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ABSTRACT

In the present work, CeO,/SiO, nanoparticles (CeO,/SiO, NPs) were synthesized using a Co-60 gamma irradiation-assisted green
method, utilizing rice husk-derived SiO,, cerium salt, and 2% chitosan as a stabilizing matrix. The resulting nanoparticles were well
dispersed in the chitosan matrix, with an average size of 12.6 &+ 2.5 nm. The process is scalable at the pilot level and environ-
mentally friendly. A 12-month pot experiment was conducted to evaluate the biostimulatory effects of CeO,/SiO, NPs on Salvia
miltiorrhiza Bunge (SMB) and Paramignya trimera (Oliv.) Guillaume (PTG). In SMB, treated plants exhibited increased growth
parameters, with chlorophyll B reaching 26.1 ug g * at 12 months—about 13% higher than the control. At an optimal concentration
of 2.0 g L%, seed sprouting increased from 14% to 34%, shoot height from 2.0 to 9.5 cm, root length from 11.0 to 22.5 cm, and root
number from 5.4 to 11.9. In PTG, Ce0,/SiO, treatment significantly improved vegetative growth and enhanced the accumulation of
key bioactive compounds, including ostruthin, 8-methoxyostruthin, oriciacridon, and 5-hydroxynoracronycin in 36-month-old
roots. These findings highlight the dual benefits of gamma-assisted CeO,/SiO, synthesis and its effectiveness in simultaneously
increasing biomass production and phytochemical quality, offering a sustainable nanotechnology-based approach for cultivating
medicinal plants.

1 | Introduction cryptotanshinone. Over 30 tanshinones and quinone diterpe-
noids have been isolated and synthesized [1, 2].

Among the imported medicinal plants, Salvia miltiorrhiza Bunge

(denoted as SMB), belonging to the genus Salvia in the Lam-
iaceae family, is recognized as an essential herb widely used as an
ancient medicine in several Asian countries. To date, more than
20 phenolic acids isolated from the roots of SMB have been
studied. These substances comprise oil-soluble tanshinone
diterpenoids, such as tanshinone I, tanshinone IIA, and

Paramignya trimera (Oliv.) Guillaum (denoted as PTG) belongs
to the Rutaceae family and is mainly distributed in southern
Vietnam. PTG is a woody plant characterized by thorns located in
the leaf axils. Studies on PTG, encompassing its stem, roots, and
leaves, reveal that the primary chemical components consist of
coumarins, alkaloids, flavonoids, and organic acids. These
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compounds demonstrate a-glucosidase inhibitory activity, with
IC50 values ranging from 14.6 to 112.2 uM, which are stronger
than the positive control, acarbose (IC50, 214.5 uM) [1, 3]. Silicon
dioxide nanoparticles (SiO, NPs) have multifunctional applica-
tions [2], particularly in biomedical sciences [4], agriculture [5],
industry [2], cosmetics [6], medicine [7], and others. Given the
high medicinal and economic value of SMB and PTG, the de-
velopment of advanced cultivation strategies, particularly
through nanotechnology-based nutrient delivery systems, has
become an important research direction to enhance their growth
performance and bioactive compound accumulation. SiO, NPs
play a significant role in supplying silicon to plants in agriculture.
Silicon influences and promotes crop growth, especially in
challenging conditions. It is widely recognized as a beneficial
element for crops [8, 9]. In plants, silicon is primarily accu-
mulated in the cell walls [10, 11], thus strengthening them,
increasing mechanical resilience, and mitigating various biotic
and abiotic stresses [12, 13].

Experiments have shown increases of over 10% in rice, even under
severe leaf blast conditions [14, 15]. However, nanosilica mate-
rials have limitations in stimulating root system development and
antiviral capabilities. Cerium oxide nanoparticles (CeO, NPs) are
among the 13 rare earth oxide nanoparticles with diverse in-
dustrial applications and are extensively studied in agriculture
[16, 17]. CeO, NPs have been reported to impact crop yield
[18,19] and can modify the nutritional profile of plants [20, 21], as
they stimulate plant growth at low concentrations [21] in lettuce
(Lactuca sativa L.). The application of CeO, NPs at 100 mg kg *
improved Rubisco activity, water use efficiency, and light ab-
sorption rates in soybeans [22], and similar benefits of CeO, NPs
on tomato yield [20] and wheat growth [21] have also been ob-
served. Another benefit of CeO, is its antibacterial and antifungal
properties [23, 24]. However, due to its high cost, CeO, is not
a conventional metal for addressing bacterial and viral resistance
in crops [25]. The combination of CeO,/SiO, NPs presents an
effective solution to overcome the limitations of single materials.
Nanocomposite materials have been synthesized using various
approaches, including chemical precipitation [26], gel formation
[27], hydrothermal method [28], spray hydrolysis [29], and
continuous hydrothermal synthesis [30]. Although these tech-
niques are well established, some are mainly suitable for
laboratory-scale production, while others are designed for large-
scale manufacturing and typically require high temperatures,
complex reactor systems, and substantial energy input, which
increase operational costs. Moreover, under rapid thermal or
continuous-flow conditions, achieving uniform dispersion and
controlled deposition of CeO, nanoparticles on a SiO, matrix
remains challenging. In contrast, gamma irradiation-assisted
synthesis provides a mild and low-temperature alternative that
enables homogeneous nucleation and controlled nanoparticle
growth without the need for high-pressure or high-temperature
equipment. This approach relies on the in situ generation of
reactive species, allowing nanoparticle formation and integration
under ambient conditions. Compared with conventional chemical
or thermal methods, irradiation offers improved control over
particle size and dispersion, eliminates the use of toxic reagents,
and reduces secondary by-products [31]. Furthermore, the irra-
diation dose can be precisely regulated, ensuring high re-
producibility and scalability [32].

Therefore, the development of an efficient and scalable route for
producing Ce0O,/SiO, nanocomposites using Co-60 gamma ir-
radiation is of considerable interest. In this work, we propose
a straightforward and cost-effective strategy for synthesizing
Ce0,/SiO, nanoparticles derived from rice husk-based SiO, and
cerium salt under gamma irradiation.

Proper nutrient management strategies are crucial for improving
the medicinal quality and maximizing the yield of SMB and PTG
plants. Traditionally, these medicinal species have mostly
depended on natural growing conditions, as they are usually
suited to temperate or semitropical environments. In this study,
cultivation shifted from natural habitats to controlled artificial
settings. A new CeO,/SiO,-based fertilizer was used as a nutri-
tional supplement to support the growth and bioactive potential
of SMB and PTG plants.

2 | Materials and Methods

2.1 | Materials

Nanosilica (SiO, NPs) was derived from rice husk using the
hydrothermal method. Cerium(III) nitrate hexahydrate (99.5%)
was purchased from Fujifilm Wako Chemical (USA). Chitosan
was obtained from Chitosan Vietnam (Vietnam). Other chem-
icals were of analytical grade (Merck).

2.2 | Synthesis of Nano SiO,/CeO, Composite

Rice husk ash was collected as a crude sample from the process of
burning rice husk to generate heat for a small local factory. The
rice husk ash was treated with tap water in a plastic basin at
a solid-to-liquid ratio of 1:5 (kg L™ and stirred for 1 h at room
temperature. The mixture was then filtered and washed with
distilled water. After treatment with distilled water, the rice husk
ash underwent two treatments with a 5% HCI solution in a 1-L
glass beaker at a solid-to-liquid ratio of 1:1 (kg L™?), stirred on
a magnetic stirrer and heated for 2h at 70°C. The treated solid
was filtered and washed with distilled water until reaching
a neutral pH, which resulted in wet ash. This step aims to
completely separate metals or metal ions from the rice husk ash.
The wet ash was dried at 120°C for 3 h to obtain dry ash. Next, it
was finely ground and calcined at 650°C; the resulting product,
a clean and dry ash, was used for subsequent experiments. The
ash was dissolved in an alkaline KOH solution in a Teflon bottle.
The ash mixture was stirred with a 6 M KOH solution in a ratio of
30 g of ash to 100 mL of KOH. The mixture was placed in a Teflon
bottle and it was heated to 180°C for 3 h, and then the suspension
was filtered to obtain the solution. The solution was neutralized
with hydrochloric acid (HC1) to yield silicic acid precipitate. The
precipitate was washed with 5% HCI and then filtered to obtain
Si0,.nH,0. The Si0,.2 H,O precipitate was calcinated at 650°C
for 4 h; the resulting product was pure nanosilica (SiO,) [33].

The CeO, NPs and Ce0O,/SiO, NPs were produced following the
Co-60 gamma irradiation process, as follows: Ce(NO3);.6 H,O
(9 g) was dispersed in 60 mL of water with or without 2.0 g of SiO,
NPs. These solutions were combined by dispersion in a 2%
chitosan solution, resulting in a total volume of 5L. They were
then subjected to Co-60 gamma irradiation with a dose of 25 kGy
to produce CeO, and CeO,/SiO,, respectively. Finally, the
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resulting suspensions were cooled to room temperature in
a vacuum box and then stored in PE bottles. The pH of the
chitosan solution was 4.5-5.0, and after irradiation, the pH was
adjusted to 6.5-7.0.

Scheme 1 depicts the CeO,/SiO, preparation device. At this
capacity, we can produce 1 ton of product daily. A brief schematic
overview is shown in Scheme 2. The Co-60 radioactive source is
safely stored in a water pool (1.5-2 m deep) to provide radiation
shielding when not in use. During irradiation, the source is lifted
from the rack to emit gamma rays. Samples are placed in product
carriers and moved into the irradiation chamber via a sealed
conveyor system, preventing radiation leakage. After the des-
ignated irradiation period, the conveyor transports the products
out of the chamber, while the process is monitored by a control
and safety system. The irradiated products are sterilized or
surface-modified according to research goals and are not ra-
dioactive, so they can be used immediately after quality in-
spection. The parameters are as follows: dose rate: 5kGy/h;
duration: 5 h; system includes isotope: Co-60; gamma-ray energy:
1.17 MeV; half-life: 5.27 years; industrial dose rate: 5-30 kGy/h;
and working dose ranges: low: 0.1-1 kGy; medium: 1-10 kGy;
high: 10-50 kGy; and very high: > 100 kGy.

2.3 | Characterization

The structure and morphology of the resulting materials were
characterized using x-ray diffraction (XRD, Bruker D8 Advance)
and scanning electron microscopy (SEM, JEOL JSM-7610F).
EDX mapping was conducted with Hitachi S-4800 FESEM (Ja-
pan). Nitrogen adsorption/desorption isotherms were measured
on a Micromeritics Tristar-3030 system (USA). High-resolution
electron microscopy was performed with a JEM 1010 trans-
mission electron microscope (JEOL, Japan; 80KkV). Fourier
transform infrared (FTIR) spectroscopy was conducted using
a Spectrum 1000 Perkin-Elmer spectrometer. Chlorophyll
b content was determined by the spectrophotometric method
[34] using a Uviline 9400 instrument and a Specord 50 UV-Vis
spectrophotometer (Analytik Jena AG, Germany) at the wave-
lengths of 645 and 663 nm. All measurements were conducted in
triplicate.

2.4 | The Preparation of SMB and PTG

This section describes the preparation, propagation, and field
cultivation procedures for SMB and PTG, including seed and

cutting pretreatments, planting substrates, experimental design,
and nanoparticle application regimes used in this study.

24.1 | Growing SMB From Seeds

SMB seeds were purchased from the Institute of Medicinal
Materials (Vietnam), soaked in a 4mgL ™" CeQ,/SiO, NP sus-
pension for 30 min, removed, drained in a cloth bag for 24 h, and
then planted in the experimental garden.

Preparing the planting soil: including light loam, coconut fiber,
burnt rice husks, and composted manure.

2.4.2 | Growing PTG by Cuttings

Choosing the parent plant for propagation: the parent plant used
for propagation must be healthy, free of pathogens and dan-
gerous insects. The length of the cutting should be about
5-20 cm. Ce0,/SiO, NPs were dispersed in a nanochitosan so-
lution at a concentration of 40 mg L™ to stimulate the rooting of
cuttings. The cutting substrate was used to fix the cuttings,
maintain moisture, provide air circulation, and shade the bottom
of the cuttings; commonly used substrates are humus, coconut
fiber, and burnt rice husks. The rooting time is about 45-50 days,
and the rooting rate is about 80%-90%. After rooting, the cuttings
were planted in cellulose pots containing light loam, coconut
fiber, burnt rice husks, and composted manure. The seedlings
were kept in a cool place and watered regularly. Watering was
performed 1-2 times a day in the early morning and/or late af-
ternoon. After 90 days, the plants were brought to the garden for
planted.

The area testing was located in Binh Dinh Province, Vietnam.
The area of each trial plot was at least 100 m?, with a planting
density of 1000 plants ha™*. Each experimental treatment was
repeated at least 3 times, and the area for each experimental
treatment was 100 m2 In this study, the research time was 12
months for testing. The research formulas in the trial are as
follows:

Treatment 1: 0.5g of Ce0,/SiO, NPs was dispersed homoge-
neously in 1L of soluble-water chitosan (0.5gL™"') to obtain
a Ce0,/Si0,/chitosan suspension. This solution, with different
volumes, e.g.,1L,1.5L, 2L, 2.5L, and 2.5 L diluted with 360 L of
water, was used to spray plants at various times: the first month,
third month, sixth month, ninth month, and 20th month,

SCHEME 1 | Image of C-60 gamma ray generator.
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SCHEME 2 | Co-60 irradiation system.

respectively. The estimated application rate of the nano-
composite is approximately 1 gha .

Treatment 2: similar to Treatment 1, except that 0.5 g of CeO,/
SiO, NPs was replaced with 1.0 g of CeO,/SiO, NPs.

Treatment 3: similar to Treatment 1, except that 0.5 g of CeO,/
SiO, NPs was replaced with 1.5 g of CeO,/SiO, NPs.

Treatment 4: similar to Treatment 1, except that 0.5 g of CeO,/
SiO, NPs was replaced with 2.0 g of CeO,/SiO, NPs.

Treatment 5: similar to Treatment 1, except that 0.5 g of CeO,/
SiO, NPs was replaced with 2.5 g of CeO,/SiO, NPs.

Control formula: similar to Treatment 1, except that 0.5g of
Ce0,/SiO, NPs was replaced with 0.0 g of CeO,/SiO, NPs.

3 | Results and Discussion

3.1 | Characterization of Materials

Figure 1a presents the XRD pattern of SiO,. A broad diffraction
peak appeared at around the 2 theta of 23° is typical of amor-
phous in nature. Meanwhile, on the XRD pattern of CeO,, firm
diffraction peaks are observed at 2 theta of 29, 33, 47, and 56°,
corresponding to the (401), (300), (400), and (622) planes of CeO,,
respectively (according to JCPDS 04-0856) (Figure 1a). The XRD
patterns of the CeO,/SiO, materials exhibited characteristic
diffraction peaks of CeO, with weak magnitudes due to the
amorphous nature of SiO,. This result confirms the formation of
Si0,/CeO, composite. Figure 1b exhibits the FT-IR spectra of the
CeO,, SiO,, and Ce0,/SiO, materials. The peaks assigned to the
—OH vibration of water molecules appeared at 3412-3456 cm ™
and 1630cm™*. The peaks at about 887 and 725cm ' wave-
numbers in CeO, spectrum were assigned to —O—Ce stretch of
CeO, [33]. The peaks at about 1100 and 947 cm ™' wavenumbers
were assigned to Si—O—Si asymmetric and symmetric stretching
vibrations, respectively. The small peak at about 486 cm™ ! in-
dicated the bending vibration of O—Si—O [35]. On the other
hand, the FT-IR spectrum of CeO,/SiO, exhibits peaks assigned
to Si-O stretching at approximately 1103 cm ™. The 469 and
725 cm ™! peaks were assigned to the Si-O and Ce—O stretching of
Ce0,/Si0,, respectively. The results confirmed the formation of
Ce0,/Si0, composite. The nitrogen adsorption/desorption iso-
therms on SiO,, CeO,, and CeO,,SiO, materials are shown in
Figure 1c. N, adsorption—desorption curves were classified as
Type 11, according to IUPAC, indicating that the samples contain

both porous and nonporous structures (Figure 1c). The specific
surface areas of 43, 20, and 26 m*g~" were obtained for SiO,,
CeO,, and CeO,/Si0,, respectively. Although SiO,, CeO,, and the
Ce0,/SiO, composite exhibit similar adsorption-desorption
isotherms, their specific surface areas differ significantly. The
intermediate surface area of the composite indicates partial pore
coverage by CeO, nanoparticles on the SiO, surface, while
maintaining a mesoporous structure.

To determine the elemental composition present in the CeO,/
SiO, material, the materials were characterized using energy-
dispersive x-ray spectroscopy mapping. Figure 2b shows that the
sample contains only Si, Ce, and O as expected. The peaks with
strong intensity characteristic of Si, O, and Ce appear at energy
levels of 1.88, 0.50, and 0.93 keV, respectively. The initial molar
Ce/Si ratio of 0.62 is close to the EDX Ce/Si ratio of 0.68, and the
result of EDX spectrum mapping reveals that these elements are
evenly dispersed among each other.

The morphology of CeO,, SiO,, and CeO,/SiO, materials was
examined using the SEM method, with results as shown in
Figure 3. The SEM images in Figure 3 show that the CeO,
material consists of very fine particles with various shapes that
tend to agglomerate. Similarly, the SiO, material comprises
aggregated particles, resulting in a rough and uneven surface. In
the case of CeO,/SiO, material, the dispersion of CeO, particles is
distributed on SiO,, creating a similarly rough and uneven
surface.

The HRTEM images of SiO,, CeO,, and CeO,/SiO, materials
dispersed in 2% chitosan are shown in Figure 4. The SiO, and
CeO, materials had a mean size of about 8.7 +3.9 nm and 5.2
+2.7nm (Figure 4a, b), while the average size distribution of
Ce0,/Si0O, was 12.6 & 2.5 nm (Figure 4c). These results indicate
that the Co-60 gamma irradiation-assisted method can synthe-
size materials with high dispersion at a size of several nano-
meters. In addition, using this method, we can synthesize large
amounts for practical use; this is an excellent advantage over
methods such as sol-gel or hydrothermal processes.

3.2 | Using Ce0,/SiO, NPs as Nanofertilizer for
SMB

The influence of CeO,/SiO, NPs on the germination of SMB and
the shoot height after 2 weeks of cultivation was studied (Ta-
ble 1). In the control group, only 14% of SMB seeds germinated
with an average shoot height of 2.0 cm. In contrast, the germi-
nation rate of SMB seeds, especially the shoot height, increased
significantly as CeO,/SiO, NPs were applied. The highest ger-
mination rate (90%) was achieved when supplemented with
1.0gL™". The germination rate gradually decreased from 90% to
34% as the nano CeO,/SiO, concentration increased from 1 g L ™*
to 2gL~". A two-way contingency table analysis was performed
to evaluate how the different concentrations of CeO,/SiO, NPs
affect the germination of SMB. Two variables were evaluated:
Ce0,/SiO, NPs with five levels, including the control and various
concentrations of CeO,/SiO, NPs (0.5,1,1.5,and 2 g L% and the
germination status (germinated and nongerminated) after 2
weeks. The concentration of CeO,/SiO, NPs and germination
were significantly related (Pearson chi square (4, 495) =174.9,
p <0.001). The germination rate is presented in Table 1. Follow-
up pairwise comparisons were performed to assess the difference
in germination rate. Table S1 presents the results of these
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FIGURE 1 | (a) XRD patterns, (b) IR spectra, and (c) N, adsorption-desorption isotherms of the CeO,, SiO,, and CeO,/SiO, materials.

analyses. Holm’s sequential Bonferroni approach was employed
to control Type I error at 0.05 level across all three comparisons.
The germination proportion applied by the CeO,/SiO, NPs was
significantly higher than the control group. The germination
proportion (90%) used by the 1 g L™" treatment was significantly
higher than the rest. Therefore, the suitable CeO,/SiO, NP
concentration for SMB germination is 1.0 mg L™, It is worth
noting that, unlike the germination stimulation ability, the shoot
height increased statistically significantly (Tables S2-3) with the
concentration of nanofertilizer, so we continued to study the
effect of the concentration of CeO,/SiO, NPs on the root system

(SMB plants are mainly exploited using the root part) (Table 1).
Table 1 shows the development of the root length after 12 months
using different treatments. It was found that when Ce0O,/SiO,
nanofertilizer was applied at increasing concentrations, the root
growth indices of SMB plants also tended to improve. The root
length increased insignificantly at 0.5; 1.0; and 1.5 g L™". How-
ever, at a concentration of 2.0gL’1, the root length doubled
compared to the control sample, indicating a clear effect in
stimulating root growth. Notably, when the concentration was
increased to 2.5gL™", root growth no longer increased, which
may induce severe phytotoxicity [36], reflecting nutrient

Journal of Nanotechnology, 2026

50f 11

85U8017 SUOWIWIOD BAIIR1D) 3ot |dde a3 Aq pausenob ae e YO ‘88N J0 S8jni 10} Ariq1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLIBH WD A8 | ImAeIq1 U1 [UO//:SANY) SUOIIPUOD pue SWB | 83U} 88S *[9202/90/£2] Uo Ariqiauliuo AB|1Mm * (-ouleAnde) sqnopesy - 0eD BueoH ue A Aq Z0E99E6/UI/GSTT OT/10p/w00 A8 | Areiq1jeuljuo//sdny Wwouy papeojumoq ‘T ‘9202 ‘v8E8



—_—
e

FIGURE 2

L1 o (b)
& e a AT
- ok 281 @n
= SIK 1532 183
5 CeL 3158 1245
g 1=z s Totsls  100.00
Za
=o
& I‘"

Ensrgy (ke

EDX mapping of CeO,/SiO;: (a) electron image, (b) EDX spectrum, (c) Si element (d) Ce element, and (e) O element.

FIGURE 3 | SEM images of SiO, (a), CeO,, (b) and CeO,/SiO, (c).

saturation as the SMB plants’ absorption demand reached the
maximum threshold. A one-way analysis of variance (ANOVA)
was performed to assess the relationship between CeO,/SiO, NP
concentration and the development of the root length and the
number of roots of 12 old-month plants. The ANOVAs are sig-
nificant: F(5,114) =180.9, p <0.001 for the root length, and
F(5,114) = 175.4, p < 0.001 for the number of roots per plant. The
follow-up tests were performed to evaluate pairwise differences
among the means, conducting post hoc comparisons using
Turkey’s test (Tables S4 and 5). It can be concluded that there is
a statistical difference between the control group and the group
using CeO,/SiO, NPs in terms of the development of root length
and the number of roots. Root length and the number of roots
increased significantly as CeO,/SiO, concentration increased,
reaching a maximum at 2 g L™, after which root length growth
and the number of roots per plant had no statistical difference as
Ce0,/SiO, NP concentration increased, The average root lengths
using 2gL " and 2.5gL~" were 22.5 and 22.4 cm, respectively
(p =0.69 > 0.05). The number of roots using 2g L' and 2.5 g L™"
was 11.9 and 12.4, respectively (p =0.086). Therefore, 2gL™*
concentration was considered the optimal concentration.

Figures 5a and b illustrate a growing SMB area, as well as the
morphology of SMB plants using different treatments.

Evaluation of the photosynthetic capacity of SMB plants when
using nanofertilizers. To evaluate the photosynthetic capacity of
SMB plants when using nanofertilizers, we selected the criterion of
analyzing the chlorophyll b content in the leaves of SMB plants.

Based on Table 2, the analysis of chlorophyll b content shows
a significant enhancement in the photosynthetic capacity of SMB
plants, with the highest chlorophyll b formation occurring in the
12th month. This can be explained as follows: by the 12th month,
the root system of SMB has developed significantly, and fertil-
ization at this stage provides both nutrients and catalytic agents
that enhance photosynthesis on the leaf surface of SMP plants.
Therefore, the formation of chlorophyll b also increases.

3.3 | Nano Ce0,/SiO, Fertilizer for PTG

The growth parameters of PTG planting using nano CeO,/SiO,
and the control were measured over a period of 12 months. The
growth parameters increased over time from planning to 12
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FIGURE4 | TEM images of SiO, (a), CeO, (b), and CeO,/SiO, (c) in the chitosan matrix and the corresponding particle size distributions of SiO, (d),

CeO, (e), and Ce0,/SiO, (f).

months. The results of measuring the trunk height, leaf length,
and root length showed that these parameters of PTG plants
increased with increasing concentration of CeO,/SiO,. Figure 6
illustrates the development of the trunk height, leaf length, and
root length using different treatments of the 12-month-old plants.

A one-way ANOVA was conducted to interpret the effect of the
nano CeO,/SiO, fertilizer using five treatments on growth pa-
rameters, including trunk height (Table S6-7), leaf length
(Table S8-9), and root length (Table S10-11). The results reveal
a significant effect: F(4, 45)=373.4, p<0.001 for the trunk
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TABLE1 | Influence of nano CeO,/SiO, NPs on the germination ability of SMB after 2 weeks of cultivation (except the root length of 12 months).

The number of

Nano Percentage of seed Shoot Root length after roots in a
Ce0,/Si0; (g LY sprouting (%) (n =100) height (cm) (n=20) 12 months (n = 20) plant (n = 20)
Control 14 2.0 11.0 5.4
Treatment 1 (0.5) 29 4.8 13.0 5.7
Treatment 2 (1.0) 90 7.6 13.8 6.6
Treatment 3 (1.5) 79 8.7 14.6 7.6
Treatment 4 (2.0) 34 9.5 22.5 11.9
Treatment 5 (2.5) n/a n/a 22.4 12.4

(a) (®)

FIGURE 5 | (a) Concentration of Ce0,/SiO, NPs: 0.5gL ", (b) concentration of CeO,/SiO, NPs: 1.0g L™, (c) concentration of Ce0,/SiO, NPs:
1.5g L%, (d) concentration of CeO,/SiO, NPs: 2.0gL ", and (e) control.

TABLE 2 | Evaluation of the photosynthetic capacity of SMB plants.

Time (months)
04 08 12
The content of chlorophyll b in the leaves of SMB plants (experimental) ug gt 12.2 18.1 26.1
The content of chlorophyll b in the leaves of SMB plants (control) ug gt 11.6 15.2 23.1

Evaluation criteria Units

140

120 ] .

100

80

60 -

Arbitrary unit

40 -

20 - — T

T T T T T T
Control ~ Treatment1 Treatment2 Treatment3 Treatment4 Treatment5

Treatment

[ Trunk height (cm)
[ Leaflength (mm)
[ Root length (mm)

(a) (®)

FIGURE6 | (a)Thedevelopment of trunk height, leaf length, and root length of PTG plants after 12 months under different treatments and (b) roots
of 36-month-old PTG plants.
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TABLE 3 | Analysis of coumarins in root samples.

Concentration (mg kg ') (experimental

Concentration (mg kg ') (control

No. Compound name sample) sample)

1 Ostruthin 320.132 £ 0.312 132.234 +1.013
2 8-Methoxy ostruthin 114.235 + 0.415 91.261 +0.912
3 Oriciacridon 34.323 +£0.114 17.124 £0.818
4 5-Hydroxynoracronycin 36.137 +0.222 15.088 £0.718

height; F(4, 45)=120.1, p <0.001 for leaf length; and F(4, 45)
=1400.7, p < 0.001 for root length. Post hoc tests were performed
using Tukey’s HSD test. The comparison indicates a significant
difference between treatments, as shown in Tables S5, S7, and S9.
Therefore, the null hypothesis that different concentrations of
the nano CeO,/SiO, fertilizer have the same effect on the growth
parameters is rejected. The results of post hoc analysis showed
that when the concentration increased across 0.0, 0.5, 1, 1,5, and
2g L™, the plant growth parameters increased and had statistical
differences and reached a maximum at 2gL™". When the con-
centration continued to increase to 2.5 gL ™", the root length and
plant height did not change significantly (p =0.793 for root
length, p=0.083 for trunk height), while the leaf length de-
creased significantly. From fertilizer concentrations of
0.5gL™'-2.0gL™", growth parameters improved significantly,
possibly due to enhanced root development that facilitated more
efficient nutrient uptake. However, at a concentration of 2.5g
L™, growth plateaued, suggesting that the plants had reached
a nutrient absorption saturation point. Notably, a reduction in
leaf number was observed at the 2.5g L™ concentration. This
may be explained by the increased absorption of monochromatic
light at this level, which could partially disrupt leaf cell struc-
tures, thereby limiting leaf development compared to the 2.0
gL concentration.

After 12 months of experimenting with the fertilizer for PTG,
it can be concluded that the fertilizer for this crop has shown
quite positive results. This is evident through parameters
such as plant height, leaf length, and root length, which
developed in a linear ratio with fertilizer concentration and
the study parameters. Thus, it can be confirmed that this
fertilizer can be used in the nutrient cycle for PTG and is
highly promising for generating yields for this valuable
medicinal plant.

Roots of 36-month-old PTG were collected from the cultivation
site, air-dried, and ground into powder. The powder (500 g) was
then extracted sequentially with n-hexane followed by ethyl ace-
tate (EtOAc) using a Soxhlet extractor. After solvent removal,
11.5 g of n-hexane extract and 4.5 g of EtOAc extract were obtained.
Column chromatography (CC) of the n-hexane extract on silica gel
(eluted with hexane-EtOAc, 0%-100%) yielded five fractions
(H1-HS5). Further CC of 2.1 g of fraction H2 on silica gel (eluted
with hexane-EtOAc, 0%-100%, followed by CHCIl;-MeOH, 0%-
5%) was performed. The analytical results are presented in Table 3.

The results presented in Table 3 show that the concentrations of
ostruthin, 8-methoxy ostruthin, oriciacridon, and 5-
hydroxynoracronycin in the roots of 36-month-old Paramignya
trimera plants in the experimental group were significantly
higher than those in the control group. Notably, the ostruthin

concentration in the experimental samples was twice as high as
that in the control samples.

The present work primarily focused on evaluating agronomic
outcomes rather than mechanistic pathways; however, the ob-
served responses are in agreement with previously proposed
mechanisms. Accordingly, CeO, nanoparticles exhibit reversible
Ce*"/Ce*" redox cycling, enabling ROS scavenging and
nanozyme-like antioxidant activity that protects photosynthetic
structures and increases chlorophyll accumulation [37]. SiO,
supplies bioavailable silicon that strengthens cell walls and
boosts stress tolerance and nutrient absorption [38]. Addition-
ally, chitosan functions as an elicitor that triggers plant defense
signaling and the production of secondary metabolites [39, 40].
The combined action of these components probably explains the
improved germination, growth, and phytochemical accumula-
tion seen in SMB and PTG.

4 | Conclusions

Ce0,/SiO, nanoparticles were synthesized from rice husks and
Ce(NO3); via a high-efficiency Co-60 gamma irradiation process,
enabling large-scale production at a capacity of up to one ton per
hour. Structural analysis revealed that the synthesized material
has nanoscale dimensions (12.6+2.5nm). When used as
a growth stimulant for SMB, Ce0,/SiO, nanoparticles showed
pronounced effectiveness during the germination phase, with the
highest germination rate (90%) observed at a concentration of
1.0 gL~ ". The study also found that the optimal concentration of
Ce0,/Si0O, nanoparticles for promoting root development in both
Salvia miltiorrhiza and Paramignya trimera is 2.0gL™". At
a higher concentration of 2.5 g L™, a significant reduction in leaf
number occurred, suggesting that nutrient absorption had
reached a saturation threshold. Notably, long-term application of
Ce0,/SiO, nanoparticles as a fertilizer for Paramignya trimera
over a 3-year cultivation period resulted in a significant increase
in the content of bioactive compounds, including ostruthin, 8-
methoxy ostruthin, oriciacridon, and 5-hydroxynoracronycin, in
the roots compared to the control group. These findings highlight
the potential of CeO,/SiO, nanoparticles as an effective nano-
fertilizer for the enhanced cultivation of medicinal plants.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Information. Holm’s sequential
Bonferroni method was applied to control Type I error for all pairwise

comparisons. Tukey’s test indicated that the shoot height of Salvia
miltiorrhiza seedlings after 2 weeks increased significantly as the CeO,/
Si0, concentration rose from 0.5 to 2.0 g L™" (Tables S2-S3). After 12
months, both shoot height and root number of S. miltiorrhiza, as well as
trunk height, leaf length, and root length of Paramignya trimera, in-
creased significantly with increasing CeO,/SiO, concentration, reaching
a maximum at 2.0 gL' (Tables S4-S11).
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