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Abstract

The priming of seeds with nanoparticles (NPs) has the potential to aid crop production and
agricultural sustainability. Nevertheless, it depends on the crop type being investigated and NPs
dosage. The present study reports the impact of seed nano-priming with varied concentrations of
iron oxide (Fe203) NPs on the seedling growth of black chickpeas. Iron oxide NPs were synthesized
via a chemical route using FeCl3 and Fe(NO3)3 as precursors, along with vermiwash (earthworm-
based extract) and NaOH for adjusting the pH of the resulting solution. Seed nano-priming was
carried out using different concentrations of iron oxide NPs (o, 10, 50, 100, 150, 200 ppm). The
primed seeds were air-dried and evaluated for growth using a wet filter paper method. The grown
seedlings were evaluated based on various growth parameters such as germination rate, root
length, shoot length, root-to-shoot length ratio, fresh and dry weights, and seedling vigour indices
(I and Il). The study revealed that nano-priming with iron oxide NPs improved the germination
percentage at the end of the seventh day and also led to enhancement in various growth indicators,
such as root length, shoot length, biomass accumulation, and seedling vigour indices, compared to
the control at all concentrations up to 150 ppm. Further increase in NPs concentration inhibited the
seedling growth. The correlations among growth parameters were examined using Pearson
correlation and Principal Component Analysis (PCA) methods. This study demonstrated the
potential of optimized doses of iron oxide NPs as co-fertilizer to aid early-stage growth in black
chickpea.
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Introduction

The chickpea (Cicer arietinum L.) is a protein-rich legume crop abundant in vitamins, carbs, and
minerals (Madurapperumage et al., 2021). Like other leguminous crops, chickpeas fix nitrogen
biologically to maintain soil productivity (Kebede, 2021). To support the global rise in population,
the improved production of chickpeas is given a prime focus. However, numerous biotic and abiotic
elements significantly impact chickpea growth and productivity (Zhang et al.,, 2024). Cold
temperatures can increase oxidative stress and impact the antioxidant potential of chickpeas
(Karami-Moalem et al., 2018). Similarly, salt stress can affect the morphology and germination of
chickpeas (Mergeb, 2021). Consequently, there is a need to identify and characterize novel
fertilizers that can influence crop sustainability without affecting the ecosystem. In recent years,
nanotechnology has emerged as one of the remarkable fields of science that finds applications in
various areas such as wastewater treatment, agriculture, the food industry, and electronics (Neme
et al., 2021). Nanoparticles (NPs) are being widely explored for their broad potential role in various
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fields, including the pharmaceutical industry, disease diagnostics, biosensing, agriculture, food
industry, environmental monitoring, and energy storage (Altammar, 2023 and Goyal et al., 2023).

Iron is a crucial micronutrient essential for plant development and plays a key role in various
physiological processes such as photosynthesis, respiration, and redox reactions. The iron
deficiency can cause significant yield losses (Li et al., 2016). Although iron is abundantly present in
soil, approximately 30% of global soils are limited in iron availability (Zuluaga et al., 2023). This
limitation is primarily attributed to the predominance of iron in its insoluble (Fe3*) form, particularly
in alkaline and aerobic soils, as opposed to the soluble (Fe**) form accessible to plants. Such
deficiencies hinder overall plant growth and contribute to human health issues, including anemia
(Rui et al., 2016). Chickpea, recognized as the third-largest pulse crop produced worldwide, is
cultivated in semi-arid regions of India (Koul et al., 2022). It serves as a vital source of carbohydrates
and is rich in proteins, minerals, cholesterol-free fats, vitamins, and both soluble and insoluble
fibers, thereby providing essential nutrition to both humans and animals in developing countries
(Begum et al., 2023). Micronutrient deficiencies, particularly iron, pose a major challenge for
chickpea production, significantly impacting plant growth. This underscores the necessity for iron-
based fertilizers to address iron deficiency. Given the diverse properties of iron oxide NPs, they may
serve as a promising co-fertilizer to supply iron in deficient soils. Additionally, priming seeds with
iron oxide NPs could also present an effective strategy to enhance iron availability in predominantly
alkaline soils, potentially leading to various physiological and biochemical changes in seeds that
promote growth (Pawar and Laware, 2018).

Previous studies performed using iron oxide NPs have revealed both positive and negative effects
on crops depending upon the concentrations of the NPs. Beneficial effects have been noticed in
wheat (Singh et al., 2022) and cherry tomato (Shahzad et al., 2024), while adverse effects have been
observed at higher concentrations in Capsicum annuum (Yuan et al., 2018). Studies have revealed
that at low concentrations, iron oxide NPs promote plant growth by altering the leaf organization,
increasing the chloroplast number and grana stacking, and regulating the development of vascular
bundles. Iron oxide NPs could be absorbed in the roots and then transported to the central cylinder
in bio-available forms, where these NPs are translocated and utilized by the leaves and stems. In
contrast, iron oxide NPs can be harmful to plants at high concentrations, as the majority of iron
oxide NPs are aggregated into cell walls and transported via the apoplastic pathway in the roots,
which may potentially block the transfer of iron nutrients. Therefore, the present research was
undertaken for systematic investigation of the impact of varied concentrations of iron oxide NPs on
chickpea seed germination and seedling growth through in-vitro studies.

Material and methods

The black chickpea seeds (variety PBG-7) were procured from the Director (Seeds), Punjab
Agricultural University (PAU), Ludhiana. The raw materials necessary to prepare vermiwash were
collected from various locations within PAU, Ludhiana. Paddy straw and wheat straw were collected
from the integrated farming system unit. Neem (Azadirachta indica) leaves were collected from the
adjoining areas of the school of organic farming. Kitchen waste was collected from the mess of
hostels at PAU, Ludhiana. However, onion, garlic, and acidic peels of fruits and vegetables were
avoided due to their odour, potential to create unfavourable conditions, and the likelihood of
irritating the sensitive skin of earthworms, causing them to move away or perish. Cow dung was
gathered from the dairy farm unit at Guru Angad Dev Veterinary and Animal Sciences University
(GADVASU), Ludhiana. Cow dung had an initial moisture content of 70—75%. Figures 1(a)-(d) show
various raw materials used for the vermiwash synthesis. The chemicals (AR/ACS grade) required for
iron NPs synthesis, namely, Ferric chloride, Ferric nitrate and NaOH, were procured from Central
Drug House Private Limited, New Delhi.

Vermiwash production

Preparation of vermiwash (v/w) was done at Vermicompost Unit, PAU Ludhiana, as per the method
standardized by Ismail (1997). An indigenous vermiwash production assembly (Figure 1(e)) was set
up, which consisted of fifteen earthen pots kept oniron stands, with the lowermost pots fitted with
plastic gate-valves to facilitate the drainage of liquid extract. The middle pots were filled with gravel
(1- 2" size), above which a layer of cow dung was placed. Above the cow dung, a layer of different
organic wastes (Table 1) was added pot-by-pot, followed by another layer of cow dung. Around 10-
15 adult earthworms (E. foetida) were released into it. The necks of the middle pots were gently
cracked down to provide better aeration for earthworms. The unit was moistened every day (60-
70% moisture) using a set of top pots that facilitated drop-by-drop water supply through a drip
system. These pots were kept for decomposition for 15 days with frequent turnings.
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Eisenia foetida, an epigeic, compost-dwelling, non-burrowing worm, lives at the intersection of soil
and litter and possesses a variety of preferences such as feeding on a wide range of compostable
organic wastes, enduring in a wide range of weather conditions, living indoors, and multiplying
rapidly. Asaresult, itis anideal option for vermicomposting residential and industrial organic waste.
After fifteen days, elutes were collected daily from the third pot arranged at the bottom of the
assembly. The water slowly percolated through the compost and drilospheres, carrying nutrients
from freshly formed castings and washings from the drilospheres through the filter unit. Collected
vermiwash was stored at 4 °C and used for analyzing the physicochemical nutrient composition and
other parameters.

Fig. 1. (2) Neem leaves (b) Paddy straw (c) Wheat straw (d) Cow dung, and (e) Indigenous vermiwash
production assembly.

Table 1: Details of material required for preparation of different vermiwash samples.

Sr. No. Vermiwash Material used
1. Paddy straw Paddy straw chopped + cow dung (1:1) + 15- 20 adult earthworms
2. Wheat straw Wheat straw chopped + cow dung (1:1) + 15- 20 adult earthworms
3. Kitchen waste Kitchen waste + cow dung (2:1) + 15- 20 adult earthworms
4. Neem leaves Neem leaves + cow dung (1:1) + 15- 20 adult earthworms
5. Cow dung 100 % Cow dung (1:1) + 15- 20 adult earthworms

Synthesis of Iron Oxide NPs

Kitchen waste-based vermiwash was found to be the best in terms of nutritional value and was used
to synthesize iron oxide NPs. The work pertaining to the synthesis of iron oxide NPs was carried out
at the Electron Microscopy & Nanoscience Laboratory, PAU Ludhiana. The vermiwash was
subjected to filtration through a funnel with filter paper to remove the solids. Equal volumes (200
ml) of 1 mM ferric chloride, 1 mM ferric nitrate and NaOH (to adjust the pH to around 8) were mixed
with an equal volume of kitchen waste-based vermiwash. The mixture was subjected to magnetic
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stirring at 8o °C for about 2 hours until the colour of the mixture changed from dark yellow to black
(Figures 2(a)-(c)). This colour change indicated the formation of iron oxide NPs. The resulting
precipitate was separated by centrifugation (Hettich Mikro 22R) at 6,000 rpm for 5 mins. The black-
coloured precipitate was first rinsed with distilled water and then ethanol to remove the impurities.
After drying in an oven at 8o °C, these NPs were characterized using spectroscopic techniques (UV-
visible spectroscopy and Scanning Electron Microscopy).

MAGNETIC STIRRER HOT PIATE (30

reanm

Fig. 2. (a) FeCl; and Fe(NOs); solution (b) After NaOH addition (c) After vermiwash addition.

Characterization of iron oxide NPs

UV-visible spectroscopy for absorbance analysis

A UV-visible spectrophotometer measures the extinction (scattering and absorption) of light
passing through a sample. NPs have unique optical properties sensitive to the size, shape,
concentration, agglomeration state and refractive index near the NP surface, making UV-visible
spectroscopy a valuable tool for identifying, characterizing and studying nanomaterials. Iron oxide
NPs were characterized using a UV-visible spectrophotometer (Shimadzu, UV-1800, Japan). The
iron oxide NPs in aqueous solutions were filled up to 3/4™ of the quartz cuvette having path length
of 1 cm and deionized water was used as a reference. The absorbance of the sample was recorded
in the wavelength range between 200 - 11200 nm using a double-beam spectrophotometer. The
wavelength corresponding to maximum absorption (Amax) was obtained from the recorded
spectrum.

Scanning Electron Microscopy analysis

The scanning electron microscopy (SEM) analysis of the iron oxide NPs was performed using a
scanning electron microscope (JSM-IT500, JEOL Limited, Japan). The aluminium stub (~1 cm
diameter) was employed on the sample holder and cleaned to remove surface oils or dirt by using
acetone and blowing with compressed gas. The double-coated conductive carbon tape was used as
adhesive and pasted on the stub. The thin film of the sample (~0.2 ml) was dropped on the adhesive
surface and allowed to dry by putting it under a mercury lamp for 5 minutes. A sample holder
containing the dried sample was placed in the vacuum chamber. The magnification was carried out
to get a clear morphology of synthesized iron oxide nanoparticles at the accelerating voltage of 10
kV with a working distance of 12.2. mm.

Nanopriming of black chickpea seeds with iron oxide NPs

To perform the efficacy studies of synthesized NPs for seed priming, the black chickpea seeds were
first screened for uniformity. Healthy seeds with a known weight (15-20 gms) were taken and
washed with 1% sodium hypochlorite solution for 20 mins for surface sterilization and then with
deionized water. The nano-priming of chickpea seeds was done by soaking the seeds (10-15 seeds
per NPs concentration) in varied concentrations of iron oxide NPs (o, 10, 50, 100, 150, 200 ppm) and
shaking over the magnetic stirrer for 1 hour to ensure uniform coating of seeds. Table 2 summarizes
various treatments of iron oxide NPs used for the study. Subsequently, to perform the in-vitro
germination studies, the seeds were transferred onto wet filter papers (5 ml water for control and 5
ml NPs solution for treatments) and kept in petri dishes. The primed seeds were dried under shade
and finally placed in the growth chamber at 25 °C. The evaluation of seedlings were done based on
various growth parameters such as root length, shoot length, root-to-shoot length ratio, fresh and
dry weights, and seedling vigour indices.
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Table 2. Details of the treatments using iron oxide NPs.

Sr. No. Treatments Concentration of iron oxide NPs (ppm)

1 T, o (Control)

2 T, 10

3 Ts 50

4 T, 100

5 T 150

6 Te 200
Where T. = Control (without application of NPs), T» to Ts = Different concentration levels of iron
oxide NPs.
Seed germination

The germination test was conducted in three replicates of 10-15 seeds each by following the wet
paper method and incubation at 25 + 2 °C temperature and go + 5 % RH. The number of normal
seedlings in each replication was counted on the seventh day and the mean germination was
calculated and expressed in percentage (ISTA, 2024a).

Seed germination % = (Number of normal seedlings/Total number of seeds) x100

Root length

From the samples of germination test, five normal seedlings were randomly selected in each
treatment from all the replications on the seventh day. The root length was measured from the tip
of primary root to the base of hypocotyls and the mean root length was expressed in centimetres
(ISTA, 2024b).

Shoot length

From the samples of the germination test, five normal seedlings randomly selected for root length
measurement were also used for the measurement of shoot length. The shoot length was measured
from the base of the primary leaf to the base of hypocotyls and the mean shoot length was
expressed in centimetres (ISTA, 2024b).

Seedling fresh and dry weights

The five randomly selected seedlings were taken in a butter paper and dried in a hot air oven at 70
°C for 24 h. Then, the seedlings were removed and allowed to cool in desiccators for 30 min before
weighing in an electronic balance. The average weight was calculated and expressed in milligrams
(ISTA, 2024b).

Seedling Vigour Index — |

The seedling vigour index — | was determined using the germination percentage and the total
seedling length (Abdul-Baki and Anderson, 1973) as:

Seedling vigour index — | = Seed germination percentage x Mean seedling length (cm),

where, seedling length (cm) = root length (cm) + shoot length (cm).

Seedling Vigour Index — I

The seedling vigour index — Il was determined using the germination percentage and the seedling
dry weight (Abdul-Baki and Anderson, 1973) as:

Seedling vigour index — Il = Seed germination percentage x Mean seedling dry weight (mg).

Statistical Analysis

The data represents mean + standard deviation of three replicates. Statistical analysis was done
using one-way analysis of variance (ANOVA) technique and Tukey’s range test. The Pearson
correlation analysis was performed between NP treatments and the growth parameters of black
chickpea (p < o0.05). Principal Component Analysis (PCA) was also employed to ascertain
correlations between the altered growth parameters of black chickpea and concentrations of iron
oxide NPs.

Results & Discussion

Synthesis of iron oxide NPs from kitchen waste vermiwash and their characterization

UV-visible spectrophotometry for absorbance analysis

The UV-visible absorbance spectra were recorded to analyze the optical properties of vermiwash
and iron oxide NPs. The absorbance measured as a function of wavelength is depicted in Figure 3.
The black curve represents the absorbance spectrum of vermiwash, whereas the red curve
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corresponds to the iron oxide NPs. The absorbance spectrum of iron oxide NPs shows a prominent
absorption peak at 293 nm, which indicates the nanoscale nature of the particles and confirms their
strong optical absorption in the UV region. In contrast, the absorbance spectrum of vermiwash
exhibits a peak near 350 nm, albeit with much lower intensity, indicating the presence of
biomolecules or organic compounds that can absorb UV light. Both absorbance curves display a
decreasing absorbance trend with increasing wavelength, indicating the dominant absorption in the
UV region and minimal absorbance in the visible and near-infrared (NIR) regions. The iron oxide NPs
exhibit a higher overall absorbance than vermiwash, which may be attributed to the strong optical
properties of iron oxide at the nano-scale. These results confirm the synthesis and optical activity
of iron oxide NPs while also highlighting the absorbance characteristics of vermiwash.

1.0 4

0.8 293nm

Vermiwash
Iron Oxide NPs

Absorbance [a.u.]

L/ T T T T ‘E|
300 400 500 600 700 800
Wavelength [nm]
Fig. 3. Absorbance as a function of wavelength of the light used.

Scanning Electron Microscopy for surface morphology analysis

The surface morphology of the synthesized iron oxide NPs embedded with vermiwash nutrients
was examined using Scanning Electron Microscopy. The SEM micrograph (Figure 4), depicts iron
oxide NPs in the form of well-defined nanorods, which exhibit an elongated rod-like structure with
a high aspect ratio. These nanorods are uniformly distributed, with some degree of aggregation. In
addition, irregularly shaped smaller particles adhering to the nanorods are vermiwash-derived
nutrient contents. This suggests a strong interaction between the iron oxide nanorods and
biomolecules in the vermiwash, potentially facilitating surface functionalization.

Fig. 4. SEM micrograph of iron oxide NPs embedded in vermiwash particles.

Effect of iron oxide NPs on quality parameters of chickpea seed

The impact of different concentrations of iron oxide NPs on the chickpea growth was assessed by
studying various growth parameters over a period of 7 days. Figure 5 shows the seedling growth for
control and two concentrations (50 ppm and 150 ppm) of NPs at the end of seventh day.

Seed germination percentage

The effect of different concentrations of iron oxide NPs on seed germination percentage displayed
a notable variation over seven days (Figure 6). The highest germination percentage was observed
at 150 ppm concentration, where 70% of seeds germinated by the third day, and the germination
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percentage remained stable at 80% on the fifth and seventh days. The second-highest germination
percentage occurred at 100 ppm concentration, with 60% germination on the third day and the
subsequent rise to 80% by the fifth and seventh days. At 5o ppm concentration, the germination
percentage was 60% on the third day and increased to 80% by the fifth and seventh days, showing
similar results to 100 ppm concentration. In contrast, the control group (o ppm) showed the lowest
germination at 40% on day three, which increased to 70% by day seven.

Control 150 ppm I 4

Figure 5: Seedling growth after 7 days of sowing the nano-primed chickpea seeds using different
concentrations of iron oxide NPs.

Interestingly, germination wasinitially higher than the control at 210 ppm concentration but reached

the same final value (70%) by day seven. The lowest germination occurred at a concentration of 200
ppm, which reached only 50% on the seventh day. These results are in agreement with those of
Tamindzi¢ G et al. (2024), who reported a positive effect (5-10%) of various NPs (Ca, Si, and Fe) on
the germination rate of pea under both optimal and drought-stressed conditions. Similar findings
were reported by Naskar et al. (2020), who observed significant improvement in the chickpea
germination following the application of iron oxide NPs. The iron oxide NPs enhance the antioxidant
enzymatic activity resulting in improved seed germination (Yoon et al., 2019).

100
ab a a a
90
b

ey
= 80 1
= ab
™~
=]
S 70 ¢
=
=)
o
2 604
x4
g
E
5 50
]

40

30

T T T T T T
Conrol  10PPM  SOPPM 100 PPM 150 PPM 200 PPM
Fig. 6. Comparison of seed germination percentage among various treatments of iron oxide NPs.

Root length

The root length observed with different concentrations of iron oxide NPs showed a clear trend in
growth over the seven days (Figure 7(a)). The highest root length was recorded at 150 ppm
concentration, with 1.30 cm on the third day, 3.16 cm on the fifth day, and 6.58 cm on the seventh
day. However, at 100 ppm and 50 ppm concentrations, the root length reached 5.94 cm and 5.68
cm, respectively, by day seven. In contrast, the control (o ppm) exhibited the lowest root length,
starting at 0.15 cm on day three and reaching 1.68 cm on day seven. At 10 ppm concentration, the
root length was higher than the control but lower than the other concentrations, reaching 1.70 cm
on the seventh day. At 200 ppm concentration, the root growth was initially absent on the third day
but increased to 0.83 cm by the fifth day and 1.49 cm by the seventh day, which was significantly
lower than all other treatments. These results align with the findings of Mazhar et al. (2023), who
investigated the application of iron oxide NPs on garden pea under drought conditions and
observed a 38% increase in the root length and 24% increase in the number of leaves. The present
findings are further supported by Maswada et al. (2018), who demonstrated the effectiveness of
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iron oxide NPs as a pre-sowing treatment to enhance the germination and seedling growth in
sorghum. Iron oxide NPs enhance seed coat permeability, facilitating greater uptake of water and
oxygen, which in turn promotes faster germination and improved seedling growth (Gupta et al.,
2022).

Shoot length

Significant variations were observed in the shoot length measurements with different
concentrations of iron oxide NPs (Figure 7(b)). The highest shoot length was observed at the 150
ppm concentration, where no growth was seen on the third day, but it reached 1.66 cm on the fifth
day and 3.97 cm on the seventh day. The 100 ppm concentration displayed a similar pattern, with
growth starting at 1.20 cm on the fifth day and reaching 3.89 cm on the seventh day. At 50 ppm
concentration, the shoot length reached 0.82 cm on the fifth day and 2.99 cm on the seventh day,
showing results comparable to 100 ppm. The control (o ppm) showed no shoot length on the third
day, with a minimal growth of 0.50 cm on the seventh day. At 10 ppm concentration, the shoot
length was 0.47 cm on the fifth day and 1.30 cm on the seventh day, which was better than the
control but lower than higher concentrations. At 200 ppm concentration, a significantly lower
growth was observed, with 0.35 cm on the fifth day and 1.02 cm on the seventh day. The finding are
in concordance with the observations of Das and Dutta (2022), who reported positive effects of zinc
oxide and silver NPs on the growth and yield-attributing parameters of chickpea.
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Fig. 7. Comparison of seedling (a) root length (b) shoot length among various treatments of iron
oxide NPs.

Fresh weight

The measurements on fresh weight (Figure 8(a)) demonstrated a clear trend of increasing weight
with higher concentrations of iron oxide NPs. The highest fresh weight was observed at 150 ppm,
starting at 0.3790 gm on the third day, increasing to 0.4507 gm on the fifth day, and reaching 0.5865
gm on the seventh day. Close behind was 100 ppm concentration, which showed 0.3788 gm on the
third day, 0.4346 gm on the fifth day, and 0.5674 gm on the seventh day. At 5o ppm concentration,
the fresh weight increased from 0.3751 gm on the third day to 0.5153 gm by the seventh day. The
10 ppm concentration exhibited consistent growth, with 0.3428 gm on the third day, 0.3894 gm on
the fifth day, and 0.4329 gm on the seventh day. The control (o ppm) had the lowest fresh weight,
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starting at 0.3287 gm on the third day and reaching 0.4058 gm by the seventh day. The 200 ppm
concentration showed minimal variation, with fresh weight increasing from 0.3529 gm on day three
to 0.4537 gm on day seven, slightly lower than other concentrations. These observations are in
agreement with the findings of Kaningini et al. (2023), who reported a significant enhancement in
biomass accumulation (up to 1.5-fold) following the application of iron oxide NPs in chickpea.

Dry weight

The dry weight measurements (Figure 8(b)) revealed a clear increase with higher concentrations of
iron oxide NPs. The highest dry weight was observed at 150 ppm, starting at 0.3140 gm on the third
day, rising to 0.3511 gm on the fifth day, and reaching 0.5020 gm by the seventh day. The 100 ppm
concentration showed similar growth, with 0.3139 gm on day three, 0.3459 gm on day five, and
0.4814 gm on day seven. The 5o ppm concentration had a steady increase, starting at 0.3008 gm on
day three and reaching 0.4242 gm by day seven. The 10 ppm concentration showed a consistent
increase from 0.2661 gm on day three to 0.3472 gm on day seven. The control (o ppm) had the
lowest dry weight, with 0.2579 gm on day three and 0.3263 gm on day seven. The 200 ppm
concentration showed minimal increase, starting at 0.2847 gm on the third day and reaching 0.3618
gm by the seventh day, which was lower compared to other concentrations. The enhanced growth
observed at lower concentrations resulted in increased biomass, indicating improved plant health.
This effect may be attributed to the increased iron uptake from iron oxide NPs, which likely
stimulated key physiological processes, enhanced photosynthetic efficiency, and ultimately led to
greater biomass accumulation. These findings are in good agreement with the observations of

Pawar et al. (2019).
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Fig. 8. Comparison of seedling (a) fresh weight (b) dry weight among various treatments of iron
oxide NPs.

Root-to-Shoot length ratio

The root-to-shoot length ratio exhibited variation across different concentrations of iron oxide NPs
(Figure 9). The highest ratio was observed at 200 ppm concentration on the fifth day, with a value
of 6.09, before reducing to 1.54 by the seventh day. For the control (o ppm), the ratio was 4.18 on
the fifth day and decreased to 3.48 by the seventh day. The 10 ppm concentration also displayed a
decreasing trend, with a ratio of 2.90 on day five and 1.31 on day seven. Similarly, the 50 ppm
concentration had a ratio of 2.91 on day five and 1.90 on day seven. The 100 ppm concentration
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exhibited a ratio of 2.00 on day five, which slightly reduced to 1.52 by day seven, showing similar
results as the 150 ppm concentration, where the ratio was 1.99 on the fifth day and 1.71 on the
seventh day.
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Fig. 9. Comparison of seedling root-to-shoot lengths ratio among various treatments of iron oxide
NPs.

Seedling Vigour Indices (I and II)

Seedling vigour indices (SVI-I and SVI-Il) demonstrated a clear enhancement with different
concentrations of iron oxide NPs (Figures 10(a)-(b)) up to 150 ppm concentration of NPs. The
maximum SVI-I and SVI-Il were observed at 100 ppm and 150 ppm concentrations, with no
significant difference between them. A moderate increase was seen at 5o ppm which was
significantly higher than 10 ppm and control. This indicates that iron oxide NPs at moderate
concentrations (100—-150 ppm) enhance seedling vigour, possibly by improving nutrient availability
and root elongation. However, the lowest SVI-I and SVI-II values observed at 200 ppm, indicated
poor seedling vigour, likely due to NP-induced oxidative stress.
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Fig. 10. Comparison of seedling (a) vigour index-I (b) vigour index-Il among various treatments of
iron oxide NPs.
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Pearson Correlation Analysis

The Pearson correlation coefficient was determined to ascertain statistically significant correlations
between the altered growth parameters of black chickpea and iron oxide NPs (Table 3). The
correlation coefficient above 0.79 was treated as significant. The NPs treatment showed positive
relationship with the germination percentage, root length, shoot length, fresh and dry weights, and
seedling vigour indices, whereas negative correlation was observed with root-to-shoot lengths
ratio. However, the NPs treatments didn't show a significantly positive or negative correlation with
the growth parameters. Germination percentage showed significant positive correlation with the
root length and seedling vigour indices. Likewise, root length showed significant positive
correlation with shoot length, fresh and dry weights, and seedling vigour indices. Shoot length had
positive correlation with fresh and dry weights, and seedling vigour indices. A significant positive
correlation was observed between fresh and dry weights. Seedling vigour indices showed positive
correlations with all the growth parameters.

Principal Component Analysis

Principal Component Analysis (PCA) was also carried out to investigate the possible correlations
between the NPs concentrations and various chickpea seed growth parameters. PCA is a
multivariate technique (Abdi and Williams, 2010) that transforms the original data into a new set of
uncorrelated variables known as principal components (PCs). These principal components are linear
combinations of the original parameters, where generally the first two principal components, PC1
and PC2, are taken that capture the largest and second largest variance in the data, respectively. In
the present analysis, PC1 (82% variance) was driven by the growth parameters, germination
percentage, root length, and seedling vigour indices, whereas, PC2 (15.3% variance) was driven
strongly by root-to-shoot length ratio. The PCA biplot (Figure 11) revealed a clear differentiation of
treatments based on NPs concentrations. The 100 ppm and 150 ppm treatments clustered on the
right-hand side of the plot displayed strong positive correlations with the germination percentage,
seed vigour indices, and root length. These parameters had dominant contribution towards PCz,
indicating that moderate NPs concentrations (100, 150 ppm) had positive influence on the seedling
growth. In contrast, control (o ppm), 10 ppm and 200 ppm treatments clustered on the left-hand
side indicated limited or adverse impact on the chickpea seedling growth. The root-to-shoot length
ratio contributed predominantly to PC2, displaying a unique directional vector. This indicated that
its variation was independent from the other parameters, potentially reflecting a stress response
due to NPs exposure.
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Fig. 11. PCA biplot with eight traits evaluated for six concentrations of iron oxide NPs.
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Table 3. Pearson correlation coefficients for various growth parameters of black chickpea under
iron oxide NPs nano-priming treatments.

Parameter NPC GP RL SL FW DW SVI-I SVI-II RTSLR
NPC 1
GP 0.40 1
RL 0.22 0.79 1
SL 0.31 0.74 0.97 1
FW 0.47 0.62 0.95 0.98 1
bw 0.44 0.64 0.95 0.99 0.99 1
SVI-1 0.20 0.81 0.99 0.98 0.95 0.96 1
SVI-ll 0.0875 0.88 0.97 0.96 0.92 0.93 0.98 1
RTSLR -0.47 0.03 -0.27 -0.41 -0.45 -0.42 -0.31 -0.24 1

Highly significant positive/negative correlations are highlighted in bold. NPC: NPs concentration, GP:
germination percentage, RL: root length, SL: shoot length, FW: fresh weight, DW: dry weight, SVI-I: seedling
vigour index — |, SVI-II: seedling vigour index — II, RTSLR: root-to-shoot lengths ratio.

Conclusion

This study investigated the potential of nano-priming with iron oxide nanoparticles (NPs) to
promote growth in black chickpea. Seed nano-priming was carried out using varied concentrations
of iron oxide NPs (o, 10, 50, 100, 150, 200 ppm). The seedling growth under in-vitro conditions was
assessed using various growth parameters such as germination percentage, root length, shoot
length, root-to-shoot length ratio, fresh and dry weights, and seedling vigour indices. Iron oxide
NPs treatments up to 150 ppm concentration enhanced the germination percentage, seedling root
and shoot lengths, biomass accumulation, and seedling vigour indices. However, higher
concentrations (200 ppm) inhibited the seedling growth. While most growth parameters showed a
positive, albeit statistically non-significant, correlation with NPs concentration (as determined
using Pearson correlation analysis), root-to-shoot lengths ratio did not follow this trend. Principal
Component Analysis (PCA) indicated that moderate NP concentrations (100—150 ppm) enhanced
multiple growth parameters, while both low (0o—10 ppm) and high (200 ppm) concentrations were
less effective or inhibitory to early seedling development. Overall, the findings highlight the
potential of iron oxide NPs as a co-fertilizer to support early-stage growth in black chickpea, with
optimal effects observed at concentrations up to 150 ppm.

References
Abdi H and Williams LJ (2010) Principal component analysis. Wiley Interdisciplinary Reviews:
Computational Statistics 2(4):433—459. https://doi.org/10.1002/wics.101.

Abdul-Baki, AA and Anderson JD (1973) Vigor determination in Soybean seed by multiple criteria.
Crop Science 13:630-633. http://dx.doi.org/10.2135/cropsci1973.0011183X001300060013X.

Altammar KA (2023) A review on nanoparticles: characteristics, synthesis, applications, and
challenges. Frontiers in Microbiology 14:1155622. https://doi.org/10.3389/fmicb.2023.1155622.

Begum N, Khan QU, Liu LG, et al. (2023) Nutritional composition, health benefits and bio-active
compounds of chickpea (Cicer arietinum L.). Frontiers in Nutrition 10:1218468.
https://doi.org/10.3389/fnut.2023.1218468.

Das G and Dutta P (2022) Effect of nanopriming with zinc oxide and silver nanoparticles on storage
of chickpea seeds and management of wilt disease. Journal of Agricultural Science and Technology
24(1):213-226.

Goyal A, Rani N, Hundal SS, et al. (2023) Impact of zinc oxide nanoparticles on the growth and
vermicomposting efficiency of vermicompost through Eisenia Fetida. National Journal of
Environment and Scientific Research 5(5):45-61.

Gupta N, Singh PM, Sagar V, et al. (2022) Seed priming with ZnO and Fe304 nanoparticles alleviate
the lead toxicity in Basella alba L. through reduced lead uptake and regulation of ROS. Plants
11(17):2227. https://doi.org/10.3390/plants11172227.

International Seed Testing Association-ISTA (2024a) The germination test. In International rules for
seed testing 2024(1): 1-66. https://doi.org/10.15258/istarules.2023.05.

Environmental Science (2025) Vol. IV Issue 1 DOI: 10.5281/zenodo0.15572221 308



International Seed Testing Association-ISTA (2024b) Testing coated seeds. In International rules for
seed testing 2024(1):1-18. https://doi.org/10.15258/istarules.2023.11.

Ismail SA (1997) Vermicology: The biology of Earthworms. Orient Longman Limited, Chennai.

Kaningini A G, Motlhalamme T, Cloete K J, et al. (2023) Fe203 nanoparticles from Athrixia
phylicoides DC and their effect on Cicer arietinum L. growth performance. Biocatalysis and
Agricultural Biotechnology 54:102948. https://doi.org/10.1016/j.bcab.2023.102948.

Karami-Moalem S, Maali-Amiri R, Kazemi-Shahandashti S S (2018) Effect of cold stress on oxidative
damage and mitochondrial respiratory properties in chickpea. Plant Physiology and Biochemistry
122:31-39. https://doi.org/10.1016/j.plaphy.2017.11.011.

Kebede E (2021) Contribution, utilization, and improvement of legumes-driven biological nitrogen
fixation in agricultural systems. Frontiers in Sustainable Food Systems 5:767998.
https://doi.org/10.3389/fsufs.2021.767998.

Koul B, Sharma K, Sehgal V, et al. (2022) Chickpea (Cicer arietinum L.) Biology and Biotechnology:
From domestication to  biofortification and biopharming. Plants  11(21):2926.
https://doi.org/10.3390/plants11212926.

LiJ, Hu J, Ma C, et al. (2016) Uptake, translocation and physiological effects of magnetic iron oxide
(¥-Fe203) nanoparticles in  corn (Zea mays L.). Chemosphere 15(9):326-334.
http://dx.doi.org/10.1016/j.chemosphere.2016.05.083.

Madurapperumage A, Tang L, Thavarajah P, et al. (2021) Chickpea (Cicer arietinum L.) as a source
of essential fatty acids — A Biofortification Approach. Frontiers in Plant Science 12:734980.
https://doi.org/10.3389/fpls.2021.734980.

Maswada HF, Djanaguiraman M, Prasad PVV (2018) Seed treatment with nano-iron (lll) oxide
enhances germination, seeding growth and salinity tolerance of sorghum. Journal of Agronomy and
Crop Science 204(6):577-587. https://doi.org/10.1111/jac.12280.

Mazhar MW, Ishtiag M, Magbool M, et al. (2023) Seed priming with iron oxide nanoparticles
improves yield and antioxidant status of garden pea (Pisum sativum L.) grown under drought stress.
South African Journal of Botany 162:577-587. https://doi.org/10.1016/j.sajb.2023.09.047.

Mergeb SO (2021) Impact of salinity stress during germination stage on chickpea (Cicer arietinum
L), IAR Journal of Agriculture Research and Life Sciences 2(3):34-41.

Naskar A, Goswami M, Ganguly A, etal. (2020) Effects of iron oxide nanoparticles on chickpea (Cicer
Arietinum): Physiological profiling, chlorophylls assay and antioxidant potential. International
Research Journal of Engineering and Technology 7(2):3001-3003.

Neme K, Nafady A, Uddin S, et al. (2021) Application of nanotechnology in agriculture, postharvest
loss reduction and food processing: food security implication and challenges. Heliyon 7(12):e08539.
https://doi.org/10.1016/j.heliyon.2021.e08539.

Pawar VA and Laware SL (2018). Seed Priming: A Critical Review. International Journal of Scientific
Research in Biological Sciences 5:94-101. http://dx.doi.org/10.26438/ijsrbs/v5i5.94101.

Pawar VA, Ambekar JD, Kale BB, et al. (2019) Response in chickpea (Cicer arietinum L.) seedling
growth to seed priming with iron oxide nanoparticles. International Journal of Biosciences 14(3):82-
91. http://dx.doi.org/10.12692/ijb/14.3.82-91.

Rui M, Ma C, Hao Y, et al. (2016) Iron oxide nanoparticles as a potential iron fertilizer for peanut (s).
Frontiers in Plant Science 7:815. http://dx.doi.org/10.3389/fpls.2016.00815.

Shahzad R, Harlina PW, Khan SU, et al. (2024) Iron oxide nanoparticles alleviate salt-alkaline stress
and improve growth by modulating antioxidant defense system in cherry tomato. Journal of Plant
Interactions 19(1). https://doi.org/10.1080/17429145.2024.2375508.

Singh A, Basnal N, Shukla G, et al. (2022) Evaluation of efficacy of phyto-synthesized iron oxide
nanoparticles in contributing drought resilience in wheat (Triticum aestivum L.). Nanotechnology
33:485101. http://dx.doi.org/10.1088/1361-6528/ac8c48.

Tamindzi¢ G, Azizbekian S, Miljakovic¢ D, et al. (2024) Assessment of various nanoprimings for
boosting pea germination and early growth in both optimal and drought-stressed environments.
Plants, 13(11):1547. https://doi.org/10.3390/plants13111547.

Environmental Science (2025) Vol. IV Issue 1 DOI: 10.5281/zenodo0.15572221 309



Esn

YoonH, Kang YG, Chang YS, etal. (2019) Effects of zerovalent iron nanoparticles on photosynthesis
and biochemical adaptation of soil-grown arabidopsis thaliana. Nanomaterials 9(11):1543.
https://doi.org/10.3390/nanog111543.

Yuan J, Chen Y, Li H, et al. (2018) New insights into the cellular responses to iron nanoparticles in
Capsicum annuum. Scientific Reports 8:3228. https://doi.org/10.1038/s41598-017-18055-w.

Zhang J, Wang J, Zhu C, et al. (2024) Chickpea: Its origin, distribution, nutrition, benefits, breeding,
and  symbiotic  relationship  with  Mesorhizobium  species.  Plants  13(3):429.
https://doi.org/10.3390/plants13030429.

Zuluaga MYA, Cardarelli M, Rouphael Y, et al. (2023) Iron nutrition in agriculture: From synthetic
chelates to biochelates. Scientia Horticulturae 312 (2023):121833.
https://doi.org/10.1016/j.scienta.2023.111833.

Author Contributions

NR and ND conceived the concept and supervised the study. RK performed the experiment and
collected data. RK, ND and NR designed the analysis tools and performed analysis. ND and NR wrote
the manuscript with input from all the authors. RK, ND and NR reviewed and approved the
manuscript.

Acknowledgements

The authors express their sincere thanks to the Director of Research, School of Organic Farming,
EMN laboratory, and Department of Soil Science, Punjab Agricultural University, Ludhiana for the
support to carry out the research. The authors also acknowledge Chandigarh University, Mohali for
SEM facility.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Competing interest
The authors declare no competing interests.

Ethics approval
Not applicable.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution, and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third-party material in this
article are included in the article’s Creative Commons license unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission  directly ~ from  the  copyright  holder. Visit ~ for  more  details
http://creativecommons.org/licenses/by/s.o/.

Citation: Kaur R, Rani N and Dhingra N (2025) Vermiwash Assisted Synthesis of Iron Oxide
Nanoparticles and Their Efficacy for Seed Nanopriming of Black Chickpea (Cicer arietinum L.).
Environmental Science Archives 4(1): 297-310.

Environmental Science (2025) Vol. IV Issue 1 DOI: 10.5281/zenodo0.15572221 310


http://creativecommons.org/licenses/by/4.0/

