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Abstract
Heavy metals stress particularly cadmium contamination is hotspot among researchers and considered highly 
destructive for both plants and human health. Iron is examined as most crucial element for plant development, 
but it is available in inadequate amount because they are present in insoluble Fe3+ form in soil. Fe3O4 have been 
recently found as growth promoting factor in plants. To understand, a sand pot experiment was conducted in 
completely randomized design (control, cadmium, 20 mg/L Fe3O4 nanoparticles,40 mg/L Fe3O4 nanoparticles, 
20 mg/L Fe3O4 nanoparticles + cadmium, 40 mg/L Fe3O4 nanoparticles + cadmium) to study the mitigating role of 
Fe3O4 nanoparticles on cadmium stress in three Raphanus sativus cultivars namely i.e., MOL SANO, MOL HOL PARI, 
MOL DAQ WAL. The plant growth, physiological and biochemical parameters i.e.,shoot length, shoot fresh weight, 
shoot dry weight, root length, root fresh and dry weight, MDA content, soluble protein contents, APX, CAT, POD 
activities and ion concentrations, membrane permeability, chlorophyll a, chlorophyll b and anthocyanin content, 
respectively were studied. The results displayed that cadmium stress remarkably reduces all growth, physiological 
and biochemical parameters for allcultivars under investigation. However, Fe3O4 nanoparticles mitigated the 
adverse effect of cadmium by improving growth, biochemical and physiological attributes in all radish cultivars. 
While, 20 mg/L Fe3O4 nanoparticles have been proved to be more useful against cadmium stress. The outcome of 
present investigation displayed that Fe3O4 nanoparticles can be utilized for mitigating heavy metal stress.
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Introduction
Radish (Raphanus sativus L.) is a root vegetable belong-
ing to family cruciferae and traditionally considered an 
economically important vegetable, worldwide. It can be 
cultivated annually or biennially, which varies through-
out the world. It can also be utilized as a potential medic-
inal plant fodder and green manure (Zaki et al. 2012). 
Radish (Raphanus sativus L.) is a winter vegetable crop 
that was cultivated on 10,153 hectares, in Pakistan, with 
the production of 16,8257 tons during year 2013–2014. 
The world production of radish is estimated to be about 
7  million tons per year, representing roughly 2% of all 
vegetables (Kopta and Pokluda 2013). Radish can be 
used or served cooked or in raw form and can also be 
preserved for later use. Some varieties can be preserved 
with salt or in dried form, while some varieties can only 
be used fresh. The leaves and roots of radishes contain a 
large quantity of vitamin C. The radish has anti-cancer 
properties and has been used for the treatment of liver 
disorders for a long time (Pirdosti et al. 2019).

Radish (Raphanus sativus L.) is a root vegetable 
belonging to family cruciferae and traditionally consid-
ered an economically important vegetable, worldwide. 
It can be cultivated annually or biennially, which varies 
throughout the world. It can also be utilized as a poten-
tial medicinal plant fodder and green manure (Zaki et al. 
2012). Radish (Raphanus sativus L.) is a winter vegetable 
crop that was cultivated on 10,153 hectares, in Pakistan, 
with the production of 16,8257 tons during year 2013–
2014. The world production of radish is estimated to be 
about 7 million tons per year, representing roughly 2% of 
all vegetables (Kopta and Pokluda 2013). Radish can be 
used or served cooked or in raw form and can also be 
preserved for later use. Some varieties can be preserved 
with salt or in dried form, while some varieties can only 
be used fresh. The leaves and roots of radishes contain a 
large quantity of vitamin C. The radish has anti-cancer 
properties and has been used for the treatment of liver 
disorders for a long time (Pirdosti et al. 2019).

Cadmium is a toxic heavy metal, which can severely 
damage plant health and equally harmful for human 
health. Heavy metals present in soil can easily be 
absorbed through roots and reached to different parts 
of plants (Gill et al. 2013), and moved to human bodies 
through the food chain (Kao 2014). Cadmium can affect 
the plants’ growth processes by causing severe changes in 
enzyme activities, mineral nutrition transpiration, bio-
synthesis of nucleic acids and chlorophyll, reactive oxy-
gen species (ROS) production etc. These changes results 
in damages to plants like necrosis, chlorosis, brown-
ing of the root, and even death (Asgher et al. 2015). The 
toxicity of heavy metals raises ROS production which 
causes oxidative stress and damage proteins, lipids, and 
nucleic acids (Gratão et al. 2015). Radish being important 

nutritive and economic vegetables is highly sensitive to 
several heavy metal stresses with no exception to cad-
mium. It is noticed that in certain localities of Pakistan 
cadmium concentration is significantly high, thus retard-
ing the growth of plants and their yield. It is notewor-
thy to mention that cadmium can cause more damage 
to plants and human health than any other toxic heavy 
metal. Therefore, it is evident to found natural variation 
for Cd uptake and accumulation in root system of dif-
ferent radish genotypes which can be achieved through 
selection and screening of suitable radish germplasm 
with low-Cd-content.

Nanoparticles have been proved very useful for dis-
ease control and improving productivity of crop plants 
(Abdel-Aziz and Rizwan 2019). The supply of nanopar-
ticles of iron (Fe) has been proved quite effective for 
plants but this positive effect depends on several fac-
tors i.e., crop species, concentration of nanoparticles, 
time of reaction of nanoparticles with plants (Hussain 
et al. 2019). Fe is considered a necessary component for 
physiological growth of any living organisms. It is also an 
important co-factor helping different enzymes for play-
ing their role as catalyst in various biochemical processes 
(Briat et al. 2007). Nanoparticles of Fe have positive sig-
nificanteffect on plant growth as compared to iron-based 
fertilizers (Elanchezhian et al. 2017). It has been proven 
that Fe nanoparticles triggered the growth and produc-
tion of Arachis hypogaea and Triticum aestivum seed-
lings (Li et al., 2021). Similarly, various plant species 
damaged by cadmium toxicity can be cured by applica-
tion of Fe3O4 nanoparticles (Hussain et al. 2019)

Some of the major benefits on application of Fe 
nanoparticles are improvement in growth, better trans-
mission of material, and combination of new iron-oxide 
nanoparticles based fertilizers, may provide an alternate 
way to mitigate iron chlorosis and absorbing ions of 
heavy metals like cadmium (Sheykhbaglou et al. 2018). 
Therefore, the purpose of this study was to examine the 
monitoring role of Fe3O4 nanoparticles in radish forbear-
ance under cadmium stress and to determine the adverse 
effect of cadmium heavy metal on studied radish culti-
vars. Furthermore, measuring growth, physiological and 
biochemical attributes of radish plants were recorded 
to analyze the effect of cadmium stress on radish plant 
which could be helpful for devising strategies to mitigate 
the negative impact of heavy metals on plant through 
application of nanoparticles.

Materials and methods
Seeds collection
The seeds of three cultivars of radish studied in pres-
ent investigation were obtained from Ayub Agricul-
tural Research Institute (AARI) Faisalabad, Pakistan 
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(73º74 East, 30º31.5 North) during month of November 
(Table 1).

Workplace for experiment
The plants were grown in pots at experimental area of 
University of Education, Township Campus (N 31° 27’ 
1.9224”, E 74° 17’ 58.398”) Lahore, Pakistan. Each pot was 
filled with 8 kg of air dried sandy loam soil with 7.2 pH, 
organic matter 0.90% and electrical conductivity 0.25mS/
cm.

Experimental layout
A sum of fifty-four pots were prepared to carry out 
this research. Among these, 18 pots were arranged for 
each cultivar and a completely randomized design was 
selected with three replicated to carry out this experi-
ment. Three pots were treated with cadmium whereas, 
three were kept in control group and three were treated 
with 20 ppm of Fe3O4 whereas, three were treated with 
40 ppm Fe3O4 nanoparticles. The last three pots were 
treated with cadmium and 40 ppm of Fe3O4 nanopar-
ticles. The level of cadmium and Fe nanoparticles were 
selected based recommendations made by Rehman et al. 
(2018). However, effective concentration with little modi-
fication were selected for final application.

Germination and thinning
The germination of seeds were completed in seven to 
eight days after sowing whereas, the growth of the seed-
lings started after five days of sowing. The thinning of 
seedlings were undertaken 14 days after germination and 
only 4 to 5 plants were kept in a pot.

Stress application
14 days after germination the treatment of cadmium 
heavy metal was given through Hoagland solution and 
Fe3O4 was applied through foliar spray. After a month 
the treatment was repeated for the estimation of better 
results. Seven days after the second treatment data on 
physiological and biochemical parameters were recorded.

Physiological and biochemical attributes
Determination of membrane permeability (%)
A sample of 0.5-gram plant was taken which was dipped 
for 24  h in 10 mL distilled water at room temperature. 

After 24  h dipped sample was vortex and prepared for 
EC reading later stored at 4oC. The sample was again vor-
texed after 24 h and recorded the next EC1 reading. After 
that, the sample was stored at 120 oC for an hour which 
was later autoclaved for recordingreading EC2. The per-
centage relative permeability was calculated by using for-
mulae given by Lutz et al. (2004).

	
RMP (%) =

[
EC1 −EC0

EC2 −EC0

]
× 100

Determination of chlorophyll content
Method given by Arnon (1949) was followed to measure 
the chlorophyll contents in plants. We carefully weigh 
0.5  g of fresh leaves sample along with 80% of acetone. 
The electronic balance was used to measure the weight of 
the first material, and later and mortar were used to grind 
the sample. The extract of the plant acquired after grind-
ing was dissolved in 10 milliliter of acetone. The process 
of absorbance was studied with spectrophotometer at 
480 nm, 645 nm and 663 nm wavelength.

Chlorophyll contents were determined by using follow-
ing formula;

	Chl.a(mg g−1f.wt) =
[
12.7

(
OD663

)
− 2.69

(
OD645

)}
× V

1000
×W

	Chl.b(mg g−1f.wt) =
[
22.9

(
OD645

)
− 4.68

(
OD663

)}
× V

1000
× W

Determination of H2O2
Method given by Velikova et al. (1968) was used to ana-
lyze H2O2 in plant. We ground 0.5 g of sample through 
pestle and mortar and added 5 ml of 0.1% of trichloroace-
tic acid. The grinding procedure of this experiment was 
completed on ice bath. The material was centrifuged for 
making final sample and supernatant was taken for the 
analysis. We took 0.1 mL of phosphate buffer, added 2 
mL KI solution (1 M) and 0.1 mL plant extract and run 
sample at spectrophotometer. The read absorbance of 
this mixture was taken at 390 nm of wavelength by using 
UV/VIS spectrophotometer.

Determination of malondialdehyde (MDA)
The MDA contents were determined by procedure given 
by Health and Pecker (1968). The 0.5 g leaf sample were 
dissolved in 100 milliliter of water to prepare thiobar-
bituric acid (TBA). The obtained 0.5  g of leaf extract 
were dissolved in 5 mL of TBA. The prepared mix-
ture were kept at room temperature for 30  min. After 
30  min, the mixture was heated for 15  min at 95 oC in 
water bath, and immediately cooled the mixture on ice 
bath. The absorbance reading were recorded by using 

Table 1  Treatment and radish crop cultivars
No. Treatments Radish crop cultivars
1 Control Mol Sano,
2 CdCl2: 150 µM Mol Hol Pari
3 Fe3O4:20 ppm Mol Daq Wal
4 Fe3O4 40 ppm
5 Fe3O4:20 ppm + CdCl2:150 µM
6 Fe3O4 40 ppm + CdCl2: 150 µM
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spectrophotometer at 450  nm, 523  nm and 600  nm of 
wavelength, respectively.

	MDA (nmol. Cm−1) = 1000[(Abs523nm − Abs600nm)/155]

Determination of anthocyanin
The ground sample of 0.5  g were mixed with 5 mL of 
phosphate buffer during grinding on ice bath. The cen-
trifugation of sample was undertaken for homogenation. 
The supernatant was taken and kept for further analy-
sis. By using spectrometer the absorbance of sample was 
measurd at 600  nm wavelength. The 2.65  g of KH2PO4 
and 5.307 g of K2HPO4 were dissolved in 1 L of distilled 
water at pH 7 to prepare phosphate buffer.

Antioxidant enzyme activity
The ground 0.5  g of leaves sample was prepared on ice 
bath. The sample was dissolved into 5 mL of 50 mM 
phosphate buffer with 7.8 pH at the dissolved sample was 
centrifuged at 15,000  rpm for 20  min at 4oC tempera-
ture. Antioxidant enzyme activity was observed from the 
obtained supernatant.

Ascorbate peroxidase activity
Nkona and Asada (1981) method was followed to deter-
mine the ascorbate peroxide activity. According to this 
method 0.1 mL plant extract, 0.25 mM ascorbate, 0.1 
mM H2O2, 0.1 mM EDTA and 25 mM sodium phosphate 
buffer were combined at pH 7.0. The enzyme oxidation 
of ascorbate was used to start enzyme activity and absor-
bance was determined at 290  nm (E = 2.8mM− 1cm− 1) 
wavelength.

Catalase and peroxidase
Chance and Maehly (1955) method was used to calculate 
the catalase and peroxidase. The 50 mM of phosphate 
buffer and 5.9 mM H2O2 were taken in test tube and pH 
7.0 was maintained. The 0.1 mL plant extract was taken in 
test tube and reaction was undertaken by using enzyme 
extract. The reading of reaction solution was recorded at 
240 nm after every 20 s. To determine the POD, 20 mM 
guaiacol, 50 mM phosphate buffer and 40 mM H2O2 were 
combined in a test tube. The 0.1 mL of enzyme extract 
was used to trigger the enzyme activity. The reading of 
solution was recorded at 70  nm wavelength after every 
20 s. An absorbance at 0.01 units per minute was consid-
ered as POD activity.

Ion concentration
TO determine the ion concentration, sample was oven 
dried at 70oC. Furthermore, the concentrated sulphuric 
acid was used to dissolve the dried sample and kept for 
next 24  h. The dissolved flasks were heated at hot plate 

andH2O2 was added at regular intervals. The process of 
adding H2O2 continued until the mixture became color-
less. In a 1000 mL beaker, 0.1 g coomassie brilliant blue 
were taken with 100 mL ortho-phosphoric acid, 50 mL of 
ethanol (95%) and 850 mL distilled water to prepare one 
liter of Bradford reagent.

Total soluble proteins
The o.5 gram of ground leaf sample was added into 50 
mM phosphate buffer maintaining pH 7.8. The sample 
was centrifuged at6000 rotations per minutes for 20 min 
at 4oC temperature. The obtained supernatant was kept 
for further analysis and to measure the concentration 
of protein content in leaf extract the method of Brad-
ford (1976) was followed. The 0.1 mL of leaf extract was 
mixed with 2 mL of Bradford reagent in a test tube. All 
test tubes were kept at room temperature for 5  min by 
using spectrophotometer and absorbance reading was 
recorded at 595 nm wavelength.

Morphological aspects
The morphological parameters were measured i.e., fresh 
weight of shoots (g/ plant), fresh weight of roots (g /
plant), root length (cm), shoot length (cm), dry weight 
of root (g/plant) and dry weight of shoot (g/plant) as per 
standard protocol.

Statistical analysis
“Costat”, a statistical program, was employed to calculate 
analysis of variance for all studied parameters. Three fac-
torial design with three completely randomized replica-
tions was employed to complete this procedure.

Results
Growth parameters
Root fresh weight (g)
The foliar application of 20  mg/L Fe3O4 nanoparticles 
increased root fresh weight in all cultivars compared to 
40 mg/L treatment of nanoparticles. The maximum val-
ues for root fresh weight were found in MOL-DAQ-WAL 
with treatment of 20 and 40 mg/L nanoparticles sprayed, 
respectively. Whereas, under combined treatment of cad-
mium and 20  mg/L Fe3O4 of nanoparticles root weight 
increase 0.75%, 3.29%,20.3% compared to control condi-
tion for all cultivars, respectively. The root weight shown 
reduction 19.8% and 14.7% in cultivars MOL- SANO and 
MOL-HOL-PARI oncecombined treatment of 40  mg/L 
and cadmium were given however, slightly (1.01%) 
increased in cultivar Mol-DAQ-Wal compared to control 
plants. Overall, highly significant interaction was found 
among all factors. The ANOVA showed that cadmium 
stress influence was variable in all varieties of radish 
(Fig. 1; Table 2).
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Table 2  ANOVA of Root and Shoot fresh weight, dry weight and length of eight weeks old radish cultivars under and foliar spray of 
Fe3O4 nano particles
Source of variation df Root fresh weight Root dry weight Root length Shoot fresh weight Shoot dry weight Shoot length
Cultivar 2 1916.8867*** 1.600279*** 513.92027 *** 280.8075*** 0.7380*** 200.00804 ***
Cadmium 1 3391.8208*** 15.778817*** 226.60712 *** 852.8363 *** 8.0736 *** 82.60934***
Fe3O4 2 1839.5169*** 13.061569*** 314.22334 *** 365.7665*** 8.0986 *** 117.41007***
Variety * Cd 2 112.8449** 0.104517** 23.90367*** 35.0572 ** 0.5309 *** 13.47774***
Variety * Fe3O4 4 344.1411*** 0.257452*** 23.39609** 20.8879 ** 0.2359 *** 15.66904***
Cd * Fe3O4 2 536.4707*** 0.883206*** 9.21381ns 20.0360* 0.3967*** 10.09654*
Variety * Cd * Fe3O4 4 70.5104** 0.278872*** 18.02212 ** 18.6962** 0.3624*** 5.91817ns

Note *, ** and *** significant at 0.05, df = degrees of freedom, ns = non-significant

Fig. 1  Root and Shoot fresh weight, dry weight and length of eight weeks old radish cultivars under cadmium and foliar spray of Fe3O4 nano-particles. 
(Bars of graph with identical letters in each group demonstrate that mean values are the same at 5% α)
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Shoot fresh weight (g)
From ANOVA results it was found that shoot fresh 
weight declined remarkably once cadmium stress was 
applied in cultivars compared to control group. The shoot 
fresh weight for all cultivars were significantly different 
from each other (Table 2). The radish plants of all culti-
vars foliar sprayed with 20 mg/L of Fe3O4 nanoparticles 
showed that shoot fresh weight increased significantly 
compared to 40  mg/L foliar spray of Fe3O4 nanopar-
ticles. The maximum increase in shoot fresh weight 
was recorded in cultivars MOL-DAQ-WAL followed by 
MOL-HOL-PARI and MOL SANO, respectively.

However, under combined cadmium treatment of 
20  mg/L shoot fresh weight shown significant results 
for cultivars MOL-SANO. Whereas, under the com-
bined treatment of 40  mg/L Fe3O4 nano-particles along 
with cadmium in comparison to control group shown 
17.7362%, 24.652%, 9.89325% decrease in shoot fresh 
weight in all cultivars, respectively. Overall, significant 
interaction was found among all factors (Fig. 1).

Shoot length (cm)
The cadmium stress reduced the shoot length how-
ever, foliar application of 20  mg/L Fe3O4 increased the 
shoot length in all cultivars compared to control plants. 
Whereas, significant increase was observed in MOL- 
DAQ- WAL compared to other cultivars under investi-
gation. The foliar treatment of 40 mg/L Fe3O4 was found 
non-significant for shoot length compared to control 
group. The foliar treatment of 20 mg/L Fe3O4 spray with 
cadmium increased shoot length from 10.93%, 5.49%, 
10.118% for all cultivars, respectively. Moreover, the the 
combined treatment of 40  mg/L Fe3O4 nanoparticles 
and cadmium 4.98% in MOL SANO and 8.69% increase 
in MOL DAQ WAL values, whereas, 17.23% decrease 
in values of MOL- HOL- PARI were observed. Overall, 
non-significant interaction found among all factors. The 
ANOVA showed that in terms of shoot length results of 
all cultivars were significantly different (Fig. 1; Table 2).

Root length (cm)
The nanoparticles priming treatment of 20  mg/L Fe3O4 
significantly elevated the root length in all investigated 
cultivars compared to 40 mg/L Fe3O4 nanoparticles treat-
ment and maximum values were recorded for cultivar 
MOL SANO. Whereas, the treatment of 40 mg/L Fe3O4 
nanoparticles t improved the root length in cultivars 
MOL HOL PARI and MOL DAQ WAL However, the cul-
tivar MOL SANO displayed slight decrease in root length 
compared to control group. On contrary, a significant ele-
vation of root length 11.24%, 10.3%, 16.71% was recorded 
under 20  mg/L of Fe3O4 nanoparticles of and cadmium 
for all cultivarscompared to control groupHowever, the 
combined treatment of cadmium and foliar application of 

40 mg/L Fe3O4 nanoparticles shown reduction of17.74% 
in root length of cultivar MOL SANO followed by cul-
tivar MOL HOL PARI were observed. Whereas, cultivar 
MOL DAQ WAL displayed 6.50% increase in values com-
pared to control group under the combined interaction of 
cadmium and 40 mg/L of foliar applied Fe3O4 nanoparti-
cles. Overall, the significant interaction was found among 
all factors studied. Furthermore, the ANOVA showed 
that significant decrease in root length under cadmium 
treatment in all cultivars (Fig. 1; Table 2).

Root dry weight (g)
ANOVA showed a highly significant difference among 
all cultivars (Fig. 1). A significant reduction for root dry 
weight was observed among all cultivars under cadmium 
stress. The foliar application of Fe3O4 nano-particles sig-
nificantly increase root dry weight however, maximum 
values were recorded under 20 mg/L of Fe3O4 nanopar-
ticles treatment followed by 40 mg/L Fe3O4 nanoparticles 
treatment compared to the control group. The combined 
application of cadmium and 20 mg/L Fe3O4 of nanopar-
ticles increased 8.57%, 27.7%, 10.93% of root dry weight 
in all cultivars, respectively. On contrary, the combined 
treatment of 40  mg/L of Fe3O4 nanoparticles and cad-
mium shown reduction in root dry weight i.e., 8.56% 
for cultivar MOL SANO and 9.18% in MOL DAQ WAL 
cultivar however, MOL HOL PARI cultivar showed ele-
vation of 11.9% in root dry weight. Overall, statistically 
significant interaction were found among all studied fac-
tors (Table 2).

Shoot dry weight (g)
Cadmium significantly reduced shoot dry weight in all 
cultivars under investigation however, Fe3O4 nanopar-
ticles treatment elevated shoot dry weight compared to 
the control group. The maximum shoot dry weight were 
recorded under 20  mg/L of Fe3O4 nanoparticles fol-
lowed by 40 mg/L Fe3O4 nanoparticles in cultivar MOL 
DAQ WAL. Under combined treatment of 20  mg/L of 
Fe3O4 nanoparticles and cadmium elevated the shoot 
dry weight in cultivar MOL SANO compared to control 
group. However, the combined application of 40  mg/L 
Fe3O4 of nanoparticles and cadmium shown 5.1% in 
cultivar MOL SANO and4.5% in MOL HOL PARI cul-
tivar shoot dry weight. The cultivar MOL DAQ WAL 
shown9.7% of reduction for shoot dry weight. Over-
all significant interaction were found among all factors 
(Table 2). In terms of shoot dry weight, significant differ-
ence were observed forall three cultivars (Fig. 1).

Physiological parameters
Membrane permeability
Theimpact of Fe3O4 nanoparticles and cadmium stress 
on membrane permeability of all radish cultivars was 
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significant. The membrane permeability of all cultivars 
increased under cadmium stress compared to the con-
trol group. Whereas, a significant reduction was detected 
in membrane permeability compared tocontrol group, 
under the higher dose of Fe3O4 nanoparticles. On con-
trary, the combined treatment of cadmium and foliar 
applied Fe3O4 nanoparticles shown significantly declined 
membrane permeability compared to the control plants. 
The maximum reduction was detected under 20  mg/L 
Fe3O4 nanoparticles treatment for cultivar MOL HOL 
PARI. Whereas, under 40  mg/L Fe3O4 nanoparticles 
treatment shown maximum reduction in membrane 
permeability for cultivar MOL DAQ WAL. Under the 
combined treatment of foliar applied 20 mg/L Fe3O4 and 
cadmium stress shown 62.2%, 38.3%, 41.9% reduction in 
membrane permeability compared to the control plants 
in all cultivars, respectively. On contrary, the combined 
treatment of cadmium and 40 mg/L Fe3O4 nanoparticles 
treatment shown 25.4%, 21.7%, 17.6% reduction for all 
cultivars under investigation compared tothe control 
group. Overall, statistically significance differences were 
observed among all factors (Table 3; Fig. 2).

Anthocyanin
Cadmium stress significantly reduced anthocyanin in 
all radish cultivars compared to control condition and 
maximum reduction was observed in cultivar MOL HOL 
PARI. The application of 20  mg/L Fe3O4 nanoparticles 
significantly increased anthocyanin in cultivar MOL 
DAQ WAL under. However, the application of 40  mg/L 
Fe3O4 nanoparticles treatment significantly increased 
anthocyanin contents in cultivar MOL SANO. Moreover, 
the combined treatment of 20 mg/L Fe3O4 nanoparticles 
improved anthocyanin contents compared to control 
plants in all cultivars i.e., 18.81%, 20.9%, 41.11%, respec-
tively. Whereas, combined treatment of 40  mg/L Fe3O4 
nanoparticles and cadmium anthocyanin contents were 
improved in cultivar MOL SANO by 2.59% and 18.8% in 
cultivar MOL DAQ WAL compared to control condition 
whereas, 0.2% of anthocyanin contents were decreased 
in cultivar MOL HOL PARI ( compared tocontrol 
plants. The results of ANOVA displayed the significant 

difference under Fe3O4 nanoparticles and cadmium treat-
ments among all cultivars (Table 3; Fig. 2).

Chlorophyll a
ANOVA results displayed that significance reductions 
was observed in chlorophyll a content for all cultivars 
of radish investigated in resent study. (Table  3). The 
treatment of 20  mg/L of Fe3O4 nanoparticles increased 
chlorophyll a were found in cultivar MOL DAQ WAL 
followed by foliar application of 40 mg/L Fe3O4 nanopar-
ticles (Fig.  2). The Combined treatment of 20  mg/L of 
Fe3O4 nanoparticles and cadmium resulted elevation of 
0.5%, 9.06%, 15.7% chlorophyll a contents compared to 
control condition in all cultivars, respectively. Whereas, 
under combined treatment of 40 mg/L, Fe3O4 nanoparti-
cles and cadmium stress caused increase of 2.5% chloro-
phyll a in cultivar MOL HOL PARI and 6.09% in cultivar 
MOL DAQ WAL whereas, a slight reduction 3.03% of 
chlorophyll a content were observed in cultivar MOL 
SANO compared to control condition.

Chlorophyll b
Compared to chlorophyll a contents the chlorophyll b 
were significantly reduced under cadmium stress among 
all cultivars. The foliar treatment of Fe3O4 nanoparticles 
significantly improved chlorophyll a contents and maxi-
mum increase of chlorophyll a contents were observed in 
cultivar MOL HOL PARI under the treatment of 20 mg/L 
followed by treatment of 40  mg/L Fe3O4 nanoparticles. 
(Table 3; Fig. 2). The combined (20 mg/L, 40 mg/L) treat-
ments of Fe3O4 nanoparticles and cadmium stress shown 
non-significant increase in chlorophyll b compared with 
the the control condition.

MDA content
The ANOVA results have shown that MDA contents of 
all cultivars significantly increased under cadmium stress 
compared to control plants. The treatment of 20  mg/L 
of MDA content significantly reduced compared to the 
control group and maximum reduction were detected 
in cultivar MOL DAQ WAL. Whereas, the treatment of 
40  mg/L of Fe3O4 nanoparticles shown an elevation of 

Table 3  ANOVA of Membrane Permeability, Anthocyanin, Chlorophyll a + b, MDA and H2O2 content of eight weeks old radish cultivars 
under cadmium and foliar spray of Fe3O4 nano particles
Source of variation df Membrane Permeability Anthocyanin Chlorophyll a Chlorophyll b MDA H2O2

Cultivar 2 103.6959*** 0.091894*** 0.0039637*** 0.0012577*** 0.063029*** 1.14106***
Cadmium 1 723.1444*** 0.256956*** 0.0042715*** 0.0124177*** 0.732669*** 2.49615***
Fe3O4 2 2871.5279*** 0.258672*** 0.0046204*** 0.0158996 *** 1.074224*** 0.49694***
Variety * Cd 2 167.5684*** 0.001608** 0.0000546ns 0.0009672** 0.145563*** 0.10144***
Variety * Fe3O4 4 95.1010*** 0.017866 *** 0.0002062*** 0.0000511ns 0.145429 *** 0.01496***
Cd * Fe3O4 2 649.9466*** 0.018524*** 0.0001915** 0.0000662ns 0.320291*** 0.11216***
Variety * Cd * Fe3O4 4 96.2899 *** 0.001029** 0.0000832* 0.0004086** 0.064885*** 0.00788***
Note *, ** and *** significant at 0.05, df = degrees of freedom, ns = non-significant
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0.87% in cultivar MOL SANO and 10.4% in cultivar MOL 
HOL PARI. On contrary, the treatment of 40  mg/L of 
Fe3O4 nanoparticles in cultivar MOL DAQ WAL cultivar 
shown reduction of 14.08% for MDA contents compared 
to control group. Whereas, under combined treat-
ment of 40  mg/L of Fe3O4 nanoparticles and cadmium 
0.7% in cultivar MOL SANO and 0.3% in cultivar MOL 
HOL PARI increased MDA content compared to con-
trol group. Whereas, cultivar MOL DAQ WAL shown 
reduction of 1.5% in MDA content compared to control 
group. The combined treatment of 20  mg/L of Fe3O4 

nanoparticles and cadmium shown reduction of 6.4%, 
3.4%, 9.3%, respectively forMDA contents compared to 
control group for all three cultivars being investigated in 
present study (Table 3; Fig. 2).

Hydrogen peroxide content (H2O2)
The treatment of Fe3O4 nanoparticles caused reduction 
of H2O2 contents among all investigated cultivars. The 
treatment of 20  mg/L of Fe3O4 ameliorated stress sig-
nificantly compared to treatment of 40 mg/L Fe3O4. The 
maximum reduction of in H2O2 contents was measured 

Fig. 2  Membrane permeability, Anthocyanin, Chlorophyll a & b, MDA and Hydrogen peroxide (H2O2) content of eight weeks old radish under cadmium 
and foliar spray of Fe3O4 nano-particles. (Bars of graph with identical letters in each group demonstrate that mean values are the same at 5% α)
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in cultivar MOL DAQ WAL at treatment of 20  mg/L 
Fe3O4 followed by 40 mg/L of Fe3O4 nano-particles. The 
combined treatment of 20 mg/L Fe3O4 nanoparticles and 
cadmium stress caused reduction of 5.95% in cultivar 
MOL SANO and 5.82% in cultivar MOL DAQ WAL for 
H2O2 contents compared to control group. in the cultivar 
MOL HOL PARI significantly increase of H2O2 contents 
compared to control group. The combined treatment of 
40  mg/L of Fe3O4 nanoparticles and cadmium caused 
increase in H2O2 contents among all cultivars compared 
to control group. The ANOVA results displayed signifi-
cant increase in H2O2 contents under cadmium stress for 
all radish cultivars (Table 3; Fig. 2).

Inorganic ions
Sodium ion shoot (Na+)
The ANOVA results displayed a significant reduction in 
sodium in all cultivars of radish investigated in present 
study. The treatment of 20 mg/L OF Fe3O4 nano-particles 
displayed non-significant increase for sodium contents 
in all cultivars. However, the treatment of 40  mg/L of 
Fe3O4 nano-particles displayed 8.5% decrease in sodium 
content in cultivar MOL SANO whereas, an elevation of 
4.39% in cultivar MOL HOL PARI and 5.2% in cultivar 
MOL DAQ WAL were observed. The combined treat-
ment of 20  mg/L Fe3O4 nanoparticles and cadmium 
stress shown 1.1%, 2.8%, 0.4%, respectively reduction for 
sodium contents were observed for all cultivars, respec-
tively. Similarily, the combined treatment of 40  mg/L 
Fe3O4 nano-particles and cadmium stress displayed 5.6%, 
11.9%, 3.9% reduction in sodium contents were observed 
for all cultivars, respectively (Table 4; Fig. 3).

Sodium ion root (Na+)
The ANOVA results revealed that cadmium stress has 
reduced the root’s sodium significantly. The treatment 
of 20  mg/L of Fe3O4 treatment elevated 3.15%, 14.43%, 
4.37% sodium content in all radish cultivars, respectively. 
Whereas, the treatment of 40  mg/L of Fe3O4 increased 
2.86% of sodium ion content in cultivar MOL SANO 
and 11.6% in cultivar MOL HOL PARI whereas reduced 
2.48% in cultivar MOL DAQ. The combined treatment 

of 20  mg/L of Fe3O4 nanoparticles and cadmium stress 
caused 0.8%, 14.8%, 0.8% increase in sodium ion con-
tent in all cultivars, respectively. Whereas, the combined 
treatment of 40  mg/L of Fe3O4 nano-particles and cad-
mium stress decreased 0.5%, 9.3%, 13.3% in sodium ions 
in all cultivars, respectively (Fig. 3).

Potassium ion shoot (K+)
The application of 20  mg/L Fe3O4 nano-particles 
increased shoot potassium values compared to the treat-
ment of 40 mg/L Fe3O4 of nanoparticles. The maximum 
values of shoot potassium was observed under 20 mg/L 
Fe3O4 treatment followed by 40 mg/L Fe3O4 treatment in 
cultivar MOL DAQ WAL compared to the control plants. 
The combined treatment of 20 mg/L Fe3O4 nanoparticles 
and cadmium stress shown elevation of 13.6%, 10.2%, 
5.8% of potassium ion for all cultivars compared to the 
control group. Whereas, the treatment of 40  mg/L of 
Fe3O4 nanoparticles and cadmium increased 1.91% in 
potassium ion concentration in cultivar MOL SANO 
whereas, 12.02% increase was observed in cultivar MOL 
HOL PARI and 0.2% reduction was observed in cultivar 
MOL DAQ WAL compared tothe control group. The 
ANOVA results revealed that significant variations were 
observed in all cultivars of radish plant andcadmium 
stress significantly decreases potassium of shoot in all 
cultivars (Table 4; Fig. 3).

Potassium ion root (K+)
The treatment of 20 mg/L Fe3O4 of nanoparticles prim-
ing significantly increased root potassium compared 
to 40  mg/L of Fe3O4 nanoparticles treatment in all cul-
tivars under investigation. The maximum values of root 
potassium ion were observed in cultivar MOL DAQ 
WAL under 20  mg/L followed by 40  mg/L of Fe3O4 
nanoparticles treatment. However, the combined treat-
ment of 20  mg/L of Fe3O4 nanoparticles and cadmium 
caused13.6%, 0.4%, 5.8%, respectively increase in root 
potassium ions compared to the control plants in all cul-
tivars. Whereas, the combined treatment of 40 mg/L of 
Fe3O4 nanoparticles and cadmium caused an increase of 
1.9% in cultivar MOL SANO and 1.4% in cultivar MOL 

Table 4  ANOVA of Na, K and Ca of shoot and root of eight weeks old radish (Raphanus sativus L.) under cadmium and foliar spray of 
Fe3O4 nano particles
Source of variation df Shoot Na Root Na K shoot Root K Ca Shoot Root Ca
Cultivar 2 12.68422* 100.12037*** 348.42ns 1106.066*** 0.0064241*** 0.0076074***
Cadmium 1 162.20534*** 31.77067*** 42007.36*** 38353.081*** 0.1005352*** 0.0492019***
Fe3O4 2 69.98637*** 37.00544*** 27146.13*** 30568.743*** 0.0940074*** 0.0730796***
Variety * Cd 2 0.03618ns 5.93168** 534.46* 438.917 ** 0.0044463** 0.0124741***
Variety * Fe3O4 4 4.47622ns 0.97742ns 3200.24*** 2015.994*** 0.0090046*** 0.0089824***
Cd * Fe3O4 2 5.86206ns 8.01975** 2308.56*** 2369.855*** 0.0018296** 0.0000407ns

Variety * Cd * Fe3O4 4 25.42130*** 3.07064* 2251.36 *** 1557.577*** 0.0009491** 0.0013713***
Note *, ** and *** significant at 0.05, df = degrees of freedom, ns = non-significant
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DAQ WAL, respectively for root potassium ions whereas, 
cultivar MOL HOL PARI shown reduction of 8.5% in 
root potassium ions compared to the control group 
(Table 4; Fig. 3).

Calcium ion shoot (Ca+)
The ANOVA results displayed a significant difference for 
calcium ions in shoots of cultivars being investigated in 
present study. The application of cadmium significantly 
reduced the calcium ions in shoots of all cultivars of rad-
ish. The Fe3O4 nanoparticles priming increased calcium 
ions of shoot and maximum increase was observed in 

calcium ions in cultivar MOL DAQ WAL with a treat-
ment of 20  mg/L of Fe3O4 nanoparticles followed by 
40  mg/L of Fe3O4 nanoparticles compared to control 
plants. The combined treatment of 20  mg/L Fe3O4 of 
nanoparticles caused 32.3% and 38.4% increase in cal-
cium ions of shoot compared to the control plants in 
cultivar MOL SANO and MOL DAQ WAL, respectively 
whereas, no significant increase was observed in calcium 
ions of shoot in cultivar MOL HOL PARI compared to 
the control plants. The combined treatment of 40 mg/L 
of Fe3O4 nanoparticles and cadmium shown an increase 

Fig. 3  Root and Shoot Na, K and Ca content of eight weeks old radish under cadmium stress and foliar spray of magnetite Fe3O4 nano-particles. (Bars of 
graph with identical letters in each group demonstrate that mean values are the same at 5% α)
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of shoot calcium ions compared to the control plants in 
cultivar MOL SANO. (Table 4; Fig. 3).

Calcium ion root (Ca+)
The ANOVA results displayed that application of cad-
mium caused highly significant reduction of calcium in 
roots compared to control group of radish cultivar being 
investigated in present study (Table 4). The treatment of 
20  mg/L of Fe3O4 nanoparticles elevated 37.1%, 22.2%, 
59.8%, respectivelyof root calcium compared to con-
trol plants. Whereas, the treatment of 40 mg/L of Fe3O4 
cuased an increase of32.2% for cultivar MOL SANO and 
46% in cultivar MOL DAQ WAL, respectively in root cal-
cium compared to the control plants and. Whereas, the 
cultivar MOL HOL PARI shown no difference for root 
calcium compared to the control group. The treatment 
20  mg/L Fe3O4 nanoparticle s and cadmium caused an 
elevation of 32.32%, 16.24%, 38.47%, respectively for root 
calcium in all cultivars compared to control group. The 
foliar application of 40 mg/L of Fe3O4 nanoparticles and 
cadmium displayed 24.4% increase in root calcium in cul-
tivarMOL SANO cultivar 24.4% compared to the control 
group, whereas, the other two cultivars shown no varia-
tion for root calcium contents (Fig. 3).

Biochemical attributes
Proteins
The ANOVA results displayed statistically significant 
difference for protein among all cultivars. The results 
displayed that cadmium treatment significantly reduced 
protein content among all radish cultivars. The foliar 
20  mg/L of Fe3O4 nanoparticles increased protein con-
tent among all cultivars under compared to the treat-
ment of 40 mg/L of Fe3O4 nanoparticles. The significant 
increase in protein content were noted in cultivar 
MOL DAQ WAL under treatment of 20  mg/L of Fe3O4 
nanoparticles followed by treatment of 40  mg/L Fe3O4 
nanoparticles. The combined treatment of 20  mg/L 
of Fe3O4 nanoparticles and cadmium increased30.7%, 

30.2%, 32.1%, respectively of protein content compared 
to control group of all cultivars. Whereas, the combined 
treatment of 40  mg/L of Fe3O4 nanoparticles and cad-
mium shown elevation of 28.1%, 13.2%, 22.6%, respec-
tively in protein content as compared to control plants of 
all cultivars (Table 5; Fig. 4).

Ascorbate peroxidase
A significant elevation for ascorbate peroxidase were 
observed at treatment of 20 mg/L of Fe3O4 nanoparticles 
followed by 40  mg/L of Fe3O4 nanoparticles treatment 
in cultivar MOL DAQ WAL. The combined treatment 
of 20 mg/L of Fe3O4 nanoparticles and cadmium shown 
an elevation of 12% in cultivar MOL SANO and 20.6% 
in cultivar MOL DAQ WAL ascorbate peroxidase com-
pared to control plants. in the cultivar MOL HOL PARI 
shown slight reduction of ascorbate peroxidase com-
pared to control plants. Whereas, the combined treat-
ment of 40  mg/L of Fe3O4 nanoparticles and cadmium 
shown reduction of 10.25% in cultivar MOL SANO and 
14.8% in cultivar MOL HOL PARI for ascorbate peroxi-
dase whereas, the cultivar MOL DAQ WAL shown an 
elevation of 8.4% for ascorbate peroxidase compared to 
the control plants. The ANOVA results showed highly 
significant variation for ascorbate peroxidase amongall 
cultivars. Moreover, it was observed that cadmium stress 
shown significant reduction of ascorbate peroxidase 
enzyme activity among all cultivars (Fig. 4; Table 5).

Catalase
The CAT activity was decreased significantly under Fe3O4 
nanoparticles treatment in all radish cultivars, but cad-
mium treatment caused elevation for catalase. However, 
catalase values for recorded lowest in cultivar MOL DAQ 
WAL under 20 mg/L of Fe3O4 nanoparticles followed by 
40  mg/L of Fe3O4 nanoparticles treatment compared to 
the control group. The combined treatment of 20 mg/L of 
Fe3O4 nanoparticles and cadmium caused a reduction of 
8.7%, 6.9%, 22%, respectively forCAT activity in all cul-
tivars. Whereas, the combined treatment of 40 mg/L of 
Fe3O4 nanoparticles and cadmium shown a reduction of 
6.2%, 6.9%, 9.1% for CAT activity compared to control 
plants of all cultivars, respectively (Table 5; Fig. 4).

Peroxidase (POD)
The ANOVA results displayed the activity of peroxidase 
enzyme increased significantly in all radish cultivars 
investigated in present study. The minimum values were 
recorded for peroxidase enzyme in cultivar MOL SANO 
at treatment of 20 mg/L of Fe3O4 nanoparticles followed 
by 40 mg/L of Fe3O4 nanoparticles treatment. The com-
bined treatment of 20  mg/L of Fe3O4 nanoparticles and 
cadmium showed reduction of 37%, 4.01% and 7.7% of 
peroxidase enzyme activity compared to the control 

Table 5  ANOVA of Protein, Ascorbate, Catalase and Peroxidase 
of eight weeks old radish cultivars under cadmium and foliar 
spray of magnetite Fe3O4 nano particles
Source of 
variation

Df Protein Ascorbate Catalase POD

Cultivar 2 0.15807*** 0.003763*** 5.62462*** 60.59741***
Cadmium 1 0.22238*** 0.001062*** 10.97103*** 302.12876***
Fe3O4 2 0.29241*** 0.001237*** 10.34871*** 257.06002***
Variety * Cd 2 0.01119*** 0.000253* 0.08075*** 11.12120***
Variety * 
Fe3O4

4 0.01256*** 0.000899*** 0.04581 *** 12.89131***

Cd * Fe3O4 2 0.02728*** 0.000157ns 3.52485*** 11.26242***
Variety * Cd 
* Fe3O4

4 0.00034* 0.000677** 0.42846 *** 4.37085***

Note *, ** and *** significant at 0.05, df = degrees of freedom, ns = non-significant
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group for all cultivars, respectively. The combined treat-
ment of 40  mg/L of Fe3O4 nanoparticles and cadmium 
showed a reduction of 5.7%, 0.3%, 1.5% for peroxidase 
enzyme compared to the control group, respectively 
(Table 5; Fig. 4).

Discussion
The heavy metal contamination particularly cadmium is 
among hotspot among researchers and considered highly 
destructive stress for both plants and human health. Cad-
mium cause several invisible damages to plants such as 
necrosis, chlorosis etc. The contamination may alter the 
plant growth processes like metabolism, mineral nutri-
tion and transpiration etc. (Gill et al. 2013). To minimize 
toxicity of cadmium, plants have developed mechanisms 
i.e., exclusion by sugar and alcohols. The use of iron based 
nano-fertilizers mayprovide an alternate solution to elim-
inate the iron chlorosis symptoms, enhance growth and 
nutritional quality (Sheykhbaglou et al. 2018; Shakoor 
et al. 2022). Some studies have revealed that metals and 
their respective oxides of nanomaterial are dangerous 
for plant health whereas, some studies have shown that 
these particles are beneficial for the plant growth and 

productivity (Cvjetko et al. 2017; Okupnik and Pflug-
macher 2016; Tripathi et al. 2017). The nanoparticles 
of Fe3O4 are considered effective, for plant health and 
growth once applied at specific concentration. The mag-
netite Fe3O4 is vital for plant’s physiological processes, 
protein contents and photosynthesis (Wang et al. 2015). 
It also have quality to bear environmental stresses and to 
scavenge oxygen radicals (Konate et al. 2017).

In this present investigation the mitigating role of 
Fe3O4 nanoparticles on cadmium stress was studied. The 
mitigation effectiveness of magnetite Fe3O4 nanoparticles 
on the bases of their impact on growth, biochemical, 
antioxidant enzymatic potential. The cadmium treat-
ment reduced shoot fresh weight, root fresh weight, 
length of root and shoot, dry weight of root and shoot of 
all radish cultivars was significant (Fig.  1; Table  2). It is 
also reported that an increase in concentration of cad-
mium decreases fresh weights of shoot and root of rad-
ish plant significantly (Pirdosti et al. 2019). Moreover, 
this treatment highly significantly impacted biochemical 
parameters i.e., anthocyanin, chlorophyll a, chlorophyll 
b contents, soluble proteins got diminished under cad-
mium stress. El-Beltagi et al., (2010) also reported the 

Fig. 4  Protein, Ascorbate peroxidase, Catalase and peroxidase of eight weeks old radish cultivars under cadmium and foliar spray of magnetite Fe3O4 
nano-particles. (Bars of graph with identical letters in each group demonstrate that mean values are the same at 5% α)
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similar results that increasing cadmium concentration 
decreased chlorophyll a, b contents causing membrane 
damage by increasing membrane permeability under 
cadmium stress (Fig.  2; Table  3). The activity of CAT, 
POD and antioxidants profiles got significant elevation 
under cadmium stress among in all radish cultivars being 
studied in present studies. Xu et al. (2020) reported simi-
lar results under 150 µM cadmium stress, El-Beltagi et al. 
(2010) also reported comparable results. The significant 
increase in H2O2 and MDA content were observed in all 
radish cultivars compared to the control group and Ami-
rabad et al. (2020) also presented similar results.

The treatments of radish with Fe3O4 nanoparticles 
improved morphological, physiological, and biochemical 
attributes significantly in all radish cultivars compared to 
the control group. Wang et al. (2015) and Li et al. (2021) 
also reported similar results under Fe3O4 nanoparticles 
treatment. The 20  mg/L Fe3O4 nanoparticles improve-
ment in morphological, physiological and biochemi-
cal attributes were more significant compared to the 
40  mg/L magnetic Fe3O4 nanoparticles. On contrary 
Zadeh et al. (2019) also determined that magnetic Fe3O4 
nanoparticles could nullify cadmium stress and improved 
the plant growth, ions concentrations, chlorophyll con-
tents and antioxidants enzymatic activities. Whereas, 
non-significant increase in Na ions concentrations were 
found under Fe3O4 nanoparticles treatment in compari-
son with control group, the similar results were reported 
by Askary et al. (2016).

Conclusion
The present work concluded that magnetic Fe3O4 
nanoparticles treatment can induce tolerance in Rapha-
nus sativus L. against cadmium stress. The cadmium 
stress causes significant reduction in morphological, 
physiological, biochemical attributes i.e., root length, 
root fresh weight, shoot fresh weight, length, chlorophyll 
(a and b) content anthocyanin, ions concentrations, pro-
teins content, APX activity while, membrane permeabil-
ity, H2O2, POD, MDA, and CAT activity got increased. 
However, Fe3O4 nanoparticles foliar spray treatments 
mitigated cadmium stress toxic effects on all radish cul-
tivars. Whereas, 20 mg/L Fe3O4 nanoparticles have been 
proven more useful in enhancing all study parameters in 
Raphanus sativus L.
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