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Abstract

Chromium (Cr) is a toxic metal in soil-plant system, hence causing possible health risks prominently in the areas

with forgoing industrial activities. Copper nanoparticles (Cu NPs) have been reported as an excellent adsorbent

for pollutants. Therefore, this study investigates how copper nanoparticles enhance onion growth while decreas-

ing chromium uptake in onion plants. Additionally, it examines the potential health risks of consuming onion plants
with elevated chromium levels. The results demonstrated that the addition of CuNPs at 15 mg kg™' significantly
improved the plant height (48%), leaf length (37%), fresh weight of root (61%), root dry weight (70%), fresh weight

of bulb (52%), bulb dry weight (59%), leaves fresh weight (52%) and dry weight of leaves (59%), leaf area (72%),
number of onion leaves per plant (60%), Chl. a (42%), chl. b (36%), carotenoids (40%), total chlorophyll (40%), chloro-
phyll contents SPAD value (56%), relative water contents (35%), membrane stability index (16%), total sugars (25%),
crude protein (21%), ascorbic acid (19%) and ash contents (64%) at 10 mg kg~' Cr. Whereas, maximum decline of Cr
by 46% in roots, 68% in leaves and 92% in bulb was found with application of 15 mg kg™ of Cu NPs in onion plants
under 10 mg kg™' Cr toxicity. The health risk assessment parameters of onion plants showed minimum values 0.0028
for average daily intake (ADI), 0.001911 for Non-cancer risk (NCR), and 0.001433 for cancer risk (CR) in plants treated
with Cu NPs at 15 mg kg™' concentration grown in soil spiked with 10 mg kg™ chromium. It is concluded that Cu NPs
at 15 mg kg™' concentration improved growth of plants in control as well as Cr contaminated soil. Therefore, use of Cu
NPs at 15 mg kg™ concentration is recommended for improving growth of plants under normal and metal contami-
nated soils.
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Introduction

In regions of water scarcity, the irrigation of plants with
residential and industrial wastewater is a usual practice
[1]. Of the total production of vegetables in Pakistan, it
is reported that 26% vegetables are grown with untreated
wastewater [2, 3]. Both natural and human-activities
like mining, smelting, metallurgical processes, industrial
activities, and agricultural processes are the major fac-
tors contributing the entry of chromium (Cr) metal in the
environment and degeneration of environmental qual-
ity [4]. The textile industry also utilizes chromium metal
in various dyeing processes. However, the major source
of Cr is tanning industry as 60-70% tanning process
requires Cr-containing compounds. Therefore, release of
untreated waste from these industries contaminate the
environment [5]. Vegetables are an important part of die-
tary needs of humans besides staple foods [6]. However,
various industrial processes and poor treatment of waste-
water is solely responsible for increased uptake of heavy
metals in vegetables in Pakistan [7, 8].

Cr is a heavy metal widely distributed within the earth’s
crust [9]. Compounds comprised of Cr metal have also
been located in atmosphere as a fine dust particle which
later on settled on lithosphere and hydrosphere. It is
reported previously that from contaminated sites, leak-
age and leaching of Cr to under-ground water resources
caused serious health risks. Due to recalcitrant and toxic
nature [10], heavy metals are considered as a continu-
ing hazard to both the environmental quality and human
lives, in commercial and residential surroundings.

Cr is a non-essential element as it doesn’t involve in
any metabolic processes but, when certain concentration
exceed in plants, it becomes toxic [11]. Chromium metal
disturbs the two most important processes (photosyn-
thesis and respiration) in plants, causing severe oxidative
damage, hindering activities of certain enzymes, which
eventually leads to death [12, 13]. Cr contamination sig-
nificantly affects the productivity of agricultural crops
by reduced rate of seed germination, stunted growth,
increase cell damage, loss of chlorophyll and other pig-
ments, inhibition of enzymatic activities and nutrients
imbalance [14].

The management of abiotic stress for agricultural pro-
duce could be possible by using chemical approaches
like hormones, organic substances, ascorbic acid to
mitigate stress caused by abiotic environmental factors
for improved plant growth [15, 16], whereas, the use of
chemical amendments like biochar, zeolite and activated
carbon due to high sorption properties serves as an effi-
cient way to control heavy metal toxicity. Many studies
have shown improved agricultural production by using
chemical approaches like nanoparticles for the amend-
ment of abiotic stress in plants. The smaller size with
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high surface area of nanoparticles are ideal bases for the
sorption of contaminants like heavy metals, making them
a perfect solution for long term cleaning of pollutants
and safe reusability of wastewater [17]. Presence of vari-
ous active sites, low production and operational cost with
excellent sorption properties, contributed to the popu-
larity of nanoparticles in water remediation approaches
[18]. Cu NPs were reported as an efficient sorbent for
heavy metals. The large surface to volume ratio, along
with functional groups, are characteristic features of Cu
NPs as an efficient sorbent of pollutants in soil [19]. As
a fertilizer, growth regulator, pesticides, herbicides, and
remediation of soil pollutants, Cu NPs have shown their
traits for promotion of agricultural produce [20]. Previ-
ously, positive impact of Cu NPs on pigeon pea growth
[21], Vigna radiata [22] and Cajanus cajan [23] have
been reported. Moreover, inhibitory effects of Cu NPs
were also found in pea plants by [24] and in Hordeum
vulgare by [25]. In comparison to other NPs, further
investigation needed to find out the impact of CuO NPs
in plants at the physiological and biochemical levels.

Onion (Allium cepa L.) is an important biennial crop
belonging to the Alliaceae family, used as both condi-
ment and vegetable [26, 27]. As a highly economic crop,
onion is a food commodity serving a high nutritional
value with excellent source of essential oils and use as a
medicine [28]. According to FAO [29], onion serves as an
important commercial crop for the economy of Pakistan
[30].

It has been acknowledged that Cu as a micronutri-
ent helps in growth and development of plants. Various
researchers used Cu NPs for improved growth and yield
of plants under normal conditions. The application of
Cu NPs as a sorbent material is also well reported. How-
ever, Cu NPs are least studied for their growth regulated
potential under heavy metal toxicity. Following all these
reports, we hypothesized that Cu NPs could be used as
a nano-fertilizer for onion plants while providing an
excellent sorption material for safe removal of heavy
metals like Cr. The objectives of this experiment were
to assess the potential of Cu NPs to improve growth of
onion plants, immobilization of Cr metal in soil, reduced
Cr associated health risks, and to evaluate the effective
application rate of Cu NPs for growth regulation and
remediation of pollutants in Cr contaminated soil.

Materials and methods

Production of copper nanoparticles

The copper oxide nanoparticles were synthesized by fol-
lowing the previous method [31] with slight modifica-
tions. 500 mL of copper acetate and glacial acetic acid
(10 mL) were dissolved in a glass beaker. The solution
was mixed while constant stirring at 500 rpm at 40 °C.
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1 M NaOH (120 mL) was added in the solution. The
mixture was heated while stirring for 2 hours. The mix-
ture was allowed to cool at room temperature. Cu NPs
precipitates were then subjected to centrifuge for 20 min
at 1000 rpm. The supernatant solution was removed,
and black-brownish particles were washed 3 times with
ethanol and 5 times with distilled water. The nanopar-
ticles were dried at room temperature for 24 h and 5 h
in oven at 50 °C. The dried particles were stored for
further analysis. Zeta size and zeta potential were ana-
lyzed (Nano-ZS; Malvern Instruments) for the copper
oxide nanoparticle sample. FTIR analysis (Perkin Elmer
System 2000 FTIR spectrometer (USA)) for the forma-
tion of copper oxide nanoparticles was also performed
(Fig. 1).

Plant growth room experiment

Growth room experiment was conducted at the Institute
of Soil and Environmental sciences, University of Agri-
culture, Faisalabad, Pakistan. The region is classified as
semi-arid climate and soil is characterized as sandy loam
to clayey soil. The soil collected from the local farm of
University of Agriculture, Faisalabad was passed through
8 mm sieve to remove plant based residues, and was air
dried for three days. The basic properties of experimental
soil are shown in (Table 1).

Surface sterilized onion (Alium cepa) seeds friendly
donated by Department of Horticulture University of
Agriculture Faisalabad were placed in plastic glasses
(with 200 g soil) in triplicates. In soil chromium metal
was applied at 10 mg kg~'. The doses of copper nan-
oparticles 10 and 15 mg kg™!, were also mixed in soil
for each designated treatment. The temperature of the
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growth room was 25 ‘C during daytime and 18 C by
night. The experimental design was completely rand-
omized. Two weeks after the sowing, one healthy seed-
ling per plastic glass was maintained. The onion plants
were harvested after 10 weeks and analyzed for various
parameters.

The length of root, and leaves were measured by the
help of scale. Number of leaves (LN) per plant were
recorded. Length and width of onion leaf were recorded
to find leaf area (LA) cm?. The fresh weight (g) of roots,
bulb, and leaves, per plant was measured with digi-
tal balance scale and then oven dried for three days at
55 °C for the estimation of dry weight (g) of roots, bulb,
and leaves. Leaf dry matter content, bulb dry matter
content, and root dry matter content were observed.
The dry biomass of onion plant part was divided with
corresponding fresh biomass to get dry matter content
of onion plant part (g). Chlorophyll SPAD value was
also analyzed. Relative water content (RWC) of onion
leaves was analyzed by the protocol given previously
[32].

To determine electrolyte leakage (EL), the leaves were
cut into identical discs, then leaves were placed in test
tubes (10 mL) having distilled water and first electrical
conductivity (EC1) was recorded. Tubes were then kept
in a mechanical shaker for 2 h and electrical conductiv-
ity (EC2) was noted. Later on, the test tubes were auto-
claved, and electrical conductivity (EC3) was measured
[33].

EL(%) = (EC2 — EC1)/EC3 x 100

Total sugar (quantitatively) was analyzed for each
onion sample. The volume differences between standard
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Fig. 1 FTIR analysis of copper nanoparticles (Cu NPs)
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Table 1 Physical and chemical properties of the experimental
soil

Soil property Characteristic value

pH 7.85
EC(dSm™) 146

Soil texture Sandy clay loam
Cation exchange capacity (cmol, kg") 139

Organic matter (%) 0.64

Chromium Not detected
Nitrogen (%) 0.046
Phosphorous (g kg™") 035

Potassium (g kg™') 1.16

Copper (mg kg™) 0.2

sugar used for the standardization and for back titration
was analyzed [34], and calculated as follows:
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Moisture contents in onion plant sample were found
by drying (in oven at 105 °C) following method as given
in protocol [36]. Moisture contents in onion plant were
analyzed with 2 g onion plant sample, taken in a china
dish (pre-weighed) followed by oven drying (105+2 °C)
till constant weight of dry plant sample was attained. The
moisture in onion plant sample was found as:

(Wt. of fresh sample — Wt. of dried sample)

Moisture (%) =
oisture (%) Wt. of fresh sample)

x 100

Onion plant sample was homogenized in a 100 mL
beaker with 50 mL HPO5;.CH;COOH and then homoge-
nized plant sample was placed in a 100 mL volumetric flask
and diluted to volume with HPO,;.CH;COOH solution.
Blank test (7 mL HPO5;.CH;COOH solution) into a 50 mL
Erlenmeyer flask was measured and titrated with indophe-
nol solution till rose pink color showed for 10 s. The vol-
umes (mL) used was recorded and mean was calculated.

Totalsugar(gper100g) = (FS — SS) x GS x 250 x 100 x 100/(W x A x 50)

where, FS=volume of standard sugar solution required
to reduce 10 mL mixed Fehling’s solution; SS =volume of
standard sugar solution used in back titration of the sam-
ple; GS=gram sugar per mL working standard solution;
W =weight of sample.

To estimate crude protein contents, a 2 g onion
plant sample was taken in 250 ml flask, to which 15 ml
95%concentrated sulphuric acid was added and the sam-
ple was heated till sample solution turn colorless. Cooled
(filtered) sample solution was taken in 100 ml volumet-
ric flask and maintained with adding distilled water till
the mark followed by distillation by (steamed) Markham
distillation apparatus for 15-18 min. Afterwards, in a
100 ml conical flask provided with 2% boric acid with

Titration of the sample: Aliquots of 5 mL of sample was
pipette out containing Ca, 2 mg ascorbic acid into each of
two 50 ml Erlenmeyer flasks. Enough HPO,.CH;COOH
solution was added to make a total volume of 7 mL. Indo-
phenol solution was titrated using a digital burette. The
volume was recorded in mL. Calculation of mg ascorbic
acid per mL indophenols solution (Factor) [35]:

Weight Ascorbic acid standard
Total dilution volume

mg /mL Ascorbic acid standard =

2mL x mg/mL ascorbic acid standard

Factor =
actor Meanvol.(mL)indophenols std. — Mean vol.(mL)blank)

Calculation of mg ascorbic acid per 100 g sample:

(Vol.indophenolsolution — blank) x factor x Totalvol. x Dil. x 100}

mg/100VitC =

(Weight x Aliquot)]

mixed indicator (1-2 drops) were placed under the con-
denser in such a way that condenser tip was covered with
the liquid. Later on, a 5 ml colorless sample solution was
pipetted in apparatus. The sample solution was washed
down with distilled water along with adding 40% NaOH
solution and 2-3 drops of phenolphthalein. Sample solu-
tion in the condenser was steamed and Boric acid plus
indicator solution was added followed by changing in
color. Hydrochloric acid was used to titrate solution (to
get purple color-indicator of end point). The % nitrogen
was calculated [35] using the formula:

% Nitrogen = (VIs — VBs) x M acid x 0.01401 x 100 W

For determination of ash contents [35] around 5 g
of dried and finely grounded onion plant sample was
placed in a porcelain crucible and burnt at 55 °C for
6 h. After wards, the ash was allowed to cool in desic-
cators and reweighed and analyzed according to follow-
ing equation:

Ash contents (%) = (Wt.ofash/ Wt.ofsample taken) x 100

Cr analysis
The onion plant was washed, oven dried (65 °C) until
constant weight followed by digestion with di-acid
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method [37]. A mixture of acids (HNO; and HCIO,)
was added to grinded plant sample for over-night
and digested at hot plate for half an hour till it turned
colorless. Later on, filtered the digested solution and
with the distilled water made the volume of each sam-
ple up to 25 mL. The digested samples were analyzed
with the help of Atomic Absorption Spectrophotom-
eter (AAS) for the determination of chromium (Cr)
metal.

Remediation of Cr by onion plants

Bio Accumulation factor (BAF)

Bio accumulation factor (BAF) of onion plants was ana-
lyzed as [38]:

Cr in the root

Bioaccumulationfactor (BAF) = - -
Cr in soil

Bio Accumulation Coefficient (BAC)
Bio accumulation factor (BAC) was calculated as:

. . . Cr in shoot
Bio accumulation coefficient (BAC) = ————
Cr in soil

Translocation factor (TF)
The translocation factor of Cr metal by onion plants was
calculated as:

) Cr in shoot
Translocation (TF) = ————
Cr in root

Cr Health risk assessment parameters

Average Daily Intake (ADI)

The ADI index of Cr metal was calculated by using the
following method:

M x1
B.Wt

Average Daily intake (ADI) =

where M is the concentration of Cr in plant (mg kg™),
I is the daily intake of onion, and W is the average body
weight (BW). The average adult BW was considered
60 kg, while the average daily onion intake for adults was

considered 0.345 kg~ ! person™!.

Non cancer risk (NCR)
The NCR for Cr was due to consumption of contami-
nated onion, calculated as [38]:

ADI
RED

Oral reference doses (RFD) for Cr, is 1.5 [39].

Non Caner Risk (NCR) =
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Cancer Risk (CR)
The cancer risk (CR) through Cr contamination in onion
ingestion was calculated using following formula:

CR = ADI x CSF

CSF here indicates cancer slope factor, and for chromium
CSFis 0.5 [40].

Statistical analysis

The results of this experiment were analyzed with dose
rate of copper nanoparticles and heavy metal chromium
concentration levels and their interactions as the main fac-
tors, through analysis of variance (two-way ANOVA) to
estimate the difference among the mean (replications=3)
values by comparing means of each treatment by LSD at
5% probability level using computer-based software (R stu-
dio). Normal distribution of data was performed for each
parameters by Shapiro—Wilk test in R studio. Normality
assumption was not violated. The Heat map was analyzed
in R Studio, and for the construction of heat map plot
Pheatmap package was used and the version of R studio
was 4.0.1.

Results and discussion

Characterization

The data presented in (Table 2) showed zeta size and zeta
potential values for copper nanoparticles.

By zeta size analysis, the average particle size distribution
of 998 nm has been observed for Cu NPs and -8.38 mV zeta
potential for Cu NPs was found (Table 2). The FTIR analy-
sis (Fig. 1) showed that band at 1272 cm™! revealed forma-
tion of Cu—O-C linkage and at 624 cm™ can be attributed
to vibrations of Cu-O, leading towards the formation of
CuO nanoparticles [41].

Plant growth analysis

Impact of copper nanopatrticles on onion growth

under chromium stress

Onion growth parameters were significantly influenced
by Cr toxicity (Fig. 2). Chromium concentration at 10 mg
kg™! negatively affected the onion plant growth attrib-
utes. However, the application of CuNPs at both concen-
trations significantly improved the plant growth under
both normal soil (NS) and chromium metal contami-
nated soil (MCS), compared to the control treatment.
The results of this study showed that addition of CuNPs
at 15 mg kg' significantly improved the plant height

Table 2 Zeta size and potential of CuNPs

Sample Zeta size Zeta potential

Cu Nps 992 nm -8.38mV
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Fig. 2 Impact of copper nanoparticles on onion (a) plant height, (b) leaf length, (c) root fresh weight, (d) root dry weight, (e) bulb fresh weight,
() bulb dry weight, (g) leaf fresh weight, (h) leaf dry weight, (i) leaf area, (j) number of leaves per plant, under chromium stress. Treatments are
presented as, NO=without Cu NPs, N1=10 mg kg" CuNPs,N2=15mg kg‘1 Cu NPs, with normal soil (NS) and with metal Cr (10 mg kg.‘])
contaminated soil (MCS). Results are represented as means of 3 replications. Means sharing same letter donot vary significantly at p <0.05

(48%), leaf length (37%), fresh weight of root (61%), root
dry weight (70%), fresh weight of bulb (52%), bulb dry
weight (59%), fresh weight of leaves (52%) and dry weight
of leaves (59%),leaf area (72%) and number of onion
leaves per plant (60%) at 10 mg kg~ ' Cr over treatment
set as control (Cr 10 mg kg™!) as illustrated in Fig. 2 a, b,
¢, d, e f, g h,i, and j, respectively.

Impact of copper nanoparticles on chlorophyll pigments

and physiology of onion plant under chromium stress
Chlorophyll pigments and physiological activities were
remarkably declined due to Cr toxicity. Whereas, when
Cr toxicity of 10 mg kg™ was applied in soil CuNPs at
15 mg kg significantly improved the plant Chl. a (42%),
chl. b (36%), carotenoids (40%), total chlorophyll (40%),
chlorophyll contents SPAD value (56%), relative water
contents (35%), membrane stability index (16%), and
reduced the electrolyte leakage by 0.99% as compared to
control, demonstrated in Fig. 3 a, b, ¢, d, e, f, g, and h,
respectively.

Impact of copper nanopatrticles on proximate analysis

of onion plant under chromium stress

A maximum increase of 29% in total soluble sugars
(Fig. 4a), 27% in crude protein (Fig. 4b), 7% in mois-
ture (Fig. 4c), 26% in ascorbic acid (Fig. 4d) and 75% in

ash contents (Fig. 4e) of onion plants was noticed with
supplementation of CuNPs at 15 mg kg™ ! as compared
to control (normal soil). Conversely, under Cd stress it
was observed that there was a prominent increase of
25% in total sugars, 21% in crude protein, 6% in mois-
ture, 19% in ascorbic acid and 64% in ash contents in
plants with supplementation of CuNPs at application
rate of 15 mg kg™! as compared to control (Cr metal
contaminated soil).

Impact of copper nanopatrticles on uptake of chromium
metal in onion plant under chromium stress

Data regarding Cr concentration in soil, root, bulb, and
leaves was analyzed to evaluate the impact of Cu NPs in
immobilization of Cr. In control treatment (no amend-
ment), Cd concentration in soil was observed at 4.13 mg
kg_1 while, in contrast to control, application of CuNPs
at 10 mg kg, 15 mg kg™! concentration declined the
Cr concentration in soil by 60% and 81% , respectively
(Fig. 5a). A maximum decline of 46% in Cr uptake was
observed in roots of onion (Fig. 5b) was found when 15
Cu NPs were used at 15 mg kg™ ' concentration. Like-
wise, a maximum reduction in Cr uptake by 92% in bulb
(Fig. 5¢) and 68% in leaves (Fig. 5d) of onion plants were
observed compared to control under 10 mg kg™' Cr tox-
icity with application of Cu NPs (15 mg kg ™).
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Fig. 3 Impact of copper nanoparticles on onion (a) chlorophyll a, (b) chlorophyll b, (c) carotenoids, (d) total chlorophyll, (e) chlorophyll contents
(SPAD value), (f) relative water contents, (g) membrane stability index, and (h) electrolyte leakage under chromium stress. Treatments are presented
as, NO=without Cu NPs,N1=10 mg |<g‘1 CuNPs,N2=15mg kg‘1 Cu NPs, with normal soil (NS) and with metal Cr (10 mg kg‘w) contaminated soil
(MCS). Results are represented as means of 3 replications. Means sharing same letter donot vary significantly at p <0.05

Impact of Cr phytoremediation in onion with use of Cu NPs
The data obtained from the Cr phytoremediation by ana-
lyzing parameters of bio accumulation factor (BAF), bio
accumulation coefficient (BAC) for Cr and translocation
factor (TF), is presented in Fig. 5 e, f, and g. A maximum
value (0.85) for BAF, (0.53) for BAC, (0.63) for TF was
indicated by data of plants kept as control (10 mg Kg™?).
However, with the use of Cu NPs at 15 mg kg™ concen-
tration level, minimum value (0.25) for BAF, (0.07) for
BAC, (0.26) for TF was shown in plants of onion grown
in 10 mg kg™! chromium contaminated soil.

Impact of Cr on health risk assessment parameters

The health risk assessment parameters of onion plants
showed minimum values 0.0028 for ADI, 0.001911 for
NCR, and 0.001433 for CR in plants treated with Cu NPs
at 15 mg kg™' concentration grown in soil spiked with
10 mg kg™! chromium (Table 3).

Heat map analysis for onion plants under application

of copper nanopatrticles and Cr toxicity

The heat map analysis of treatments and parameters
has been displayed in (Fig. 6). The negative impact of Cr
metal on onion plants can be prominently observed by

strongly positive correlation between electrolyte leak-
age (EL) and Cr contaminated soil. Onion growth, yield
and physiological parameters like PH (plant height), MSI
(membrane stability index), RWC (relative water con-
tents), and T.M (total moisture) are strongly correlated
with each other under normal soils receiving Cu NPs.
While AsA (ascorbic acid), T. Chl. (total chlorophyll),
S.Cr (Cr in soil), C.P (Crude protein), T.S (total sugars),
R.Cr (Cr in root), B.Cr (Cr in bulb), L.Cr (Cr in leaves),
and A (ash contents) indicated weakly negative correla-
tion among treatments. LEWT (leaf fresh weight), BEWT
(bulb fresh weight), and LL (leaf length), indicated neu-
tral impact of treatments under normal and metal con-
taminated soils.

Discussion

Due to the burgeoning environmental concerns allied
with heavy metal pollution in agriculture produce the
use of nanoparticles for plants is gaining impetus as
it promises to provide a sustainable approach to pro-
mote plant growth in wastewater driven agriculture
while immobilizing heavy metals in soil for better plants
growth and yield. In the present study the reduced plant
growth in onion plant under Cr toxicity was found in
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of 3 replications. Means sharing same letter donot vary significantly at p <0.05
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Table 3 Health risk assessment parameters in adults by
consuming Onion plants from soil applied with copper
nanoparticles and chromium metal contaminated soil

Treatments DIMin adults NCR CR

Metal level Nanoparticle

NS NO ND ND ND

NS N1 ND ND ND

NS N2 ND ND ND

MCS NO 00126 a 0.008433a 0.006325 a
MCS N1 0.0054 b 0.003603 b 0.002702 b
MCS N2 0.0028 ¢ 0.001911¢c  0.001433 ¢

Here, NS =Normal Soil, MCS =Cr metal (10 mg kg™") contaminated Soil,
NO =without Cu NPs,N1=10 mg kg~' Cu NPs,N2=15 mg kg~' Cu NPs

plants without application of Cu NPs. This significant
decrease in onion plants could be happened due to the
limited or restricted availability of macro nutrients,
micronutrients and increased uptake of Cr. Seed germi-
nation has been declined under metal stress in different
plants as reported by Baruah et al. [42] due to Cr toxic-
ity. Deficiency of macro and micronutrients and reduced
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growth of pea plants were observed under Cr toxicity
in plants [43, 44]. Moreover, reduced uptake of essen-
tial macro and micronutrients (N, P, K, Mg and Fe) were
widely reported by researchers [13]. Whereas, in both
normal soil (NS) and metal contaminated soil (MCS)
the results indicated increased growth of root, bulb and
leaves of onion plants when supplemented with CuNPs
at 15 mg kg™! as compared to control (Cr metal con-
taminated soil) (Fig. 2). Metal based nanoparticles like
Cu NPs are found to increase plant growth. Ji et al. [45]
reported that increased growth of Medicago polymor-
pha L. showed increased biomass production when Cu
NPs were used. Copper oxide nanoparticles are impor-
tant sources of micro nutrients in plants thereby, act-
ing as nanofertilizer [46]. Reddy and Roth, [47] showed
that copper oxide nanoparticles are capable of removing
metal from the water. Therefore, the immobilizing prop-
erty of Cu NPs helped in reduced uptake of Cr metal in
onion plants while providing essential nutrients for onion
growth. Hence, Cu NPs have prominent contribution in
growth of onion plants.

Declined Chlorophyll contents were observed in treat-
ments getting only Cr contaminated water, causing

Heatmap of Treatments Data
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Fig. 6 Heat map analysis of onion plant growth, yield and physiological analysis as well as concentration of heavy metal Cr in soil and plants
under application of Cu NPs at different concentrations in both normal and metal contaminated soils. Parameters studied were PH (plant height),
electrolyte leakage (EL), MSI (membrane stability index), RWC (relative water contents), and T.M (total moisture), AsA (ascorbic acid), T. Chl. (total
chlorophyll), S.Cr (Cr in soil), C.P (Crude protein), TS (total sugars), R.Cr (Cr in root), B.Cr (Crin bulb), LCr (Cr in leaves), A (ash contents), LFWT (leaf

fresh weight), BFWT (bulb fresh weight), and LL (leaf length)
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reduced physiological activities and proximate contents
as well. This could be because the Cr metal competes
with Fe for binding sites in chlorophyll, disturbs the
absorption of Fe. This would result in decreased accu-
mulation of iron for the genesis of chlorophyll and heme
synthesis [48]. Similarly, Cr stress also inhibit uptake of
Kp and Hp in maize plants suggesting interference with
transport activities of plasma membrane. Naseem et al.
[49] also reported that heavy metals contaminated water
led to decline tomato plants physiological activities and
hence negatively impacting plant growth. The reduced
chlorophyll contents [50] and relative water contents
[51] have been observed in plants due to heavy metal
contamination. The application of Cu NPs showed sig-
nificant production of photosynthetic pigments and
improved physiological analysis of onion plants under
Cr toxicity. The improved photosynthetic pigments and
photosynthetic activity was found by various researchers
previously when Cu NPs were used [45, 52]. The provi-
sion of nutrients like Fe, Mg and Ni in onion plants under
application of Cu NPs could regulate the N metabolism,
production and activity of photosynthetic pigments [53].
This eventually provides the basis for improved physi-
ological activities in onion plants.

The proximate analysis of onion plants showed reduc-
tion due to Cr phytotoxicity (Fig. 4). The reduced or
imbalance nutrient provision occurred during Cr phy-
totoxicity resulted in degraded and limited production
of biomolecules. Under heavy metals toxicity the reac-
tive oxygen species are produced [54] due to which pro-
duction of biomolecules like proteins, sugars would be
disturbed. The disturbed or reduced production of bio-
molecules under Cr toxicity was found to be mitigated
when Cu NPs were applied to plants. The results of proxi-
mate analysis showed improved production of biomol-
ecules under Cu NPs application despite Cr toxicity. The
large surface area, small size and presence of functional
groups are the key traits of Cu NPs for the sorption of Cr
metal [19, 55] in soil, thus ensuring proper and balanced
provision of nutrients in onion plants [56].

The plants growing in MCS showed maximum con-
centration of Cr in soil samples followed by roots, leaves,
and bulb of onion plants when no Cu NPs were applied.
Chromium transport from the soil to aerial parts of plant
was found highest as compared to plants receiving Cu
NPs. The least uptake of Cr in root, leaves and bulb of
onion was found when Cu NPs at 15 mg kg™! concentra-
tion were used. The increased translocation of Cr could
be associated with ionic imbalance [57] where instead of
nutrients, Cr metal was taken up by the roots. The uptake
of heavy metals may influence the cellular metabolism of
aerial parts of plants causing impairments of nutrients
and water related mechanisms [12, 58]. This could lead to
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deficiency or imbalanced nutrient supply to onion plants
causes and hence stunted growth [59] with increased
metal contents in plant tissues. Whereas application of
Cu NPs at both concentrations showed reduced metal
concentration in roots, leaves and bulb of onion plant.
The nanomaterials are reported to have enough capa-
bility for removal of heavy metals due to small size and
high surface area [60]. It is reported that various metal-
based nanoparticles are recommended for the reusability
of wastewater due to their potential to immobilize heavy
metals on their surface [17]. When high concentration of
heavy metals are present the number of available active
sites on nanoparticles will start to decrease. Whereas the
higher concentration of Cu NPs (15 mg kg™') was found
to be most effective as compared to other concentration
(10 mg kg™?) in this study [61]. This could be explained by
the fact that with increasing dose of Cu NPs, the reme-
diation of heavy metals were found to be increased. The
increased concentration of Cu NPs showed increased
removal of Pb, Ni, and Cd when increased dose were
used. This could be due to the increased availability of
binding sites on the surface of nanoparticles [62]. Hence,
improved remediation of Cr metal by application of Cu
NPs (at 15 mg kg™') was observed. Increased metal con-
tents in edible parts of plants could lead to various health
issues [63] as they can accumulate in human tissues [64],
therefore, plants grown and irrigated with metal contam-
inated water should be assessed for the essential param-
eters like average daily intake of metals (ADI) [38] and
cancer risk (CR) assessment [65]. The application of cop-
per nanoparticles under Cr metal contamination showed
that all values were less than 1 for analysis of health risk
assessment [66]. Hence, under metal toxicity the use of
copper nanoparticles makes consumption of onion plants
safe without any concomitant health risks for humans.

Conclusions

The results of this study revealed that application of Cu
NPs showed improved growth, physiological activities,
proximate analysis and yield of onion. Whereas, Cr tox-
icity negatively impacted the growth, biochemical and
physiological processes of onion plants. However, appli-
cation of Cu NPs at 15 mg kg™' concentration showed
improved remediation of Cr by immobilizing Cr metal in
soil while improving growth, yield and physiological pro-
cesses in onion. The results indicated an increased plant
height (48%), root dry weight (70%), fresh weight of bulb
(52%), bulb dry weight (59%), and dry weight of leaves
(59%), chlorophyll contents SPAD value (56%), relative
water contents (35%), total sugars (25%), and crude protein
(21%) at 10 mg kg™! Cr toxicity when supplemented with
15 mg kg™ of Cu NPs. Moreover, reduced Cr uptake (68%)
in leaves and (92%) in bulb was found with application of
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15 mg kg ! of Cu NPs in onion plants under 10 mg kg™*
Cr toxicity. The health risk assessment parameters of onion
plants showed safe values for ADI, NCR and CR in onion
plants treated with Cu NPs at 15 mg kg™ concentration
grown under chromium contaminated soil. It is concluded
from the results that Cu NPs at 15 mg kg™* concentration
can improve growth and yield of plants in control as well
as metal contaminated soil. However, the use of Cu NPs at
other concentration levels needs to be determined for effi-
cient remediation of metals and other pollutants in soil for
improved soil quality, and growth of plants. With the addi-
tion of UV-visible spectrum, SEM—EDS images and, XRD
analysis more information could be gain in surface char-
acterization of Cu NPs. Molecular level studies explaining
the mechanism of Cu NPs in plants for improved growth
and reduced metal uptake under metal toxicity should
also be studied. Plant roots and shoot samples for cell
morphology, stress-induced ROS levels and antioxidant
enzyme activity and expression of genes associated with it,
under stress and after application of nanoparticles should
be assessed.
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