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A B S T R A C T

Cadmium (Cd) toxicity is a serious environmental threat to living organisms. Nanoparticles (NPs) 
and plant growth regulators are able to mitigate Cd toxicity and restore crop growth in heavy 
metals-contaminated soils. However, the synergistic potential of combining 24-epibrassinosteroid 
(24-epiBRs) and titanium oxide nanoparticles (TiO2-NPs) to alleviate Cd toxicity and restore 
soybean (Glycine max L.) production remains unexplored. Thus, a pot-based experimental trial 
was conducted to assess the effects of applying TiO2-NPs (15 mg L− 1) and 24-epiBRs (10− 7 M), 
individually and in combination, on soybean growth in soil cultivated with 30 ppm of Cd. The 
study revealed that Cd toxicity significantly inhibited soybean root length (11.0 %), root dry 
biomass (63.5 %), root fresh biomass (84.9 %), shoot length (11.7 %), shoot dry biomass 
(49.0 %), and shoot fresh biomass (27.3 %), compared to the control. Additionally, the toxicity of 
Cd enhanced the oxidative stress and lowered the photosynthetic efficiency, gas exchange 
characteristics, and antioxidant defense system of soybeans. Interestingly, the combined appli-
cation of TiO2-NPs and 24-epiBRs ameliorated the Cd toxic effects and improved the agronomic 
traits, photosynthesis efficiency, and antioxidant activity in soybeans by lowering oxidative 
stress. Specifically, the dual application of 24-epiBRs and TiO2-NPs effectively lowered the Cd 
levels in roots, shoots, and leaves of soybean plants by 62.5, 162.7, and 87.1 %, respectively, 
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relative to the control soybean plants grown under Cd stress. Overall, the combined treatment of 
TiO2-NPs and 24-epiBRs synergistically reduced Cd uptake and restored soybean physiology in 
Cd-contaminated soils. Moving forward, further research should include field trials to assess the 
effectiveness and economic viability of this novel method.

1. Introduction

Heavy metals (HMs), despite having no essential requirement for plants, animals, and humans, pose serious consequences subject to 
exposure beyond their minimum threshold levels (Jiang et al., 2023; Shen et al., 2022). Within the spectrum of HMs, cadmium (Cd) is 
well known for its ubiquitous presence, and is classified as a non-essential and highly toxic element (Li et al., 2022; Pietrini et al., 2010; 
Song et al., 2019). Its detrimental effects on plant biology have made it a focal point of environmental and agricultural research (Lang 
et al., 2024; Liu et al., 2012; Nejad et al., 2017; Shaghaleh et al., 2024; Shen et al., 2022; Song et al., 2017; Yu et al., 2021). Envi-
ronmental Cd contamination stems from natural processes and human activities, encompassing mineral mining, agricultural fertilizer 
application, and the release of untreated wastewater into ecosystems (Zong et al., 2022). Like other HMs, Cd is taken up by plant roots, 
distributed to various plant tissues (Kaya et al., 2019; Song et al., 2017; Song et al., 2019), and ultimately enters the food chain (Liu 
et al., 2012; Shahzad et al., 2018a). As a non-essential nutrient, Cd competes antagonistically with other essential nutrients by binding 
at the receptor sites, causing nutrient deficiency and toxicity, and ultimately affecting plant growth and development (Chen et al., 
2019; de Bang et al., 2021). Elevated Cd levels will induce excessive reactive oxygen species (ROS) in plant tissues; triggering a 
phenomenon known as ’oxidative burst ’ (Ghassemi-Golezani and Farhangi-Abriz, 2023). This rapid and transient ROS production 
causes damage to cellular organelles, disrupting vital biochemical processes (Abbas et al., 2020), damaging membrane integrity, and 
ultimately perturbing the redox equilibrium, and ultimately leading to cell death (Shah et al., 2023). However, plants have managed to 
evolve an efficient redox detoxification system known as antioxidant production that helps scavenge ROS and stabilizes the redox 
balance. To what extent plants can tolerate excessive Cd contents without compromising growth and development remains 
unanswered.

The urgency of developing and implementing effective, long-term soil reclamation strategies cannot be overstated (Shen et al., 
2022; van der Ent et al., 2013; Zong et al., 2022). These strategies are crucial for extracting HMs, especially Cd, from agricultural soil 
and ecosystem (Jiang et al., 2023; Li et al., 2024; Liu et al., 2012; Nejad et al., 2017; Shen et al., 2022; van der Ent et al., 2013). They 
can be classified into biological, chemical, or physical, and their goal is either phytoremediating the contaminated soil or mitigating 
the environmental risks posed by soil pollutants (Haider et al., 2022; Shen et al., 2018, Shen et al., 2022). Another good method is to 
use the stabilization/solidification technique, which involves adding things like coal fly ash, lime, or cement to make sure that con-
taminants in polluted soil or water stay stable over time (Moon et al., 2009; Alpaslan and Yukselen, 2002). Stabilization changes 
contaminants into less toxic, mobile, and soluble forms (Shen et al., 2018). Solidification, conversely, makes the wastes solid by 
enclosing them in a stable, strong, and unified structure (Haider et al., 2022). Some other methods include using barium acetate to 
clump together the large-sized contaminants, using hydroxide compounds (like Ca(OH)2, Mg(OH)2, and NaOH) to remove the harmful 
metal ions, and using phosphorous extracts, aqueous nitrogen-donor extracts, and Cyanex-30 to remove toxic pollutants (Nejad et al., 
2017). However, these methods may not be viable for small-scale metal contamination; may pose groundwater pollution hazards 
under certain circumstances (Haider et al., 2022). Therefore, it is crucial to harness cost-efficient, feasible, effective, and 
ecologically-compatible restoration methods. These adopted strategies should aim at reducing the negative effects of Cd-linked toxicity 
on plants, minimize adverse environmental effects, and supporting sustainable agricultural practices.

Researchers have explored various strategies to mitigate the adverse effects of abiotic stresses. One of the most promising and 
popular approaches is the application of nanotechnology to address HMs stress in plants (Azarin et al., 2024; Chen et al., 2023; Haider 
et al., 2024; Sani et al., 2023; Zhou et al., 2020; Jalil et al., 2023). Nanotechnology, specifically the use of chemical or organically 
synthesized nanoparticles (NPs) smaller than 100 nm, has shown significant potential in restoring plant growth under HMs stress 
(Azarin et al., 2024; Sardar et al., 2022; Sunny et al., 2022; Jalil et al., 2023). For instance, the application of titanium dioxide 
nanoparticles (gTiO2-NPs) under chromium (Cr) stress conditions resulted in the improved growth of sunflowers (Helianthus annuus; 
Kumar et al., 2024). The biological improvement was linked to better foliar photosynthetic efficacy and decreased oxidative stress 
(Kumar et al., 2024). The application of TiO2-NPs has also been successful in ameliorating the negative impacts of Cd toxicity in 
different crops such as rice (Oryza sativa), chestnut wine (Tetrastigma hemsleyanum), wheat (Triticum aestivum), cow-pea (Vigna 
unguiculata) and ramie (Boehmeria nivea; Ogunkunle et al., 2020; Chen et al., 2023; Deng et al., 2023; Lai et al., 2023; Huang et al., 
2024). Research findings indicated that TiO2-NPs ameliorated the adverse effects of HMs stress on plant development through various 
mechanisms, including modulating the expression of metal transport genes, lowering ROS production, and improving antioxidant 
activity by creating metal-binding proteins and chelating agents (Deng et al., 2023; Lai et al., 2023; Kumar et al., 2024). Thus, the 
potential of nanotechnology in agriculture is indeed promising, offering hope for restoring plant productivity under HMs stress 
conditions.

In addition to NPs, phytohormones (auxins, cytokinins, gibberellins, karrikins, abscisic acid, salicylic acid) and synthetic growth 
modulators, are crucial in regulating many growth processes and enabling the plants to cope with environmental stressors (Ahammed 
et al., 2023; Betti et al., 2021; Khripach et al., 2000; Pan et al., 2017; Peng et al., 2021; Tarkowski et al., 2009; Wong et al., 2015; Yu 
et al., 2004; Sabagh et al., 2022; Jameson, 2023). Within these growth substances and modulators, the brassinosteroids (BRs)are 
steroidal phytohormones with interesting biological functionality (Haubrick and Assmann, 2006; Shahzad et al., 2018b); these growth 
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substances have garnered significant attention in recent years due to their capacity to ameliorate biotic and abiotic stresses in plants 
(Rehman et al., 2021a; Suzuki et al., 2014; Wong et al., 2015). The application of 24-epibrassinolide (24-EBL) has shown remarkable 
properties in regulating biotic and abiotic stressors (Soares et al., 2020; Shahzad et al., 2018b). Anuradha and Rao (2007) reported that 
radish (Raphanus sativus) exposed to exogenously applied 24-EBL showed reduced adverse effects of Cd toxicity. This was achieved by 
increasing the production of free proline and antioxidants enzymes, such as ascorbate peroxidase (APX), guaiacol peroxidase (GPOD), 
catalase (CAT), superoxide dismutase (SOD; Kaya et al., 2020). Similarly, 24-EBL applied to Cd-stressed mustard (Brassica juncea L.) 
plants improved carbonic anhydrase activity, photosynthetic pigment content, photosynthesis, and osmotic regulation (Huang et al., 
2024). Moreover, the enhanced production of non-enzymatic and enzymatic antioxidants facilitated the neutralization of ROS, thereby 
improving plant resilience under harsh environmental conditions through the mitigation of oxidative stress ( Jakubowska and Janicka, 
2017; Rehman et al., 2021b). The role of 24-EBL is well established and utilized in mitigating the negative effects of elevated Cd in 
various crops such as rice (Sun et al., 2024), tomato (Solanum lycopersicum; Hayat et al., 2012), and mustard (Soares et al., 2020).

The individual use of TiO2-NPs and 24-epiBRs was proven effective in mitigating the negative effects of Cd and other HMs, leading 
to improvements in the yields of crops cultivated in contaminated soils (Rehman et al., 2021a; Sunny et al., 2022; Zhou et al., 2020; 
Zulfiqar et al., 2022). Interestingly, recent literature reported that the purposeful combinations of two or more dissimilar substances 
may interact synergistically, and enhance growth and resilience over a single substance (Chowdhury et al., 2024; Sani et al., 2020; Sani 
and Yong, 2022). In view of these research developments, more comprehensive research needs to be conducted on the effects of 
applying these two treatments together, particularly in legume plants like soybean (Glycine max), to ameliorate Cd toxicity, and 
commitantly restoring crop productivity. Therefore, this research was performed to examine the effectiveness of applying TiO2-NPs 
and 24-epiBRs alone; and in combination, to synergistically reduce the negative effects of Cd while improving the growth of soybean 
plants in Cd-polluted soil. In addition, the role of TiO2-NPs and 24-epiBRs was also examined in relation to the oxidative and anti-
oxidant defense systems during high Cd exposures. It was hypothesized that TiO2-NPs and 24-epiBRs would effectively minimize Cd 
concentration in soybean plants by regulating their oxidative and anti-oxidative defense systems, thereby improving soybean growth 
and development in Cd-contaminated soils.

2. Materials and methods

2.1. Collection of soil samples and experimental design

The soil samples for this experiment was collected from the uppermost 20 cm layer of an agricultural field at South China Agri-
cultural University (SCAU) in Guangzhou, China. The soil was then sieved through a 2 mm mesh to ensure uniformity. Key soil 
properties, including soil pH, total and available essential nutrients (N, K, and P), and organic matter, were assessed using standard 
procedures. Table S1 presents data on the physicochemical properties of soil used in this study. As a continuation of our research, based 
on our previous findings, we added cadmium chloride (CdCl2) to the soil at a concentration of 30 parts per million (ppm). Based on our 
previous research, CdCl2 was added to the soil at a concentration of 30 ppm, and the Cd-spiked soil was left to stabilize for four weeks at 
ambient temperature, with periodic mixing to ensure uniform Cd distribution in the agricultural soil.

The TiO2-NPs used in this study were obtained from Shanghai Chaowei Nanotechnology Co., Ltd., with a purity level of 99.9 %. The 
24-epiBRs were acquired from Shanghai Acmec Biochemical Co. Ltd., Shanghai, China. Figure S1 illustrates the structural charac-
teristics of TiO2-NPs. The soybean (Glycine max (L.) Merr.) cultivar "Longhuang 3" used in this experiment was sourced from the 
laboratory of Gansu Agricultural University in Lanzhou, China. The pot experiments were carried out in a wire house at SCAU from late 
April to mid-July 2023. The wire house was enclosed with a polythene sheet to shield the plants from rain, and the temperature was 
consistently maintained at 25◦C to provide suitable growth conditions for the soybean plants. Every pot in the experiment contained 
3 kg of soil, and six soybean seeds were sown per pot. The experiment was conducted using a completely randomized design, with eight 
treatments arranged factorially and having three replications. The experimental treatments consisted of different levels of two Cd (Cd0 
control = 0 ppm Cd and Cd1 = 30 ppm Cd) treatments, two TiO2NPs (NP0 control = 0 mg L− 1 TiO2-NPs and NP1= 15 mg L− 1 TiO2-NPs) 
treatments, and two 24-epiBRs (BRs0 control = 0 M 24-epiBRs and BRs1 =10− 7 M 24-epiBRs) treatments. The control groups were used 
as references for comparison. The doses of TiO2-NPs and 24-epiBRs were standardized by conducting pre-experimental trials, and the 
application of TiO2-NPs and 24-epiBRs to the leaves of soybean plants was carried out twice, specifically at 15 and 30 days after the 
emergence of the plants. Every experimental pot was given 0.217 g of urea, 0.0946 g of di-ammonium phosphate (DAP), and 0.05 g of 
potassium oxide. Distilled water was regularly applied to each experimental pot to maintain the optimum moisture levels throughout 
the experimental duration. Manual weeding was performed to maintain a weed-free environment, and the remaining agronomic 
practices were kept constant throughout the experiments. All the experiments were done in compliance with relevant institutional, 
national, and international guidelines and legislations. High research standards were maintained throughout the experiments and 
following the various established scientific protocols (Cornelissen et al., 2003; Pang et al., 2023; Yong et al., 2014).

2.2. Soybean harvesting and biomass observation

The soybeans were harvested after 60 days of soybean emergence. The shoot and root lengths of the soybean were recorded using a 
ruler. The plants were then divided into aerial and subterranean portions, with the fresh biomass determined for each using a weight 
balance. The weight balance was used to determine the fresh biomass of both groups. Subsequently, these sections were oven-dried for 
several days to obtain dry weight measurements. The dried plant material was preserved for later Cd content analysis.
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2.3. Assessment of gas exchange and photosynthetic pigments

Following 60 days of soybean emergence, measurements were taken to assess the levels of photosynthetic pigments. We performed 
gas exchange measurements on soybean plants using the methodology outlined by Chen et al. (2023) and Yong et al., (2010). The SPAD 
chlorophyll index of fully mature leaves were selected from the top section; was assessed non-destructively using a SPAD meter (SPAD 
502, Konica Minolta, Osaka, Japan)(Yong et al., 2010).. The gas exchange properties of soybean leaves were evaluated using a portable 
and open system gas exchange instrument (model LI-6800, LI-COR, Lincoln, NE, USA). This assessment included measuring the 
intercellular carbon dioxide concentration (Ci), transpiration rate (Tr), photosynthetic rate (A), stomatal conductance (gsw), and 
chlorophyll fluorescence (Fv/Fm); these gas exchange calculations were in accordance to Farquhar et al.(1980). The gas exchange 
characteristics were assessed by measuring the fully inflated penultimate leaves between 10:00 and 12:00 h, using the methods 
outlined by Yong et al., (2010).

2.4. Measurement of MDA, H2O2, and EL content

After 60 days of soybean emergence, one soybean plant was harvested to observe soybean leaves’ oxidant activity (MDA, H2O2, and 
EL). The concentration of malondialdehyde (MDA) was determined using the method outlined by Heath and Packer (1968). In brief, a 
0.25 g sample of a recently collected leaf was extracted using a solution containing 1 % trichloroacetic acid (TCA). After centrifugation, 
we mixed the liquid component of the sample with a solution containing 0.5 % thiobarbituric acid and 20 % trichloroacetic acid (TCA). 
MDA was measured using an extinction coefficient of 155 mM⁻1 cm⁻1. The quantification of MDA was carried out using an extinction 
coefficient of 155 mM⁻1 cm⁻1. The H2O2 from soybean leaves was extracted using a specific method, and its absorbance was measured 
at a particular wavelength, following a methodology described in a previous study. Afterward, finely chopped soybean leaves weighing 
0.25 g were added to a vertical test tube containing 20 mL of distilled water to measure electrolyte leakage (EL). We measured the 
initial electrical conductivity (EC) of the solution. The tubes were then placed in an autoclave and heated to 100 ◦C for 30 minutes. The 
filtrate’s final electrical conductivity (EC) was higher when the samples were cooled following autoclaving, suggesting a state of stress. 
The EL of soybeans was determined according to the protocol by Dionisio-Sese and Tobita (1998).

2.5. Measurements of SOD, POD, and CAT content

A spectrophotometer was utilized to quantify the enzyme activity of the antioxidant enzymes: SOD, POD, and CAT. Subsequently, 
the samples were pulverized using liquid nitrogen. Soybean sample standardization was conducted using a 0.05 M phosphate buffer 
with a pH of 7.8. The standardized and filtered samples underwent centrifugation for 10 minutes at a speed of 12,000 g at a tem-
perature of 4◦C. The resulting supernatant from the centrifugation was utilized to measure antioxidant enzymes. Catalase activity was 
assessed using enzyme assays according to the protocol described by Aebi (1984). For sample preparation, 100 µL of 300 mM H2O2 and 
100 µL of enzyme extract were mixed with 2.8 mL of 50 mM phosphate buffer that had two mM CA in it (pH 7.0). The mix had a final 
volume of 3 mL. The catalase (CAT) activity measurement was determined by measuring the change in absorbance at 240 nm, an 
indicator of CAT activity in this stage. Leaf samples were crushed in a pre-cooled pestle and mortar, and then a pH 7.8 phosphate buffer 
was added. The sample was then placed in test tubes to be examined by SOD and POD activities. After being prepared at four ◦C, the 
sample was centrifuged for 20 minutes at 12,000 rpm. Utilizing Zhang’s (1992) methodology, the SOD and POD activities were 
evaluated.

2.6. Cadmium levels in soybean leaves, shoots, roots, and soil

The soybean leaves, shoots, roots, and soil were oven-dried and then ground into a fine powder. Subsequently, following the 
methodology outlined by Ryan et al. (2001) where 0.25 g of the appropriate samples were introduced into a solution containing nitric 
acid and perchloric acid HNO3:HClO4 (6 mL) at a ratio of 5:1 (v/v). The mixture was allowed to undergo digestion overnight until only 
1 mL of liquid remained. The liquid’s initial volume of 1 mL was then diluted with distilled water to achieve the intended final volume 
of 50 mL. Once the liquid had cooled, the concentration of Cd2+ was determined using an atomic absorption spectrophotometer (Model 
3200-C, Heinz Walz GmbH, Effecltrich, Germany).

2.7. Statistical analysis

The data were analyzed using the SPSS statistical software, utilizing the LSD test to ascertain significant distinctions. The results 
were reported as the average values and the standard error, and a significance level of P < 0.05 was set. Each treatment was reproduced 
three times, and the standard deviation (SD) and mean results were considered. In addition, a thorough study of multivariate data 
patterns was performed using R software for principal component analysis (PCA) and correlation analysis. The significance level 
between treatments was evaluated using the least significant difference (LSD) test with a 95 % confidence level. Additionally, a three- 
way ANOVA was conducted to assess the interaction effects between the treatments. The graphs were generated using SigmaPlot 
(version 15).
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3. Results

3.1. Morphological traits of soybean

As shown in Table 1, adding TiO2-NPs and 24-epiBRs had a significant (p≤0.05) impact on the root and shoot shapes of soybean 
growth when high levels of Cd were present. The study found that Cd phytotoxicity greatly decreased the soybean roots length (RL), 
dry root biomass (DRB) and fresh root biomass (FRB), shoots length (SL), and dry shoot biomass (DSB) and fresh shoot biomass (FSB) of 
soybean plant by 11.0, 63.5, 84.9, 11.7, 49.0, and 27.3 %, respectively, when compared to the control group. However, using TiO2-NPs 
alone or with 24-epiBRs greatly reduced Cd’s harmful effects on the morphological traits of soybeans (Fig. 1). Interestingly, it was 
observed that the applying TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs considerably (p≤0.05) improved the RL, DRB, and FRB by 
(5.1, 11.9, and 32.0 %), (20.9, 25.1, and 40.8 %), and (20.9, 25.1, and 40.8 %), respectively, compared to control soybean plants 
grown under non-contaminated Cd soil. Applying TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs also made the RL, DRB, and FRB 
much better than in control soybean plants grown under Cd stress, by (12.0, 12.1, and 26.3 %), (18.6, 26.21, and 52.2 %), and (33.0, 
36.3, and 54.7 %), respectively. Similarly, using TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs greatly increased the SL, DSB, and 
FSB by (10.1, 9.4, and 25.5 %), (10.2, 12.5, and 30.3 %) and (10.2, 12.8, and 32.0 %), respectively, higher as compared to control 
soybean plants grown under non-contaminated Cd soil. Furthermore, application of TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs 
significantly (p≤0.05) improved the SL, DSB, and FSB by (3.8, 5.8, and 25.7 %), (21.3, 23.8, and 35.7 %), and (20.4, 25.3, and 34.4 %), 
respectively, as compared to control soybean plants grown under Cd stress.

3.2. Photosynthesis activity of soybeans

According to the ANOVA results (Table 1), adding TiO2-NPs and 24-epiBRs significantly (p≤0.05) altered soybean foliar gas ex-
change growing under Cd-contaminated soil. The findings revealed that Cd was phytotoxic to soybean leaves, reducing the SPAD 
value, intercellular carbon dioxide concentration (Ci), transpiration rate (Tr), photosynthesis rate (A), stomatal conductance (gsw), 
and water use efficiency (Fv/Fm) by 43.9, 46.7, 48.3, 45.8, 39.9, and 30.3 %, respectively, compared to the control. Also, using TiO2- 
NPs alone or with 24-epiBRs greatly decreased the harmful effects of Cd on the photosynthesis activity and gas exchange traits of 
soybeans (Fig. 2). Applying TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs significantly (p≤0.05) improved the SPAD value, Ci, and 
Tr of soybean leaves by (4.1, 7., and 13.6 %), (8.1, 11.3, and 29.4 %), and (11.1, 12.9, and 25.7 %), respectively, as compared to 
control soybean plants grown under non-contaminated Cd soil. When growing soybean plants under Cd stress, adding TiO2-NPs, 24- 
epiBRs, and TiO2-NPs + 24-epiBRs significantly (p≤0.05) increased the leaves’ SPAD value, Ci, and Tr. The increases were 13.9 %, 
14.1 %, and 26.7 % for SPAD value; 20.8 %, 22.2 %, and 41.1 % for Ci; and 14.9 %, 17.8 %, and 29.1 % for Tr. Additionally, using 
TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs greatly enhanced the A, gsw, and Fv/Fm of soybean plants by 10.3, 13.2, and 24.6 % 

Table 1 
The factorial ANOVA results highlighted the effects of Titanium oxide nanoparticles (TiO2-NPs), 24-epibrassinosteroid (24-epiBRs) amendment and 
cadmium (Cd) on the various parameters of soybean (Glycine max L.) plants.

Variables Cd Ti-NPs 24- 
epiBRs

Cd £ TiO2-NPs Cd £ 24-epiBRs TiO2-NPs £ 24- 
epiBRs

Cd £TiO2-NPs £ 24- 
epiBRs

Root length 0.0006 <0.001 <0.001 0.0592 0.5416 0.0064 0.0847
Root dry biomass <0.001 <0.001 <0.001 0.9286 0.8921 0.0603 0.2811
Root fresh biomass <0.001 <0.001 <0.001 0.1275 0.8591 0.1353 0.5110
Shoot length 0.0001 <0.001 <0.001 0.9605 0.5567 0.0053 0.3982
shoot dry biomass <0.001 <0.001 <0.001 0.6001 0.6265 0.2039 0.1230
shoot fresh biomass <0.001 <0.001 <0.001 0.8342 0.4711 0.2198 0.0454
SPAD value <0.001 0.0006 0.0023 0.5342 0.2284 0.5261 0.9093
Ci <0.001 <0.001 <0.001 0.4669 0.0888 <0.001 0.0485
Transpiration rate <0.001 0.0003 0.0012 0.5841 0.5347 0.4869 0.5997
A <0.001 <0.001 <0.001 0.6623 0.9919 0.2257 0.8936
Stomatal 

conductance
<0.001 <0.001 <0.001 0.9555 0.8866 0.0579 0.8615

Fv/Fm <0.001 0.0004 0.0019 0.9298 0.8426 0.1429 0.9533
MDA <0.001 <0.001 0.0033 0.0197 0.0886 0.0807 0.6737
H2O2 <0.001 <0.001 <0.001 0.1914 0.1338 0.0537 0.7828
EL <0.001 0.0019 0.0115 0.2134 0.2293 0.7304 0.2334
SOD <0.001 <0.001 <0.001 0.0012 0.0024 0.0033 0.0484
POD <0.001 <0.001 0.0001 0.0210 0.0272 0.3992 0.4633
CAT <0.001 <0.001 <0.001 0.9559 0.3832 0.0006 0.2767
Cd leaves <0.001 <0.001 <0.001 <0.001 <0.001 0.1116 0.1246
Cd shoot <0.001 <0.001 <0.001 <0.001 <0.001 0.3113 0.4392
Cd root <0.001 <0.001 <0.001 <0.001 0.0001 0.1503 0.1314
Cd soil <0.001 0.0001 0.0001 0.0001 0.0001 0.0290 0.0273

Note: Bold fonts highlighting P < 0.001. chlorophyll content = SPAD value; Intercellular carbon dioxide concentration = Ci; transpiration rate = Tr; 
photosynthetic rate = A; stomatal conductance = gsw; chlorophyll fluorescence = Fv/Fm; malondialdehyde = MDA; hydrogen peroxide = H2O2; 
electrolyte leakage = EL; Superoxide dismutase = SOD; peroxidase = POD; catalase = CAT; cadmium = Cd.
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compared to control soybean plants grown in Cd-free soil; 15.8, 16.7, and 22.3 % compared to 5.1, 7.2, and 17.9 % compared to 
control soybean plants. Adding TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs to soybean plants under Cd stress made A, gsw, and 
Fv/Fm much better than in control plants by 14.92, 20.5, and 33.4 %, 19.4, 21.5, and 28.4 %, and 8.1, 10.1, and 23.4 %, respectively.

3.3. Oxidant and antioxidant defense system of soybeans

The ANOVA results demonstrated a significant (p≤0.05) impact on soybean growth’s oxidative and anti-oxidative defense systems 

Fig. 1. Effects of sole and combined application of titanium oxide nanoparticles (TiO2-NPs) and 24-epibrassinosteroid (24-epiBRs) on morpho-
logical traits (A) root length, (B) root dry biomass, (C) root fresh biomass, (D) shoot length, (E) shoot dry biomass, and (F) shoot fresh biomass of 
soybean plants grown under cadmium (Cd)-contaminated agricultural soil. The various letters indicated that there are notable differences in the 
values, as determined by the Least Significant Difference Test (LSD) and three-way ANOVA analysis in the R statistical package. The means (based 
on three replications) are reported along with the standard error (SE). Note: Cd0 (Control; 0 ppm Cd); Cd1 (30 ppm Cd); BRs0 (0 M 24-epiBRs); BRs1 
(10− 7 M 24-epiBRs); NP0 (0 mg L− 1 TiO2-NPs); and NP1 (15 mg L− 1 TiO2-NPs).
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when exposed to Cd (Table 1). Moreover, Cd toxicity significantly enhanced oxidative stress and significantly, (p≤0.05) increased the 
concentration of MDA, H2O2, and EL in soybean leaves by 32.1, 19.4, and 26.7 %, respectively, compared to the control. In fact, both 
single and combined usage of TiO2-NPs and 24-epiBRs greatly lowered the effects of oxidative stress on soybean leaves (Fig. 3A–C). 
When soybean plants were grown in soil without Cd, the levels of MDA, H2O2, and EL were 14.7 %, 23.2 %, and 24.8 % higher, 8.4 %, 
10.1 %, and 31.1 % lower, and 0.2 %, 3.4 %, and 17.7 % lower, respectively, when TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs 
were used. Applying TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs reduced the levels of MDA, H2O2, and EL in soybean leaves 
compared to control soybean plants grown under Cd stress. The amounts decreased by (26.9, 42.3, 61.6 %,), (11.4, 12.0, and 39.1 %), 
as well as (15.5, 19.0, and 32.7 %), respectively.

Fig. 2. Effects of sole and combined application of titanium oxide nanoparticles (TiO2-NPs) and 24-epibrassinosteroid (24-epiBRs) on photosyn-
thesis parameter (A) chlorophyll content (SPAD value), (B) intercellular carbon dioxide concentration (Ci), (C) transpiration rate (Tr), (D) 
photosynthetic rate (A); (E) stomatal conductance (gsw); and (F) chlorophyll fluorescence (Fv/Fm) of soybean plants grown under cadmium (Cd)- 
contaminated agricultural soil. The various letters indicated that there are notable differences in the values, as determined by the Least Significant 
Difference Test (LSD) and three-way ANOVA analysis in the R statistical package. The means (based on three replications) are reported along with 
the standard error (SE). Note: Cd0 (Control; 0 ppm Cd); Cd1 (30 ppm Cd); BRs0 (0 M 24-epiBRs); BRs1 (10− 7 M 24-epiBRs); NP0 (0 mg L− 1 TiO2- 
NPs); and NP1 (15 mg L− 1 TiO2-NPs).
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Specifically, the phytotoxicity of Cd affected the antioxidative defense system of the soybean plants. It significantly (p≤0.05) 
reduced the concentration of SOD and CAT in soybean leaves by 37.5 and 39.5 %, respectively, compared to the control. Moreover, the 
concentration of POD in soybean leaves increased by 43.4 % compared to the control. Using either TiO2-NPs and 24-epiBRs alone, or in 
combination, significantly (p≤0.05) improved the antioxidative defense system of soybean leaves (Fig. 3D-F). Adding TiO2-NPs, 24- 
epiBRs, and TiO2-NPs + 24-epiBRs greatly increased the amounts of SOD and CAT in soybean leaves by (20.4, 21.9, and 48.1 %) 
and (9.2, 12.7, and 31.1 %), respectively, compared to control soybean plants grown in Cd-free soil. Additionally, the application of 
TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs significantly (p≤0.05) boosted the levels of SOD and CAT in soybean leaves by 
17.2 %, 17.1 %, and 35.2 %, as well as 19.7 %, 20.9 %, and 40.4 %, respectively, when compared to legume plants not under Cd stress. 
Additionally, applying TiO2-NPs, 24-epiBRs, and TiO2-NPs + 24-epiBRs significantly (p≤0.05) reduced the concentration of POD in 
soybean leaves by (4.2, 6.8, and 23.8 %) lower as compared to control soybean plants grown under non-contaminated Cd soil and 

Fig. 3. Effects of sole and combined application of titanium oxide nanoparticles (TiO2-NPs) and 24-epibrassinosteroid (24-epiBRs) on oxidative 
stress (A) malondialdehyde, (B) hydrogen peroxide, (C) electrolyte leakage, and antioxidant (D) superoxide dismutase, (E) peroxidase, and (F) 
catalase activities of soybean plants grown under cadmium (Cd)-contaminated agricultural soil. The various letters suggest that there are notable 
differences in the values, as determined by the Least Significant Difference Test (LSD) and three-way ANOVA analysis in the R statistical package. 
The means (based on three replications) are reported along with the standard error (SE). Note: Cd0 (Control; 0 ppm Cd); Cd1 (30 ppm Cd); BRs0 (0 M 
24-epiBRs); BRs1 (10− 7 M 24-epiBRs); NP0 (0 mg L− 1 TiO2-NPs); and NP1 (15 mg L− 1 TiO2-NPs).
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(13.9, 16.2, and 36.1 %) lower as compared to control soybean plants grown under Cd stress.

3.4. Cd concentration in leaves, shoots, roots, and soil

The ANOVA results showed that adding TiO2-NPs and 24-epiBRs affected the levels of Cd in the leaves, shoots, and roots of soybean 
plants grown in agricultural soil that was spiked with Cd (Table 1; Fig. 4). Soybean plants grown under Cd stress without applying 
TiO2-NPs and 24-epiBRs treatments contained higher concentrations of Cd in their leaves, shoots, and roots, which were 95.7, 95.1, 
and 96.00 %, respectively, higher than the control. The amount of Cd in soybean plants’ leaves, shoots, and roots dropped by (21.3, 
24.7, and 87.1 %), (35.7, 39.4, and 162.7 %), and (14.8, 18.1, and 62.5 %), respectively, when TiO2-NPs, 24-epiBRs, and TiO2-NPs +
24-epiBRs were used compared to control soybean plants grown under Cd stress. Correspondingly, applying TiO2-NPs, 24-epiBRs, and 
TiO2-NPs + 24-epiBRs significantly (p≤0.05) reduced the concentration of Cd in soil by (13.2, 11.6, and 65.7 %), respectively, as 
compared to control soybean plants grown under Cd stress.

3.5. Principal component analysis (PCA) and correlation analysis

Based on the correlational analyses among the various physio-morphological traits of soybeans, the pattern of change in various 
treatments was also studied using PCA to evaluate the salienttrends associated with the various treatments The soil properties and 
physio-morphological traits of soybeans were subjected to PCA; Two PCs have eigenvalues greater than 1. The rest of the PCs 
(eigenvalue < 1) were not worth further interpretation. The PC values explained all the characters, influencing about 91.4 % of the 
treatment differences that accounted for the first two components (Table S1, Fig. 5). The PCA-biplot revealed that PC1 accounted for 
about 83.5 % of the total variability, primarily explained by MDA, EL, SOD, and transpiration rate (Table S1, Fig. 5). The second PC 
accounted for about 7.9 % of the total variation, mainly driven by root length, stomatal conductance, root Cd, and Cd leaves. The PCA 
biplot revealed a significant difference between Cd0 and Cd1 (Fig. 5b). NP1BR1 was significantly different from NP0BR0, NP0BR1, and 
NP1BR0, while NP0BR0, NP0BR1, and NP1BR0 were relatively similar (Fig. 5a).

Fig. 4. Effects of sole and combined application of titanium oxide nanoparticles (TiO2-NPs) and 24-epibrassinosteroid (24-epiBRs) on cadmium (Cd) 
contamination in (A) leaves (B) shoots (C) roots, and (D) soil of soybean plants grown under cadmium (Cd)-contaminated agricultural soil. The 
various letters suggest that there are notable differences in the values, as determined by the Least Significant Difference Test (LSD) and three-way 
ANOVA analysis in the R statistical package. The means (based on three replications) are reported along with the standard error (SE). Note: Cd0 
(Control; 0 ppm Cd); Cd1 (30 ppm Cd); BRs0 (0 M 24-epiBRs); BRs1 (10− 7 M 24-epiBRs); NP0 (0 mg L− 1 TiO2-NPs); and NP1 (15 mg L− 1 TiO2-NPs).
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Fig. 6 illustrates the relationship among the various physio-morphological traits of soybeans. The study found that CAT, SPAD 
value, tr, Fv/Fm, gsw, A, and Ci significantly positively correlated with RL, RFB, RDB, SL, SFB, SDB, and SOD. In contrast, EL, MDA, 
H2O2, POD, soil Cd, root Cd, shoot Cd, and Cd leaves, were negatively correlated. Specifically, EL, MDA, H2O2, and POD were 
significantly positively correlated with soil Cd, root Cd, shoot Cd, and Cd leaves; but significantly negatively correlated with CAT, 
SPAD value, tr, Fv/Fm, gsw, A, and Ci. The Soil Cd, root Cd, shoot Cd, and Cd leaves were significantly negatively correlated with CAT, 
SPAD value, tr, Fv/Fm, gsw, A, and Ci.

4. Discussion

The present research demonstrated the biological potential of harnessing exogenous TiO2-NPs and 24-epiBRs to restore the growth 
of soybean plants under Cd stress. By applying these substances to the leaves of soybean plants, the levels of Cd accumulation were 
reduced. The TiO2-NPs, with their unique characteristics, can reduce oxidative stress in plants by scavenging ROS and increasing the 
activity of antioxidant enzymes (Deng et al., 2023; Kumar et al., 2024; Lai et al., 2023; Ogunkunle et al., 2020). Similarly, the steriodal 
phytohormone 24-epiBRs were able to increase the production of antioxidant enzymes andstrengthening the plant’s defense against 
oxidative stress brought upon by the high Cd levels. The favourable growth results in this study implied that it would be possible for 
soybeans to grow in soils containing high in Cd. . Increasing anthropogenic activities have generally increased cadmium and the other 
HMs discharges into the environment, contributing additional toxicity-linked stress to plants, animals, and humans (Askari et al., 2021; 
Shaghaleh et al., 2024; Song et al., 2017; van der Ent et al., 2013; Zulfiqar et al., 2022). Stress-relief agents and substances may provide 
effective solutions to this problem by enabling plants to withstand better stress caused by HMs and other abiotic factors (Dumon and 
Ernst, 1988; Hussain et al., 2021; Liang et al., 2015; Paramo et al., 2020; Seleiman et al., 2020; Suzuki et al., 2014; Zhou et al., 2020). 
BRs, a polyhydroxysteroid were initially developed as plant growth regulators to help plants to improve their eco-physiological 
resilience to environmental stress (Ahammed et al., 2020, 2023; Kaya et al., 2020; Khripach et al., 2000). Moreover, recent litera-
ture has highlighted the potential of nanotechnology in various crops, particularly in enhancing tolerance to environmental stress 
(Paramo et al., 2020; Zhou et al., 2020).

The current study showed that high levels of Cd negatively affected the growth of soybeans (Fig. 1). In general, elevated levels of Cd 
cause molecular, biochemical, and cellular disruptions that affect plant biology (Shanmugaraj et al., 2013), resulting in deformities in 
growth and development (Song et al., 2017, Song et al., 2019). Many perturbations in plant metabolism are associated with Cd-induced 
retardation and anomalies in biomass and overall plant growth (Sebastian and Prasad 2015a). These biological disruptions slow down 
photosynthesis activity, nitrogen uptake, and assimilation (Sebastian and Prasad 2015b), lowering the turnover of proteins and car-
bohydrates and eventually slowing down plant growth. Interestingly, applying TiO2-NPs and 24-epiBRs significantly improved the 
morphological traits of soybeans. TiO2-NPs, by reducing oxidative stress, promote normal cell division and elongation, leading to 
better root and shoot morphological traits (Chen et al., 2023). 24-epiBRs, as plant growth regulators, stimulate the development of 
lateral roots and enhance root system development, thereby improving the plant’s ability to absorb optimum water and nutrients. The 
use of BRs affects the formation of lateral and crown roots, which may help counteract the negative effects of high Cd on roots (Betti 
et al., 2021). In this study, applying BRs to soybeans notably reduced the inhibitory effects of Cd on plant growth. Working in 

Fig. 5. The principal component analysis (PCA-biplot) of the various physio-morphological traits of soybean (Glycine max L.) plants grown under 
cadmium (Cd)-contaminated soil. Note: RL= Root length; RFB= Root Fresh biomass; RDB= Root dry biomass; SL= shoot length; SFB= shoot fresh 
biomass; SDB= shoot dry biomass; Chl= chlorophyll; TR= transpiration rate; WUE= water use efficiency; StC= Stomatal conductance; PR=
photosynthesis rate; Ci= intercellular carbon dioxide concentration (Ci); SC= Soil Cd; RC= Root Cd; ShC= Shoot Cd; CL= Cd leaves; MDA =
malondialdehyde; H2O2 = hydrogen peroxide; EL= electrolyte leakage; SOD = superoxide dismutase; POD = peroxidase; and CAT= catalase.
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partnership with the other phytohormones, BRs generally promote cell division and elongation by triggering enzymes that loosen the 
cell wall, increasing the synthesis of cell wall and cell membrane components (Khripach et al., 2000; Shahzad et al., 2018b; Sabagh 
et al., 2022). H+-ATPases activate these enzymes by acidifying the apoplasts.

Consequently, BRs may enhance seedling growth by activating H+-ATPases (Haubrick and Assmann, 2006). Regarding TiO2-NPs, 
numerous mechanisms have been proposed regarding the positive function of titanium (Ti) in plant physiology (Bacilieri et al., 2017; 
Dumon and Ernst, 1988; Lyu et al., 2017). This includes its role in improving plant metabolism and its function by increasing nutrient 
uptake such as iron (Fe), magnesium (Mg) and calcium (Ca; Bacilieri et al., 2017). Ti also promotes photosynthetic and enzymatic 
activities, leading to hormesis (Carvajal et al., 1995). Moreover, it was reported that Cd inhibited growth by disrupting the trans-
location of Fe from roots to shoots, leading to Fe deficiency in the shoots. Conversely, Ti enhanced Fe uptake by activating genes 
related to Fe acquisition, thereby potentially mitigating the negative effects of Cd on plant growth (Lyu et al., 2017).

Faizan et al. (2021) used several photosynthetic processes and pigment levelsas biomarkers of Cd stress. The current research 
highlighted that Cd stress negatively affected various gas exchange parameters, photosynthetic pigements and processes (e.g. pho-
tosystems) (Fig. 2; Ma et al., 2021; Yong et al., 2010). This was similar to the observations reported by various researchers ( Pietrini 
et al., 2010; Sacramento et al., 2018; Song et al., 2019). Our research showed that applying TiO2-NPs to the soybean leaves improved 
the gas exchange parameters. These included Ci, Tr, A, gsw, and Fv/Fm. It was plausible that the TiO2-NPs increased the activity and 
quantity of RuBisCO activase, an enzyme involved in the Calvin cycle, thereby enhancing photosynthesis (Gao et al., 2013). In another 
study, Faizan et al. (2018) reported that zinc oxide (ZnO)-NPs improved the gas exchange attributes such as net photosynthetic ac-
tivity, transpiration rate, and stomatal conductivity in metal-stressed plants. Similarly, TiO2-NPs can potentially boost chlorophyll 
synthesis, enhance plant quantum yield, and elevate the chemical energy within the photosynthetic system. Synergistically, the use of 
BRs improved the photosynthetic traits; more enzymes involved in photosynthetic activity, such as RuBisCO, were produced after 
phytohormonal applications (Yu et al., 2004).

Fig. 6. Correlation analysis of physio-morphological traits of soybean (Glycine max L.) grown under cadmium (Cd)-contaminated soil. Note: *, ** 
and ***in the Figure respectively indicate p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, RL= Root length; RFB= Root Fresh biomass; RDB= Root dry biomass; SL=
shoot length; SFB= shoot fresh biomass; SDB= shoot dry biomass; Chl= chlorophyll; TR= transpiration rate; WUE= water use efficiency; StC=
Stomatal conductance; PR= photosynthesis rate; Ci= intercellular carbon dioxide concentration (Ci); SC= Soil Cd; RC= Root Cd; ShC= Shoot Cd; 
CL= Cd leaves;; MDA = malondialdehyde; H2O2 = hydrogen peroxide; EL= electrolyte leakage; SOD = superoxide dismutase; POD = peroxidase; 
and CAT= catalase.
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Elevated levels of ROS result in a lowered antioxidant system (Abbas et al., 2017), and may lead to disruption in redox balance, 
contributing to heightened oxidative stress in soybeans and other species (Gutsch et al., 2019; Younis et al., 2016; Fig. 3). . Researchers 
have discovered that applying TiO2-NPs reduces lipid peroxidation levels under Cd exposure (Hussain et al., 2021). Our study 
confirmed the earlier findings of Sardar et al. (2022), who reported that applying TiO2-NPs significantly decreased the concentration of 
MDA in coriander (Coriandrum sativum) plants grown under Cd-contaminated soil. Specifically, the applied TiO2-NPs lowered the 
oxidative stress and lipid peroxidation in plants treated with Cd stress by neutralizing ROS and boosting the activity of antioxidant 
enzymes (Lai et al., 2023). Raghib et al. (2020) observed that TiO2-NPs protected the membranes from damage caused by HMs in 
wheat by reducing oxidative stress, as evidenced by lower lipid peroxidation levels. Similarly, Mostofa et al. (2019) observed that high 
Cd lowered the plants’ ability to defend against oxidative stress; causing ROS and MDA levels to rise. Plants have adopted various ways 
to alleviate the generation of ROS, and these anti-oxidative enzymes are very important for eliminating the extra ROS (Hossain et al., 
2012; Jakubowska and Janicka, 2017; Kaya et al., 2019; Kohli et al., 2017; Noman and Aqeel, 2017). The scheme shows that the 
Cd-linked toxicity diminishes the functionationality of enzymes responsible for antioxidant defense systems (Fig. 3). However, the 
positive and ameliorative effects of BRs were attributed to the production of more antioxidant enzymes, which decreased the pro-
duction of H2O2 in plants subjected to Cd phytotoxicity (Kohli et al., 2017). Similarly, applications of TiO2-NPs improved the anti-
oxidant systems and lowered the EL and MDA levels; demonstrating their effectiveness in reducing tissue Cd levels in plants.

Plant tissues showed increased Cd concentrations (Fig. 4), which could lead to cellular structural damage and the loss of func-
tionality (Sardar et al., 2022). In this study, combining TiO2-NPs and BRs was effective for ameliorating Cd toxicity in soybeans grown 
in Cd-contaminated soil. This approach leveraged synergistically the unique properties of two dissimilar substances to reduce Cd 
uptake while concomitantly strengthening the planadaptive responses. Specifically, BRs are known to down regulate some genes that 
make HM-ATPases (HMAs) and phytochelatins; HMAs and phytochelatins are responsible for mobilizing Cd within plant tissues 
(Soares et al., 2020; Sun et al., 2024). The specific regulation of Cd mobility will restrict Cd entry and translocation, thereby reducing 
overall Cd accumulation. According to Kumar et al. (2024), TiO2-NPs inhibited Cd entry to the stems and leaves (Chen et al., 2023) by 
immobilizing them in the root cell walls. BRs also have the ability to mobilize important minerals like Fe, manganese (Mn), and zinc 
(Zn) into the cells. These minerals collectively prevented the excessive buildup of Cd; by competing antagonistically against Cd for the 
various transporters and binding sites (Shahzad et al., 2018). Additionally, it also facilitated the uptake of more silicon (Si), forming a 
complex with Cd at the root surfaces (Yu et al., 2021). In general, the applications of TiO2-NPs improve the overall physiological 
metabolism , which includedoptimized tissue ion balance, photosynthesis and nutrient uptake (Huang et al., 2024; Lai et al., 2023) 
Interestingly, BRs also alter the different stress-response pathways, like the glyoxalase system and methylglyoxal detoxification 
pathways; improving the resilience of plants during stress (Shahzad et al., 2018). Mechanistically, the TiO2-NPs are known to enhance 
the activity of genes that regulate the removal of Cd from the tissues, such as those producing phytochelatins and metallothioneins; 
thereby facilitating the cellular storage of Cd in vacuoles ("safe sequestration") and effectively mitigating its toxicity effects. The 
synergistic applications of BRs and TiO2-NPs significantly reduced Cd uptake, and mitigated its phytotoxicity through various com-
plementary mechanisms (Kumar et al., 2024; Fig. 7).

One pertinent limitation in this studywas the usage of a pot-based experimental approach. Further detailed analysis and scale-up 
experiments (e.g. field trials) are needed to evaluate the effectiveness of this approach under natural conditions and for large-scale 
implementation. Another limitation of this study was the lack of specific Cd levels in the beans, which would be useful for assess-
ing the HM impact on food safety. Nevertheless, it could be inferred that TiO2-NPs and 24-epiBRs effectively lowered Cd concen-
trations in organs like shoots and leaves; thus, it was reasonable to expect lower Cd levels in the beans grown under these similar 
conditions. Future studies should assess the Cd concentrations of the beans and their pods, in order to address this uncertainty 
comprehensively. With respect to the potential toxicity risks associated with Ti, some consideration for further research should also be 
given to determining the optimal concentration of TiO2-NPs; in order to optimize their beneficial effects while minimizing their po-
tential toxicity.

5. Conclusion

This research demonstrated that applying TiO2-NPs and 24-epiBRs to the leaves of soybean plants in Cd-contaminated soil 
ameliorated the negative effects of high Cd levels. In general, the Cd-linked toxicity decreased root length, root dry and fresh biomass, 
shoot length, and shoot dry and fresh biomass by 11.0 %, 63.5 %, 84.9 %, 11.7 %, 49.0 %, and 27.3 %, compared to plants that were 
not exposed to the HM. Interestingly, the combined application of TiO2-NPs and 24-epiBRs significantly improved these biological 
attributes. It lowered the Cd concentrations in leaves, shoots, and roots by 87.1 %, 162.7 %, and 62.5 %, respectively, compared to 
control plants under Cd stress. Specifically, the combined treatment of TiO2-NPs and 24-epiBRs enhanced the antioxidant enzyme 
activities and concomitantly reduced oxidative stress markers like MDA, H2O2, and EL. These results indicated that TiO2-NPs and 24- 
epiBRs were proven effective in minimizing the negative effects of high Cd and restoring soybean growth in polluted soils. Moving 
beyond pot-based experiments, further detailed analyses and extensive field trials are needed to verify the reported ameliorative ef-
ficacy under natural conditions and to assess practical and large-scale implementation. Future research should focus on determining 
the optimal concentration of TiO2-NPs to balance their beneficial effects with the potential concomitant toxicity risks. Moving forward, 
studies should also assess the long-term impacts and scalability of this approach for broader agricultural applications.
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