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Abstract

The effectiveness of nanoscale zero-valent iron (NZVI) and microscale zero-valent iron (MZVI) in fortifying spinach (Spi-
nacia oleracea) with iron was examined. The changes in uptake of some macro- and microelements essential for plants and
humans were also investigated in the presence of NZVI and MZVI. Spinach was grown hydroponically until maturity using
three doses of iron (11, 55, 110 mg/L) using NZVI, MZVI, and ferrous sulfate (FeSO,). Spinach produced most biomass when
exposed to 55 mg/L NZVI and 110 mg/L. MZVI. With the application of 55 mg/L. NZVI, the biomass increase in the edible
part (the aboveground biomass) was ~ 1.10-fold compared to 110 mg/L. MZVI, and ~ 1.57-fold compared to 55 mg/L FeSO,
treatments. There was a 1.15-fold increase in iron content in spinach treated with 55 mg/L NZVI compared to 110 mg/L
MZVI and a 1.70-fold increase was seen with 55 mg/L NZVI compared to 55 mg/L FeSO,. NZVI and MZVI also enhanced
the plant uptake of some macronutrients (P, K, S, Ca, Mg, Na) and micronutrients (Zn, Mn, Cu, B). Both NZVI and MZVI

have the potential for use as nutrient fortifiers in crops.
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Introduction

Iron (Fe) is one of the key micronutrients for plant, human,
and animal nutrition. It plays a major role in the catalysis of
enzymatic reactions in the cells [1, 2]. Even though it is one
of the most abundant elements on earth (35% of its mass and
5.2% of its crust), ~ 30% of the world’s soils are deficient in
plant-available iron [3]. Among the micronutrients, plants
need iron the most as it is a major constituent of several
enzymes and pigments [4]. Iron takes part in the reduction
of nitrate and sulfate and the production of energy within the
plant [4]. Iron is also essential for chlorophyll formation [4].
Humans and animals are dependent on plants for their iron
requirements. Iron is vital for oxygen transport in the body
as well as for energy metabolism [5]. Iron constitutes the
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functional core of the heme complex in hemoglobin (oxygen
carrier in the blood) and myoglobin (oxygen storage unit
in muscles) [5]. It is also found in the catalytic center of
cytochromes which perform redox reactions [4].

Iron deficiency is one of the most common human nutri-
tional deficiencies prevalent across the globe and a leading
factor for disabilities and deaths [6]. Iron deficiency leads to
anemia in humans [7]. Anemia is a condition in which our
blood lacks enough red blood cells (RBCs) and. thus, fails
to carry adequate oxygen to the body tissues. While there
are other causes of anemia, iron deficiency in the body is
the most common one [8]. Bone marrow needs iron to make
hemoglobin which in turn leads to a human having healthy
RBCs. It was estimated (2019) that around 39.8% (269 mil-
lion) of children (aged <5 years), 36.5% (32 million) of
pregnant women, and 29.6% (539 million) of non-pregnant
women in the world suffer from anemia [9]. Children in the
African Region form the highest proportion (> 60%) of indi-
viduals suffering from anemia while the most affected num-
ber of women reside in the Southeast Asia Region where
244 million women of reproductive age (1549 years) are
affected [9]. It is imperative to develop nutrient security
strategies that will help humans to overcome iron deficiency.

Several interventions are practiced to combat iron
deficiency in humans. The most effective intervention to
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alleviate iron deficiency is dietary diversification which
includes consumption of meat, vegetable, fish, and fruits
with staple food [10]. Interventions with micronutrients in
tablet and sachet forms, and food fortification through the
addition of minerals to processed food are also practiced
[2, 10]. However, biofortification is proposed as a more
efficient and cost-effective way to increase iron content
in food crops and, thus, make an impact on human health.
Biofortification involves making a high amount of nutrient
elements naturally available in the edible parts of crops
[11]. It is achieved by fertilization, conventional breed-
ing, and/or genetic engineering [2]. It is also done with
microorganisms (for example, biofortification of selenium
(Se) in wheat) [12]. The fortification of staple crops with
bioavailable iron is likely to provide a sustainable solution
to Fe deficiency in humans [13-15].

Agronomic interventions, however, are not always effi-
cient because the iron in oxidized ferric form is less solu-
ble in aerobic environments. The oxidized iron, Fe(IlIl), has
a very low solubility at basic pH and in the presence of
high bicarbonate (HCO; ) and that leads to reduced uptake
of iron by plant roots [16]. Even though iron is the fourth
abundant element in the earth’s crust, it is the third most
limiting nutrient for plant growth [10]. Over the last two
decades, innovative interventions involving soil and foliar
application of iron-containing compounds have been tried
on maize, wheat, barley, soybean, common beans, oats, and
leafy vegetables (e.g.. spinach) to increase the iron content
in the edible parts[15, 17-23].

Of late, there has been an increased interest in the appli-
cation of nanomaterials for agronomic purposes. Nanoma-
terials have been used as smart delivery systems of ferti-
lizers, herbicides. pesticides, and plant growth regulators
[24]. Scientists have also explored the possibility of using
nanoparticles to biofortify crops. Nanoparticles are applied
to enhance the growth of plants which in turn leads to the
increased uptake of mineral elements. Nanoscale zero-valent
iron (NZVI) was used for phosphate removal and the phos-
phate-containing spent NZVI was subsequently used as a
source of phosphorus and iron for algae and spinach growth
[17]. Increased growths of algae and spinach were observed
when phosphate-sorbed NZVI was used as the sole source
of iron and phosphorus [17]. The iron content increased sig-
nificantly in all plant parts (roots, stems, and leaves) in that
study [17]. In another study, the iron content was found to
increase in spinach in a dose-dependent manner where spin-
ach was hydroponically grown using iron oxide nanoparti-
cles [25]. Iron oxide nanoparticles were also found to signifi-
cantly enhance the chlorophyll contents in subapical leaves
in hydroponically grown soybeans, and toxicity was not
observed [26]. Black-eyed peas had 34% more iron content
in leaves compared to the control when the foliar application
of iron nanoparticles was tried [27]. Iron nanoparticles at a
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very low concentration (1.3 mg/L) were found to promote
the growth of capsicum [1], and they were found to modify
the leaf organization, chloroplast number, and grana stacking
as well as govern the development of vascular bundles [1].

This study examined whether nanoscale zero-valent iron
(NZVI) can be used for iron biofortification in hydroponi-
cally grown spinach (Spinacia Oleracea) and whether the
presence of NZVI affects the plant uptake of other minerals.
Microscale zero-valent iron (MZVI) particles were used in
one of the treatments for a meaningful comparison. Spinach
was selected for this study as it is one of the most consumed
leafy vegetables with a global cultivation area of 930,791 ha
and production of 30,107,231 tons [28]. Further, spinach is
fast growing, and readily available worldwide. It is a source
of iron, calcium, and many vitamins (mainly vitamin A),
making it an important crop for human nutrition [29]. We
hypothesized that NZVI would effectively fortify spinach
with iron compared to other available fortifiers (MZVI and
iron sulfate) without adversely affecting the plant uptake of
other essential minerals.

Experimental section
Chemicals

Iron(II) sulfate heptahydrate (FeSO,-7H,0. 99% pure, Alfa
Aesar), microscale zero-valent iron powder (< 10 microns,
99.9 + %. Sigma-Aldrich). sodium borohydride (NaBH,.
98%. Sigma-Aldrich), sodium hydroxide (5 N NaOH, Alfa
Aesar), HNO; (68%, J.T. Baker), methanol (production
grade. BDH), ethanol (ACS grade. Mallinckrodt Chemi-
cals), calcium nitrate tetrahydrate (Ca(NO;),-4H,0, ACS
grade, Alfa Aesar), potassium nitrate (KNO,, AR grade,
Mallinckrodt Chemicals), magnesium sulfate heptahydrate
(MgSO,-7H,0. ACS grade, Mallinckrodt Chemicals), mag-
nesium nitrate hexahydrate (Mg(NO,),-6H,0, ACS grade,
Alfa Aesar), ammonium dihydrogen phosphate (NH,H,PO,,
ACS grade, Alfa Aesar), sodium tetraborate decahydrate
(Na,B,04-10H,0. ACS grade, Ameresco), copper(Il) sul-
fate pentahydrate (CuSO,-5H,0. ACS grade, BDH), man-
ganese sulfate monohydrate (MnSO,-H,0, ACS grade,
Mallinckrodt Chemicals), sodium molybdate dihydrate
(Na,Mo0O,-2H,0. ACS grade, BTC), and zinc sulfate mono-
hydrate (ZnSO,-H,0, ACS grade, J.T. Baker) were used as
received unless otherwise specified.

Synthesis and preparation of NZVI

NZVI Synthesis. NZV1 particles were synthesized using the
sodium borohydride reduction method [30]. Iron(II) sulfate
heptahydrate (10 g) was dissolved in 100 mL of 30% of
methanol (30 mL methanol +70 mL deoxygenated deionized
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(DI) water) (Solution A). The pH of the solution was then
adjusted to 6.1 by dropwise addition of 5 N NaOH. In the
meantime, 3.94 g of sodium borohydride was dissolved in
100 mL of deoxygenated DI water in a 100 mL volumetric
flask (Solution B). Once the pH reached 6.1, Solution A was
added dropwise using a burette to Solution B under vigorous
stirring conditions (using a magnetic stirrer). The combined
solution was then allowed to stand for 20 min. The result-
ant black precipitates (NZVI) were centrifuged and washed
with ethanol. The NZVI in slurry form was then dried in a
vacuum oven for 24 h under N, environment. Finally, the
dried NZVI clusters were ground into powder form using
a mortar and pestle and stored in 20-mL amber glass vials
(headspace flushed with nitrogen) for later use.

Experimental setup for spinach study
in hydroponics

Germination and plant preparation for the hydroponic
experiment

Spinach (Double Choice Hybrid, Spinacia oleracea, Burpee,
Warminster, PA) seeds were purchased from a local store.
Seeds were initially treated with liquid nitrogen for crack-
ing up the shells for faster germination. The spinach seeds
were then placed on Perlite media in Petri dishes and kept
in the dark at room temperature (22 +2 °C) for three days
for germination. After three days, the Petri dishes were
moved to a custom-made plant growth chamber (Fig. 1a) and
germinated seedlings were allowed to grow for additional
three days. The seedlings were provided with 100 umol/m*/s
intensity cool-white fluorescent light (14 h light/10 h dark
cycle).

Fig.1 (a) Custom-made
growth chamber used for the
spinach study. The temperature
was~ 75 °F and relative humid-
ity was maintained ~60%: (b)
schematic of a growth reactor
used in this study

Growth studies

After 3 d of growth in the growth chamber, the spinach
seedlings were ready for transplantation to the hydroponic
growth reactors. The growth reactors were 18.4 cm tall
plastic tumblers with a top diameter of 8.9 cm (Fig. 1b).
The roots of spinach plants seedlings were washed with
copious amounts of deionized (DI) water before transplan-
tation. Three spinach seedlings were then placed into a
Styrofoam disk float (three holes in the disk) with their
roots below the disk and the shoots supported above with
a wrap of non-absorbent cotton [31].

Hoagland nutrient solution [32] was modified accord-
ing to the treatments of the experiment. For the NZVI and
MZVI experiments, a measured amount of the specific
iron particles was added as the only iron source in the
Hoagland solution. For the FeSO, experiment, a meas-
ured amount of salt was added as the only iron source in
the Hoagland solution. The nutrient solution which was
used as the negative control (Control) contained no iron
(Table 1).

The experiment was completely randomized with three
treatments (11, 55, and 110 mg Fe/L), each with nanopar-
ticles (NZVI), microparticles (MZVI), and ferrous sulfate
(FeSO,) treatments. A control was run with no iron addi-
tion. Each treatment and the control had three replicates (a
total of 30 reactors). A measured amount (450 mL) of the
nutrient solution (Table 1) was transferred to each reac-
tor (tumbler), and iron was added to each reactor (no iron
addition in the control units). The Styrofoam disk (with the
spinach seedlings) was now placed in the reactor, ensuring
that it floated on water and there was continuous root con-
tact with the nutrient solution. The growth reactors were
wrapped with aluminum foil to prevent light in the root
zone and, thus, simulate actual growth conditions. The
solution was aerated with compressed air (~2 cm?/min)
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Table 1 Composition of modified Hoagland solution containing no
iron

Chemicals Final concentration Important ions
mM or pM mg/L
Ca(NO;),"4H,0 2mM 472 Ca’*,NO;~
KNO; 6 mM 606 K*.NO;
MgS0,-7TH,0 0.5 mM 123 Mg, S0,>
Mg (NO;3), 6H,0 0.5 mM 128 Mg’*, NO;~
NH,H,PO, 2mM 230 NH,* H,PO,”
Na,B,0710H,0 20 uM 3.81 B0
CuSO,H,0 0.5uM 0.089 Cu**
MnSO,3H,0 10 uM 2.05 Mn**
Na,MoO,-2H,0 0.5 uM 0.12 MoO,>
ZnSO, H,0 4uM 0.716 Zn™t

to provide oxygen to the roots and also to keep the iron
particles in suspension [33]. The growth solution in each
reactor was replaced every five days and fresh iron was
added. The plants were grown in the growth chamber fitted
with cool-white fluorescent plant-grow bulbs (intensity of
100 pmol/m?/s) in a 14-h light/10-h dark cycle.

Spinach study

Plants were harvested after 39 days of hydroponic growth.
The harvested plants were washed with copious amounts
of DI water and the roots were again washed with 10 mM
CaCl, solution to remove any iron particles attached to the
root surface [17]. The three plants grown in each reactor
were kept together and marked for later identification. Then,
the plants from each reactor were separated into two parts—
the roots (R) and the aboveground part (AP) (Fig. 2). The
AP consisted of everything (stem and leaves) excluding the
roots. The separated plant materials were then dried at 65 °C
until constant weight. After drying, the R and AP biomass
were weighed. The roots (R) yielded very little biomass and
were not analyzed for macro- and microelements. Discard-
ing the root did not affect this study as spinach root is not
typically consumed by humans. The AP samples were then
powdered and homogenized using a mortar and pestle using
liquid nitrogen.

Macro- and micronutrient measurements

The powdered plant samples were digested using a standard
protocol [34]. Briefly, the samples (0.25 g) were weighed
into a digestion tube and 5.0 mL of 16 M HNO; was added.
The mouth of the digestion tube was covered with a watch
glass, and the tube was allowed to stand overnight. The tube
was then placed on a block digester and digested at 125 °C
for 1 h, cooled to room temperature. and 3 mL of 30% H,0,
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Fig.2 Parts of the spinach plant

was added to the tube. The content was again digested at
125 °C until the digest was clear. The colorless digest was
brought to volume in a 50-mL volumetric flask by adding
1:10 HNO;. The solution was then analyzed for P, K, Ca,
Mg, Na, Zn, Fe. Mn, Cu, and B using a Perkin Elmer ICP-
OES (5300 DV Model). A control standard was run after
every ten samples to check whether the values were within
acceptable limits (10% of the expected values).

Statistical analysis

All elemental concentrations are reported in mg/plant or pg/
plant. The raw data were checked for normality and homo-
scedasticity (constant variance) before the parameltric test,
e.g., analysis of variance (ANOVA). The one-way analysis
of variance (ANOVA) was performed followed by a Fisher’s
pairwise comparison among the treatments for the growth
parameters and the uptake of elements. The results are pre-
sented as the mean+ SD (standard deviation, n=3). All
statistical analysis was performed on Minitab (version 19).
Significance was determined based on whether the p values
are <0.05 or not.
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Results and discussion
Particle characterization

The average particle size of NZVI was 41.18+16.16 nm
(n=280) and MZVI particles were <44 um, and both the par-
ticles were spherical (Fig. 6a-c). The SEM-EDS data for
MZVI (Fig. 6d) showed 96.35% Fe and 1.31% oxygen and
NZVI (Fig. 6e) showed 71.87% Fe and 13.67% oxygen, indi-
cating the presence of elemental Fe (FED} in the particle and
an iron oxide layer around the core (core—shell structure).
The percent oxygen in the NZVI conforms with Krajang-
pan et al. (2012) who reported it as 15.66%. A 2—4-nm-thin
oxide layer on NZVI particles was reported by others [35,
36]. The presence of a very low amount (0.51%) of Na was
observed in the NZVI. Sodium (Na) was possibly left behind
as a residue from sodium borohydride (NaBH,) used in the
NZVI synthesis process.

Spinach growth

Spinach germination

Spinach seed germination in Petri dishes started after 2 days,
and the percent of seed germination varied from 80 to 100%.

Spinach plants having similar germination time and growth
were transferred to the hydroponic solution.

Table 2 Dry biomass of root and the aboveground part of a spinach
plant exposed to NZVI, MZVI, and FeSO,

Treatment Root (mg/plant) Aboveground part (mg/plant)
Control 6.0+4.2d 30.5+17.6d
NZVI 11 16.5+5.6¢cd 142.6 +52.9cd
NZVI 55 78.1+27.1ab 674.5+142.5a
NZVI 110 31.3+19.1cd 342.9 +209.0bcd
MZVI 11 23.8+9.0cd 198.6 +79.2cd
MZVI 55 38.2+20.8bcd 333.0+209.7bcd
MZVI 110 87.7+63.4a 610.9+406.1ab
FeSO, 11 27.4+7.9cd 182.5+54.3cd
FeSO, 55 51.0+24.4abc 427.34+229.9abc
FeSO, 110 18.1+15.8cd 113.4+88.8cd

Treatments were as follows: (i) Control: all nutrients (no Fe), (ii) all
nutrients (no Fe)+NZVI 11 mg/L (iii) all nutrients (no Fe)+NZVI
55 mg/L (iv) all nutrients (no Fe)+NZVI 110 mg/L (v) all nutrients
(no Fe)+MZVI 11 mg/L (vi) all nutrients (no Fe)+MZVI 55 mg/L
(vii) all nutrients (no Fe)+MZVI 110 mg/L (viii) all nutrients (no
Fe)+FeSO, 11 mg/L (ix) all nutrients (no Fe)+FeSO, 55 mg/L (x)
all nutrients (no Fe)+FeSO, 110 mg/L. Except for the control, the
rest of the treatments were supplemented with the modified Hoagland
solution containing all elements but Fe. Differences were determined
by a one-way ANOVA followed by Fisher’s pairwise comparisons
(p<0.05). Different letters in the same column indicate significant
differences between different treatments. The values for the control
(with no Fe) treatment should be ignored as there was negligible plant
biomass for spinach in this treatment
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Fig.3 Dry biomass of roots of a spinach plant exposed to NZVI,
MZVI, and FeSO, Treatments were as follows: (i) Control: all
nutrients (no Fe), (ii) all nutrients (no Fe)+NZVI 11 mg/L (iii) all
nutrients (no Fe)+NZVI 55 mg/L (iv) all nutrients (no Fe)+NZVI
110 mg/L (v) all nutrients (no Fe)+MZVI 11 mg/L (vi) all nutrients
(no Fe)+MZVI 55 mg/L (vii) all nutrients (no Fe)+ MZVI 110 mg/L.
(viii) all nutrients (no Fe)+FeSO,; 11 mg/L (ix) all nutrients (no
Fe)+FeSO, 55 mg/L (x) all nutrients (no Fe)+FeSO4 110 mg/L.

Except for the control. the rest of the treatments were supplemented
with the modified Hoagland solution containing all elements but Fe.
Differences were determined by a one-way ANOVA followed by
Fisher’s pairwise comparison (p <0.05). Different letters above bars
indicate significant differences between different treatments. The val-
ues for the control (with no Fe) treatment should be ignored as there
was negligible plant biomass for spinach in this treatment
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Spinach dry biomass

After drying at 65 °C, the roots (R) and the aboveground part
(AP) of the plants were weighed. Root (R) and aboveground
part (AP) biomass of spinach grown in all the reactors were
recorded separately by first combining biomass of the three
plants from each reactor and subsequently averaging them
(on per plant basis) (Fig. 3 and 4 and Table 2).

Aboveground part The aboveground part of the spinach
plant consisted of the edible stem and leaves. The biomass
data (Fig. 4 and Table 2) indicate that the plants in the
NZVI 55 treatment (674.5 mg biomass/plant) fared better
compared to the other treatments. The biomass was statisti-
cally significantly better (one-way ANOVA, p <0.05) than
the rest of the treatments except that obtained with MZVI
110 and FeSO, 55. For the aboveground biomass, NZVI and
FeSO, were found to enhance the growth of spinach at the
medium concentration (55 mg/L), whereas MZVI yielded
a better response at the highest concentration (110 mg/L)
(Table 2). Again, NZVI 55, MZVI-110, and FeSO,-55
treatments were compared. The increase was~1.57-fold
for NZVI-55 compared to FeSO,-55, and there was a 1.43-
fold biomass increase in MZVI-110 compared to FeSO,-35.
NZVI 55-treated plants had ~ 1.10-fold more biomass com-
pared to MZVI 110.

Roots The dry mass of spinach roots varied depending on
the treatment (MZVI, NZVI, or FeSO,). Ferrous sulfate is
an ionic counterpart for NZVI and MZVI particles and is
typically used for hydroponic media. For MZVI, the root
mass increased gradually as the concentration increased. For
NZVI, the highest root biomass was recorded at 55 mg/L
treatment and biomass was less at the highest NZVI con-
centration. A trend as in NZVI was observed for FeSO,
with the highest concentration of FeSO, negatively affect-
ing root biomass growth. At the lowest iron concentration
(11 mg Fe/L), there was no significant difference in root
biomass development among the three treatments (one-way
ANOVA, p>0.05). At 55 mg Fe/L, biomass increased in
all treatments compared to 11 mg Fe/L treatments. How-
ever, only NZVI treatment exhibited statistically significant
increase in biomass growth (one-way ANOVA, p <0.05).
As the iron concentration increased (to 110 mg Fe/L), the
root biomass growth decreased in NZVI- and FeSO,-treated
plants, but MZVI-treated plants had a significant jump in
biomass growth (Fig. 3, Table 2).

The applications of 110 mg/L MZVI (MZVI-110),
55 mg/L NZVI (NZVI-55), and 55 mg/L FeSO, (FeSO,-55)
resulted in statistically similar (one-way ANOVA, p> 0.05)
root biomass growth and so we found them worth compar-
ing further. The mean dry masses of roots were 78.1 mg
for NZVI-55. 87.7 mg for MZVI-110, and 51.0 mg for

Fig.4 Dry biomass of aboveground portion of a spinach plant
exposed to NZVI. MZVI, and FeSOy. Treatments were as follows:
(i) Control: all nutrients (no Fe), (ii) all nutrients (no Fe)+NZVI
11 mg/L (iii) all nutrients (no Fe)+NZVI 55 mg/L (iv) all nutrients
(no Fe)+NZVI 110 mg/L (v) all nutrients (no Fe)+MZVI 11 mg/L
(vi) all nutrients (no Fe)4+MZVI 55 mg/L (vii) all nutrients (no
Fe)+MZVI 110 mg/L (viii) all nutrients (no Fe)+FeSO, 11 mg/L
(ix) all nutrients (no Fe)+FeSO,; 55 mg/L (x) all nutrients (no
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Fe)+FeS0, 110 mg/L. Except for the control. the rest of the treat-
ments were supplemented with the modified Hoagland solution con-
taining all elements but Fe. Differences were determined by a one-
way ANOVA followed by Fisher's pairwise comparison (p<0.05).
Different letters above bars indicate significant differences between
different treatments. The values for the control (with no Fe) treatment
should be ignored as there was negligible plant biomass for spinach in
this treatment
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FeSO,-55 treatments. Given that root biomass from the con-
trol treatment was so less (the control plants were not healthy
due to lack of iron), we decided not to compare our results
with the control but compared NZVI and MZVI treatments
with treatments where the conventional iron fertilizer FeSO,
was used. NZVI-55 treatment yielded ~ 1.53-fold increase
over FeSO,-55, and MZVI-110 yielded ~ 1.72-fold increase
over FeSO,-55 mg/L.

Macro- and micronutrient analysis

All the macroelements and microelements in spinach
plants were analyzed and reported here (Tables 3 and 4)
as mg or pg per plant [17]. Again, the control group (the
plants grown without iron in the growth solution) was
ignored as there was not enough biomass in the spinach

from this group.

Table 3 Uptake of Fe. Zn, Mn.

: Treatment  Fe Zn Mn Cu B

Cu, and B by spinach plant

exposed to NZVI, MZVL and pg/plant

Fes0, Control 1.25+0.68d 5.00+2.67c 6.22+3.34d 0.81+048c 2.34+1.23c
NZVI 11 16.12+7.20cd 42.05+£2049b  68.49+3844bcd 3.46+1.61b 14.11+£4.20¢
NZVI 55 84.66 + 14.48a 76.95+8.35a 154.20+34.02a 5.64+0.39a 96.24 +40.48a
NZVI 110 47.39+8.64bc 61.824+13.45ab  145.86+54.23a  4.95+0.84ab  70.32+38.80ab
MZVI 11 18.50+7.77cd 58.40+32.29ab  107.35x+66.11ab  4.19+1.66ab 14.42+3.89c
MZV1 55 4934 £29.87abc  59.71+£24.95ab  107.21 £41.84ab 4.75+2.16ab 21.79x 14.46¢
MZVI 110 73.76+4538ab  65.61+5.68ab 125.55+24.42ab  5.44+0.66ab  36.54+21.44bc
FeSO, 11 22.89+18.63cd  41.59+7.36b 71.86+3.36bc 391+0.33ab  14.94+3.75c
FeSO, 55 49.92+25.67abc  48.76+23.98ab  73.75+44.95bc 424+ 1.68ab 32.27+1631c
FeSO, 110 21.14+17.03cd  9.43+9.27c 9.35+8.92cd 1.15+1.03¢ 8.08 +£6.80c

Treatments were as follows: (i) Control: all nutrients (no Fe), (ii) all nutrients (no Fe)+NZVI 11 mg/L
(iii) all nutrients (no Fe)+NZVI 55 mg/L (iv) all nutrients (no Fe)+NZVI 110 mg/L (v) all nutrients
(no Fe)+MZVI 11 mg/L (vi) all nutrients (no Fe)+MZVI 55 mg/L (vii) all nutrients (no Fe)+MZVI
110 mg/L (viii) all nutrients (no Fe)+FeSO, 11 mg/L (ix) all nutrients (no Fe)+FeSO,; 55 mg/L (x) all
nutrients (no Fe)+FeSO,4 110 mg/L. Except for the control, the rest of the treatments were supplemented
with the modified Hoagland solution containing all elements but Fe. Differences were determined by a one-
way ANOVA followed by Fisher's pairwise comparisons (p<0.05). Different letters in the same column
indicate significant differences between different treatments. The values for the control (with no Fe) treat-

ment should be ignored as there was negligible plant biomass for spinach in this treatment

Table 4 Uptake of P, K. S. Ca, Mg and Na by spinach plant exposed to NZVI, MZVI, and FeSO,

Treatment P K S Ca Mg Na
mg/plant

Control 0.18 +£0.13¢ 1.78 +0.98¢ 0.09+0.06e 0.43+0.24d 0.19+0.10d 0.04 +0.02b
NZVI 11 1.20 £0.55bc 13.15+5.44de 0.51+£0.21cde 1.59+0.69 cd 1.10£0.38 cd 0.05+0.02b
NZVI 55 4.59+1.25a 68.55+17.07a 221+0.58a 4.62+0.88ab 5.05+1.34a 031+0.07a
NZVI 110 2.55+0.84abc 37.08 + 14.08bcd 1.39+0.47abc 3.46+ 1.28abc 3.05 + 1.46abc 0.39+0.15a
MZVI 11 1.70 £0.80bc 18.72+9.53cde 0.78 £0.34cde 1.68+0.12 cd 1.72+0.81 cd 0.14+0.09b
MZVI 55 2.74+1.79ab 34.27+23.16bcd 1.18 £0.71bed 236x1.21cd 245+ 1.58bcd 0.16 +0.05b
MZVI 110 454+331a 57.36+38.95ab 2.07+1.33ab 4.89+3.18a 4.29+2.82ab 0.31+0.09a
FeSO, 11 1.45+£0.39bc 16.44 +4.92cde 0.65 +£0.15cde 1.61+£0.37 cd 1.36 £0.32 cd 0.07+0.04b
FeSO, 55 3.12+1.49b 44.82 +25.05abc 1.36 +0.66abcd 2.44 + 1.20bcd 295+ 1.47abc 0.14 +0.04b
FeSO4 110 0.76 £0.60bc 8.83 £ 8.80de 0.37+£0.32de 0.62+0.50d 0.66+0.68d 0.06 +0.06b

Treatments were as follows: (i) Control: all nutrients (no Fe), (ii) all nutrients (no Fe)+NZVI 11 mg/L (iii) all nutrients (no Fe) +NZVI 55 mg/L
(iv) all nutrients (no Fe}+NZVI 110 mg/L (v) all nutrients (no Fe)+MZVI 11 mg/L (vi) all nutrients (no Fe) +MZVI 55 mg/L (vii) all nutri-
ents (no Fe)+MZVI 110 mg/L (viii) all nutrients (no Fe)+FeSO, 11 mg/L (ix) all nutrients (no Fe)+FeSO, 55 mg/L (x) all nutrients (no
Fe)+FeSO, 110 mg/L. Except for the control, the rest of the treatments were supplemented with the modified Hoagland solution containing
all elements but Fe. Differences were determined by a one-way ANOVA followed by Fisher's pairwise comparisons (p < 0.05). Different letters
in the same column indicate significant differences between different treatments. The values for the control (with no Fe) treatment should be
ignored as there was negligible plant biomass for spinach in this treatment
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Iron uptake

The uptake of Fe by plants dosed with different concentra-
tions of NZVI, MZVI, and FeSO, was monitored. The roots
did not yield enough dry mass; it was difficult to analyze
the elemental concentrations in the roots for all the treat-
ments. Consequently, we ignored the root uptake of elements
and the following discussion is only for the Fe uptake by
the aboveground part of the spinach plants (Table 3 and
Fig. 5). The uptake of iron (Fe) was found to be affected
by the type of treatment (one-way ANOVA, p <0.05). The
mean uptake of Fe was found to be higher (84.66 pg/plant)
in NZVI-55 which is significantly different from NZVI-11,
NZVI-110, MZVI-11, FeSO,-11, and FeSO,-110 (one-way
ANOVA, p <0.03). The second highest uptake (73.76 pg/
plant) was observed with MZVI-110 treatment; however, the
variability was high. NZVI-110. MZVI-35, and FeSO,-55
fared almost equally well, and there were no significant dif-
ferences among these three treatments (one-way ANOVA,
p>0.05). Based on the Fe uptake data, we can still say
that the spinach dosed with NZVI-55 showed a 1.70-fold
increase over FeSO, 55-dosed spinach treated with the same
iron concentration (55 mg/L). NZVI-55 showed a 1.15-fold
increase over MZVI-110. The uptake was the highest when
plants were supplemented with NZVI at 55 mg/L. At the
higher dose, NZVI might have hampered the growth of

plants because of the higher concentration of Fe’* ions
available from the nanomaterials [37]. Ma et al. (2013) [37]
reported that NZVI gets oxidized to Fe** ions which are fur-
ther oxidized to its less soluble form (Fe*t) by the oxidizing
agents that plant root exudes; thus, a layer of an insoluble
Fe** compound is formed on the root surface. This insolu-
ble compound along with NZVI particles could block the
membrane pores and appreciably reduce the efficacy of root
uptake of water and nutrients [37]. NZVI-55 and MZVI-110
treatments caused profuse biomass growth in spinach, and
enhanced uptake was associated with the higher biomass of
the plants. NZVI at 55 mg/L and MZVT at 110 mg/L elic-
ited the same response from plants in terms of iron uptake.
Others have reported that the smaller particle size of NZVI
increases its chemical reactivity and thus increases the avail-
ability of iron ions [38—40].

Phosphorus, potassium, sulfur, calcium,
and magnesium uptake

Besides iron. the uptake patterns of different macroelements
were also analyzed in the plants treated with NZVI, MZVI,
and FeSO, (Table 4). The total uptake of the elements var-
ied among the treatments. The uptake of phosphorus (P)
was the highest (4.59 mg/plant) with the NZVI-55 treatment
which was significantly different from NZVI-11, MZVI-11,
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Fig.5 Uptake of Fe by a spinach plant exposed to NZVI, MZVI
and FeSO,. Treatments were as follows: (i) Control: all nutrients
(no Fe), (ii) all nutrients (no Fe)+NZVI 11 mg/L (iii) all nutrients
(no Fe)+NZVI 55 mg/L (iv) all nutrients (no Fe)+NZVI 110 mg/L
(v) all nutrients (no Fe)+MZVI 11 mg/L (vi) all nutrients (no
Fe)+MZVI 55 mg/L (vii) all nutrients (no Fe)+MZVI 110 mg/L
(viii) all nutrients (no Fe)+FeSO, 11 mg/L (ix) all nutrients (no
Fe)+FeS0O4 55 mg/L (x) all nutrients (no Fe)+FeSO4 110 mg/L.
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Treatment

Except for the control, the rest of the treatments were supplemented
with the modified Hoagland solution containing all elements but Fe.
Differences were determined by a one-way ANOVA followed by
Fisher’'s pairwise comparison (p<0.05). Different letters above bars
indicate significant differences between different treatments. The val-
ues for the control (with no Fe) treatment should be ignored as there
was negligible plant biomass for spinach in this treatment



Nanotechnology for Environmental Engineering (2021) 6:61

Page90f12 61

O M~ 5o

r 5 B
o 1“?? I SRR 1\035’ @RQQ;&“@
Size mnge (nm)
Elements C 0 Fe Al
Weight % | 0.94 £0.14 | 1.3120.57 | 96.35£2.95 | 1.40£0.34

Elements

C 0 Fe Al Na S

Weight %

0.84+0.13 | 13.67+0.61 | 96354295 | 1.40:40.34 | 8.17£0.49 | 4.90£0.45

Fig.6 (a) TEM micrograph of MZVI particles; (b) TEM micrograph of NZVI particles; (¢) particle size distribution of NZVI; (d) EDS spec-

trum of MZVI: and (e) EDS spectrum of NZVI

FeSO,-11, and FeSO,-110 (one-way ANOVA, p <0.05).
The MZVI-110 treatment also enhanced the uptake of P
(4.54 mg/plant) and matched the P uptake in the NZVI-55
treatment (one-way ANOVA, p> 0.05). The treatment with
FeSO, at 55 mg/L has no statistically significant differ-
ences with NZVI-55 and MZVI-110 treatments (one-way
ANOVA, p>0.05).

The uptake of potassium (K) was the highest (68.55 mg/
plant) for the NZVI-55 treatment followed by the MZVI-110
(57.36 mg/plant) and the FeSO,-55 (44.82 mg/plant) treat-
ments. These three treatments did not differ significantly
from one another. However, the NZVI-55 treatment was
found to be significantly different from the NZVI-11, NZVI-
110, MZVI-11, MZVI-55, FeSO,-11, and FeSO,-110 treat-
ments (one-way ANOVA, p <0.05). Sulfur uptake was also
the highest (2.21 mg/plant) for the NZVI-55 treatment fol-
lowed by the MZVI-110 (2.07 mg/plant) and NZVI-110

(1.39 mg/plant) treatments, and they significantly differed
from each other (one-way ANOVA, p<0.05).

Calcium (Ca) did not follow the pattern of the other ele-
ments. The highest Ca uptake (4.89 mg/plant) was observed
in the spinach plants treated with MZVI-110. The Ca uptake
was 4.62 mg/plant (second highest) for NZVI-55 and
3.46 mg/plant (third highest) for NZVI-110-treated plants.
Magnesium (Mg) uptake was the highest (5.05 mg/plant)
in the plants treated with NZVI-55 followed by MZVI-110
(4.29 mg/plant) and NZVI-110 (3.05 mg/plant). Again,
Na uptake by plants dosed with NZVI-110, NZVI-55, and
MZVI-110 significantly differed from the rest of the treat-
ments (one-way ANOVA, p <0.05). The high Na amount in
NZVI-treated plants should be viewed with the caveat that
the NZVI particles were synthesized using the sodium boro-
hydride method (Fig. 6e) and there was~8.17% Na (from
EDS analysis) in the synthesized nanoparticles.
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Zinc, manganese, copper, and boron uptake

The uptake of zinc (Zn), manganese (Mn), copper (Cu), and
boron (B) was affected significantly by the type treatment
(one-way ANOVA, p <0.05) (Table 3). The highest uptake
(76.95 pg/plant) of Zn was observed in the plants treated
with NZVI-55 followed by those treated with MZVI-110
(65.61 pg/plant) and NZVI-110 (61.82 pg/plant). Manga-
nese (Mn) uptake was the maximum in the plants dosed
with NZVI-55 (154.20 pg/plant) followed by NZVI-110
(145.86 pg/plant) and MZVI-110 (125.55 pg/plant). The
NZVI-55 and NZVI-110 treatments are significantly differ-
ent from the NZVI-11, FeSO,-11. FeSO,-55, and FeSO,-110
treatments (one-way ANOVA, p <0.05). The highest copper
(Cu) uptake (5.64 pg/plant) was by the NZVI-55 followed
by the MZVI-110 (5.44 pg/plant) and NZVI-11 (4.93 pg/
plant) treatment.

Boron (B) uptake was the highest in the plants treated
with NZVI-55 followed by NZVI-110 and MZVI-110. The
NZVI-55 and NZVI-110 treatments were significantly dif-
ferent from the rest of the treatments (one-way ANOVA,
p<0.05). Excess B in the plants (dosed with NZVI) might
have come from the NZVI used for the experiment. The
NZVI used in this experiment was synthesized using the
sodium borohydride method, and boron probably remained
in NZVI as a residue.

In the present study, the plant uptake of macro- and
micronutrients was found to be modulated based on the
type of iron (nano, micro, or ionic), and the dose (mg
Fe/L) to which the plants were exposed. NZVI at 55 mg/L
was seen to increase the uptake of most of the elements
in spinach. MZVTI at 110 mg/L was found to increase the
uptake of Zn, Mn, Cu, and B that was comparable to when
NZVI-55 was used. Others reported that spinach plants
treated with FeS, nanoparticles exhibited increased Ca,
Mn, and Zn accumulations [29]. That the uptake was high
with the application of NZVI-55 could be directly associ-
ated with the higher yield of biomass. Plants treated with
NZVI-55 had higher biomass compared to other treat-
ments. For MZVI, the plant uptake of mineral elements
increased with the increase MZVI dose. but this trend was
not observed for NZVI and FeSO,. For NZVI and FeSO,
treatments, the trend showed an initial increase in total
uptake followed by a decrease in the uptake. At higher
concentrations (110 mg/L), FeSO, and NZVI might have
caused phytotoxicity, resulting in reduced yield of bio-
mass which in turn decreased the total uptake of elements.
Others have also reported that iron and iron oxide nano-
particles promote growth at low concentrations and start
showing toxic effects beyond a certain higher concentra-
tion [1, 38]. The high biomass growth with NZVI-55 in
our work is congruent with the work of Guha et al. (2018)
[41] who reported increased photosynthetic pigment, and

aQ Springer

hence, biomass growth in the seedlings of rice cultivar
Oryza sativa cv. Gobindabhog primed with low doses of
NZVI (< 80 mg/L). In the same study, a higher concentra-
tion (160 mg/L) of NZVI caused oxidative stress in rice
that led to root tissue damage [41]. Working with Capsi-
cum annum, others have demonstrated that even a very low
concentration of iron nanoparticles (0.05 mM or 1.3 mg/L)
promoted plant growth by influencing leaf organization
and increasing chloroplast number and grana stacking [1].
The iron nanoparticles were found to regulate the organi-
zation of vascular bundles at that concentration. They also
reported that the nanoparticles were harmful to the plant
at a higher concentration [1] which is in agreement with
our findings. In a spinach study with nano-Fe,O;, higher
concentrations (100, 150, and 200 mg/L) were used, and
enhanced root and stem growths were observed in a dose-
dependent manner [25]. They attributed the enhanced
growth to the uptake of iron via roots and subsequent
translocation to the various parts of the plant [25]. Rui
et al. (2016) [39] used iron oxide (Fe,05) nanoparticles in
peanut (Arachis hypogaea) and observed increased root
length, plant height, biomass, and SPAD values that were
comparable to Fe-EDTA application. Generally, iron or
iron oxide nanomaterials do not pose toxic effects at con-
centrations below ~ 100 mg/L but start showing toxicity
beyond 100 mg/L [38]. Ma et al. (2013) [37], however,
reported reduced growth and low biomass in Typha latifo-
lia and hybrid poplar (Populous deltoids X Populous nigra)
at much higher NZVI concentrations (> 200 mg/L). Simi-
larly, ryegrass (Lolium perenne), barley (Hordeum vul-
gare), and flax (Linum usitatissimum) showed inhibitory
effects only at an NZVI concentration of 250 mg/L [42].

From our study with spinach, it is very evident that the
presence of iron nanoparticles and microparticles affected
the plant uptake of iron and other elements. The presence
of the particles enhanced biomass growth and affected the
uptake of iron (Fe) and other elements (P, K, S, Ca. Mg.
Zn, Fe, Mn, and Cu) in a positive way. Optimal biofortifica-
tion of plants with Fe was achieved with 55 mg/L NZVI,
and the uptake of other elements was positively affected in
the process. The MZVI particles (microscale counterpart
of NZVI) also performed well but at a higher concentration
(110 mg/L).

The plant uptake of Fe from NZVI as well as from MZVI
indicates that plants were able to use Fe using some Fe
acquisition strategies. The oxidation of NZVI/MZVT and its
subsequent dissolution might have provided the plant with
sufficient ionic iron (Fe?*) in the solution needed for growth
[43]. Core—shell (Fe;’FeXOyfFeOOH)—structured NZVI was
reported to release 1.7 mg/L of iron ions in the aqueous
phase (when 250 mg NZVI/L was used) [33]. However, it is
not clear as to how NZVI helped in the increased uptake of
other nutrient elements in spinach. In a previous study with
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Arabidopsis thaliana, NZV1 was found to enhance root elon-
gation by triggering OH+ radical-induced cell wall loosening
(degradation of polysaccharides) which in turn increased
endocytosis in root cells [44]. In another study, NZVI was
reported to trigger high plasma membrane H*-ATPase activ-
ity in Arabidopsis thaliana which resulted in a decrease in
apoplastic pH, an increase in leaf area, and also wider stoma-
tal aperture [45]. They attributed these phenomena to AHA2
gene (plasma membrane HT-ATPase gene) in the roots and
leaves [45]. This gene is typically involved in rhizosphere
acidification and the stomatal opening of leaves [45].

Conclusions

In this study, the feasibility of using nanoscale zero-valent
iron (NZVI) and microscale zero-valent iron (MZVI) as for-
tificants (or nano/micro fertilizers) was tested using spinach
as the model plant. The experimental results suggest that
NZVI and MZVI can be used as fortificants for spinach.
The dose of NZVI and MZVI would be an important factor
for biofortification. Spinach produced more biomass when
treated with NZVI at 55 mg/L and MZVI at 110 mg/L.
NZVI (55 mg Fe/L) increased the aboveground biomass (the
edible part) ~ 1.10-fold compared to MZVI (110 mg Fe/L)
and ~ 1.57-fold compared to FeSO, (55 mg Fe/L). There was
a 1.15-fold increase in iron uptake in the plants treated with
NZVI (55 mg Fe/L) compared to MZVI (110 mg Fe/L),
and the increase was ~ 1.70-fold compared to FeSO, (55 mg
Fe/L) treatment. Both NZVI and MZVI promoted the uptake
of some important plant macro- and microelements. While
additional research would be required, we can say that
nanoscale and microscale iron particles can potentially be
used as fertilizers for crop production. Further research will
be needed to get more insight into the mode, dose, and time
of application of NZVI and MZVI as fortificants in agricul-
tural fields.
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