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Abstract—The severe cadmium (Cd) pollution of soil adversely affects food safety and human health. To pre-
vent phytotoxicity and Cd accumulation in agricultural products, effective steps must be taken immediately.
In the study, we added different concentrations (10, 50, and 250 mg/kg) of α-Fe2O3 nanoparticles (NPs) into
Cd-contaminated soil, investigating the effects of α-Fe2O3 NPs on Cd toxicity. The various physiological
indicators, such as antioxidant system, the distribution of Cd and the content of active ingredients in different
parts of muskmelon were detected. The results revealed that α-Fe2O3 NPs greatly reduce Cd transport in
plants and minimize Cd toxicity. Specifically, 250 mg/kg α-Fe2O3 NPs treatment reduced the root Cd con-
tent by 30.19% and 50 mg/kg α-Fe2O3 NPs treatment reduced the stem Cd content by 38.75%. For the con-
tent of active ingredients, 50 mg/kg α-Fe2O3 NPs treatment increased root polysaccharide content and leaf
saponin content by 14.45 and 27.71%, respectively. Overall, α-Fe2O3 NPs can reduce Cd stress in musk-
melon. The current work gave a unique notion for Cd remediation in soil using α-Fe2O3 NPs as amendments.

Keywords: Cucumis melo L., soil cadmium pollution, muskmelon, α-Fe2O3 nanoparticles, growth parame-
ters, antioxidant system, active ingredients
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INTRODUCTION
With the advancement of urbanization and indus-

trialization, environmental issues have been emerged
simultaneously. Heavy metals have emerged as one of
the most serious environmental issues, impairing food
security and human health significantly [1]. Cadmium
(Cd) is a highly toxic heavy metal which is harmful to
human and plants. Cd enters soil via plant roots and
then enters the human body via the food chain, posing
a serious threat to human health [2]. At present, many
countries in the world have carried out various studies
and taken many positive measures to restore soil con-
taminated by heavy metals. However, the physical
method requiring large amount of engineering, the
biological method taking long time and slow effect
and the chemical leaching method causing large side
effects [3]. In situ passivation, which freezes and stabi-

lizes heavy metals, has the advantages of high effi-
ciency and low energy consumption when compared
to other processes.

Technology of in situ passivation is to reduce the
uptake of Cd by crops by reducing the available state of
soil (especially rhizosphere soil), so as to reduce the
harm of Cd. The passivation mechanism of this
method is that the passivator surfaces undergo a suc-
cession of chemical reactions, among which the fixa-
tion of Cd is realized through redox and surface com-
plexation [4]. For in situ passivation, current studies
indicate that there are many restoratives available,
such as Cellulose-zeolitic imidazolate frameworks,
nanoparticles, polylactic acid-hydroxyapatite com-
posite [4–6]. As a new adsorption material, nanoma-
terials can repair contaminated soil and improve agri-
cultural environment. This is because of its high
adsorption capacity and diversified structure. Pollut-
ants or harmful microorganisms can be degraded by
nano iron oxide by adsorption or photocatalysis.
Praveen et al. used nanoscale iron oxide as a nanoscale
adsorbent to adsorb arsenic in soil to reduce its phyto-
toxicity, indicating that nano iron oxide can repair

Abbreviations: Cd—cadmium; GION—green synthesized iron
oxide nanoparticles; NPs—nanoparticles; RCBD—randomized
complete block design; DTPA—diethylenetriaminepentaacetate
TF—wild type; SOD—superoxide dismutase; CAT—catalase;
POD—peroxidase; APX—ascorbic acid peroxidase; HMs—heavy
metals; PCA—principal component analysis.
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plant heavy metal toxicity by absorbing heavy metals
in soil [7]. By treating Cd-contaminated soil with
green synthesized iron oxide nanoparticles (GION)
prepared by plant leaf extract, Lin et al. found that the
exchangeable Cd fraction in the 1, 3, and 9% treatments
had fallen by 14.2, 24.9, and 83.5%, respectively [8].
The findings showed that nano iron oxide can reduce
Cd toxicity in exposed plants.

Muskmelon (Cucumis melo L.) is a Cucurbitaceae
diploid plant (2n = 2x = 24) that is widely grown for its
commercial and nutritional value around the world.
Muskmelon is reported to include a number of antiox-
idant and radical-scavenging components. The abun-
dance of phenolics, f lavonoids and tocopherols in
muskmelon fruit f lesh and seeds, according to the
study, makes them a strong source of antioxidants [9].
However, there are relatively few studies on the medic-
inal active components of other parts of muskmelon
and the effect of heavy metals on active components.

At present, most studies on the repair of Cd toxicity
in muskmelon are focused on the seedling stage, and
there are relatively few studies on the systematic deter-
mination of Cd content and active ingredient contents
in various parts of muskmelon. Hematite, α-Fe2O3,
has a corundum structure and is therefore the most
stable form of iron oxide. Therefore, in this study,
α-Fe2O3 nanoparticles (NPs) were used in the pot
experiment of Cd containing soil planted with musk-
melon. We hypothesized that α-Fe2O3 NPs could alle-
viate Cd toxicity, it could reduce Cd content in various
parts of the plant, and it could reflect the alleviation of
Cd toxicity in physiological indicators. Therefore, the
effects of α-Fe2O3 NPs on the distribution of Cd, the
activity of enzymes and active ingredients were
explored in various parts of muskmelon. This study
can serve as a theoretical foundation for the develop-
ment of effective, efficient, and safe heavy metal
cleanup solutions. The importance of fostering the in-
depth development of soil pollution control is both
theoretical and practical.

MATERIALS AND METHODS
Materials

The muskmelon (Cucumis melon L.) seeds were
provided by Hubei Academy of Agricultural Sciences
(China). CdCl2·2.5H2O (99% in purity) was pur-
chased from Shanghai Lingfeng Chemical Reagent
Co., Ltd. (China). The α-Fe2O3 nanoparticles (NPs)
were purchased from Macklin Company. The hydro-
dynamic diameter and zeta potential of α-Fe2O3 NPs
were examined (Supplementary Fig. S1). Scanning
electron microscope S-4800 (SEM, Japan) was used
to understand surface morphology and structure of
the α-Fe2O3 NPs. The XRD (X-ray diffraction) dif-
fractograms were recorded on powder X-ray diffrac-
tometer D8 ADVANCE (Bruker, Germany). The 20
was within range of 10–70°. Ni-filtered Cu K alpha
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radiation was used as the X-ray source with voltage
and current were 40 kV and 40 mA, respectively. The
SEM image and XRD pattern of α-Fe2O3 NPs are
shown in Supplementary Fig. S2.

Greenhouse Experimental Design
The effects of varying concentrations of α-Fe2O3

NPs on muskmelon in Cd-contain soil were investi-
gated in a greenhouse experiment. Briefly, musk-
melon seeds were wrapped with moist gauze placed in
an incubator at 30°C for 24 h, and then the germinated
muskmelon seeds were sown in the orifice plate using
acupoint seeding method. At about 25 days, the musk-
melon seedlings reached the three-leaf stage and were
transferred to potting soil pots with different desig-
nated treatment. Before that, the potting soil pots had
stilled in the same environmental conditions for a
month. There is one plant per one pot. The upper
diameter of the pot is 34 cm, the lower diameter is
18.5 cm and the height is 22 cm. The potting media is
matrix soil, and its physical and chemical properties
are put in Supplementary Table S1. Setting this time as
week-1 and two sampling times were set in this exper-
iment, respectively at in the eleventh and the twenty-
second week. The two periods sampling times were the
flourishing period of muskmelon plant growth in the
eleventh week and the mature period of muskmelon
fruit at in the twenty-second week, respectively. In the
eleventh week, we sampled the leaves of all plants at the
12th knot, which was non-destructive. At week-22, we
sampled various parts of the plant, which was destruc-
tive. The physiological indicators of the leaves sam-
pled (including basic physiological indicators and
antioxidant system indicators) and plant growth indica-
tors (including plant height, hypocotyl thickness, leaf
length and width of plant) at week-11 were measured,
and the other indicators were measured (including Cd
content in the soil–plant system, active ingredients and
enzymatic activity) at week-22. In the process of plant
cultivation, drip irrigation was used for water and fertil-
izer, at a frequency of once a day (except in rainy days)
and once 10–15 days, respectively.

Because muskmelon is a Cd-tolerant plant, as evi-
denced by our prior findings, the Cd exposure concen-
trations were raised [10]. Five treatments were
designed and the details are listed in Table 1. A ran-
domized complete block design (RCBD) was used in
this experiment, and three independent replicates
were applied in each treatment.

Analysis of Cd Content in the Soil–Plant System
In this experiment, the plant was divided into seven

parts including root, stem, leaf, pedicel, peel, f lesh
and seed. The seven parts were dried and ground to
fine powder. The Cd content in the seven parts was
extracted by nitrolysis method [11]. The diethylenetri-
aminepentaacetate acid (DTPA) extraction method
URNAL OF PLANT PHYSIOLOGY  Vol. 70:139  2023
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Table 1. Details of five treatments in the pot experiment

Treatment Exposure doses, mg/kg

Control (CK) –
Cd 400 Cd
Cd + 10Fe 400 Cd + 10 α-Fe2O3

Cd + 50Fe 400 Cd + 50 α-Fe2O3

Cd + 250Fe 400 Cd + 250 α-Fe2O3
was used to extract the bioavailable Cd content in soil.
Soil samples were oven-dried and ground to a fine
powder, and 500 mg of the powder was added to 30 mL
of DTPA extracting agent, oscillated at a speed of
180 ± 20 rpm at 25 ± 2°C for 2 h and filtered by filter
paper, waiting for the test.

For subcellular separation, plant tissues were treated
according to the method previously reported [12]. The
fresh leaf and root samples were placed in 50 mL cen-
trifugation tubes, respectively, and 15 mL of pre-
cooled extraction buffer was added. The extraction
buffer was composed of 50 mmol/L Tris-HCl
(pH 7.5), 250 mmol/L sucrose and 1 mmol/L dithiol.
After centrifugation at 3000 rpm for 15 min, the pre-
cipitate was the cell wall component (FI). The organ-
elle component (FII) was precipitated after centrifu-
gation at 10000 rpm for 30 min. The soluble compo-
nent, containing macromolecule organic matter and
inorganic ions in the cytoplasm and vacuole (FIII),
was waiting for the test. At 4°C, all operations were
carried out. The FI and FII collected components
were extracted by nitrolysis.

Finally, the Avanta M atomic absorption spectro-
photometer was used to determine all of the aforesaid Cd
content (GBC, Australia). The following formula (1)
was used to compute the transfer factor (TF) from por-
tion ‘a’ to part ‘b’:

(1)

here ‘a’ and ‘b’ = (mg/kg Cd of dry weight (DW)).

Growth and Physiological Indicators Measurements
Growth indicators: growth indicators including

plant height, hypocotyl thickness, leaf length and
width of plant and the weight, vertical, transverse
diameter and pulp thickness of fruit were measured
using basic physical methods. The growth indicators
of each plant were measured three times, averaged and
recorded to avoid error.

Basic physiological indicators: soluble protein con-
tent was detected by colorimetric method of colori-
metric blue G-250 [13]. A SPAD-502 Plus chlorophyll

=–TF Cd content in ‘b’ Cd content in ‘a’,a b
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meter (Konica Minolta, USA) was used to determine
the amount of chlorophyll presents [14].

Antioxidant system indicators were calculated per
fresh weight (FW) [15]: superoxide dismutase (SOD)
activity was determined by the nitrogen blue tetrazole
photochemical reduction method, catalase (CAT)
activity was determined by the hydrogen peroxide oxi-
dation method and peroxidase (POD) activity was
determined by the guaiacol oxidation method. Ascor-
bic acid peroxidase (APX) activity was determined by
ascorbic acid oxidation method [16]. Malondialde-
hyde (MDA) content was determined by thiobarbi-
turic acid colorimetry [16].

Measuring Active Ingredients

For active ingredients measurement, the plant was
divided into six components: root, stem, leaf, peel,
f lesh and seed. The six parts were dried and ground
into powder, and then the ethanol heating extraction
method was used to extract them. The extraction pro-
cedure was as follows: the extraction temperature was
60°C, the solid/liquid ratio was 1 : 40, the ethanol
concentration was 80%, the extraction time was 5 h,
and the extract solution was obtained after filtration.
The concentration of each active ingredient in the
extract solution was determined. The ferrous tartrate
spectrophotometry was used to assess the amount of
polyphenols in the muskmelon pedicel [17]. The AlCl3
colorimetric method is used to determine f lavonoids
content [18]. Vanillin-glacial acetic acid was used to
determine saponin content [19]. A spectrophotomet-
ric technique was used to determine the polysaccha-
ride content [20].

Enzymatic Activity Measurements

Nanjing Jiancheng Bioengineering Institute (Nan-
jing, China) offered kits to evaluate soil urease and dehy-
drogenase activity. The indigo colorimetry method was
used to assess urease activity [21] and the dehydrogenase
activity was analyzed measured by the 2,3,5-triphenyte-
trazoliumchloride reduction method [22].

Health Risk Assessment of Heavy Metals

The health risk models, developed by USEPA, assess
health risk assessments for heavy metals (HMs) through
vegetable ingestion. Threshold hazard quotient (THQ)
is a recognized parameter which is used to determine the
health risk of all HMs, and the THQ for HMs is calcu-
lated using Eq. (2). If THQ ≤ 1.0, it is considered as an
acceptable exposure level. On the contrary, if greater
than this value indicates potential health risk.
(2)= × × × × × ×–3
vegTHQ (C IngR EF ED 10 ) (BW AT RfD),
:139  2023
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Table 2. Effects of different treatments on Cd concentration in different parts of muskmelon (mg/kg)

Values are means ± SD (n = 3). The means labeled with different letters indicate a significant difference at P < 0.05.

Treatment
Soil 

DTPA-
extractable

Root Stem Leaf Pedicel Peel Flesh Seed

T
H

Q
Pe

di
ce

l

T
H

Q
F

le
sh

T
H

Q
Se

ed

Cd 278.51 ± 
4.91a

251.14 ± 
11.18a

187.87 ± 
0.25a

118.48 ± 
5.49a

7.81 ± 
0.52a

10.91 ± 
1.45a

7.56 ± 
0.67a

71.35 ± 
3.57a 1.20 1.16 10.93

Cd + 10Fe 265.71 ± 
28.65ab

252.34 ± 
15.11a

175.92 ± 
11.98b

83.87 ± 
4.97c – – – – – – –

Cd + 50Fe 253.81 ± 
1.14b

235.26 ± 
5.71b

115.07 ± 
1.69c

116.84 ± 
4.33a

4.35 ± 
0.68b

8.37 ± 
0.10b

6.24 ± 
0.28b

33.15 ± 
2.39b 0.67 0.96 5.08

Cd + 250Fe 256.11 ± 
11.63b

175.33 ± 
21.31c

173.61 ± 
4.43b

98.25 ± 
4.33b

4.37 ±
0.15b

8.20 ± 
1.30b

6.39 ± 
0.37b

28.69 ± 
3.28c 0.67 0.98 4.40
where C is the concentration of heavy metals in plant,
IngRveg. is the ingestion rate (g/day), EF is the expo-
sure frequency of vegetable (day/year), ED is the
exposure duration of vegetable (year), BW is body
weight of human (kg), AT is the average time of expo-
sure, RfD is the reference dose (being 0.001 mg/kg day
for Cd) [23]. Children are more at risk than adults, so
the correlation parameters are based on children. All
the values of above parameters values used in Eq. (1)
are all from published scientific research papers, and
the specific information are shown in Supplementary
Table S2 [24–26].

Data Analysis

The results are presented as mean ± standard devi-
ation (SD). To examine the significance at P < 0.05,
oneway analysis of variance (ANOVA) was used, fol-
lowed by Duncan’s multiple comparisons (IBM SPSS
version 22). Principal component analysis (PCA) was
used to analyze variables of physiological parameters
in leaf and growth indicators of plant exhibiting nat-
ural variance under different treatments. Normaliza-
tion procedure was achieved using z-score. Biplots
were draw to further elucidate their relationships
using R 4.0.0 in ggplot2 packages.

RESULTS
Cd Content in the Soil-Plant System of Muskmelon

As shown in Table 2, we determined the Cd content
in various parts of the soil–plant system. The Cd con-
tent in the whole system is in the order of soil > root >
stem > leaf > muskmelon parts. Soil DTPA-extract-
able Cd content in Cd exposure alone group was high-
est, and different concentrations of nano iron oxide
treatments could reduce it by 4.6–8.9%. In the Cd-
alone, 10Fe and 50Fe treatments, the root Cd content
was lower slightly than soil DTPA-extractable Cd.
However, root Cd content was lower remarkably than
RUSSIAN JO
soil DTPA-extractable Cd content in the 250Fe treat-
ment. As an important nutrient organ between root
and leaf, the stem Cd content directly determines the
amount of Cd transported in plant. In this experiment,
the stem Cd content in the Cd treatment is the highest,
which is significantly higher than that in the other
treatments, indicating that different concentrations of
nano iron oxide could reduce the transport of Cd from
the underground part to the above-ground part. In the
10Fe and 250Fe treatments, the accumulation of Cd in
leaves was also significantly lower than that in Cd
treatment.

The fruit Cd content is intimately related with pub-
lic health since it is the most important portion of the
muskmelon plant for human food and medication.
The fruit yield under the 10Fe treatment was poor this
year because to the weather. Therefore, in order to
ensure the accuracy of data, we decided to discard the
indexes related to muskmelon in the 10Fe treatment.
To further analyze the specific distribution of Cd in
plants, we divided muskmelon fruit into pedicel, peel,
f lesh and seed. As shown in Table 2, both 50 and
250Fe groups could significantly reduce the Cd con-
tent in each part of muskmelon fruit. More surpris-
ingly, compared to 50Fe group, 250Fe group can fur-
ther reduce the distribution of Cd in muskmelon seed,
thus reducing the harm that may bring to human.

Urease and Dehydrogenase Activity in Soil

Urease exists widely in soil and is a kind of enzyme
which has been studied deeply. In the study, urease
activity was significantly inhibited by 15.72% after the
addition of Cd (Supplementary Table S3). When the
concentration of nano iron oxide was 50 mg/kg, the
urease activity in soil rose to the control level. Adding
Cd alone had no significant effect on dehydrogenase
activity. However, all repair groups could increase
dehydrogenase activity.
URNAL OF PLANT PHYSIOLOGY  Vol. 70:139  2023
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Table 3. Transfer factors (TF) of Cd between soil–muskmelon system of different treatments

Treatment TFsoil-root TFroot-stem TFstem-leaf TFstem-pedicel TFpedicel-peel TFpedicel-flesh TFpedicel-seed

Cd 0.902 0.748 0.631 0.042 1.397 0.968 9.136
Cd + 10Fe 0.950 0.697 0.477 – – – –
Cd + 50Fe 0.927 0.489 1.015 0.038 1.924 1.434 7.621
Cd + 250Fe 0.685 0.990 0.566 0.025 1.876 1.462 6.565

Table 4. Effects of different treatments on Cd concentration in subcellular fractions of muskmelon leaf and root (mg/kg)

Values are means ± SD (n = 3). The numbers in brackets indicate the percentage of Cd in the component.

Part Treatment Cell Wall,
F1

Organelle,
F2

Soluble Component,
F3 Total

Leaf

CK 0.00 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.02
Cd 11.74 ± 0.10 (55.31) 1.65 ± 0.00 (7.79) 7.83 ± 0.01 (36.90) 21.22 ± 0.11
Cd + 10Fe 3.18 ± 0.02 (51.41) 0.53 ± 0.00 (8.61) 2.48 ± 0.01 (39.99) 6.19 ± 0.03
Cd + 50Fe 17.45 ± 0.07 (60.82) 2.10 ± 0.01 (7.31) 9.14 ± 0.02 (31.87) 28.69 ± 0.10
Cd + 250Fe 7.53 ± 0.00 (75.42) 0.34 ± 0.00 (3.40) 2.11 ± 0.04 (21.17) 9.98 ± 0.04

Root

CK 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.02
Cd 13.14 ± 0.01 (47.21) 2.03 ± 0.01 (7.29) 12.66 ± 0.02 (45.50) 27.83 ± 0.04
Cd + 10Fe 11.78 ± 0.05 (64.84) 2.05 ± 0.01 (11.30) 4.34 ± 0.02 (23.85) 18.17 ± 0.08
Cd + 50Fe 14.58 ± 0.14 (61.73) 2.42 ± 0.01 (10.26) 6.62 ± 0.06 (28.01) 23.62 ± 0.21
Cd + 250Fe 6.92 ± 0.08 (57.31) 1.06 ± 0.00 (8.79) 4.09 ± 0.01 (33.90) 12.08 ± 0.09
Transfer Factor in the Soil–plant System of Muskmelon
The changes in Cd transfer factors of muskmelon

under different treatments are shown in Table 3. The
transfer factors from the soil to root (TFsoil–root) of Cd,
10Fe and 50Fe groups were 0.902, 0.950, and 0.927,
respectively, showing little change. However, TFsoil–root
of the 250Fe group changed significantly, indicating
that 250 mg/kg α-Fe2O3 NPs could reduce Cd uptake
by plant roots, which is consistent with the previous
results (Table 2).

However, we were surprised to find that the transfer
factor from the stem to pedicel (TFstem–pedicel)
decreased evidently with 50Fe and 250Fe compared to
the Cd-alone treatment, and the 250Fe treatment had
a better effect. When Cd is transported into the musk-
melon pedicle, it will be transported to the muskmelon
peel, f lesh and seed. Compared to Cd-alone group,
under the treatment of nano iron oxide, Cd will be
more assigned to the muskmelon peel and flesh, and
less to seed part. This may be a plant protection mech-
anism of nano iron oxide excitation–as far as possible
to reduce toxic substances to seed parts transportation,
so as to avoid being passed on to the next generation.

Cd Distribution in Three Subcellular Fractions 
of Leaf and Root

Cd concentration of subcellular fractions of the
roots and leaves of the different treatments is shown in
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
Table 4. It showed the order of Cd accumulation in
subcellular fractions of the roots and leaves of the dif-
ferent treatments: cell wall (F1) > cell soluble compo-
nent (F3) > organelle (F2). It can be seen that most Cd
is trapped in the cell wall, followed by the cell soluble
component, and the least part is organelle. It should
be noted that the total Cd content in roots of 250Fe
amendment is the lowest, which is also consistent with
Table 2. In addition, the cell wall (F1) proportion in
leaves of 250Fe amendment is the highest. Interest-
ingly, the proportion of Cd in organelle (F2) in 250Fe
amendment in leaves was the lowest in all groups, and
the Cd content of organelle (F2) in roots was also the
lowest in all groups.

Growth Indicators of Muskmelon
The physiological state of the plant can be best

visualized via growth markers. Cd stress can have an
effect on the macroscopic markers of plants at any
time [27]. In the study, the three indexes (plant height,
leaf length and leaf width) were not significantly
affected by Cd treatment compared to those in control
(Fig. 1). The Cd could only inhibit hypocotyl thick-
ness of muskmelon, but the addition of nano iron oxide
could not improve it. The fruit harvest was poor this
year due to the weather, so the fruit index was put in the
supplemental materials (Supplementary Table S4).
However, it can still be seen that all indexes of musk-
melon are significantly decreased after Cd treatment.
:139  2023
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Fig. 1. Plant height (a), hypocotyl thickness (b), leaf length (c), leaf width (d) in muskmelon plants under different treatments.
The results are shown as mean ± SD (n = 3). Values preceded by various lowercase letters are statistically different at P < 0.05.
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The pulp thickness and sugar content were increased
in 50Fe and 250Fe group compared to Cd exposure
alone. Consequently, it was discovered that α-Fe2O3
NPs have some positive effects on Cd toxicity.

Oxidative Stress in Muskmelon Leaves

Antioxidant enzyme activity regulation is an intrin-
sic plant response to avoid oxidative stress generated
by a variety of external biotic and abiotic factors [15].
As shown in Fig. 2, after adding Cd, the SOD and APX
activities decreased significantly, indicating that
excessive Cd poisoning impaired the antioxidant
defense system’s ability to quench ROS in musk-
melon. Under Cd stress, the 50Fe and 250Fe treat-
ment boosted APX activity, indicating that α-Fe2O3
NPs have the potential to reduce Cd toxicity by boost-
ing plant antioxidant capabilities. MDA is commonly
employed as a marker of cell damage caused by free
radicals since it is a secondary compound of lipid per-
oxidation processes. In this study, the Cd-alone treat-
ment increased evidently the MDA content in plant
leaves, and all α-Fe2O3 NPs-contain treatments could
RUSSIAN JO
reduce the leaves MDA content. In addition, MDA
content in the 50Fe group decreased significantly.

Chlorophyll and Soluble Protein Content
in Muskmelon Leaves

In the study, the chlorophyll content was assessed
using the SPAD values (a correlated index of chloro-
phyll content in leaves). After the addition of Cd, the
chlorophyll content of plants decreased significantly.
No matter which concentration of nano iron oxide was
added, the chlorophyll content of plants increased to
the same level as that of the control group (Supple-
mentary Fig. S3). What’s more, 50Fe group saw the
largest increase compared to Cd exposure alone, by
11.80%. Cd stress causes a variety of protective reac-
tions, including the accumulation of proteins. After
the addition of Cd, the protein content in muskmelon
leaves significantly increased by 61.26% compared to
the control group (Supplementary Fig. S4). However,
50 mg/kg α-Fe2O3 NPs treatment reduced the protein
content to the control level.
URNAL OF PLANT PHYSIOLOGY  Vol. 70:139  2023
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Fig. 2. Activities of (a) SOD, (b) CAT, (c) POD, (d) APX, and (e) MDA content in leaves of muskmelon plants under different
treatments per fresh weight (FW). The results are shown as mean ± SD (n = 3). Values preceded by various lowercase letters are
statistically different at P < 0.05.
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DISCUSSION

Immobilization of Cadmium and Risk Assessment

The ability of muskmelon to absorb Cd from the
soil, as well as its accumulation and distribution in dif-
ferent areas of the plant, were evaluated (Table 2).
DTPA extraction is a popular and successful approach
for determining heavy metal toxicity and accessibility
[28]. The Cd concentration in the exposure systems
was 400 mg/kg in the experiment. After four months of
cultivation experiment, the soil DTPA-extractable Cd
in the experimental treatment groups was 63.45–
69.63% of the initial Cd content (400 mg/kg). In the
study, the soil DTPA-extractable Cd was significantly
lower under 50 mg/kg α-Fe2O3 treatment and

250 mg/kg α-Fe2O3 treatment than in the control

group, which might be related to electrostatic adsorp-
tion, redox and coprecipitation [8].

Root Cd content is always close to that of the soil
DTPA-extractable Cd. However, in this experiment,
root Cd content was lower remarkably than soil
DTPA-extractable Cd content in the 250Fe treatment.
Kim et al. found that green synthesized iron oxide NPs
(GION) could promote the formation of larger soil
aggregates [29]. GION can absorb Cd and co-precip-
itate it under the action of soil microorganisms. In
addition, with increasing GION dosage, more amor-
phous fractions were converted into stable crystalline
fractions [8]. Hence, high concentration nano iron
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
oxide treatment (250Fe group) might have converted
more Cd to stable crystalline component, which is not
conducive to plant absorption, resulting in less Cd
transport to plant roots.

Pedicel and f lesh are the most popular parts for
human consumption, and muskmelon base (Pedicel-
lus Melo.) has a long history as a Chinese traditional
medicine (since the Ming Dynasty). Hence, the
health risks of posed by Cd to children with the three
parts were calculated (Table 2). The exposure fre-
quency was set as 10 days/year. With α-Fe2O3 NPs

application, a significant reduction of THQ for Cd was
found for children. In the Cd-alone treatment, the
THQ value of pedicel, f lesh and seed is bigger than 1.
It indicated that the edible parts of muskmelon treated
with Cd alone have adverse health effect, and the risk
of muskmelon seeds is the highest. When adding 50 g
or 250 mg/kg α-Fe2O3 NPs, the THQ values of pedicel

and flesh were 0.67, 0.67, 0.96, and 0.98. These THQ
values are all less than 1, indicating that nano iron
oxide could reduce potential health risk.

The objective of in situ immobilization of heavy
metals is not to remove the metals, but by altering the
form of occurrence of the sediments to stabilize it. In
the experiment, the soil DTPA-extractable Cd content
decreased after adding nano ferric oxide. In our previ-
ous research, we have shown that α-Fe2O3 NPs have a

good adsorption effect on Cd [15]. There are active
adsorptions sites on α-Fe2O3 NPs, Cd in soil will be
:139  2023
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desorbed by soil, and adsorbed by nano ferric oxide.
α-Fe2O3 NPs in the soil will form secondary Fe min-

erals, and then re-adsorption and co-precipitation
with Cd, forming more stable Fe minerals. Finally, the
surface of Fe minerals is continuously covered by lay-
ers of newly formed iron oxides, forming stable soil
aggregates that reduce Cd mobility [30]. After adding
α-Fe2O3 NPs, Cd content in plants was also signifi-

cantly reduced, reducing the potential risk of human
consumption. Based on our results, using α-Fe2O3

NPs in production agriculture is an effective way to
limit the risk of Cd to human health.

Effects of Nano Iron Oxide on Soil Enzyme Activity
Urease enzyme products, ammonia, are one of the

nitrogen sources in plants, which is suitable for plant
absorption [21]. Urease can also be used to determine
the effects of heavy metals on soil function. Soil dehy-
drogenase belongs to the redox enzyme family, which
can be used as an indicator of microbial redox ability
and reflect the overall metabolic activity of soil micro-
organisms by oxidizing hydrogen or hydrogen donors
from certain substrates [22]. Under Cd stress, Soil
microorganisms will be in a dynamic equilibrium, and
their enzyme activities can be suppressed and increased
repeatedly [27]. In general, soil enzyme activities
increased after adding α-Fe2O3 NPs. Various factors

could be responsible for the improvement in soil
enzymatic activities. Lin et al. found that iron oxide
nanoparticles could improve the soil environment, as
evidenced by changes in soil microorganisms [8]. It
showed that microorganisms can fix Cd by altering
the biogeochemical cycles of iron and nitrogen. So,
Cd is more easily fixed when soil microbes are more
active [31]. Combined with our experimental results,
we believe that nano iron oxide has a certain remedia-
tion effect on the Cd-contaminated soil environment.

Effects of Nano Iron Oxide
on Cd Subcellular Distribution

During the plant transport of Cd, Cd is distributed
to different subcellular fractions. Evasion mechanism
and tolerance mechanism are mainly two categories of
Cd tolerance mechanisms in plants [32]. Retention of
cell walls is one of evasion mechanism, which is also
well reflected in our experiment. The majority of Cd
was retained in the cell wall, demonstrating that the
muskmelon cell wall bound Cd ions and inhibit their
transmembrane transit, which can protect protoplasts
from Cd toxicity. As a result, it plays a crucial role in
Cd compartmentalization and resistance. That the
highest cell wall (F1) proportion in leaves of 250Fe
amendment indicated that 250 mg/kg α-Fe2O3 NPs

could help plants to reduce Cd toxicity by using the
evasion mechanism. However, the ability of cell walls
to separate Cd is usually limited because polysaccha-
rides (such as cellulose, hemicellulose and pectin) and
RUSSIAN JO
proteins in cell walls lack enough functional bases to
bind Cd ions [33]. Thereby, a part of Cd passes
through the cell wall and enters the protoplast. Metal
transporters in the protoplast can either pump metal
ions into the vacuole or chelate the metal in the vacu-
ole, keeping heavy metals out of metabolic processes
and lowering their toxicity [34]. There also are high Cd
levels in F3, and this is also consistent with the results
of the experiment. In 250Fe group, the proportion of
Cd in F1 was the highest and F2 was the lowest in
leaves. Based on the subcellular distribution of Cd in
plants, the 250Fe group could strengthen the self-
defense mechanism of cells to reduce Cd toxicity.

Effects of Nano Iron Oxide on Physiological
and Biochemical Indicators

SOD is the first line of defense against ROS. It
converts superoxide anion radicals to H2O2 and O2.

Under normal conditions, POD, APX and CAT can
effectively remove H2O2. The activity of antioxidant

enzymes is linked to plant resistance under stress [15].
Cd stress induced changes in antioxidant enzyme
activities, including increased SOD and POD activi-
ties [15]. Under high Cd levels, Gowayed discovered
that SOD and CAT activities reduced, revealing a
threshold below which heavy metals enhance the anti-
oxidant defense mechanism in plants [35]. In the
experiment, α-Fe2O3 NPs can relieve Cd stress in

plants by activating antioxidant enzymes. Thus, MDA
content was reduced in all α-Fe2O3 NPs-contain

treatments.

The chlorophyll content provides information on
the physiological state of plants [13]. Under Cd tox-
icity, protochlorophyllide reductase and δ-amino-
levulinic acid dehydrogenase are both inhibited by
metal, and the chlorophyll content of plants will
decrease significantly [36]. The chlorophyll content
of plants increased most in 50Fe group, and protein
accumulation caused by Cd was avoided. Combined
with the results of chlorophyll and soluble protein,
50 mg/kg α-Fe2O3 NPs treatment showed the best

repair effect.

Effects of Nano Iron Oxide on Active Ingredients

Plant polysaccharides are biodegradable and
renewable primary metabolites that are widely used in
food and pharmaceuticals. Some polysaccharides have
been shown to have anti-cancer, hepatoprotective, anti-
thrombotic, antidiabetic, and other properties. Com-

pared to the control treatment, the Cd2+ significantly
decreased polysaccharide content in the root, stem and
flesh (Fig. 3a). Liu found that under the Cd stress of
4 nmg/kg, the polysaccharide content in Agaricus
brasiliensis J77 was significantly lower than that of
control group [20]. It might be that Cd inhibited the
synthesis of polysaccharides. However, all α-Fe2O3
URNAL OF PLANT PHYSIOLOGY  Vol. 70:139  2023
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Fig. 3. Content of (a) polysaccharides, (b) polyphenols, (c) f lavonoids, (d) saponins in different parts of muskmelon plants under
the (1) CK treatment, (2) Cd treatment, (3) Cd + 10Fe treatment, (4) Cd + 50Fe treatment, (5) Cd + 250Fe treatment. The
results are shown as mean ± SD (n = 3). Values preceded by various lowercase letters are statistically different at P < 0.05.
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NPs-contain treatments could increase the root poly-
saccharide content by 10.18–27.46% and 50 mg/kg
α-Fe2O3 NPs treatment could increase the stem poly-

saccharide content by 11.19%. This indicates that nano
iron oxide had a certain repairing effect.

Polyphenols are a type of phytonutrient found
largely in the vacuoles of plant cells in soluble form,
considered to confer health benefits [17]. The addition
of Cd alone decreased polyphenol content of stem,
leaf, seed, pericarp and flesh compared to control
(Fig. 3b). Misuzu et al. found that compared to the
control treatment, phenolic compounds declines as
Cd leaf concentrations increase [37]. The results
reflected the toxicity of Cd to plants. Nonetheless
250Fe amendment could improve the root polysac-
charide content of stem, seed, pericarp and flesh,
which had a certain relieving effect on toxicity of Cd.

Many f lavonoids have been proven to have anti-
oxidative, free-radical scavenging, coronary heart
disease prevention, and anticancer properties, and
other f lavonoids have the potential to have anti-HIV
effects. In the study, in the Cd-alone treatment, f la-
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
vonoid of root, leaf, seed and f lesh decreased signifi-

cantly compare to control group (Fig. 3c). Similarly,

Zhao et al. found that the content of total f lavonoids

presented a decline trend in wild-type and the

mutant snc1 following Cd exposure [38]. This was

due to the toxic effect of Cd on plants. Nevertheless,

all α-Fe2O3 NPs-contain treatments could improve

the f lavonoid content of root and f lesh, indicating

that these treatments have positive effects.

Saponins are amphipathic glycosides found in a

variety of plant species [19]. They cut cholesterol,

reducing hepatic steatosis and reduce inflammation,

etc. Under Cd exposure, the f lavonoid concentration

in the root, leaf, pericarp and flesh was dramatically

reduced compared to the control (Fig. 3d). It might be

because Cd stress inhibited the synthesis of terpenoids

precursors [39]. However, root saponin content of the

50Fe and 250Fe group, leaf saponin content of the

50Fe group and pericarp saponin content of the 250Fe

group increased observably. It should be the effects

caused by the α-Fe2O3 NPs repair treatments.
:139  2023



139  Page 10 of 13 ZOU et al.

Fig. 4. Principal component analysis of physiological parameters in muskmelon plants (description in the text).
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From the overall perspective of effective compo-
nents, we found that effective component content
decreased after the addition of Cd. This might be due
to the toxic effect of Cd on plants. What’s more,
α-Fe2O3 NPs in various concentrations were able to

alleviate Cd toxic in muskmelon fruit, and 250Fe
group had the best restorative effect.

PCA of Physiological Indicators in Muskmelon
Principal component analysis (PCA) is used to

analyze the main components of data. PCA can pro-
pose the main components from a large number of
indicators by dimensionality reduction, so as to better
understand some relationships between variables. In
the experiment, four main components were extracted
(Supplementary Fig. S5). Among them, the cumula-
tive variance explanation rate of first and second prin-
cipal components is about 80% (Fig. 4), indicting the
total variations are nicely represented by the biplots.
For growth index, hypocotyl thickness and plant
height were negatively correlated with Cd content. For
physiological indicators, Cd content was positively
correlated with POD. APX and chlorophyll were neg-
atively correlated with Cd content. Among them,
POD was the index most affected by Cd. For active
ingredients, Cd content was significantly negatively
correlated with polyphenols and flavonoids.

The control group was far distant from the Cd
exposure group in terms of the effects of several treat-
ment groups. It was discovered that applying Cd to the
muskmelon plant had a significant effect. The point of
50Fe group was closer to the control group’s point,
showing that 50 mg/kg α-Fe2O3 NPs reduced Cd tox-

icity, as evidenced by a number of indicators in the
RUSSIAN JO
results data, such as chlorophyll and MDA. The point
of 250Fe group is also closer to CK group than Cd
group. Therefore, it also has some restorative effects. It
can also be seen from the quality of muskmelon (Sup-
plementary Table S2), the effect of 50Fe group and
250Fe group are very similar. It may be because nano
ferric oxide can not only reduce the availability of Cd
in soil, but also act as iron fertilizer [40]. When a par-
ticular concentration is attained, further raising the
concentration has little impact on plants [40]. It’s also
possible that nano iron oxide has a somewhat harmful
effect on plants at large concentration. As the concen-
tration increases, the positive and negative effects can-
cel each other out, so that 50Fe group and 250Fe
group had similar effects. Therefore, considering cost
saving and plant-friendly, it is preferable to choose
50 mg/kg α-Fe2O3 NPs treatment. The worst repair

effect was found in the 10Fe group, which might also
be one of the reasons for the poor harvest of the group.

In conclusion, it can be found in the experiment
that when plants are exposed to Cd stress, plant height
and hypocotyl thickness will decrease observably. The
synthesis of APX would be inhibited, and the plant
would mainly activate POD to resist stress. Cd inhib-
ited the synthesis of polyphenols and flavonoids.
Compared with 10Fe and 50Fe group, a 250Fe group
had the best repair effect.

CONCLUSION

In this study, a number of physiological and bio-
chemical indicators were examined to study the effects
of α-Fe2O3 NPs on Cd toxicity toward muskmelon

plants. Our research found that Cd is easily absorbed
and accumulated by muskmelon plants, and THQ val-
URNAL OF PLANT PHYSIOLOGY  Vol. 70:139  2023
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ues showed that there is a health risk in edible parts.
After adding α-Fe2O3 NPs, it would adsorb Cd and

co-precipitate to form more stable Fe minerals, which
reduced its migration. Surprisingly, according to vari-
ous indicators, α-Fe2O3 NPs minimized Cd transport

in plants, lower human health risk, and alleviates plant
Cd toxicity. α-Fe2O3 NPs could also increase the con-

tent of active ingredients in plants and enzyme activi-
ties in soil. The different concentrations of α-Fe2O3

NPs had different effects on Cd toxicity, but 50 mg/kg
α-Fe2O3 NPs treatment was found best. According to

the experimental results, using α-Fe2O3 NPs to repair

Cd toxicity in soil is a great choice. Our findings sug-
gest various agricultural production and environmen-
tal protection strategies in the face of Cd pollution.
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