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Plant hormone-loaded nanoparticles (NPs) represent a novel class of materials

with significant potential in plant cell culture, owing to their unique physico-

chemical properties. The utilization of these hormone-loaded NPs as elicitors

could enhance the production of bioactive compounds and boost antioxidant

enzymatic activity in plant cell suspension cultures. Therefore, this study aimed to

synthesize jasmonic acid (JA) loaded Fe3O4 NPs and evaluate their effects on the

cell suspension culture of Carthamus tinctorius (safflower). The synthesized

material was applied at various concentrations (10, 20, 40 and 80 mg L-1) to

assess its impact on cell growth, physio-biochemical, antioxidative activities and

specialized metabolites (SMs) of C. tinctorius. The results demonstrated that the

addition of JA-loaded NPs significantly enhanced the total chlorophyll (70.37%),

soluble protein (154.45%) and total phenolic contents (110.64%) of safflower

compared to the control. A linear decrease in all reactive oxygen species (ROS)

attributes, such as H2O2 (4.65%) and O2
- (22.81%), was observed as the NPs

concentration in the culture media was increased to the T2 group (20 mg L-1).

Maximum chlorogenic acid (CGAs) accumulation (43.76 mg g-1) was noted on 72

hours after elicitation, representing a 2.26-fold increase over the control group.

Furthermore, amino acid profiling revealed substantial variations in the

composition of all detected amino acids following treatment with JA-loaded

Fe3O4 NPs. In summary, this strategy demonstrates potential for optimizing the

production of antioxidant and bioactive metabolites, thereby offering a viable

solution for the industrial scale production of high-quality safflower extracts.
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GRAPHICAL ABSTRACT
Highlights
Fron
• Nano-elicitation is a novel technique for enhancing

specialized metabolites.

• JA-loaded Fe3O4 NPs increased the chlorogenic acid

accumulation to 2.26% compared to control.

• JA-loaded Fe3O4 NPs decrease the H2O2 and O2
- levels up

to 4.65 and 22.81%, respectively.

• Sedoheptulose-7-phosphate, fructose-1, 6 diphosphate, and

phosphoenolpyruvate enhanced the accumulation of

aromatic amino acids.
1 Introduction

Cell suspension culture techniques represent a significant

advancement as a scalable and well-controlled method to overcome

the low yields of specialized metabolites (SMs), such as alkaloids,

phenolics, and flavonoids in plant cells (Anuradha et al., 2025). The low

yields present a major challenge for the large-scale extraction of these

compounds for use in pharmaceuticals and nutraceuticals (Szopa et al.,

2024). This technique simplifies the process of growing the plant cells

in an optimized environment to encourage the production of desirable

metabolites (Ashraf et al., 2025). Furthermore, it is a highly valuable

method for inducing the biochemical pathways that lead to the

production of specialized metabolites, a process in which elicitors act

as key stimulating agents (Murthy et al., 2024; Xu and Xu, 2024).

However, the application of conventional chemical elicitors is limited

due to their low stability, poor bioavailability, and the need for repeated

applications, which only produce transient effects (Xu and Xu, 2024).
tiers in Plant Science 02
These drawbacks necessitate an immediate innovation in elicitation

techniques that are not only more economical and sustainable but also

promising to offer stable and high yielding effects (Imran et al., 2025).

The use of NPs for elicitation is an innovative and promising

strategy to enhance the production of SMs in plant cells (Martıńez-

Chávez et al., 2024). The nano-sized dimension, high surface area to

volume ratio, and enhanced reactivity of NPs provide desirable

physico-chemical properties that facilitate the effective interaction

with the plant cells (Duman et al., 2024; Kılıç et al., 2025). The most

promising advantage is their capacity for the targeted delivery of

elicitors directly to the plant’s metabolic machinery (Rani et al.,

2025). This helps to overcome the limitations of conventional NPs-

based elicitors in cell suspension cultures, which include premature

degradation, uneven distribution, and transient exposure, all of

which can lead to suboptimal metabolite induction and cellular

stress (Mohammadinejad et al., 2019; Kalia and Sreelakshmi, 2025).

Abiotic elicitors, including the NPs (Jeyasri et al., 2023), can

regulate the specialized metabolites by activating the transcription

of genes involved in the defense related biosynthetic pathways

(Golkar et al., 2019; Ejaz et al., 2024). For instance, traditional

elicitors have been shown to induce the synthesis of chlorogenic

acid (CGAs) and related enzymatic antioxidants in safflower and

other cell cultures (Haghighi and Majumdar, 2025). In this context,

megantic NPs loaded with plant hormones emerge as an efficient

and sustainable tool for enhancing the production of specialized

metabolites in cell suspension cultures (Khan et al., 2025).

The unique properties of Fe3O4 NPs include high surface area,

magnetism, and biocompatibility, all of which affect cellular processes

(El-Khawaga et al., 2025). The application of these NPs enhances cell

division and biomass growth by balancing the cellular environment
frontiersin.org
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(Wang et al., 2025). With regard to antioxidative potential, Fe3O4 NPs

after uptake undergo Fenton like reactions, which induce the synthesis of

reactive oxygen species (ROS) in a regulated way, resulting in the plant

defense mechanisms activation (Kulus et al., 2025). The Fe3O4 NPs offer

the controlled delivery of iron ions (Fe2+/Fe3+), which are essential co-

factors for the enzymes in phenylpropanoid pathway (Ayoobi et al.,

2024). Moreover, jasmonic acid (JA) also plays a significant role in

regulating the overall performance of safflower cell suspension cultures,

particularly in secondary metabolism (Samanta and Roychoudhury,

2025). It has been reported that JA in cell culture trigger the activity of

key enzymes, including phenylalanine ammonia-lyase (PAL), chalcone

synthase (CHS), and other downstream catalysts, which are effective in

the metabolic flux towards the synthesis of specialized metabolites

(Elbouzidi et al., 2024). The NPs facilitate the effective delivery of JA

into plant cells, which is crucial for the JA signaling pathway. This

pathway regulates major key enzymes that deal with the biosynthesis of

SMs such as alkaloids, flavonoids, and terpenoids (Ravi et al., 2025). Due

to the magnetic nature of Fe3O4, the distribution and accumulation of

NPs in the culture can be controlled easily, which results in persistent

and accelerated metabolite production (Yousaf et al., 2025). To date,

there is limited literature on the use of JA-loaded Fe3O4 NPs for

metabolic regulation in plants.

Safflower (Carthamus tinctorius L.) is a widely recognized

medicinal plant, esteemed for valuable SMs, like chlorogenic acids

(CGAs), flavonoids, and anthocyanins, which serve as useful

substitutes for synthetic compounds (Golkar and Taghizadeh,

2018; Ashraf et al., 2025). The biosynthesis of these SMs in

safflower is a complex process that involves intricate enzymatic

pathways interacting with inherent genetic regulatory mechanisms.

Moreover, this biosynthetic process may be initiated or enhanced by

the presence of external elicitors (Krishnan et al., 2024; Wu et al.,

2025). Chlorogenic acids are key groups of these metabolites,

notable for their role in the scavenging of ROS and mitigating

oxidative stress (Fu et al., 2015; Talukder et al., 2025). Recent

perspectives suggest that combining traditional elicitors with novel

technologies such as NPs-based delivery systems, could enable a

more specific and sustained increase in CGA content and enhance

the antioxidant profile in safflower (Sobhy et al., 2025). However,

the mechanisms by which phytohormone-loaded nanomaterials

affect CGA biosynthesis, antioxidant status, and ROS levels,

remain unclear. Elucidating these processes is crucial for

enhancing cellular CGA production. The main objectives of this

study were to: 1) explore the structure and composition of the JA-

loaded Fe3O4 NPs, 2) evaluate the variations in physio-biochemical

attributes, enzymatic antioxidants, and ROS concentrations in

safflower cells treated with different levels of JA-doped Fe3O4

NPs, and 3) assess the transcriptional expression of key

biosynthetic genes. The outcomes of this research highlight an

innovative approach for synthesizing JA-loaded Fe3O4 NPs to

enhance biosynthesis of bioactive metabolites. This approach

effectively modulates ROS and improves antioxidative systems. By

establishing a connection between the elicited physio-biochemical

responses and the transcriptional regulation of pivotal genes, this
Frontiers in Plant Science 03
study provides a comprehensive and practical strategy for

augmenting the accumulation of CGAs in C. tinctorius.
2 Materials and methods

2.1 Nanoparticles synthesis &
characterization

2.1.1 Preparation of carbon spheres
Carbon spheres were synthesized by dissolving 6 g glucose

monohydrate in 40 mL of deionized water to form a clear solution.

This solution was transferred to an oven-type autoclave with Teflon

liner and heated in an oven at 180°C for 320 min. Subsequently, the

autoclave was removed and allowed to cool naturally at room

temperature (20°C). The resulting product was then centrifuged,

and the precipitate of carbon spheres was washed several times

using distilled water and absolute ethanol. Following a further

centrifugation step at 8,000 rpm for 10 minutes, the material was

dried in a vacuum oven at 60 °C for 480 min.

2.1.2 Preparation of hollow nanospheres of Fe3O4

A 40mmol amount of iron nitrate nanohydrate (Fe3(NO3)3.9H2O)

was dissolved in a mixture of absolute ethanol and deionized water,

following the methodology of our previous study (Liu et al., 2025). The

mixture was sonicated for 30 minutes to ensure the thorough mixing.

Subsequently, 0.6 g of urea was added, and the solution was stirred and

sonicated for a further 30 minutes. After this, 200 mg of carbon spheres

were introduced, and the mixture was stirred for another 30 minutes.

The solution was then sonicated for 15 minutes and heated in an oil

bath at 90°C for 360 minutes. The resulting material was centrifuged,

washed with absolute ethanol and deionized water, and dried in an

oven at 60°C. Finally, the product was calcined at 450°C to obtain

hollow structure iron oxide.
2.1.3 Synthesis of jasmonic acid loaded Fe3O4

The NPs suspension was prepared by dissolving 500 mg of NPs

in 50 mL of ultrapure water. Subsequently, 50 mg of jasmonic acid

(JA) [Sigma-Aldrich (Shanghai) Trading Co., Ltd., Shanghai,

China] was added to this suspension. The mixture was incubated

for 48 hours at room temperature on an orbital shaker. Following

this, the Ja-loaded NPs were collected by centrifugation (12,000 × g

rpm, 15min, and 18°C) and the resulting pellets were stored at 4°C.
2.1.4 Jasmonic acid loaded Fe3O4 nanoparticles
characterization

The surface morphology and the crystal structure were determined

using an X-ray diffraction (XRD) (XTrA ARL, Switzerland) with Cu

Ka radiation operated at 30 kV and scanning rate of 10°/min. The X-

ray spectroscopy (EDS) TEM consisted of JEM-2100 CX instrument

(JEOL Ltd., Japan running at 200 kV) with which the internal structure

of the material was evaluated. X-ray photoelectron spectroscopy (XPS)
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was performed to analyze the surface chemical composition and

elemental states of the material. The estimation of the elemental and

functional groups was conducted for all NPs in the XPS performed on

the PHI 5000 Versa probe (monochromatic Al source) by ULVAC-

PHI Ltd., Japan. The binding energy of all samples was calibrated by

fixing the C1s photoelectron peak at 284.6eV, and the data was

analyzed using XPS Peak 4.1 program. Nitrogen adsorption-

desorption isotherm at 77K on ASAP 2010 (Micromeritics

Company, USA) was used to calculate the BET surface area and

distribution of pore size of the material. All the samples were subjected

to zeta potential-pH profiling in order to establish their isoelectric point

(IEP). The measurements were conducted at 20°C, wavelength: 658

nm, power: 40 mW with the photon correlation spectroscopy under

the Litesizer 500 apparatus of the Anton Paar GmbH, Austria. All

analyses were performed in triplicate to ensure precision.
2.2 Elicitation of C. tinctorius cells

Safflower, belonging to the family Asteraceae (Compositae), was

collected from Yining county, Xinjiang province, China, following

authentication by a certified botanist. The identification of the plant

was based on its morphological characteristics, which include ovate

leaves, orange-red tubular florets, and a prominent taproot. A

suspension cell culture system was established utilizing the callus

derived from the sepals, as documented in previous studies (Liu

et al., 2023; Ashraf et al., 2025). For the experiments, cells were

harvested by filtration, ground in liquid nitrogen, and used for total

RNA extraction. The callus material was inoculated at 4 g fresh

weight into 40 mL of B5 liquid medium, representing a 10% of

(m/v) inoculum size. The cultures were grown in the dark on a

rotary shaker at 28°C and 115 rpm (0.37 × g and 28°C) for six days

(Liu et al., 2024), with subculturing performed every 10 days. Prior

to experimentation, the cultured cells were sequentially filtered

through 12–40 mesh sieves to remove cell clumps and

extracellular metabolic by-products (Liu et al., 2023). For the

treatment, cells cultured for three days were subjected to co-

culturing for further three days with various concentrations

(0, 10, 20, 40 and 80 mg L-1) of JA-loaded Fe3O4 NPs. Harvesting

the cells from the cultures was repeated every 24 hours to analyze

the cellular metabolite levels. The B5 medium includes [basal salt of

B5, 6-benzylaminopurine, sucrose and a-naphthaleneacetic acid at

3.21 g L-1, 2 × 10−4 g L-1, 30 g L-1, 4 × 10−4 g L-1], respectively, all

supplied by “Qingdao Hope Bio-Technology Co., Ltd” in China.
2.3 Growth attributes of cultured cells

The growth dynamics of the cell suspension cultures were assessed

by measuring the fresh biomass in seven days old cultures, using an

electric weighing balance. For each measurement, three replicates were

analyzed. Subsequently, the cultured cells were harvested, oven-dried at

50°C, and the dry cell biomass was determined.
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2.4 Pigment and osmolyte attributes

A sample of approximately 0.4 g was vortexed in 10 mL of 80%

acetone. The solution was then filtered and centrifuged at 5000 × g for

5 min at 25°C. The absorbance of the filtrate was measured at 644.8 and

661.8 nm and 470 nm as quantities of chlorophyll a and b and

carotenoids, respectively. The total chlorophyll content was calculated

by adding the chlorophyll a and b. The Coomassie brilliant blue G250

was used to determine the level of soluble protein (Bradford, 1976).

Approximately 0.1g of sample was homogenized with 5mL of phosphate

buffer at pH 7.8. The homogenate was centrifuged at 4500 × g for 10min.

Subsequently, 0.9 mL of distilled water and 0.1 mL enzyme extract were

added to 5mL of Coomassie brilliant blue G250 reagent. The absorbance

was recorded at wavelength of 595 nm.
2.5 Determination of enzymatic
antioxidants and ROS related attributes

Enzyme activity assays were conducted using commercial kits

(Solar Bio-Science & Technology (Beijing, China) Co., Ltd.) to

determine the enzymatic antioxidants parameters in embryogenic

callus. The activities of these enzymatic antioxidants were assayed

according to manufacturer protocols. One unit of the enzyme activity

was defined as the change in absorbance per minute per gram of tissue

per milliliter of the reaction system, measured at a specific wavelength.

O2
- concentrations were quantified according to the method of Bu

et al. (2016). A 0.1 g sample of cell balls-up was homogenized with 2

mL 50mMphosphate buffer (pH 7.8) and centrifuged at 10,000 × g for

20 minutes. Then, 0.5 mL of the resulting extraction solution was

incubated with 0.5 mL of 50mMphosphate buffer (pH 7.8) and 1.5mL

of 1 mM hydroxylamine hydrochloride at 25°C for 1 hour.

Subsequently, 2 mL of 17 mM p-aminobenzene sulfonic acid and 2

mL of 7 mM 2-naphthylamine were added to the reaction mixture for

incubation at 25°C for 20minutes, and the absorbance wasmeasured at

530 nm. A method used by Bu et al. (2016) was followed to calculate

H2O2 concentration. A 0.1 g cell sample was processed with 1 mL ice-

cold acetone and centrifuged at 3000 × g for 10 minutes. To the

extracted supernatant, 0.1 mL of 5% (w/v) titanous sulfate and 0.2 mL

ammonia were added, followed by 0.1 mL hydrochloric acid. This

solution was centrifuged at 3000 × g for 10minutes. The pellet was then

dissolved in 5 mL of 2 M sulfuric acid, and the absorbance of the final

solution was measured at 410 nm.
2.6 Determination of antioxidant profile
and total phenolics

The antioxidant potential of safflower extract cells was evaluated

by determining its radical-scavenging activities of ABTS and DPPH

assays alongside the ferric reducing antioxidant power (FRAP)

following the established procedure (Sethi et al., 2020; Zhao et al.,

2020). Furthermore, the total phenolic content (TPC) was

quantified by the folin-Ciocalteu method (Orak et al., 2015). The

results of TPC were reported in g equivalent catechin per g extract.
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2.7 Detection of intracellular metabolites

The determination of CGAs in cells was carried out by

subjecting intracellular extracts to an assay using a 1260 HPLC

system from Agilent Technologies, USA. The mobile phase

consisted of 0.05% (v/v) phosphoric acid solution as component

(A) and acetonitrile as component (B). The gradient elution was as

follows: from 0 to 40 minutes, 5–41% B; from 40 to 42 minutes, 41–

90% B; from 42 to 45 minutes, 90–5% B; and from 45 to 55 minutes,

maintained at 5% B. These procedures were conducted following

the protocols established by Liu et al. (2024). The gas

chromatography-mass spectrometry (GS-MS) chromatograph

coupled with an Agilent 5977B mass selective detector and a DB-

5MS capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness)

was used to analyze intracellular metabolite concentrations. The

quenching, extraction, derivatization, and detection of these

primary metabolites were performed in accordance with previous

studies (Liu et al., 2024; Chen et al., 2020).
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2.8 Statistical analysis

The experiment was designed using a completely randomized

design (CRD) with three replicates for each treatment. The analysis

of variance (ANOVA) and the treatment means were compared

using the Tukey’s Honest Significant Difference (HSD) test at the

5% significance level. Statistical analyses were performed using the

Statistics 8.01 software, while multivariate analyses were executed

with the R Studio software package.
3 Results

3.1 Material characterization

3.1.1 Scanning electron microscopy
Figure 1 presents scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) images of the synthesized
FIGURE 1

SEM analysis of synthesized material at different magnifications, (A) hollow spherical structure of Fe3O4 NPs; (B) Fe3O4 NPs loaded with JA; (C, a)
EDS of aggregated NPs; (b) EDS-TEM of C, (c) EDS-TEM of O2, (d) EDS-TEM of Fe.
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magnetic NPs at different magnifications. The Fe3O4 particles

exhibited a distinct spherical shape, as illustrated in Figure 1A, with

minor agglomeration noted during synthesis. The particle size

distribution was relatively consistent, spanning 100–200 nm, with

distinct hollow spherical characteristics observable at higher

magnification. These features suggest that the particles were

synthesized in a controlled manner, exhibiting uniform diameters

and consistent distribution. The Jasmonic acid (JA) loaded Fe2O3

NPs depicted in Figure 1B exhibit a relatively uniform and well-

defined morphology, reflecting effective surface modification and

minimal aggregation. The regular shape and smooth surface texture

suggest a stable and successful interaction between JA and the Fe3O4

nanostructures. The observed morphological alterations,

characterized by spherical forms and particles distributed in the

range of 100 to 250 nm, indicate the successful loading of JA (Joshi

et al., 2022).

3.1.2 Transmission electron microscopy
To examine the finer structural details at nanoscale levels and to

obtain crystallographic/phase information, TEM analysis was

conducted subsequent to SEM. The EDS-TEM analysis in

Figure 1C confirmed the presence of carbon, oxygen, and iron,

with a uniform elemental distribution across the hollow spherical

Fe3O4 NPs. The strong carbon signal supports the successful

loading of JA, while the iron and oxygen signatures validate the

presence of Fe3O4, consistent with the reference (Sohail et al., 2020).

These results confirm the successful synthesis and functionalization

of hollow Fe3O4 NPs, highlighting their potential for future

biological and environmental applications.

3.1.3 X-diffraction
To confirm the bulk crystal structure and phase purity of the

material, XRD analysis was conducted following TEM analysis, as

the latter provides only localized nanoscale information. Figure 2

depicts the structural and surface chemical assessment of Fe3O4

magnetic NPs. The XRD pattern in Figure 2A shows a distinct

diffraction peaks at 2q values of approximately 30.1° (220), 35.4°

(311), 43.1° (400), 53.5° (422), 57.0° (511), and 62.6° (440),

corresponding to the crystallographic planes of the cubic spinel

structure of Fe3O4, which is consistent with the literature

(Sobhannizadeh et al., 2025). The sharp, well-defined nature of

the peaks indicates the high crystallinity of the synthesized NPs.

3.1.4 X-ray photoelectron spectroscopy
To determine the elemental composition and chemical states of

the surface, XPS analysis was conducted following XRD, as it

provides surface-specific chemical information, crucial for

understanding material properties and reactivity. The XPS spectra

in Figures 2B, C offer deep insights into the surface oxidation states

of iron in the synthesized material. The sharp peaks evident at

binding energies of ~ 70.18 eV are assigned to Fe 2p 3/2 and Fe

2p 1/2, respectively, while the satellite peak at ~ 713.3 eV is

characteristic of Fe 2p 3/2 and Fe 2p 1/2. The confirmed presence

of both Fe2+ and Fe3+ confirmed the mixed-valence state nature of

Fe3O4, indicating the successful synthesis of magnetic NPs, which is

consistent with previous literature reports (Kasote et al., 2019).
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3.1.5 Fourier transform infrared spectroscopy
FTIR analysis complements XPS by identifying molecular

functional groups and bonding vibrations. The spectrum in

Figure 2D displays distinctive absorption bands representative of

both Fe3O4 and JA moieties. A broad band at approximately 3400

cm-1 corresponds to O-H stretching vibrations, whilst the peak near

1630 cm-1 is ascribed to the C=O stretching of carboxyl groups in JA.

Furthermore, bands observed below 700 cm-1 are indicative of Fe-O

vibrations, confirming the integrity of the magnetic Fe3O4 core

following the surface modification (Nasrollahzadeh et al., 2021).

3.1.6 Raman spectral analysis
Raman analysis complements FTIR by detecting non-IR-active

vibrational modes and providing details on molecular symmetry.

The Raman spectral data in Figure 2E further supported the

structural features of the synthesized NPs. The high intensity

peak in the low wavenumber area was attributed to the A1g

vibrational mode of magnetite. The minimal shifts and variations

in peak intensities suggest surface interactions between Fe3O4 core

and JA, thereby proving the successful functionalization.

3.1.7 Zeta potential analysis
Zeta potential analysis is essential for assessing colloidal stability

and surface charge to gain a comprehensive understanding of

material properties. As exhibited in Figure 2F, the loading of JA

induced a significant change. The Zeta potential of the pure Fe3O4

NPs was -20 mV, which decreased to about -15 mV for the JA-

loaded Fe3O4 NPs. This change suggests a reduction in surface

charge density and indicates that the organic JA coating enhanced

the colloidal stability of the NPs (Meng et al., 2024).

3.1.8 Brunauer-Emmett-Teller analysis
To determine surface area and porosity, BET analysis is a

necessary complement after Zeta potential. Together, these

techniques provide insights into NPs’ surface chemistry (from

Zeta potential) and physical structure (from BET), which are

essential for evaluating their suitability for applications such as

catalysis and adsorption. Table 1 displays the BET-analysis results

for Fe3O4 and JA-loaded Fe3O4 NPs. Loading with JA led to a

significant increase in both surface area (from 7.802 to 12.352 m²/g)

and average pore size (from 6.616 to 8.205 nm), although a minor

reduction in total pore volume was observed (Meng et al., 2024).

These alterations suggest an improvement in surface properties,

likely resulting from the organic loading.
3.2 Application of synthesized nano
elicitors with safflower cell suspension
culturing and its bioactive defense
molecules changes

3.2.1 Biomass attributes
The fresh and dry biomass of safflower cells in the suspension

culture were significantly (p ≤ 0.05) affected by the various levels of

JA-loaded Fe3O4 NPs (Figure 3). Both fresh and dry biomass
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increased linearly up to a concentration of 20 mg L-1, beyond which

a decline was observed maximum increase in cell fresh weight

(76.63%) and dry weight (149.51%), was observed by the

application of 20 mg L-1 of JA-loaded Fe3O4 NPs in the cell

suspension culture of safflower, relative to control group (0 mg L-1).

3.2.2 Pigment and osmolyte attributes
The results in Figure 4 exhibited that application of various

levels of JA-loaded Fe3O4 NPs significantly (p ≤ 0.05) affected the
FIGURE 2

(A) XRD pattern of Fe3O4 magnetic NPs; (B) XPS spectra of Fe3O4 magnetic NPs; (C) XPS full spectra of Fe3O4 (D) FTIR spectra of JA-loaded Fe3O4;
(E) Raman spectra of magnetic JA-loaded Fe3O4 NPs; (F) Zeta potential measurement; The results were reported as the mean values + standard
deviation (n = 3). Letters above bars showed significant differences (at 5% level) based on a Tukey’s-HSD test.
TABLE 1 BET specific surface area, pore size distribution and pore
volume.

Sample BET/m2/g
Pore

size/nm
Pore volume/

cm3/g

Fe3O4 7.802 ± 0.037 b 6.616 ± 0.027c 0.029 ± 0.028b

(Fe3O4) JA 12.352 ± 0.101a 8.205 ± 0.022 a 0.027 ± 0.011a
The differences between the treatments were considered to be significant and were marked in
the columns with lower case letters.
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FIGURE 3

Effects of various doses of JA loaded Fe3O4 NPs on (A) fresh weight of cells; (B) dry weight of safflower cells in suspension culture. The results were
reported as the mean values + standard deviation (n = 3). Letters above bars showed significant differences (at 5% level) based on a Tukey’s-HSD
test. T0 = 0 mg L-1, T1 = 10 mg L-1, T2 = 20 mg L-1, T3 = 40 mg L-1 and T4 = 80 mg L-1.
FIGURE 4

Effects of various doses of JA loaded Fe3O4 NPs on (A-C) chlorophyll (a, b, Total) contents; (D) soluble protein in safflower cells in suspension
culture. The results were reported as the mean values + standard deviation (n = 3). Letters above bars showed significant differences (at 5% level)
based on a Tukey’s-HSD test. T0 = 0 mg L-1, T1 = 10 mg L-1, T2 = 20 mg L-1, T3 = 40 mg L-1 and T4 = 80 mg L-1.
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pigment and osmolyte attributes of safflower cells in the suspension

culture. Maximum increase in chlorophyll a (46.24%), chlorophyll b

(150.30%), total chlorophyll (70.37%) and soluble protein

(154.45%) was observed by the application of 20 mg L-1 of JA-

loaded Fe3O4 NPs, relative to the control group (0 mg L-1).

3.2.3 Enzymatic antioxidants and ROS related
attributes

To assess the plant’s oxidative stress response and detoxification

capacity for mitigating ROS generated under stress, the quantification

of enzymatic antioxidants is essential. This provides a comprehensive

understanding of plant defense mechanisms. The enzymatic

antioxidant and ROS related attributes of safflower cells in the
Frontiers in Plant Science 09
suspension culture were significantly (p ≤ 0.05) affected by the

various levels of JA-loaded Fe3O4 NPs (Figure 5). A linear increase

in the enzymatic antioxidants was observed up to 20 mg L-1; however,

at the highest concentration (80 mg L-1), a decline in all the activities

of enzymatic antioxidants was observed. Maximum values of SOD

activity (6.90 ± 0.18 Unit mg-1 protein), POD activity (0.24 ±

0.02 min mg-1 protein), CAT activity (0.21 ± 0.01 min mg-1

protein), APX activity (5.68 ± 0.25 Unit mg-1 protein), and GR

activity (6.09 ± 0.13 Unit mg-1 protein) were observed where 20mg L-

1 of JA loaded Fe3O4 NPs were added in the cell suspension culture of

safflower, compared to control. Similarly, the optimal level of JA-

loaded Fe3O4 NPs decreased the H2O2 (4.65%) and O2
- (22.81%) as

compared with the control group.
FIGURE 5

Effects of various doses of JA loaded Fe3O4 (µM) NPs on the enzymatic antioxidants and ROS related attributes in safflower in suspension culture.
(A) superoxide dismutase activity (SOD); (B) peroxidase activity (POD); (C) catalase activity (CAT); (D) ascorbate peroxidase activity (APX);
(E) glutathione reductase activity (GR) (F) H2O2 contents; (G) O2

- contents. The results were reported as the mean values + standard deviation
(n = 3). Letters above bars showed significant differences (at 5% level) based on a Tukey’s-HSD test. T0 = 0 mg L-1, T1 = 10 mg L-1, T2 = 20 mg L-1,
T3 = 40 mg L-1 and T4 = 80 mg L-1.
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3.2.4 Total phenolic contents
The analysis of phenolic contents provides a comprehensive

view of non-enzymatic defense mechanisms, ensuring a holistic

assessment of the plant’s antioxidant capacity. A dose-dependent

increase in the total phenolics was observed in the safflower cell

suspension culture following the application JA-loaded Fe3O4 NPs

(Figure 6). Maximum increase in the total phenolic contents

(110.64%) was noticed under the T2 treatment group. However,

the highest concentration of JA-loaded Fe3O4 NPs decreased the

total phenolics compared to the control and T2 treatment group.

3.2.5 Antioxidant profile
Antioxidant profiling confirmed the functional activity of

phenolics by demonstrating their efficacy in neutralizing ROS.

The application of JA-loaded Fe3O4 NPs significantly (p ≤ 0.05)

improved the antioxidant capacity of cultured cells (Figure 6).

Various concentrations of JA-loaded Fe3O4 NPs produced a

linear increase in the antioxidant activity, as measured by ABTS,

DPPH, and FRAP assays. However, this trend reversed at higher
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concentrations (40 and 80 mg L-1), which resulted in a reduced

antioxidant profile. The maximum increase in the percent

inhibition was observed when 20 mg L-1 of JA-loaded Fe3O4 NPs

was treated compared to the control. This indicates that the

maximum level of JA-loaded Fe3O4 NPs induced a decline in the

antioxidant activity across all the methods tested.
3.2.6 Accumulation of chlorogenic acid
The measurement of CGAs contents, following the assessment

of antioxidant traits, helped to confirm its contributions to total

antioxidant activity. When various concentrations of Fe3O4, JA, and

JA-loaded Fe3O4 NPs were added to C. tinctorius cell cultures, an

increase in CGAs content in cells was observed, followed by a

subsequent decline (Figures 7A-C). This pattern indicates that both

JA and Fe3O4 NPs induce the biosynthesis of CGAs. The highest

CGAs contents detected were 23.91 mg g-1 in the group treated with

20 mg L-1 Fe3O4 NPs and 24.31 mg g-1 in the group treated with

20 μM JA. Notably, the protocol for enhancing the CGA production

was significantly more effective when JA was loaded into the Fe3O4,
FIGURE 6

Effects of different doses of JA loaded Fe3O4 NPs on phenolics conetents and antioxidant profile in safflower cells in suspension culture. (A) total
phenolic contents; (B) DPPH scavenging activity; (C) ABTS activity; (D) FRAP activity. The results were reported as the mean values + standard
deviation (n = 3). Letters above bars showed significant differences (at 5% level) based on a Tukey’s-HSD test. T0 = 0 mg L-1, T1 = 10 mg L-1,
T2 = 20 mg L-1, T3 = 40 mg L-1 and T4 = 80 mg L-1.
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showing a positive dose-dependent effect. The highest CGAs

contents were found in the T2 treatment group (i.e., 43.76 mg g-1

by 20 mg L-1 JA-loaded Fe3O4 NPs-treated) compared to the

control, which is 2.44-fold higher than the control. This identifies

20 mg L-1 JA-loaded Fe3O4 NPs as the optimal treatment condition.

The chromatogram in Figure 7D, which plots retention time against

signal intensity of differentially treated samples over time, shows the

concentration of CGAs at 0, 6, 24, 48 and 72 hours. A significant

enhancement in overall CGA concentration was seen in the NPs-

treated group as the co-culture period extended from 06–72 h. The

highest cumulative CGA content was observed in 72 hours of

elicitation (43.76 mg g-1), which is 2.26 times that of the control

group. This confirms that CGA accumulation was highly

augmented by elicitation with JA-loaded Fe3O4 NPs.

3.2.7 Alterations in the primary metabolites
profile

Primary metabolites, such as amino acids, are essential

precursors and energy sources for producing specialized

metabolites. In this study, we analyzed 21 amino acids in cells

treated with and without NPs (Figure 8). The results revealed
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substantial variance in the composition of all detected amino

acids. Several amino acids, including Leucine, Valine, aspartate,

Proline, Lysine and Glycine were generally down-regulated. In

contrast, six other Phenylalanine, tyrosine, Glutamine, Glucose,

Cystine and tryptophan showed a consistent upward trend

(Supplementary Figure S1, Supplementary Material). It has been

reported that the continual upregulation of molecules such as

sedoheptulose-7-phosphate, fructose-1,6-diphosphate, and

phosphoenolpyruvate increased the accumulation of aromatic

amino acids, particularly phenylalanine, which is a critical CGA

precursor (Liu et al., 2024). The up-regulation of phenylalanine

observed in this study is significant because high levels of this amino

acid can directly increase the substrate pool for the enzyme

phenylalanine ammonia-lyase (PAL). This phenomenon facilitates

the diversion of additional carbon into the phenylpropanoid

pathway, thereby supporting the biosynthesis of CGA. Other up-

regulated amino acids, such as tyrosine, along with alanine and

glutamate, which participate in nitrogen metabolism (Feduraev

et al., 2020), and transamination can further modulate this

pathway by influencing the energy status, redox balance, and the

supply of amino donors for biosynthesis (Yang et al., 2020).
FIGURE 7

Temporal regulation of JA-loaded Fe3O4 NPs on the CGAs accumulation in C. tinctorius cells determined through high performance liquid
chromatography; dose responsive CGAs accumulation in C. tinctorius cells (A) by Fe3O4 NPs; (B) by Jasmonic Acid; (C) Jasmonic acid loaded Fe3O4;
(D) Temporal variation of CGAs accumulation in C. tinctorius cells. Bars with different letters are significantly different (5%) based on a Tukey’s-HSD
test; CK = 0 mg L-1; T10 = 10 mg L-1; T20 = 20 mg L-1; T40 = 40 mg L-1; T80 = 80 mg L-1.
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Consequently, the long-term NPs treatment appears to stimulate

primary metabolism, promoting the elevated levels of precursors

vital for the enhanced accumulation of CGA (Fu and Jiang, 2025).

3.2.8 Regression analysis
A simple linear regression analysis was performed to evaluate

the relationship between the measured attributes. The model

indicated a strong relationship, R2 value of soluble protein and

SOD activity (R2 = 0.9049), between the total phenolics and APX

activity (R2 = 0.68.22), and between the H2O2 contents and O2
-

(0.8973), indicating a strong relationship (Figure 9). These

relationships were statistically significant at the 95% confidence

level. These findings suggest that optimizing the application rates of

JA-loaded Fe3O4 NPs can significantly improve the enzymatic

antioxidants by minimizing the impacts of ROS-related attributes.
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3.2.9 Multivariate and response surface
methodology analysis

To evaluate the relationship of measure attributes under the

influence of various dosages of JA-loaded Fe3O4 NPs depicted in

Figures 10A-C. The principal component analysis (PCA) explains a

total variability of 82.00% for PC1 and 13.90% for PC2 components.

The T3 cluster is in response to the relatively higher concentration of JA-

loaded Fe3O4, consisting of a group of enzymatic antioxidants associated

as part of the plant’s defense mechanism. The T4 cluster represented the

highest-level treatment applied (dose level~ 80 mg L-1), which primarily

influenced total chlorophyll content, and fresh and dry weights of the

safflower suspension cells (Figure 10A). Correlation analysis revealed a

significant positive association among all biomass, chlorophyll and

phenolics and antioxidative profiles. Conversely, the ROS-related

attributes displayed a significant negative correlation with all the
FIGURE 8

Temporal changes in metabolites production from synthesis of amino acid pathways in NPs treated cells.
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measured attributes (Figure 10C). Response surface methodology

analysis confirmed that an increase in H2O2 levels corresponds with a

decrease in dry weight, demonstrating a significant inverse relationship

between the ROS and dry weight of safflower cells. Thus, treatments that

upregulate also modulate H2O2 also modulate the cellular dry weight.

The contour lines at the base of the plot further identify the optimal

regions for achieving maximum DW content under moderate to high

H2O2 and treatment conditions. Ultimately, this analyses underscore the

principal contributions of H2O2 content and treatment optimization on

biomass, highlighting the potential elicitor-based approaches to enhance

the antioxidative and therapeutic properties of safflower cells.
4 Discussion

The study revealed the potential of JA-loaded Fe3O4 NPs for

enhancing specialized metabolite biosynthesis in the C. tinctorius.

Application of NPs, particularly magnetic NPs, in plant

biotechnology has attracted significant interest due to their ability

to enhance cellular uptake, target specific pathways (Holghoomi

and Colagar, 2024). The JA is a plant hormone known to regulate

numerous metabolic processes, making it an ideal candidate for

improving the synthesis of specialized metabolites (Roychowdhury

et al., 2025). Combining nanotechnology with plant regulators such
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as JA presents a promising strategy for advancing plant-based bio-

manufacturing (Jadhav and Khare, 2024), offering a sustainable

approach to boost the commercial production of specialized

metabolites in plant cells.

The results demonstrate that the optimal concentration of JA-

loaded Fe3O4 NPs improved the cell biomass, pigment attributes

and soluble protein accumulation (Figure 3). The Fe3O4 NPs

facilitated the efficient delivery of JA to the target cells, enhancing

its uptake and the subsequent activation of signaling pathways

(Ayoobi et al., 2024). The activation of these pathways may have

increased the photosynthetic activity, directly leading to the

observed higher chlorophyll concentration (Bi et al., 2024), which

might be the possible reason for the improved pigment attributes in

the cells. The application of Fe3O4 NPs probably contributed to

enhanced nutrient uptake and cellular respiration (Zhang et al.,

2025), which could explain the possible reason for higher biomass

accumulation. The rise in soluble protein content suggests that JA-

loaded NPs induced the expression of proteins associated with

stress responses, development, and energy reserves (Ahmed et al.,

2024). Furthermore, the NPs may have alleviated oxidative stress by

scavenging free radicals, thereby helping to maintain cellular

integrity and functioning. The synergistic effect of JA and Fe3O4

NPs appears to have enhanced key cellular functions, thereby

promoting healthier overall growth and metabolism.
FIGURE 9

(A) Regression analysis between soluble protein and superoxide dismustase activity, (B) Regression analysis between total phenolics contents and
ascorbate peroxidase activity, (C) Regression analysis between hydrogen peroxide and O2-
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The optimal dose of JA-loaded Fe3O4 NPs enhanced the activity

of critical antioxidant enzymes in the C. tinctorius, thereby

increasing enzymatic antioxidants levels (Figure 5). This aligns

with the findings of Dong (2025), who reported that an enhanced

antioxidant mechanism effectively neutralizes ROS, alleviating

oxidative stress and protecting cellular integrity. The NPs

facilitated the sustained release of JA, which further enhanced the

production of antioxidant response (Singh et al., 2025). It is

probable that the interaction of JA and Fe3O4 NPs activated

signaling pathways leading to the expression of antioxidant genes

(Sobhannizadeh et al., 2025). This process reduced ROS

accumulation and helped to regulate the cellular redox

homeostasis (Li et al., 2025), thereby preventing the oxidative

damage to lipids, proteins, and DNA. The consequent reduction

in oxidative traits, such as protein carbonylation, certifies increased

cell viability (Nègre-Salvayre and Salvayre, 2024). The treatment
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induced a balanced elevation of antioxidants (enzymatic and non-

enzymatic), which might be the possible reason for the observed

decrease in oxidative damage. Furthermore, the ROS are known to

interact with the defense hormones, like JA, and the efficient

delivery of JA was likely potentiated by the magnetic properties of

Fe3O4 (Haghpanah et al., 2025). Enzymatic antioxidants, which

consist of protein-based structures, facilitate the conversion of ROS

into less reactive compounds (Haghpanah et al., 2024). For instance,

superoxide dismutase (SOD) catalyzes the dismutation of

superoxide (O2−) into hydrogen peroxide (H2O2) and molecular

oxygen (O2). In a similar manner, catalase (CAT) detoxifies

hydrogen peroxide by decomposing it into water and oxygen.

Moreover, JA role in modulating cellular processes was

potentiated by the magnetic properties of Fe3O4 NPs, ensuring

efficient delivery and action of the hormone within the cells

(Sobhannizadeh et al., 2025; Kumar et al., 2025). This synergistic
FIGURE 10

Multivariate analysis of measured parameters under various levels of JA-loaded Fe3O4 NPs; (A) Principal Component Analysis (PCA) biplot showing
variable contributions; (B) 3D response surface model illustrating the interaction between key variables; (C) Correlation matrix highlighting
relationships among measured parameters; T0 = 0 mg L-1, T1 = 10 mg L-1, T2 = 20 mg L-1, T3 = 40 mg L-1 and T4 = 80 mg L-1; FW, fresh weight of
cells; DW, dry weight of cells; CHL, total chlorophyl contents; DPPH, (2,2-diphenyl-1-picrylhydrazyl) assay; SP, soluble protein contents; SOD,
superoxide dismutase activity; POD, peroxidase activity; APX, ascorbate peroxidase activity; GR, glutathione reductase activity; TPC, total phenolics
contents; H2O2, hydrogen peroxide activity and O2, reactive oxygen contents; ABTS = 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid).
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interaction between JA and Fe3O4 NPs likely contributed to the

improved stress resilience and physiological performance observed

in the cell suspension culture.

The optimal concentration of JA-loaded Fe3O4 (20 mg L-1)

significantly enhanced both antioxidant capacity and phenolic

compound levels in C. tinctorius. Correlation and PCA revealed a

positive association between the improved antioxidant activity and

the JA-loaded Fe3O4 treatment. This can be explained by the NPs

improving the bioavailability and the cellular uptake of JA. The

enhanced interaction between the NPs and plant cellular structures

likely increased the production of SMs (e.g., phenolic compounds),

which contribute to antioxidant defense (Prasad et al., 2024). The

PCA analysis further revealed the significant clustering of the treated

samples, indicating that the JA-loaded Fe3O4 induce metabolic shift

towards phenolic biosynthesis. However, at higher concentrations,

the engineered NPs caused the dissolution of iron ions, elevating ROS

(Xie et al., 2025) as supported by our H2O2 and MDA results. This

oxidative damage likely inhibited the fundamental enzymatic

functions and may have activated regulated cell death, ultimately

suppressing secondary metabolic functions. This mechanism could

be linked to the interaction of the Fe3O4 NPs with plant receptors or

signaling pathways, triggering the production of phenolic metabolites

as part of the plant’s stress-related responses (Saini et al., 2024).
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The optimal concentration of JA-loaded Fe3O4 NPs significantly

increased the production of primarymetabolites in the C. tinctorius by

modulating cellular metabolism (Figure 11). The iron based NPs

facilitated the efficient delivery of JA to the cells, providing targeted

action and reducing the hormone degradation (Yang et al., 2024). The

JA stimulated the major biosynthetic pathways of the plant, resulting

in up-regulated biosynthesis of CGAs (Lv et al., 2024) that are

regarded to have antioxidant functions (Ashraf et al., 2025; Liu

et al., 2024). The use of JA and interaction with Fe3O4 NPs also

increased the nutrient and SMs uptake, which positively affects overall

cell growth and metabolism (Ayoobi et al., 2024; Gjureci et al., 2025).

Acting as a carrier, the NPs prevented the rapid breakdown of JA,

ensuring the sustained release that prolonged its effects. This improved

metabolic profile could be attributed to the synergistic interaction

between JA signaling pathway modulation (Li et al., 2024) and the

NPs’ physical properties, which enhanced cellular uptake and

bioavailability. This combination increased the cell tolerance to ROS

stress, a potential reason for the higher yield of the target metabolite.

Furthermore, the NPs modulated the gene expression of major

enzymes in metabolic pathways, thereby facilitating the synthesis of

both primary and specialized metabolites (Liu et al., 2024; Ashraf et al.,

2025; Singh et al., 2025). Increased resilience to oxidative stress and

enhanced mitochondrial activity also contributed to the accumulation
FIGURE 11

Mechanism diagram of Ja-loaded Fe3O4 NPs modulating the biosynthesis of CGAs in C. tinctorius cells.
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of CGAs and other metabolites (Thiruvengadam et al., 2024). The

sustained release of JA by the NPs might be the possible reason for

prolonged transcriptional activation, preventing feedback inhibition

and effectively redirecting metabolic flux to improve the accumulation

of CGAs. This enhanced biosynthetic capacity was correlated with the

increased activity of transcription factors that regulate metabolism.

These findings indicate that the plant hormone loaded magnetic NPs

may be a useful tool for optimizing the metabolic profiles of the plants

for biotechnological applications.
5 Conclusion

The optimum concentration of JA-loaded Fe3O4 NPs was

observed to enhance cell growth and induce substantial increases

in the antioxidative and phenolic content within the safflower cell

suspension culture. Based on findings, the addition of 20 mg L-1 of

the engineered NPs to the culture media enhanced the upregulation

of antioxidative enzyme activities, total phenolic contents and CGA

accumulation as indicated by the induction of an antioxidative

defence system and the scavenging of ROS. This process highlighted

an adaptive response involving the jasmonate production and its

associated signaling pathways, which help to prevent oxidative

stress and maintain cellular homeostasis in callus culture exposed

to elicitors. The application of JA-loaded Fe3O4 has facilitated the

development of a novel technique that significantly enhances the

modulation of antioxidants in plant cell cultures. The work provides

significant insights into the molecular pathways initiated by NP-

based elicitors, positioning them as a promising tool for sustainable

metabolic engineering and the large-scale biosynthesis of plant

derived products. Further future investigations should include a

larger sample size to facilitate comprehensive metabolite profiling

and to quantify specific flavonoid variations, thereby elucidating the

full phytochemical response on a wider scale. Additionally,

conducting a time-course experiment is recommended to

correlate JA release kinetics with the expression of CGA

biosynthetic genes. This approach would clearly link the sustained

JA signaling provided by NPs to the effective accumulation of CGA.
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