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Contamination of soil with lead (Pb) and salinity is a substantial concern, impacting plant health and 
yield. This research analyzes the synergistic use of Broussonetia papyrifera-derived biochar (BP-BC) 
and selenium nanoparticles (SeNPs) to alleviate the detrimental impacts of salinity and Pb on barley 
plants. Field trials in Pb-polluted saline soils showed the use of SeNPs (0, 10 and 20 mg L−1) and BP-BC 
(0, 5 and 10 t ha−1) markedly enhanced soil physicochemical attributes, such as soil ESP, pH and EC. 
The synergistic use of SeNPs and BP-BC substantially alleviated influences of salinity and Pb on barley 
plant and soil. BP-BC (10t-ha−1) diminished pH of soil by 5.98% and exchangeable sodium percentage 
(ESP) by 29.71% relative to the control group, while enhancing microbial biomass (49.11%). SeNPs (20 
mg L−1) diminished Pb buildup in barley shoots by 60.39% and in seed by 49.40%, whereas combination 
of SeNPs and BP-BC resulted in reductions of 73.88% and 59.89%, respectively. These amendments 
increased activity antioxidant enzyme, with APX by 55.21% and (CAT) rising by 36.30%. The yield of 
barley grain rose by 39.11% with sole BP-BC application and by 80.20% with combination treatment 
of SeNPs and BP-BC, indicating their efficacy as environmentally sustainable soil supplements for 
Pb-polluted and saline soils. These findings highlight efficacy of SeNPs and BP-BC as environmentally 
benign additives for enhancing barley yield in polluted soils, presenting a viable approach for the 
sustainable agriculture in saline regions.
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Up to 17% of the world’s cropland, or approximately 242 million hectares, is contaminated with toxic heavy 
metals like lead, arsenic, and cadmium. This pollution affects around 1.4 billion people living in high-risk areas, 
posing serious threats to food security, public health, and ecosystems1. Lead not only degrades soil quality 
and negatively impacts plant growth but also poses substantial health hazards to animals and humans, as it 
permeates the food system and accumulates in various plant tissues2. In Pakistan, soils poisoned with lead 
are widespread in southern regions, where agricultural fields are irrigated with water from the Sadiqia canal, 
which is heavily polluted with metals including cadmium, lead, and nickel3. Analysis of soil and water samples 
reveals that lead is the primary pollutant, with the Sadiqia canal functioning as the principal irrigation source 
for the region’s burgeoning agricultural sectors4. Treatment solutions for irrigation water are crucial, although 
frequently exceed the capabilities of numerous countries. Globally, around 70% of water withdrawals go towards 
agriculture, highlighting the need for sustainable water management practices. Utilizing wastewater for crops 
can be beneficial, but it requires careful management to mitigate risks. Studies suggest that treated wastewater 
can reduce the need for synthetic fertilizers by providing essential nutrients to crops. Implementing efficient 
irrigation systems like drip irrigation can minimize water waste by up to 60% compared to traditional surface 
irrigation methods. Moreover, adopting conservation agriculture practices, such as reducing tillage and using 
cover crops, can enhance soil water retention and reduce erosion by up to 20%. By combining these approaches, 
farmers can promote sustainable agriculture, conserve water resources, and maintain soil health5–7.

In Pakistan, barley is a significant crop, with an average annual production of around 200,000 tons. It 
accounts for approximately 1.3% of the country’s total cereal production. Barley is primarily used as a food 
source, with around 70% utilized for human consumption, including the production of sweets, bread, and 
pastries. The remaining 30% is used as animal feed, with barley straw being a valuable byproduct, providing 
essential nutrients for livestock. Additionally, Pakistan’s barley crop yields an average of 2.5 tons per hectare, 
highlighting the crop’s importance in the country’s agricultural sector and food industry8. Barley is the primary 
cultivated crop in Pakistan, and the government is actively working to increase its cultivation to address the gap 
between demand and production9. Barley farming encounters considerable obstacles owing to inadequate soil 
health resulting from saline and declining irrigation water status, chiefly attributed to toxic metals poisoning, 
particularly Pb10. Consequently, researchers are intensifying their efforts to identify sustainable, eco-friendly 
alternatives sourced from organic materials to alleviate hazards associated with lead contamination in irrigation 
water and soil, aiming to enhance plant quality and soil health11.

In this context, innovative solutions such as biochar and nanoparticles offer promising methods to mitigate 
the effects of abiotic stress. The promise of biochar with nanoparticles is compelling, offering significant benefits 
for improving plant resilience. A thorough analysis of the practical challenges, including cost, scalability, and 
environmental impact, is essential12,13. A contemporary strategy for alleviating the detrimental impacts of soil 
salinity and Pb pollution involves application of soil supplements14. Previous research has examined several 
amendments and biochar generated from different feedstocks showed notable efficacy as pollution barrier. 
It markedly enhances soil health, characteristics, and microbe’s functions, thereby diminishing uptake of Pb 
and sodium and their build-up within aerial parts of plant15. Broussonetia papyrifera is a biological material 
consisting of cellulose, hemicellulose, lignin, extractives, silica and OM9. The rationale behind selecting 
Broussonetia papyrifera biomass waste for biochar production lies in its abundance, sustainability, and potential 
to valorize waste biomass. As a fast-growing plant species, Broussonetia papyrifera can be readily cultivated and 
harvested, providing a consistent feedstock for biochar production. Utilizing its biomass waste reduces waste 
disposal issues and environmental pollution while creating a valuable product. The resulting biochar can exhibit 
unique physicochemical properties, such as high surface area and nutrient content, making it an effective soil 
amendment and pollutant adsorbent, ultimately contributing to sustainable agriculture and environmental 
remediation practices. Biochar possesses low ash concentration of 4%, granting it a comparative advantage over 
alternative plant waste utilized for biochar production16. Moreover, biochar derived from plants waste have been 
shown to improve soil’s OM and nutrients accessibility, especially in the saline-nature soils10.

Biochar markedly improves plant resilience to saline and drought conditions by favourably affecting the 
soil’s mechanical, chemical, and biological balance17,18. From a physical standpoint, biochar improves soil 
structure by increasing porosity, thereby enhancing water retention and aeration, which is especially crucial in 
arid environments19. This suggests that plants thrive with a stable water supply, alleviating the negative effects of 
inconsistent water availability. Biochar improves soil health by reducing salt toxicity through the adsorption of 
Na + ions and the release of essential cations like calcium and potassium20,21. This improves nutrient availability 
and elevates the soil’s cation exchange capacity, hence facilitating plant growth22,23. Biochar biologically enhances 
microbial activity and fosters favourable symbioses, particularly with NPs, which can further improve plant 
stress tolerance24,25. Concurrently, NPs, through their capacity to improve nutrition and water absorption and 
augment plant resilience to adverse conditions, provide an alternative biological handle26,27. NPs significantly 
enhance plant resilience to environmental stressors, including salinity and drought, due to their distinctive 
capacity to form symbiotic relationships with plant roots28,29. Under salinity, NPs mitigate sodium ion toxicity 
and enhance potassium ion absorption, which is crucial for osmotic equilibrium and the preservation of ionic 
homeostasis.

NPs mitigates salt toxicity by modulating sodium ion transport and enhancing potassium absorption, 
hence maintaining growth, water efficiency, and metabolic function under combined stress30. Recent study has 
demonstrated that biochar alone is insufficient to completely prevent the translocation of Na or Pb in wheat 
species or to support plant performance without the integration of organic components that augment biochar’s 
fundamental functions31. In this scenario, nanotechnology is recognized as a viable method to alleviate abiotic 
stressors, including soil salinity and heavy metal pollution, while enhancing agricultural output32. Nanoparticles, 
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measuring less than 100 nm, exhibit unique physical and chemical properties, including an enhanced surface 
area, higher reactivity, and improved magnetic features compared to traditional plant growth regulators. These 
characteristics enable the rapid uptake of nanoparticles by plant stomata upon application, leading to minimal 
loss33. NPs are regarded as harmless, environmentally benign, and non-toxic at low concentrations, and they can 
be obtained via physiochemical processes34. In alkaline soils, Se availability to plants diminishes, necessitating 
application as a foliar spray for adequate absorption35. Although Se is more accessible in acidic-nature soils, it is 
low available in the alkaline-nature soils, necessitating the application of Se directly onto plant leaves for optimal 
uptake36. Exogenous Se, whether combined with citric acid, sugar alcohols, amino acids, for foliar application, 
exhibits low solubility in water37.

Selenium nanoparticles (SeNPs) are among most prevalent nanocomposites utilized in agriculture, exhibiting 
considerable effects on enhancing plant development and resilience to abiotic challenges, such as soil heavy 
metal contamination and salinity. SeNPs exhibit enhanced efficacy relative to conventional Se forms38. Recent 
research has demonstrated that SeNPs can improve absorption of vital nutrients while inhibiting detrimental 
elements, such as toxic metals and sodium ions, owing to their accessibility. Further studies are necessary to 
explore potential of SeNPs in alleviating the combined loss from Pb pollution and salinity in soil in barley plants.

This research was done due to lack of published material on use of Broussonetia papyrifera-derived biochar 
and selenium nanoparticles (SeNPs) to mitigate the effects of lead (Pb) pollution and salinity on barley plants. 
This study aims to investigate soil-plant response to saline soil contaminated with lead, employing biochar 
generated from Broussonetia papyrifera and selenium nanoparticles as an effective remediation method. 
Broussonetia papyrifera biomass waste was likely selected for biochar production due to its high carbon content, 
abundance, and renewability. This plant species is known for its rapid growth rate, allowing for sustainable 
harvesting and processing into biochar. Utilizing waste biomass from Broussonetia papyrifera also provides 
an opportunity for waste valorization, reducing environmental pollution and disposal issues. The produced 
biochar can possess beneficial properties, such as high surface area, porosity, and nutrient content, making 
it suitable for soil amendment, pollutant adsorption and C sequestration applications, ultimately contributing 
to sustainable agriculture and environmental management practices. The emphasis is on their function in 
alleviating contamination impacts to enhance food safety and soil quality. The study will assess integrated 
treatment applied to both foliar and soil to (a) examine the bioaccumulation coefficient, translocation factor 
and bioaccumulation factor of lead from contaminated soil to various tissues of barley plants, (b) evaluate effects 
on soil physicochemical properties, enzymatic and microbial activity, (c) analyse biochemical and physiological 
alterations in barley, alongside expression levels of catalase, ascorbate peroxidase and manganese superoxide 
dismutase genes and concerning yield.

Materials and methods
Experimental design and description
The study was performed in Agricultural Research Centre Bahawalpur (29.3981° N, 71.6908° E), Pakistan, from 
October 2023 to March 2024, barley growing season exhibited an average high temperature of 35 °C and low of 
20 °C in October, alongside rainfall of 143 mm and relative humidity of 43.08%. As of March 2024, average high 
temperature was 30 °C, lowest was 16 °C, rainfall was 89 mm and relative humidity rose to 56%. Soil samples 
were obtained for initial physiochemical analyses (Table 1).

Before the trial, water samples taken from Sadiqia canal, the main irrigation site, were studied. Water samples 
pH (7.24) and electrical conductivity (0.51 dSm−1). The levels of SO₄, NH₄, Cl and Na were 0.09 mg, 1.62, 1.62, 
3.97 and 198 mg L−1, respectively. Ni; 0.776 mg L−1, Arsenic; 0.026 mg L−1 Cr; 0.030 mg L−1, Al; 0.021 mg 
L−1, Cd; 0.35 mg L−1 and Hg; 0.021 mg L−1. Pb concentration was 0.121 mg L−1, beyond permissible irrigation 
threshold of 0.01 mg L−1. Prior to trial, soil tilled twice to aerate surface layer and guarantee consistent treatment 
application. Additions of NPK fertilizers were applied by guidelines provided by PARC, Pakistan. The study area 
was segmented into plots of 2 m ×2.5 m, with treatments organized in completely randomized block design. 
Nine various treatments were implemented for every replication: control (unamended), BP-BC 5 t ha−1, BP-BC 
10 t ha−1, SeNPs 10 mg L−1, SeNPs 20 mg L−1, BP-BC 5 t ha−1 + SeNPs 10 mg L−1, BP-BC 5 t ha−1+SeNPs 20 mg 
L−1, BP-BC 10 t ha−1+SeNPs 10 mg L−1 and BP-BC 10 t ha−1+ SeNPs 20 mg L−1. Barley seeds (Hordeum vulgare 
JAU-83) taken from RARI (Regional Agricultural Research Institute Bahawalpur) before starting the research, 
seeded at dose of 100 kg t ha−1, in rows spaced 20 cm. Irrigation occurred 5 times at monthly intervals, from 
seedling to maturity, utilizing water from Sadiqia canal. Conventional agricultural methods were employed to 
facilitate optimal plant growth during barley’s development. Permissions or licenses were obtained to collect 
Barley seeds (Hordeum vulgare, JAU-83) taken from (Regional Agricultural Research Institute Bahawalpur) and 
waste of Broussonetia papyrifera from from Lal Suhanra Park before starting the research. Dr. Rashid Iqbal, 
undertook the formal identification of the plant material (Hordeum vulgare, Broussonetia papyrifera) used in 
this study and deposited the specimen of Broussonetia papyrifera in the herbarium of university with deposition 
number (SAS-554) for future use.

Production of Broussonetia papyrifera Biochar and analysis (BP-BC)
Waste from stems and leaves of Broussonetia papyrifera was obtained from Lal Suhanra Park. After air-drying at 
ambient temperature, it was pulverized into smaller fragments, approximately 3 mm. The ground Broussonetia 
papyrifera waste underwent gradual pyrolysis at 450 °C for 4 h to generate biochar, obtained biochar kept in 
packets until its application ass oil treatment at dose of 10 tha−1, introduced after second ploughing and prior 
to third. Before application of BP-BC in field trial, samples were tested to ascertain their characteristics as soil 
supplement, as detailed by Alessandrino39. The analysis indicated that biochar is abundant in vital minerals, 
comprising N (4.99 g kg−1), K (202.40 g kg−1), P (5.99 g kg−1), Zn (89.8 g kg−1), Mg (8.11 g kg−1), and Ca (329.58 g 
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kg−1). OM content was 27.60%, with C at 530 g kg−1, CEC at 5.01 cmolckg−1 and SSA of 17.38 m2g−1. Biochar 
exhibited EC of 1.24 dS m−1, pH of 8.9, and ash content of 20.2% and Pb concentration of 0.02 mg kg−1.

Production and characteristics of senps
This work utilized SeNPs with 50 nm particle size and purity of 99.9%, procured from Shanghai Rui Chu Bio-
Tech, China, and manufactured via a chemical process. The procedure entailed dissolving Na2SeO3 (0.5 moles) 
and NaOH (1 mol) in individual flasks and agitating them for 20 min at 65 °C. The heated Na2SeO3 solution 
subsequently mixed dropwise into hot NaOH, and mixture maintained at 65 °C for 100 min. Resultant SeNPs 
were meticulously rinsed with sterile DI-water and homogenized at 65 °C utilizing ultrasonic vibrations40. The 
SeNPs were administered to plants via spraying 3 times at fifteen-day intervals, utilizing dosages of 0, 10, and 
20 mg L−1, and commencing 30-days post-planting. Uniform spraying conducted on barley plants, utilizing DI 
water for control application.

Soil analysis
Soil specimen was taken with a digging tool at depth of 0 to 20  cm to assess physiochemical parameters of 
soil during harvest. The pH of soil was assessed following soil and foliar applications in growth phase through 
creating a suspension (water-soil at 1:2.25 ratios). Soil paste extract made from separate specimen to ascertain 
EC employing a pH meter (Lutron PH-223) and an EC meter (EC700), respectively41. The Exchangeable Na 
percentage (ESP) was determined utilizing this equation:

	 ESP = 1.95 + 1.03xSAR
(
R2 = 0.92

)
� (1)

Property Value

EC (dSm−1) 4.50 ± 0.04

pH 8.51 ± 0.02

CEC (cmolckg−1) 4.89

Exchangeable Na (%) 17.01 ± 0.39

BD (gcm−3) 1.53

SOM (g kg−1) 11.10 ± 0.19

OC% 1.18

OM % 0.81

SO4
2− (meq L−1) 17.10 ± 1.10

Cl− (meq L−1) 26.01 ± 1.09

HCO3
−(meq L−1) 5.70 ± 0.06

K+(meq L−1) 0.40 ± 0.02

Na+(meq L−1) 26.9 ± 1.19

Mg2+(meq L−1) 5.80 ± 0.10

Ca2+(meq L−1) 6.90 ± 0.09

Avail. P (mg kg−1) 2.79

Avail. K (mg kg−1) 10.29

Total N % 0.20

Total P % 0.006

Total K % 0.04

Available N (mg kg−1) 9.91 ± 0.10

Available K (mg kg−1) 370 ± 19

Available N (mg kg−1) 7.98 ± 010

Total lead 6.20 ± 0.11

Extractable lead 0.89 ± 0.02

Total Cd (mg kg−1) 2.84

Available Cd (mg kg−1) 0.42

Total Zn (mg kg−1) 39.42

Available Zn (mg kg−1) 5.37

Total Mn (mg kg−1) 69.21

Available Mn (mg kg−1) 9.78

Total Ni (mg kg−1) 5.42

Available Ni (mg kg−1) 0.63

Texture Clayey

Table 1.  Experimental soil’s physiochemical qualities.
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Whereas SAR (Sodium Adsorption Ratio)

	
SAR = [Na+]

√
([Ca2+] + [Mg2+])

2
� (2)

Where Mg2+, Ca2+, and Na+ quantified in meq L−142.
Biological activity soil was evaluated 85 days post-sowing by obtaining soil samples to quantify CO2 efflux 

and microbial biomass C, adhering to methodologies described by43specifically utilizing fumigation incubation–
extraction technique. Quantifying microbial biomass C in the soil is crucial, as it functions as a sign of microbial 
community’s size and its function in OM dynamics and nutrient cycling44. Furthermore, the activities of soil 
enzymes were assessed 85 days post-sowing by collecting soil samples to quantify alkaline phosphatase and 
dehydrogenase activities. Dehydrogenase function in soil is crucial since it acts as a primary indication of 
microbial oxidative activities and total soil biological health. The activity of alkaline phosphatase in the soil 
is significant as it indicates soil’s ability to mineralize organic P into accessible forms for crop uptake45. The 
activity of dehydrogenase was quantified utilizing spectrophotometer (YR06035) according to [68] employing 2, 
3, 5-TTC technique (3% w/v), while activity of alkaline phosphatase was assessed with 4-nitrophenyl phosphate 
as a substrate, with absorbance recorded at 440 nm, as outlined by George et al.46. The bacteriological activities 
were assessed by quantifying the total bacterial count, Bacillus, and Azotobacter in soil samples at 75 days, 
utilizing King’s B agar medium, according to methodologies outlined by Kizilkaya47. Assessing Bacillus and 
Azotobacter in the soil is crucial, as they serve as vital signs of microbial health and facilitate nitrogen fixation, 
nutrient cycling, and the promotion of plant growth48. During the harvest, soil samples were obtained to assess 
Pb concentration, extracted with EDTA, and measured via AAS (AAS 700, Perkin Elmer).

Pb translocation, intake as well as accumulation
Upon reaching physiological maturity, 5 barley plants randomly chosen from every trial plot, extracted, 
and meticulously cleaned. After crushing, samples were preserved in individual plastic bags. Materials were 
subsequently treated via Kjeldahl digestion procedure and incubated in an oven at 140 °C for 65 min, after this 
creation, Pb level in different tissues of barley plant was quantified utilizing AAS (AAS 700, Perkin Elmer). Pb 
translocation, uptake as well as accumulation were computed with these Eq49.:

	 BCF = P b in roots/P b in soil� (3)

	 T F = P b in leaves/P b in roots� (4)

	 BAC = P b in leaves/P b in soil� (5)

Where BAC, TF, and BCF represent bioaccumulation factor, transfer factor, and bioconcentration factor, 
respectively.

Uptake of nutrient in leaves
Following 75-days of growing, leaves systematically gathered from each trial plot and preserved in containers for 
air-drying procedure. Leaves were desiccated in the oven at 75 °C and subsequently pulverized into fine powder. 
Powdered specimen was subjected to digestion with 1:1 combination of HClO4 and HNO3 for 100 min at 200 °C 
to quantify K concentration utilizing flame photometer. The levels of Na, Mg and Zn were evaluated utilizing 
AAS (AAS 700, Perkin Elmer).

Assessment of antioxidant and oxidative stress
To quantify catalase level, at first, phosphate buffer (5 mL) was mixed with 0.2 g of finely crushed leaf sample. 
Subsequently, solution was subjected to centrifugation at speed of 1500 rpm for the 20 min, after which the 
supernatant was separated perpendicularly. Afterward, a cuvette was filled with 0.1 mL of sample, H2O2 (1 mL), 
and phosphate buffer (1.9 mL). The absorbance at 240 nm was determined using spectrophotometer at time 
intervals of 0, 30, 60, and 90 s, as the level of ascorbate peroxidase was measured with technique stated through50. 
The reaction mixture used to determine APX consisted of 200 µl of a 2 mM ascorbate solution mixed in a 100 mM 
phosphate buffer with 7 pH, 200 µL of a 10 mM hydrogen peroxide solution, 30 µL of a 5 mM EDTA solution, 
and protein extract (20 µL). The mixed reaction’s absorbance was determined at wavelength of 290 nm, and APX 
level was measured with an extinction coefficient of 2.8 mM−1cm−1. To test concentration of H2O2 (Hydrogen 
peroxide), a solution of phosphate buffer (50 mM, pH 6.6) was mixed with 50 mg leaf samples to create uniform 
mixture. The mixture was then subjected to centrifugation at 6000×g for 30 min at a temperature of 4 °C. To 
test the concentration of H2O2, solution of phosphate buffer (H2KO4P) (50 mM, pH 6.5) was mixed with 50 mg 
leaf samples to create uniform mixture. The mixture was then subjected to centrifugation at 6000×g for 30 min 
at temperature of 4 °C. Next, 1 mL of a solution containing 0.1% titanium sulfate in 20% (v/v) sulfuric acid was 
added to extracted solution. The resulting combination was then subjected to centrifugation at a force of 6000 
×g for 20 min. The centrifugation was carried out at regulated temperature of 4 °C. Supernatant’s absorbance 
was quantified at wavelength of 410 nm. The H2O2 concentrations were computed with extinction value of 0.28 
µmol−1cm−1., as described by Zawoznik et al.51. Lipid peroxidation was measured as MDA (malondialdehyde) 
at 450 nm, 532 nm, and 600 nm with spectrophotometer, in accordance with the method outlined by Alharbi et 
al.34. EL levels in the shoots were measured through removing one plant from each replication and treatment. 
Samples were separated into small pieces and positioned vertically in tubes containing 7 mL of DI water. Initial 
electrical conductivity of solution was measured after incubating tubes at temperature of 32 °C for 2 h. Samples 
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were subjected to autoclaving for duration of 20 min at a temperature of 120 °C. The final electrical conductivity 
of the solution was measured after sample was cooled to 25 °C. The EL was computed with equation provided by 
Eq. 6, as specified by Alshaal et al.52

	 EL = (EC1 − EC2) × 100� (6)

Physiological activity of plants
75 days post-planting, SPAD leaf greenness indices were assessed utilizing chlorophyll meter (SPAD-502Plus), 
as described by Szulc et al.53. The stomatal conductivity (Gs) and rate of photosynthesis (Pn) were measured 
with open infrared gas analyzer (LI-6800), according to methodology outlined by Xie and Su54. The proline level 
was quantified through pulverising 0.25 g of freshly harvested leaf material in 5 mL of a 3% C7H6O6S solution, 
and subsequently filtering the resulting extract. A volume of 1 mL of the filtrate was kept in a test tube together 
with 1 mL of C6H4(CO)2C(OH)2 and 1 mL of CH3COOH. Mixture was then heated in water bath for 90 min at 
temperature of 100 °C. Two distinct layers were formed as a result of the vortexing process. Absorbance of the 
upper layer, which had a pinkish colour, was determined at wavelength of 520 nm with spectrophotometer, as 
described by Filek et al.55.

Transcriptional analysis of antioxidants
The qPCR research was conducted to assess the expression genes in antioxidants (Mn-SOD, APX, and CAT) 
in barley plants exposed to saline-nature soil watered with wastewater. 3 replicates were chosen for extraction 
of cDNA and RNA utilizing Qiagen kits. The PCR procedures and amplification protocols for Mn-SOD, APX, 
and CAT genes conducted as outlined by Kumar et al.56. The expression values of antioxidant genes quantified 
utilizing 2−ΔΔCt technique, with ACTIN as internal reference gene57.

Yield assessment
During the harvest period, 5 plants from every plot chosen to evaluate yield-characteristics, such as grain count 
per spike and 1000 grains weight (g). Furthermore, 2 m² sections from center of every plot were collected to 
assess grain yield at 14% moisture level.

Statistical study
The collected data were analyzed using analysis of variance (ANOVA) procedures, utilizing the CoStat 6.4 
Statistical Software package. When significant differences were found (p < 0.05), mean comparisons were 
performed according to the method outlined by James et al.58.

Results
Soil’s physicochemical characteristics
Despite adverse impacts of Pb-polluted saline soils on soil physicochemical attributes (such as ESP, EC, and 
pH) and microbial traits (including microbial biomass and soil CO2), soil amendments application such as BP-
BC, SeNPs through foliar spray, and their combination-substantially enhanced these characteristics (Table 2). 
BP-BC alone showed superior efficacy than SeNPs in improving soil microbiological and physicochemical 
characteristics. Specifically, the application of BP-BC at 5 t ha−1 and 10 t ha−1 diminished pH (3.01–5.98%), 
ESP (20.29–29.71%), and EC (9.23–24.40%) in comparison to control group. BP-BC also enhanced microbial 
biomass (80.04-149.11%), and CO2 influx (56.39-119.59%) at similar levels. Conversely, SeNPs foliar application 
(10 and 20 mg L−1) resulted in marginal reduction of exchangeable sodium percentage (ESP) by 0.16%, while 
enhancing microbial biomass (7.39–5.49%) and carbon dioxide influx (7.11–5.60%) in comparison to control 
group.

Treatments Dose
EC
(dS m−1) pH ESP CO2 influx (mg CO2 100 g−1 soil 24 h−1) Microbial biomass (mg g−1 soil)

BP-BC (t ha−1)

0 4.50a ± 0.09 8.5a ± 0.4 17.19a ± 0.89 16.01c ± 1.19 2.30c ± 0.29

5 4.1b ± 0.20 8.2b ± 0.19 14.30b ± 0.59 25.80b ± 1.30 4.10b ± 0.10

10 3.40c ± 0.19 7.90c ± 0.39 12.10c ± 0.49 36.70a ± 1.40 5.59a ± 0.20

SeNPs (mg L−1)

0 4.1a ± 0.29 8.2a ± 0.19 14.60a ± 0.79 25.40b ± 1.79 3.80b ± 0.39

10 4.1a ± 0.30 8.19a ± 0.38 14.60a ± 0.49 25.9a ± 1.19 3.99a ± 0.50

20 4.2a ± 0.19 8.2a ± 0.29 14.61a ± 0.37 26.80a ± 1.70 4.2a ± 0.51

BP-BC + SeNPs

0 4.3a ± 0.30 8.3a ± 0.20 14.78a ± 0.80 26.43b ± 1.80 4.80b ± 0.40

10 4.3a ± 0.29 8.10a ± 0.40 14.69a ± 0.50 26.91a ± 1.20 4.99a ± 0.51

20 4.3a ± 0.20 8.3a ± 0.30 14.72a ± 0.40 27.82a ± 1.72 5.2a ± 0.52

p BP-BC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

p SeNPs 0.28 0.26 < 0.01 < 0.01 < 0.01

p BP-BC + SeNPs 0.69 0.90 0.98 0.80 < 0.05

Table 2.  SeNPs and BP-BC impacts on soil Microbiological and physicochemical characteristics in Pb-
polluted saline soils. Values represent the mean ± SD of 3 replicates. Distinct letters denote statistically 
significant differences among treatments as per Tukey’s HSD test (p irrigation × treatment < 0.05)
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Figure 1 illustrates that the combined use of BP-BC at a rate of 10 t ha−1 and SeNPs at 10 mg L−1 resulted in 
the most significant enhancement of microbial biomass, with a 170.59% increase. Interaction between SeNPs 
and BP-BC did not dramatically influence soil physicochemical parameters, except microbial biomass level, 
which exhibited clear-cut positive interaction.

Bacteriological activity and soil enzymes
Single-use of soil supplements, such as foliar sprays of SeNPs and BP-BC and their combination, markedly 
improved microbiological and soil enzyme activity. The findings in Table 3 demonstrate that sole use of BP-
BC significantly enhanced soil enzyme activity, particularly alkaline phosphatase and dehydrogenase, as 
well as microbial activity of Bacillus, bacteria, and Azotobacter relative to SeNPs foliar application. In a 
comparison of treatments utilizing BP-BC to control group (BP-BC-without), BP-BC use at 5 t ha−1 and 10 t 
ha−1 led to substantial enhancements in several metrics: alkaline phosphatase by 85.70-169.80%, the activity of 
dehydrogenase increased by 139.33–260.20%, bacterial numbers by 98.10-189.39%, Bacillus by 98.30-210.70% 
and Azotobacter by 140.12–380.20%. A significant interaction was noted between the combined use of SeNPs 

Treatments Dose
Alkaline phosphatase
(mg phenol kg−1 day−1)

Dehydrogenase
(mg phenol kg−1 day−1) Bacteria (Log cfu g−1 soil)

Bacillus
(Log cfu g−1 soil) Azotobacter (Log cfu g−1 soil)

BP-BC (t ha−1)

0 0.30c ± 0.019 13.40c ± 0.39 2.70c ± 0.30 1.10c ± 0.30 0.96c ± 0.20

5 0.49 ± 0.030 30.40b ± 1.10 5.1b ± 0.40 3.80b ± 0.20 2.30b ± 0.25

10 0.80a ± 0.031 45.19a ± 0.60 7.80a ± 0.50 5.80a ± 0.19 4.50a ± 0.40

SeNPs (mg L−1)

0 0.6b ± 0.19 30.09b ± 0.09 4.80b ± 0.30 3.49b ± 0.69 2.19b ± 0.39

10 0.60a ± 0.19 31.35a ± 0.89 5.50a ± 0.40 3.89a ± 0.70 2.69a ± 0.60

20 0.49a ± 0.16 31.10a ± 0.79 5.39a ± 0.30 4.1a ± 0.72 2.80a ± 0.59

BP-BC + SeNPs

0 0.7b ± 0.19 31.09b ± 0.09 5.79b ± 0.30 4.99b ± 0.69 3.19b ± 0.39

10 0.70a ± 0.19 32.35a ± 0.89 6.51a ± 0.40 4.90a ± 0.70 3.69a ± 0.60

20 0.51a ± 0.16 32.10a ± 0.79 6.40a ± 0.30 5.2a ± 0.72 3.80a ± 0.59

p BP-BC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

p SeNPs < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

p BP-BC + SeNPs 0.79 0.39 < 0.01 < 0.01 < 0.01

Table 3.  SeNPs and BP-BC Imapcts on dehydrogenase, alkaline phosphatase activity, bacterial counts, 
Azotobacter populations and Bacillus populations in barley plants cultivated in Pb-polluted saline soils. Values 
represent the mean ± SD of 3 replicates. Distinct letters denote statistically significant differences among 
treatments as per Tukey’s HSD test (p irrigation × treatment < 0.05)

 

Fig. 1.  Interaction effect of SeNPs and BP-BC on microbial biomass level. Distinct letters on bars indicate 
significant differences at the p ≤ 0.05 levels as per Tukey test. Data are expressed as mean ± standard deviation 
(SD).
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(10 mg L−1) and BP-BC (10 t ha−1), resulting in enhancements in Bacillus (290.80%) and bacteria populations 
(260.30%) relative to control group. Moreover, as illustrated in Fig. 2, combined use of SeNPs (20 mg L−1) and 
BP-BC (10 t ha−1) produced a markedly higher enhancement in Azotobacter (560.70%) compared to control.

Accumulation of Pb in soil and various plant parts
The findings in Table 4 demonstrate that SeNPs and BP-BC application, whether separately or in conjunction, 
markedly diminished Pb buildup in soil, shoots, roots, and seeds. Significantly, BP-BC sole addition was more 
efficacious in reducing Pb concentrations in both plant tissues and soil than the SeNPs application. Specifically, 
application of BP-BC at 5 t ha−1 and 10 t ha−1 led to reductions in Pb accumulation in the following ways: 

Treatments Dose
Soil Pb
(mg kg−1)

Roots Pb
(µg g−1)

Shoots Pb
(µg g−1)

Seeds Pb
(µg g−1)

BP-BC (t ha−1)

0 0.90a ± 0.010 3.01a ± 0.14 1.60a ± 0.06 0.9a ± 0.02

5 0.8b ± 0.019 1.90b ± 0.10 1.13b ± 0.10 0.60b ± 0.05

10 0.60c ± 0.021 1.40c ± 0.20 0.70c ± 0.03 0.3c ± 0.01

SeNPs (mg L−1)

0 0.80a ± 0.060 2.30a ± 0.70 1.40a ± 0.10 0.69a ± 0.03

10 0.8b ± 0.039 1.89b ± 0.69 0.98b ± 0.09 0.49c ± 0.05

20 0.69b ± 0.040 1.88b ± 0.8 0.79c ± 0.06 0.55b ± 0.05

BP-BC + SeNPs

0 0.90a ± 0.060 3.30a ± 0.70 2.40a ± 0.10 0.79a ± 0.03

10 0.9b ± 0.039 2.89b ± 0.69 1.10b ± 0.09 0.69c ± 0.05

20 0.79b ± 0.040 2.88b ± 0.8 1.33c ± 0.06 1.10b ± 0.05

p BP-BC < 0.01 < 0.01 < 0.01 < 0.01

p SeNPs < 0.01 < 0.01 < 0.01 < 0.01

p BP-BC + SeNPs 0.16 0.13 < 0.01 < 0.01

Table 4.  Impact of senps and BP-BC on extractable soil Pb concentration, Pb levels in roots, Pb levels in 
shoots, and Pb levels in seeds of barley plants cultivated in Pb-polluted saline soils.

 

Fig. 2.  Interaction effects of SeNPs and BP-BC on bacteria (a), Azotobacter (b), and Bacillus (c). Distinct 
letters on bars indicate significant differences at the p ≤ 0.05 levels as per Tukey test. Data are expressed as 
mean ± standard deviation (SD).
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in the soil (19.37–35.67%), in shoots (34.01–60.39%), in roots (38.40–4.70%), and in seeds (28.29–49.40%), 
then control. Furthermore, the SeNPs foliar application at doses of 10 and 20 mg L−1 resulted in decreased 
Pb buildup in soil (3.70–3.40%), shoots (29.19–37.18%), roots (12.03–13.70%) and seeds (27.40–24.30%) than 
control (SeNPs 0 mg L−1). Figure 3 demonstrates that mixed use of SeNPs and BP-BC did not exhibit significant 
interactions with Pb concentrations in the roots or soil; nevertheless, a notable interaction was seen in the seeds 
and shoots. The combined use of SeNPs (10 mg L−1) and BP-BC (10 t ha−1) significantly reduced Pb build-up in 
seeds, attaining a reduction of 59.89%. Furthermore, combined administration of SeNPs (20 mg L−1) and BP-BC 
(10 t ha−1) caused in substantial decrease in Pb build-up in plant shoots, particularly 73.88%, in contrast to the 
treatment with SeNPs (0 mg L−1) and BP-BC (0 t ha−1).

Pb translocation, accumulation, and uptake
Figure 4 demonstrates that the administration of SeNPs and BP-BC altered Pb accumulation in different tissues 
of barley plants relative to control, resulting in decreased BAC, TF, and BCF. The SeNPs foliar application 
significantly reduced TF more than the BP-BC treatment. The BP-BC application at 5 t ha−1 and 10 t ha−1 led to 
reductions in BAC (18.30–37.70%), TF (4.99–10.11%) and BCF (19.30–32.10%) compared to control (0 t ha−1 
BP-BC). Likewise, SeNPs foliar application at doses of 10 and 20 mg L−1 resulted in decreases in BAC (28.08–
35.40%), TF (19.98–27.48%) and BCF (10.30–11.60%) compared to control (SeNPs 0 mg L−1) in Pb-polluted 
saline soils. Figure 4 demonstrates that the synergistic use of SeNPs and BP-BC significantly influenced BAC, TF, 
and BCF in barley plants cultivated in Pb-polluted salty soils (Fig. 4a-c). The combined use of BP-BC (10 t ha−1) 
and SeNPs (20 mg L−1), led to significant decreases in BAC (60.39%), TF (36.20%) and BCF (38.39%) relative to 
BP-BC (0 t ha−1) and SeNPs (0 mg L−1) treatments.

Fig. 3.  Interactive effect of SeNPs and BP-BC on the shoot Pb (a) and seeds Pb (b). Distinct letters on bars 
indicate significant differences at the p ≤ 0.05 levels as per Tukey test. Data are expressed as mean ± standard 
deviation (SD).
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Leaves nutrient uptake
Despite detrimental effects of Pb-polluted saline soils on Zn, Mg, and K uptake in barley plants, SeNPs and BP-
BC application can improve absorption of Zn, Mg, and K, even in such unfavorable conditions. The BP-BC alone 
administration markedly decreased Na uptake while concurrently increasing Zn, Mg, and K uptake in leaves 
than SeNPs sole use. The BP-BC addition (5 t ha−1 and 10 tha−1) led to decrease in Na uptake (30.80-49.87%) 
and an increase in Zn uptake (47.83-100.95%), Mg (43.59–86.50%) and K (90.47-190.33%) compared to control 
(BP-BC t ha−1). The SeNPs foliar addition at doses of 10 and 20 mg L−1 caused in decrease in sodium uptake 
(30.87–26.74%), while enhancing the potassium uptake (67.22–68.18%), magnesium (29.70-33.27%) and zinc 
(63.51–67.79%) compared to control treatment (SeNPs0 mg L−1). Figure 5 similarly illustrates that concurrent 
use of SeNPs and BP-BC exhibited notable interaction regarding accumulation of Zn, Mg, K and Mg in barley 
plants cultivated in Pb-polluted saline-nature soils (Fig. 5a-d). The BP-BC use (10 t ha−1) in conjunction with 
SeNPs (20 mg L−1) caused significant decrease in build-up of Na (63.79%), while simultaneously increasing K 
accumulation (949.87%), Zn (240.30%) and Mg (139.70%) compared to control treatment (BP-BC 0 t ha−1 and 
SeNPs 0 mg L−1).

Assessment of antioxidant and oxidative stress
Table 5 demonstrates that treatment of SeNPs and BP-BC and combined use markedly elevated APX and CAT 
amounts, while concurrently diminishing H2O2 and MDA concentrations in leaves subjected to Pb-polluted 
saline-nature soil. Data demonstrate that BP-BC sole produced more significant elevation in APX and CAT 
amounts, as well as a more pronounced decrease in H2O2 and MDA, in comparison to the alone use of SeNPs. The 
application of BP-BC (5 t ha−1 and 10 t ha−1) elevated APX concentration by 30.39–55.21% and CAT amounts by 
19.10–36.30%, while concurrently decreasing H2O2 by 29.33–56.80% and MDA by 27.28–56.14% in comparison 
to BP-BC (0 t ha−1). Conversely, the SeNPs foliar application at rates of 10 and 20 mg L−1 enhanced catalase 
(CAT) activity by 16.74–18.28% and ascorbate peroxidase (APX) activity by 18.30-19.78%, while simultaneously 
decreasing malondialdehyde (MDA) levels by 28.40-31.44% and hydrogen peroxide (H2O2) levels by 29.15–
33.50% in comparison to SeNPs (0 mg ha−1).

The simultaneous SeNPs and BP-BC application did not produce a significant interaction concerning MDA 
or CAT levels; however, a distinct interaction was observed with H2O2 and APX levels. The simultaneous use of 
SeNPs (20 mg L−1) and BP-BC (10 t ha−1) led to a notable enhancement in APX level (86.79%) and a decrease in 
H2O2 level (69.11%) relative to control group.

Fig. 4.  Interaction effect of SeNPs and BP-BC on (a) BCF), (b) TF and (c) BAC, Distinct letters on bars 
indicate significant differences at the p ≤ 0.05 levels as per Tukey test. Data are expressed as mean ± standard 
deviation (SD).
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Physiological activity of plants
Pb-polluted saline soils negatively impact physiological functions in plants, resulting in disruptions in the 
membrane leaking, leaf greenness (assessed through SPAD), stomatal conductance, photosynthesis rate, as 
well as leaves proline level (Table 6). The SeNPs and BP-BC utilization, whether separately or in conjunction, 
significantly reduced proline concentrations and membrane leakage, while simultaneously improving leaf 
greenness, photosynthetic efficiency, and stomatal conductivity. Table  6 demonstrates that the alone BP-BC 
application was more efficacious in diminishing proline concentrations and membrane leakage, while also 
enhancing leaf greenness, stomatal conductivity and photosynthetic rate in comparison to sole administration 
of SeNPs. In the comparison of treatments, the BP-BC (5 t ha−1 and 10 tons ha−1) application led to a decrease 
in proline level (33.4059.30%) and membrane leakage (19.30-44.59%), while enhancing leaf greenness (30.88–
56.22%), stomatal conductivity (27.22–53.70%), and photosynthetic rate (37.71–80.49%) compared to control 
(BP-BC 0 t ha−1). The SeNPs foliar application at dosages of 10 and 20 mg L−1 resulted in decreased proline 

Treatments Dose
APX
(µmol H2O2 g−1FW min−1)

CAT
(µmol H2O2 g−1FW min−1) H2O2 ((µmol g−1 FW) MDA ((µmol g−1 FW)

BP-BC (t ha−1)

0 12.99c ± 0.19 46.1c ± 1.60 7.70a ± 0.49 19.30a ± 0.59

5 17.11b ± 0.80 54.50b ± 2.19 5.30b ± 0.29 14.50b ± 0.89

10 21.19a ± 0.39 59.30a ± 2.40 3.40c ± 0.30 8.3c ± 0.69

SeNPs (mg L−1)

0 15.01c ± 0.88 50.10b ± 1.39 7.01a ± 0.19 17.50a ± 0.89

10 18.11b ± 1.2 56.80a ± 2.15 4.79b ± 0.88 12.1b ± 0.50

20 18.41a ± 1.10 57.40a ± 2.29 4.60c ± 0.59 12.44 ± 0.46

BP-BC + SeNPs

0 16.01c ± 0.88 51.10b ± 1.39 8.01a ± 0.19 18.50a ± 0.89

10 19.11b ± 1.2 58.80a ± 2.15 5.79b ± 0.88 13.1b ± 0.50

20 19.41a ± 1.10 58.40a ± 2.29 5.60c ± 0.59 13.44 ± 0.46

p BP-BC < 0.01 < 0.01 < 0.01 < 0.01

p SeNPs < 0.01 < 0.01 < 0.01 < 0.01

p BP-BC + SeNPs < 0.01 0.55 < 0.01 0.16

Table 5.  Impact of senps and BP-BC on CAT, APX, MDA, and H2O2 in barley plants subjected to Pb-polluted 
saline soils.

 

Fig. 5.  Interaction effects of SeNPs and BP-BC on (a) Na, (b) K, (c) Mg and (d) Zn. Distinct letters on bars 
indicate significant differences at the p ≤ 0.05 levels as per Tukey test. Data are expressed as mean ± standard 
deviation (SD).
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levels (28.30-32.71%) and membrane leakage (17.50-20.23%), while simultaneously improving leaf greenness 
(20.01–23.29%), stomatal conductance (18.06–22.14%) and photosynthetic rate (30.18–33.18%) in comparison 
to control group (SeNPs 0 mg L−1).

Table 6 demonstrates that simultaneous use of SeNPs and BP-BC did not produce a significant interactive 
effect on stomatal conductance, leaf greenness, and membrane leakage and proline levels in leaves, except for 
photosynthesis rate, which displayed distinct interaction between treatments. The simultaneous use of SeNPs 
(25 mg L−1) and BP-BC (10 t ha−1) led to significant rise in rate of photosynthesis (140.68%) than control group.

Transcriptional analysis of antioxidants
The SeNPs and BP-BC utilization markedly reduced Mn-SOD, APX, and CAT gene expression in barley exposed 
Pb-polluted saline soils (Table 7). The findings demonstrate that BP-BC application significantly reduced gene 
expression degrees of Mn-SOD, APX, and CAT more effectively than SeNPs foliar application. BP-BC application 
(5 t ha−1 and 10 tons ha−1) led to down-regulations in CAT (29.41–59.48%), Mn-SOD (27.22–56.24%), and APX 
(19.74–9.41%) gene expression, in comparison to control (BP-BC 0 t ha−1). Likewise, SeNPs foliar application 
at dosages of 10 and 20 mg L−1 caused in decreases in CAT (28.30-32.11%), Mn-SOD (28.14–31.27%), and 
APX (17.50-20.09%) gene expression, compared to control (SeNPs 0 mg L−1). BP-BC application (10 tons ha−1) 
significantly downregulated Mn-SOD, APX and CAT gene expression in barley plants subjected to Pb-polluted 
saline soils, surpassing the effects of other treatments, even the control.

Yield parameters
Exposure of barley crop to Pb-polluted saline-nature soil led to reduction in yield characteristics, such as 
total grain yield, per spike grain numbers, and 1000-grain weight. The SeNPs and BP-BC utilization, whether 
separately or in conjunction, markedly improved these characteristics in barley plants cultivated in Pb-polluted 
saline-nature soil. Results in Table 8 demonstrate that use of BP-BC resulted in notable enhancements in total 
grain yield, per spike grain numbers, and 1000-grain weight relative to SeNPs single application. In comparison 

Treatments Dose Mn-SOD APX CAT

BP-BC (t ha−1)

0 2.59a ± 0.40 3.70a ± 0.30 3.70a ± 0.30

5 1.89b ± 0.30 2.89b ± 0.40 2.50b ± 0.18

10 1.20c ± 0.40 2.09c ± 0.29 1.50c ± 0.11

SeNPs (mg L−1)

0 2.40a ± 0.59 3.29a ± 0.70 3.20a ± 0.20

10 1.8b ± 0.59 2.80b ± 0.69 2.4b ± 0.10

20 1.70b ± 0.59 2.70b ± 0.70 2.20b ± 0.70

BP-BC + SeNPs

0 3.40a ± 0.59 4.29a ± 0.70 4.20a ± 0.20

10 2.8b ± 0.59 3.80b ± 0.69 3.4b ± 0.10

20 2.70b ± 0.59 3.70b ± 0.70 3.20b ± 0.70

p BP-BC < 0.01 < 0.01 < 0.01

p SeNPs < 0.01 < 0.01 < 0.01

p BP-BC + SeNPs 0.15 0.30 < 0.10

Table 7.  Impact of senps and BP-BC on the Mn-SOD, APX and CAT gene expression in barley plants 
subjected to Pb-polluted saline soils.

 

Treatments Dose Membrane leakage (%)
Pn
(µmol m−2s−1) Leaf greenness (SPAD) Gs (mmol H2O m−2s−1) Proline level (mg 100 g−1 FW)

BP-BC (t ha−1)

0 37.91a ± 1.70 11.45c ± 0.50 30.21c ± 1.10 36.01c ± 1.59 10.99a ± 0.49

5 30.29b ± 1.49 15.10b ± 0.89 37.60b ± 2.15 46.25b ± 1.89 7.50b ± 0.30

10 22.20c ± 1.09 20.47a ± 1.13 44.81a ± 1.30 55.79a ± 2.40 4.40c ± 0.50

SeNPs (mg L−1)

0 34.10a ± 1.49 13.01b ± 0.90 32.8b ± 1.30 39.78b ± 2.87 9.50a ± 0.89

10 28.10b ± 1.29 17.10a ± 0.78 40.24a ± 1.70 48.7a ± 1.99 6.10b ± 0.40

20 27.89b ± 1.80 17.03a ± 1.10 40.89a ± 1.39 51.44a ± 2.82 6.50c ± 0.69

BP-BC + SeNPs

0 35.10a ± 1.49 14.01b ± 0.90 33.8b ± 1.30 40.78b ± 2.87 10.50a ± 0.89

10 29.10b ± 1.29 18.10a ± 0.78 41.24a ± 1.70 49.7a ± 1.99 7.10b ± 0.40

20 28.89b ± 1.80 18.03a ± 1.10 41.89a ± 1.39 52.44a ± 2.82 7.50c ± 0.69

p BP-BC < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

p SeNPs < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

P BP-BC + SeNPs 0.30 < 0.05 0.11 0.13 0.08

Table 6.  Impact of senps and BP-BC on leaf greens, membrane leakage, stomatal conductivity, photosynthetic 
rate, and proline concentration in barley plants subjected to Pb-polluted saline soils.
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to the control (BP-BC 0 t ha−1), the BP-BC application (5 t ha−1 and 10 tons ha−1) led to enhancements in per 
spike grains (16.40–30.60%), grain yield (23.22–39.11%), and 1000-grain weight (15.50–27.30%), respectively. 
Furthermore, SeNPs foliar application (120 and 20 mg L−1) markedly increased per spike grain numbers (10.22–
11.88%), 1000-grain weight (8.60–9.41%), and grain yield (17.01–18.21%) in comparison to control (SeNPs 
0 mg L−1). Table  8 demonstrates that simultaneous use of SeNPs and BP-BC did not substantially influence 
1000-grain weight; nevertheless, a significant interaction with grain yield was observed. The use of BP-BC (10 t 
ha−1) mixed with SeNPs (25 mg L−1) caused considerable rise in grain yield (80.20%) relative to control.

Discussion
Inhibition of growth in soil influenced by Pb and salinity
There is scant information regarding the application of Broussonetia papyrifera-derived biochar (BP-BC) amended 
soil combined with SeNPs to alleviate the impacts of saline in co-polluted soil. Soil salinity, in conjunction with 
toxic metal pollution like Pb, can significantly hinder plant photosynthetic capacity by disrupting chloroplast 
function, altering pigment composition, and generating oxidative stress. High salt levels can lead to ionic 
imbalance, osmotic stress, and reduced stomatal conductance, limiting CO2 assimilation. Pb toxicity can replace 
essential ions in photosynthetic enzymes, damage photosynthetic apparatus, and induce oxidative damage, 
further compromising photosynthetic efficiency. The combined stress can exacerbate damage to photosynthetic 
machinery, ultimately reducing plant growth and productivity59. In the present research, unamended control 
plots had deteriorated soil quality, evidenced by reductions in biological, and physiochemical characteristics. 
This degradation led to enhanced accumulation and absorption of Pb and Na in different plant tissues, resulting 
in disrupted biochemical and physiological functions in barley plants. Consequently, growth and yield of plants 
were markedly diminished, by results of60. The combined stress of lead and salinity in soil can inhibit plant 
growth by disrupting cellular homeostasis, nutrient uptake, and metabolic processes. Pb toxicity can alter 
enzyme activity, damage cell membranes, and induce oxidative stress, while high salinity can cause osmotic 
stress, ion imbalance, and reduced water availability. The synergistic effects can lead to reduced root and shoot 
growth, impaired photosynthesis, and decreased biomass production. Additionally, Pb can accumulate in plant 
tissues, further exacerbating toxicity and growth inhibition. This combined stress can ultimately compromise 
plant survival and productivity in affected soils.

BP-BC and senps improved soil properties influenced by Pb and salinity
This study shows enhancements in the biological, and physiochemical characteristics of soil when BP-BC-treated 
soil is combined with SeNPs as contaminants barrier, in contrast to individual application and control groups. 
These improvements are associated with efficacy of the combined treatments in decreasing Pb concentration 
and exchangeable Na in Pb-polluted and saline soils. The combination of biochar and selenium nanoparticles 
(SeNPs) can enhance the biological and physicochemical characteristics by synergistically improving soil 
fertility, structure, and microbial activity. Biochar can increase soil’s water-holding capacity, aeration, and 
cation exchange capacity, while SeNPs can stimulate beneficial microbial growth and enhance enzyme activity. 
Biochar’s porous structure can also adsorb and retain nutrients, reducing leaching and making them available to 
plants, while SeNPs can provide essential selenium micronutrient, promoting plant growth and stress tolerance. 
This combination can create a favorable environment for plant growth, improve nutrient cycling, and enhance 
overall soil health61. SeNPs, with their antioxidant and antimicrobial properties, can further stimulate beneficial 
microbial activity, promote plant growth, and enhance soil’s overall biological health. The synergistic interaction 
between biochar and SeNPs may also improve soil’s physicochemical properties, such as pH buffering capacity, 
CEC, and nutrient availability, ultimately leading to improved soil fertility and plant productivity. This combined 
approach can contribute to sustainable agriculture and ecosystem restoration by promoting soil health and 
resilience62. Furthermore, elevated microbial activity and soil enzyme indicate improved availability of nutrients 
for microbes in soils amended with BP-BC and enriched with SeNPs can be attributed to the improved 

Treatments Dose Per spike grain numbers Grain yield (t ha−1) 1000-grain weight (g)

BP-BC (t ha−1)

0 40.20c ± 1.59 3.50c ± 0.39 39.27c ± 1.40

5 45.1b ± 2.6 4.30b ± 0.29 47.50b ± 1.90

10 50.57a ± 2.40 5.01a ± 0.30 52.13a ± 1.99

SeNPs (mg L−1)

0 39.14b ± 2.50 3.80b ± 0.81 44.81b ± 1.30

10 46.7a ± 2.09 4.39a ± 0.60 48.14a ± 1.80

20 48.1a ± 2.20 4.50a ± 0.7 48.88a ± 1.90

BP-BC + SeNPs

0 40.14b ± 2.50 4.80b ± 0.81 45.81b ± 1.30

10 47.7a ± 2.09 5.39a ± 0.60 49.14a ± 1.80

20 49.1a ± 2.20 5.50a ± 0.7 49.88a ± 1.90

p BP-BC < 0.01 < 0.01 < 0.01

p SeNPs < 0.01 < 0.01 < 0.01

p BP-BC + SeNPs < 0.05 0.15 0.08

Table 8.  Impact of senps and BP-BC on the yield-related attributes of barley cultivated in Pb-polluted saline 
soils.
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availability of nutrients and a favorable microenvironment. BP-BC provides a habitat for microorganisms, 
increasing their abundance and diversity, while its porous structure adsorbs and retains nutrients, making them 
available to microbes. SeNPs further stimulate microbial growth and enzyme activity, potentially by providing 
essential selenium micronutrient, enhancing redox reactions, and promoting beneficial microbial interactions. 
SThis synergy enhances nutrient cycling, decomposition, and overall soil health. These results corroborate past 
studies indicating that organic supplements, such as biochar, boost soil health, increase availability of nutrients, 
and are important for preserving membrane integrity and cell wall63. The elevated microbial activity and 
soil enzyme levels after biochar and SeNPs application can be attributed to the creation of a favourable soil 
environment. Biochar provides a habitat for microorganisms, increasing their abundance and diversity, while its 
porous structure and high surface area support nutrient retention and exchange64. SeNPs stimulate microbial 
growth and activity by providing essential selenium nutrients, which are incorporated into selenoproteins 
that play crucial roles in antioxidant defense and redox reactions. SeNPs also enhance enzyme production by 
inducing the expression of genes involved in enzyme synthesis, and promote beneficial microbial interactions 
by modulating signaling pathways and biofilm formation. Additionally, SeNPs’ small size and high surface area 
allow for efficient interaction with microorganisms, facilitating the uptake of selenium and promoting microbial 
metabolism, ultimately leading to increased microbial activity and improved soil health. As a result, soil enzyme 
activities, such as those involved in nutrient cycling, increase, indicating improved soil health, fertility, and 
ecosystem are functioning. This synergistic effect can lead to enhanced nutrient availability, plant growth, 
and overall soil sustainability65. The rise in microbial function also enhances soil N fixation, facilitating the 
growth of plants66. BP-BC reduced soil pH likely due to its acidic functional groups and buffering capacity. BP-
BC’s high surface area and porosity improved soil structure by increasing water infiltration, aeration, and root 
growth. The biochar’s porous structure also enhanced soil aggregation by acting as a binding agent, improving 
soil stability and water retention. Additionally, the increased surface area and porosity of BP-BC improved soil 
permeability, allowing for better water and air movement, and facilitating root growth and microbial activity, 
ultimately enhancing soil health and fertility. These alterations subsequently improved drainage, decreased 
sodium levels, diminished salinity in soil, and boosted physical soil characteristics, resulting in improved soil 
health67. BP-BC markedly enhanced hydraulic conductivity and CEC, consequently increasing the availability of 
nutrients in soil, the application of biochar and SeNPs can markedly enhance hydraulic conductivity and CEC 
in soil, due to biochar’s porous structure and high surface area, which increases water retention and infiltration, 
thereby improving hydraulic conductivity. Biochar’s negative charge also contributes to increase CEC, allowing 
it to retain and exchange cations, making nutrients more available to plants. SeNPs may further enhance soil 
structure and aggregation, potentially improving water movement and retention, while their interaction with 
biochar may synergistically enhance soil’s physical and chemical properties, ultimately benefiting plant growth 
and soil health68. Additionally, biochar’s high CEC enables it to retain and exchange nutrients, making them 
more available to plants. SeNPs may further enhance these effects by promoting soil aggregation and structure, 
facilitating water and nutrient movement. The combined application of biochar and selenium nanoparticles 
(SeNPs) creates a synergistic effect by integrating biochar’s structural benefits, such as improved soil aeration, 
water retention, and cation exchange capacity, with SeNPs’ biochemical benefits, including enhanced microbial 
activity and enzyme production. This synergy improves soil’s physical properties, like aggregation and porosity, 
and chemical properties, like nutrient availability and retention. As a result, nutrient uptake by plants is 
increased, leading to improved soil fertility and productivity. The interaction between biochar and SeNPs fosters 
a favorable environment for plant growth, enhancing root development, and ultimately promoting plant health 
and yield69. Moreover, the enhanced microbial activity, evidenced by microbial biomass C and CO2 influx, along 
with increased alkaline phosphatase and dehydrogenase activity, resulted in an enhancement of beneficial soil 
microorganisms. These microorganisms excrete polysaccharides that enhance soil OM and quality, facilitating 
Pb immobilization70.

The enhanced soil productivity in biochar-amended soils can be attributed to biochar’s ability to immobilize 
Pb, reduce salt stress, and improve soil’s physical and chemical properties. Biochar’s high cation exchange capacity 
and surface area enable it to adsorb Pb, reducing its bioavailability and toxicity to plants. Additionally, biochar 
improves soil structure, aeration, and water retention, mitigating salt-induced osmotic stress. By creating a 
more favorable environment, biochar promotes microbial activity, nutrient cycling, and plant growth, ultimately 
leading to improved soil quality and productivity in Pb-polluted and saline environments. The soil pH, an 
essential measure of soil health, diminished from moderate alkaline (8.1–8.4) to mildly alkaline (7.6–7.8) in the 
soil treated with BP-BC. The decrease in soil pH from moderate alkaline to mildly alkaline in biochar-treated 
soil can be attributed to biochar’s buffering capacity and its effect on soil ion dynamics. Biochar’s high surface 
area and cation exchange capacity can adsorb and retain alkaline cations, such as calcium and magnesium, 
reducing their concentration in the soil solution and subsequently lowering the pH. Additionally, biochar can 
release acidic functional groups, contributing to a decrease in soil pH. This shift towards a mildly alkaline pH can 
create a more favorable environment for plant growth and microbial activity, potentially enhancing soil fertility 
and overall health71. Soil pH plays a crucial role in influencing metal mobility and speciation, as it affects the 
chemical forms and bioavailability of metals. A decrease in soil pH (increasing acidity) generally increases the 
mobility and bioavailability of most metals, such as lead, cadmium, and zinc, by promoting their dissolution and 
release from soil particles. Conversely, an increase in soil pH (increasing alkalinity) can lead to the precipitation 
of metals, reducing their mobility and bioavailability. Additionally, soil pH influences the speciation of metals, 
altering their chemical forms and reactivity, which can impact their toxicity and uptake by plants, ultimately 
affecting environmental and human health risks associated with metal contamination. These results align with 
recent research indicating that char can Pb immobilize via its positive charged surface functional groups72,73.

In unamended plots, elevated Pb levels diminished soil quality; impeding growth of seedlings caused by a 
decrease in biological attributes, including diminished microbial biomass carbon, reduced microbial populations, 
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and reduced enzymatic activity, consistent with other research findings74. The elevated carbon (C) content and 
organic carbon (OC) levels in BP-BC-treated soils can be attributed to biochar’s stable carbon structure, which 
resists decomposition and persists in the soil, contributing to long-term carbon sequestration. This increased 
C content provides a food source for microorganisms, stimulating their growth and activity, and enhancing 
enzymatic biological activity. The improved OC levels also support the formation of stable soil aggregates, 
enhance nutrient retention, and promote beneficial microbial interactions, ultimately leading to improved soil 
fertility, structure, and overall health75. An inverse correlation was discovered between OC and Pb levels in 
polluted soils. The BP-BC additions promoted oxygen supply and soil aeration, reduced soil pH, improved soil 
chemical characteristics, and increased availability of nutrients, as documented in other studies76.

Salinity was found to enhance Pb toxicity and mobility in polluted soils by increasing solubility and 
bioavailability of Pb through formation of soluble Pb complexes with chloride ions. High salt concentrations 
can also disrupt soil structure, reduce sorption sites, and increase Pb desorption, making it more mobile and 
available for plant uptake. Additionally, salinity-induced changes in soil pH and ionic strength can further 
influence Pb speciation and mobility, exacerbating its toxic effects on plants and microorganisms and ultimately 
compromising soil health and ecosystem function. Consequently, the research focused on alleviating soil 
salinity, which is directly linked to a decrease in Pb levels in contaminated soils. Biochar, produced at high 
temperatures, exhibits considerable specific surface area and notable cation exchange capacity, resulting in 
reduced exchangeable sodium percentage (ESP) and electrical conductivity. The negative charges on biochar 
functional groups hindered rhizosphere sodium ions, thereby diminishing Pb accessibility by increasing its 
sorption onto aqueous surfaces, beyond soil solutions77.

The results of this research demonstrated that the use of SeNPs enhanced the Pb and Na accumulation in cell 
of leaves while diminishing their levels in organelle bodies, likely due to SeNPs’ role in modulating plant defense 
mechanisms and altering ion distribution. SeNPs may induce the production of cell wall components, such as 
lignin and pectin, which can bind and sequester Pb and Na, restricting their entry into organelles and reducing 
toxicity. This compartmentalization strategy allows plants to tolerate high levels of Pb and Na, minimizing damage 
to sensitive organelles and maintaining cellular function, ultimately promoting plant growth and survival under 
stress conditions. Similarly, Pb accumulated in the cell walls of the roots, whilst its soluble fraction within the 
root was diminished78. The elevated density of negative charged active groups in cell wall was seen to bind Na 
and immobilize Pb, hence restricting their transit throughout plant. Furthermore, an antagonistic link between 
Se and both Na and Pb was noted79indicating that elevating Se levels via spraying may diminish Na and Pb levels 
in plant tissues. Consequently, due to their unique properties, including small size, high surface area-to-volume 
ratio, and increased SSA. These nanoscale dimensions enable SeNPs to interact more efficiently with plant cells, 
facilitating uptake and distribution of selenium. The increased SSA of SeNPs also enhances their reactivity, 
allowing for improved bioavailability and efficacy of selenium, which can stimulate plant growth, enhance stress 
tolerance, and promote beneficial biochemical reactions, ultimately contributing to improved plant health and 
productivity80.

SeNPs, measuring between 1 and 100  nm, alleviate detrimental impacts of abiotic stresses on plants by 
enhancing antioxidant defense systems, improving stress tolerance, and regulating biochemical pathways. 
SeNPs’ small size allows for efficient uptake and distribution within plant cells, where they can scavenge 
reactive oxygen species, modulate hormone signaling, and enhance enzyme activity. This leads to improved 
plant growth, increased photosynthetic efficiency, and enhanced stress resilience, ultimately mitigating the 
negative effects of abiotic stresses such as drought, salinity, and heavy metal toxicity on plant productivity and 
health81. Consequently, employing SeNPs in place of conventional Se fertilizers can improve Se availability 
to satisfy nutritional requirements of barley crops, while simultaneously decreasing Na and Pb uptake82. The 
application of SeNPs in this manner facilitated moisture retention in both roots and leaves, enhanced nutrient 
absorption, and increased canopy growth by improving photosynthetic efficiency, chlorophyll concentration, 
stomatal conductance, and gas exchange. As a result, there was an increase in photoassimilate translocation to 
grains in saline and Pb-contaminated soils83. Selenium is essential for respiration as it facilitates the synthesis of 
enzymes associated with this process82. Furthermore, our research demonstrated that Se marginally enhanced 
soil characteristics in vicinity of plant rhizosphere likely due to its role in promoting plant growth and root 
development, which in turn improves soil structure and fertility. Selenium can stimulate beneficial microbial 
activity, enhance root exudation, and increase soil enzyme activity, leading to improved nutrient cycling and 
availability. Additionally, Se’s antioxidant properties may help mitigate oxidative stress in the rhizosphere, 
creating a more favorable environment for plant-microbe interactions and ultimately contributing to improved 
soil health and fertility in the rhizosphere. Nonetheless, its synergistic application with biochar-treated soil 
produced a markedly greater benefit than its individual use. These results validate previous research, highlighting 
the substantial importance of SeNPs, hence reinforcing outcomes of the present study84.

SeNPs are absorbed via leaf endocytosis or epidermis and migrate through apoplastic routes into phloem, 
then aggregate in cell walls of root and affect rhizosphere85. This process improves the uptake of nutrients by root 
cells and reduces Na and Pb uptake, hence facilitating growth. Selenium is vital for plant growth, serving as a co-
factor for enzymes that facilitate tryptophan production, which subsequently generates auxin hormone, required 
for crop growth86. Recent studies have demonstrated that SeNPs can enhance the absorption of essential minerals 
for plant growth and metabolism, even in adverse soil conditions that would normally impede nutrient uptake82.

Research, including87demonstrates that biochar use, abundant in N and C, binds Na ions and immobilizes 
Pb, transforming them into insoluble forms within soil solution. This diminishes their uptake via roots and 
restricts their movement via xylem to crop tissues, thereby decreasing BAC, TF, and BCF in Pb-polluted and 
saline soils. These results indicate that biochar-treated soil, abundant in OM, is more proficient at binding Na 
and immobilizing Pb than saline soil contaminated with Pb and devoid of biochar. Moreover, SeNPs markedly 
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diminished Pb absorption in barley plants through augmenting the antioxidant capacity and lowering free 
radical concentrations, which aligns with their influence on Mn-SOD, APX, and CAT.

Moreover, SeNPs mitigated Pb toxicity in barley plants by enhancing antioxidant defense systems, regulating 
Pb uptake and distribution, and modulating stress-related gene expression. SeNPs likely scavenged reactive 
oxygen species, reducing oxidative stress and damage to plant cells. Additionally, SeNPs may have restricted 
Pb translocation to sensitive tissues, sequestered Pb in less sensitive cellular compartments, and improved 
plant nutrient balance, ultimately promoting plant growth and tolerance to Pb stress. This mitigation strategy 
enables barley plants to cope with Pb-induced stress, maintaining cellular homeostasis and functionality22. 
Research has demonstrated that SeNPs reduced Pb accumulation in many plant tissues while enhancing 
stability of cell membranes likely by regulating Pb uptake, transport, and sequestration. SeNPs may have 
increased the expression of genes involved in Pb exclusion or compartmentalization, restricting Pb entry into 
sensitive tissues or sequestering it in vacuoles. Additionally, SeNPs’ antioxidant properties helped maintain cell 
membrane integrity by reducing lipid peroxidation and enhancing membrane-bound enzyme activity, thereby 
protecting plant cells from Pb-induced oxidative damage and maintaining cellular function and homeostasis88. 
Furthermore, SeNPs improved barley plant health by decreasing Pb absorption and toxicity through mechanisms 
such as Pb immobilization, restriction of Pb uptake, and enhancement of antioxidant defenses. SeNPs may have 
also promoted the expression of genes involved in Pb exclusion or sequestration, reducing Pb translocation to 
sensitive tissues. Concurrently, SeNPs increased Se uptake, likely due to their high bioavailability and efficient 
absorption by plant roots, allowing for beneficial Se accumulation and utilization by the plant, ultimately 
enhancing plant growth, stress tolerance, and nutritional quality89,90. The data indicate that nutrient buildup 
transpires through ongoing root absorption via xylem and remobilization via phloem from vegetative portions 
to grains, eventually enhancing plant output and characteristics88.

BP-BC and senps improved biochemical, physiological and barley yield characteristics in 
saline-impacted and Pb-polluted soils
Our results indicated that the simultaneous application of BP-BC-treated soil with SeNPs, in contrast to control 
and single use, markedly diminished uptake and accumulation of Na and Pb in barley plants by synergistically 
enhancing soil properties and plant defense mechanisms. BP-BC likely immobilized Pb and reduced Na 
availability through adsorption and complexation, while SeNPs enhanced antioxidant defenses and regulated ion 
uptake, restricting Na and Pb translocation to sensitive tissues. This combined approach improved soil fertility, 
reduced metal bioavailability, and promoted plant stress tolerance, ultimately mitigating the adverse effects of Pb 
pollution and salinity on barley plant growth and productivity87. The co-addition resulted in the elevated activity 
of APX and CAT, which aligned with the augmented antioxidant genes expression Mn-SOD, APX, and CAT 
with reduction in oxidative stress markers such as EL, H2O2 and MDA likely triggered a synergistic response, 
enhancing plant stress tolerance and promoting cellular homeostasis by mitigating oxidative damage and 
maintaining redox balance. These enhancements ultimately led to superior nutritional uptake such as Zn, Mg, 
and K, and enhanced gas exchange metrics such as Tr, Pn, Ci, Gs, and SPAD in barley plants91. These findings 
corroborate previous research demonstrating that BP-BC increases nutrient availability in the rhizosphere, 
enhances root absorption, accelerates nutrient translocation through xylem vessels, and promotes Mg and K 
accumulation in leaves, while reducing Na levels. This augmentation positively affects stomatal conductance, 
photosynthesis, and carbon dioxide levels by increasing chlorophyll concentration, leading to superior plant 
development and growth compared to unamended plants in Pb-contaminated and saline soils92.

The research indicated a significant association between BP-BC treatment and decreased absorption of Na 
and Pb through the roots, along with their resulting buildup in plant leaves under these circumstances93. The 
elevated potassium and magnesium levels in leaves, seen with BP-BC treatment, significantly enhance plant 
resistance to environmental stresses, as documented in prior study94. Unamended soils exhibited significant 
oxidative damage, characterized by elevated levels of H2O2 and MDA, resulting in increased electrolyte 
leakage, generation of reactive oxygen species, and damage of cell membranes in barley plants cultivated in Pb-
polluted and saline soils95. In contrast, BP-BC treatment markedly diminished oxidative stress markers, likely 
by adsorbing and immobilizing reactive oxygen species (ROS)-inducing substances, such as heavy metals, and 
improving soil properties. Biochar’s high surface area and functional groups may have also directly scavenged 
ROS, reducing oxidative stress. Additionally, biochar may have stimulated plant antioxidant defense systems, 
enhancing the activity of enzymes such as superoxide dismutase, peroxidase, and catalase, which help detoxify 
ROS, ultimately protecting plants from oxidative damage and promoting cellular homeostasis96. The biochar 
treatment’s diminishment of oxidative stress markers can be attributed to its ability to modulate antioxidant 
activity. Biochar’s surface functional groups and porous structure can scavenge reactive oxygen species (ROS) 
and reduce oxidative stress. The increased activity of antioxidant enzymes such as ascorbate peroxidase (APX) 
and catalase (CAT) suggests that biochar triggers a protective response in plants, enhancing their antioxidant 
defense system. APX and CAT work in tandem to detoxify hydrogen peroxide, a key ROS, thereby reducing 
oxidative damage. By mitigating oxidative stress, biochar treatment can promote plant growth, improve stress 
tolerance, and enhance overall plant health. The correlation between reduced oxidative stress markers and 
increased antioxidant activity highlights biochar’s potential as a soil amendment to support plant well-being94. 
Biochar facilitated the neutralization of reactive oxygen species (ROS) in plant cells by enhancing the activity of 
antioxidant enzymes, such as catalase, which converts hydrogen peroxide into water and oxygen. This enzymatic 
reaction reduces oxidative stress, diminishing lipid peroxidation and protein degradation. By mitigating ROS-
induced damage, biochar promotes cellular homeostasis, allowing plants to allocate resources towards growth 
and development, ultimately enhancing crop growth, yield, and productivity. Biochar’s surface functional groups 
and nutrient supply may also contribute to improved plant nutrition and stress tolerance.
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Chlorophyll levels in leaves serve as a crucial marker of plant capacity to flourish in Pb-polluted and saline 
soils97. The elevated levels of chlorophyll noted in the present research likely by improving nutrient availability, 
particularly nitrogen, iron, and magnesium, essential for chlorophyll synthesis. Biochar’s adsorption properties 
may have also reduced nutrient leaching, ensuring a steady supply of these critical nutrients. Additionally, 
biochar’s impact on soil pH and microbial activity may have enhanced root growth and function, allowing for 
increased nutrient uptake and chlorophyll production, ultimately improving photosynthetic efficiency and plant 
growth. This increase in chlorophyll content enables plants to capture more light energy, driving photosynthesis 
and supporting overall plant productivity98. Furthermore, SeNPs enhanced antioxidant function, diminished 
reactive oxygen species levels, and fortified integrity of cell membranes by decreasing electrolyte leakage. The 
enhancements were correlated with elevated Zn, Mg, and K in Pb-polluted and saline soils99. A significant 
enhancement in barley’s biochemical and physiological traits was observed when BP-BC was combined with 
SeNPs, as opposed to separate applications. This was observed in grain yield and yield-related variables under 
these extreme conditions92. Our findings indicated that optimal enhancement of soil characteristics and plant 
performance was attained through synergistic use of BP-BC-treated soil and SeNPs, in contrast to alone use of 
BP-BC or SeNPs foliar treatment100. Results indicate that nutrient buildup in plants results from ongoing root 
absorption by xylem and subsequent remobilization via phloem, hence improving crop output and yield-related 
characteristics, particularly in semi-arid environments with saline soils101–104.

Conclusion
The synergistic application of SeNPs and BP-BC has shown a significant positive impact on the remediation 
of Pb-contaminated salty soils, improved barley crop efficiency by reducing Pb bioavailability, improving soil 
quality, and increasing plant resistance to oxidative stress. The findings suggest that this environmentally friendly 
approach could serve as a viable alternative to conventional soil treatments in agricultural regions affected by salt 
and lead contamination. Future research should focus on modifying these treatments for various crops and soil 
types, examining their long-term effects on soil microbial communities, and assessing the broader environmental 
implications of SeNPs application in agriculture. Future research should investigate synergistic effects of SeNPs 
and biochar derived from Broussonetia papyrifera on remediation of lead-contaminated saline soils during barley 
cultivation. This could include optimizing the application rates of SeNPs and biochar, as well as examining their 
combined influence on soil microbial communities, plant growth and lead immobilization. Examining long-term 
stability and possible environmental hazards of these modifications is essential. Furthermore, expanding this 
technology for field applications and evaluating its economic viability will be crucial for actual implementation. 
Furthermore, investigating impacts of SeNPs and biochar on additional crops and contaminants could expand 
the parameters of this remediation approach, aiding in formulation of sustainable and efficient techniques for 
rehabilitating degraded soils.

While selenium nanoparticles (SeNPs) show promise in enhancing plant growth and stress tolerance, there 
are limitations to their use. Potential drawbacks include the narrow therapeutic window between beneficial 
and toxic effects of selenium, potential environmental accumulation and toxicity, and variability in SeNPs’ 
physicochemical properties affecting their efficacy and stability. Moreover, the long-term impacts of SeNPs 
on plant and soil health, as well as potential effects on non-target organisms, require further investigation. 
Additionally, scalability, cost-effectiveness, and regulatory frameworks for SeNPs’ use in agriculture need to be 
addressed to ensure their safe and sustainable application.

Future research directions for this topic could involve conducting long-term field studies to assess the 
sustainability and effectiveness of Broussonetia papyrifera-derived biochar and selenium nanoparticles in 
remediating lead-polluted saline soils. Additionally, optimizing application rates, scaling up the remediation 
approach, and evaluating economic feasibility and environmental impacts would be crucial. Investigating 
underlying mechanisms of biochar and selenium nanoparticles in immobilizing lead and promoting plant 
growth would also provide valuable insights, ultimately contributing to sustainable management of lead-polluted 
saline soils and promoting safe crop cultivation.
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All the raw data in this research can be obtained from the corresponding authors upon reasonable request.
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