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Abstract: Heavy metal stress, including lead, adversely affects the growth and yield of several
economically important crops, leading to food challenges and significant economic losses. Ameliorat-
ing plant responses to various environmental stresses is one of the promising areas of research for
sustainable agriculture. In this study, we evaluated the effect of aspartic acid-functionalized copper
nanoparticles on the photosynthetic efficiency and antioxidation system of maize plants under Pb
toxicity. The ion reduction method was employed for the synthesis of CuNPs, using ascorbic acid as
the reducing agent and aspartic acid as the surface functionalizing agent. Isolated experiments under
laboratory and field conditions were performed using a randomized complete block design (RCBD).
Seeds primed in water, 1.0, 5.0, and 10 µg/mL of Asp-CuNPs were sown under 0, 500, and 1000 mg/L
Pb stress in laboratory conditions, while primed seeds along with foliar-applied Asp-CuNP plants
were grown in a field under applied Pb stress, and the obtained data were statistically analyzed using
TWANOVA. The laboratory experiment shows that Asp-CuNPs act both as a plant growth regulator
(PGR) and plant growth inhibitor (PGI), depending upon their concentration, whereby Asp-CuNPs
act as a PGR at a concentration of 1 µg/mL ≤ X ≤10 µg/mL. The field experiment confirms that
seed priming and foliar spraying with Asp-CuNPs activate embryos and enhance plant growth
in a dose-dependent manner. In addition, Asp-CuNPs (10 µg/mL) significantly increase chloro-
phyll content to 0.87 mg/g from 0.53 mg/g (untreated) when plants were exposed to Pb toxicity at
1000 mg/kg of soil. It is noteworthy that Asp-CuNPs induce resilience to Pb toxicity (1000 mg/kg of
soil) in plants by reducing its root absorption from 3.68 mg/kg (0 µg/mL Asp-CuNPs) to 1.72 mg/kg
with the application of 10 µg/mL Asp-CuNPs. Additionally, histochemical analyses with NBT and
hydrogen peroxide revealed that ROS accretion in plants treated with Asp-CuNPs declined because
of the augmentation of antioxidant enzyme (POD, SOD, APOX, etc.) activities under Pb toxicity.
Our findings suggest that amino acid-functionalized copper nanoparticles regulate plant defensive
mechanisms related to lead tolerance, which is a promising approach for the induction of resistivity
to heavy metal stress.

Keywords: aspartic acid; copper nanoparticles; lead toxicity; Zea mays; SEM; PGI; EDX

1. Introduction

Nanotechnology is a novel frontier for agriculture with the application of nano-sized
fertilizers and plant growth regulators [1,2]. The productivity of crops can be boosted by the
development of appropriate growth-promoting nanoparticles [3–5]. Early studies suggest
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that the nanoparticles at an optimum dose may improve plant development, seed germina-
tion, nutrient utilization effectiveness, yield, and soil pollution reduction [6–8]. By altering
the regulation of gene expression, nanoparticles’ interactions with plant cells change
the biochemical pathways and promote the growth and development of plants [9,10].
There have been reports on how plant cells can change because of ROS generated by
nanoparticles [11–14]. Plants have the ability to absorb nanoparticles through different
routes, including stomata, root hairs, and cracks on the leaf surface [15,16]. Once nanopar-
ticles enter the plant, they can be transported through diffusion, bulk flow, and phloem
loading. The transportation of nanoparticles is influenced by various factors, such as their
size, shape, surface properties, solution pH, and the presence of other substances [17,18].
Previous research has utilized various techniques, such as leaf spraying, root applica-
tion, branch injection, and seed treatment, to demonstrate the uptake of nanoparticles by
plants [19–21]. If the particle sizes of nanomaterials are smaller than the sizes of cell wall
pores, they may be able to enter plant cells directly through the structures that resemble
sieves in the cell walls [22]. Utilizing nanoparticles as nanofertilizers plays a crucial role
in promoting valuable and effective crop production. These nanofertilizers have been
found to have significant positive effects on plant growth, crop yield, and plant toler-
ance, particularly when used in appropriate concentrations [23,24]. The application of
various metallic nanoparticles, such as zinc (Zn-NPs), copper (Cu-NPs), and iron (Fe-
NPs), has been shown to enhance plant growth and improve the photosynthetic rate and
seedling growth [25,26]. Furthermore, studies have demonstrated the beneficial impact of
hydroxyapatite nanoparticles on maize plant growth under salt-stress conditions [27]. In
another study, the application of silver nanoparticles (AgNPs) resulted in an upregulation
of genes related to the IAA, NCED3 (9-cis carotenoid dioxygenase), and RD22 proteins in
Arabidopsis thaliana under abiotic stress [28].

Moreover, the application of zinc nanoparticles significantly enhanced the size of the
stem and vascular cylinder by increasing their length and width. Furthermore, it resulted in
an increase in the thickness of both the cortex and vascular cylinder [29]. Previous studies
have reported that ZnO nanoparticles (NPs) can mitigate oxidative damage in different
crop plants. In stressed Leucaena leucocephala, ZnO NPs were found to decrease the level
of malondialdehyde (MDA), a marker of oxidative stress, while simultaneously enhancing
the activities of catalase (CAT) and superoxide dismutase (SOD) [30,31]. The unrestricted
progression of industrialization and urbanization during the past decades has given rise to
severe environmental problems, among which heavy metals are one of the most prevalent
threats to the environment [32]. Human activities in developing agriculture and industry,
including the excessive use of agrochemicals, disposal of sludge, melting operations,
and the generation of large-scale effluent water, contribute significantly to the global
contamination of soil and water with heavy metals, which is a matter of particular concern
due to the long-lasting presence of these toxic metals in the environment [33–38]. Plants
exhibit various symptoms when exposed to heavy metals, including reduced root and shoot
lengths, lowered chlorophyll and protein levels, electrolyte leakage, chlorosis, increased
production of ROS, MDA accumulation, senescence, imbalances in water and nutrient
uptake, and eventual plant death [39,40]. When cells are exposed to heavy metals, several
organelles are affected, such as the cell membrane, mitochondria, nucleus, lysosomes,
endoplasmic reticulum, enzymes, and metabolites involved in the healing process following
injury [41].

Lead is currently among the significant heavy metal pollutants, being toxic for all
kinds of life forms, and is of global concern [42]. It is considered one of the most hazardous
heavy metals, can maintain high concentrations for up to 150 years, and has a soil retention
duration ranging from 150 to 5000 years [43]. Lead not only induces hepatotoxicity, neuro-
toxicity, and nephrotoxicity in animals, including humans, but also constrains plant growth
via inhibiting photosynthesis, water balance, mineral nutrition, generation of ROS, and
enzyme activities [44,45]. The application of amino acid biostimulants is a novel frontier in
modern agriculture for mitigating toxicity caused by abiotic stresses, including heavy metal
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stress [46,47]. Amino acids not only act as precursors for the biosynthesis of phytohormones
as well as for photosynthetic pigments but also as a signaling factor for the progression
of different physiological processes, such as antioxidant metabolism, regulation of soil
nitrogen absorption, and root development [48]. Hence, this study was designed with the
hypothesis that exogenous application of aspartic acid-functionalized copper nanoparticles
can induce resistivity to induced lead stress in Zea mays.

2. Materials and Methods

The research study was conducted at the Department of Botany, University of Pe-
shawar, Pakistan in 2021 to assess the growth performance of Zea mays plants under lead
stress with the application of Asp-CuNPs.

2.1. Synthesis and Characterization of Asp-CuNPs

Following the schematic illustration of microwave-assisted synthesis of Asp-CuNPs
(Figure 1), briefly, a solution of 1.0 mM L-ascorbic acid was combined with a 0.1 mM aque-
ous CuSO4 solution. The reaction mixture was then subjected to microwave irradiation
for a duration of 5 min. Following the reaction, the resulting suspension of nano-copper
(characterized by its red color) was subjected to centrifugation and washing, and subse-
quently resuspended in dH2O. A capping agent in the form of a 1.0 mM aqueous solution
of aspartic acid was added dropwise to the suspension while continuously stirring the
mixture on a magnetic stirrer plate for a period of 48 h. The resulting suspension of aspartic
acid-functionalized copper nanoparticles (Asp-CuNPs) was centrifuged at 10,000 rpm for
20 m, washed with deionized water, dried in a vacuum drier, and subjected to characteriza-
tion [49,50].
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Figure 1. Schematic illustration of microwave-assisted synthesis of Asp-CuNPs.

2.1.1. X-ray Diffraction (XRD) Analysis

The X-ray diffraction (XRD) pattern of Asp-CuNPs was examined using a JEOL JDX
3532 X-ray diffractometer (CRL, University of Peshawar). The diffraction pattern of Asp-
CuNPs was documented and recorded by a nickel monochromator sorting the wave at a
tube voltage of 40 kV and tube current of 30 mA with Cu-Kα radiation (λ = 1.5406 Å).

2.1.2. Scanning Electron Microscopy (SEM)

At CRL, University of Peshawar, dried Asp-CuNPs were coated on carbon tape, sub-
jected to gold coating using an auto fine coater (Spi-module sputter coater), and examined
for morphological features using FE-SEM (JSM-5910-JEOL-JAPAN).
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2.1.3. Energy Dispersive X-ray Spectroscopy (EDS)

To determine its elemental makeup, the oven-dried (50 ◦C) Asp-CuNP pulverized
mass was used to conduct EDX analysis using an Oxford Inca 200 SEM instrument equipped
with a Thermo EDX attachment (CRL, University of Peshawar).

2.1.4. Thermogravimetric Analysis (TGA)

At CRL, the University of Peshawar, a thermogravimetric/differential thermal an-
alyzer (TG/DTA) Diamond from PerkinElmer (Shelton, CT, USA) was used to test the
thermal stability of Asp-CuNPs. An amount of 5.145 g of material was tested using TGA at
a rate of 10.0 ◦C/min in a temperature range between 30 and 600 ◦C.

2.1.5. Infrared Spectroscopy

To make a sample pellet, Asp-CuNPs were thoroughly dried, coupled with KBr, and
placed in a hydraulic pellet press. FT-IR spectroscopy was employed to examine the samples
in the range of 4000 to 400 wavenumbers cm−1 using “PerkinElmer Spectrophotometer
FT-IR Spectrum One”.

2.2. Plant Material and Growth Conditions

For determining the germination indices, a laboratory experiment was performed
on Petri plates in RCBD (Table 1 layout of factorial treatments). Five replicates with 25
seeds were germinated under the application of various doses of Asp-CuNPs (0, 1, 5, and
10 mg/L) and induced lead stress (0, 500, and 1000 mg/L) in 12 cm diameter Petri plates
with double folds of Whatman filter paper in an incubator at 25 ◦C. Germination indices
in the form of time to 50% germination (T50), mean time taken to complete germination
(MGT), final germination percentage (FGP), and germination index of Zea mays seeds were
calculated using the following equations:

T 50 = Ta +

(
Nt
2 − Na

)
(Tb − Ta)

[Nb − Na]
(1)

where Nt is the total number of seeds germinated, Na and Nb are the cumulative germi-
nated seed at respective times (day) of Ta and Tb when Na < Nt/2 < Nb.

MGT =
∑[Ni × Ti]

Nt
(2)

where Ni is the number of seeds germinated on the day, (Ti) is the time (days), and Nt is
the total number of germinated seeds.

FGP =
G max

N

]
(3)

where G max is the total number of germinated seeds and N is the total number of seeds.

GI =
Gi
Di

+ . . . +
G f
D f

(4)

where Gi is the initial count of germinated seeds on the initial day (Di) and Gf is the final
count of germinated seeds on the final day (Df).

Similarly, for the field experiment, seeds of Zea mays were primed (treated) in 0, 1,
5, and 10 µg/mLof Asp-CuNPs and were sown at the screen house of the Department of
Botany, University of Peshawar, Pakistan located at 34.0086 ◦N, 71.4878 ◦E. Pots, filled with
clay, sand, and farmyard manure at 3:1:1 with ten seeds in each and triplicated in RCBD
(Table 1), were subjected to average minimum and maximum monthly temperatures of
18 ◦C and 35 ◦C. Pots were also contaminated with lead acetate at a dose of 0, 500, and
1000 mg/kg of soil. After the completion of emergence, seedlings/plants were treated
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via the foliar application of 0, 1, 5, and 10 mg/L of Asp-CuNPs, and an experiment was
performed using RCB design by following the given layout.

Table 1. Showing the layout of factorial treatments of various concentrations of Asp-CuNPs and Pb.

Controls (Hydro-Primed/
Hydro-Sprayed)

Asp-CuNP Treatments (Priming/Foliar Spray)

1.0 µg/mL 5.0 µg/mL 10.0 µg/mL

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
Pb level (mg/kg of soil)/mg/L

0 500 1000 0 500 1000 0 500 1000 0 500 1000

Harvested plants were initially subjected to data collection for vegetative growth
parameters (shoot length, average root length, number of leaves, and fresh and dry biomass).
Fresh plant specimens were also subjected to biochemical analysis as described below.

2.2.1. Determination of Photosynthetic Pigment Contents

Photosynthetic pigments (chlorophyll (Chl) a and b and carotenoid) were determined
following the procedure of Lichtenthaler [34]. Leaf samples (500 mg) were homogenized in
10 mL of 80% (v/v) pre-chilled acetone with the assistance of a magnetic stirrer at room
temperature (22 ± 3 ◦C) for 15 min. The homogenates were centrifuged at 6000 rpm for
15 min. The supernatant was collected, and the residue was extracted again following
the same procedure. The collected supernatants were combined and tested for the optical
densities (OD) at 420, 645, and 663 nm for quantification of total carotenoids and Chl a and
b, respectively, using the following Equations (5)–(7):

Chl a(mg/g) =
(12.25 × OD at 663 − 2.79 × OD at 645)× V

1000 × LW
(5)

Chl b(mg/g) =
(21.5 × OD at 645 − 5.1 × OD at 663)× V

1000 × LW
(6)

Carotenoid(mg/g) =
(1000 × OD at 663 − 2.79 × OD at 645)× V

1000 × LW
(7)

2.2.2. Leaf Protein Contents

For determining protein content, fresh leaves (500 mg) were homogenized in phos-
phate buffer (pH 7.5) and centrifuged at 5000 rpm. Na2CO3 (alkaline), Na-K tartrate (aqu.),
and CuSO4·5H2O (aqu.) were added to the supernatant (0.1 mL). An amount of 0.1 mL
of Folin phenol was added to the reaction mixture on a magnetic stirrer, incubated for
30 min, and subsequently the OD of the reaction mixture was measured at 650 nm. Protein
concentration was assessed in relation to a standard curve of bovine serum albumen [51,52].

2.2.3. Estimation of Total Soluble Sugar

Fresh leaves (500 mg) were homogenized in distilled water and centrifuged at 5000 rpm
for 5 min. An amount of 1 mL of 30% (w/v) phenol was added to the reaction mixture
followed by incubation at room temperature. Conc. H2SO4 was added to this sample, and
after 4 h of incubation, the OD was recorded at 420 nm [53,54]. The sugar concentration
was determined against the standard curve of glucose.

2.2.4. Proline Contents of Leaves

The homogenates of leaves (500 mg) were treated for 1 h in a water bath with 3%
aqueous sulphosilicyclic acid and acid ninhydrin (100 ◦C). The reaction was terminated
in an ice bath, and 4 mL of toluene was used to extract the mixture. Toluene-containing
chromophore was evacuated from the aqueous phase and warmed to room temperature,
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and the optical density (OD) against toluene as a blank was recorded at 520 nm [55]. The
standard curve was used to calculate the proline concentration.

2.2.5. Extraction of Antioxidant Enzymes

Fresh leaves (500 mg) were homogenized in 15 mL of 0.05 N phosphate buffer (pH
7.0) containing PVPP and 0.1 M EDTA. The homogenate was centrifuged at 10,000 rpm
for 15 min and the supernatant was used for SOD EC 1.15.1.1, CAT EC 1.11.1.6, and POD
EC1.11.1.X, and APX EC1.11.1.11 activities.

To measure SOD activity, the reaction mixture (3 mL) comprised of 13 mM methionine,
0.075 mM NBT, 0.1 mM EDTA, 0.002 M riboflavin, and 0.1 mL of enzyme extract in 50 mM
phosphate buffer (pH 7.8) in the tube was placed below a light chamber for 15 min and the
OD was read at 560 nm. For POD activity, a mixture containing 0.1 mL of enzyme extract,
1.35 mL of 100 mM MES buffer (pH 5.5), 0.05% H2O2, and 0.1 mL of phenylene diamine was
evaluated for change in absorbance at 485 nm for 3 min. The POD activity was presented
as delta OD 485 nm/min mg protein [56]. To determine the activity of APX, a reaction
mixture containing enzyme extract, 0.05 M potassium phosphate buffer (pH 7), 0.5 mM
ascorbate, 0.1 mM H2O2, and 0.1 mM EDTA was tested for the decline in OD value at
290 nm for 3 min [57]. For CAT activity, 50 mM K3PO4 buffer (pH 7.0), 2 mL of the diluted
mixture, and 1 mL of 10 mM H2O2 were added to the enzyme extract. The resulting sample
was tested for the decrease in optical density at 240 nm, indicating hydrogen peroxide
decomposition [58,59].

2.2.6. Determination of Phenol Content

The total phenolic content was estimated using Folin phenol reagent and gallic acid as
a standard. Leaves were homogenized in dH2O, to which 0.5 mL of diluted Folin phenol
reagent was added, and the mixture was incubated for 5 min. Finally, 1 mL of Na2CO3
(7.5% W/V) was added to this reaction mixture, and after incubation for 2 h, the OD was
recorded at 576 nm [60].

2.2.7. Determination of Pb Concentration

A wet digestion method was employed for the extraction of Pb from the plant sam-
ple [61]. Leaves (1 g) were digested with nitric acid in a conical flask at 150 ◦C. The
concentration of Pb was determined by subjecting the resulting sample to atomic absorp-
tion spectroscopy (AAS 700, Perkin Emler, Waltham, MA, USA).

2.3. Statistics

The data were analyzed using two-factor factorial ANOVA using Mstate C followed
by an LSD post hoc test; p ≤ 0.05 were considered statistically significant responses. The
results were presented as 95% CL (as standard error bars) of the mean. The graphs for
characterization as well as for biochemical parameters were plotted in Origin Pro 9.1.

3. Results
3.1. Characterization of Asp-CuNPs

Images obtained using scanning electron microscopy (SEM) showed spherical mor-
phology with particulate sizes ranging from 46 to 120 nm, with a mean particulate size
of 76.78 nm (Figure 2). EDS was used to validate the elemental mapping of Asp-CuNPs.
Strong signals of elemental copper at 1.8 and 8.8 KeV suggest that copper ions have been
reduced in the aqueous solution by bio-reducing agents (ascorbic acid). The capped amino
acid is represented by signals for carbon, oxygen, and nitrogen (Figure 3). Thermogravimet-
ric analysis (TGA) was employed to investigate the thermal stability of Asp-CuNPs over
a temperature range spanning from 25 ◦C to 400 ◦C. The TGA graph exhibited an initial
decrease in the rate of mass change around 100 ◦C, which corresponded to the evaporation
of moisture (desolvation) from the sample. A subsequent decrease in mass slope was ob-
served over the temperature range from 180 ◦C to 230 ◦C, attributed to the decomposition
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of the capping agent surrounding the central metal core. Notably, a significant and abrupt
increase in the mass slope was observed beyond 250 ◦C, indicating the oxidation of the
copper metal (Figure 4). The XRD crystallograph (Figure 5) authenticated the crystalline
nature of ASP-CuNPs where copper was reported to be present in two different oxidizing
states (Cu0 and Cu2O). The characteristic diffraction intensities around 2T; 38, 42, and 64
represent the lattice of oxidized copper (Cu2O), whereas diffraction intensities around 2T;
44, 48, and 73 represent the FCC lattice geometry of metallic copper (Cu0). FT-IR analysis
was carried out for validating the chemical conformation of Asp-CuNPs through func-
tional group profiling. The FT-IR spectrum detected the presence of N-H, C=O, C-O, and
C-H bonding in aspartic acid-capped copper nanoparticles characteristic of aspartic acid.
The N-H, C=O, and C-H functional groups absorb infrared radiations at wavenumbers
3202.44 cm−1, 1727.45 cm−1, and 2688.88 cm−1, respectively. Figure 6 shows the presence
of characteristic vibrational stretches in the IR spectrum of Asp-CuNPs for amino and
carboxyl functional groups, which were not detected in non-capped CuNPs validating the
surface functionalization of CuNPs with aspartic acid.
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Figure 5. XRD crystallograph of Asp-CuNPs showing the biphasic lattice state with copper in two 
different oxidation states as metallic copper and copper oxide. 
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represents the decomposition of the surfactant.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 18 
 

 

0 100 200 300 400 500 600
92

94

96

98

100

102

104

Sa
m

pl
e 

W
ei

gh
t (

%
)

Temperature oC

Desolvation

Decomposition of 
surafactant

Oxidation

(-H2O)

 
Figure 4. TGA graph of Asp-CuNPs showing the thermal stability of NPs up to 180 °C. The decline 
in the mass curve up to 100 °C represents the desolvation of NPs, whereas mass decline around 180 
°C represents the decomposition of the surfactant. 

30 40 50 60 70 80

0

500

1000

1500

2000

2500

220

200

111

In
te
ns
ity

2Ɵ 

Cu2O

Cu

111
200

220

 
Figure 5. XRD crystallograph of Asp-CuNPs showing the biphasic lattice state with copper in two 
different oxidation states as metallic copper and copper oxide. 
Figure 5. XRD crystallograph of Asp-CuNPs showing the biphasic lattice state with copper in two
different oxidation states as metallic copper and copper oxide.
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Figure 6. FT-IR spectrum of CuNPs and Asp-CuNPs showing characteristic vibrational stretches of 
an amino group and carboxyl group associated with aspartic acid. 
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3.1.1. Germination Indices and Seedling Growth

The effect of Asp-CuNPs on germination indices (T50, MGT, FGP, and GI) of Zea mays
under induced lead application was found to be statistically significant (p < 0.05). T50 values
(days) were significantly increased under Pb application in a dose-dependent manner
(5.33 days at 1000 mg/kg of soil Pb application). With the application of Asp-CuNPs, the
number of days to 50 percent germination (T50) significantly declined, i.e., 2.26 days at
10 µg/mL Asp-CuNPs (Table 2). Moreover, aspartic acid-capped copper nanoparticles (Asp-
CuNPs) in conjunction with lead stress (T11–T12), resulted in a significantly reduced time
to 50% germination (T50), 3.49 and 3.74, respectively, suggesting the effective mitigation
of Pb toxicity via engineered amino acid-based nano-PGR. Similarly, Pb stress prolonged
the mean germination time (MGT), with the highest MGT of 7.28 days observed with the
1000 mg/L Pb treatment. Asp-CuNPs restored the prolonged MGT values, and the shortest
MGT of 3.97 days was observed at T10 (10 µg/mL Asp-CuNPs) under 1000 mg/L Pb
stress. Similarly, the maximum final germination percentage (100%) was observed at T10
(10 µg/mL Asp-CuNPs) followed by 96% at T7. FGP was significantly inhibited by lead
toxicity (56%) at its highest experimental dose (1000 mg/L), which was ameliorated to
96% via seed priming with 5 µg/mL of Asp-CuNP suspension. The germination index
(GI) varied significantly among the treatments, with the highest GI of 36.74% at T7 and
33.57% at T10. The lowest GI of 19.29% was observed at T3 (1000 mg/L Pb), followed by
21.38% at T1. However, Pb and Asp-CuNPs had no significant impact on radial growth
in maize seedlings. The longest radial length of 5.26 cm was observed at T4 (1 µg/mL
of Asp-CuNPs), while the shortest length of 3.44 cm was recorded at T3 (1000 mg/L Pb).
Pre-sowing treatment of seeds with Asp-CuNPs significantly influenced plumule length,
with the highest length of 6.74 cm at T10 (10 µg/mL Asp-CuNPs) under no Pb stress. These
findings suggest that the application of engineered Asp-CuNPs potentially mitigates Pb
toxicity and restores the germination indices and seedling growth.

Table 2. Effect of various concentrations of Asp-CuNPs on germination indices and seedling growth
of Zea mays under Pb stress.

Treatments T50 (Days) MGT (Days) FGP GI Radial Length (cm) Plumule Length (cm)

T1 3.38 bc 4.74 de 80 cd 21.38 ef 4.97 6.43 a
T2 4.05 b 6.33 b 72 d 24.35 de 4.78 4.92 abc
T3 5.33 a 7.28 a 56 e 19.29 f 3.44 3.95 c
T4 3.14 bc 4.11 de 88 bc 30.91 bc 5.26 6.42 a
T5 3.62 bc 5.92 bc 80 cd 25.63 de 4.9 5.52 abc
T6 4.22 ab 6.55 b 76 d 24.20 de 4.09 5.77 abc
T7 2.83 cd 3.97 ef 96 ab 36.74 a 4.8 6.93 a
T8 3.76 bc 4.67 de 80 cd 32.11 b 4.29 5.75 abc
T9 3.98 bc 5.18 cd 80 cd 30.66 bc 3.75 4.31 bc
T10 2.26 d 3.29 f 100 a 33.57 ab 5.09 6.74 a
T11 3.49 bc 4.49 de 88 bc 27.69 cd 4.83 6.34 ab
T12 3.74 bc 4.92 cd 80 cd 24.37 de 4.97 4.69 abc

LSD at α 0.05 1.22 1.04 11.69 4.51 NS 2.14
T1 = (0 µg/mL NPs + control Pb), T2 = (0 µg/mL NPs +500 mg/L Pb), T3 = (0 µg/mL NPs +1000 mg/L Pb), T4 = (1.0 µg/mL NPs +
Control Pb), T5 = (1.0 µg/mL NPs + 500 mg/L Pb), T6 = (1.0 µg/mL NPs + 1000 mg/L Pb), T7 = (5.0 µg/mL NPs + control Pb), T8 =
(5.0 µg/mL NPs + 500 mg/L Pb), T9 = (5.0 µg/mL NPs + 1000 mg/L Pb), T10 = (10 µg/mL NPs + control Pb), T11 = (10 µg/mL NPs

+_500 mg/L Pb), T12 = (10 µg/mL NPs + 1000 mg/L Pb).

Note: Means not sharing a letter within the column are significantly different at p < 0.05. T50 = time to 50%
germination; MGT = mean germination time; FGP = final germination percentage; and GI = germination index.

3.1.2. Response of Zea mays under Field Conditions

Significant (p < 0.05) growth inhibition was observed for the shoot, root, and leaf
lengths in plants grown under 1000 mg/kg soil Pb compared to plants grown under a
control Pb level (T1, T4, T7, and T10). Priming with Asp-CuNPs and their foliar application
significantly promotes vegetative growth by ameliorating plant resistivity to induced
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Pb toxicity. The results displayed in Table 3 show that high Pb soil levels (T2 and T3)
induced stunted growth by inhibiting both shoot and root growth, while treating the plant
with various concentrations of Asp-CuNPs (T4–T12) significantly improved the vegetative
growth of Zea mays even under high lead toxicity levels. The synergistic effect of pre-sowing
and foliar application of Asp-CuNPs significantly increased shoot and root length, with the
response in the order of treatment doses being 0 µg/mL < 1 µg/mL < 5 µg/mL > 10 µg/mL
of Asp-CuNPs. Similarly, leaf length was also improved via the application of Asp-CuNPs,
and hence a maximum leaf area of 33.18 cm was recorded in plants treated with 5 µg/mL
Asp-CuNPs followed by plants treated with 1 µg/mL Asp-CuNPs (31.38 cm) and 5 µg/mL
Asp-CuNPs with 500 mg/L Pb (30.08 cm), respectively. A significant restoration of plant
fresh (5.36 g and 5.06 g at T4 and T7) and dry biomass (0.78 g and 0.73 g at T4 and T7)
was achieved under the synergistic effect of pre-sowing treatment and exogenous foliar
application of Asp-CuNP at the experimental doses of 1.0 µg/mL and 5.0 µg/mL, which
were significantly reduced to 4.18 g and 0.69 g, respectively, due to Pb toxicity (Table 3).

Table 3. Effect of various concentrations of Asp-CuNPs on the vegetative growth of Zea mays under
Pb stress.

Treatments Shoot Length
(cm)

Root Length
(cm) Leaf Length (cm) Plant Fresh

Biomass (g)
Plant Dry

Biomass (g)

T1 12.33 ± 1.22 6.31 ± 0.76 26.73 ± 1.18 4.81 ± 0.54 0.71 ± 0.09
T2 10.27 ± 1.09 6.12 ± 1.04 29.14 ± 0.83 4.63 ± 0.69 0.69 ± 0.11
T3 09.59 ± 0.82 5.73 ± 1.21 26.13 ± 1.24 4.18 ± 0.38 0.63 ± 0.13
T4 13.62 ± 1.56 7.18 ± 1.08 31.38 ± 1.48 5.36 ± 0.77 0.78 ± 0.09
T5 12.03 ± 1.88 6.51 ± 1.19 28.81 ± 1.03 4.73 ± 0.83 0.74 ± 0.12
T6 12.16 ± 0.74 6.06 ± 0.92 27.45 ± 0.91 4.85 ± 0.53 0.63 ± 0.09
T7 12.83 ± 1.65 8.28 ± 2.50 33.81 ± 1.84 5.06 ± 0.92 0.73 ± 0.11
T8 11.33 ± 1.18 7.36 ± 0.88 30.08 ± 0.92 4.69 ± 0.58 0.69 ± 0.07
T9 10.96 ± 0.79 7.11 ± 1.22 27.22 ± 1.36 4.57 ± 0.49 0.68 ± 0.14

T10 10.73 ± 1.22 6.59 ± 0.73 27.59 ± 0.81 4.73 ± 0.82 0.67 ± 0.08
T11 10.62 ± 0.95 6.36 ± 1.26 28.18 ± 1.38 4.61 ± 0.68 0.66 ± 0.16
T12 10.50 ± 0.84 7.18 ± 1.17 27.06 ± 0.83 4.69 ± 0.89 0.68 ± 0.09

T1 = (0 µg/mL NPs + control Pb), T2 = (0 µg/mL NPs +500 mg/kgPb), T3 = (0 µg/mL NPs +1000 mg/kg Pb), T4 = (1.0 µg/mL NPs
+ Control Pb), T5 = (1.0 µg/mL NPs + 500 mg/kg Pb), T6 = (1.0 µg/mL NPs + 1000 mg/kg Pb), T7 = (5.0 µg/mL NPs + control Pb),

T8 = (5.0 µg/mL NPs + 500 mg/kg Pb), T9 = (5.0 µg/mL NPs + 1000 mg/kg Pb), T10 = (10 µg/mL NPs + control Pb), T11 =
(10 µg/mL NPs +_500 mg/kg Pb), T12 = (10 µg/mL NPs + 1000 mg/kg Pb).

3.1.3. Biochemical Response of Zea mays

Significant declines in the amount of photosynthetic pigments were reported in plants
exposed to induced Pb stress (Chlorophyll a, b, and carotenoids). Both chlorophyll a and b
content revealed dynamic changes with soil Pb levels. Maximum chlorophyll a (0.87 mg/g)
and chlorophyll b (1.24 mg/kg) contents were noted in plants treated exogenously with
10 µg/mL of Asp-CuNPs. Soil Pb levels of 1000 mg/kg had significantly declined levels of
chlorophyll a (0.53 mg/g) and chlorophyll b (0.80 mg/g) compared to the control condition
(Figure 7). A similar trend of a drop in carotenoid content was also observed due to Pb
toxicity, which was significantly restored via the application of Asp-CuNPs (Figure 7).

3.1.4. Response of the Oxidation/Antioxidation System of Zea mays

Leaf protein, proline, and sugar contents were positively affected by Asp-CuNPs
and negatively correlated to soil Pb level (Figure 8). Interestingly, protein, proline, and
sugar contents were found to be higher in response to 5.0 µg/mL of Asp-CuNPs (T7)
than 10.0 µg/mL of Asp-CuNPs (T10). Moreover, the activity of antioxidant enzymes, i.e.,
POD and SOD, was observed to be increased under high Pb toxicity levels from 30.11 and
36.73 IU/g FW in the control group to 51.87 and 58.33 IU/g FW under 1000 mg/kg Pb
application, respectively. Both POD and SOD activities were restored with the application of
10.0 µg/mL of Asp-CuNPs, to 38.14 and 40.22 IU/g FW, respectively (Figure 9). Similarly,
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the activities of CAT and APX were also significantly elevated to 7.42 and 6.89 IU/g
FW under a higher soil Pb level (1000 mg/kg) compared to the control soil Pb level.
The foliar application of Asp-CuNPs at a dose of 10 µg/mL significantly restored the
activity of both CAT and APOX to 5.25 and 5.18 IU/g FW under higher soil Pb levels
via countering the oxidative stress induced by Pb toxicity (Figure 10). The total phenol
content in plants grown under 500 and 1000 mg/kg soil Pb levels was significantly raised
to 1.38 mg/g DW and 1.53 mg/g DW, respectively, compared to the plants grown under
the T1 condition (control Pb level). Phenolic content was relatively higher in plants treated
with 1.0 µg/mL of Asp-CuNPs than 10 µg/mL, reflecting that a higher dose of Asp-CuNPs
is more potent in stabilizing plant phenolic content under induced Pb stress (Figure 11).
Likewise, Figure 11 indicates a significant drop in plant Pb level to 0.94 mg/g DW when
treated with 10 µg/mL of Asp-CuNPs (T12) compared to 3.68 mg/g DW under 0 µg/mL
Asp-CuNP application (T3). Generally, pre-sowing treatment and foliar application of
aspartic acid-capped copper nanoparticles leads to a substantial decline in plant Pb level
compared to the non-treated plants.
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Figure 7. Effect of various doses of Asp-CuNPs and soil Pb levels on the carotenoid content of Zea 
mays. 

  

Figure 7. Effect of various doses of Asp-CuNPs and soil Pb levels on the carotenoid content of
Zea mays.
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Figure 8. Various osmolyte contents of leaves of Zea mays under the application of different doses of 
Asp-CuNPs and soil Pb levels. 

Figure 8. Various osmolyte contents of leaves of Zea mays under the application of different doses of
Asp-CuNPs and soil Pb levels.
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Figure 9. The activity of superoxide dismutase (SOD) and peroxidase (POD) of Zea mays under the 
application of different doses of Asp-CuNPs and soil Pb levels. 
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Figure 10. The activity of catalase (CAT) and ascorbate peroxidase (APOX) of Zea mays under the 
application of different doses of Asp-CuNPs and soil Pb levels. 

Figure 9. The activity of superoxide dismutase (SOD) and peroxidase (POD) of Zea mays under the
application of different doses of Asp-CuNPs and soil Pb levels.
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Figure 10. The activity of catalase (CAT) and ascorbate peroxidase (APOX) of Zea mays under the 
application of different doses of Asp-CuNPs and soil Pb levels. 
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4. Discussion

An earlier study suggests that amino acids act as activators that bind to the enhancer
of genes involved in cytokinin homeostasis in plants, including Zea mays, which leads to
the up-regulation of cytokinin production. It is well known that plant growth hormone-like
cytokinin is important in embryo activation and stimulating meristematic cells [62]. Our
results demonstrate that priming seeds with amino acid-capped CuNPs at an experimental
dose of 5 µg/mL acts as a more potent growth regulator for the early onset of germi-
nation and optimizing germination indices than 10 µg/mL under Pb toxicity. Similarly,
our results revealed a prompt decline in photosynthetic pigments, i.e., chlorophyll a, b,
and carotenoids, under the influence of Pb stress. Previous studies suggested that plant
lead exposure shows lessening in photosynthetic activity due to CO2 deficiency resulting
from stomatal closure, restrained chlorophyll and carotenoid synthesis, deformation of
the chloroplast ultra-structure, obstruction of the thylakoid electron transport system, and
impairment with enzymes associated with the Calvin cycle [63]. Pb causes alterations in
glycolipids, specifically affecting monogalactosyldiacylglycerol, which is closely linked
to changes in chloroplast membrane permeability [60]. Heavy metals, including Pb, de-
activate enzymes by binding to cysteine residues. They also induce lipid peroxidation,
resulting in the downregulation of peroxidases and damage to thylakoid membranes [64].
Pb also constraints the synthesis of chlorophyll by competing with the uptake of essential
nutrients like Mg and Fe, and enhancing chlorophyllase activity. It also inhibits the photo-
synthetic apparatus through its strong binding tendencies for protein N and S ligands [65].
Figures 7 and 8 show that Asp-CuNPs reversed the decline in photosynthetic pigments in
plants due to Pb toxicity.

Our findings agree with those of the authors of [66], who reported enhanced photo-
synthetic activity in soybean under the application of amino acids. Moreover, the activity
of antioxidant enzymes, i.e., POD, SOD, CAT, and APX, was increased to 36.73 IU/g FW,
58.33 IU/g FW, 7.42 IU/g FW, and 6.89 IU/g FW respectively under 1000 mg/kg lead
stress (Figures 8 and 9). This increase is the result of the overproduction of ROS in re-
sponse to high Pb concentrations to protect the plant from oxidative damage produced
by heavy metal stress [67]. The peroxidase family’s key genes play a crucial role in the
plant cell’s enzyme defense system, actively scavenging reactive oxygen species (ROS)
during stress [68]. Lead toxicity enhances the production of ROS, including H2O2, which
subsequently triggers secondary oxidative stress, leading to inhibition during the early
stages of growth [69]. The optimization of antioxidant enzymes with the application of
Asp-CuNPs may be attributed to the antioxidant nature of amino acids, including aspartic
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acid, as well as the production of other antioxidants like alpha-tocopherol, glutathione,
phenolic compounds, ascorbic acid, etc. Further, CuNPs also impair the absorption of Pb
by the roots in Zea mays, hence coping with the ROS production in plant tissues.

5. Conclusions

Ascorbic acid acts as a reducing agent for the reduction in transition metal ions
(Cu2+) providing bases for core metal nanoparticles. Amino acid (aspartic acid) has the
tendency for capping the metal surface and hence acts as a stabilizing as well as a surface
functionalizing agent. Pb significantly reduced the germination rate and germination
indices as well as the vegetative growth and biochemical growth parameters in Zea mays.
Asp-CuNPs act as PGR at relatively low doses, as they activate embryos, reduce the time
for germination, and enhance seedling as well as plant growth. Asp-CuNPs at a higher
dose (10 µg/mL) were least effective, revealing relatively low values of root, shoot, and
leaf lengths, plant fresh and dry biomasses, etc. Asp-CuNPs enhance plant resistivity to
heavy metal toxicity by increasing chlorophyll and carotenoid contents and optimizing the
activity of antioxidant enzymes.
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