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Objective 3 Chapter

Impacts of the synthesized nanomaterials on soil and plant health

6.1. Introduction

Nanomaterials, including nano-fertilizers and nano-bio-stimulants, offer promising
applications at the plant-microbe-soil interface, with enhanced nutrient uptake efficiency and
reduced environmental impact!!2l. Multi-metallic nanoparticles display unique properties and
synergistically interact with biological systems, promising improved plant growth, pathogen
resistance, and soil fertility!>*]. Nitrogen-fixing bacteria, such as Rhizobium and Azotobacter,
are vital for turning atmospheric nitrogen into an available form for plants, consequently
enhancing soil fertility and increasing plant growth*>. Both the Gram-positive and Gram-
negative bacteria fared well in antibacterial studies using biosynthesized NPs. Biosynthesized
NPs' method of action against bacterial cells is dictated by their eventual bereavement.
Positively charged nanoparticles readily bond to negatively charged bacterial cell surfaces,
triggering the cell wall to rupture and perish. In hydroponic systems, nano-fertilizers enable
precise nutrient uptake and controlled release mechanisms, promoting healthier and more
productive crops!>?!. Unlike traditional soil-based farming, which allows plants to acquire a
varied range of nutrients naturally available in the soil, hydroponic systems rely on artificial
nutrient solutions, necessitating precise micronutrient monitoring and management!®’,
Micronutrient imbalances or shortages can hurt plant growth, resulting in lower yields and poor
crop quality. Hydroponic farming offers an overhaul in agricultural operations, replacing
traditional soil-based agriculture with rich nutrient solutions for growing plants. This novel
strategy has gained great support in recent years, driven by its promise to solve the critical
issues of food security and resource shortages. For example, Majid et al. (2021)"! found that
hydroponic systems increased lettuce productivity by 20x when compared to conventional
farming approaches. Similarly, Maluin et al. (2023)®! also observed Chitosan nanoparticles
consequently enhancing soil fertility and increasing plant growth*3!. Studies have
continuously proved soil-less farming's exceptional productivity potential, with researchers
finding significant gains in crop yields across numerous plant species!’). For example, Majid et
al. (2021)7! found that hydroponic systems increased lettuce productivity by 20x when

compared to conventional farming approaches. Similarly, Maluin et al. (2023)!) also observed
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Chitosan nanoparticles as a sustainable alternative fertilizer formulation in hydroponically
cultivated Brassica rapa subsp. chinensis (L.) Hanelt microgreens and mature vegetables.
Similarly, Hassanein et al. (2021)"°! harvested lettuce that had 21.0-1,920% higher NP
absorption while remaining well below hazardous thresholds.

Chickpea (Cicer arietinum L.), a staple legume crop grown in many parts of the world, offers
several benefits when grown using traditional soil-based farming methods, especially when
supplemented with micronutrient nano fertilizers containing zinc (Zn), copper (Cu), iron (Fe),
and manganese (Mn). Chickpeas are noted for their capability to fix nitrogen from the
atmosphere via symbiotic partnerships with nitrogen-fixing bacteria, which makes them less
reliant on external nitrogen fertilizers than other crops. Chickpea plants can benefit from
micronutrient nano fertilizers comprising Zn, Cu, Fe, and Mn, which can help them grow and
develop more effectively. These micronutrients serve important roles in a variety of
physiological processes, including photosynthesis, enzyme activation, and stress tolerance. Our
study emphasized on presenting the effects of novel multimetallic nanomaterials in the
microbe-soil-plant interface, their responses to such Zn-based nanoparticles like Zinc
Monometallic Nanoparticles (MNP), Zinc Copper Bimetallic Nanoparticles (BNP), and Zinc
Copper Iron Manganese Quadrimetallic Nanoparticles (QMNP). In addition, we investigated
the physiochemical properties of nano-based metal oxide applications for improving

agricultural systems.

6.2. Requisites:

e Stackable Incubator Shaker

e Vertical Autoclave Double Walled
e Petri dishes

e Agar plates

e Microbial strains

o Fixatives

e Antibiotics

e Microplate Spectrophotometer

e Biosafety Cabinet Class II Laminar Air Flow Hood
e Laboratory Centrifuge

e Buffers

¢ pH meter and EC meter
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Chemicals employed in the current investigation were of analytical grade and were bought
from Merck, Alfa Aesar, and Hi-Media. All chemical reactions, including the fabrication of leaf
extracts, stock solutions, and working solutions, were carried out using ultrapure distilled

deionized water (Milli-Q, Millipore Co., Bedford, MA, USA).

6.3. Materials and Methods

6.3.1. Bacterial Compatibility Assay

Bacterial Compatibility assay was done with Agar Well Diffusion Assay (AWDA) involves
creating wells in Muller-Hinton agar plates using a sterile cork borer, with test samples added
to the wells for diffusion into the agar medium. Zones of inhibition around the wells are then
measured to assess antimicrobial activity!!”), MNPs, BNPs and QMNPs synthesized using
aqueous leaf extract of C. lutescens were evaluated for antibacterial activities against
Salmonella Sp. and Rhizobium Sp. via Agar Well Diffusion Assay (AWDA) technique [,
Treatments are described in chapter 3, section 3.4. Gentamicin served as a positive control, and
incubation was conducted at 30 + 2°C for 24—48 hours to measure diameter of zones of
inhibition in millimeter (mm). Next, for SEM study, the bacterial isolates of Rhizobium sp., and
Salmonella typhi were inoculated onto agar plates with appropriate growth media, and
nanoparticles were added as needed. Coverslips sterilized and placed on agar plates allow
bacterial growth and interaction with nanoparticles!'?. Following incubation, coverslips are
removed and rinsed with buffer solution to eliminate excess media and non-adherent bacteria.
Bacterial cells attached to coverslips are then fixed using appropriate fixatives for morphology
preservation.

6.3.2. Seed Germination assay and Lab scale Hydroponic farming

Chickpea seeds (Cicer arietinum L.) were procured from Krishi Vigyan Kendra in Sonitpur,
Assam, India. Germination tests were carried out in sterile petri plates and subsequently
transferred to lab-scale hydroponic cultivation for 120 days. Non-nano scale inorganic salts of
Zn and Zn-Cu along with Monometallic and Bimetallic Nanoparticle (MNP, BNP)
concentrations (50, 100, 200, 250, and 500 mg L") were prepared by serial dilution according
to Devi et al. (2020)"3], meanwhile for QMNP concentrations were kept low as seeds failed to
germinate beyond 50 mg L. Thus, both QMNP concentrations and non-nano inorganic salt
combinations of Zn, Cu, Fe, and Mn were kept at 5 mg L', 15 mg L'}, 25 mg L', 40 mg L™,
and 45 mg L in a similar manner of serial dilution technique. Treatments are described in
chapter 3, section 3.5. Seeds were cleansed, disinfected with sodium hypochlorite, and treated

with nanoparticle solutions. Incubation was conducted at 22 °C under a 12-hour light cycle for
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7 days. The efficacy of the treated samples as plant growth-promoting agents were evaluated
based on their effects on plant growth potential concerning Percent Germination, Germination
Index (GI), Relative Root Growth% (RRG), and Relative Shoot Growth% (RSG) were assessed
with equation (1) (2) (3) (4) after 7 days, revealing an ECso of 500 ppm for nanoparticle-
mediated suppression of root length in the case of both MNP and BNP whereas for QMNP it
was 45 mg L1 1417 (Fig.6.3.)

Number of seeds germinated in treatment

Percent germination = X100  ----m--- eqn (1)

Total number of seeds germinated in control

Germination Index = (7 xnl) + (6 xn2) + (5 xn3) + (4 xn4) + (3 xn5) + (2 X
n6) + (1 X n7) ---------- eqn (2)

where, nl, n2, n3. . .n7 are several seeds germinated on the first, second, third, and subsequent

days until 7th day.

Mean Root length of treated seeds

RRG (%) = X 100 ---------- eqn (3)

Mean Root length of control

) __ Mean shootlength of treated seeds

RSG(% X 100 ----—-—--- eqn (4)

Mean shoot length of control

For hydroponic systems, clear wide-mouth plastic containers were taken and net pots were
inserted into the mouth of the container. For easy passage of air, four germinated seeds with
three replicates per container were kept. No nutrient solutions were used. Base solutions of
nanoparticles (MNP, BNP, QMNP) were dissolved in de-ionized water. Control was kept with
no amendments. The base solution was changed every 5" day!'®!%). A scale of 30 cm was used

to measure the root and shoot length of the plant and a pH meter was used to measure the pH.
6.3.2.1. Total Chlorophyll

Total Chlorophyll content was determined by extracting 100 g of fresh leaf in 10 ml of 80%
acetone and measuring absorbance at 645 and 663 nm using a Thermo-Scientific Microplate
Spectrophotometer, Multiskan SkyHigh. Total Chlorophyll was calculated using the Anderson
and Broadman formula (1966)12%) equation (5). The Chlorophyll stability index was calculated
as the ratio of total chlorophyll in the treatment to that in the control, multiplied by 100,
following the method outlined by Sairam et al. (1997)! Equation (6).

Total Chlorophyll (mg g'Fresh Weight) = 20.2 (A645) + 8.02(A663) x V1000 x W.......... (5)
Where A645 and A663 stand for the extract's absorbance at 645 and 663 nm, respectively. V
denotes the weight (g) of the fresh tissue and the volume (mL) of the extract.
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Total chlorophyll in the treatment

Chlorophyll stability index (CSI) = x 100 ........ eqn (6)

Total chlorophyll in control

6.3.2.2 Nutrient uptake

Mineral uptake in hydroponically grown chickpeas was assessed after 120 days of germination,
with concentrations reported as weight percentage of fresh plants. 250 mg of fresh plant tissue
underwent digestion in HNO3:HCIO4 (9:4) mixture for Atomic Absorption Spectroscopy
(AAS) following the protocol of Ma et al. (2001)122,

6.3.2.3. Biochemical Parameters

6.3.2.3.1. Catalase

Catalase enzyme activity in plants was estimated using the spectrophotometric method?!.
Plant tissue was homogenized in a phosphate buffer and centrifuged to obtain the enzyme
extract. The reaction mixture contained hydrogen peroxide (H202) and enzyme extract, with
absorbance changes monitored at 240 nm over time. Enzyme activity was calculated on the
basis of the rate of H2O» decomposition, expressed Enzyme activity units mL™' extract.
Standard curves with known concentrations of H2O> were used for quantification.

6.3.2.3.2. Peroxidase (POD)

Peroxidase activity in plants was determined spectrophotometrically!?¥. Plant samples were
homogenized in an extraction buffer and centrifuged to collect the supernatant. The reaction
mixture contained substrate and enzyme extract, and absorbance changes were monitored at
470 nm. Enzyme activity was calculated based on the rate of substrate oxidation, typically
expressed as Enzyme activity units L. Standard curves with known concentrations of the
substrate were utilized for quantification.

6.3.2.3.3. Lipid Peroxidation (LPO)

Lipid peroxidation activity in plants was assessed by measuring Thio Barbituric Acid Reactive
Substances (TBARS)?*]. Plant tissue was homogenized in a suitable buffer and incubated with
TBA reagent at high temperature. After centrifugation, the supernatant absorbance was
determined spectrophotometrically at 532nm. The development of pink chromogen represented
the level of lipid peroxidation, which was evaluated by comparing standard curves of
malondialdehyde equivalents. Lipid peroxidation levels were expressed as micromoles of
Malon Di-Aldehyde per gram fresh weight tissue (u mol MDA g™! FW tissue).

6.3.3. Pot Experiment

Three replicates were employed for each pot experiment using a factorial randomized block
design (FRBD). Plastic pot containers with small holes at the bottom were used for proper

drainage. Filled about 3/4™ of the pots with soil and seeds were dug about 1 ¢cm inside the soil.
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Base soil was kept for further studies in airtight zipper bags at 4°C. pH, EC and Bulk density
of the base soil, control and treatments were recorded before and after experiments.
Biochemical assays were performed in between experiments and at harvest. Treatment
combinations are described in chapter 3, section 3.6. Photosynthesis and stomatal conductance
was also recorded for MNP and BNP concentrations (25, 50, 100, 200, 250, 500, 1000 mg kg
Y and QMNP doses (10, 25, 30, 35, 40, and 45 mg kg™') of nanoparticles, NPK, Vermi-Compost
(VC), and Farmyard Manure (FYM) were meticulously mixed with 2.5 kg of soil per pot. The
vermicompost was produced in the Soil and Agro Bioengineering Laboratory, at the
Department of Environmental Science Tezpur University's where Goswami et al. (2013)[°]
established and demonstrated technique for preparing the vermicompost. The feedstock was
made up of vegetable waste, crop residue (rice straw and husk), cow dung, and weeds in a
4:2:3:1 ratio and poured into a vermi-bed. Eisenia fetida, an earthworm species, was added at
a rate of ten worms per kilogram. The mixture was periodically churned and watered to improve
aeration and moisture levels. During the incubation period, an ambient temperature of 24-29°C
was measured. Both the vermicompost and FYM were obtained from a nearby agrarian farm
(Tezpur, Assam) and FYM consisted of 10% rice straw, 15% animal dung slurry, 10% tree
leaves, and 65% cow dung. Control pots were maintained without any amendments. soil
moisture was checked and added 100 ml of water every 3 days. Each treatment was replicated
thrice and contained five seeds were sown per pot. Herein, one plants per pot was designated
for morphological, two for biochemical evaluations, and the remainder saved for destructive
sampling at harvest at 90 days after sowing (DAS)!*"). After concluding the experiment, the
results were analyzed and compared via the analysis of variance (ANOVA).

6.3.3.1. Soil Parameters

6.3.3.1.1. Soil Organic Carbon (SOC)

In this study, soil organic matter was calculated by weighing an oven-dried sample after 6 hours
of heating in a muffle furnace at 600° C. Loss on Ignition (LOI) samples were ground and
filtered over a 2-nm screen. Samples were taken from the top 0.2 metres of pots?®l. The air-
dried materials were ground with a mortar and pestle before being passed through a 150-
micrometer sieve. The soil samples were then weighed and placed in a pre-weighed crucible,
which was heated in a furnace at approximately 600°C to eliminate organic matter. After
cooling, reweigh the crucible to assess the weight loss, which indicates organic matter
combustion. Soil organic carbon content is calculated using weight loss and conversion factors
and is often reported as a percentage of dry soil weight. Triplicates of each sample were taken,

and quality control techniques were assured throughout the analysis's correctness and precision.
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6.3.3.1.2. Total Nitrogen (Dumas method)

Samples were prepared by weighing and loading into tin capsules before insertion into the
CHNS analyzer (Make: Thermo-Fisher, Model: Flash 2000). The analyser combusts the
samples at high temperatures, converting nitrogen compounds into nitrogen gas. The released
nitrogen gas is then quantified using thermal conductivity detection. Calibration curves are
established using standard nitrogen-containing compounds for accurate measurement. The total
nitrogen content in the samples is calculated based on the detected nitrogen gas levels?®). The
process is repeated for multiple samples to ensure accuracy and reproducibility.

6.3.3.1.3. Soil available phosphorous (P)

Bray’s reagent®”! was used to extract Soil samples, which helped in releasing the available
phosphorus from soil particles. The extracted solution is then filtered to remove particulate
matter. Phosphorus concentration in the filtrate is determined spectrophotometrically at
specific wavelengths corresponding to phosphate ions. Calibration curves are established using
known phosphate standards to quantify the phosphorus concentration in the soil extract!®!],
6.3.3.1.4. Available potassium (K)

Available potassium (K) in soils were carefully estimated. Soil samples underwent extraction
with ammonium acetate to release available potassium ions, which are then atomized and
excited in a flame photometer. Excited potassium ions emit characteristic light at a specific
wavelength, measured by a photodetector. Intensity of emitted light correlates with potassium
ion concentration, quantified using a calibration curve from known standards. Potassium
content is reported as milligrams per kilogram (mg kg™! dry weight soil)*?),

6.3.3.1.5. Photosynthesis rate, stomatal conductance, and transpiration rate

The Li-Cor Li-6400 leaf chamber ensures airtight sealing, controlling CO> and light levels
while measuring leaf gas exchange parameters. Photosynthetically active radiation (PAR)
mimics natural light conditions, while CO: concentration is precisely regulated and
monitored®>**, The Li-6400 calculates the photosynthesis rate based on CO> concentration
differences, stomatal conductance using water vapor flux, and transpiration rate by measuring
water vapor loss from the leaf surface, all about the leaf area.

6.3.3.1.6. Peroxidase (POD)

Referred to the same method described in section 3.2.3.2.

6.3.3.1.7. Estimation of Mineral Content in plant and soil

Estimation of Mineral Content in Cicer plants as well as mineral content retention in soils were
prepared by digesting the harvested samples after 90 days using suitable acids to solubilize the

minerals. The digested samples were diluted to appropriate concentrations for analysis. ICP-
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MS was calibrated using standard solutions of known mineral concentrations. The samples
were introduced to the instrument's plasma torch, where they were atomized and ionized.
calculations were done to report the concentrations in mg kg™ fresh weight tissuel*> 71,
6.3.3.1.8. Total Bacterial and Fungal Count

Using the serial dilution approach, bacterial colonies were obtained by plating 100 pul in Petri
plates. A colony counter was used to count the colonies that emerged on the plates, and the
numbers were reported in terms of Colony Forming Units (CFU g!). By means of Czapek-Dox
and nutrient agar media, a conventional serial dilution technique (10" dilution) was used to
count the total number of colony-forming units for bacteria and fungi, respectively>%*"1,

6.4. Results

6.4.1. Bacterial Compatibility Assay

Bacterial Compatibility assay was done to evaluate the Lethal Dose (LDso) of the tailored
nanoparticles for their short-term application in chickpea (Cicer aeritinum L.) seed germination
experiments followed by a hydroponic lab-based study were used to evaluate the effects of
monometallic, bimetallic and quadrimetallic nanoparticles on and plant environment. 1000 pg
ml! dose of MNP showed a zone of inhibition, of 0.1£0.03 mm against Rhizobium sp.; 1500
ug ml! of MNP (Table 6.5.) showed an inhibition zone of 0.1+0.02 mm against Salmonella
typhi. At 2000 pg ml"' MNP showed a distinct clear agar zone with a radius of 0.2+0.06 mm
against Rhizobium sp., and a radius of 0.2+0.03 mm was recorded against Salmonella typhi.
(Fig. 6.8.). Gentamycin was used as positive control, and distinct zones of inhibition at 50 pg
mL! were observed for Gentamycin. At 1000 pg ml™! and 1500 ug ml! of BNP respectively,
the diameter of the zone of inhibition was 0.2+0.02 mm and 0.6+0.1 mm against Sa/monella
Typhi was observed (Table 6.5.). At 2000 ug ml"! BNP showed a zone of inhibition cm against
Rhizobium sp., and Salmonella typhi radius of 0.1£0.03 mm and 0.8+£0.1mm respectively.
Lower doses such as 500 pg ml™! of MNP and BNP did not affect the bacterial species, 2000
ug ml!' of MNP and BNP was the most effective anti-bacterial dose, this was confirmed by
SEM morphological studies of the MNP-BNP-bacteria interfaces. Although 2000 ug ml! dose
of MNPs and BNPs showed distinct clear zones in agar well, SEM images revealed that the
MNPs and BNPs did not have a lethal impact on the Rhizobium sp. and Salmonella typhi cells.
Lower doses such as 500 pg ml™! of QMNP had no effect on the bacterial species (Table 6.6.),
however, QMNP at 1500 pug™! ml concentration showed a zone of inhibition of 03.00£0.4 mm
against Rhizobium sp., and 02.00+0.2 mm against Salmonella typhi. At concentration of 2000
ng ml' of QMNP was the most effective anti-bacterial dose, this was confirmed by SEM
morphological studies of the QMNP-bacteria interfaces (Fig. 6.10.).
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6.4.2. Seed Germination assay and Lab scale Hydroponic farming

Application of MNPs had an overall positive impact on the Germination Index (GI) of the
seeds. The highest germination percentage was documented in 250 mg L' MNP treated seeds
(45%) followed by 200 mg L' MNP (10%). However, seeds treated with 500 mg L' MNP
showed reduction of 24%. On the other hand, application of non-nanoscale Zn revealed a
negative response in GI of the treated seeds. The highest uptake of MNPs was documented at
500 mg L', followed by 200 mg L' in the seedlings. Nutrient uptake estimation was done after
90 days. Overall low Zn uptake was documented with MNPs as compared to its non-nanoscale
inorganic Zn salts counterparts; minimum uptake documented at 50 mg kg (60% reduction
from control) Compared to control MNP-250 mg L' showed highest Relative Root Growth
RRG (%) 117.5 and Relative Shoot Growth RSG (%) 136.3 also the pod yield (g/pod) obtained
after 120 days; meanwhile in non-nano scale inorganic salt treatments a decreasing trend in
RRG(%), RSG(%) and pod yield (g/pod) was observed (Table 6.1.,6.3.) Moreover, an overall
reduction in GI was observed with 100 mg L™! BNP (37% decrease) as compared to control and
non-nanoscale Zn-Cu salts. Non-nanoscale Zn-Cu salt showed 59% reduction with 500 mg L-
! dose. Non-nanoscale Zn uptake by the test plants was significant with 500 mg L™}, trailed by
250 mg L', whereas a low uptake was documented with 50 mg L-'dose. Compared to non-
nano scale inorganic salt, a decreasing trend was observed in all treatment groups; BNP-50 mg
L' showed highest RRG (%) 107.5 and RSG (%) 90 also the pod yield (g/pod) of 0.77+0.03
obtained after 120 days. Highest reduction was observed in 500 mg L' both in BNP treatment
and in non-nano scale inorganic Zn-Cu salt. (Table 6.1., 6.3.). Conversely, low uptake of zinc
was observed in BNP treated seeds in the concentration of 50 mg L' and non-nano scale zinc
50 mg L. Nevertheless, uptake of Copper in BNP treated seeds was significantly higher in
500 mg L! followed by 250 mg L. A similar trend was also delineated in non-nano scale
copper with the highest increase in 500 mg L™ trailed by 250 mg L!. Application of QMNPs
had an overall positive impact on the Germination Index (GI) and % germination of the seeds
with highest GI and % germination noted in 5 mg L' QMNP. However, lowest GI and %
germination was documented under Non nanoscale QM application at the rate of 45 mg L.
Amongst the nanoparticle treated seedlings, highest uptake of Zinc and Copper was
documented in 45 mg L' treatment and iron uptake highest was documented in 40 mg L™ and
Manganese uptake was highest in 45 mg L!, similar trend was also noted in non-nano-scale
treatments. (Table 6.3.). Compared to control, an overall decreasing trend was observed in QNP
treated seeds with an exception in QNP-25 mg L' showed highest Relative Root Growth RRG
(%) 107.8 and Relative Shoot Growth RSG (%) 119.7 also the pod yield (g/pod) of 1.90+0.04
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obtained after 120 days; meanwhile in non-nano scale inorganic salt treatments a steady
decrease in RRG(%), RSG(%) and pod yield (g/pod) was observed.

Table 6.1. Germination profile, RRG (%), and RSG (%) profiling of Cicer arietinum (L.)
seedlings exposed to various doses of MNP and BNP for a period of 7 Days.

Treatments G. 1 Germination % RRG (%) RSG (%)
Control 25.7+£4.04 76.7£5.77 100.0 100.0
MNP-C1 24.7£1.15 73.3+£5.77 108.3 93.4
MNP-C2 27.7+£0.58 86.7£5.77 107.8 102.5
MNP-C3 28.3+1.15 86.7+5.77 75.0 116.1
MNP-C4 37.3+8.08 96.7+£5.77 117.5 136.3
MNP-C5 19.3+£2.31 63.3+£5.77 92.2 84.7
Nn-Zn(C1) 7.7£2.08 23.3+5.77 88.5 75.7
Nn-Zn(C2) 12.3+£2.08 36.7+5.77 79.3 75.9
Nn-Zn(C3) 25.7+1.53 73.3£11.55 54.6 76.2
Nn-Zn(C4) 10.0£1.00 26.7£5.77 84.8 76.8
Nn-Zn(C5) 7.7£2.08 23.3+£5.77 76.4 65.0
LSD (p<0.05) 2.538 5.318 N/A N/A
Control 25.7+4.04 46.7£5.77 100.0 100.0
BNP-C1 21.0£3.00 53.3+11.55 107.5 90.0
BNP-C2 16.0+1.73 23.3+£5.77 106.3 96.2
BNP-C3 25.0£1.00 66.7£5.77 102.6 101.3
BNP-C4 25.7£2.52 66.7+5.77 105.2 121.3
BNP-C5 23.7+1.53 50.0£10.00 79.9 90.1
Nn-ZnCu(C1) 14.7£1.53 46.7+5.77 80.7 65.0
Nn-ZnCu(C2) 13.0£1.73 43.3+£5.77 77.0 72.4
Nn-ZnCu(C3) 18.0+£2.65 56.7£5.77 81.6 67.8
Nn-ZnCu(C4) 17.0+4.58 43.3+£5.77 75.3 71.6
Nn-ZnCu(C5) 10.3+1.53 33.3+£5.77 64.4 65.5
LSD (p<0.05) 2.113 5.685 N/A N/A

Table 6.2. Germination profile, RRG (%), and RSG (%) profiling of Cicer arietinum (L.)
seedlings exposed to various doses of QMNP for a period of 7 Days.

RRG

Treatments Gl Germination(%) (%) RSG(%)
Control 25.67+4.04 46.67+£5.77 100.0 100.0
QNP-C1 29.67+2.31 93.33+11.55 90.5 94.4
QNP-C2 27.00+4.36 83.33+11.55 99.4 99.8
QNP-C3 25.00+3.46 76.67+5.77 107.8 119.7
QNP-C4 24.67+2.52 76.67+5.77 67.8 90.5
QNP-CS 19.67+1.15 56.67+5.77 63.8 86.4

Nn-QMC1 25.00+1.73 76.67+5.77 64.4 65.7

Nn-QMC2 21.00+1.73 66.67+5.77 64.4 65.7

Nn-QMC3 29.00+1.00 83.33+11.55 64.4 62.6

Nn-QMC4 24.00+4.36 76.67+11.55 56.6 61.1

Nn-QMC5 15.00+5.57 33.33+5.77 523 59.9

LSD 2.6660 6.8160
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Table 6.3. Yield(g/pod) and Micronutrient uptake profiling of Cicer arietinum (L.) seedlings
exposed to various doses of MNP and BNP for a period of 120 days in a hydroponic growth

environment.
Treatments Yield (g/pod) Zn Uptake (mg Zn kg™! Cu Uptake mg Cu kg
(Mean£SD) FW tissue) (Mean+SD) FW tissue
Control 0.60+0.01 346.0+£3.61
MNP-C1 1.04+0.02 555.74+2.02
MNP-C2 1.06+0.02 872.3+2.02 N/A
MNP-C3 1.07+0.01 1245.0+1.80
MNP-C4 1.15+0.03 938.8+5.01
MNP-C5 0.51+0.01 1346.8+2.52
Nn-Zn(C1) 0.98+0.04 1139.0+1.50
Nn-Zn(C2) 0.68+0.03 1272.8+1.76
Nn-Zn(C3) 0.75+0.04 1482.2+1.26
Nn-Zn(C4) 0.53+0.02 1465.5+8.89
Nn-Zn(C5) 0.40+0.03 1490.5+1.50
LSD (p< 0.05) 0.19 2.954
Control 0.60+0.01 346.0+3.61 154.33+8.69
BNP-C1 0.77+0.03 1068.3+8.74 1005.17+3.55
BNP-C2 1.25+0.03 1133.3+11.34 1042.67+4.86
BNP-C3 1.54+0.04 1309.7+7.69 1305.17+4.25
BNP-C4 1.58+0.03 1345.242.75 1291.67+5.01
BNP-C5 0.47+0.03 1484.8+9.78 1458.17+48.97
Nn-ZnCu(C1) 0.84+0.04 1071.0+12.82 921.67+10.52
Nn-ZnCu(C2) 1.17+0.04 1160.5+16.12 1072.33+4.65
Nn-ZnCu(C3) 0.96+0.04 1269.0+20.43 1167.50+7.37
Nn-ZnCu(C4) 0.53+0.02 1282.8+12.86 1203.00+33.22
Nn-ZnCu(C5) 0.38+0.03 1320.3£8.33 1269.83+14.78
LSD (p<0.05) 0.24 9.394 15.688

Table 6.4. Yield(g/pod) and Micronutrient uptake profiling of Cicer arietinum (L.) seedlings
exposed to various doses of QMNP for a period of 120 days in a hydroponic growth

environment.
Zn Uptake (mg Cu Uptake (mg Fe Uptake (mg Mn Uptake (mg
Treatments Yield (g/pod) Zn ?‘ghl W Zn }(g-l W Zn }(g-l W Zn !(g-l Fw
(Mean£SD) tissue) tissue) tissue) tissue)
(Mean+SD) (Mean+SD) (Mean+SD) (Mean+SD)
Control 0.60+0.01 346.0+£3.6 154.3+8.7 176.8+13.7 72.7£10.8
QMNP-C1 1.05+0.05 782.3+21.0 638.3+38.7 724.2+5.3 687.0+4.8
QMNP-C2 1.27+0.03 923.3+10.5 720.8+7.8 727.3+7.3 667.0+£21.4
QMNP-C3 1.90+0.04 921.7+7.4 767.5+12.7 826.7+17.8 686.0+87.9
QMNP-C4 0.74+0.04 978.2+13.9 914.3+5.8 1024.0+47.0 924.7+11.5
QMNP-C5 0.40+0.02 1024.0+11.3 989.3+9.9 1004.84+24.8 1019.7+12.2
Nn-QMCl1 0.94+0.03 738.8+19.7 649.3+9.7 711.7+4.4 678.7+2.5
Nn-QMC2 1.07+0.03 717.0£14.9 681.7+8.6 661.8+4.4 633.8+7.3
Nn-QMC3 0.78+0.04 921.549.1 842.5+4.8 810.0+2.6 784.8+£17.6
Nn-QMC4 0.48+0.03 1062.2+13.3 1022.8+14.5 1014.2+3.0 989.2+4.5
Nn-QMC5 0.3240.01 1116.7+8.5 1035.5+22.5 1020.5+9.7 1016.2+15.4
LSD 0.03 10.58 13.11 14.687 23.662
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Fig. 6.1. Chlorophyll Stability Index (CSI) of MNP and BNP treated seedlings (A-B) after 30
Days. Peroxidase activity of the seedlings as affected by the application of MNP and BNP (C-
D), Catalase activity of the seedlings (E-F), and LPO content of the seedlings as affected by
the application of (G-H).
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Fig. 6.2. Chlorophyll Stability Index (A). LPO content (B), Catalase activity (C), and

Peroxidase activity (D) of the seedlings as affected by the application of QMNP after 30 Days
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Fig. 6.3. Hydroponically grown Cicer arietinum L. where (A) represents MNP-C1, (B) represents MNP-C4, (C) represents BNP-C1, (D) represents
BNP-C4 and (E) represents Control. Root length and Shoot length measurement was taken at vegetative stage of Cicer arietinum lifecycle (F)
MNP-C1, (G) MNP-C4, (H) BNP-C1, (I) BNP-C4.
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6.4.2.1. Total Chlorophyll

Total Chlorophyll was estimated with eqn (5) and then the Chlorophyll Stability Index (CSI)
was done with eqn (6) at vegetative stage i.e., 30 DAS; notable with 200 mg L™}, trailed by 250
mg L doses of MNPs in the seedlings, whereas 50 mg L™ and 100 mg L' doses of MNPs
delineated a low stability under the same experimental conditions. However, chlorophyll
stability was high at 500 mg L' of MNPs. Chlorophyll Stability Index (CSI) varied with MNP
and BNP treatments, with optimal stability at specific concentrations!*’l. Overall, low stability
was observed with application of 200 mg L' of non-nanoscale Zn (Fig. 6.1.). The CSI was
significantly high in BNP treated seeds, with doses of 500 mg L! whereas it was quite low with
100 mg L' and 200 mg L™! doses. An overall increase in CSI was found in non-nanoscale Zn-
Cu at 500 mg L' followed by 250 mg L! (Fig. 6.1.). The Chlorophyll Stability Index (CSI)
was notable with 25 mg L', trailed by 40 mg L' doses of QMNPs in the seedlings, whereas
45 mg L' and 5 mg L' doses of QMNPs showed a low stability under the same experimental
conditions. An overall increase in CSI was found in non-nanoscale QM inorganic salt at higher
concentrations (Fig. 6.2.). MNPs were reported to enhance seedling growth and the production
of essential nutrients and antioxidant enzymes in plants(*!/.

6.4.2.2 Nutrient uptake

Non-nanoscale Zn uptake by the test plants was significant with 500 mg L™, trailed by 250 mg
L!, whereas a low uptake was documented with 50 mg L 'dose. Overall low Zn uptake was
documented with MNPs as compared to its non-nanoscale inorganic Zn salts counterparts;
minimum uptake documented at 50 mg kg™ (60% reduction from control). The highest uptake
of MNPs was logged at 500 mg L', followed by 200 mg L in the seedlings (Table 6.3.).
Conversely, low uptake of zinc was observed in BNP treated seeds in the treatment of 50 mg
L' and non-nano scale zinc 50 mg L. Nevertheless, uptake of Copper in BNP treated seeds
was significantly higher in 500 mg L followed by 250 mg L!. A similar pattern was also
observed in non-nano scale copper with the highest increase in 500 mg L™! followed by 250 mg
L (Table 6.3.). Amongst the QMNP treated seedlings, highest uptake of Zinc and Copper was
observed in 45 mg L! treatment and iron uptake highest was observed in 40 mg L' and
Manganese uptake was highest in 45 mg L', similar trend was noted in non-nano-scale

treatments (Table 6.4.)




Objective 3

6.4.2.3. Biochemical Parameters

6.4.2.3.1. Catalase

Oxidative stress enzymes showed marked responses to MNP, BNP and non-nanoscale Zn-Cu
treatments. A significantly lower catalase activity was documented in MNP treated seedlings
as compared to non-nanoscale Zn treatments. MNP treated seedlings showed a comparatively
lower catalase activity with the lowest activity recorded under 200 mg L' MNP, trailed by 500
mg L' subsequently. Lower catalase activity was recorded with application of 200 mg L' and
500 mg L' Zn salt (Fig.6.1.). Meanwhile, in BNP treated seedlings a higher catalase activity
was witnessed in 50 mg L™ and lowest in 250 mg L' (Fig.6.1.). Catalase activity showed an
overall increase in non-nanoscale QM salt applied seedlings as compared to QMNP treated

seedlings, regardless of application dose (Fig.6.2.).
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arietinum crops grown in soil under the application MNP and BNP.
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6.4.2.3.2. Peroxidase

The POD activity of seedlings was significantly lower with 100 mg L' MNPs dose, while
moderately higher with 50 mg L' MNPs treatment than control. The POD activity at 250 and
500 mg L' non-nanoscale Zn treatment showed highest POD activity (27% and 80%
respectively) (Fig. 6.1). Contrastingly, higher peroxidase activity was observed in BNP-C1
(Zinc Copper Bimetallic nanoparticles @ 50 mg L), however, compared to control BNP-C4
(Zinc Copper Bimetallic nanoparticles @ 250 mg L) showed relatively lower POD level.
Moreover, in the case of non-nano scale inorganic salts, an increasing trend of POD activity
was observed except in Nn-ZnCu(C2)1i.e., 100 mg L' compared to control (Fig.6.1.). Similarly,
Peroxidase activity was noted to be higher in non-nanoscale QM salt application, especially at
higher doses (Fig. 6.2.).

6.4.2.3.3. Lipid Peroxidation (LPO)

A similar trend was documented in non-nano scale zinc copper treated seedlings. A conspicuous
reduction in LPO activity was observed with MNPs treatment, maximum reduction with 50 mg
L! concentration, followed by 100 mg L' (Fig. 6.1). Compared to control, an increasing trend
of LPO activity was observed in all treatment groups of BNP, with highest activity in 500 mg
L !. A comparable trend was also noted in non-nano scale Zn-Cu inorganic salt treatment groups
(Fig. 6.1). A noticeable reduction in LPO activity was observed with QMNPs treatment with
maximum reduction at 5 mg L' concentration, followed by 15 mg L!, except at higher doses.
On the other hand, application of non-nano scale zinc salt also showed a decline in LPO activity
with prominent reduction at 5 mg L' followed by 15 mg L'!. However, an increase in LPO
activity was noted when the non-nanoscale QM salt was applied at the rate of 40 mg L
(Fig.6.2.)

6.4.3. Soil based Study

6.4.3.1. Soil Parameters

6.4.3.1.1. Soil Organic Carbon (SOC)

Soil Organic carbon at harvest was documented to be significantly higher in vermicompost
(VC) and FYM treated soils. Furthermore, it was documented to be higher in soils treated with
MNP, irrespective of the application rates, especially under 250 mg kg' MNP (Fig. 6.4).
Significantly higher soil organic carbon was documented in BNP treated soil, with highest
value documented at 100 mg kg' (Fig. 6.4). Soil organic C delineated a significant
enhancement over control at harvest with highest retention by 45 mg kg' QMNP treated soils

(Fig. 6.5).
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6.4.3.1.2. Total Nitrogen

At harvest, MNP treated soils delineated a lower N retention, especially under 200 and 500 mg
kg'! treatments. However, higher N retention was noted in 50 mg kg™! MNP treated soils (Table
6.8.). Lowest N retention at harvest was documented in plants treated with 25 mg kg™! BNP,
followed by 250 mg kg™' BNP (Table 6.10.). However, rest of the treatments delineated a higher
N content at harvest (Table 6.8.). Compared to control, an overall increased Available N
retention in soil was documented across the QMNP treatments at harvest (Table 6.12.).
6.4.3.1.3. Soil available phosphorous (P)

Lower P retention in soil was documented in 250 mg kg™! treatment in case of MNP treatment
(Table 6.8.). An overall reduction in P retention in soil was documented under BNP application
with notable reduction observed at 25 mg kg''. However, an increased P retention was noted in
200 followed by 250 mg kg™! (Table 6.10.). Compared to control, an overall increased Available
P retention in soil was documented across the QMNP treatments at harvest (Table 6.12.).
6.4.3.1.4. Available potassium (K)

Estimation of available potassium (K) in plants as well as in soils were carefully estimated.
High K uptake was noted in 500 mg kg™!' followed by 250 mg kg in MNP treated plants.
Moreover, Lower K retention was documented in the MNP treated soils, especially under 50
mg kg'! MNP treatment (Table 6.8.). Contrastingly, an overall increase in K retention in soil at
harvest was documented under BNP application with notable increase at 250 mg kg™'. However,
a decrease of the same was noted under 200 and 500 mg kg™' (Table 6.10). Contrastingly, an
overall lower Available K was revealed by the QMNP treated soils (Table 6.12.)

6.4.3.1.5. Photosynthesis rate, stomatal conductance, and transpiration rate

Compared to control, an overall higher photosynthesis and stomatal conductance was noted in
plants especially those treated with 250 mg kg! MNP (Fig.6.4.) Significantly higher
photosynthesis and stomatal conductance was noted at lower doses of BNP application viz. 25,
50, and 100 mg kg™ (Fig. 6.4) Significantly higher photosynthesis and stomatal conductance
was delineated by the QMNP treated plants across the treatments with higher values recorded
for 10, 35 and 45 mg kg™! (Fig.6.5.)

6.4.3.1.6. Peroxidase (POD)

MNP-treated plants exhibit lower peroxidase activity during the vegetative stage, possibly due
to MNP-induced stress alleviation. However, higher peroxidase activity at reproductive stages
with higher MNP doses indicates a hormetic response, where moderate stressors induce
beneficial physiological responses. Irrespective of the stages of growth, and nanoparticle type,

significantly higher peroxidase activity was documented in 500 and 1000 mg kg™! treatments
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with an exception in QMNP treated plants where highest peroxidase activity was documented
in 40 and 45 mg kg™! treatments.

6.4.3.1.7. Estimation of Mineral Content in plant and soil

Estimation of Mineral Content in plants as well as mineral content retention in soils were
carefully estimated. Significantly lower Fe uptake was noted in MNP treated plants with lowest
uptake noted under 25 mg kg followed by 100 mg kg dose. Higher Zn uptake was
documented in 1000 mg kg' MNP application, followed by 250 mg kg™! application. Similarly,
higher Cu uptake was documented in 25 mg kg' MNP application. However, a reduction of
the same was noted in rest of the treated plants. Significantly higher Mn uptake was
documented in 50, 100, and 200 mg kg™! MNP treated plants (Table 6.7). Application of BNP
resulted in a declined Fe uptake in plants, especially at lower doses. Whereas enhanced K
uptake was noted in the same, with highest uptake noted under 250, followed by 500 mg kg™
Highest Zn uptake was documented in 1000 mg kg'! BNP treatments, followed by 200 and 250
mg kg treated plants. Furthermore, highest Cu uptake was noted in BNP treated plants
irrespective of the application rate, with highest uptake noted under 250, followed by 200 mg
kg'! BNP. An overall higher Mn uptake was documented in BNP-treated plants with the highest
uptake documented under 1000, followed by 250 mg kg! BNP application (Table 6.9). At
harvest, nutrient uptake viz. Fe, K, Zn, Cu, and Mn, revealed a positive response in their
accumulation. Uptake of minerals by Cicer plants were quite in trend with higher accrual rates
were correlated to higher application doses viz. 35, 40, and 45 mg kg™ across the minerals in
QMNP treatment groups compared to control (Table 6.11.).

Significantly higher Fe retention was observed in MNP treated soils, especially under 200,
followed by 250 mg kg' MNP-treated soils and lower retention was observed in 50 mg kg™
Zn retention in soil was significantly lower under lower doses viz. 25, 50, and 100 mg kg™
However, Zn retention was significantly higher under higher doses, viz. 250, 500 and 1000 mg
kg'! treatments. Irrespective of the treatments, Cu retention delineated to be significantly lesser
in MNP-treated soils, especially under 25, followed by 250 mg kg'. As compared to the
control, Mn uptake was noted to be at par under MNP-treated soils (Table 6.7). At harvest, in
BNP treatments, an overall decreasing trend was observed for Fe retention with a significant
reduction noted for 200 mg kg™'. However, an exception was noted for 25, 50, 500 mg kg™’
Regardless of the application doses, an increase in Zn, Cu and Mn retention was noted across
BNP applied soils with the highest retention noted for 500 and 1000 mg kg™ (Table 6.9.).

Contrastingly, an overall lower retention of Zn, Cu was revealed by the QMNP-treated soils.
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Compared to control, an overall increased Fe, Mn retention in soil was documented across the
QMNP treatments at harvest (Table 6.11.).
Table 6.5. Antibacterial activity of biosynthesized MNP and BNP against Pathogenic soil

bacteria (Salmonella typhi) and non-pathogenic soil bacteria (Rhizobium) for evaluation of
zone of inhibition with the help of Agar Well Diffusion Assay (AWDA).

Diameter of inhibition zone in mm (Mean+SD)

Concentration of Non‘-pathoge‘:nic Pathogeni.c soil
material soil bacteria bacteria
(Rhizobium) (Salmonella)
MNP 500pg™! ml - -
MNP 1000ug™ ml 0.1+0.03 -
MNP 1500pug™ ml 0.2+0.04 0.1£0.02
MNP 2000pug! ml 0.2+0.06 0.2+0.03
BNP 500pg! ml - -
BNP 1000ug™ ml - 0.2+0.02
BNP 1500ug™ ml - 0.6+0.1
BNP 2000ug™! ml 0.1+0.03 0.8+0.1

Table 6.6. Antibacterial activity of biosynthesized QMNP against Pathogenic soil bacteria
(Salmonella typhi) and non-pathogenic soil bacteria (Rhizobium) for evaluation of zone of
inhibition with the help of Agar Well Diffusion Assay (AWDA).

Diameter of zone of inhibition in mm (Mean+SD)
Non-pathogenic soil

bacteria (Rhizobium Pathogenic soil bacteria

Concentration of

material 5p..) (Salmonella typhi)
QMNP 500pg™! ml - -
QMNP 1000pg™! ml 0.2+0.03 -
QMNP 1500pg™! ml 0.3+£0.04 0.2+0.02
QMNP 2000ug™” ml 0.4+0.06 0.3+0.03
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Fig. 6.6. Bacterial and fungal CFU as affected by the application of MNP
and BNP in Cicer arietinum at harvest
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Fig. 6.7. Bacterial and fungal CFU as affected by the application of QMNP
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Fig. 6.8. Biocompatibility activity of MNP, BNP and QMNP produced with leaf extract
against soil microbial strains (a) Salmonella typhi., (d) Rhizobium Sp., Numbers denotes
concentration in ug ml’!
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Fig. 6.9. SEM Morphological study micrographs of Biocompatibility activity study of MNP-

BNP against soil microbial strains (a) Rhizobium Sp., (b) Salmonella Sp., (¢) Bacillus Sp., (d)

Pseudomonas Sp., and (e) Staphylococcus aureus., Note : Numbers denotes concentration in
pug/ml
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Fig. 6.10. SEM Morphological study micrographs of QM NP with Rhizobium Sp.,
magnification 10,000x (A) with Salmonella Typhi., magnification 7,500x (B)

Table 6.7. Plant Mineral Content (uptake of metals) under MNP treatments after harvest. Data
represented as Mean + SD.

Treatment Fe(mgKg K (mg Kg! Zn (mg Cu (mg Kg' Mn (mg Kg?!
1 fresh fresh weight Kg' fresh fresh weight fresh weight
weight tissue) weight tissue) tissue)
tissue) tissue)

Control 153.9+1.3  1904.8+£36.5 88.0+0.4 28.8+0.3 17.8+0.3

NPK 291.8+£2.7  3788.8+67.6 92.5+0.6 25.6+0.1 24.4+0.1

vC 131.9£2.5  3567.5£114.2  128.8+0.1 18.2+0.2 51.310.2

FYM 186.3+1.4  3918.9+40.5 127.5+0.2  13.3+0.1 48.1+0.4

MNP25 63.1+£1.4 2136.0+£374.9  207.9+1.0  28.7+0.4 37.4+0.2

MNP50 89.2+£2.0 2577.6+36.7 258.6+1.8  20.1+0.1 46.7+£0.5

MNP100 86.0+£3.3 3232.0+£90.2 275.4+0.2 254422 40.6+0.2

MNP200 96.9+0.7 3580.3+£76.1 272.0+£1.9  24.8+0.2 46.0+0.1

MNP250 113.7+£0.3 3946.4+47.5 287.7£0.9  24.7+0.1 43.6£0.4

MNP500 117.3£0.6  3986.1£27.4 276.9+0.8  26.7£0.3 39.6+0.2

MNP1000 126.02.4 3938.4+30.5 337.1£0.4  23.9+0.9 36.1+0.2

L5SD 1.6 104.5 0.8 0.6 0.2
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Table 6.8. Mineral Content retention in soil
represented as Mean £ SD.

after harvest under MNP treatments. Data

Treatment N (mgkg- P(mgkg- K (mg Fe (mg Zn(mgkg- Cu (mg Mn (mg
1 dry wt. 1 dry wt. kg-1 dry kg-1 dry 1 dry wt. kg-1 dry kg-1 dry
soil) soil) wt. soil) wt. soil) soil) wt. soil) wt. soil)

Base Soil 108.7£7.2 110.2+0.1 445.842.8 350.9£2.1 36.7+0.21 15.8+0.18 176.1+0.91

Control 79.4£7.2  76.1£0.1  365.244.5 399.3+£2.1 9.6+0.04 7.6£0.07  84.1+0.68

NPK 104.1+£7.6  269.8+0.3 233.545.9 328.9+1.6 9.6+0.26 7.4+0.22  92.3+1.85

VC 77.4£3.6  154.240.2 249.9+0.7 325.740.8 10.3£0.02  5.2+0.03  68.6+2.08

FYM 81.5¢6.3  94.3+0.1  450.6£3.5 410.5£3.6 9.7+0.02 7.6£0.03  116.8+0.63

MNP25 101.6+4.5 93.9+0.1  388.6+4.6 393.9+7.4 13.0+0.04 8.8+0.43  163.9+0.80

MNP50 99.9£1.9  141.5+0.2 314.744.3 364.9£7.9 23.340.08 9.5£0.02 171.1£1.14

MNP100 101.6+4.5 91.3+0.3  357.5+6.6 426.0+£3.4 22.8+0.40  10.0+0.10 179.5+1.59

MNP200 76.9+29  103.0+0.5 374.6+6.8 514.1+1.1 36.0+0.11  9.3£0.07  133.9+0.35

MNP250 108.7+£7.2 69.3+0.1  376.4+4.7 437.0+1.5 60.4+6.16 9.0=0.07  169.6+0.81

MNPS00 76.5£2.2  78.7+0.3  360.242.9 386.5+2.8 129.3+0.08 9.2+0.04  174.6+0.61

MNP1000 84.5+5.8  121.3+7.2 387.8+0.6 389.3+2.0 132.4+0.20 9.2+0.02  167.5+1.23

LSD 4.5 1.7 3.6 3.1 1.5 0.1 1.0

Table 6.9. Plant Mineral Content (uptake of metals) under BNP treatments after harvest. Data
represented as Mean + SD.

Treatment Fe (mg Kg' K (mg Kg' fresh Zn (mg Kg' Cu (mg Kg' Mn (mg Kg'
fresh weight weight tissue) fresh weight fresh weight fresh weight
tissue) tissue) tissue) tissue)

Control 153.88+1.30  1904.80+36.46 88.00+0.35 28.82+0.34 17.81+0.26

NPK 291.77£2.71  3788.80+67.63 92.51+0.58 25.57+0.05 24.43+0.05

vVC 131.9242.53  3567.47+114.20 128.8340.11 18.18+0.20 51.28+0.17

FYM 186.28+1.38  3918.93+40.51 127.49+0.18 13.31+0.14 48.12+0.37

BNP25 57.65+2.00 2087.73+81.83 224.83+0.77 36.91+£0.17 32.31+0.40

BNP50 67.62+2.33 2646.67+235.97 247.20+0.37 47.65+0.11 28.67+0.06

BNP100 98.86+1.13 2721.33+96.72 285.36+0.70 38.99+0.27 37.43+0.13

BNP200 104.92+0.21  3154.93+141.38 298.67+0.46 141.36+1.08 37.19+0.12

BNP250 139.72+1.41 3317.60+35.09 290.72+3.48 202.59+4.34 56.50+0.45

BNP500 147.78£1.35  3290.93+40.81 310.91+0.44 50.50+0.27 53.83+0.23

BNP1000 142.7241.00  3230.93+22.12 318.96+1.11 49.31+0.74 56.69+1.88

LSD 1.41 83.74 0.97 1.13 0.51
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Table 6.10. Mineral Content retention in soil after harvest under BNP treatments. Data
represented as Mean £ SD.

Treatment  N(mg kg-1 P(mg kg-1 K(mg kg-1 Fe(mg kg- Zn(mg kg-1 Cu(mg kg- Mn(mg kg-
dry wt. dry wt. dry wt. 1 dry wt. drywt.soil) 1 dry wt. 1 dry wt.
soil) soil) soil) soil) soil) soil)

Base Soil 108.7£7.2  110.2+0.1  445.8+2.8  350.9+2.1  36.7+0.18 15.8£0.18  176.1+0.91

Control 79.4+7.2 76.1£0.1 3652445  399.3+2.1  9.6+0.07 7.6+£0.07 84.1+0.68

NPK 104.1£7.6  269.840.3  233.5+5.9  328.9+1.6  9.6+0.22 7.440.22 92.3+1.85

VC 77.4£3.6 154.2+0.2  249.9+0.7  325.7+0.8  10.3+0.03 5.2+0.03 68.6+2.08

FYM 81.5+6.3 94.340.1 450.6£3.5 410.5¢3.6  9.7£0.03 7.6+0.03 116.8+0.68

BNP25 74.4+1.4 66.4+0.3 392.044.8  455.6£5.7  13.3+£0.03 7.7+0.03 185.1+0.31

BNPS0 108.7£7.2  66.8+0.1 376.3£1.0  469.3+1.6  23.6+0.12 9.7£0.12 175.9+0.26

BNP100 110.4+£2.5  71.7+0.3 385.847.8  388.7+2.4  25.9+0.09 10.9+£0.09  180.9+0.77

BNP200 117.1£7.2 106.0£0.2  347.7£53  365.3+2.1  34.3+0.09 11.6+£0.09  190.7+1.03

BNP250 88.6+2.6 81.6+0.1 359.8£5.8  394.5+04  33.5+0.08 12.0£0.08  190.5+1.58

BNP500 117.1£7.2  74.6+0.2 356.0£3.0 386.2+3.6  97.3+0.17 19.0£0.17  190.0+1.13

BNP1000 121.3+7.2  68.3%0.1 387.8+4.0  412.7+0.6  134.4+0.04  22.7+0.04  181.5+1.05

LSD 4.9 0.2 3.7 2.2 0.3 0.1 1.0

Table 6.11. Plant Mineral Content (uptake of metals) under QMNP treatments after harvest.
Data represented as Mean + SD.

Treatments Fe Uptake (mg Kg!' K (mg Kg! Zn Uptake Cu Uptake Mn Uptake
fresh weight tissue) fresh weight (mg Kg! (mg Kg! (mg Kg! fresh
tissue) fresh weight fresh weight weight tissue)
tissue) tissue)
Control 184.9+ 54.49 1904.8+36 46 88.0+=0.35 28.8+0.34 17.8+£0.26
NPK 291.8+£2.71 3788 .8-67.63 92.5+0.58 25.6+ 0.05 24.4+0.05
FYM 131.9+2.53 3567 541142 128.8+0.11 18.2+0.20 51.3+0.17
vC 186.3+ 1.38 3918.9440.51 127.5+0.18 13.3£0.14 48.1+0.37
QM10 76.5£1.12 1903.2+105.89 135.4+ 1.01 6.4+ 0.08 39.9+0.50
QM25 77.2+1.38 2578 4450.73 173.1+ 0.57 7.3+ 0.06 34.8+0.15
QM35 92.3+0.64 2584.8+14.06 278.1+4.70 34.2+0.99 31.8+0.19
QM40 92.1£0.87 2604.3+14.43 263.9+0.69 36.8+0.39 36.2+0.17
QM45 92.0+0.53 2698 4417 87 258.6+ 4.69 37.2£0.29 30.5+0.08
LSD 14.88 50988 1.85 0.32 0.21
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Table 6.12. Mineral Content retention in soil after harvest under QMNP treatments. Data
represented as Mean £ SD.

Treatments Fe (mg kg! Zn (mgkg! Cu (mgkg Mn (mg kg! Available N Available  Available
dry wt. drywt.soil) ! dry wt. drywt.seil) (mg kg! P (mgkg! K (mgkg!
soil) soil) dry wt.soil) dry wt. dry  wt.

soil) soil)

Basic Soil 350.9+£2.06 36.7+0.21 15.8+0.18 176.1£0.91 108.7+7.2 40.9+0.3 445.8+2.8

Control 399.3£2.05 9.6+£0.04 7.5+ 0.07 84.1+0.68 79.447.2 110.2£0.1  365.2+4.5

NPK 328.9+£1.60 9.6+£0.26 7.4+ 0.22 92.3+1.85 104.1+7.6 76.1£0.1 233.5£5.9

FYM 325.7£0.79 10.3£0.02 5.2+ 0.03 68.6+ 2.08 77.4+3.6 269.8+£0.3  249.9+0.7

VC 410.5£3.63 9.6+0.02 7.6+ 0.03 116.8+ 0.63 81.5+6.3 154.2+0.2  450.6+3.5

QM10 448.4+ 1.44 20.4+0.08 10.3+£0.10 184.1£0.78 110.8+9.6 71.4%0.1 217.0+8.0

QM25 545.8£2.67 20.8+0.06 11.1+£0.02  200.8+ 0.60 102.0+4.0 57.540.1 285.5+3.0

QM35 554.5£2.71 24.2+0.09 11.1+£0.04  206.3+ 1.06 108.7+7.2 54.0+0.3 284.7+4.6

QM40 500.1£2.90 23.7+0.08 10.2+£0.03  226.5+0.21 108.7+7.2 58.5+0.1 258.245.1

QM45 317.5€£3.79 22.6+0.51 14.5+£0.12  222.7£28.28 131.7¢10.9  48.8+0.1 261.7£3.4

LSD 2.06 0.16 0.07 7.35 6.0 0.2 3.7

6.4.3.1.8. Total Bacterial and Fungal Count

Estimation of Bacterial Colonies was done immediately after harvest. Both bacterial and fungal
colonies showed decreasing trend with the highest colonies in the lowest treatment group i.e.,
25 mg kg'! MNP, contrastingly in fungal colonies, no significant changes were noted from 25
to 100 mg kg™! of MNP. Compared to FYM and Vermicompost, the different MNP treatments
showed a decreasing trend except for the control and NPK treatments. Bacterial Colony
Forming Unit estimation was done immediately after harvest (Fig. 6.6, 6.7). It has been
observed that there is a prominent decreasing trend of bacterial colonies from 25 mg kg™ to
1000 mg kg' BNP compared to control, whereas its quite clear from the graph that fungal
colonies going significantly down with decreasing order from 100 mg kg™ to 1000 mg kg™!
(Fig. 6.6.). Moreover, in QMNP treatments, both bacterial and fungal colonies showed
decreasing trend from 35 mg kg™' with highest colonies in the treatment group i.e., 25 mg kg!
QMNP, contrastingly in fungal colonies, a significant decreasing trend was noted in all
treatments compared to control (Fig. 6.7.)

6.5. Discussion

6.5.1. Bacterial Compatibility Assay

The minimum inhibitory zone discovered suggests little toxicity to soil microflora, even at
levels of up to 2000 pg ml™!, implying potential environmental safety of MNP, BNP and QMNP.
This shows that the nanoparticles strike a good balance between antibacterial activity and
environmental friendliness, making them viable candidates for agricultural uses. When a

nanoparticle is added to a culture media that contains bacteria, the clear region around the
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particle is known as the inhibitory zone of soil bacteria. This clean zone shows that the chemical
is either killing the microorganisms there or stopping their growth. The inhibition happens as
a result of the nanoparticles interfering with the growth or survival of bacterial cells, usually
by the destruction of cell walls, disruption of metabolic pathways, or interference with
replication*>*]. SEM study revealed no lethal impact of 2000 pg ml™! doses of MNPs, BNPs
and QMNPs on Rhizobium sp., and Salmonella typhi cells, indicating their eco-friendliness for

441 Green

plant-soil interfaces and potential as nano-biostimulants in agriculture!
nanomaterials can prove to be non-toxic towards soil microflora provided the doses are less
than 2000 pg ml', necessitating comprehensive comprehension of these interactions for
judicious nanotechnology application in soil management practices. This proves that the
nanomaterials are eco-friendly nanomaterials that can also be applied in plant-soil interfaces
without affecting the spectrum of pathogenic and non-pathogenic bacteria in the soil
environment. Meanwhile, FTIR studies verifies the effective incorporation of plant extract
coatings onto nanomaterial surfaces, as shown by different spectral peaks that correspond to
functional groups found in the extract of plant. This supports the effective use of natural
compounds to improve the stability and bioactivity of nanomaterials, paving the path for
environmentally benign and sustainable nanotechnology applications.

6.5.2. Seed Germination assay and Lab scale Hydroponic farming

Monometallic Nanoparticles (MNPs) significantly improve the Germination Index (GI) and
seed germination, especially at doses of 250 mg L™ and 200 mg L™, demonstrating a dose-
dependent effect. Excessive doses, such as 500 mg L', resulted in a reduction in GI, probably

nl*>471 Non-nanoscale Zn treatments hurt

due to cytotoxic effects that hinder seed germinatio
GI, indicating potential phytotoxicity!*s]. MNPs had lower zinc absorption than non-nanoscale
inorganic salts, indicating that nanoparticle and bulk forms of zinc have different
bioavailability and uptake mechanisms. The recorded reductions in Relative Root Growth
(RRG%), Relative Shoot Growth (RSG%), and pod yield (g/pod) in non-nanoscale inorganic
salt treatments demonstrate possible negative impacts on plant growth and productivity*=1],
Similar results were seen in Bimetallic Nanoparticle (BNP) and Quadrimetallic Nanoparticle
(QNP) treatments, with varied degrees of effect on GI, seed germination, and nutrient uptake.
BNP treatments, especially at 100 mg L', resulted in lower GI, suggesting potential phytotoxic
effects!*®7]. Higher concentrations of non-nanoscale Zn-Cu salt treatments resulted with
substantial reductions in GI and seed germination, implying negative effects on seedling
growth. Copper uptake was significantly higher in BNP-treated seeds at 500 mg L™! compared

to 250 mg L™, suggesting changes in metal uptake kinetics and interaction with nanoparticles.
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QNP treatments had a favourable impact on GI and seed germination. Lower concentrations
(e.g., 5 mg L) produced the highest values, while higher concentrations (e.g., 45 mg L) of
non-nanoscale QNP led to decreased GI and seed germination. The reason the we observe the
germination profile pass through the maxima with dosage is that the nanoparticles have become
toxic after a certain dosage and has inhibitory effect to the germination of the seeds. This
implies that though the synthesized nanoparticles have a positive impact on the germination,
dose of application must be studied so as to avoid harmful effects to the germination. This
phenomenon is also reported by Gowtham et al.l’?). The varying trends in RRG, RSG, and pod
yield highlight the significance of nanoparticle the dose and composition in influencing
productivity and development of plants, highlighting the need for additional research to
elucidate underlying mechanisms and optimise nanoparticle-based agricultural
interventions!**>1,

MNPs at doses of 200 mg L' and 250 mg L' showed good chlorophyll stability, indicating
increased photosynthetic activity; lower concentrations of MNPs (50 mg L' and 100 mg L)
caused reduced chlorophyll stability, probably because to insufficient nanoparticle
concentrations to trigger substantial physiological reactions. Interestingly, 500 mg L' of MNPs
showed high chlorophyll stability, indicating a possible hormetic action where moderate
stresses boost physiological responses®**¥, Using 200 mg L' of non-nanoscale Zn resulted in
reduced chlorophyll stability, suggesting probable phytotoxicity or disruption of chlorophyll
production processes. Bimetallic Nanoparticles (BNP) treatments resulted in significantly
higher chlorophyll stability (CSI) at 500 mg L™!, compared to lesser doses. decreased dosages
of BNPs (100 mg L' and 200 mg L) resulted in decreased CSI, indicating insufficient
nanoparticle concentrations for the required physiological response!®>l. Non-nanoscale Zn-Cu
treatments showed a rise in CSI at higher doses (500 mg L™ and 250 mg L"), suggesting
synergistic effects of zinc and copper on chlorophyll stability. Similarly, Quadrimetallic
Nanoparticles (QMNPs) at treatments of 25 mg L' and 40 mg L' demonstrated significant
chlorophyll stability, indicating their potential to improve the efficiency of photosynthetic
activity. Conversely, lower doses of QMNPs (5 mg L' and 45 mg L) resulted in reduced CSI,

indicating insufficient concentrations to trigger physiological reactions>®’,

MNPs showed poor zinc absorption at all concentrations, with the lowest uptake at 50 mg kg”
!, suggesting reduced bioavailability or changed uptake kinetics relative to non-nanoscale zinc
salts. MNPs showed the maximum uptake at 500 mg L' and 200 mg L', suggesting a dose-

dependent trend®”-3*]. Similarly, bimetallic nanoparticles (BNPs) demonstrated decreased zinc
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uptake at 50 mg L', indicating potential changes in nanoparticle interactions or bioavailability
at lower doses. BNP-treated seeds showed considerably greater copper uptake at 500 mg L
and 250 mg L', suggesting preferential uptake or improved bioavailability of copper in the
presence of nanoparticles. Non-nanoscale copper showed a similar trend, with the largest
increase at 500 mg L', followed by 250 mg L3 QMNP treatments had the maximum
uptake of zinc and copper at 45 mg L', indicating optimal concentrations for improved uptake.
Iron uptake was highest at 40 mg L™!, while manganese uptake peaked at 45 mg L', suggesting

concentration-dependent uptake patterns like non-nano-scale treatments!®!-6%],

Biochemical examination of catalase, peroxidase, and lipid peroxidation in plant cells sheds
light on the oxidative stress response and antioxidant defence systems. Catalase and peroxidase
activities reflect the plant's capacity to scavenge reactive oxygen species (ROS), whereas lipid
peroxidation levels show the extent of oxidative damage to cellular membranes, which helps

measure plant stress tolerance and physiological state[54],

Oxidative stress enzymes responded differently to MNP, BNP, and non-nanoscale Zn-Cu

63661 MINPs induced lower catalase activity, notably at 200 mg L™! followed by 500

treatments!
mg L', while non-nanoscale Zn treatments showed lower activity at 200 mg L' and 500 mg
L-!. Treatments with monometallic nanoparticles (MNPs) resulted in significantly decreased
catalase activity than non-nanoscale zinc treatments, suggesting that nanoparticles may
modulate antioxidant defence systems. MNP-treated seedlings showed decreased catalase
activity, especially at concentrations of 200 mg L' and 500 mg L"!, indicating a dose-dependent
suppression of catalase function. Bimetallic Nanoparticles (BNPs) treatments resulted in
greater catalase activity at lower doses (50 mg L), probably due to nanoparticle-induced stress
reactions. However, catalase activity reduced as BNP concentrations increased, indicating a
potential hormetic response. In contrast, non-nanoscale quadrimetallic salt (QM) treatments
had higher total catalase activity than QMNP treatments, regardless of application dose,
implying that nanoparticles and non-nanoscale salts had different impacts on plant oxidative
stress responses. Overall, oxidative damage in Cicer arietinum seedlings resulted from
disturbances in ROS metabolism, with antioxidant enzymes playing a crucial role in mitigating

ROS production®],

Peroxidase (POD) activity varied across treatments, with MNPs showing lower activity at 100
mg L' and moderately higher at 50 mg L. Non-nanoscale Zn treatments exhibited the highest
POD activity at 250 mg L' and 500 mg L' doses, while BNP treatments showed varied
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effects/*®). Non-nanoscale zinc treatments at doses of 250 mg L' and 500 mg L' showed the
highest POD activity, indicating improved stress responses and antioxidant defence systems.
Bimetallic Nanoparticles (BNPs) treatments had varying impacts on POD activity, with
increased activity found at 50 mg L' compared to 250 mg L', suggesting potential hormetic
responses or concentration-dependent effects. Similarly, non-nanoscale Quadrimetallic Salt
(QM) treatments increased POD activity, especially at higher dosages, indicating that
nanoparticles and non-nanoscale salts modulate stress responses differently®®% The reason
we do not observe specific trends in chlorophyll stability index (CSI) and peroxidase activity
(POD) in the plants because the biochemical activity of the plants shows cumulative response
to various factors affected by the NPs uptake. However, we do observe reduced CSI in higher
concentrations, which is a result of NP toxicity in the plants. Similarly, a lower POD in higher
concentrations thus observed indicates lower inherent property of antioxidant defense (in terms
of peroxidase) in Cicer arietinum seedlings. This is in line with a previous study done by

Pandya et al. in 2024[%7,

MNPs caused a reduction in lipid peroxidation (LPO) activity, especially at 50 mg L', while
non-nanoscale zinc salts decreased LPO activity, particularly at 50 mg L™'. Conversely, non-
nanoscale Zn-Cu treatments increased LPO activity at 500 mg L' and 250 mg L165:66],
Bimetallic Nanoparticles (BNPs) treatments increased LPO activity compared to the control,
with the maximum activity found at 500 mg L', suggesting a potential activation of oxidative
stress. Similar effects were observed with non-nanoscale zinc-copper treatments, emphasising
the importance of nanoparticle composition in regulating lipid peroxidation. QMNP treatments
significantly reduced LPO activity, especially at lower concentrations like 5 mg L™, indicating
a dose-dependent suppression of lipid peroxidation. However, higher dosages of non-nanoscale
QM salt resulted in an increase in LPO activity, indicating a possible disruption of cellular

redox balance!%%9%],

6.5.3. Soil based study

Pot experiments require fewer financial resources than field studies, allowing for faster data
collection and processing. Furthermore, pot experiments allow researchers to conduct
controlled studies on certain aspects of plant growth and development, providing insights that

would not be possible in a field context.

According to studies, nanoparticles can alter soil organic carbon (SOC) content, nutrient

dynamics (N, P, K), and mineral availability via complicated interactions with soil
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components!’®’!. Furthermore, nanoparticle applications have been connected to changes in
photosynthetic processes and stomatal behaviour in plants, which may affect overall growth
and productivity. Furthermore, nanoparticle-mediated alterations in soil microbial
communities, such as total bacterial and fungal numbers, could have an impact on nutrient

cycling and plant-microbe interactions 1],

The observed increase in soil organic carbon (SOC) after treatments with vermicompost (VC),
farmyard manure (FYM), and various nanoparticle formulations demonstrate their potential to
improve soil carbon sequestration. Vermicompost and FYM are known to improve soil organic
matter by providing a substrate for microbial activity and encouraging carbon storage.
Similarly, Monometallic Nanoparticles (MNP) treatments, particularly at a dosage of 250 mg
kg!, showed considerable increases in SOC, demonstrating their potential to improve soil
carbon retention!’?). Bimetallic Nanoparticles (BNP) treatments increased SOC levels, with the
largest augmentation at 100 mg kg'!, indicating a synergistic influence of nanoparticle
composition on soil carbon dynamics. QMNP treatments resulted in significant increases in
SOC, particularly at 45 mg kg™, indicating their effectiveness in enhancing soil carbon

sequestration’],

The observed variations in nitrogen (N) retention following nanoparticle treatments reflect the
complex interplay between nanoparticle characteristics and soil nutrient dynamics.
Monometallic Nanoparticles (MNP) treatments exhibited lower N retention at higher
concentrations (200 and 500 mg kg™!), possibly due to increased N leaching or immobilization
processes or interactions with soil organic matter. Conversely, a higher N retention was
observed at a lower concentration (50 mg kg') of MNP, indicating a dose-dependent effect on
N dynamics optimal conditions for nutrient sorption. Bimetallic Nanoparticles (BNP)
treatments showed a mixed response, with lower N retention at 25 mg kg™ but higher N content
at other concentrations, suggesting differential effects on N availability and uptake!’*7°l,
Quadrimetallic Nanoparticles (QMNP) treatments resulted in overall increased available N

retention in soil, highlighting their potential to enhance N availability and nutrient cycling

processes. Varied nutrient retention patterns occur in response to MNP treatments!’”!,

MNPs play a vital role in improving plant nutrient uptake through their small size and high
surface area, facilitating the absorption of vital nutrients like nitrogen, phosphorus, and
potassium, consequently promoting plant growth!’8l. As necessary micronutrients involved in

important biochemical and physiological processes, metal atoms are crucial to plant
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metabolism. Iron promotes brighter foliage and the production of metabolic energy by
supporting the processes of chlorophyll synthesis, photosynthesis, and nitrogen assimilation”),
Zinc promotes cell division and elongation by facilitating the synthesis of proteins, hormones,
and enzymes!®*3!l. Copper enhances the structure and durability of plants by aiding in the
synthesis of lignin, photosynthetic electron transport, and stress management'®?, Manganese
increases energy generation and nutrient uptake by assisting in photosynthetic water-splitting
and nitrogen assimilation®¥. Treatments with Monometallic Nanoparticles (MNP) showed
reduced P retention at higher concentrations of 250 mg kg™!, suggesting potential P leaching or
immobilization mechanisms at high nanoparticle levels. Bimetallic nanoparticle (BNP)
treatments reduced soil P retention, with the highest decrease reported at 25 mg kg™, indicating
a disruptive influence on P availability®. Higher concentrations (200 and 250 mg kg™!) of BNP
resulted in greater P retention, probably due to the interaction of nanoparticles with soil
components that facilitate P retention. Quadri metallic Nanoparticles (QMNP) treatments
enhanced available P retention in soil, showing that they have the potential to improve P

availability and soil fertility®].

Monometallic and Bimetallic Nanoparticles (BNP) treatments increased soil K retention,
particularly at lower concentrations (250 mg kg™'), indicating a positive impact in soil K
availability. In contrast, treatments with Quadrimetallic Nanoparticles (QMNPs) resulted in a
lower overall available K in soil, demonstrating that nanoparticles may interact with soil K

dynamics, resulting in reduced K availability!8¢-57],

Monometallic Nanoparticles (MNP) treatment at 250 mg kg™ increased photosynthesis and
stomatal conductance, showing that nanoparticles improve plant gas exchange and carbon
assimilation. MNPs may improve gas exchange, chlorophyll content, and stomatal aperture,

el8891 T ower concentrations

enhancing photosynthetic efficiency and overall plant performanc
of Bimetallic Nanoparticles (BNP) resulted in significantly increased photosynthesis and
stomatal conductance, indicating a stimulatory influence on plant physiological activities.
Similarly, Quadrimetallic Nanoparticles (QMNP) treatments evoked improved photosynthesis
and stomatal conductance across multiple doses, with greater values reported at 10, 35, and 45

mg kg'1 (911,

The significantly enhanced peroxidase activity found in plants treated with 500 and 1000 mg
kg! MNPs, regardless of growth stage, indicates that MNPs have a dose-dependent influence

on peroxidase activity. Higher MNP concentrations may cause more oxidative stress in plants,
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ensuing in increased peroxidase activity as part of the antioxidant defence system®>?*!. In the
case of QMNP-treated plants, the maximum peroxidase activity was observed in the 40 and 45
mg kg treatments, demonstrating a different dose-response relationship than with MNPs. This
discrepancy could be attributable to variations in the physicochemical properties of
nanoparticles, which result in unique interactions with plant tissues and physiological

responses*+],

Interactions among metals and soil constituents influence nutrient retention. Interactions
between metals in soil influence their uptake by plants, with competition and complexation
affecting uptake patterns. Reduced Cu retention in MNP-treated soils, notably under 25 and
250 mg kg'! treatments, suggests competitive interactions affecting copper stability*®%%,
Variations in metal uptake among MNP treatments may reflect differences in plant species
sensitivity to metal accumulation, determined by physiological and biochemical
characteristics!” 1%, Variations in soil characteristics impact nutrient retention. The
concentration of MNPs significantly affects metal uptake by plants, with higher doses leading
to enhanced uptake of K, Zn, and Mn (500, 1000 mg kg)!'?%192] Lower Fe uptake at 25 mg
kg! and 100 mg kg! doses contrasts with higher Cu uptake at 25 mg kg"! MNP application,
indicating metal-specific responses!!?>!%) Increased MNP concentrations enhance nutrient
retention by improving availability and binding capacity in soil. Higher Fe retention in soils
treated with 200 and 250 mg kg'! MNP demonstrates a concentration-dependent effect!!%+10%],
Differences in soil texture, pH, and organic matter content may influence nutrient sorption and

desorption processes across MNP treatments!%,

Nanoparticle interactions with soil
components affect nutrient retention mechanisms. Enhanced Zn retention in soils treated with
250, 500, and 1000 mg kg' MNP may be attributed to favourable zinc stabilization through
nanoparticle interactions!!?’"1%], The decrease in Fe uptake at lower BNP treatments shows a
potential interference with iron uptake pathways, which could be related to competition for
uptake sites or changes in soil physicochemical qualities. In contrast, the increased K
absorption following BNP treatment demonstrates the stimulatory action of nanoparticles on
potassium uptake systems, which may improve plant nutrient absorption efficiency!'®. The
variable absorption patterns of Zn, Cu, and Mn illustrate the differential reactions of plant
micronutrient uptake to BNP treatments, which are probably impacted by factors such as
nanoparticle variation, soil conditions, and plant-specific nutrient demands!®*!1%l. The much-

increased retention of Fe in MNP-treated soils, particularly at intermediate to high application

rates, indicating that nanoparticles may have an affinity for iron binding sites in soil matrix,
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resulting in enhanced Fe retention. Conversely, lower Zn retention in soils treated with lower
MNP concentrations may be due to diminished nanoparticle-soil interactions or higher Zn
leaching at lower application rates!!!'®!"!]. The divergent patterns in Cu retention, with lower
levels reported in MNP-treated soils, suggest that nanoparticles may have an antagonistic
influence on Cu retention mechanisms in soil. However, the fact that Mn uptake was equivalent
in MNP-treated and control soils shows that nanoparticles have little effect on soil Mn
dynamics!'%!12]. Conversely, the constant increase in Zn, Cu, and Mn retention across BNP-
treated soils suggests that soil matrices have a higher affinity for these nutrients in the presence
of nanoparticles, which could be attributable to surface adsorption or complexation. In contrast,
lower Zn and Cu retention in QMNP-treated soils suggests that quadrimetallic nanoparticles
have a distinct effect on these nutrient retention mechanisms!®®!!>!14] The enhanced Fe and
Mn retention in QMNP-treated soils indicates a distinct interaction profile between
quadrimetallic nanoparticles and soil nutrient pools, which could influence soil fertility and

nutrient availability!!!%!13],

Soil microbial communities and activity levels influence nutrient dynamics. Prominent soil
bacteria commonly found in Cicer arietinum (chickpea) include Rhizobium spp., Rhizobium
bacteria are known for their symbiotic association with leguminous plants like chickpeas. They
develop nodules on the plant roots in order to fix atmospheric nitrogen into plant available
form. Azospirillum species are nitrogen-fixing bacteria commonly associated with the roots of
grasses and cereals, including chickpeas. They can enhance the availability of nitrogen to
plants. Prominent fungal colonies commonly found in the soil around Arbuscular mycorrhizal
fungi (AMF), a fungi that form associations with the roots of many plant species, including
chickpeas. They facilitate the nutrient uptake, especially phosphorus, from the soil.
Trichoderma species are common soil fungi known for their properties of biocontrol. They can
suppress the growth of plant pathogens and promote plant growth by enhancing nutrient uptake.
While some species of Fusarium can be pathogenic to plants, others are beneficial and
contribute to soil nutrient cycling. Penicillium species are ubiquitous fungi found in soil,
organic matter, and decaying plant material. Some species have beneficial effects on plant
growth, while others may act as plant pathogens under certain conditions. These bacteria and
fungi play important roles in the soil ecosystem, contributing to nutrient cycling, disease
suppression, and overall plant health in chickpea cultivation and other agricultural systems.
MNP-induced alterations in microbial activity may impact nutrient cycling processes,

[116,117

contributing to observed variations in nutrient retention 1. The observed patterns in
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bacterial and fungal colonies after harvest reveal complex responses to various nanoparticle
treatments. Bacterial and fungal colonies in MNP-treated soils decreased as MNP concentration
increased, indicating that greater doses may have an inhibitory effect on microbial
populations!'®l. Fungal colonies, on the other hand, did not demonstrate any significant
alterations across MNP treatments, showing that bacterial and fungal communities are not
equally susceptible to MNP exposure. In BNP-treated soils, both bacterial and fungal colonies
decreased with increasing BNP concentration, demonstrating BNP's general suppressive effect
on microbial populations!!!*!2%), Similarly, in QMNP treatments, bacterial and fungal colonies
decreased as QMNP concentration increased, indicating that the inhibitory effect on microbial

populations is similar across treatments.

6.6. Conclusion

Nanoparticles (NPs) have sparked widespread interest in a variety of disciplines, including
agriculture, due to their unique features and possible applications. Among the various types of
nanoparticles, zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn) monometallic, bimetallic,
and quadrimetallic nanoparticles have emerged as viable agricultural options. These metallic
nanoparticles provide benefits such as regulated nutrient release, increased nutrient uptake by
plants, and antibacterial characteristics, which can help improve soil fertility, plant
development, and agricultural productivity. Co-reduced metal nanoparticles include the
simultaneous oxidation-reduction of multiple metal precursors throughout the synthesis
process in plant mediated green synthesis. This process allows for the creation of alloyed
nanoparticles with homogeneous compositions, which can be more stable, catalytically active,
and biocompatible than nanoparticles synthesised using sequential reduction methods. Metallic
nanoparticles' shape, size, aggregation, and dissolution behaviour all influence how they
interact with soil, plants, and bacteria. The form and size of nanoparticles impact their uptake
and transport inside plant tissues, as well as their availability to soil microbes. Smaller
nanoparticles have larger surface-area to volume ratio, resulting in improved reactivity and
bioavailability to plants and microorganisms. Agglomeration, or nanoparticles' inclination to
form clusters or aggregates, can influence their mobility and dispersion in soil, as well as their
interactions with plant roots and soil microbes. Agglomerated nanoparticles may have lower
mobility and penetration into soil pores, reducing their efficiency in providing nutrients or
controlling soilborne diseases. Metallic nanoparticles' dissolving behaviour in soil
environments is controlled by soil pH, organic matter content, and redox conditions. Changes

in soil pH can impact nanoparticle solubility and stability, influencing metal ion release and
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subsequent interactions with plants and microorganisms. Metallic nanoparticles dissolve faster
in acidic soils have chances of increased phytotoxicity or antibacterial properties.
Nanofertilizers are designed to contain or transport critical nutrients such as nitrogen (N),
phosphorus (P), potassium (K), and micronutrients in nanosized particles. These nanostructures
allow for the regulated release and targeted nutrients delivery to plant roots, resulting in
increased crop uptake efficiency. Nano zinc-based fertilizers and biostimulants can limit the
use of conventional fertilisers by reducing nutrient losses through leaching, volatilization, and
runoff, therefore minimising environmental pollution and maximising nutrient utilisation by
plants. It has immense possibility to help to sustainable agriculture by lowering the
environmental impact of conventional fertilisation procedures. Their precise fertiliser delivery
systems reduce nutrient losses to the environment, lowering eutrophication of water bodies,
soil degradation, and greenhouse gas emissions. Furthermore, the use of nanofertilizers can
encourage careful fertiliser application, resulting in resource conservation, cost reductions for
farmers, and long-term environmental sustainability. However, policies must be followed for
recommended dose of Nanoparticles as it can accumulate in plant tissues, causing oxidative
stress, DNA damage, and metabolic abnormalities. Furthermore, excessive nanoparticle
application can affect soil microbial populations, disrupt nutrient cycling, and weaken soil
structure, resulting in lower soil fertility and ecosystem resilience. Several factors influence the
dose-dependent effects of nanoparticles on plant and soil health, including nanoparticle
parameters (size, shape, surface charge), soil characteristics (pH, organic matter content,
texture), plant species, and environmental circumstances. High dosages of nanoparticles can
cause phytotoxicity by altering cellular processes, slowing root growth, and reducing
photosynthesis. Small nanoparticles with high surface-area to volume ratios are more likely to
permeate plant tissues and interact with cellular components, potentially causing negative
effects even at low doses. Similarly, soil factors like pH and cation exchange capacity might

affect nanoparticle stability, mobility, and bioavailability in the soil-plant system.
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