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ARTICLE INFO ABSTRACT

Edited by Dr Muhammad Zia-ur-Rehman The prevalence of inorganic pollutants in the environment, including heavy metals (HMs), necessitates a sus-

tainable and cost-effective solution to mitigate their impacts on the environment and living organisms. The

Keywords: present research aimed to assess the phytoextraction capability of spinach (Spinach oleracea L.), under the
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combined effects of ascorbic acid (AA) and microwave (MW) irradiation amendments, cultivated using surgical
processing wastewater. In a preliminary study, spinach seeds were exposed to MW radiations at 2.45 GHz for
different durations (15, 30, 45, 60, and 90 seconds). Maximum germination was observed after the 30 seconds of
radiation exposure. Healthy spinach seeds treated with MW radiations for 30 s were cultivated in the sand for

Reactive oxygen species two weeks, after which juvenile plants were transferred to a hydroponic system. Surgical industry wastewater in
phytoremediation different concentrations (25 %, 50 %, 75 %, 100 %) and AA (10 mM) were provided to both MW-treated and
untreated plants. The results revealed that MW-treatment significantly enhanced the plant growth, biomass,
antioxidant enzyme activities and photosynthetic pigments, while untreated plants exhibited increased reactive
oxygen species (ROS) and electrolyte leakage (EL) compared with their controls. The addition of AA to both MW-
treated and untreated plants improved their antioxidative defense capacity under HMs-induced stress. MW-
treated spinach plants, under AA application, demonstrated relatively higher concentrations and accumulation
of HMs including lead (Pb), cadmium (Cd) and nickel (Ni). Specifically, MW-treated plants with AA amendment
showed a significant increase in Pb concentration by 188 % in leaves, Cd by 98 %, and Ni by 102 % in roots.
Additionally, the accumulation of Ni increased by 174 % in leaves, Cd by 168 % in roots, and Pb by 185 % in the
stem of spinach plant tissues compared to MW-untreated plants. These findings suggested that combining AA
with MW irradiation of seeds could be a beneficial strategy for increasing the phytoextraction of HMs from

wastewater and improving overall plant health undergoing HMs stress.

1. Introduction et al., 2020; Tow et al., 2018; Qureshi et al., 2024; Shaghaleh et al.,
2024). These undesirable metals enter the food chain and the environ-

Excessive concentrations of heavy metals (HMs) and metalloids are ment through various pathways and can adversely affect the all living
highly toxic, posing significant environmental impacts and ongoing organisms. The pollution of water resources by HMs and metalloids have
threats to food security due to their persistent accumulation and non- intensified due to extensive industrialization, urbanization, agricultural

biodegradable nature (Yong et al., 2010b; Khalid et al., 2017; Saleem practices, and climate change (Abeed et al., 2022; Yong et al., 2010b;
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Hossain et al., 2020). Water resources contaminated with HMs have
been increasing due to extensive industrialization, urbanization, agri-
cultural practices, and climate changes (Azam et al., 2015, Khanna et al.,
2019; Shaghaleh et al., 2024). Also, the global demand for medical
technologies has driven substantial growth in the surgical equipment
manufacturing sector, which has experienced an annual expansion rate
of 7.8 % in recent years (Tariq et al., 2013). Like the world’s boost of the
surgical industry, Pakistan alone have established network of 2500
active surgical units all over the country (Junaid et al., 2016). Stainless
steel is extensively used, comprising along titanium (Ti), aluminium
(Al), tungsten (W), beryllium (Be), copper (Cu), molybdenum (Mo), and
cobalt (Co), and chromium (Cr) (Spry, 2005). Cadmium (Cd), nickel
(Ni), manganese (Mn) and lead (Pb) are also crucial metals used in
surgical equipment manufacturing. These industries used a huge quan-
tity of water in the process of manufacturing equipment and directly
discharge their effluents into water bodies and on soil due to lack of
proper water treatment systems. Discharge of excessive effluents can
lead to environmental contamination, due to the presence of toxic
metals like Pb, Cd, and Ni entering into the environment from various
industrial processes (Masood et al., 2023; Tariq et al., 2013b). These
HMs can later accumulate in the soils due to their high persistence;
becoming readily available under certain scenarios for uptake by plants
and subsequently entering the humans via the food chain (Liu et al.,
2012; Song et al., 2019; Sigamani et al., 2024).

Lead (Pb), is one of the heaviest divalent metals, which can signifi-
cantly affect the plant seed germination, growth, and physiological
processes like photosynthesis and respiration (Gupta et al., 2024).
Studies have revealed the accumulation of high levels of Pb in the roots
of various plants, such as Lactuca sativa (L.) (Ikkonen and Kaznina, 2022)
and Brassica juncea (L.) (Shehzad et al., 2022). Similarly, higher con-
centrations of Ni in the effluents used as growth medium can hinder the
growth, seed germination, and may cause oxidative damage in the plants
(Hassan et al., 2019). Research has revealed that high Ni concentrations
reduced growth in wheat (Triticum aestivum L.) plants by causing
excessive oxidative stress (Uruc Parlak, 2016). Cd accumulation in
edible crops is a major concern for human exposure (Liu et al., 2012;
Wang et al., 2023), with studies showing disruptions in chloroplast
structures, lower chlorophyll contents and reduced growth in Zea mays
(L.); attributed to high Cd levels (Rigby and Smith, 2020).

Uncontrolled industrial aqueous effluents polluted with HMs is a
global issue. To combat HMs pollution of industrial effluents and soils
accumulated with HMs, various physiochemical and biochemical
remediation methods can be employed; whereas the phytoremediation
is considered cost-effective, environmentally friendly, efficient, and easy
to implement compared with all other treatments (Razzak et al., 2022;
Song et al., 2019). Phytoremediation, using plants to mitigate pollutants
via adsorption, mobilization, and extraction, is a particularly promising
approach (Yong et al., 2010b; Kamran et al., 2020, Zhang et al., 2020).
In phytoremediation, several plant species, such as Brassica juncea,
Juncus maritimus, Schima superba, and Alyssum murale can be used for
delivering effective and sustainable results (Yan et al., 2020). Impor-
tantly, plant species selected for phytoremediation should have the
potential to accumulate a high level of the target pollutant, while the
pollutant should not be the growth limiting factor. Secondly, phytor-
emediation should have a high threshold level for the target pollutant,
and it should be easily cultivable, preferably native species, and adapted
to the local environment. Above all, these plants should be resistant to
pathogens and pests, and with the preferred traits of a highly effective
hyperaccumulator (van der Ent et al., 2013; Ali et al., 2013).

Spinach, Spinacia oleracea (L.), belongs to the family Amaranthaceae,
and is a commonly cultivated as an edible plant around the globe
especially in Asia due to its comparatively fast growth and higher
biomass production. Spinach can uptake the HMs with faster rate due to
its wider lamina and excessive uptake of water content from soil
(Agarwal et al., 2018). Spinach having characteristics of faster growth
and response towards various HMs stress been remained in
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consideration in research studies previously (Khaliq et al., 2022).
Spinach can be subjected to higher HMs stress owing to its powerful
antioxidant defence mechanisms (Shahid et al., 2020) which makes it a
potential candidate for the treatment of contaminated sites (Khaliq
et al., 2022). Moreover, the phytoremediation process of the plants can
be improved by the addition of chelating agents those have specific
mechanisms for metal chelation (Paz-Ferreiro et al., 2014).

Several chelating agents are used to extract HMs by increasing the
bioavailability for plants to absorb through roots and translocation to
shoots, that enhance the phytoextration process (Alwutayd et al., 2024;
Diarra et al., 2021). The frequent use of chelating agents in home,
farming, and industrial contexts can produce HMs-complexes that are
responsible for the bioavailability of HMs in water (Qiang et al., 2018).
Due to their unique ability in mobilizing metals, the chelator induced
phytoextractions do raise possible environmental concerns (Ben Mas-
soud et al., 2019). Ascorbic acid (AA) is more biodegradable as
compared to other chelating agents with larger molecular mass and
complex chemical formula to bind HMs for their extraction (Thinh et al.,
2021). The addition of AA improved the photosynthesis process and can
prevent the oxidative damage in plants undergoing HMs stress (Gallie,
2013), and the growth-promoting role of AA for the fenugreek plants
exposed to Cr stress has been reported by Azzouzi et al. (2024).

Electromagnetic radiation of various wavelengths and frequencies
have many important characteristics and their application in plant
growth systems is not much reported in the literature. Although previous
research has highlighted the positive effects of radiations on growth,
chlorophyll content, and antioxidant enzymes in plants, the effects of
microwave (MW) radiations on plant growth undergoing HMs stress
remained understudied (Gupta et al., 2013; Abbey et al., 2017).
MW-treated okra plants, for instance, exhibited a rapid increase in
protein contents and photosynthetic pigments (Iwuala et al., 2021).
However, the combined application of MW radiation and chelating
agents for phytoremediation remained unexplored. The present study
was therefore planned with the prime objective to assess the impacts of
MW radiation on spinach seed germination, and evaluation of surgical
wastewater effects on spinach’s morpho-physiological and biochemical
attributes. More importantly, to assess the phytoextraction potential of
spinach plants with AA amendment, and to examine the combined ef-
fects of MW radiation and AA chelator on the phytoextraction potential
of spinach plants cultivated using wastewater derived from surgical
processes.

2. Material and methods
2.1. Seeds collection, preparation and cultivation

Seeds of the spinach were collected from Ayub Agriculture Research
Institute (ARRI) Faisalabad and disinfected by treating them with 3.0 %
H50, for 5 minutes, followed by washing and rinsing with deionized
water. Subsequently, the seeds were air dried and exposed to 2.45 GHz
microwave radiation for varying durations: 0, 15, 30, 45, 60, and
90 seconds by using the microwave oven. Afterward, the MW-treated
seeds were placed in methanol solution and incubated at 25 °C in an
IB-05 G incubator made by JEIO Tech, Korea, for a period of two weeks
to assess germination rates. The germination rates observed were 7.76,
8.33, 9.33, 6.33, 4.33 and 2.67 out of 10 at 0, 15, 30, 45, 60, and
90 seconds of MW, respectively, as the mean of triplicate. Maximum
seed germination occurred at 30 seconds of exposure to a frequency of
2.45 GH.

Seeds of spinach irradiated for 30 seconds were selected for culti-
vation in sand pots for two weeks. After the germination, the juvenile
plants were transferred to a hydroponic system made up of glass square
bowls with capacity up to 5.0 L filled with water and Hoagland’s
nutrient solution. The composition of the Hoagland’s nutrient solution
was as 0.22 mg/L (NH4)¢M07024, 0.02 mg/L ZnSO4-7 H20, 2.86 mg/L
H3BOs3, 0.08 mg/L CuSO4-7H20, 20 mg/L NagFe-EDTA and 2.13 mg/L



M. Abubakar et al.

MnSO4-4 Hy0. The experimental setup was aerated using constant
airflow pumps coupled with the assembly. Surgical industry wastewater
(WW) alone and in combination with AA was applied to the hydroponic
system having control and MW treated spinach plants. Each treatment
was applied in triplicate, and the experimental setup followed a com-
plete randomised design (C.R.D.).

2.2. Wastewater sampling and the Application of Treatments

Wastewater samples of the surgical instrument manufacturing in-
dustry were taken from the Sialkot city. Collected wastewater’s physi-
cochemical properties were analysed by standard methods of analysis of
wastewater (Clescerl et al., 1998). The pH was evaluated by using a
desktop pH meter. The chemical oxygen demand (COD) was determined
by using chemical oxygen demand COD plus colorimeter (model:
La-motte, code-1922/1922-EX2). Biological oxygen demand (BOD) was
determined titrimetrically, and total suspended solids (TSS) were
measured by gravimetrically (Supplementary Table 1).

After spending two weeks in hydroponic system, the MW-treated and
untreated juvenile plants were treated with various concentrations of
surgical effluents and ascorbic acid (AA) with three replications as; Ty:
control, Ty: MW30, T3: A.A 10, T4: MW 30 + A.A 10, Ts: W.W 25 %, Te:
W.W 25 % + MW 30, T7: W.W 25 %+ A.A 10, Tg: W.W 25 % + MW 30 +
A.A 10, Tg: W.W 50 %, T19: W.W 50 % + MW 30, T11: W.W 50 % + A.A
10, T12: W.W 50 % +MW 30 + A.A 10, T13: W.W 75 %, T14: W.W 75 % +
MW 30, T15: W.W 75 % + A.A 10, T16: W.W 75 % +MW 30 + A.A 10,
T17Z W.W 100 %, T132 W.W 100 % + MW 30, T]gl W.W100% + A.A 10,
Too: W.W 100 % +MW 30 + A.A 10. For the next four weeks, all the
treatments were exogenously provided to the hydroponic system at one-
week intervals.

2.3. Evaluation of agronomic traits

After four weeks of continuous treatments, the plants were harvested
and assessed for morpho-physiological and biochemical attributes. The
fresh biomass of plant parts like root, stem, and leaves were measured
with an analytical weighing balance of Sartorius company (Denmark).
Similarly, dry biomass was also measured after drying the plant material
in an oven at 70 °C until complete dryness and constant weight. A ruler
was used to measure the length of plant shoot, root and leaf area.

To estimate the soluble protein content in the roots and leaves, the
analysis was performed by following the methodology of Bradford
(1976) where a standard (albumin) and a dye (Coomassie brilliant blue
G-250) was used. The second-topmost and fully expanded leaves was
assessed non-destrucively for foliar chlorophyll content (SPAD-502 m,
Zhejiang Top Instruments Co. Ltd., China)(Yong et al., 2010a). To
determine the carotenoids, chlorophyll a, chlorophyll b, and total
chlorophyll contents in leaves with a spectrophotometer (UV-Visible,
Halo DB20 / DB-20S, Dynamica Labs, London, UK), the protocols given
by Arnon (1949) and Metzner et al. (1965) were followed; and with
some minor modifications (Song et al., 2020).

2.4. Estimation of Antioxidant Enzymes catalase (CAT) and ascorbate
oxidase

The activities of antioxidant enzymes such as catalase (CAT) and
ascorbate oxidase (APX) in the spinach leaf and root were measured
using the methods described by Nakano and Asada (1981) and Aebi
(1984) respectively. The Zhang (1992) methodology was followed to
assess the concentrations of peroxidases (POD) and superoxide dismut-
ase (SOD).

2.5. Determination of Malondialdehyde (MDA), Hydrogen Peroxide
(H202) and Electrolyte Leakage (EL)

The colorimetric approach suggested by Jana and Choudhuri (1981)
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was utilized to assess the HyO» level in spinach roots and leaves. The
content of MDA was assessed by using Heath and Packer’s (1968) TBA
reaction approach which has been further refined by Dhindsa et al.
(1981) and Zhang and Kirkham (1994).

The EL in spinach roots and leaves were measured using the tech-
nique outlined by Dionisio-Sese and Tobita (1998).

Further calculations were carried out by the following equation,
EL = (i—g) x 100
The EC1 is the initial conductivity, and EC2 is the final conductivity,
which was measured by a conductivity meter 720 (INCOLAB Company,
Kuwait).

2.6. Analysis of heavy metals in plant biomass

The oven dried-plant samples were milled into fine powder by using
the coffee grinder. A portion of 0.5 g of each sample was taken and
concentrated sulphuric acid (H2SO4) and hydrochloric acid (HCL) in the
ratio of 3:1 were added into it and placed on a hot plate at 250-300 C°
for complete digestion of the sample. Hydrogen peroxide (H202) 30 %
was then added, drop by drop, until the digested sample was completely
oxidized and decoloured. The samples were further analysed using
atomic absorption spectrophotometer NOVA A400, made by Analytik
Jena, Germany to determine the HMs concentration according to the
technique described by Ehsan et al. (2013). All the treatments were
analysed in triplicates and the results were calculated by plotting the
standard calibration curve of standard solutions prepared for desired
concentration.

Plant metal content (mg kg™ ') was calculated by multiplying the
dilution factor by the digested sample’s metal concentration (mg L™1).

Where;

Dilution factor — Total sample volume(mL)

Plant material weight(g)

The metal accumulation in the entire plant body was estimated by
using the equation given below (Zayed et al., 1998).

Metal Accumulation = plant organ’s dry weight (g) x concentration
of metal in plant organ (pg g~ )

2.7. Statistical Analysis

All the treatments were performed in triplicate and for all the
treatments means of three replicates and standard deviation were
calculated and presented in results. The Statistix 10.0 software was used
for finding the significance (p<0.05) of results through analysis of
variance (ANOVA) followed by Tukey’s post hoc test.

3. Results

3.1. Preliminary study to determine the optimal microwave radiation
exposure time

Seeds of spinach were irradiated with MW and the response for
different time durations (15, 30, 45, 60 and 90 s) found is depicted as in
Section 2.1. Observations confirmed that the longer irradiation of seeds
resulted in suppression of seeds germination. Germination at
30 seconds, observed was maximum whereas a significant reduction in
seed germination was observed at time interval of 60 s and 90 s when
exposed to same frequency of 2.45 GHz. It may be concluded that
observation of increase and decrease in seed germination may depend
upon on both intensity and duration of exposure time of irradiation.
Seeds with an optimized time of 30 s for germination were further
selected and used in the hydroponic study under AA and WW.
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3.2. Agronomic traits of the spinach plants

Previously optimized plants were subjected to the treatment of sur-
gical industry effluents and AA as chelating agent. Spinach plants used in
experiments were observed and agronomic traits were evaluated. Plant
growth characteristics of spinach exhibited substantial reduction under
wastewater stress (Supplementary Table 2). The growth attributes of
spinach significantly decreased with increasing the concentration of
wastewater in comparison to the control treatment. The addition of
chelating agent, ascorbic acid (AA) 10 mM alone and in combination
MW significantly improved the growth characteristics of spinach in
seeds of 30 s irradiation. A linear trend of reduction in plant germination
and growth is found in MW treated maximum effect was observed at
100 % WW as compared to the respective controls where plant height
was decreased by 65 & 57 %, leaf area by 49 & 51 %, root length by 57 &
53 %, and number of leaves per plant by 53 & 48 % respectively. The
combined effects of 30 s MW irradiated, AA (10 mM) under WW, the
plant height increased in the range of 8-49 %, leaf area increased by
8-42 %, root length increased by 5-34 %, and number of leaves per
plant by 7-50 % respectively compared to the corresponding treatments
without AA and MW 30s.

The spinach plant biomass decreased under WW treatment (Sup-
plementary Table 2) and found it in a dose-dependent manner. Spinach
plants treated with 100 % WW and MW showed maximum reduction in
fresh weight of roots by 75 & 64 %, stem by 61 & 54 %, and leaves by 65
& 59 %, respectively compared with control treatment. Similarly, the
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dry weight of leaves was decreased by 73 & 61 %, stem by 58 & 53 %
and root by 62 & 59 % compared with respective controls. The com-
bined treatment of AA (10 mM) and MW 30 s under WW (25, 50, 75 &
100 %) significantly improved the fresh weight of roots by 10—95 %,
stem by 8—50 %, leaves by 8—52 %, and the dry biomass of root by
9—48 %, stem by 6—43 %, leaves by 11-98 %, compared with the
corresponding treatments without AA and MW 30 s.

3.3. Photosynthetic pigments, soluble proteins and carotenoids contents

Spinach plants under investigation in various treatments of WW, MW
and AA and in control were analysed for carotenoids and chlorophyll
contents to evaluate the oxidative damage caused by HMs to spinach
(Fig. 1). Results showed more oxidative stress due to high doses of WW
and also significantly reduces chlorophyll and carotenoid contents.
When MW-treated and untreated plants were compared to controls, the
maximum reduction was observed under WW 100 %, with reductions of
68 & 66 % for chlorophyll a, 70 & 64 % for chlorophyll b, 70 & 67 % for
total chlorophylls, and 80 & 73 % for carotenoids, respectively. How-
ever, adding AA (10 mM) to both MW-treated and untreated plants
under WW enhanced chlorophyll and carotenoids content compared to
controls. The combined treatment of AA (10 mM) and MW 30 s under
WW (25, 50, 75 & 100 %) significantly improved the chlorophyll a
content in the range of 6—46 %, chlorophyll b 8—90 %, total chlorophylls
8-53 % and carotenoids 10—93 % as compared to the respective
treatments without AA and MW 30 s.
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Fig. 1. The combined effects of MR and AA under surgical industry effluents on physiological traits of spinach, such as Chl a (a), Chl b (b), total Chl (c), and ca-
rotenoids (d), is presented as the mean of three replicates + standard deviation. The significance of values at P < 0.05 is indicated by different small alphabets.
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Spinach showed a significant decrease in SPAD value and SP content
of both roots and leaves compared with control (Fig. 2). MW treated and
untreated plant of Spinach showed maximum reduction at WW 100 % in
SP of roots by 58 % & 56 %, SP in leaves by 72 & 68 %, and SPAD value
by 80 & 79 % respectively compared with control plants. On other hand,
both MW 30 s treated and untreated spinach plants showed significant
increase in SPAD and SP content under AA (10 mM) compared with
controls. The combined treatment of AA (10 mM) and MW 30 s under
WW (25, 50, 75 & 100 %) significantly enhanced the SP content of
leaves in the range of 17—67 %, SP in the root by 14—71 %, and in SPAD
value by 19—70 % as compared with respective treatments without AA
and MW 30 s.

3.4. MDA, H,05 and EL concentration

Increased lipid peroxidation and EL were observed in the roots and
leaves of both MW-treated and untreated Spinach plants (Fig. 3).
Correspondingly, the maximum increase in spinach (MW 30 s treated
and untreated) was recorded at WW 100 % for EL in roots (184 &
299 %), EL in leaves (159 & 260 %), H2O- in roots (138 & 184 %), H,O4
in leaves (235 & 365 %). MDA in root (185 & 267 %) and MDA in leaves
(166 & 230 %) compared with control plants. The application of AA
10 mM and MW 30 s under different concentrations of WW (0, 25, 50,
75, and 100 %) significantly decreased the EL and lipid peroxidation in
both MW-treated and untreated Spinach. The combined treatment of AA
(10 mM) and MW 30 s under WW (25, 50, 75 & 100 %) significantly
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decreased the EL content in root by 5—42 %, EL, in leaves by 8—42 %,
H0> in root by 6—32 %, Hy0> in leaves by 8—46 %, and MDA in root by
9-52 % and MDA in leaves by 5—42 % as compared with respective
treatments without AA and MW 30 s.

3.5. Antioxidant defence system of plants

As the concentration of applied WW increased, the antioxidative
responses of spinach plants treated with and without MW also increased
(Fig. 4). In both MW-treated and untreated plants, the enzymatic ac-
tivities begin to rise at low concentrations (25 %) of HMs contaminated
WW, peak at 50 % WW and then begin to decline towards 100 % of the
WW. Under WW, the maximum increase in antioxidant enzymes activ-
ities of plants treated with and without MW was recorded where APX in
leaves was increased by 13 & 8 %, APX in root by 84 & 37 %, CAT in
leaves by 2 & 2 %, CAT in roots by 70 & 46 %, POD in leaves by 58 &
53 %, POD in root by 6 & 5 %, SOD in leaves by 72 & 34 %, SOD in root
byl7 & 21 % respectively compared with control. Further, the combined
application of AA (10 mM) and MW (30 s) under WW (25, 50, 75 &
100 %) significantly enhanced the content of CAT in leaves by 5—52 %,
CAT in the roots by 6-50 %. APX in leaves by 7—86 %, APX in root by
7—62 %, POD in leaves by 8—42 %, POD in root by 6—30 %, SOD in
leaves by 6—96 %, and SOD in the root by 4—34 % respectively as
compared with respective treatments without AA and MW 30 s.
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Fig. 2. The combined effects of MR and AA under surgical industry effluents on physiological traits of spinach, such as SP in root (a), SP in leaves (b), and SPAD value
(c), is presented as the mean of three replicates + standard deviation. The significance of values at P < 0.05 is indicated by different small alphabets.
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Fig. 3. The combined effects of MR and AA under surgical industry effluents on molecular attributes of spinach, such as EL in root (a), EL in leaves (b), H202 in root
(c), H202 in leaves (d), MDA in root (e), and MDA in leaves (f), is presented as the mean of three replicates + standard deviation. The significance of values at P <

0.05 is indicated by different small alphabets.

3.6. The levels of HMs in plants

The levels of HMs in the spinach plants increased significantly in a
dose dependant manner with increasing concentration of applied WW
(Tables 1-3). The results showed that in both MW-treated and untreated
plants, the concentration and accumulation of Ni, Cd, and Pb were
enhanced with and without AA 10 mM application. The maximum in-
crease in concentration of HMs of both MW-treated and untreated plant
was recorded at WW 100 % where Ni concentration in root was
increased by 644 & 393 %, in stem by 435 & 274 %, in leaves by 557 &
299 %, Cd concentration in root increased by 572 & 316 %, in stem by

521 & 317 %, in leaves by 462 & 271 %, Pb concentration in root
increased by 469 & 234 %, in stem by 691 & 334 %, in leaves by 1104 &
372 % respectively compared with control plants. Similarly, parallel to
this, the accumulation of Ni in root increased by 222 & 134 %, in stem
by 160 & 101 %, in Leaves by 121 & 90 %, Cd accumulation in root
increased by 192 & 99 %, in stem by 201 & 123 %, in leaves by 89 &
77 %. accumulation of Pb in root increased by147 & 59 %, in stem by
283 & 132 %, in leaves by 306 & 125 % respectively compared with
control.

Furthermore, the combined treatment of AA (10 mM) and MW 30 s
under WW (25, 50, 75 & 100 %) significantly increased the
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Table 1
The combined effects of microwave radiations (MR) and ascorbic acid (AA) under surgical industry effluents on the Ni concentration and accumulation by spinach is
presented as the mean of three replicates + standard deviation. The significance of values at P < 0.05 is indicated by different small alphabets.

Treatments Nickel Concentration (mg kg™") Nickel Accumulation (ug plant™")
0% 25 % 50 % 75 % 100 % 0% 25 % 50 % 75 % 100 %
Leaf Leaf
MRO, A.A 0 0.00 + 136.81 + 340.58 + 628.33 + 898.33 + 0.03 + 1256.29 + 2487.97 + 3183.66 + 2785.66 +
0.00 n 15.04 m 10.45j 27.53¢g 12.58¢ 0.02i 170.59 h 163.38fg 159.06ef 128.55ef
MR 30 0.00 + 171.66 + 385 + 15j 701.66 + 953.33 + 0.07 + 1806.66 + 3145.16 + 4422.83 + 3973.66 +
0.00 n 12.58Lm 17.55f 15.27b 0.04i 218.30gh 165.83ef 250.99¢ 205.98 cd
A.A10 0.05 + 216.66 =+ 456.66 + 760 + 20e 1001.66 + 0.78 + 2566.66 + 4142 + 5526 + 5209.83 +
0.03n 15.27kl1 25.16i 17.55b 0.561 238.30 f 273.00 cd 335.54b 191.43b
MR30+AA 0.07 + 266.67 + 531.66 + 821.66 + 1058.33 + 1.10 + 3442.83 + 5593.33 + 6685.16 =+ 6527.66 +
10 0.02n 12.58k 32.53h 22.54d 12.58a 0.32i 254.25de 607.99b 309.01a 238.60a
Stem Stem
MR 0, A A0 0.00 + 249.43 + 548.33 + 933.33 + 1335 + 0.07 + 3102.2 + 5357.33 £ 7498.83 + 8054.66 +
0.000 11.02n 17.56 L 32.53h 32.78d 0.017 L 196.07k 279.76ij 308.68fg 220.69efg
MR 30 0.19 + 317.66 + 648.33 + 1039.66 + 1459 + 311 + 4291 + 6944.33 + 9226.13 + 9829.2 +
0.320 7.50 n 33.29k 37.28 g 25.94c¢ 5.16 L 260.00jk 575.18ghi 655.27de 617.16 cd
A.A10 0.8 + 395.1 + 731.66 + 1131.66 + 1573.33 + 13.60 + 5833.81 + 9105.16 + 117,77.33 + 12,012.67 +
0.10 4.85m 30.13j 30.13f 30.55b 2.05L 79.84hij 667.81def 764.34b 465.01b
MR30+AA 1.08+ 466.66 + 830 + 30i 1227.66 + 1746.66 + 19.59 + 7361 + 11,215 + 14,214 + 14,734.33 +
10 0.120 15.27 m 41.54e 15.27a 211L 401.28gh 820.04bc 1101.22a 832.95a
Root Root
MR 0, A.AO 0.1+ 260.1 + 860 +20J 1408.33 + 1936.77 + 0.82 + 1902.73 + 5304.66 + 5919.33 + 6132.67 +
0.05n 20.0 m 33.29g 50.17d 0.38k 224.01j 229.99gh 420.38gh 256.42fgh
MR 30 0.38 + 340 + 20Lm  956.66 + 1505 + 2156.91 + 3.56 + 2790.66 + 6445.16 + 7227 + 7550.54 +
0.23n 27.53J 22.91fg 66.99¢ 2.09k 232.01ij 378.12efg 410.16def 359.29cde
A.A10 0.72 + 423.33 + 1086.66 + 1593.33 + 2426.71 + 7.49 + 3927 + 7904.66 + 8713.66 + 9952.19 +
0.06 n 25.16 L 50.331 35.11f 25.08b 0.96k 337.98i 635.25 cd 430.85¢ 514.06b
MR 30 + A.A 0.95 + 526.66 + 1275 + 1710 + 30e 2596.80 + 10.96 + 5199.16 + 10,120.17 + 10,262 + 12,212.32 +
10 0.04 n 27.54k 27.83h 55.08a 0.85k 350.00 h 613.19b 351.00b 777.54a
Table 2

The combined effects of microwave radiations (MR) and ascorbic acid (AA) under surgical industry effluents on the Cd concentration and accumulation by spinach is
presented as the mean of three replicates + standard deviation. The significance of values at P < 0.05 is indicated by different small alphabets.

Treatments Cadmium Concentration (mg kg!) Cadmium Accumulation (ug plant™ ')
0% 25 % 50 % 75 % 100 % 0% 25 % 50 % 75 % 100 %
Leaf Leaf
MRO, A.A 0 0.00 + 119.31 + 275 + 508.33 + 670 + 10d 0.03 + 1095.03 + 2009.83 + 2575.67 + 2077.67 +
0.00q 8.11p 13.22L 7.63h 0.02k 106.50j 167.63hi 76.00fg 98.00hi
MR 30 0.00 £ 159.15 + 336.66 + 546.66 + 720.33 + 0.05 £+ 1673.68 + 2750.5 £ 3445.07 + 3002.5 +
0.00q 7.620 17.55k 832¢g 11.67¢ 0.01k 159.25i 177.41 f 160.74de 156.36ef
A.A10 0.04 + 187.87 + 406.66 + 576 + 760.66 + 0.68 + 2224.32 + 3688 + 4186.67 + 3966.73 +
0.01q 6.51 n 15.27j 6.55 f 4.04b 0.24k 126.92gh 177.00 cd 191.48b 96.95bc
MR 30 +AA 0.06 + 218.37 + 458.33 + 610 + 10e 809.13 + 0.95 + 2816.92 + 4815 + 4962.33 + 4990.54 +
10 0.01q 6.31 m 7.63i 8.73a 0.16k 111.09 f 307.77a 173.98a 176.92a
Stem Stem
MR O, A.AO 0.00 + 145.94 + 345+ 15L 646.66 + 907 + 0.03 + 1816.38 + 3371 + 5195.33 + 5472.2 +
0.00p 6.680 15.27 h 17.53d 0.03m 140.68 L 208.07ij 153.05fg 115.08efg
MR 30 0.00 + 168.57 + 424.53 £ 704.33 + 960 + 10c 0.09 + 2278.07 + 4548.2 + 6249.83 + 6466 +
0.00p 7.02no 24.03k 22.72 g 0.02m 178.72kl 408.90gh 422.22de 359.03d
A.A10 0.06 + 199.04 + 483.33 + 780 + 20 f 1003.33 + 1.02 + 2940.54 + 6012.83 + 8117.33 + 7660.33 +
0.02p 8.07 n 12.58j 15.27b 0.47 m 168.68jk 350.64def 520.02bc 270.59¢
MR 30 + AA 0.07 £ 255.95 + 570 + 15i 850 + 10e 1068.33 + 1.32 + 4040.27 + 7700 £ 9835 + 9011.67 +
10 0.01p 19.04 m 7.63a 0.26 m 398.23hi 487.51c 548.33a 495.28ab
Root Root
MR 0, AAO 0.00 £ 184.51 + 493.33 + 875 + 1240 + 20d 0.03 £ 1346.66 + 3043 £ 3678 + 3926.67 +
0.00p 7.170 15.27 L 2291 h 0.03i 68.02 h 146.05fg 269.45ef 156.03de
MR 30 0.00 + 232.66 + 576.66 + 961.66 + 1335 + 25¢ 0.06 + 1907.27 + 3885 + 4618.33 + 4671.67 +
0.00p 8.02no 15.28k 1755g 0.02i 5491 h 221.47e 276.64 cd 117.95¢
A.A10 0.07 £ 281.77 + 661.66 + 1067.6 + 1430 + 30b 0.72 + 2611.36 + 4811.83 + 5838.11 + 5866 +
0.02p 7.12n 22.54j 18.71 f 0.29i 107.94 g 328.79¢ 264.46b 357.20b
MR 30 +AA 0.08 + 366.66 + 750 + 20i 1145 + 15e  1528.33 + 0.92 + 3619.33 + 5954 + 6871 + 7187.17 +
10 0.01p 15.27 m 30.13a 0.08i 206.00ef 395.39b 204.50a 447.32a

concentration of Ni in root by 6—-102 %, in stem by 9—87 %, in leaves by by18-168 %, in stem by 18—122 %, in leaves by 33—103 %, accumu-
6—94 %, concentration of Cd in root by 7—98 %, in stem by 5—75 %, in lation of Pb in root by 16—176 %, in stem by 18—185 %, in leaves by
leaves by 7—83 % and concentration of Pb in root by 5—104 %, in stem 38—304 % respectively as compared with respective treatments without
by 6—125 %, in leaves by 4-188 % respectively. Similarly, the accu- AA and MW 30s.

mulation of Ni in the root increased by 21-173 %, in the stem by

22—-137 %, in leaves by 26—174 %, accumulation of Cd in root
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Table 3

Ecotoxicology and Environmental Safety 282 (2024) 116731

The combined effects of microwave radiations (MR) and ascorbic acid (AA) under surgical industry effluents on the Pb concentration and accumulation by spinach is
presented as the mean of three replicates + standard deviation. The significance of values at P < 0.05 is indicated by different small alphabets.

Treatments Lead Concentration (mg kg’l) Lead Accumulation (ug plant’l)
0% 25 % 50 % 75 % 100 % 0% 25 % 50 % 75 % 100 %
Leaf Leaf
MRO, A.A 0 0.00 + 51.22 + 198.8 + 409.26 + 616.9 + 0.04 + 470.80 + 1453.15 + 2073.67 + 19129 +
0.000 7.73n 11.55k 892¢ 7.90c 0.02¢g 84.75 f 134.17e 67.32d 85.77d
MR 30 0.00 £ 81.36 + 252.8 + 454.73 + 646.23 + 0.04 £ 855.48 + 2065.38 + 2866.94 + 2693.25 +
0.000 6.90 m 11.36j 15.93 f 6.43b 0.02g 97.08 f 122.93d 191.05¢ 124.13c¢
A.A10 0.05 + 119.4 + 296.41 + 514 + 674.8 + 0.82 + 1414.08 + 2687.64 + 3738.13 + 3509.21 +
0.020 7.64 L 9.99i 18.33e 3.86ab 0.30g 119.41e 101.54c¢ 261.20b 87.05b
MR 30 +AA 0.04+ 147.58 + 346.06 + 577 + 697.85 + 0.68 + 1905.7 + 3638.93 + 4694.07 + 4303.43 +
10 0.020 8.93L 15.76 h 11.53d 2.30a 0.40g 164.67d 338.87b 180.51a 109.21a
Stem Stem
MR O, AA0O 0.00 + 75.41 + 235.8 + 430 £10h 596.76 + 0.04 + 939.19 + 23,204.65 + 3454.67 + 3600.53 +
0.00p 8.520 5.40L 7.22d 0.03k 127.17j 187.73 h 102.78ef 59.29def
MR 30 0.00 + 112.30 + 287.6 + 474.66 + 635.33 + 0.05 + 1518.63 + 3078.87 + 4210.67 + 4279 +
0.00p 7.98 n 6.48k 10.01 g 5.50c 0.02k 160.21ij 171.70fg 235.42 cd 229.99¢
A.A10 0.05 + 140.36 + 321.76 + 507.93 + 696.56 + 0.96 + 2073.26 + 4004.20 + 5284.35 + 5318.58 +
0.02p 5.00 n 14.45j 7.12f 15.43b 0.35k 98.84hi 304.22cde 275.04b 2220.12b
MR 30 + AA 0.04 £ 170.12 + 380.9 + 556.66 + 739.26 + 0.78 £ 2682.47 + 5148.98 + 6442.33 + 6234.97 +
10 0.02p 4.61 m 20.60i 10.40e 5.05a 0.45k 106.18gh 467.12b 403.82a 315.32a
Root Root
MR 0, A.A 0O 0.00 + 108.3 + 258.33 + 454 + 616. + 66 0.03 + 790.91 + 1593.67 + 1907.93 + 1951.67 +
0.00q 6.29p 7.63L 8.54h + 7.63d 0.03 m 63.46 L 81.15j 126.42hij 70.48ghi
MR 30 0.00 + 145.52 + 299.63 + 485+5¢g 652 +8.18c  0.05 + 1192.08 + 2018.8 + 2328.67 + 2281.63 +
0.00q 9.260 9.45k 0.02m 47.30k 124.56fghi 121.00ef 50.79efg
A.A10 0.05 + 180.58 + 346 + 530.33 + 685 + 5b 0.58 + 1674.65 + 2516.17 + 2900.27 + 2809 +
0.02q 7.81n 11.53j 11.67 f 0.21m 117.13ij 170.01de 142.43c 136.37 cd
MR 30 +AA  0.06 + 221.7 + 391.66 + 570 + 10e 740 + 10a 0.69 + 2188.52 + 3108.83 + 3420.67 + 3479.33 +
10 0.02q 10.61 m 7.64i 0.31 m 138.35efgh 186.93bc 117.00ab 195.00a

4. Discussion

The present study demonstrated that exposures to higher volumes of
contaminated WW with a high concentration of HMs would influence
the physio-biochemical processes, morphological characteristics, and
membrane permeability of plants (Alwutayd et al., 2024; Kiran et al.,
2022) and similarly in the present study the application of HMs
contaminated surgical effluent affected the growth parameters such as
fresh weight, dry weight, plant height and root length and inhibited the
overall growth and biomass of spinach plants. The silver lining of the
research study designed with the addition of chelating agent AA along
with MW treated plants resulted in improved plant growth and biomass
under HMs stress (Wu et al., 2024). Metals-induced toxicity in plants
affects the photosynthesis process through a significant reduction in
plant pigments; there effects were observed in the present study. One of
the reasons supporting the phenomenon of pigment reduction is the
capacity of some HMs (Pb) to prevent plants from absorbing essential
minerals with functionality delivered by Mg and Fe and ultimately
inhibiting chlorophyll synthesis (Giannakoula et al., 2021). As expected,
an increase in ROS and enzyme activities under HMs stress was observed
in the experimental plants. Specifically, the application of the chelating
agent AA enhanced the protein content many folds, higher chlorophyll,
and SPAD values; with concomitant lowering of ROS production and EL
in plants, thereby improving the overall growth of MW-treated and
untreated spinach plants.

Interestingly, Farid et al. (2017) reported similar results and high-
lighted that microwave irradiated seeds germinated better, grew faster
and were able to accumulate higher amounts of HMs during their. Farid
et al. (2017) also observed higher germination rates of B. napus under
MW treatment for 30 s which was similar to results of present study. In
another similar study carried out by Lin (2004), with exposures to high
MW frequencies (5.70 and 9.30 GHz) for a longer time, resulted in
having less seed germination due to the ability of MW to damage the cell
membrane; which was contrary to the present research study in which
MW frequency applied was 2.5 GHz. Interestingly, it was discovered
that an optimized level of radiation could be useful for regulating the

seed germination processes; rendering the level of applied radiation as
an essential factor to be considered for experimentation. Gupta et al.
(2013) presented that exposure of seed to low MW frequency (2.45 GHz,
for 30 s at 650 W) resulted into higher seed germination in mustard
plants, and results are similarly found with spinach plants. Furthermore,
research studies of Gul et al. (2014) and Vashisth et al., (2013) high-
lighted the better germination rate in shisham (Dalbergia sissoo L.) and
tomato (Solanum lycopersicum L.) under the influence of magnetic field
and similar effect of seed germination was observed in B. napus. Effects
obtained from present study and in literature, might be the reason of
improved cell membrane structure and disinfection of bacterial coloni-
zation on the seed surface.

Experimentation provided with surgical WW containing HMs pro-
duced a significant impact with reduction in plant development and
biomass production as compared to controlled experiments where no
such experience observed (Chaturvedi et al., 2019, Namdjoyan et al.,
2020). With the increasing volume of WW and enhanced concentration
of HMs, the agronomic traits such as plant height and biomass along
with chlorophyll contents significantly affected by HMs toxicity. Effect
on different physiological and biochemical processes such as nutrient
uptake and mineral transportation were also observed by Jibril et al.
(2017). Previous studies reports that exposure of spinach plants to
higher concentrations of metals such as Ni, Cd and Pb reduced and
hindered the morpho-physiological attributes (Agarwal et al., 2018,
U(;Uncii et al., 2013). In contrast to this, Hannan et al. (2021) reported
that plants treated with chelating agents such as organic acid had higher
chlorophyll content and Mattar et al. (2022) reported that organic acids
are the important addition to increase the plant tolerance when plants
have HMs stress. This may happen by improving the antioxidant defence
mechanism and net photosynthetic rates. A study reported by Ma et al.
(2016) presented that Cr toxicity significantly reduced the production of
Chl a, Chl b, total Chls, and plant carotenoids in rice seedlings when
exposed to HMs stress. However, the application of metal chelators such
as AA significantly increased the carotenoid content and photosynthetic
pigments of plants (Azizi et al., 2021).

Another very important aspect observed in present study is the effect
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of higher concentrations of HMs in surgical WW which ultimately
reduced the soluble protein and SPAD value in spinach plant and this
might be due to the generation of ROS as reported by Kohli et al. (2018).
Another evidence of the higher ROS production responsible for sup-
pressed gas exchange properties of the plants under HMs stress is re-
ported by Jing et al. (2022). Similar results were found in wheat (Liu
et al., 2023), B. juncea (Kohli et al., 2018), and malabar spinach (Basella
alba) (Zewail et al., 2020). The level of MDA and H50, increased with
the increase in the generation of ROS and same trend of results was
observed in the present study. Moreover, higher lipid peroxidation,
H20; and EL production have been observed in tomato plants under the
HMs stress (Bali et al., 2019). The higher levels of EL suggested that
HMs-induced toxicity in plants affect the nutrient translocation and
electron transport chain (Li et al., 2023). Research has revealed that due
to the interference of discharged K™ in the electron transport chain, an
increase in HyO5, EL, OH~, 0% and MDA production occurred in plants
when subjected to HMs stress (Mohiuddin et al., 2022; Dotaniya et al.,
2022). Similar to HMs stress, salinity, drought, and pesticides are among
the additional types of stresses which can increase the production of ROS
in plants (Tripathy and Oelmiiller, 2012). Controlled experimental
plants when compared with the MW-treated plants the comparison
hence demonstrated a less oxidative damage and higher tolerance to HM
stress. Similarly, ascorbic acid (AA) in contrast to other organic acids
such as citric acid, acetic acid promoted the antioxidant system of the
plants (Kosar et al., 2015; Gill et al., 2015). In the present study, due to
the higher production of ROS, the antioxidant enzyme activities were
increased to protect the plant’s protein and similar kind of results were
described by Abbey et al. (2017) for B. rapa (Chinese cabbage) when
exposed to MW at 400 W compared with 200 and 800 W. On the other
hand, B. napus (L.) showed tolerance under less Ni stress by improving
enzymatic activities. However, a sudden reduction was observed at a
higher level of Ni stress which might be in response to severe oxidative
damage (Hannan et al., 2021). The addition of AA as a chelating agent
minimized the oxidative stress stimulated by HMs by enhancing the
antioxidant enzyme activities of plant (Azzouzi et al., 2024). The pre-
vious studies revealed that the absorption of HMs by plants caused the
oxidative stress which may be resulted into reduced enzymatic activity
and hence reduce the plant growth (Singh et al., 2013). In comparison to
plants treated with surgical WW, the plants supplemented with AA
enhanced the enzymatic potential both in MW-treated and untreated
plants. Present results are supported by Njus et al., (2020) which proved
that AA, as a chelator, plays a significant role in the plant’s normal
functioning through improved antioxidants of plants under HMs stress.
In the present study the analysis depicts that the high concentrations of
Ni, Cd and Pb in all parts of plants treated with MW- and untreated
plants provided with WW and further addition of AA accumulated
higher content of these HMs (Tables 1,2, & 3). In a research study
conducted by Ullah et al., (2015), concluded that the accumulation of
higher content of HMs posed severe negative effects on plant physiology
and biochemistry. The permissible concentration of Ni in plant tissues
ranged from 0.5 to 5 mg kg ™}, however, its concentration in soil may
vary from 5 to 150 mg kg™! (Kacdlkova et al., 2014). Under organic
acids amendment, an increased level of Ni accumulation was recorded in
B. napus (L.) (Rodriguez-Vila et al., 2015). Similarly, the increased
concentration of Cd and Pb was also observed in all parts of Lycopersicon
esculentum, tomato, and B. juncea (L.) grown under HMs stress (Khanna
et al., 2019, Kohli et al., 2018). The chelation effect of AA additionally
enhanced the accumulation of Pb, Cd, and Ni in the plant roots and
shoots in both kind of experiments with MW and controlled (Njus et al.,
2020). The results suggested that the combination of AA as chelating
agent and application of microwaves on seeds could be useful arrange-
ment to remediate the HMs from surgical industry wastewater when it is
applied to some useful application in soil.
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5. Conclusions

A laboratory scale hydroponics study was carried out to assess the
phytoextraction potential of MW-irradiated spinach plants for the
removal of HMs from surgical processing industry wastewater under AA
application. This study concluded that the seed germination of spinach
was increased when exposed to low-frequency of MW for a brief period
(30 s). The surgical industry effluents adversely affected the physiology
and biochemistry of spinach plants; specifically, the higher levels of WW
lowered growth and increased accumulation of HMs. In plants subjected
to MW treatments, the uptake and accumulation of Ni, Cd, and Pb was
higher as compared to untreated control plants. When AA was intro-
duced to MW-treated plants, it enhanced the phytoextraction process
and also promoted spinach growth. The most significant positive effects
were observed when AA was applied to MW-treated plants exposed to
WW and leading to higher growth and metal accumulation. This study
suggested that the MW-treated plants could be a potential protocol for
the treatment of industrial effluents under organic acid amendments.
Moving forward, further studies at the field scale are required to un-
derstand the performance of spinach plants under realistic conditions.
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