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ARTICLE INFO ABSTRACT

Iron nanoparticles (NPs) are widely used for the removal of arsenic from water. In this study, we evaluated the
interaction between arsenate (AsO,>~) and Fe,O3-NPs on early seedling growth of Vigna radiata. Seedlings were
raised in AsO,>~ and Fe,O3-NPs, alone and in combination. While Fe,03-NPs slightly promoted seedling growth,
As0,>~ reduced seedling growth drastically. AsO,>-induced decline in the seedling growth was recovered by
Fe,03-NPs. In contrast, equivalent concentrations of FeCls, alone and together with AsO4>~, inhibited seed
germination completely. Lower arsenic content in seedlings raised in the presence of Fe,O3-NPs indicated that
Fe,03-NPs restricted arsenic uptake. Ability of Fe;O3-NPs to restrict the arsenic uptake of the seedlings was due
to adsorption of AsO,>~, as revealed by transmission and scanning electron microscopy. Non-toxic levels of iron
in seedlings were due to restriction of Fe,O3-NPs to root-surface. AsO4>~ enhanced the ferric chelate reductase
activity of root which was recovered by Fe,05-NPs. The AsO,>-induced oxidative stress, evident from high levels
of proline, H,0, and malondialdehyde, and lowered root oxidisability was ameliorated by Fe,05-NPs. AsO,°>-
induced enhancement in total antioxidant capacity, superoxide dismutase and catalase activity, and decline in
guaiacol peroxidase activity were antagonized by Fe,O3-NPs. Our findings reveal that Fe,O5-NPs provide ef-
fective resistance/amelioration to arsenic toxicity by reducing arsenic availability to plants.
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1. Introduction

Exclusive size-dependent properties of nanoparticles (NPs) over
bulk material are beneficial for a wide range of applications which have
affirmed their omnipresence in our lives. Among the metal NPs, Fe-
based NPs hold special importance due to their magnetic properties.
They find applications in industrial and domestic sectors ranging from
healthcare, biomedical, energy, defense, construction, aerospace to
textile, food, agriculture, and environmental bioremediation
(Hokkanen et al., 2015; Ali et al., 2016). Fe-based NPs have been ex-
tensively used to decontaminate polluted water and are of interest to
researchers working on wastewater treatment technologies (Xu et al.,
2012; Hokkanen et al., 2015). Fe-based NPs are used as (i) absorbent or
immobilisation carriers; and/or (ii) photocatalysts for conversion of
pollutant to less/non-toxic forms (Xu et al., 2012). The target pollutants

for Fe-based NPs include chlorinated compounds, inorganic ions, ex-
plosives, pesticides and toxic metals (Bezbaruah et al., 2009; Crane and
Scott, 2012). Especially, they have been successfully applied for the
removal of toxic elements including arsenic (Jang et al., 2008; Xu et al.,
2012; Zou et al., 2016).

Arsenic contamination of soil and water is a widespread problem for
its negative impact on living organisms human health. Excess arsenic
levels in the environment can be a result of both natural and anthro-
pogenic activities ranging from volcanic emissions, mineral weathering
and leachate from metal oxide deposits to mining wastes, petroleum
refining, agricultural chemicals, wood preservatives, ceramic manu-
facturing, gold mining, combustion of fossil fuels, etc. (Lenoble et al.,
2005; Hokkanen et al., 2015). Apart from the contaminated soils, tube
well water used for irrigation, and deposition of particulate matter also
expose plants to arsenic (Meharg, 2004; Hu et al., 2012). Arsenic is a
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Fig. 1. TEM pictures (A-D) and EDS (E,F) of Fe,O3-NPs in absence (A,B,E) and presence (C,D,F) of AsO,>~ to which Vigna radiata seedlings were exposed.

non-essential and highly toxic element for plant growth and hampers
agricultural productivity (Hartley and Lepp, 2008; Duncan et al., 2017).
Toxicity of arsenic depends on its bioavailability to plants which is
governed by various factors in soil like redox potential, pH and mi-
crobial activity (Singh et al., 2009; Farooq et al., 2016; Praveen et al.,
2018). Two inorganic forms of arsenic, i.e., arsenite (A5033_) and ar-
senate (AsO,>~) prevail in anaerobic and aerobic soils, respectively;
AsO5>~ is more toxic than AsO,>~ (Singh et al., 2009; Praveen et al.,
2018). Several studies have shown the presence of arsenic in plants and
their grains thus serving a dietary exposure of a large population to
arsenic (Meharg, 2004; Duncan et al., 2017).

Numerous efforts have been made to decontaminate arsenic pol-
luted soils to prevent its transfer into the food chain. Stabilisation of
contaminants by addition of soil amendments is a popular in-situ ap-
proach, wherein the amendment may bind, absorb/adsorb or co-pre-
cipitate the contaminant (Hartley and Lepp, 2008). Among various
amendments exploited to reduce arsenic bioavailability to plants, Fe-
based technologies remain very popular (Mench et al., 2006; Cundy
et al., 2008). These include use of Fe-oxides to reduce the bioavail-
ability of arsenic and other contaminants to plants at polluted sites
(Hartley and Lepp, 2008; Cundy et al., 2008). In fact, sorption of

dissolved arsenic is positively correlated with soil Fe-oxides content
(Warren et al., 2003). Another alternative is the use of FeSO, which
forms Fe-oxides that later get precipitated down (Hartley and Lepp,
2008; Cundy et al., 2008). Fe(0) has been studied in cutting down the
mobility and availability of arsenic along with other heavy metals in
contaminated soils without altering the soil enzyme activities
(Kumpiene et al., 2006). Although the above treatments yielded posi-
tive results in reducing the bioavailability of arsenic from soils, they
were reported to exert negative effects on the vegetation (Hartley and
Lepp, 2008). Effective roles of Fe-based NPs in removal of arsenic from
wastewater/groundwater have been proved beyond any doubt, how-
ever, the same has not been studied in soil so far with the exception of a
study by Shipley et al. (2011) who reported removal of arsenic from soil
by Fe-NPs through column studies.

It is possible that Fe-based NPs will soon be used to remediate ar-
senic-contaminated soils, therefore there is a need to understand the
effect that Fe-based NPs might have on vegetation in the presence of
arsenic. The aim of the present study was to assess the ability of Fe-NPs
to reduce the deleterious effect of arsenic on early seedling growth of
Mung bean (Vigna radiata (L.)R.Wilczek.) Mung bean has an annual
production of ~3 million tonnes in the world (War et al., 2017). The
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Fig. 2. Impact of Fe,05-NPs on AsO,>-induced changes in growth of Vigna radiata seedlings. Length (A,C) and fresh weight (B,D) of root (A,B) and shoot (C,D).
Vertical lines on bars represent standard error. Values designated by different small letters between control and other treatments are significantly different at

P < 0.05.
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Fig. 3. Arsenic (A,B) and iron (C,D) content in roots (A,C) and shoots (B,D) of Vigna radiata seedlings raised in AsO,>~ in absence and presence of Fe,05-NPs. Vertical

lines on bars represent standard error. Values designated by (i) different capital letters between AsO,>~

and AsO,>~ + Fe,03-NPs treatments at a given AsO4>~

concentration; and (ii) small letters between varying concentrations of AsO,3~ and AsO4%~ + Fe,03-NPs treatments, are significantly different at P < 0.05.

high digestible protein content and the ability to grow well in drought
and nitrogen deficient conditions, and improve the soil fertility, makes
Mung bean an important crop in Asian region (War et al., 2017).

2. Materials and methods
2.1. Materials
Seeds of V. radiata (cv-SML-668) were purchased from the Indian

Agricultural Research Institute, New Delhi, India. Fe;O3-NPs and so-
dium arsenate were bought from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Methods

2.2.1. Seedling growth in presence of AsO,°~ and Fe,03-NPs

A stock solution of 1000 mgL~' Fe,03-NPs was prepared with
distilled water and sonicated (60 min) before use. Sodium arsenate was
used as a salt for AsO,>~. Varying concentrations of As0,°~ and Fe,05-
NPs were prepared in distilled water and autoclaved (pressure-15
kg ecm ™% temperature-121 °C) for 20 min. Mixtures of AsO,®~ and
Fe;03-NPs were prepared with the respective autoclaved solutions in a
laminar flow hood just before inoculation of seeds. Seeds of V. radiata
were washed with detergent, rinsed with distilled water thrice and
surface sterilized with 2% sodium hypochlorite for 3-5 min. Seeds were
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Fig. 4. Impact of Fe,03-NPs on AsO,*-induced changes in ferric chelate re-
ductase activity (A) and oxidising capacity (B) of roots of Vigna radiata seed-
lings. Vertical lines on bars represent standard error. Values designated by (i)
different capital letters between AsO,>~ and AsO,>~ + Fe,O3-NPs treatments
at a given AsO,3~ concentration; and (ii) small letters between varying con-
centrations of AsO,>~ and AsO,>~ + Fe,03-NPs treatments, are significantly
different at P < 0.05.

then rinsed with sterile distilled water 4-5 times in a laminar flow
hood. Fifteen seeds were inoculated in autoclaved glass bottles con-
taining 20 mL test solution. The bottles were incubated in a growth
chamber at 25 + 2 °C under a light intensity of 200-umol photons m =2
s~! (13/11h light/dark cycle). Two days later, the germinated seed-
lings were transferred to bottles containing fresh solution. For growth
studies, (i) AsO,>~ equivalent to 0.5, 1 and 2 pM; and (ii) Fe,O3-NPs
equivalent to 100, 200 and 400 mg L™, were used independently and
in combination. However, for further studies, 200 mg L™! Fe,O3-NPs
were chosen. Respective blanks (without the seeds) were also kept
under similar conditions. In a separate set, solutions with equivalent
concentrations of FeCl; were used. However, seeds failed to germinate
at equivalent FeCly concentrations (alone or in combination with
AsO427). Seedlings were harvested after 8 days. Except for SEM in-
vestigations, roots of intact seedlings were sonicated for 30-60 s and
washed thoroughly with distilled water to remove the Fe;O3-NPs at-
tached to the root surface.

2.2.2. Growth analysis

Roots and shoots were separated and washed with distilled water
before recording their lengths. For dry biomass measurements, roots
and shoots were oven dried at 80 °C to a constant weight.
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2.2.3. TEM and SEM analysis

Nanoparticle suspensions in which the seedlings were raised were
processed as described in Shabnam et al. (2017). Roots were processed
for SEM analysis as described in Shabnam and Kim (2018).

2.2.4. Arsenic and iron content

Roots and shoots were separately assessed for arsenic and iron
content. While shoots were directly oven dried at 90 °C, roots were
processed to remove any remaining Fe;O3-NPs attached to their surface
using dithionite-citrate-bicarbonate (DCB) method. Roots were in-
cubated in 30 mL solution consisting of 30 mM sodium citrate, 125 mM
sodium bicarbonate and 0.8 g sodium dithionite at 25°C (Xu and Yu,
2013). After 1 h, roots were washed with distilled water 3—-4 times and
oven-dried at 90 °C. Dried samples were digested in HNO; for 15 min in
a BUCHI Digest Automate K-438 (New Castle, DL, USA) at 100 °C. After
cooling, the samples were diluted with deionized water. Samples were
analyzed for element content using an inductively coupled plasma mass
spectrometer (ICP-MS) (Schimadzu ICPE-9000, Kyoto, Japan). To
evaluate the dissolution of Fe-ions from Fe,03-NPs and adsorption of
AsO43~ to Fe,05-NPs, respective solutions were ultra-centrifuged at
50,000 x g for 30 min. Supernatant was used directly for elemental
analysis. To ensure quality control, readings of blank as well as a
standard were taken after measurement of every 10 samples.

2.2.5. Ferric chelate reductase activity

Intact seedlings were incubated with their roots immersed in test
tubes containing 10 mL assay solution consisting of 10 mM MES (pH
5.5; adjusted using KOH), 0.3mM Ferrozine and 0.1 mM Fe(III)EDTA, at
25°C in dark (Lucena et al., 2006). After 2h, roots were excised and
weighed. Assay solutions were centrifuged before recording the absor-
bance at 562 nm for Fe(Il)-Ferrozine complex. FCR activity was cal-
culated using an extinction coefficient of 29,8000 M~ em ™! and ex-
pressed as nmoles Fe>* g~ fresh weight.

2.2.6. Root oxidising capacity

The protocol of Steponkus and Lanphear (1967) was modified and
followed. Briefly, roots were incubated in solution consisting of 0.06%
TTC (w/v) in 50 mM Na,HPO,~KH,PO4 buffer (pH 7.4) at 35°C in
dark. After 20 h, roots were washed with distilled water and incubated
in 10 mL of 95% ethanol in a water bath for extraction of triphenyl
formazan. After cooling, absorbance was recorded at 520 nm. Root
oxidisability was expressed as Aszg h™?! g_1 fresh weight.

2.2.7. H50, content

The protocol of Loreto and Velikova (2001) was modified and fol-
lowed. Samples were homogenised in 5mL of 0.1% (w/v) TCA con-
taining 2mM EDTA in a chilled mortar and pestle. Homogenate was
centrifuged at 15, 000 X g for 15 min at 4 °C. To 1 mL of supernatant,
1 mL each of phosphate buffer (20 mM, pH 7) and potassium iodide
(2 M) were added. After 15 min, absorbance of the reaction mixture was
recorded at 390 nm. H,0,, levels were calculated from a standard curve
and expressed as nmoles g~ ! fresh weight.

2.2.8. Malondialdehyde and proline content

Proline and malondialdehyde (MDA) levels were determined as
detailed in Shabnam et al. (2016) and Heath and Packer (1968), re-
spectively.

2.2.9. Total antioxidant capacity

Total antioxidant capacity was determined through measurement of
scavenging of DPPH free radical as per the modified protocol of
Banerjee et al. (2005). Samples were homogenised in 80% ethanol in a
chilled mortar and pestle, centrifuged at 15, 000 x g for 20 min at 4 °C.
To 0.5 mL supernatant, 2 mL of 95% ethanol and 0.5 mL of 1 mM DPPH
(prepared in 95% ethanol) were added and the reaction mixture was
kept at 25 + 2°C in dark for 30 min. A blank (80% ethanol instead of
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Fig. 5. SEM pictures (A-H) and EDS maps (I-P) for iron (I-L) and arsenic (M—P), of a portion of root surface of Vigna radiata seedlings raised in absence (A,E,I,M) and
presence of AsO,>~ (B,F,J,N), Fe,05-NPs (C,G,K,0), and AsO,>~ + Fe,05-NPs (D,H,L,P).

sample) was also kept under a similar condition. Absorbance of the
reaction mixture was read at 517 nm. DPPH scavenging was calculated
by subtracting the absorbance of the sample solution from that of the
blank and expressed as nmoles of DPPH scavenged g~ ! fresh weight
using an extinction coefficient of 11,200 M 'em™?! (Sendra et al.,
2006).

2.2.10. Antioxidant enzyme activities
Extraction of enzymes and measurement of SOD, CAT and GPX
activity were done as described in Shabnam and Kim (2018).

2.2.11. Experimental design and statistical analysis

For each experiment, every treatment had 3 replicates (3 bottles).
From each bottle, 4-5 uniform sized plants were used for biochemical
analysis. For growth measurements, 10 plants were used from each
bottle. All experiments were repeated 5 times. Data are presented as
mean + standard error. Variations between means of AsO,®~ and
AsO,3~ 4+ Fe,05-NPs treatments at any single AsO,3~ concentration
were determined using Student t-test. To determine level of significance
between means of different concentrations of AsO4>” or
AsO,>~ + Fe,03-NPs treatments, nested ANOVA was performed fol-
lowed by Duncan's multiple range test.

3. Results
3.1. Seedling growth

Transmission electron microscope analysis revealed that majority of
NPs were ~10-50 nm sized (hexagon)s (Fig. 1). AsO43~ and Fe,O5-NPs,
either independently or in combination, did not show any negative
effect on seed germination. Contrary to Fe,O3-NPs, equivalent con-
centrations of FeCl; (independently or in combination with As0,°7)
caused 100% inhibition in seed germination. A significant decline was
noted in length and dry mass of roots of seedlings raised in the presence
of AsO,°~ as compared to control (in absence of AsO,>~ and Fe,Os-
NPs). However, shoots showed only a minor decline in growth. The
length and dry biomass of shoots reduced by ~8% and ~12% in the
presence of 2 UM AsO,>~, respectively (Fig. 2B,D). Fe,05-NPs showed a
significant increase (~11%) in dry mass of the seedlings (Fig. 2B,D).
Interestingly, AsO,>-induced decline in seedling growth was not ob-
served in the presence of Fe,O3-NPs. For example, a 75% decline in the
root length caused by 2uM AsO,®~ was brought down to 20% by
100mg L~ ! Fe,03-NPs (Fig. 2A). Similarly, a 60% decline in the dry
biomass of roots induced by 2uM AsO,®~ reduced to ~15% in the
presence of 100 mg L~ ! Fe,03-NPs (Fig. 2B). A complete recovery was
noted in the AsO,*-induced negative seedling growth in the presence of
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Fig. 6. Impact of Fe;03-NPs on AsO4*-induced changes in proline (A,B), H,O, (C,D) and malondialdehyde (E,F) content in roots (A,C,E) and shoots (B,D,F) of Vigna
radiata seedlings. Vertical lines on bars represent standard error. Values designated by (i) different capital letters between AsO4>~ and AsO,>~ + Fe,O3-NPs
treatments at a given AsO,3~ concentration; and (ii) small letters between varying concentrations of AsO,>~ and AsO,>~ + Fe,03-NPs treatments, are significantly

different at P < 0.05.

Fe,05-NPs equivalent to 200 and 400 mg L™ 1.

3.2. Arsenic and iron content of seedlings

Arsenic levels in seedlings increased significantly with AsO,>~
concentrations in which they were raised (Fig. 3A and B). Arsenic
content was higher in roots over shoots. For e.g., at the highest AsO,>~
concentration (i.e., 2uM), arsenic contents in roots and shoots of
seedlings were ~30 and 10 folds higher than those of the respective
controls (Fig. 3A and B). Arsenic content was significantly lower in
seedlings raised in the presence of both AsO,>~ and Fe,03-NPs. Roots
and shoots of seedlings raised in 2 uM AsO,>~ in the presence of Fe,05-
NPs showed ~16 and ~5 folds lower arsenic levels, respectively, than
those grown in absence of Fe,03-NPs (Fig. 3A and B). Seedlings raised
in Fe,03-NPs, in the absence and presence of As0,%~, showed sig-
nificantly higher Fe levels (~2 folds) compared to those of the re-
spective controls (Fig. 3C and D).

3.3. Root-associated activities of seedlings

The root FCR activity of seedlings raised in AsO,>~ increased in a
concentration dependent manner (Fig. 4A). This increase in the root
FCR activity was curtailed by Fe,03-NPs. For e.g., the FCR activity on
exposure to 2 M AsO,>~, in the absence and presence of Fe,O5-NPs,
was ~29.7 and 10 nmoles Fe?* g~ ! fresh weight, respectively. Inter-
estingly, the root FCR activity of seedlings raised in Fe;O3-NPs, in ab-
sence or presence of AsO,3~, was lower than that of the control
(Fig. 4A). In contrast to FCR activity, the root oxidising capacity of the
seedlings decreased with AsO4>~ concentrations. The decrease was
over 50% in roots of the seedlings raised in 2 uM AsQ,>~ (Fig. 4B). No
change was recorded in roots of the seedlings raised in Fe,O3-NPs, in
the absence or presence of AsO2™, compared to control (Fig. 4B).

3.4. Root surface structure of seedlings

No alterations were recorded on the root-surface structure of the
seedlings raised in the presence of AsO,>~ compared to the control
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treatments, are significantly different at P < 0.05.

(Fig. 5A,B,E,F). The EDS investigations showed presence of arsenic on composed of Fe (Fig. 5C,G,K). Roots of the seedlings raised in the

the root surface of seedlings raised in the presence of As0,>~ (Fig. 5N). presence of AsO4>~ and Fe,0O5-NPs were also noted with presence of
Distinct NPs/nanocomplexes were detected on the root surface of NPs/nanocomplexes which were composed of both Fe and As
seedlings raised in the presence of Fe,O3-NPs; these complexes were (Fig. 5D,H,P).
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3.5. Oxidative stress in seedlings

While proline levels in the shoots of the seedlings raised in the
presence of AsO4>~ showed little to no alteration, the same in the roots
increased significantly with AsO,>~ concentrations (Fig. 6A and B).
Proline content in roots of the seedlings raised in 2 uM AsO,>~ was ~2
times higher than the control. AsO,>-induced increase in proline levels
were brought down significantly in the seedlings raised in the presence
of Fe;03-NPs; proline levels in these seedlings were similar to that in
the control (Fig. 6A and B). The seedlings raised in Fe;O3-NPs did not
show any alteration in proline levels (Fig. 6A and B). Levels of H,O,
also increased in the seedlings raised in AsO,>~, the increase being
prominent in roots over shoots (Fig. 6C and D). H,O5 levels in the roots
and shoots of the seedlings raised in 2uM AsO,>~ was ~1.8 and 1.2
folds higher than the respective controls. AsO,>-induced increase in
H-0, levels were significantly curtailed by Fe,O3-NPs. For e.g., H,O5
content of seedlings raised in 2 uM AsO,>~ in presence of Fe,05-NPs
showed an increase of only 1.2 fold over control (Fig. 6C and D). No
difference was recorded in H,O, levels between control and those
raised in presence of Fe;O3-NPs alone. A similar trend was noted for
MDA levels in the seedlings. MDA content increased in the seedlings
raised in AsO,>~ where the change was more pronounced in roots than
shoots (Fig. 6E and F). For example, while roots of the seedlings raised
in 2M AsO,>~ showed a 2.8-fold increase, shoots showed ~1.2 fold
increase compared to the respective controls. Such increase in MDA
levels was not recorded in the seedlings raised in AsO,>~ in the pre-
sence of Fe;,03-NPs. No alterations were recorded in MDA levels in the
seedlings raised in Fe,O3-NPs alone when compared to the control
(Fig. 6E and F).

AsO4>~ caused significant changes in activity of SOD, CAT and GPX
in the seedlings raised in AsO,>~, the changes being prominent in roots
than in shoots. While the SOD and CAT activities were enhanced in
roots in response to AsO,>~, the GPX activity showed a significant
decline, compared to respective controls (Fig. 7A-F). AsO,>-induced
changes in enzyme activities were significantly recovered by Fe,Os-
NPs. In the case of the SOD activity, the increase of ~1.9 fold induced
by 2uM AsO,>~ in roots was brought down to the level similar to that
of the control by Fe,O3-NPs (Fig. 7A and B). Activity of CAT in roots of
the seedlings raised in 2 uM AsO,>~, in absence and presence of Fe,O5-
NPs, was ~3.8 and 1.4 times higher than the control, respectively
(Fig. 7C and D). In the case of GPX, the activity declined by over 60% in
roots of seedlings exposed to 2 uM AsO,>~ which was 100% recovered
by Fe,03-NPs (Fig. 7E and F). No alterations were recorded in the ac-
tivities of these enzymes in the seedlings raised in Fe,O3-NPs alone,
when compared to control (Fig. 7A-F). Total antioxidant capacity of the
seedlings was significantly enhanced in response to AsO,>~. In roots,
the DPPH-scavenging capacity increased with the AsO,>~ concentra-
tions (Fig. 7G and H). However, in the case of shoots, a significant in-
crease was noted only at 2 M AsO,>~ which was ~1.15 times higher
than the control. Again, AsO,%~ induced increase in the DPPH-
scavenging capacity was curtailed significantly by Fe,O3-NPs. An in-
crease of ~1.9 folds in the DPPH-scavenging capacity of roots in re-
sponse to 2 UM AsO,>~ was brought down to ~1.15 folds by Fe,03-NPs.
No change was noted in the DPPPH-scavenging capacity of the seed-
lings raised in Fe,O3-NPs alone.

4. Discussion
4.1. Fe,03-NPs curtail AsO,*-induced negative seedling growth

While seed germination was unaffected by Fe,O3-NPs, it was com-
pletely inhibited by FeCls. This revealed that the nanoparticulate form
of Fe is less toxic than the ionic form. AsO,>~ drastically reduced the
seedling growth, the decline being stronger in roots than shoots thus
resulting in a decreased root to shoot ratio. These results are in ac-
cordance with the previous reports on arsenic toxicity in various plants
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including V. radiata (Shri et al., 2009; Singh et al., 2009; Malik et al.,
2012; Praveen et al., 2018). AsQ,>~ is structurally a chemical analog of
phosphate and is taken up by plants via phosphate transporters (Abedin
et al., 2002; Farooq et al., 2016). Fe,O3-NPs (in the absence of As04%7)
had a slightly positive effect on the seedling growth. Positive effects of
Fe-based NPs on plant growth (increased biomass) has been reported
for Citrullus lanatus, Pisum sativum, Brassica juncea and Oryza sativa
(Singh et al., 2009; Li et al., 2013; Huang et al., 2018; Rui et al., 2016).
However, there are also reports of toxic and/or non-toxic effects of Fe
oxide NPs on plants like Bt. Cotton, Cucurbita maxima, Arabidopsis
thaliana (Zhu et al., 2008; Lee et al., 2010; Van Nhan et al., 2016). The
exact reasons behind such varied response of Fe-based NPs remain
conflicted and should be explored more. AsO,>-induced reduction in
seedling growth was not observed in the presence of Fe,O3-NPs. A
complete recovery was obtained by Fe,03-NPs equivalent to 200 and
400mgL ™', where the seedling growth was similar to that of the
control. The drastic reduction in the seedling growth can be attributed
to the uptake of arsenic. Reduction in the seedling growth was directly
proportional to the amount of arsenic taken up by the seedlings. This is
further established by the fact that the uptake of arsenic was higher in
roots than shoots, thus, resulting in a stronger negative effect on the
root growth. Reduction in the seedling growth of V. radiata induced by
arsenic accumulation is in line with the previously published works on
arsenic toxicity (Shri et al., 2009; Malik et al., 2012). Higher iron
content in the seedlings raised in Fe,O3-NPs (in absence or presence of
As0,4>7) can be attributed to a significant release of Fe ions from Fe,Os-
NPs in the suspensions. In this study, a suspension of 200 mg L ™! Fe,05-
NPs released ~450 ugL~! of ionic Fe (Supplementary information 1).
Previous studies have also reported the release of metal ions from so-
lutions containing metal NPs (Malvindi et al., 2014; Shukla et al.,
2015). However, in this study, the Fe levels taken up by the seedlings
were not toxic to their growth.

4.2. Fe;03-NPs reduce arsenic bioavailability

Lower arsenic content in the seedlings raised in both AsO,*~ and
Fe,03-NPs compared to those raised in only AsO4>~, signifies the role
of Fe,03-NPs in restricting arsenic uptake by seedlings. Previous studies
have shown the efficiency of Fe;O5-NPs in sorption of arsenic. In this
study, EDS of the Fe;03-NPs (in which seedlings were raised in presence
of As0,>7) showed arsenic specific peaks which revealed that AsO,>~
was successfully absorbed/adsorbed on Fe,03-NPs. AsO,>~ did not
cause any deformity on the root surface of seedlings as revealed by SEM
studies. This is contradictory to a study in which AsO,>~ exposure
(100 uM) caused major alterations in the root-surface structure of rice
(Nath et al., 2014). SEM studies also revealed that Fe,O3;-NPs were
restricted to the root surface of seedlings. This could be one of the
reasons behind non-toxicity of Fe;O3-NPs on the seedling growth. EDS
analysis of Fe,O3-NPs on the root surface of the seedlings raised in
AsO,>~ in the presence of Fe,03-NPs showed the presence of arsenic.
This explains that AsO,>~ was absorbed/adsorbed by Fe,05-NPs, thus
reducing its availability at the root surface. Hence, it can be concluded
that AsO,>~ availability to seedlings is reduced by (i) adsorption of
AsO,4> by Fe,05-NPs in the suspension in which seedlings were raised;
and/or (ii) adsorption of AsO,> by Fe,05-NPs that are adhered to the
root surface.

As discussed in the above section, a significant amount of Fe ions
was released from Fe,03-NPs in the solution resulting in higher Fe le-
vels in the seedlings raised in Fe,O3-NPs (supplementary information
1). One among various strategies evolved by plant roots to uptake Fe is
the reduction of Fe** to Fe?™ by the plasma-membrane-embedded
ferric chelate reductase (FCR), Fe?" is then taken up by Fe(II) trans-
porter proteins (Waters et al., 2002; Hell and Stephan, 2003). The root
FCR activity was lower in the seedlings raised in Fe,O3-NPs than that of
the control. Fe deficiency is a well-known cause to induce the FCR
activity as well as upregulate the associated genes. As a result, FCR
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activity was higher in control seedlings since they were raised in dis-
tilled water without any Fe source, and those raised in Fe,03-NPs were
exposed to Fe ions released from Fe,O3-NPs. Interestingly, FCR activity
was enhanced in response to AsO,>~; a similar increase has also been
reported in various plant species in response to heavy metals (Chang
et al., 2003; Leskova et al., 2017; Bari et al., 2019). It was concluded by
these researchers that enhanced FCR activity was a result of Fe-defi-
ciency induced by the heavy metals. However, in our study no sig-
nificant changes were recorded in Fe levels in roots of the seedlings
raised in AsO,>~. However, Fe,05-NPs brought down AsO,>~ stress
enhanced FCR activity, thus affirming their role in protecting roots of
the seedlings against AsO,>~ stress. At present, we do not have any
clear explanation behind the AsO,*-induced enhancement in the FCR
activity, and further research needs to be done for addressing this
phenomenon. Roots of the seedlings raised in AsO,>~ showed a drastic
reduction in their oxidisability, which is similar to earlier reports (Malik
et al., 2012). However, AsO,>-induced decline in root oxidisability was
overcome by Fe,O3-NPs. Reduction of TTC (or rood oxidisability) is a
measure of cell viability and dehydrogenase activity (Hawrylak-Nowak
et al., 2015). Our findings indicate the role of Fe;O3-NPs in restoring
the cell viability and dehydrogenase activity in AsO,°>~ exposed roots.
Root oxidisability is often directly associated with the ability to reduce
the uptake of toxicants (Singh et al., 2009). Recovery of the root oxi-
disability by Fe,O3-NPs further points towards their role in reducing the
uptake of arsenic by roots.

4.3. Fe;03-NPs antagonise AsO%-induced oxidative stress

AsO,>~ is well documented to imbalance redox homeostasis in
plants. Similar to earlier reports, the levels of proline (an amino acid),
H,0, (an ROS) and MDA (a product of lipid peroxidation) were en-
hanced in roots of the seedlings raised in AsO4>~. The increase in levels
of these molecules was curtailed by Fe;O3-NPs. Proline maintains the
NAD(P)H/NAD(P) * ratio to prevent the formation of ROS and also acts
as a quencher of ROS (Shabnam et al., 2016). H,O, is among the most
abundant ROS in plants and its levels spike up during an oxidative
stress, resulting in disrupted cellular functions and membrane damage
through lipid peroxidation (Singh et al., 2009). Curtailment of proline,
H,0, and MDA levels by Fe,03-NPs in AsO,>-exposed seedlings es-
tablish the role of Fe,O3-NPs in protecting the seedlings against the
AsO,*>-induced oxidative stress. Levels of H,O, depend on a complex
interplay between its production and scavenging by various enzymes.
SOD converts highly toxic superoxide anion radicals to less toxic H,O,
(Shri et al., 2009; Singh et al., 2009; Shabnam et al., 2017). AsO,3~
exposure resulted in enhanced SOD activity in roots which could largely
be responsible for high H,O, levels. Plants have evolved various en-
zymatic means to get rid of toxic levels of H>O,. Activity of CAT, a
prominent enzyme which reduces H,O, to water (Shri et al., 2009;
Singh et al., 2009; Shabnam et al., 2017), was escalated by AsO,3~.
Another important H,O, detoxification enzyme is GPX which uses
phenol compounds as a donor to detoxify H,O, (Shabnam et al., 2017).
Contrary to CAT, the activity of GPX declined in the presence of
AsO,>~. Such changes in these enzyme activities in response to AsO4>~
have been reported earlier (Singh et al., 2009; Malik et al., 2012;
Praveen et al., 2018). AsO,>-induced changes in the activity of these
enzymes were retrieved to control levels by Fe,O3-NPs. Total anti-
oxidant capacity of the roots of seedlings (evaluated through reduction
of DPPH radical) was also enhanced by AsO,>~ which was brought
back to control levels by Fe,O3-NPs. In summary, our findings furnish
the evidence that Fe;03-NPs antagonise the oxidative stress induced by
AsO4>~ toxicity in V. radiata seedlings.

5. Conclusions

Our findings clearly demonstrated that Fe,O3-NPs provide re-
sistance against AsO,>-induced toxicity on early seedling growth of V.
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radiata. The AsO,>-induced oxidative stress in the seedlings was ame-
liorated by Fe;O3-NPs. The ameliorative effects of Fe,O3;-NPs are
credited to the adsorption of AsO,3~ by Fe;03-NPs which reduced the
availability of AsO4®~ to seedlings thus resulting in lower uptake of
arsenic. Moreover, Fe;03-NPs did not impose any negative effect on the
seedling growth due to their restriction to the root surface, resulting in
non-toxic levels of Fe in the seedlings. Our findings furnish a prospect
for the use of Fe-oxide and/or Fe-based NPs to reduce/minimise AsO,>-
toxicity in plants under field conditions. However, further research
needs to be done in this aspect.
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