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Effects of zinc oxide nanoparticles on antioxidants, chlorophyll
contents, and proline in Persicaria hydropiper L. and its potential
for Pb phytoremediation
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Abstract
Applications of nanoparticles and plants for efficient restoration of heavy metal-polluted water and soil are an emerging approach
and need to be explored. Hydroponic study was performed to find the role of zinc oxide nanoparticles (ZnONPs) in plant growth,
antioxidative response, and lead (Pb) accumulation in Persicaria hydropiper. Seedlings were grown in Pb-polluted media
amended with 5, 10, 15, and 20 mg L−1 ZnO NPs. Inductively coupled plasma spectroscopy (ICP) was used for Pb analysis
in plant tissues. Pb significantly inhibited seedling growth, and ZnONPs alleviated Pb-induced stress by promoting plant growth,
and improved chlorophyll and carotenoid contents. Oxidative stress ameliorated in ZnO NPs exposed seedlings through en-
hanced production of free proline, phenolics, flavonoids, and activation of antioxidative enzymes. Pb accumulation boosted in
ZnO NP treatments, and highly significant increase in Pb accumulation in roots (255.60±4.80 mg kg−1), stem (124.07±2.84 mg
kg−1), and leaves (92.00±3.22 mg kg−1) was observed in T3 (15 mg L−1 ZnO NPs) for P. hydropiper. Contrarily, ZnO NPs at
20 mg L−1 dose suppressed plant growth, Pb accumulation, secondary metabolites, and antioxidative enzyme activities.
Moreover, positive correlation was found in Pb accumulation with free proline and secondary metabolite contents in plant
tissues. These results suggest that ZnO NPs at optimum concentration may augment efficacy of plants to remove heavy metal
from polluted water through nanophytoremediation.

Keywords ZnO nanoparticles . Pb phytoaccumulation . Persicaria hydropiper L . Hydroponic growth . Phenolics . Antioxidant
enzymes

Introduction

Due to rapid industrialization, heavy metal pollution has be-
come a global problem and to be addressed seriously (Cox
et al. 2016; Duarte et al. 2010). Heavy metal-polluted water
and soil have devastating effects on crop growth and produc-
tivity and cause huge economic losses (Pant and Tripathi

2014). In some developing countries, most industrial wastes
containing toxic metals are directly discharged into agricultur-
al lands and water resources without any proper treatment
(Azizullah et al. 2014; Singh et al. 2012). Through food chain,
these toxic heavy metals eventually reach human and animal
bodies and pose severe threats to their health (Balseiro-
Romero et al. 2017). The ruthless manipulation of water re-
sources has caused pollution of water bodies with toxic heavy
metals (Ullah et al. 2018).

Lead (Pb) is one of the toxic heavy metals and is lethal even
at very low concentrations to both humans as well as plants life
without known biological functions (Wang et al. 2018). It pol-
lutes water and soil due to diverse natural and anthropogenic
activities (Hadi et al. 2010; Kabir et al. 2009). Pb toxicity causes
several highly fatal health complications like neurotoxicity, im-
paired fertility, anemia, hypertension (Sthanadar et al. 2013),
and cancer of multiple organs (Kamaraj et al. 2015; Offor et al.
2017). For environmental sustainability, highly efficient and
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ecofriendly technologies are to be developed to restore metal-
contaminated water and soil (Gunathilakae et al. 2018; Hadi
et al. 2016). Phytoremediation using green plants provides a
feasible solution to overcome water and soil contamination
(Cardwell et al. 2002; Hasan et al. 2007). Heavy metal stress
adversely affects plant growth and ultimately reduces plant
metal–accumulating capacities (Falkowska et al. 2011; Tassi
et al. 2008). Plants under metal stress produce reactive oxygen
species (ROS) which causes oxidative stress and eventually
result in cell death. To cope metal toxicity, plants are equipped
with antioxidative defense mechanism comprising of antioxi-
dant enzymes and plant secondary metabolites like phenolics,
flavonoids, and proline. These enzymes and antioxidant com-
pounds directly or indirectly protect different cell organelles
from the oxidative damage of ROS produced inside the cells.
Phenolics, flavonoids, and free proline act as metal chelators,
osmoprotectants, free radical scavengers, prevent lipid peroxi-
dation, and thus play role in plant protection and stress tolerance
(Ullah et al. 2019).

Nanoparticles (NPs) are considered as materials of new
millennium. Metal-based nanomaterials are well studied and
widely used (Prasad et al. 2012). Materials having at least one
dimension of 100 nm or less are classified as nanoparticles
(Preetha and Balakrishnan 2017). They acquire some unique
features such as high functionality and high reactivity due to
small size and large surface area (Elmer et al. 2018; Raliya
et al. 2017). Nanoparticles exhibit both positive as well as
harmful influences on growth and development of plants.
Yang et al. (2007) reported that TiO2-NPs enhanced chloro-
phyll, nitrogen, protein, and biomass in Spinacia oleracea L.
Similarly,TiO2-NPs (0.5 g L−1) stimulated growth of Lemna
minor L. raised on culture media, while at higher levels, plants
were adversely affected (Song et al. 2012). Likewise, zinc
oxide nanoparticles (ZnO NPs) showed positive impact on
Cicer arietinum L. and Vigna radiata L. under in vitro culture
(Mahajan et al. 2011). Similarly, Cucumis sativus L. growth
was significantly promoted with ZnO NPs at lower concentra-
tion; however, its higher dose inhibited growth (Zhao et al.
2013). Since last decade, nanomaterials are widely exploited
to remediate metal-polluted soil and water (Jiang et al. 2017;
Lai et al. 2016; Tang et al. 2014). Nanoparticles and green
plants synergistically dealt various toxic pollutants (Ma and
Wang 2010). Graphene oxide nanoparticles enhanced accu-
mulation of cadmium in Microcystis aeruginosa Kutzing
(Tang et al. 2015). Higher uptake of trinitrotoluene in
Panicum maximum Jacq. with iron nanoparticles was reported
by Jiamjitrpanich et al. (2013). Similarly, nanoscale iron im-
proved phytoaccumulation of polychlorinated biphenyls
along with better growth of Impatiens balsamina L. and could
augment pollutant removal efficiency from soil (Gao and
Zhou 2013).

Zinc metal (Zn) is the most important micronutrients need-
ed for optimum growth and development of plants (Saxena

et al. 2016). It is required for synthesis of chlorophyll, lipid,
protein, and carbohydrates, and acts as cofactor for enzymes
and is a pre-requisite for proper hormonal functioning
(Hussein and Abou-Baker 2018). Nanostructured formulation
of ZnO is widely used as an adsorbent for heavy metal remov-
al from polluted water (Ma et al. 2010;Wang et al. 2010). Due
to their high metal adsorption capacity, zinc oxide nanoparti-
cles are used to remediate metal-polluted water and soil (Hua
et al. 2012; Salehi et al. 2010). .

Persicaria hydropiper L. a perennial herb (Fig. 1) belongs
to family Polygonaceae (Ayaz et al. 2016; Pooja et al. 2018).
The species has worldwide distribution and aggressively
growing in damp places in Africa, Europe, Australia, and
Asia including Pakistan (Huq et al. 2014; Miyazawa and
Tamura 2007). It is hyper accumulator of manganese (Yang
et al. 2018). Rapid growth, metal tolerance, and unpalatable
nature to herbivores make it a potential candidate plant for
effective phytoremediation of Pb-polluted water and soil
(Chu 2014; Holm et al. 1997).

Present study was executed with objectives to find out the
role of ZnONPs (1) on plant growth, (2) secondary metabolite
production, (3) antioxidant enzyme activity, and (4) Pb accu-
mulation (phytoremediation) in P. hydropiper plant in hydro-
ponic condition.

Materials and methods

Zinc oxide nanoparticle synthesis

For biosynthesis of zinc oxide nanoparticles (ZnO NPs), fresh
leaves of Sageretia theezans Brongn. were procured from
wild plants in Dir Lower, Khyber Pakhtunkhwa, Pakistan.
Then leaves were extensively washed by running tap water
and later on four times rinsed with distilled water to eliminate
surface bound dust particles. Subsequently, leaves were shade
dried and pulverized in powder form through commercial
blender. For extract preparation, leaf powder (10 g) was mixed
with deionized distilled water (100 mL) and properly dis-
solved by stirring for 1 h (80 °C) using magnetic hotplate.

Fig. 1 Persicaria hydropiper L.
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To get clear filtrates, the resulting mixture was three times
sifted through Whatman No. 1 filter paper (Aperture size: 8
μm). The filtrate obtained was utilized as potential source of
phytochemicals required for reduction and stabilization of
zinc oxide nanoparticles (Thema et al. 2016).

Synthesis of ZnO NPs using leaf extract of S. theezanswas
done by the protocol of Al-Dhabi and Valan (2018) with mi-
nor modification. Leaf extract (20 mL) of S. theezans was
drop wise added to 80 mL of zinc acetate dihydrate (Sigma
Aldrich) solution (1mM) under constant stirring at magnetic
stirrer hotplate at room temperature. Subsequently, the
resulting mixture was retained in water bath for 3 h at 60 °C
temperature. The formation of ZnO NPs was confirmed visu-
ally and validated by UV-visible spectroscopy. Later on, the
solution was centrifuged (10,000 rpm) for 15min. Then, pellet
of the nanoparticles was multiple times washed with ethanol
and finally rinsed with deionized water to get pure ZnO NPs.
The resultant samples of ZnO NPs were dried in microwave
oven at 80 °C for 2 h to evaporate moisture and were used for
further characterization.

ZnO nanoparticle characterization

The bio-fabricated ZnO NPs were thoroughly characterized
through different spectroscopic and microscopic techniques.
Synthesis and stability of ZnO NPs were confirmed via UV-
visible spectrophotometer (Shimadzu UV-1800, Japan).
Various functional groups attached with ZnO NPs were iden-
tified via Fourier transform infrared (FTIR) spectrophotome-
ter (Nicolet iS50 FTIR Spectrometer, USA). FTIR analysis
was performed using potassium bromide at transmission
mode in frequency range of 400–4000 cm−1 at room temper-
ature. The size and crystalline nature of ZnO NPs was deter-
mined with X-ray diffraction spectroscopy. The dried samples
of ZnO NPs were used to record diffraction patterns via X-ray
diffractometer (Shimadzu-Model XRD 6000). The instrument
was operated at 40 kV with 30-mA current using Cu/Kα ra-
diations to scan 2θ in range of 10–80°. To estimate average
particle size of the nanoparticles, Debye-Scherrer equation
was used: D = kλ/βcosθ, where D= particle size (nm), k =
shape factor (0.94), λ=X-ray wavelength (λ=1.5418 Å), β=
full width at half maximum (FWHM), and θ=Bragg’s angle.
To ascertain, elemental composition and chemical purity of
ZnO NP samples, energy dispersive X-ray (EDX) spectro-
scopic analysis was executed with EDX detector (Oxford
Instruments AZTEC EDS) attached to scanning electron mi-
croscope (SEM).The morphology and particle size of ZnO
NPs were determined through scanning electron microscope
(JSM5910 JEOL, Japan). Moreover, hydrodynamic size and
zeta potential of the biofabricated ZnO NP suspensions in
liquid growth media were investigated with dynamic light
scattering (DLS) technique by using Zetasizer Nano-ZS90
(Malvern Instruments, UK).

Seedling collection

Seeds of P. hydropiper were collected from Herbarium,
University of Malakand, Pakistan. Healthy seeds were select-
ed and allowed to germinate in fertile soil in green house. Two
days before sowing seeds, soil (6.82±0.18 pH) was thoroughly
watered according to its water holding capacity (350±7.0 mL
water kg−1 soil). After sowing of seeds, soil was regularly
watered after 3-day interval to maintain soil moisture. After
germination (15 days), uniform sized seedlings were selected
for transplantation in hydroponic experiments.

Growth media and addition of lead

Hoagland’s solution (Hoagland and Arnon 1950) was used as
growth media throughout the hydroponic culture. Media were
prepared as per standard protocol and Pb in the form of lead
nitrate [Pb (NO3)2] was added at 50 mg L−1 concentration and
mixed. Then media were equally distributed (100 mL per
flask) into flasks and were arranged in completely randomized
design. For each treatment as well as control, three replicate
flasks were used and the whole experimental work was repeat-
ed twice.

Seedling transplantation and growth

For transplantation, healthy seedlings were selected and thor-
oughly washed with tap water and subsequently three times
rinsed with sterile distilled water to wash off any dust parti-
cles. Then plantlets were transplanted in flasks with growth
media (single plantlet per flask). Flasks were properly covered
with aluminum foil. Fresh Hoagland’s solution of the same
composition was regularly supplied to flasks in order to retain
constant media volume (100 mL) and to avoid nutrient defi-
ciency during the course of experiments. All plantlets were
maintained for 1 month at 25±2 °C in light and dark photope-
riods of 16/8 h at approximately 60–70% relative humidity in
the growth chamber (BJPX-A1500C, China).

Nanoparticle treatments

Four different concentrations (5, 10, 15, and 20 mg L−1) of
ZnO NPs were applied to plantlets after transplantation.
Aqueous suspensions of nanoparticles were well dispersed
by sonication for 30 min (Toshiba, Japan) before addition to
growth media. Plantlets without Pb exposure (C) were com-
pared to Pb-treated plants (C1) in order to assess the impact of
Pb stress on plant growth. Similarly, seedlings exposed to Pb
only (C1) were compared to ZnO NP-treated seedlings to find
influence of different levels of ZnO NPs on plant growth and
Pb uptake. Treatments used during hydroponic experiments:
C (Control without Pb), C1 (Control with Pb: 50 mg L−1), T1
(50 mg L−1 Pb + 5 mg L−1 ZnO NPS), T2 (50 mg L−1 Pb+
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10 mg L−1 ZnO NPs), T3 (50 mg L−1 Pb+15 mg L−1 ZnO
NPs), and T4 (50 mg L−1 Pb+20 mg L−1 ZnO NPs).

Plant harvesting and data collection

After 30 days of treatment application, all treated and control
plants were carefully harvested. Then roots were thoroughly
washed with deionized water and finally rinsed twice with
5 mM EDTA solution to eradicate surface bound metal ions.
Stem and root length were determined by centimeter ruler.
Then plants were chopped into leaves, stems, and roots and
fresh biomass was recorded with digital balance. Plant tissues
were properly packed in labeled small paper envelops and
oven dried at 80 °C for 60 h. The dry biomass of various plant
organs was separately determined using digital balance. Dried
plant samples were crushed into powder form by grinding
using mortar and pestle and stored in freezer until further
analysis.

Photosynthetic pigment estimation

Chlorophylls (a & b) and carotenoid content in P. hydropiper
leaves were estimated following procedure of Sumanta et al.
(2014). Fresh leaves (0.5 g) were thoroughly homogenized in
80% acetone (10 mL) and centrifuged (10,000 rpm) for 15
min. Supernatants were isolated in clean test tubes with 80%
acetone (4.5 mL). Samples absorbance was taken at 645, 663,
and 470 nm using spectrophotometer (Shimadzu, Japan).

Proline estimation

Proline was estimated in different parts of P. hydropiper using
procedure of Bates et al. (1973). Fresh sample (100 mg each)
was properly homogenized in 2-mL microcentrifuge tubes
having 3% (w/v) sulfosalicylic acid (1.5mL).The homogenate
obtained was subjected to centrifugation (13,000 rpm) for 5
min. The supernatant was added to 2 mL each of acid ninhy-
drin and glacial acetic acid in clean tubes. Then the resulting
mixture was kept for 1h at 100 °C in water bath. Reaction
tubes were quickly immersed in ice cooled water to end the
reaction. Subsequently, toluene (1 mL) was added to each
tube and thoroughly mixed for 30 s by vortexing. Then chro-
mophore layer containing toluene was taken into clean tubes
and heated to room temperature. Spectrophotomer (Shimadzu,
Japan) was used to measure absorbance at 520 nm of each
sample. Toluene was taken as control (blank). For estimation
of proline in various samples, calibration curve of standard
proline was used.

Phenolic and flavonoid estimation

Total phenolics and total flavonoids in different tissues of
P. hydropiper were estimated by colorimetric methods. For

extract preparation, each plant sample (300 mg) was properly
dissolved in 100% methanol (1.5 mL) by two-time sonication
and vortexing for 30 min. Subsequently, the mixture was sub-
jected to centrifugation (13,000 rpm) for 5 min. The superna-
tants were isolated and later on used in biochemical analysis
(Zahir et al. 2014). To estimate total phenolics, the procedure
of Velioglu et al. (1998) was adopted using Folin-Ciocalteu
(FC) reagent. Total flavonoids were estimated by colorimetric
method of Chang et al. (2002) using aluminum chloride. For
total phenolic and total flavonoid analysis, spectrophotometer
(Shimadzu, Japan) was used to measure absorbance at 630 nm
and at 450 nm respectively. Phenolic and flavonoid contents
were expressed as equivalent of gallic acid and quercetin
respectively.

Antioxidant activity determination

The antioxidant potential of different parts of P. hydropiper
was assessed by the method of Ahmad et al. (2010) with a
stable free radical DPPH (1,1-diphenyl-2-picrylhydrazyl). To
measure absorbance at 517-nm wavelength of reaction solu-
tion of different samples, UV-visible spectroscopy
(Shimadzu, Japan) was used. The antioxidant activities were
assessed as percentage discoloration of DPPH solution as
shown in given equation: DPPH free radical scavenging ac-
tivity (%) = [Ac−As/Ac] ×100

where AS= absorbance of sample, AC=absorbance of DPPH
solution (Control).

Phenyl ammonia lyase activity determination

Phenyl ammonia lyase (EC 4.3.1.24) (PAL) activity was
assessed using method of Khan et al. (2016). Fresh plant tis-
sues (100 mg each) were thoroughly homogenized in ice
chilled potassium borate buffer (100 mM) (pH 8.8) including
mercaptoethanol (2 mM). The homogenate was centrifuged
(12,000 rpm) at 4 °C for 10 min. Supernatants were collected
and used in enzymatic assays. Two-milliliter reaction solution
included [1 mL potassium borate buffer (100 mM) at pH 8.8,
0.5 mL phenylalanine (4 mM), and plant extract (0.5 mL)].
The absorbance was recorded at 290-nm wavelengths before
and after incubation at 30 °C for 30 min by spectrophotometer
(Shimadzu, Japan) and the reaction was stopped using 6M
HCl (0.2 mL). Product (t-cinnamic acid) formation was mon-
itored by increase in absorbance values of different plant
samples.

Antioxidant enzyme activity determination

Tomonitor antioxidant enzyme activities in different samples,
plant extracts were prepared according to procedure of Nayyar
and Gupta (2006) with slight modifications. Fresh samples
(100 mg each) of leaves, stems, and roots were thoroughly
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homogenized in potassium phosphate buffer (1 mL, 50 mM)
fortified with 1% PVP maintained at pH 7. The homogenate
was centrifuged (14000 rpm) at 4°C for 30 min. The superna-
tant was isolated and later on used in enzymatic assays.
Superoxide dismutase (SOD; EC 1.15.1.1) activity was deter-
mined with the established procedure of Giannopolitis and
Ries (1977). Similarly, peroxidase (POD; EC 1.11.1.7) activ-
ity was assessed with the procedure of Lagrimini (Lagrimini
1991). Ascorbate peroxidase activity (APx; EC 1.11.1.11)
was determined by the protocol of Miyake et al. (2006).

Lead analysis

For Pb analysis, plant samples were subjected to acid diges-
tion according to protocol of Allen et al. (1974). Dry powder
(0.25 g each) of plant tissues was added to acid solution (6.5
mL) containing sulfuric acid, perchloric acid, and nitric acid
(Sigma) (1:0.5:5) in flasks (50 mL). Then plant samples were
thoroughly digested on electric hot plate, when white fumes
were formed inside the flasks. Following acid digestion, sam-
ples were cool down to room temperature and subsequently,
filtrates were isolated in clean flasks. Filtrate volume was then
made up to 50 mL using distilled water and stored for Pb
estimation. Pb content in different plant tissues was estimated
using inductively coupled plasma spectroscopy (Perkin
Elmer, USA).

Phytoremediation efficacy of plants

Phytoremediation efficacy of plants mainly depends on metal
accumulation and their subsequent translocation into aerial
parts which are indicated by bioconcentration and transloca-
tion factors. Bioconcentration factor was defined by the ratio
of metal content in plant tissues to that in the medium, while
translocation factor was measured as the ratio of metal content
in plant shoots to roots and demonstrates plant ability to trans-
locate metal from roots toward shoots (Liang et al. 2017).

Statistical analysis

All treatments and control experiments were performed in
triplicates and data was statistically analyzed through
ANOVA. Mean values of treatments were compared by
Tukey’s multiple comparison test (P≤0.05). Results were
expressed as mean±standard error of replicates. GraphPad
(version 5) was used for statistical analysis and graphical pre-
sentation was made with OriginPro 8.5. Pearson’s correlation
(1-tailed) at P≤0.05 as significant was employed to determine
correlation among the selected morphological and biochemi-
cal parameters of P. hydropiper.

Results and discussion

Characterization of ZnO nanoparticles

UV-visible spectroscopy

UV-vis spectroscopic techniques are commonly used to mon-
itor synthesis and stability of nanoparticles in aqueous solu-
tions (Anjum and Abbasi 2016). The color variations from
dark green to light brown of nanoparticle suspension indicated
biosynthesis of ZnO NPs (Fig. S1, Supplementary Material).
The UV-visible profiles showed maximum absorption peak at
378-nm wavelength (Fig. S2 a, b, Supplementary Material).
These findings match to the characteristic banding pattern of
ZnO NPs (Sharmila et al. 2019). For the stability of ZnO NPs,
periodical UV-visible spectroscopy was performed for 2
months. The results revealed optimum absorption spectra at
the same wavelength which reflects stable nature of the syn-
thesized ZnO NPs (Fig. S2c, Supplementary Material).
Similar findings were also reported for callus mediated bio-
synthesis of silver nanoparticles (Anjum and Abbasi 2016).

XRD and FTIR analysis

To assess crystallite size and phase purity of biosynthesized
ZnO NPs, X-ray diffraction (XRD) analysis was carried out.
The spectrum showed distinct diffraction peaks of 2 theta
values at 31.44°, 34.41°, 36.53°, 47.55°, 56.34°, 62.83°, and
67.62° which could be indexed to (100), (002), (101), (102),
(110), (103), and (112) reflection planes respectively as
depicted in the blueprint of XRD (Fig. S3a). The obtained
XRD pattern matches to the hexagonal wurtzite crystal struc-
ture of zinc oxide (JCPDS card No: 36-1451) (Jabeen et al.
2017). Moreover, the crystalline nature of the samples was
portrayed by the sharp and intense diffraction peaks as shown
in Fig. S3a (Supplementary Material). The absence of extra
diffraction peaks in addition to ZnO confirms impurities free
synthesis of highly purified ZnO NPs. The average particle
size of ZnO NPs was determined via Scherrer’s equation and
found to be 17.91 nm. These findings are comparable with
previous results of Kalpana et al. (2018).

Fourier transform infrared (FTIR) spectroscopic analysis
was performed to identify possible functional groups of vari-
ous phytochemicals in leaf extract which may help in reduc-
tion and stabilization of ZnO NPs. FTIR profile of ZnO NPs
shows absorption peaks approximately at 3308.82 cm−1,
2950.12 cm−1, 2853.21 cm−1, 1740.93 cm−1, 1582.81 cm−1,
1367.31 cm−1, 1025.48 cm−1, and 537.09 cm−1 for ZnO NPs
(Fig. S4, SupplementaryMaterial). The wider band at 3308.82
cm−1 designates vibration stretches of O-H and N-H in phe-
nols, flavonoids, alcohols, and protein (Adil et al. 2019; Mittal
et al. 2014). Similarly, peak appeared at 2950.12 cm−1 shows
C-H stretching in aromatic compounds (Jyoti et al. 2016).
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Likewise, the peak at 2853.21 cm−1 matches to O-H stretch in
carboxylic acids (Anjum and Abbasi 2016). The sharp peak at
1740.93 cm−1 stand for C=O stretching in carboxylic acids,
aldehydes, and ketones (Abbasi et al. 2017). The band at
1582.81 cm−1 attributes to C=C stretch in aromatic com-
pounds (Prakash and Kalyanasundharam 2015). The frequen-
cy at 1367.31 cm−1 could be allocated to stretching vibrations
of C-N in aromatic amines (Jamdagni et al. 2018). The strong
peak recorded at 1025.48 cm−1 is due to C-O stretch in alco-
hols, ethers, and carboxylic acids (Khalil et al. 2017). The
characteristic absorption band of ZnO NPs was recorded at
537.09 cm−1 frequency (Yedurkar et al. 2016) (Fig. S4,
Supplementary Material). These findings strongly advocate
the involvement of various phytochemicals in leaf extract such
as phenolics, flavonoids, protein, alcohols, aliphatic amines,
and carboxylic acids in biosynthesis as well as stabilization of
ZnO NPs (Umar et al. 2019).

SEM and EDX analysis

Shape, size, and surface morphology of leaf extract–mediated
ZnO NPs were assessed by scanning electron microscopy as
illustrated in Fig. S5a (Supplementary Material).The SEM
micrographs clearly depicted the existence of both well-
scattered individual ZnO NPs and numerous agglomerated
particles. The synthesized ZnO NPs appear almost spherical-
shaped beads like structures with mean diameter of 17.83 nm.
Similar round-shaped aggregates for ZnO NPs were previous-
ly reported by many researchers (Pal et al. 2018; Emad et al.
2017). The elemental profile and chemical purity of ZnO NPs
were analyzed by energy dispersive X-ray spectroscopy
(EDX) as depicted in Fig. S5b (Supplementary Material).
The sharp peaks in the region (0.0–2.0 keV) corresponding
each to zinc and oxygen, while the two relatively shorter peaks
in range (8.0–10.0 keV) represents metallic zinc in the sam-
ples (Fig. S5b, Supplementary Material). The EDX results
further validated synthesis of ZnO NPs in its pure form.

DLS analysis

Size and surface charge distribution play a pivotal role in
stability and biological activities of nanoparticles. To deter-
mine particle size of colloidal solutions, DLS technique is
widely employed to assess time-dependent fluctuations in
scattered light of nanoparticle suspensions because of their
Brownianmotion, which mainly rely on particle hydrodynam-
ic size (Bhattacharjee 2016). In this study, hydrodynamic sizes
of ZnO NPs in liquid growth medium were found 41.2 nm as
indicated in Fig. S6a (Supplementary Material). The bigger
sizes of ZnO NPs in liquid medium in comparison to both
XRD and SEM sizes might be attributable to the presence of
ions or phyto chemicals such as capping and stabilizing agents
adhered to surfaces of ZnO NPs in liquid medium. These

findings endorsed previous investigations (Ahamed et al.
2011).

Zeta potential (ζ) is considered a typical measure to express
surface charge and stability of particles in colloidal solutions.
Suspensions which exhibit | ζ | ≥ 15 mV are usually classified
as stable colloids (Modena et al. 2019).

Currently, ZnO NPs dispersed in liquid growth medium
showed −28.4 mV zeta potential which indicate a stable nano-
particle suspension as portrayed in Fig. S6b (Supplementary
Material). The negative charge on particle surface is due to the
adsorption of negatively charged poly phenols on metal ions
found in leaf extract which help in particle dispersion and thus
hinder them from agglomeration (Vimala et al. 2014).

Plant growth and biomass accumulation

The current study was undertaken to overcome phytotoxicity
of (Pb) in seedlings ofP. hydropiper under hydroponic culture
by applying ZnO NPs. Previously, numerous higher plants
have been screened for tolerance and hyper accumulation of
Pb in order to find out candidate plants for the restoration of
lead-polluted regions (Andra et al. 2009). ZnO NP effect on
different morphological attributes in P. hydropiper under Pb
stress is shown in Table 1. Pb stress significantly halted plant
growth (stem and root length), biomass (fresh and dry), and
total water content in plant parts and entire plant when Pb-
treated plants (C1) were compared to plants grown in Pb-free
medium (C) (Table 1). To assess plant growth under metals
stresses, visual observation of plant height and biomass accu-
mulation are considered as the most prominent indicators
(Rizwan et al. 2017). Heavy metal stress is often associated
with plant growth inhibition in a wide range of plant species
grown in polluted soil and water (Gong et al. 2019; Ullah et al.
2018). Plant growth retardation by metal stress is due to water
deficit resulting from disturbance of water balance (Ekmekçi
et al. 2009). The Pb is among the most abundant and highly
phytotoxic heavy metals across the globe, and its pollution
causes significant and irreversible loss to plant growth and
productivity (Qin et al. 2018). For efficient phytoremediation
of metal-polluted soils, it is imperative to identify native metal
hyper accumulator plants producing high biomass and
possessing high metal tolerance potentials (Lajayer et al.
2017). All tested concentrations of ZnO NPs improved plant
growth and biomass accumulation. However, maximum plant
height (18.23±0.46 cm), root length (8.33±0.20 cm), fresh
biomass (3.69±0.12, 5.13±0.10, 3.45±0.11, and 12.27±0.32
g), and dry biomass (1.62±0.07, 2.22±0.09, 1.27±0.07, and
5.11±0.21 g) of leaves, stems, root, and entire plant respec-
tively were recorded under T3 (15 mg L−1 ZnO NPs)
(Table 1). Moreover, growth of P. hydropiperwas suppressed
at elevated level (20 mg L−1) of ZnO NPs (Table 1). Earlier
studies of Faizan et al. (2018) and Pullagurala et al. (2018)
reported positive effects of ZnO NPs on growth of different
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plant species up to certain optimum concentration. The ZnO
NPs furnish Zn2+, which is an essential micronutrient to sus-
tain plant growth and metabolic activities (Liu et al. 2015).

These results indicated that ZnO NPs alleviated Pb stress
by stimulating plant growth and biomass production and thus
inducedmetal stress resistance in plants (Venkatachalam et al.
2017a). Previously, Jabeen et al. (2017) reported boosted
growth of Lycopersicon esculentum L. seedlings at lower
dose of ZnO NPs while higher concentrations hindered
growth of plantlets. Likewise, in another study, Gossypium
arboreum L. growth was improved in dose-dependent pattern
with ZnO NPs (Priyanka and Venkatachalam 2016). The pro-
motion in growth of P. hydropiper plantlets treated with ZnO
NPs might be due to better bioavailability of water and essen-
tial nutrients for enhanced plant uptake (Jabeen et al. 2017).
The inhibition of plant growth at higher concentrations of
nanoparticles could be ascribed to nanoparticle aggregation
on root surface to interrupt root respiration and nutrient up-
take (Gong et al. 2019). Under in vitro conditions, growth of
Cicer arietinum L. and Vigna radiata L. was considerably
enhanced with lower concentration of ZnO NPs while higher
concentration decreased seedling growth (Mahajan et al.
2011). Previously, ZnO NPs applied to soil (0, 25, 50, 75,
and 100 mg kg−1) and as foliar spray (0, 25, 50, 75, 100 mg
L−1) significantly increased plant growth and activities of an-
tioxidant enzymes while decreased Cd accumulation in a
dose-dependent pattern for Triticum aestivum L. (Hussein
and Abou-Baker 2018).

Photosynthetic pigments

The response of chlorophyll a, b and carotenoids in leaves
under ZnO NPs is given in Fig. 2a. Photosynthetic pigments
were adversely affected in Pb-treated plants (C1) in reference
to control plants without Pb exposure (C) (Fig.2a). Plant ex-
posure to toxic heavy metals results in oxidative stress due to
increased production of ROS, which damages several vital
biomolecules including nucleic acids, proteins, and lipids in-
side the cells (Singh et al. 2013). The content of photosyn-
thetic pigments could serve as an important bio indicator of
heavy metal-induced toxicity in plants. The reduction in chlo-
rophyll contents in leaves of metal-treated plants might be due
to oxidation of photosynthetic pigments (Ma et al. 2015).
Application of ZnO NPs enhanced chlorophyll and caroten-
oid content, but highly significant increase in chlorophyll a
(37.78±1.05 μg/g) was found at T3 (15 mg L−1), chlorophyll
b (18.48±1.44μg/g) at T2 (10mg L−1), and carotenoid content
(14.94±1.04 μg/g) under T1 (5 mg L−1) (Fig. 2a).

Variations in total chlorophyll, Chl a & b ratio under ZnO
NP treatments, are shown in Fig. 2b.Total chlorophyll syn-
thesis was severely inhibited in plants treated with Pb (C1)
relative to control plants (C) (Fig. 2b). Furthermore, total
chlorophyll exhibited linear increase with increasing concen-Ta
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tration of ZnONPs, but the highest increase (54.32±1.72μg/g)
was reported at T3 (15 mg L−1) under Pb stress (Fig. 2b). In
current study, ZnO NPs at higher concentration T4 (20 mg
L−1) inhibited total chlorophyll content in leaves of
P. hydropiper (Fig. 2b). Earlier studies reported that ZnO
NPs at lower dose significantly augmented chlorophyll and
carotenoids in T. aestivum (Solanki 2018), Cenchrus
americanus L. (Tarafdar et al. 2014), C. arietinum (Hajra
and Mondal 2017), and Cyamopsis tetragonoloba L. (Raliya
and Tarafdar 2013).

Phenolic and flavonoid contents

Phenolic and flavonoid profile in response to ZnO NPs treat-
ments is shown in Fig. 2c and d respectively. Phenolic con-
tents in various plant parts were enhanced upon exposure to
Pb treatment (C1) (Fig. 2c). Similarly, increased phenolic con-
tent was found in Parthenium hysterophorus L. and

Euphorbia helioscopia L. grown on Pb-contaminated soils
(Ullah et al. 2019). ZnO NPs further improved total phenolics
at all tested concentrations. However, maximum TPC were
recorded for leaf (226.70±5.05μg/g) in T3 (15 mg L−1), for
root (183.00±6.21 μg/g) in T2 (10 mg L−1), and for stem
(123.60±7.54 μg/g) under T1 (5 mg L−1) in comparison to
control with Pb only (C1). Garcia-Lopez et al. (2018) reported
that ZnO NPs boosted phenolic content during germination of
Capsicum annuum L. Contrarily, the highest dose of ZnONPs
T4 (20 mg L−1) showed inhibitory effect on phenolics in var-
ious plant tissues (Fig. 2c). Earlier reports indicated that ele-
vated levels of ZnO NPs suppressed polyphenol content in
roots of Brassica nigra L. plantlets (Zafar et al. 2016).

The present study indicated that Pb stress (C1) highly in-
duced total flavonoid synthesis in leaves, stems, and roots of
the plants (Fig. 2d). To alleviate heavy metal stress, plants trig-
ger their antioxidative defense system including phenolics and
flavonoids which function as metal chelators and natural
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Fig. 2 Photosynthetic pigments (a), total chlorophyll content and
chlorophyll a and b ratio (b), total phenolic content (c), and total
flavonoid content (d) in response to ZnO nanoparticle treatments.
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scavengers of ROS which protect plants against oxidative stress
(Ilboudo et al. 2012; Michalak 2006). In current study, optimum
contents of flavonoids in leaves (56.97±1.37 μg/g) were report-
ed at T2 (10 mg L−1 ZnO NPs), in stems (49.07±1.55 μg/g) at
T3 (15 mg L−1 ZnO NPs), and in roots (36.26±1.06 μg/g) at T4
(20 mg L−1 ZnO NPs) as shown in Fig. 2d. These results corre-
late with findings of Zafar et al. (2016) who conveyed a dose-
dependent increase in flavonoids with ZnO NPs in seedlings of
B. nigra. Flavonoid content was comparatively higher in leaves,
moderate in stems, and minimum in roots (leaves ˃ stems ˃
roots) of P. hydropiper plantlets (Fig. 2d).

Antioxidant activity and proline content

Antioxidant potential using DPPH free radical scavenging as-
say in different plant tissues under ZnO NP treatments is pre-
sented in Fig. 3a. Current results revealed that antioxidant
activity in plant tissues was boosted in Pb-exposed plants
(C1) relative to control (C) (Fig. 3a). Plants develop resistance
to metal stress by inducing secondary metabolite accumula-
tion and certain antioxidant enzymes to counteract oxidative

damages of cellular components and biomolecules caused by
highly reactive free radicals (Na and Salt 2011). Similarly,
DPPH antioxidant capacity of Gynura procumbens (Lour.)
Merr. was significantly increased in plants treated with copper
and cadmium (Ibrahim et al. 2017). In present study, ZnONPs
displayed a dose-dependent response of antioxidant activity
up to some extent in various plant tissues. Leaves and roots
exhibited maximum (84.48±3.06 and 51.19±1.29%) antioxi-
dant activity in T3 (15 mg L−1 ZnONPs), while stems showed
best antioxidant response (67.88±2.23%) at T2 (10 mg L−1

ZnO NPs) under hydroponic culture (Fig. 3a). These results
endorsed previous findings of Singh et al. (2018); they found a
positive impact of ZnO NPs on antioxidant activity in
B. nigra. Likewise, proline content was also enhanced in
leaves, stems, and roots when plants were exposed to Pb stress
(Fig. 3b).

Plants being sessile organisms are constantly facing an array
of environmental stresses including toxic heavy metals. To
withstandmetal stress, plants accumulate a variety of metabolic
products mainly proline to nullify toxic effects of heavy metals
(Hayat et al. 2012). Amino acid proline plays an essential role
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in plant tolerance against stressful conditions and may act as
osmoregulator, metal chelator, quencher of ROS; stabilizes;
and protects enzymes (Choudhary et al. 2007). Proline content
was significantly improved in various parts of P. hydropiper in
response to all tested doses of ZnO nanoparticles. But the
highest proline content was observed in roots (97.37±2.38
μg/g) at T3 (15 mg L−1 ZnO NPs), in leaves (73.33±3.56 μg/
g) at T2 (10 mg L−1 ZnO NPs), and in stem (46.29±1.61 μg/g)
at T1 (5 mg L−1 ZnO NPs) (Fig. 3b). Proline content was
comparatively more in roots, intermediate in leaves, and mini-
mum in stems of plants (roots>leaves>stems) (Fig. 3b), where-
as ZnO NPs at maximum dose (20 mg L−1) significantly re-
duced proline contents in various plant parts. These findings are
consistent with the work of Dogaroglu and Koleli (2017); they
found that proline content was enhanced with increasing con-
centration of ZnO NPs in T. aestivum.

Phenyl ammonia lyase and ascorbate peroxidase
activity

The differential effect of ZnO NPs on phenyl ammonia lyase
(PAL) activity in various plant parts is shown in Fig. 3c.
Relatively higher PAL activity was observed in stem, inter-
mediate for leaves, and lowest in roots of ZnONPs treated and
control plants of P. hydropiper (Fig. 3c). Phenyl ammonia
lyase is one of the crucial strategic enzymes engaged in plant
defense against biotic and abiotic stresses (Astaneh et al.
2018). It is the first regulatory enzyme required in synthesis
of secondary metabolites particularly phenolics and flavo-
noids during phenylpropanoid pathway. This enzyme is re-
sponsible for reversible deamination of L-Phenylalanine into
trans-cinnamic acid that acts as precursor for biosynthesis of
phenolic and flavonoid compounds which scavenge ROS pro-
duced in plants during stresses (Smirnov et al. 2012).
Therefore, PAL plays a fundamental role in plant combat
against heavy metal stresses including Pb (Pawlak-Sprada
et al. 2011). The Pb treatment (C1) positively affected PAL
activity in different parts of plants in comparison to control
without Pb (C). Similar pattern of PAL activities were also
reported in Lactuca sativa L. under cadmium exposure
(Kosyk et al. 2017). Likewise, varying concentrations of
ZnO NPs enhanced PAL activity under Pb stress in reference
to control (C1). Current study indicated that the highest PAL
activity was found in stems (5.82±0.09 U/g FBM) at T2
(10 mg L−1 ZnO NPs), for leaves (3.76±0.07 U/g FBM),
and roots (1.38±0.05 U/g FBM) in T3 (15 mg L−1 ZnO
NPs) in seedlings of P. hydropiper (Fig. 3c). Iranbakhsh
et al. (2018) observed improved PAL activity in roots and
leaves of ZnO NP-treated plantlets of C. annuum under
in vitro conditions.

The Pb stress (C1) augmented ascorbate peroxidase (APx)
activity in roots and stems, while in leaves, comparable APx
activity was reported relative to control (C) (Fig. 3d). Heavy

metal toxicity in plants induces excessive accumulation of
ROS which trigger antioxidative enzymes to eliminate these
ROS and thus protect plants against oxidative damage
(Smirnov et al. 2012). Different treatments of ZnO NPs im-
proved APx activity in plant tissues under hydroponic culture.
However, highly significant increase was perceived for roots
(2.04±0.05 U/mg protein) in T3 (15 mg L−1 ZnO NPs), for
stem (1.31±0.03 U/mg protein) in T2 (10 mg L−1 ZnO NPs),
and for leaves (0.88±0.03 U/mg protein) in T1 (5 mg L−1 ZnO
NPs) (Fig. 3d). Similar increase in ascorbate peroxidase activ-
ity was reported in L. esculentum seedlings in response to ZnO
nanoparticles alone or when fortified with 24-epibrassinolide
(Li et al. 2016).

Superoxide dismutase and peroxidase activity

Plants under heavy metal stress produce elevated levels of
highly reactive oxygen species which negatively affect plant
cellular metabolisms through oxidative stress and cell dam-
ages (Choudhury et al. 2013). To combat stresses, plants are
equipped with well-organized defense mechanism consisted
of antioxidative enzymes like superoxide dismutase, peroxi-
dase, and ascorbate peroxidase, which eradicate ROS and thus
circumvent oxidative damage (Gong et al. 2017). Superoxide
dismutase is the first antioxidant enzyme, which predominant-
ly transforms highly reactive superoxide anion (O2

∙−) into rel-
atively less reactive hydrogen peroxide (H2O2). Similarly,
peroxidase is also involved in conversion of toxic hydrogen
peroxide (H2O2) into water molecules (Ma et al. 2015).
Superoxide dismutase (SOD) activity in different parts of
P. hydropiper under ZnO NP treatments is given in Fig. 4a.
In plant tissues (leaves, stems, and roots), SOD activity was
increased with Pb exposure (C1) relative to plants without Pb
stress (C). Similarly, SOD activity was also greatly enhanced
in Pb-treated Vallisneria natans L. seedlings (Wang et al.
2012). In stems and roots, the highest SOD activity (1.67
±0.06 and 0.48±0.02 U/mg protein) respectively was found
in T2 (10 mg L−1 ZnO NPs). Likewise, ZnO NPs in leaves
also increased enzymatic activities in a dose-dependent man-
ner and maximum values (1.15±0.09 U/mg protein) were re-
corded in T3 (15 mg L−1 ZnO NPs). Moreover, ZnO NPs at
20 mg L−1 dose (T4) inhibited SOD activity in various tissues
of P. hydropiper (Fig. 4a). Previously, comparable trend in
SOD activity was observed in Gossypium hirsutum L. leaves
treated with ZnO NPs (Venkatachalam et al. 2017b). Effects
of ZnO NP treatments on peroxidase (POD) activity in leaves,
stems, and roots of P. hydropiper are shown in Fig. 4b. In
present study, Pb stress (C1) significantly enhanced peroxi-
dase activity in different parts of P. hydropiper relative to
control (C). Lou et al. (2017) reported that POD activity was
highly increased in Festuca arundinacea (Schreb.) plants
grown in Pb and cadmium-polluted media. Various treatments
of ZnONPs stimulated peroxidase activity in plant parts when
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compared to control (C1). These findings indicated that ZnO
NPs at moderate concentration T2 (10 mg L−1) resulted in
optimum activity of peroxidase in leaves (1.39±0.06 U/mg
protein), stem (0.91±0.04 U/mg protein), and roots (0.64
±0.02 U/mg protein) (Fig. 4b). However, highest tested con-
centration (20 mg L−1) of ZnO NPs (T4) caused a decline in
POD activity of P. hydropiper plant parts (Fig. 4b). These
results conform to previous work of Venkatachalam et al.
(2017b) who detected higher POD activity in G. hirsutum
treated with ZnO NPs under lead stress. The decreasing trend
in antioxidant enzyme activities at the highest ZnO NP con-
centration (20 mg L−1) could be attributed to enzyme inhibi-
tion due to increased accumulation of free radicals in stressed
plant tissues (Malar et al. 2016).

Lead accumulation and translocation

The Pb concentration, accumulation, and translocation in dif-
ferent parts and in entire plant of P. hydropiper under ZnONP
treatments are depicted in Table 2 and Fig. 5a, b respectively.
The Pb concentration in different plant parts and in entire plant
was significantly increased with ZnO NP application as com-
pare to control with Pb only (C1) (Table 2 and Fig. 5a).
Maximum Pb content in leaves and roots (92.00±3.22 and
255.60±4.80 mg kg−1) and entire plant (471.67±7.8 mg
kg−1) respectively was found in T3 (15 mg L−1 ZnO NPs),
and for stem (132.87±2.74 mg kg−1) in T2 (10 mg L−1 ZnO
NPs) treatment. Moreover, the highest level of ZnO NPs
(20 mg L−1) decreased Pb concentration in different tissues
and entire experimental plant (Table 2 and Fig. 5a). In this
study, Pb accumulation in various plant tissues and entire
plant was highly improved with ZnO NP treatments relative
to control (C1). The accumulation of Pb in P. hydropiper tis-
sues and entire plant was enhanced with increasing concentra-
tions of ZnO NPs. However, the highest Pb accumulation was

observed at 15 mg L−1 ZnO NP treatment (T3) both in plant
parts and entire plants of P. hydropiper (Table 2 and Fig. 5b).
ZnO NPs at 20 mg L−1 (T4) significantly declined Pb accu-
mulation both in plant tissues and entire plants (Table 2 and
Fig. 5b). The decreasing trend of Pb accumulation might be
due to toxicity of ZnO NPs in plants at elevated concentra-
tions, which suppressed plant growth, and ultimately impeded
Pb uptake efficiency (Gong et al. 2017). Similarly,
Venkatachalam et al. (2017b) reported enhanced uptake of
cadmium in seedlings of Leucaena leucocephala (Lam.) de
Wit. treated with ZnO NPs. Huang et al. (2018) found that
zero-valent iron at nanoscale range significantly increased Pb
phytoaccumulation at relatively lower dose in Lolium perenne
L. cultivated in river sediment. Gul et al. (2018) described that
TiO2 NPs supported Cd phytoextraction in Pelargonium
hortorum L. grown under soil conditions.

Highly variable response was observed for percentage Pb
distribution in different plant tissues under ZnO NP treat-
ments; however, reasonably higher Pb accumulation (%)
was recorded in stems except T3 (15 mg L−1 ZnO NPs).
Relatively higher Pb translocation from roots to stems rather
than leaves was recorded in response to different doses of ZnO
NPs. Furthermore, ZnO NPs at 5 mg L−1 and 10 mg L−1

concentrations (T1 and T2) enhanced Pb translocation from
root to stem in the experimental plant. All tested doses of ZnO
NPs exhibited stimulatory effect on Pb bioconcentration in
different tissues as well as entire plants of P. hydropiper
(Table 2). Heavy metal translocation from plant roots to aerial
parts demonstrates metal uptake capacity in various plants
species. To enhance metal accumulation and its subsequent
translocation into plants, aerial parts are a major challenge for
plant application to effectively restore metal-polluted environ-
ment (Gong et al. 2019). The increased translocation and up-
take of Pb in different parts ofP. hydropiperwhen treated with
ZnO NPs are a significant novel achievement of this study for
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effective phytoremediation of metal-polluted water and soil.
The results obtained demonstrated thatP. hydropiper could be
employed as a potential candidate plant to efficiently accumu-
late Pb and subsequently translocate it into its aerial parts from
polluted environment.

Correlation analysis

Correlation among various morphological, biochemical, and
physiological attributes of leaves, stem, and roots of
P. hydropiper is described in Table S1 (a), (b), and(c)
(Supplementary Material). The Pb accumulation is positively
correlated with proline (r2=0.931), phenolics (r2=0.938), and
flavonoids (r2=0.892) in leaves (Table S1a, Supplementary
Material). Similarly, in case of stem, Pb accumulation showed
significant correlation with proline (r2=0.805), phenolic con-
tent (r2=0.823), and flavonoid content (r2=0.995) (Table S1b,
Supplementary Material). While in roots, Pb accumulation
displayed strong positive relation with free proline
(r2=0.902), phenolic content (r2=0.799), and flavonoid content
(r2=0.837) in the experimental plant (Table S1c,
Supplementary Material). Similar correlation of Cd accumula-
tion with proline and phenolics was reported in Cannabis
sativa L. plants grown on cadmium-polluted soil (Ali et al.
2019). Ahmad et al. (2016) found enhanced proline and phe-
nolic content in different tissues of hydroponically raised
Epilobium laxum L. under cadmium stress. Free proline helps
to scavenge ROS produced in metal-exposed plants and thus
maintain normal cell functioning to minimize metal toxicity on
plant growth (Sheetal et al. 2016). Elevated levels of proline
and phenolics in more than 40 plants species have been report-
ed under heavy metal stresses (Ali and Hadi 2015). Proline
avoids metal stress by shielding and protecting vital enzymes
from toxic metals while phenolic compounds function as nat-
ural antioxidants and prevent free radical accumulation in var-
ious stresses including heavy metals (Michalak 2006).

Conclusions

This study revealed that 15 mg L−1 ZnO NPs highly improved
Pb concentration and accumulation in P. hydropiper seedlings
and relieved Pb-induced stress by increasing total chlorophyll,
phenolic contents, and stimulating activities of antioxidant en-
zymes which ultimately favored plant growth. In contrast, in-
hibition of plant growth, reduction in Pb accumulation, and
antioxidant potentials was witnessed in P. hydropiper plantlets
exposed to 20 mg L−1 ZnO NPs. Further strong positive corre-
lation was found in Pb accumulation with proline and plant
secondary metabolites in different parts of P. hydropiper.
These findings indicated that ZnO NPs at proper concentration
could significantly enhance the phytoaccumulation potential of
toxic heavy metals from metal-contaminated water resources.Ta
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Current study suggested that ZnO NPs could be employed as
potential novel amendments for effective phytoremediation of
Pb-polluted environment.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-13132-0.
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