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ARTICLE INFO ABSTRACT

Handling Editor: Shivendra Sahi Chromium (Cr) is a hazardous metal that has a significant risk of transfer from soil to edible parts of food crops,

including shoot tissues. Reduction of Cr accumulation is required to lower the risk of Cr-exposed in humans and

Keywords: animals feeding on metal-contaminated parts of such plant. Zea mays is a global staple crop irrigated intensively
Cr-mitigation with Cr-contaminated water. Consequently, the objective of this study was to investigate that FI-stabilized ZnO
Osmoprotectants

NPs could be used as an eco-friendly and efficient amendment to reduced Cr uptake and toxicity in Zea mays. To
investigate the growth parameters, physiological, oxidative stress and biochemical parameters under different
Cr-VI concentrations (10.0, 15.0, and 20.0 ppm). Cr exposed Z. mays plants exhibited substantially reduced plant
biomass, chlorophyll contents, and altered antioxidant enzyme activity compared to untreated control. The re-
sults revealed that foliar application of Fagonia-ZnO-NPs helps eliminate the harmful effects of Cr (VI), which can
enter plants through soil pollution. Increased levels of proline, soluble sugars and various antioxidant enzymes
reflected this. Mean comparisons showed that Cr stress led to a 33-50% reduction in fresh shoot weight,
73-170% in fresh root weight, 16-34% shoot length, 9.5-129% root length, Chlorophyll contents 20-33% (Chl
a), 18-27% (Chl b) and 17-27% (car), 14-33% total soluble sugars, 54-170% proline content, 7-7.5% POD,
0.66-75% CAT and 32-77% APX enzyme activities compared to untreated plants. Application of FI-stabilized
ZnO NPs led to an increase 21-77% in fresh shoot weight, 22-45%, fresh root weight, 3-35% shoot length,
24-154% root length, Chlorophyll contents 39-60% (Chl a), 15-79% (Chl b) and 28-82% (car), 19-52% total
soluble sugars, 21-55% proline content, 14-43% POD, 34-95% CAT and 130-186% APX enzyme activities under
10, 15 and 20 ppm Cr stress respectively, compared to Cr-treated plants. However, the principal component
analysis revealed that chlorophyll contents, carotenoid, CAT, APX and length were in the same group and
showed a positive correlation. These data collectively suggest that phytostabilized zinc oxide NPs may be an eco-
friendly solution to mitigate Cr toxicity in agricultural soils and crop plants.

Oxidative stress and phyto-nanotechnology

1. Introduction

Globally heavy metal pollution has become a severe environmental
hazard in recent decades. Chromium (Cr)VI is a heavy metal found
naturally and according to the earth’s mantle it is the 17th most abun-
dant element (Bhalerao and Sharma, 2015; Chandra & Kulshrestha,
2004). Although Cr is required at minimal levels for plant and animal
growth, it is a serious environmental pollutant at greater concentrations.
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The emission of Cr(VI) into the soil, air, and water is the result of natural
sources and also anthropogenic activities, resulting in Cr(VI) pollution
across the world (Lin et al., 2020). Cr quickly penetrates and bio-
accumulates directly or indirectly in the food chain due to pollution of
food lands and the drinking system (McNeill et al., 2012; Shrivastava
et al., 2002; Batayneh, 2012). Plants display indications of Cr(VI)
toxicity, including delayed germination of seed, roots damaged and
decreased root development, reduced biomass, reduced plant height,
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photosynthetic impairment, membrane damage, leaf chlorosis, necrosis,
low grain production, and finally, plant death (Muhammad et al.,
2022Amin et al., 2013). In Triticum. Aestivum, various Cr(VI) concen-
trations caused a decrease in root length and root dry weight (Ghani
et al., 2015). Citrus aurantium is one of these species (Shiyab, 2019),
Najas indica, Vallisneria spiralis, and Alternanthera sessilis under Cr(VI)
toxicity, there was a reduction in chlorophyll (Chl) concentration
(Chandra & Kulshrehtha., 2004). Cr hinders mitochondrial electron
transport in higher plants, resulting in raised reactive oxygen species
production and oxidative stress, as well as pigment and chloroplast
changes (Hauschild and Putrescine., 1993).

Nanotechnology has made enormous strides in the previous two
decades in sciences due to its very useful applications in various human
welfare domains. Nanoparticles; NPs (1-100 nm) have very strong
reactivity, mobility, good surface-to-volume ratio, and numerous
distinguished characteristics (Shao et al., 2008; Sharif et al., 2019a).
Various plants have been synthesizing an extensive spectrum of metallic
NPs (Das et al., 2017; Lin et al., 2020; Adeel et al., 2021). Plants toler-
ance to heavy metals is significantly enhanced by using NPs, and they
can absorb or bind with heavy metals in the soil, limiting the mobility
and bioavailability of heavy metals. However, several studies have
indicated that plant-mediated AgNPs successfully alleviate salt stress
(Abou-Zeid and Ismail, 2018; Almutairi, 2016; Sharif et al., 2019b).
Plant-mediated AgNPs were found to assist in preserving water balance
in lentils under drought stress by increasing growth parameters such as
shoot length, and fresh and dry weight, according to single research
(Hojjat, 2016; Banan et al., 2020; Adeel et al., 2021). A previous study
reduced cadmium toxicity by applying Moringa zinc oxide (MZnO-NPs)
on Linseed plants. Results confirmed that phytostabilized Zn NP can
potentially eliminate cadmium negative effects on plant growth (Ram-
zan et al., 2022). Most NP concentrate in cell walls, bind to heavy metal
and render them inactive by creating complexes. These complexes bind
to the cell surface and get adsorbed (Wang et al., 2021; Cui et al., 2017),
As a result, heavy metal movement in plants is hampered, and their
biological activity is reduced. According to the current research, ZnO-NP
aids in the reduction of Cr (VI) toxicity by enhancing the activity of the
plant’s anti-oxidative enzymes.

Furthermore, Zinc (Zn) is an important micronutrient for plant
growth and development. Its withdrawal indicators of chlorosis are a
reduction in plant vigor. Zn is the only metal found in all six enzymes,
making it essential for protein regulation (Bouain et al., 2014; Hafeez
et al., 2013).

In the present study, we aimed to investigate the Cr ameliorative
potential of ZnO NPs synthesized from F. indica leaf via the green
method, which is considered low-cost and eco-friendly to the environ-
ment. Thus, this research employed Z. mays as a model to define the
effects of FI-ZnO NPs on seedling growth and its physio-biochemical
responses.

2. Materials and methods
2.1. Preparation of Fagonia Indica extract

Fagonia Indica (FI) shrub leaves collected from Lal Sohanra National
Park and prepared powder form of washed and dried Fagonia Indica
leaves. To prepare the broth solution, a 3 g of FI (locally known as
Dhaman) powder was added to 100 ml of distilled water and then heated
at 90 °C for 30 min using a hotplate under continuous stirring condi-
tions. After cooling at room temperature, the extract was filtered
through Whatman No.1 filter paper to eliminate the residues. The
filtrate was stored in a glass vial at 4 °C for further experimentation. As-
prepared FI green extract was then used for biological reduction and
stabilization of ZnO NPs.

131

Plant Physiology and Biochemistry 196 (2023) 130-138
2.2. Synthesis of Fagonia Indica-stabilized ZnO nanoparticles

For FI extract-mediated synthesis of ZnO NPs, distilled water was
used as a solvent throughout the procedure as shown in schematic 1. In
this typical synthesis, FI extract was mixed with 0.5 M zinc acetate
dehydrate/Zn(CH3CO3)2-2H20 (Sigma Aldrich, 99.99% purity) solution
in a ratio 1:1. The mixture was then put on stirring continuously for 2 h
following the dropwise addition of 0.5 M NaOH (Sigma Aldrich, >98%,
pellets (anhydrous)) solution until resulted in yellowish precipitate
formation. The precipitate was then filtered using filter paper and
washed twice with distilled water, followed by ethanol to remove the
byproducts, and finally, oven-dried at 95 °C for 90 min. The dried cream
color powder was fine crushed using a mortar and pestle (Elumalai et al.,
2015). After the accompanying thermal stability of the green-
synthesized ZnO NPs, the crushed powder sample was calcined at 450
°C for 60 min and fine ground, thus ready for further characterization
(see Scheme 1).

3. Characterization

To confirm the morphology and stability of FI-stabilized ZnO NPs,
the absorption spectrum of the as-prepared sample was obtained
through Epoch Microplate Spectrophotometer (UV-Vis) in the 200-800
nm wavelength range. The X-ray diffraction for the sample was per-
formed through Bruker-D8 Advance X-ray Diffractometer with Cu Ka
radiation (A = 1.54 ;\), operated at 35 mA and 40 KeV that scanned the
sample at room temperature from 20° to 85° for its structural analysis.
To examine the surface morphology of FI-stabilized ZnO NPs, a JEOL
SEM (made in Japan) was used. An X-ray analysis option (EDX) equip-
ped with the SEM was utilized to determine the sample’s elemental/
quantitative compositional information.

3.1. Experimental design

Maize seeds were obtained from the Poonam Seed Company in Fai-
salabad. Plastic pots (8 inches) were used to grow the plants. The pots
were filled with agricultural (loam) soil and put in a naturally illumi-
nated greenhouse. According to the soil profile, pH is basic (7.9), organic
carbon is low (0.38), and Ec is normal (0.18ds meter-1) except for ni-
trogen and Cr, which are both present in low amounts.

3.2. Treatments

For one month in a shaded region, the soil was spiked with various
Cr-treatments (10, 15 and 20 ppm) in the form of CrCly. The ZnO NPs
were prepared in the Physics lab, Islamia University Bahawalpur (IUB),
and Fl-stabilization. Application of 50 mg/L FI-stabilized ZnO NPs was
sprayed on one-month-old seedlings of Zea mays two times with one
weak interval. Applying 50 mg/L FI-stabilized ZnO NPs was sprayed on
one-month-old Zea mays seedlings twice with one weak interval. Each
treatment was replicated three times. The plants were harvested for
further analysis two weeks after the foliar spray.

3.3. Morpho-physiological attributes

Shoot and root length, fresh and dry shoot and root weight, and
morphological parameters were measured in cm and gram using a ruler
and weighing scale, respectively. Plant tissues were oven dried at 70 °C
until they reached a consistent weight.

3.4. Chlorophyll and carotenoid contents

Freshly harvested leaves were used for the concentration of photo-
synthetic pigments and were measured spectrophotometrically by
Lichtenthaler (1987). For Chl “a,” Chl “b,” and carotenoids, the pigment
extract was measured at 663, 644, and 452.5 nm, respectively, against a
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Scheme 1. Schematic illustration of the synthesis of Fagonia Indica (FI)-stabilized ZnO NPs.

blank of pure 80% acetone.
3.5. Electrolyte leakage

Leaf samples were positioned vertically in a tube of deionized water
(10 ml) for 2 h following this, initial electrical conductivity (EC) of the
solution was noted (EC;), then samples were heated for 20 min, cooled,
and final ECf measured. The following formula was used to calculate
electrolyte leakage (Dionisio-See and Tobita, 1998).

Electrolyte leakage % = (Ec; / Ecy) x 100

3.6. Oxidative stress

Sergiev et al. (1997) set the following protocols, oxidative stress
indices such as hydrogen peroxide (H205) and MDA content of leaves
were determined. A spectrophotometer measured the OD at 390 nm,
432 nm, and 600 nm for H,0, and MDA, respectively.

3.7. Osmoprotectants

Bates et al. (1973) provided the methodology for determining pro-
line content, and the optical density was measured with a spectropho-
tometer at 520 nm. Implementing the methods of (Luo et al., 2008) and
(Yem and Willis., 1954), respectively, to estimate total soluble carbo-
hydrates and total soluble protein. The quantity of total protein in the
samples was determined using the bovine serum albumin standard
curve. At 620 nm, soluble sugar (starch) was spectrophotometrically
quantified.

3.8. Estimation of anti-oxidative enzyme activities

The enzyme extraction method was completed at 0-4 °C. Using a
previously cold mortar and pestle, 2 g of fresh and cleansed leaf tissue
were homogenized in 10 ml of 0.1 M potassium phosphate buffer (pH
7.0). The homogenate was centrifuged for 15 min at 10,000 rpm. The
crude extract supernatant was collected and utilized to measure the
activity of all the enzymes simultaneously.

3.9. Superoxide dismutase

The activity of SOD to inhibit nitro blue tetrazolium photochemical
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reduction was assessed using the method of Misra and Fridovich (1972)
absorption method at 560 nm.

3.10. Peroxidase

Shannon et al., (1966) method were used to calculate POD enzyme
activity. Under assay circumstances. The quantity of enzyme that cata-
lyzed the oxidation process of 1 M Hy0, minute ! is defined as one
enzyme unit.

3.11. Catalase

The activity of catalase enzymes was assessed using Aebi (1984)
technique, and the disappearance of HyO9 was measured at 240 nm for
2 min in a UV-Vis spectrophotometer.

3.12. Ascorbate peroxidase

Following the HyO»-dependent oxidation of ascorbic acid at 290 nm
for 2 min was used to measure enzyme activity (Sairam et al., 2002).

3.13. Statistical analysis

All the data were analyzed using IBM SPSS Statistics 2.3 software,
and a One-way analysis of variance and honest significant difference
(HSD) test was done. Principal component analysis was also measured
by using R software.

4. Results
4.1. Characterization of FI-stabilized ZnO NPs

Fig. 1(a) shows the SEM micrograph taken to evaluate the di-
mensions and shape of FI-stabilized ZnO NPs. The green ZnO NPs are
sheet-like structures incorporating small particle sizes in the nano
regime. The NPs sample could not be finely ground before the analysis.
The size estimate of these small particles falls below 900 nm. Fig. 1(b)
shows the corresponding energy dispersive X-ray (EDX) spectroscopic
analysis of FI-stabilized ZnO NPs, clearly indicating the peaks for Zn and
Oxygen. To gain further insight into the composition of FI-stabilized ZnO
NPs, the analysis of the sample was performed using the dispersive en-
ergy X-ray (EDX) spectroscopic technique. The EDX spectrum of the
sample obtained from the SEM-EDX analysis shows that the sample
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Fig. 1. (a) SEM image of FI-stabilized ZnO NPs exhibiting nano size pieces accumulated on the bulk, (b) EDX clearly showing traces of Zn and oxygen, (c) corre-
sponding UV-Vis absorption spectrum and (d) XRD pattern of FI- stabilized ZnO NPs.

prepared using Fagonia Indica shrub extract has pure ZnO phases, and
the reaction product is composed of high-purity ZnO NPs. The approx-
imate atomic ratio of Zn to oxygen was found to be 3.46:96.54, shown by
the inset in Fig. 1(b).

Fig. 1(c) shows the UV-Vis absorption spectrum of FI-stabilized ZnO
NPs. Pure Fagonia Indica extract does not show significant absorption in
the visible region (Rukhsana Mariam, 2021). Usually, pristine ZnO
shows no absorption peak in the visible region, but an equitable ab-
sorption band is observed in the UV region, which is attributed to the
band edge absorption of the hexagonal wurtzite crystalline structure of
ZnO material (Manoj, 2014). Fig. 1(d) shows the XRD pattern of the
sample, where the diffraction peaks are obvious at values of 20 =
31.852°, 34.511°, 36.331°, 47.62°, 56.66°, 62.917°, 66.435°, 67.99°,
and 69.175° corresponding to (100), (002), (101), (102), (110), (103),
(200), (112), and (201) crystalline planes, respectively. This agrees with
the previously reported literature being indexed to the hexagonal
wurtzite type of ZnO material (JCPDS 36-1451) (Wang et al., 2020). The
sharpness of the XRD pattern reflects the crystalline quality of FI- sta-
bilized ZnO NPs. No other diffraction peaks have been observed in the
pattern, indicating the absence of any secondary phases of the sample.

The harmful effect of Cr (VI) stress on plant development, chloro-
phyll content, osmoprotectants, oxidative stress, and antioxidant en-
zymes was mitigated by FI-stabilized ZnO NPs, which resulted in a large
increase in their levels. Control plants, FI-stabilized ZnO NPs treated
plants, and Cr(VI) stressed plants have dramatically different physical
appearances. Plants treated with Cr(VI) alone were shorter than those
treated with Fl-stabilized ZnO NPs (50 mg/L). The following are the
findings of this research.

4.2. Effect of foliar FI-stabilized ZnO NPs on Cr(VI) induced
suppression in morphometric parameters

Cr(VI) toxicity reduced plant growth and development as Cr con-
centrations increased (10, 15, and 20 ppm). The positive influence of
exogenously given FI-stabilized ZnO NPs on growth characteristics of
Z. mays plants under Cr(VI) stress was observed. The results demonstrate
that under Cr stress, the growth characteristics of Z. mays plants
significantly deteriorated dramatically compared to control plants (p <
0.0001).
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4.3. Fresh weight content

In plants cultivated under 10.0, 15.0, and 20.0 ppm Cr, the fresh
weight of the shoots reduced by 46%, 33%, and 50%, respectively,
compared to control plants (Table .1; Fig. 2). According to the findings,
FI-stabilized ZnO NPs considerably boosted the fresh weight content of
shoots in Z. mays plants (Fig. 2). Foliar spray of FI-stabilized ZnO NPs
(50 mg/L) enhanced shoot fresh weight content by 21, 77, and 233.0%
under 10.0, 15.0, and 20.0 ppm Cr, respectively.

Cr-treated seedlings (10.0, 15.0, and 20.0 ppm), the fresh weight of
the roots was reduced by 73, 98, and 170%, respectively, compared to

Table 1
One-way analysis of variance and honest significant difference (HSD) test values
for comparison of eight treatment means of studied variables.

Variables Mean squares

Treatments Error F-value HSD
TSS 3.49 0.015 231.4 0.348
TSP 1.56 0.007 229.2 0.234
Proline 3451.5 0.18 18851.5 1.2
Chl a 0.085 0.00008 1037.37 0.025
Chl b 0.02 0.00002 987.36 0.013
Total Chl 0.18501 0.00007 2613.39 0.024
Carotenoid 0.076 0.00008 957.18 0.025
SOD 874.71 0.005 194,020 0.19
POD 1020.44 0.01 94194.8 0.295
CAT 383.88 0.013 29719.9 0.322
APX 9.68 0.00053 18164.3 0.065
H202 3.89 0.00008 46642.1 0.026
MDA 2.45 0.0001 22654.1 0.029
FSW 66.58 0.0006 103,731 0.072
DSW 3.589 0.0018 1994.34 0.12
SDW% 25.23 0.005 4567.33 0.21
Shoot Length 16.49 0.007 2473.99 0.23
EL% 565.83 0.017 323335 0.374
FRW 3.44 0.003 1282.35 0.147
DRW 0.155 0.00001 11372.3 0.01
RDW% 2.75 0.09 30.41 0.851
Root length 62.21 0.006 9934.57 0.22

Df for treatment and error is 7 and 16 respectively and effect of eight treatments
on each parameter is significant at p-value <0.0001.
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Fig. 2. Treatments of morphological (above) parameters and photosynthetic (below): treatments 1 = control; 2 = 50 mg/L FI ZnO NP; 3 = 10 ppm Cr; 4 = 15 ppm Cr;
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control plants (Fig. 2). Fagonia indica-ZnO-NP considerably boosted the
fresh weight content of roots in Z. mays plants, according to the findings
(Fig. 2). FI-stabilized ZnO NPs supplementation, significant (p < 0.0001)
increased root fresh weight content was 22%, 45% and 36% in 10.0,
15.0, and 20.0 ppm Cr-treated seedlings, respectively, over Cr-treated
seedlings alone (Table-1).

4.4. Dry weight content

Cr (10.0, 15.0, 20.0 ppm) dropped the shoot dry weight by 70.60,
35.98, and 73.46%, respectively, relative to untreated seedlings (Fig. 2).
FI-stabilized ZnO NPs at 50 mg/L concentrations dramatically raise
shoot dry weight in Z. mays plants by 54% and 145% at higher levels,

iz., 15.0 and 20.0 ppm, except for lower treatment relative to Cr-
treated seedlings without NP. Cr-treated plants showed increased root
dry weight by 97, 10, and 9.3% at 60 DAS in seedlings cultivated under
10, 15, and 20 ppm Cr, respectively. Exogenous application of 50 mg/L
FI-stabilized ZnO NPs treatment increased root dry weight by 8, 9, and
7.8% in Cr- treated plants, respectively, relative to Cr-treated plants
alone. According to ANOVA (Table .1), F-value was exhibited a signifi-
cant effect on the dry weight of the plant.

4.5. Shoot and root length

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had decreased shoot
length by 16.52, 34.34, and 23.91%, respectively, compared to non-Cr-
treated plants. Exogenous administration of 50 mg/L FI-stabilized ZnO
NPs increased shoot length by 10.0, 15.0, and 20.0 ppm Cr-exposed
plants by 3.12, 35, and 13%, respectively, relative to the plants
treated with Cr without FI-stabilized ZnO NPs. (Fig. 2).

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had decreased root
length by 15.19, 9.54, and 129.68%, respectively, compared to non-Cr-
treated plants. Exogenous administration of 50 mg/L FI-stabilized ZnO
NPs increased root length by 10.0, 15.0, and 20.0 ppm Cr-exposed plants
by 154.1, 106.45, and 24%, respectively, relative to the plants treated
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with Cr without Fl-stabilized ZnO NPs (Fig. 2). According to ANOVA
(Table .1), F-value exhibited significant effects on shoot and root length.

4.6. Chlorophyll contents

Chlorophyll “a” and “b” contents decreased by 25, 33, and 20%
(Figs. 2) and 31, 18, and 27% in Z. mays plants grown under 10, 15, and
20 ppm Cr, correspondingly. FI-stabilized ZnO NPs (50 mg/L) consid-
erably boosted the chlorophyll contents in Cr-treated Z. mays plants.
Plants cultivated less than 10 ppm, 15 ppm, and 20 ppm Cr increased
their chlorophyll “a" content by 60, 55, and 39% at 60 DAS on 50 mg/L
FI-stabilized ZnO NPs treatment. At 60 DAS, FI-stabilized ZnO NPs (50
mg/L) improved the chlorophyll “b" content of plants growing under
10.0 ppm, 15.0 ppm, and 20.0 ppm Cr by 79.3, 43.3 and 15.69%,
respectively. Carotenoids increased by 43.4, 82.5 and 28.71% at 60 DAS
in plants cultivated under 10.0 ppm, 15.0 ppm, and 20.0 ppm Cr,
respectively, after treatment with 50 mg/L FI-stabilized ZnO NPs.
Furthermore, in 10.0, 15.0, and 20.0 ppm Cr-treated plants, carotenoid
levels decreased by 27, 17, and 21%, respectively. According to ANOVA
(Table .1), F-value exhibited a significant difference between all treat-
ments based on photosynthetic parameters.

5. Oxidative stress and electrolyte leakage

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had increased HoO»
levels by 65.11, 17.44, and 277%, respectively, compared to non-Cr-
treated plants. Exogenous administration of 50 mg/L FI-stabilized ZnO
NPs reduced MDA content in combination with 10.0, 15.0, and 20.0 ppm
Cr-exposed plants by 55.63, 5, and 17.23%, respectively, relative to the
plants treated with Cr without FI-stabilized ZnO NPs (Fig. 3).

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had increased MDA
levels by 17.27, 4.54, and 96%, respectively, compared to non-Cr-
treated plants. Exogenous administration of 50 mg/L FI-stabilized ZnO
NPs reduced MDA with 10.0, 15.0, and 20.0 ppm Cr-exposed plants by
29.06, 6.66, and 9.22%, respectively, relative to the plants treated with
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Cr without FI-stabilized ZnO NPs (Fig. 3).

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had increased
electrolyte leakage by 200, 350, and 430%, respectively, compared to
non-Cr-treated plants. Exogenous administration of 50 mg/L FI-stabi-
lized ZnO NPs reduced electrolyte leakage in the 10.0, 15.0, and 20.0
ppm Cr-exposed plants by 33.33, 31.11, and 45.28%, respectively,
relative to the plants treated with Cr without FI-stabilized ZnO NPs
(Fig. 3).

6. Total soluble sugars, protein and proline

For plants exposed to 10.0, 15.0, and 20.0 ppm Cr, the amount of
soluble sugar fell by 33.89, 14.22, and 15.89%, respectively, compared
to the non-Cr-treated plants. However, foliar spray of 50 mg/L FI-sta-
bilized ZnO NPs improved total soluble sugar by 19.06, 46.52, and
52.70%, respectively, relative to their respective negative controls.

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had reduced total
soluble protein content by 200, 250, and 350%, respectively, compared
to non-Cr-treated plants. Exogenous administration of 50 mg/L FI-sta-
bilized ZnO NPs raised total soluble protein concentration in combina-
tion with 10.0, 15.0, and 20.0 ppm Cr-stressed plants by 91.95, 94.91,
and 64.63%, respectively, as compared to the plants treated with Cr
alone (Fig. 3).

Plants exposed to Cr (10.0, 15.0, and 20.0 ppm) had reduced proline
content by 170, 54.15, and 63.69%, respectively, compared to non-Cr-
treated plants. Exogenous administration of 50 mg/L FI-stabilized ZnO
NPs raised proline concentration in the 10.0, 15.0, and 20.0 ppm Cr-
stressed plants by 55.63, 219, and 21.28%, respectively, as compared
to the plants treated with Cr alone. Table .1 shows that significant dif-
ferences among treatments were observed for oxidative stress
parameters.
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6.1. Effect of Cr(VI) and exogenous FI-stabilized ZnO NPs on anti-
oxidative defense system of Z.mays plants

The activity of Superoxide dismutase increased by 221-431%, but
the activities of peroxidase, catalase, and ascorbate peroxidase enzymes
decreased by 7.0-7.56, 0.66-75.25%, and 32.48-77.69%, respectively,
as the concentration of Cr (10.0, 15.0, and 20.0 ppm) (Fig. 4). In com-
parison to Cr-treated Z. mays plants alone, FI-stabilized ZnO NPs (50 mg/
L) treatment with Cr concentrations (10.0, 15.0, and 20.0 ppm) boosted
SOD (108-277%), POD (14.75-43.0%), CAT (34.88-95.77%), and APX
(130-186%) enzyme activity.

6.2. Effect of exogenous FI-stabilized ZnO NPs on Cr-VI accumulation in
Z.mays plant

With an increase in Cr(VI) supply, the Cr(VI) concentration in
Z. mays roots increased dramatically (3-7%). Cr(VI) content in Z. mays
roots rose as the growth stage progressed. Exogenous application of FI-
stabilized ZnO NPs (50 mg/L) resulted in a significant reduction
(4-10%) in Cr(VI) absorption from the soil to the roots of Z. mays
(Supplementary, Fig. 1). Applying FI-stabilized ZnO NPs to Z. mays
plants cultivated under Cr stress reduced its toxicity considerably.

6.3. Principal component analysis

Principal component analysis (PCA) was performed on the studied
variables and their eight treatments as observations. Through eigen-
value analysis, seven principal components (PCs) were generated,
explaining 100% variation under the eigenvalue up to 0.192. The
principal component at the x-axis (PC1) was extracted with an eigen-
value of 10.546, explaining 48% variation. The principal component at
the y-axis (PC2) with 4.026 eigenvalues captured 18% of variation;
hence 66% variation in the data was explained by this PCA. Chlorophyll
contents, chlorophyll a, carotenoid, CAT, APX, and Length were
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Fig. 4. Antioxidant enzymes viz, superoxide dismutase (SOD); peroxidase dismutase (POD); catalase (CAT) and ascorbic peroxidase (APX): treatments 1 = control; 2
= 50 mg/L FI ZnO NP; 3 = 10 ppm Cr; 4 = 15 ppm Cr; 5 = 20 ppm Cr; 6 = 50 mg/L FI ZnO NP +10 ppm Cr; 7 = 50 mg/L FI ZnO NP +15 ppm Cr and 8 = 50 mg/L FI

ZnO NP+ 20 ppm Cr.

explained by the PC1 and grouped under positive correlation (Table 2
(Supplementary), Fig. 5-right); while TSP, SDW% and EL% were placed
in negative correlation to the PC1. At PC2, TSS, proline, POD, H;0,,
MDA, EL%, FRW, and DRW were explained with high eigenvector
values.

Treatments as observations were also grouped based on the strength
of association using PCA. Treatment of 10.0, 15.0, and 20.0 ppm Cr
grouped along PC1 and were negatively correlated with 50 and 50 +
15.0 GNP treatments at the x-axis (PC1). Treatment of 50 GNP+20.0 Cr
was explained by PC2 and negatively correlated with control and FI-
stabilized ZnO NPs +10.0 Cr along the y-axis (Fig. 5 left).

7. Discussion

In agricultural soils worldwide, Cr poisoning has become a serious

concern and needs to be addressed immediately (Maiti et al., 2014;
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Pandey et al., 2009). Cr(VI) contamination has had several harmful
consequences on the health of plants and animals (Ali et al., 2015). By
interfering with various biochemical and physiological processes, Cr
(VI) prevents seed germination and plant development, including pro-
tein synthesis, photosynthesis, and the enzymatic and non-enzymatic
anti-oxidative defense system (Farooq et al., 2016; Li et al., 2005).
Plant quality and tolerance capacity are also affected by Cr(VI) toxicity
(Atici et al., 2005; Shao et al., 2008). The present study exogenously
supplied FI-stabilized ZnO NPs, and was used to investigate their
ameliorative function in Z. mays plants treated with various Cr con-
centrations (10.0, 15.0, and 20.0 ppm). The conclusions of this study
agree with the findings of other researchers who revealed that phytos-
tabilized NPs positively reduced Cr toxicity in different plant species
(Mingshu et al., 2021; Patnaik et al., 2013). Present results confirmed
that Cr (VI) levels increased in different plant parts when Cr (VI) levels
increased in the soil. Numerous researchers observed similar findings in
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Fig. 5. Principal component analysis (PCA) of studied treatments (left) and variables (right).
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mung bean plants cultivated under Cr stress (Banerjee et al., 2011; Bera
et al.,, 1999; Samantaray, 2002). Similar findings were observed by
Gomes et al. (2001).

Applying NPs to a plant can result in the modification of gene
expression and alteration of genetic pathways, ultimately affecting the
growth and development of that plant (Adeel et al., 2021; Nair et al.,
2010). In a recent study (Abdelsalam et al., 2019), the effect of
foliar-applied NPs was studied. AgNPs have been shown to interfere
with nitrification activity and possibly affect nitrogen oxide emissions
(Ahmad et al., 2019; Zheng et al., 2017).

Through co-precipitation, iron oxide NPs from leaf extract could
stabilize Cd and As in soil (Lin et al., 2019; Su et al., 2020). In a
roundabout way, green NPs can help with soil cleanup. Plant
extract-mediated Ag NPs may help plants grow by increasing soil pH,
nutritional bioavailability, and water retention capacity (Das et al.,
2017; Sharif et al., 2023).

The current investigation found that 20.00 ppm Cr significantly
lowered the chlorophyll content in maize plants (Figs. 1-2). However,
using FI-stabilized ZnO NPs (50 mg/L) considerably boosted total
chlorophyll content (27-65.64%). FI-stabilized ZnO NPs treatment at 50
mg/L in maize plants resulted in the greatest increase. The photosyn-
thetic pigments were changed by FI-stabilized ZnO NPs application,
which increased plant performance such as nutrition intake and anti-
oxidative defense. It is also known that metal ions influence the activ-
ity of the photosystem and, thus, the course of photosynthesis (Wiechen
et al., 2012). Silver ions released from AgNPs can be expected to sub-
sequently interfere with these key metabolic pathways (Karel et al.,
2019). As compared to control plants, FI-stabilized ZnO NPs (50 mg/L)
considerably improved plant growth (root-shoot length) of maize under
Cr (VI) toxicity (3.12-154.1%). (Fig. 1).

Seedlings treated with green-synthesized NPs had longer root and
shoot lengths (47% root and 105% shoot) than those treated with
chemical ZnO NPs at 62.0 mg/L concentrations. At different NP levels
(0, 15, 62, 125, 250, and 500 mg/L), the optimal concentrations of ZnO
NPs for seedling emergence and germination of wheat (Triticum aestivum
L.) were investigated. As a result, the green ZnO NP-treated seeds grew
faster than the control seeds (Singh et al., 2019). In the study of (Prasad
and Jha, 2009), even a small dose of GNPs greatly impacted the growth
and production rate of peanut seeds. The particle size, distribution,
chemical content, surface properties, and NP application level have all
been found to affect plant germination growth (Noman et al., 2022;
Xiang et al., 2015; Zafar et al., 2016; Jhansi et al., 2017).

Protein contains a high amount of proline, an essential amino acid.
During times of stress, free proline is extremely important in plants.
Under physiological and pathological stress situations, many studies
have revealed a significant increase in proline content. In the current
study, FI-stabilized ZnO NPs were found to increase proline, soluble
carbohydrates, and total soluble protein levels (Fig. 3) under different Cr
(VD) treatments, implying that green NP may protect against heavy metal
stress.

Plants can use enzymes like ascorbate peroxidase, catalase, super-
oxide dismutase, polyphenol oxidase, peroxidase, and glutathione
reductase, to defend themselves from the detrimental effects of heavy
metal stress and metabolites like glutathione, proline, and ascorbate to
reduce reactive oxygen species (ROS) accumulation (Shahid et al., 2014;
Singh et al., 2013). According to the findings, the FI-stabilized ZnO NPs
treatment (50 mg/L) boosted the activity of antioxidant enzymes in
maize plants cultivated under Cr stress (Fig. 4). Compared to control and
Cr(VI) treated plants, FI-stabilized ZnO NPs treatment significantly
boosted superoxide dismutase, peroxidase, ascorbate peroxidase, and
catalase enzyme activity (27.89-344%). According to reports, ascorbate
and proline may consume ROS produced in plants due to stress (Akram
et al., 2017; Hayat et al., 2012). By quenching or converting ROS into
safe forms, the anti-oxidative defense system (enzymatic and
non-enzymatic) may protect plant cells from oxidative damage (Karel
et al.,, 2019). The administration of Fl-stabilized ZnO NPs during Cr
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stress improved the activity of all anti-oxidative enzymes in this
investigation.

Furthermore, chronic Cr stress reduces the capacity of maize plants’
anti-oxidative defense mechanism to withstand Cr stress. Because the
anti-oxidative defense mechanism in Cr-treated plants is less active,
antioxidants are less effective at consuming ROS, increasing the likeli-
hood of ROS accumulation in the plant cell, which leads to plant mor-
tality. However, foliar spray of plant-mediated NPs boosted the anti-
oxidative defense system’s activity, and efficiency in certain plants
(under 10.0, 15.0, and 20.0 ppm of Cr treatment alone), resulting in
reduced stressed conditions enhanced growth and quality metrics due to
decreased Cr buildup and excess ROS. It suggested that FI-stabilized ZnO
NPs have anti-toxicity properties concerning Cr toxicity. Increases in
plant height, root length, chlorophyll content, and quality indices were
observed in this study, which could be attributed to FI-stabilized ZnO
NPs -induced decreases in Cr uptake in plants and increased activity of
antioxidant enzymes and osmoprotectants.

8. Conclusion

In this study, we explored the impact of FI-stabilized ZnO NPs on the
morpho-physiological and biochemical parameters of maize under Cr
stress. A low dose of FI ZnO NPs improved plant growth under Cr-stress
by alleviating oxidative stress and regulating the biochemical attributes
in Z. mays plants caused by Cr. Biogenic ZnO NP effectively decreased
the Cr content in plants and increased the plant biomass. Notably, only a
low dose of NPs could significantly increase the fresh weight of shoot
and roots, length of shoot and roots of Z. mays plants. The photosyn-
thetic parameters in NP-treated plants increased considerably.
Furthermore, FI-stabilized ZnO NPs significantly increased the SOD,
POD, CAT and APX enzymes. The results provide a basis for under-
standing the effect of FI-stabilized ZnO NPs on heavy metals; however,
the modification and repair mechanisms need to be further explored.
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