.1179/1743282014Y.0000000102
https://doi.org/10.1179/1743282014Y.0000000102
https://doi.org/10.1111/nph.15343
https://doi.org/10.3389/fpls.2023.1118313
https://doi.org/10.3389/fpls.2023.1118313
https://doi.org/10.1186/s12951-022-01420-x
https://doi.org/10.1186/s12951-022-01420-x
https://doi.org/10.1016/j.envpol.2022.119815
https://doi.org/10.1038/s41565-020-00812-0
https://doi.org/10.1007/s00709-017-1202-0
https://doi.org/10.1007/s00709-017-1202-0
https://doi.org/10.1016/j.scitotenv.2015.02.050
https://doi.org/10.1016/j.scitotenv.2015.02.050
https://doi.org/10.1186/s12870-018-1230-8
https://doi.org/10.1007/s10311-013-0429-z
https://doi.org/10.1007/s10311-013-0429-z
https://doi.org/10.1016/j.mrgentox.2018.12.006
https://doi.org/10.1007/s11427-020-1683-x
https://doi.org/10.1007/s11738-019-3007-6
https://doi.org/10.1007/s11738-019-3007-6
https://doi.org/10.1038/s41598-017-16240-5
https://doi.org/10.1038/s41598-017-16240-5
https://doi.org/10.1093/jxb/ert229
https://doi.org/10.1093/jxb/ert229
https://doi.org/10.3390/plants11040494

Zhou et al. Stress Biology (2025) 5:69

Khraiwesh B, Qudeimat E, Thimma M, Chaiboonchoe A, Jijakli K, Alzahmi A,
Arnoux M, Salehi-Ashtiani K (2015) Genome-wide expression analysis
offers new insights into the origin and evolution of Physcomitrella patens
stress response. Sci Rep 5:17434. https://doi.org/10.1038/srep17434

Kolenc¢ik M, Ernst D, Urik M, Duriova I, Bujdos M, Sebesta M, Dobrocka F,
Kginan S, llla R, Qian Y, Feng H, Cerny |, Holisova V, Krato$ové G (2020)
Foliar application of low concentrations of titanium dioxide and zinc
oxide nanoparticles to the common sunflower under field conditions.
Nanomaterials 10(8)1619. https://doi.org/10.3390/nano10081619

Larue C, Castillo-Michel H, Sobanska S, Trcera N, Sorieul S, Cécillon L, Querdane
L, Legros S, Sarret G (2014) Fate of pristine TiO, nanoparticles and aged
paint-containing TiO, nanoparticles in lettuce crop after foliar exposure. J
Hazard Mater 273:17-26. https://doi.org/10.1016/jjhazmat.2014.03.014

Li P LiYJ, Wang B, Yu HM, Li Q, Hou BK (2017) The Arabidopsis UGT87A2, a stress
inducible family 1 glycosyltransferase, is involved in the plant adaptation
to abiotic stresses. Physiol Plant 159:416-432. https://doi.org/10.1111/
ppl.12520

LiL,Wan Z,Wang R, Zhao Y, Ye Y, Yang P, Qi Y, Jiang W, Cai L, Zhang D (2022)
Generation of high performance human cardiomyocytes and engineered
heart tissues from extended pluripotent stem cells. Cell Discov 8:105.
https://doi.org/10.1038/541421-022-00446-7

LiY, Xi K, Liu X, Han S, Han X, Li G, Yang L, Ma D, Fang Z, Gong S, Yin J, Zhu
Y (2023) Silica nanoparticles promote wheat growth by mediating hor-
mones and sugar metabolism. J Nanobiotechnol 21:2. https://doi.org/10.
1186/512951-022-01753-7

Liang L, Tang H, Deng Z, Liu Y, Chen X, Wang H (2018) Ag nanoparticles inhibit
the growth of the bryophyte, Physcomitrella patens. Ecotox Environ Safe
164:739-748. https://doi.org/10.1016/j.ecoenv.2018.08.021

Liu B, Zhang Z, Peng J, Mou H, Wang Z, Dao Y, Liu T, Kong D, Liu S, Xiong ¥,
Xiong Y, Zhao J, Dong Z, Chen Y, Ma X (2024) Exploring evolutionary
pathways and abiotic stress responses through genome wide identifica-
tion and analysis of the alternative oxidase (AOX) gene family in common
oat (Avena sativa). Int J Mol Sci 25(17):9383. https://doi.org/10.3390/ijms2
5179383

Mangalampalli B, Dumala N, Grover P (2018) Allium cepa root tip assay in
assessment of toxicity of magnesium oxide nanoparticles and microparti-
cles.J Environ Sci 66:125-137. https://doi.org/10.1016/}.jes.2017.05.012

Manishankar P, Wang N, Koster P, Alatar AA, Kudla J (2018) Calcium signaling
during salt stress and in the regulation of ion homeostasis. J Exp Bot
69:4215-4226. https://doi.org/10.1093/jxb/ery201

Merwad ARMA, Desoky ESM, Rady MM (2018) Response of water deficit
stressed Vigna unguiculata performances to silicon, proline or methio-
nine foliar application. Sci Hortic 228:132-144. https://doi.org/10.1016/j.
scienta.2017.10.008

Motyka O, Strbové K, Olsovska E, Seidlerové J (2019a) Influence of nano ZnO
exposure to plants on L-ascorbic acid levels: indication of nanoparticle
induced oxidative stress. J Nanosci Nanotechnol 19:3019-3023. https://
doi.org/10.1166/jnn.2019.15862

Motyka O, Chlebikové L, Mamulova Kutldkové K, Seidlerova J (2019b) Ti and
Zn content in moss shoots after exposure to TiO, and ZnO nanoparticles:
biomonitoring possibilities. Environ Contam Toxicol 102:218-223. https://
doi.org/10.1007/500128-019-02544-x

Nadiminti PP, Dong YD, Sayer C, Hay P, Rookes JE, Boyd BJ, Cahill DM (2013)
Nanostructured liquid crystalline particles as an alternative delivery
vehicle for plant agrochemicals. ACS Appl Mater Interfaces 5:1818-1826.
https://doi.org/10.1021/am303208t

Bae N, Shim SH, AlavilliH, Do H, Park M, Lee DW, Lee JH, Lee H, Li X, Lee CH,
Jeon JS, Lee BH (2025) Enhanced salt stress tolerance in plants without
growth penalty through increased photosynthesis activity by plastocya-
nin from Antarctic moss. Plant J 121(1):e17168. https://doi.org/10.1111/
tpj.17168

Qudeimat E, Faltusz AM, Wheeler G, Lang D, Holtorf H, Brownlee C, Reski R,
Frank W (2008) A PIIB-type Ca’* ATPase is essential for stress adaptation in
Physcomitrella patens. Proc Natl Acad Sci U S A 105:19555-19560. https://
doi.org/10.1073/pnas.0800864105

Rai-Kalal P, Tomar RS, Jajoo A (2021) Seed nanopriming by silicon oxide
improves drought stress alleviation potential in wheat plants. Funct Plant
Biol 48(9):905-915. https://doi.org/10.1071/FP21079

Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H et al (2008) The
Physcomitrella genome reveals evolutionary insights into the conquest

Page 17 of 18

of land by plants. Science 319:64-69. https://doi.org/10.1126/science.
1150646

Rensing SA, Goffinet B, Meyberg R, Wu SZ, Bezanilla M (2020) The moss Phy-
scomitrium (Physcomitrella) patens: a model organism for non-seed plants.
Plant Cell 32:1361-1376. https://doi.org/10.1105/tpc.19.00828

Salma Santhosh S, Meena S, Baskar M, Karthikeyan S, Vanniarajan C, Ramesh
T (2025) Transformative strategies for saline soil restoration: harnessing
halotolerant microorganisms and advanced technologies. World J Micro-
biol Biotechnol 41(5):140. https://doi.org/10.1007/511274-025-04342-6

Shi'Y, Zhang Y, Yao H, Wu J, Sun H, Gong H (2014) Silicon improves seed germi-
nation and alleviates oxidative stress of bud seedlings in tomato under
water deficit stress. Plant Physiol Biochem 78:27-36. https://doi.org/10.
1016/j.plaphy.2014.02.009

Siddiqui MH, Al-Whaibi MH, Faisal M, Al Sahli AA (2014) Nano-silicon dioxide
mitigates the adverse effects of salt stress on Cucurbita pepo L. Environ
Toxicol Chem 33:2429-2437. https://doi.org/10.1002/etc.2697

Singh D (2022) Juggling with reactive oxygen species and antioxidant defense
system — a coping mechanism under salt stress. Plant Stress 5:100093.
https://doi.org/10.1016/j.stress.2022.100093

Szczepaniak K, Biziuk M (2003) Aspects of the biomonitoring studies using
mosses and lichens as indicators of metal pollution. Environ Res
93:221-230. https://doi.org/10.1016/50013-9351(03)00141-5

Tahira S, Bahadur S, Lu X, Liu J, Wang Z (2025) ZnONPs alleviate cadmium
toxicity in pepper by reducing oxidative damage. J Environ Manage
373:123796. https://doi.org/10.1016/jjenvman.2024.123796

Tang F, Li L, Chen D (2012) Mesoporous silica nanoparticles: synthesis, biocom-
patibility and drug delivery. Adv Mater 24(12):1504-1534. https://doi.org/
10.1002/adma.201104763

Vineeth TV, Krishna GK, Pandesha PH, Sathee L, Thomas S, James D, Ravikiran
KT, Taria S, John C, Vinaykumar NM, Lokeshkumar BM, Jat HS, Bose J,
Camus D, Rathor S, Krishnamurthy SL, Sharma PC (2023) Photosynthetic
machinery under salinity stress: trepidations and adaptive mechanisms.
Photosynthetica 61(1):73-93. https://doi.org/10.32615/ps.2023.002

Wang Z, XuW, Meng Z, Fan T, Yang C, Wang J, Chen X (2023) Development of
spirotetramat nanoparticles based on mesoporous silica: improving the
uptake and translocation of spirotetramat in plants. Environ Sci Pollut Res
30(5):12618-12627. https://doi.org/10.1007/511356-022-23030-8

Wang X, Chen Z, Sui N (2024) Sensitivity and responses of chloroplasts to salt
stress in plants. Front Plant Sci 15:1374086. https://doi.org/10.3389/fpls.
2024.1374086

Xiao F, Li X, He J, Zhao J, Wu G, Gong Q, Zhou H, Lin H (2021) Protein kinase
PpCIPKT modulates plant salt tolerance in Physcomitrella patens. Plant
Mol Biol 105:685-696. https://doi.org/10.1007/s11103-021-01120-4

Yuenyong W, Chinpongpanich A, Comai L, Chadchawan S, Buaboocha
T (2018) Downstream components of the calmodulin signaling pathway
in the rice salt stress response revealed by transcriptome profiling and
target identification. BMC Plant Biol 18:335. https://doi.org/10.1186/
$12870-018-1538-4

Yusefi-Tanha E, Fallah S, Rostamnejadi A, Pokhrel LR (2022) Responses of
soybean (Glycine max [L.] Merr.) to zinc oxide nanoparticles: understand-
ing changes in root system architecture, zinc tissue partitioning and soil
characteristics. Sci Total Environ 835:155348. https://doi.org/10.1016/j.
scitotenv.2022.155348

Zhang W, Liu S, Li C, Zhang P, Zhang P (2019) Transcriptome sequencing of
Antarctic moss under salt stress emphasizes the important roles of the
ROS scavenging system. Gene 696:122-134. https://doi.org/10.1016/j.
gene.2019.02.037

Zhang E, Liu K, Liang S, Liu L, Nian H, Lian T (2024) Investigating the synergistic
effects of nano zinc and biochar in mitigating aluminum toxicity in
soybeans. Plant Physiol Biochem 217:109275. https://doi.org/10.1016/j.
plaphy.2024.109275

Zhang H, Zhang Y, Deng C, Deng S, Li N, Zhao C, Zhao R, Liang S, Chen S
(2018) The Arabidopsis Ca’* dependent protein kinase CPK12 is involved
in plant response to salt stress. Int J Mol Sci 19(12). https://doi.org/10.
3390/ijms 19124062

Zhou P, Adeel M, Shakoor N, Guo M, Hao Y, Azeem |, Li M, Liu M, Rui Y (2021)
Application of nanoparticles alleviates heavy metals stress and promotes
plant growth: an overview. Nanomaterials 11(1). https://doi.org/10.3390/
nano11010026

Zhuang Y, Zhang Y, Shi H, Pang Y, Feng X, Fan W, Chang D, Lin H, Zhou H
(2025) Calmodulin binding receptor like cytoplasmic kinase 3 regulates


https://doi.org/10.1038/srep17434
https://doi.org/10.3390/nano10081619
https://doi.org/10.1016/j.jhazmat.2014.03.014
https://doi.org/10.1111/ppl.12520
https://doi.org/10.1111/ppl.12520
https://doi.org/10.1038/s41421-022-00446-7
https://doi.org/10.1186/s12951-022-01753-7
https://doi.org/10.1186/s12951-022-01753-7
https://doi.org/10.1016/j.ecoenv.2018.08.021
https://doi.org/10.3390/ijms25179383
https://doi.org/10.3390/ijms25179383
https://doi.org/10.1016/j.jes.2017.05.012
https://doi.org/10.1093/jxb/ery201
https://doi.org/10.1016/j.scienta.2017.10.008
https://doi.org/10.1016/j.scienta.2017.10.008
https://doi.org/10.1166/jnn.2019.15862
https://doi.org/10.1166/jnn.2019.15862
https://doi.org/10.1007/s00128-019-02544-x
https://doi.org/10.1007/s00128-019-02544-x
https://doi.org/10.1021/am303208t
https://doi.org/10.1111/tpj.17168
https://doi.org/10.1111/tpj.17168
https://doi.org/10.1073/pnas.0800864105
https://doi.org/10.1073/pnas.0800864105
https://doi.org/10.1071/FP21079
https://doi.org/10.1126/science.1150646
https://doi.org/10.1126/science.1150646
https://doi.org/10.1105/tpc.19.00828
https://doi.org/10.1007/s11274-025-04342-6
https://doi.org/10.1016/j.plaphy.2014.02.009
https://doi.org/10.1016/j.plaphy.2014.02.009
https://doi.org/10.1002/etc.2697
https://doi.org/10.1016/j.stress.2022.100093
https://doi.org/10.1016/S0013-9351(03)00141-5
https://doi.org/10.1016/j.jenvman.2024.123796
https://doi.org/10.1002/adma.201104763
https://doi.org/10.1002/adma.201104763
https://doi.org/10.32615/ps.2023.002
https://doi.org/10.1007/s11356-022-23030-8
https://doi.org/10.3389/fpls.2024.1374086
https://doi.org/10.3389/fpls.2024.1374086
https://doi.org/10.1007/s11103-021-01120-4
https://doi.org/10.1186/s12870-018-1538-4
https://doi.org/10.1186/s12870-018-1538-4
https://doi.org/10.1016/j.scitotenv.2022.155348
https://doi.org/10.1016/j.scitotenv.2022.155348
https://doi.org/10.1016/j.gene.2019.02.037
https://doi.org/10.1016/j.gene.2019.02.037
https://doi.org/10.1016/j.plaphy.2024.109275
https://doi.org/10.1016/j.plaphy.2024.109275
https://doi.org/10.3390/ijms19124062
https://doi.org/10.3390/ijms19124062
https://doi.org/10.3390/nano11010026
https://doi.org/10.3390/nano11010026

Zhou et al. Stress Biology (2025) 5:69

salt tolerance through Catalase 2 in Arabidopsis. Plant Physiol 197:669.
https://doi.org/10.1093/plphys/kiae669

Zhu, Jiang X, Zhang J, He Y, Zhu X, Zhou X, Gong H, Yin J, Liu Y (2020) Silicon
confers cucumber resistance to salinity stress through regulation of
proline and cytokinins. Plant Physiol Biochem 156:209-220. https://doi.
0rg/10.1016/j.plaphy.2020.09.014

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

Page 18 of 18


https://doi.org/10.1093/plphys/kiae669
https://doi.org/10.1016/j.plaphy.2020.09.014
https://doi.org/10.1016/j.plaphy.2020.09.014

	Nontoxic mesoporous silica nanoparticles protect Physcomitrium patens against salt stress
	Abstract 
	Introduction
	Results
	Synthesis and characterization of MSN, VMSN and MSN-FITC
	Enhanced salt tolerance in P. patens via MSN and VMSN application
	MSN alleviates salt stress by modulating ROS accumulation and affecting calcium signaling
	MSNs are distributed on the cell surface, partially enters cells and can be transported in vivo
	Transcriptional regulation of stress-responsive genes in P. patens by MSN under NaCl treatment

	Discussion
	Conclusion
	Materials and methods
	Chemicals
	Synthesis of VMSN via a two-phase diffusion system
	Synthesis of MSN via alkaline catalysis hydrolysis method
	Synthesis of MSN-FITC
	Characterization of MSNs and VMSNs
	Plant growth conditions and treatments
	Measurement of the growth area, survival rate, and maximum quantum yield of photosystem II (FvFm)
	Nitro blue tetrazolium (NBT) and 3,3′-diaminobenzidine (DAB) staining
	The mitochondrial Ca2+uptake assay in P. patens
	Transmission electron microscopy (TEM) for ultrastructural analysis
	Fluorescence microscopy of MSN-FITC
	Isolation of plant RNA and Real-Time Quantitative PCR (qRT-PCR) analysis
	RNA Sequencing (RNA-seq) and transcriptome analysis
	Illustration and statistical analysis

	Acknowledgements
	References


