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Abstract

How the NPs effect the growth and physiological response like the release of organic acids along the root exudates is largely
unknown yet. In this study, the effects of titanium dioxide (TiO,) and silicon dioxide (SiO,) nanoparticles (NPs) treatments
(1000 mg/L) on maize seedlings for 6 days were examined. Plant biomass, pigment, malondialdehyde (MDA), reactive oxygen
species (ROS) production, and contents of organic acids in root exudates were analyzed. SiO, NPs significantly reduced
(p < 0.05) shoot length, roots, and shoot fresh weight. TiO, NPs showed significant differences (p < 0.05) in pigment contents
compared to the CK. Chlorophyll a, b, total chlorophyll content, and chlorophyll/carotenoid ratio decreased by 27.8%, 29%,
28.1%, and 46.1%, respectively, while the content of carotenoid increased by 33.6% (p < 0.05). As concerns SiO, NPs treatment,
there was no significant increase (p > 0.05) in chlorophyll a content compared to the CK, while chlorophyll b increased by 28.9%
(p <0.05), and chlorophyll a/b ratio and content of carotenoid decreased by 16.8% and 54.7% (p < 0.05), respectively. MDA
content significantly diminished in roots and leaves under SiO, NPs. However, O, ™ production increased in roots by 17.2% and
23.8% (p < 0.05), respectively, under TiO, and SiO, NPs treatment. The pH of root exudates was declined by 17.4% and 14.2%
(p < 0.05) respectively under both NPs treatment. Organic acid contents under TiO, NPs significantly heightened (p < 0.05) by
60.7%, 31.2%, and 50.5% for citric, lactic, and fumaric acid, respectively, while formic and oxalic acid decreased by 27.8% and
26.4% respectively compared to the CK. In SiO, NPs case, oxalic acid increased by 41.1% (p < 0.05), while malic and citric acid
decreased by 62.6% and 45.7% respectively compared to the CK. In conclusion, both NPs treatments showed alternative impacts
on maize seedlings.
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1 Introduction addition, the chlorophyll content in leaves of cucumber and

Phaseolus vulgaris were reduced under TiO, NPs treatment

There is an increasing interest in the impact of the inevitable
environmental nanoparticles on plant growth, even the entire
food chain [1]. From an ecotoxicological point of view, tita-
nium dioxide (TiO,) and silicon dioxide (SiO,) NPs are by far
the most investigated metal oxide nanoparticles [2, 3].

Root, shoot length, and weight are morphological displays
of plant health that has been shown in previous investigation.
Along with it, the different size and concentration of TiO,
heightened and reduced the fresh biomass of wheat [4]. In
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[5, 6]. Plants developed antioxidant defense systems to pre-
vent the negative effects of reactive oxygen species (ROS)
based on toxicity, throughout their production [7]. While, the
10 and 30 ppm treatment of TiO, NPs boosted the antioxidant
enzyme activities in P. vulgaris [5]. As reported, TiO, NPs
controlled the nitrogen metabolism by improving enzyme ac-
tivities and the conversion of inorganic nitrogen into organic
nitrogen in the form of protein and chlorophyll [8, 9].

An elevated level of SiO, NPs in the environment can lead
to the physiological effect on living organisms. A research
study based on SiO, NPs improved maize seed germination
by providing better available nutrients and pH in the culture
medium [10]. Further, with salinity tension, SiO, NPs amelio-
rates the dry and fresh weight of the leaves, chlorophyll con-
tent, and proline accumulation. An increase in the accumula-
tion of proline, free amino acids, nutrient content, and activity
of antioxidant enzymes by SiO, NPs is thereby improving the
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tolerance of plants to abiotic stress [11]. Some studies revealed
that SiO, NPs improved the growth and development of plants
by increasing the parameters of gaseous exchange and chlo-
rophyll fluorescence, such as the net photosynthetic rate, tran-
spiration rate, stomatal conductance, potential activity of PSII,
effective photochemical efficiency, electron transport rate, and
photochemical quench [11]. On number of well-characterized
SiO, NPs, it was concluded that they were not phytotoxic to
Arabidopsis thaliana [12]. At the same time, however, they
proposed to allow an indirect negative effect of the SiO, NPs
by the adsorption of nutrients by particles, which are therefore
not available for uptake and transport, leading to physiological
disturbances in the plant. Both positive and negative effects
have been reported when applied to higher plants, but in the
soil, the microbial ecosystem can also be influenced by nano-
particles [13].

The rhizosphere is an active microenvironment, in
which water and nutrients are absorbed and many sub-
stances such as organic acids, amino acids, sugar, endog-
enous hormones, enzymes, and certain metabolites are
constantly secreted from the roots [14]. Organic acids
can either stimulate the solubility or immobility of trace
and toxic metals, depending on the nature and concentra-
tion of organic acids, soil properties, and other environ-
mental factors [15]. In general, organic acids are released
in the form of anions and their release is balanced by
releasing the cations. In addition, the metal dependence
of proton efflux can be coupled after the damage of H*-
ATPase pumping activities as indicated in some plants,
e.g., Cucumis sativus [16]. Most plants are able to emit
some low molecular weight organic acids under stress,
such as oxalic, malic, citric, and succinic acids [17]. For
example, tartaric is the most important organic acid in
root exudates of Ricinus communis under Cu stress [18].
Succinic acid filled 43.7-73.6% in the secretion from
Capsicum annuum roots, and tartaric and acetic citric
can be observed under Cd stress [19]. Oxalic acid can
be well separated as the most low molecular weight or-
ganic acids secreted from mangrove plant Kandelia
obovata roots under Cd stress [20]. Based on the number
of carboxylic groups, the accession of organic acids may
cause soil acidosis, as well as the decline of soil pH [21].
However, little is known about the comparative effects of
TiO, and SiO, NPs on root exudates.

In this study, we hypothesized that relevant concentra-
tion of TiO, and SiO, NPs would induce physiological
responses in maize seedling. To evaluate this, we shall
study plant—nanoparticle interactions in hydroponic
growth medium. Therefore, this study will focus on the
growth and physiological (ROS, MDA, chlorophyll) re-
sponse of maize seedlings and the release of organic
acids along the root exudates of maize seedlings under
TiO, and SiO, NPs stress.
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2 Materials and Methods
2.1 Characterization of TiO, and SiO, NPs

TiO, and SiO, NPs were bought from DK Nano Technology
Co., Ltd., Beijing, China, which had nominal particle size of
30 nm and 99.9% purity provided by producer. Scanning elec-
tron microscopy (SEM, S-4800, Hitachi, Ltd. Japan) was ap-
plied to examined morphology of TiO, and SiO, NPs. The
SEM image of TiO, and SiO, NPs is shown in Figs. 1 and 2
respectively without further purification, while the mean size
of particles was 30 nm, claimed by the producer [22].

2.2 Preparation of TiO, and SiO, NPs Suspension

The suspension of concentration on 0 (CK), 1000 mg/L
(TiO,), and 1000 mg/L (SiO,) NPs respectively was prepared
for distilled water. To avoid assemblage, the TiO, and SiO,
NPs suspensions were sonicated for 1 h (VWR 75T
Aquasonic sonicator, 30 °C, 100 W, 40 kHz) before the use
[23]. Small magnetic bars were located in the suspension for
invoking to avoid aggregation of the particles [24].

2.3 Plant Material, Growth, and Treatment Condition

Maize (Zea mays L.) seeds were purchased from Agriculture
Sciences Academy of Hubei, China. Selected healthy seeds
thoroughly washed with distilled water to remove debris.
Seeds were firstly sterilized in 70% ethanol for 5 min, then
in 10% (v/v) H,O, solution for 15 min followed by washing
with distilled water to ensure surface sterility, finally imbibed
in distilled water for 24 h. Then, the soaked seeds were placed
on moist filter papers in a Petri dish in dark at 28 °C for
germination. After 3 days, uniform seedlings with same radi-
cle protrusion of 2 cm were selected and transferred onto the
black Styrofoam sheet which was placed on the top of plastic

Fig. 1 Scanning electron microscopic image of TiO, NPs 30 nm
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Fig. 2 Scanning electron microscopic image of SiO, NPs 30 nm

box (top 19.5 x 13 cm, bottom 17.5 x 11 cm) filled with 1/2
strength Hoagland solution [25]. Each treatment box had fif-
teen seedlings and grown at an environmentally controlled
growth room, where maintained with temperature of 25—
27 °C, humidity of 50-70%, 12/12-h day/night photoperiod,
and light intensity at 800—1000 umol m 2 s '. After 3 days in
order to facilitate adaptation and appearance of second leaf,
they were exposed with full strength Hoagland solution with
NPs treatments of 0 (CK), 1000 mg/L (TiO,), and 1000 mg/L
(SiO,) respectively for 6 days. Each treatment had three rep-
licates. Stock solutions of TiO, and SiO, NPs were sonicated
as above mentioned method. The culture solutions were re-
placed at every third day and completion of the treatment
seedlings was harvested for the further study [26].

2.4 Plant Growth Measurement

After exposure to TiO, and SiO, NPs treatment for 6 days,
maize seedlings were randomly selected and smoothly
uprooted; the root system was washed under running tap wa-
ter. Data of 5 seedlings from each treatment with three repli-
cations were measured for shoot and root length, shoot, and
root fresh weight. Fresh materials were oven-dried at 70 °C for
72 h and root and shoot dry weights were recorded [27]. An
electronic balance (Model BS 2238, Sartorius, Germany) was
used for weight measurement.

2.5 Pigment Content in Leaves

Photosynthetic pigments were extracted from 0.3 g of leaves
cut into pieces as sample in 10 ml acetone of 80% and left for
2 days in the dark with periodic shaking. After 2 days, the
samples were whirled and centrifuged at 12,000 rpm for
10 min. The absorbance of the supernatant at 663, 645 and
470 nm was measured using spectrophotometer (Varian Cary
50 UV-VIS, Varian, Palo Alto, CA, USA) [28]. The content of

chlorophyll a and b and carotenoids was calculated using the
following formula [29].

Chlorophyll a = [12.7(0ODgg3)~2.69(0Dgss)] x ( x Wt.(g))

v
1000

Chlorophyll b = [22.9(0Dgs)—4.68(0Dgg3)] (ﬁ x Wt.(g))

Total Chlorophyll = [20.02(0Dgys)~8.02(0Dgg3)] x (ﬁ x wt.(g))

Caratenoids = [4.7(0Dgss)~0.27(Chl a + Chl b)] x (ﬁ x wt.(g))

The contents of pigments were carried as mg/g per fresh
weight.

2.6 Determination of Malondialdehyde

The membrane lipid peroxidation was determined in relation
to thiobarbituric acid reactive substances (TBARS) [30]. The
root and leaf samples (0.2 g) were homogenized in phosphate
buffer of I ml of 50 mM (pH 7.8) in an ice bath, centrifuged at
10,000 g and 4 °C for 15 min. The reaction mixture, which
contained 0.4 ml of the supernatant, 0.65 ml of 0.5% in the
TBA in 20% TCA was incubated for 20 min at 95 °C in a
water bath, and then cooled to room temperature. Lastly, the
mixture was centrifuged at 10,000 g for 15 min and the absor-
bance of the supernatant was measured at 532 nm and
corrected for nonspecific turbidity by subtracting the absor-
bance at 600 nm and 450 nm. The malondialdehyde (MDA)
concentration was calculated as

MDA (uM) = 06.45(A532-A600)—0.56A450

2.7 Determination of Reactive Oxygen Species (ROS)

Hydrogen peroxide (H,O,) content measurement was per-
formed in spectrophotometer [30]. The roots and leaves sam-
ples (0.2 g) were homogenized in 1 ml of 5% trichloroacetic
acid (TCA) and centrifuged at 12,000 g, 4 °C for 15 min. The
reaction mixture consisted of 0.6 ml supernatant, 0.5 ml po-
tassium phosphate buffer of 10 mM (pH 7.0), 0.4 ml of 5%
TCA, and 0.5 ml potassium iodide (KI) of 1 M. The reaction
was kept in the darkness for 1 h and the absorbance was
measured at 390 nm. The content of H,O, was calculated
from the standard curve prepared with the known concentra-
tions of H,0,.

The superoxide radical (O, ) content was measured with a
minor modification [30]. The roots and leaves samples (0.2 g)
were homogenized in mortar and pestle placed in an ice bath
with 1 ml of phosphate buffer (pH 7.8), centrifuged at
12,000 g, 4 °C for 15 min. The supernatant of 0.25 ml reacted
with 0.75 ml of 1 mM hydroxylamine hydrochloride for 1 h,
1 ml of x-naphthylamine from 7 mM stock and then 1 ml of p-
aminobenzene sulfonic acid from 17 mM stock was added.
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The reaction mixture was kept at 25 °C for 20 min, and the
optical density of the solution was measured with a spectro-
photometer at 530 nm. For the standard curve, NaNO, was
used instead of the supernatant.

2.8 Root Exudate Collection

After 6 days of exposure to TiO, and SiO, NPs treatments
with full strength Hoagland nutrient solution, the root ex-
udates were collected [31] with little modifications. At
09:00 am, equal size of seedlings was gently taken out
from the black Styrofoam sheet which covered on treat-
ment medium, washed with tap water to remove the ions
and NPs for 2 min followed by 1 min sterilized distilled
water. The 4 seedlings from each 3 replicates were trans-
ferred to 50 ml sterilized plastic vial wrapped by alumi-
num foil to maintain the roots in the dark [32]. It was
contained 40 ml of sterilized distilled water to submerge
the whole root system of seedlings. The seedlings were
placed for 24 h in a plant growth room, where maintained
temperature at 25-27 °C, humidity 50-70%, 12/12-h day/
night photoperiod, and light intensity 800—
1000 umol m 2 s™' [33]. After time interval, the roots
were gently removed, then washed with extra 10 ml de-
ionized water to collect all exudates in final volume of
50 ml. After collection, the exudates were quickly evap-
orated from 50 ml up to 2 ml with help of rotatory evap-
orator machine at 40 °C [34]. Root exudates (organic
acids) concentrated volume of 2 ml were filtered through
0.22 um sterile syringe filters (Sartorius, Minisart,
Gottingen, Germany), transferred into the dark red auto-
matic sample bottles of 1.5 ml and stored at —20 °C re-
frigerator for further analysis in HPLC.

2.9 Measurement of pH and Organic Acid Content
of Root Exudates

The pH of collected root exudates was analyzed with a pH
meter (ORION 3 Star, USA). After collection of root exu-
dates, organic acid was analyzed by HPLC machine
(Shimadzu made in Japan) fixed with an ion-exclusion col-
umn (ThermoScientific ODS Hypersil Dim (mm) 250 x 4.6).
The mobile phase A was 25 mM KH,PQO, solution at pH 2.4
and phase B was methanol with flow rate of 1.0 ml/min, de-
tection wavelength 210 nm, inject 20 pl, and time 10 min per
sample. The positive identification of organic acids was per-
formed by comparison of retention time with addition of §
standard curves for each organic acid. The different retention
times were 2.6, 3.0, 3.3, 3.7, 4.3, 4.6, 5.7, and 6.6 min for
oxalic, tartaric, formic, malic, lactic, acetic, citric, and fumaric
acids, respectively.
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2.10 Statistical Analysis

The data were analyzed using Excel 2013 and GraphPad
Prism 5.00. The data were expressed as mean + standard error
(SE) (n=3). Statistical significances of differences among
treatments were determined using ¢ test (and nonparametric
tests) followed by unpaired ¢ test at a significance level of
0.05 (significantly different from the CK: *p <0.05,
*#p < 0.01, and ***p <0.001).

3 Results and Discussion

3.1 Effects of TiO, and SiO, NPs on Seedling Growth

The aim of this study is to raise awareness about the effect of
TiO, and SiO, NPs on the growth of maize seedlings. In this
regard, high dose of TiO, and SiO, NPs was selected to clarify
the maximum potential impressions. It is to be noted that the
NPs concentration contained in this study is much higher than
that of nature [35], so the results obtained are considered a
mechanistic study rather than a simulation of environmental
processes. To date, previous studies on the effects of NPs on
plant growth have shown that the stimulation or inhibition on
plant growth depends on the types of NPs, exposure concentra-
tions, and plant species [36]. For example, 20 mg/L of the iron
oxide (a-Fe,O3) NPs stimulates the root length of maize (Zea
mays), but at 50 and 100 mg/L, NPs inhibits root growth [28].

In the present study, the plant root/shoot elongation and
fresh/dry biomass were quantified as indicators of plant
growth. Root/shoot length and biomass of maize seedlings
showed significant (p < 0.05) or non-significant changes
(p>0.05) under TiO, and SiO, NPs treatment as compare to
the CK (Fig. 3a—f). There was not such a major negative effect
of TiO, and SiO, NPs treatment on maize seedling except
under SiO, treatment in Fig. 3b—d. Over all change TiO,
NPs treatment showed no significant effect on maize seedling
growth and biomass. Phytotoxicity of NPs is somewhat
rarified to determination, due to the quick dissolution of me-
tallic ions from the NPs along with the potential toxicity of the
NPs themselves [37].

In case of TiO, NPs treatment, that the roots, shoot length,
and fresh biomass of Fenugreek (7rigonella foenum-graecum)
and rice (Oryza sativa L.) exposed under different TiO, NPs
treatments, had no impact with respect to control [38, 39].
Same results were seen in our data belong to TiO, treatment
(Fig. 3a—f). Oppositely, aggregation of TiO, NPs at the cell
wall surfaces led to the root reducing the water transport ca-
pacity and cell wall pore size, thereby TiO, NPs had little
repressive depressions on the root and shoot fresh weight
(Fig. 3¢, d) of maize seedlings [40].

Shoot height showed significant decrease by 10.6%
(p <0.05) at SiO, NPs in maize seedlings compare to CK
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(Fig. 3b). As equate to CK (Fig. 3c, d), root and shoot fresh
weight reduced by 34.7% and 26.9% (p <0.05) at SiO, NPs
respectively compare to CK. An agreement of the researchers
related to our SiO, NPs treatment results on seedling growth
structure such as the effects of SiO, NPs on the development of
both non-transgenic and Bt-transgenic cotton, disclosed that
exposure like 0, 10, 100, 500, and 2000 mg/L for 3 weeks,
significantly decreased the plant height, root and shoot fresh
and dry biomasses [41]. While root length showed no signifi-
cant difference (Fig. 3a), that is similar to as shown where there
is no significant impact of the SiO, NPs treatment on wheat and
lupin root lengths compared to the controlled plants [42].

Besides, root fresh weight at SiO, was significantly
(p <0.05) reduced by 22.4% as compare to TiO, NPs treat-
ment (Fig. 3c). Alternatively in (Fig. 3e, ), the root and
shoot dry weight have no significant (p > 0.05) decrease in
maize seedlings exposed to TiO, and SiO, NPs as associ-
ated to CK. These results showed the little phytotoxicity of
SiO, NPs in terms of reduction of maize seedlings growth,
while TiO, had little increased the growth rate in seedlings
as compared SiO, treatment.

NPs Treatments

NPs Treatments

3.2 Changes in the Pigment Contents

Chlorophyll content is the most common indicator of the pho-
tosynthetic pigment of plant, which is one of the most impor-
tant determinants of'its growth, and chlorophyll level can be a
significant indicator of NPs toxicity to plants [36]. Within
plant cells, oxidative damage could occur in chloroplast
through interactions with metal-based NPs that may finally
interrupt the biosynthesis of chlorophyll or cause the abase-
ment of chlorophyll in leaves [43]. In our study, pigment con-
tent in maize seedlings changed between TiO, and SiO, NPs
treatment compare to the CK. Under TiO,’s exposure, chloro-
phyll a 27.8%, chlorophyll b 29%, total chlorophyll content
28.1%, and chlorophyll/carotenoid ratio 46.1% significantly
(p <0.05) decreased (Fig. 4a, b, c, f). While carotenoid content
(p <0.05) increased by 33.6% (Fig. 4e). Other research shows
that there is no significant impact of TiO, NPs on the growth
in terms of biomass of fenugreek seedlings, but leaf chlorosis
is observed under 100 mg/L of TiO, NPs by decrease in chlo-
rophyll a, b, and carotenoid content [38]. Similar study on
annual soil-grown herb plants (Clarkia unguiculata) exposed
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for 8 weeks with TiO,, CeO,, or Cu (OH), concentrations at
unlike levels of light and nutrient, further it showed that TiO,
and CeO, reduced photosynthetic rate and CO, assimilation
efficiency, possibly through the interruption of energy transfer
from PSII to the Calvin cycle [44].

On the contrary, the SiO, NPs have non-significantly
changed chlorophyll a, total chlorophyll content, and
chlorophyll/carotenoid ratio (Fig. 4a, c, f). While, chlorophyll
b increased by 28.9%. And ratio of chlorophyll a/b 16.8% and
carotenoid content 54.7% respectively (p < 0.05) decreased in
maize seedling under exposure to SiO, NPs compare to the
CK (Fig. 4b, d—e). In case of SiO, NPs, other authors pointed
out that samples of maize leaves harvested from experimental
plots (20 days) showed the gradual increase in chlorophyll a
and b values depending on the concentration gradient of SiO,
NPs in contrast to bulk counterpart (0.012 and 0.03 ug/mL) of
20-day-old samples of maize leaves. In addition, a higher
chlorophyll content is obtained at N15 (15 kg/ha porous silica
NPs) and N20 (20 kg/ha porous silica NPs) (0.045 and
0.047 png/mL, respectively) than in other regimes of silica
treatments [10]. Research declared that the SiO, NPs in-
creased the accumulation of silicon in leaves and chloroplasts
which led to increased photosynthetic activity [42]. In addi-
tion of SiO, NPs has been found to reduce the accumulation of
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arsenic in maize variety and hybrid seedlings, resulting in
better photosynthetic performance [45]. Former research dis-
play that diminishing in carotenoid content is a common re-
action to the metal toxicity [46], but the gain is due to the vital
role of this pigment in the detoxification of ROS [47].
Dissimilarity in total chlorophyll/carotenoids is proposed as
a good sign of stress in plants [48]. In brief, our study showed
various effects of TiO, and SiO, NPs on photosynthetic pig-
ment compare to the CK.

3.3 Lipid Peroxidation and ROS Changed Under TiO,
and SiO, NPs Stress

Plants suffer from environmental stress by producing
malondialdehyde (MDA). The MDA is creditworthy for dam-
age of cell membrane and is produced by the peroxidation of
polyunsaturated fatty acids with free radicals, and as previous-
ly mentioned, it is utilized as a marker of oxidative stress, or
MDA content is a parameter to assess cell membrane integrity
and its content represents the membrane injury in the presence
of stresses or pollutants [49]. The lipid peroxidation enhanced
as observed by the other researchers is in demarcation to our
result, where treatment denseness or time duration depen-
dence increased/decreased in MDA was detected. This
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discrepancy might be due to the different plant species or
varieties used in the experiments. Two scientists [50, 51] work
on bean, tomato, and green pea; they demonstrated ZnO NPs
treatments increased the lipid peroxidation in comparison to
the control. However, in our study, lipid peroxidation in terms
of MDA content exhibited non-significantly reduction under
TiO, treatment compared with the CK (Fig. 5a, b), suggesting
there were no serious oxidative stress taking place in roots and
leaves of maize seedlings under TiO, NPs. An agreement with
this para is that a non-significant gain of MDA in Allium cepa
roots was disclosed under different concentrations of TiO,
NPs [1]. Furthermore TiO, NPs did not induce physiological
significant changes in wheat (7riticum aestivum) measured by
lipid peroxide [52]. Similar notice was described in tolerant
varieties of different plant species. For example, in tolerant
Zea mays (Golden Variety), no MDA accumulation was found
under 400 or 800 mg/kg CeO, NPs treatments in soil [53].
Alternative to TiO, NPs treatment, the accumulation of MDA
in the maize seedlings roots and leaves significantly (p < 0.05)
decreased by 28.9% and 49.2% at SiO, NPs treatment, respec-
tively, compared to the CK (Fig. 5a, b). Similarly, the addition
of silica NPs reduced the accumulation of arsenic in maize

variety and hybrid seedlings, resulting in improved photosyn-
thetic performance, reduced levels of oxidative stress markers
(MDA), and an improved antioxidant defense system [45].
Reactive oxygen species (ROS) are a group of responsive
free radicals that appear due to oxidative stress. Further ROS
are associated the growth reduction, there is a significant
amount of evidence that ROS is important for cell division
and cell extension [54]. ROS are generated by mitochondria
through its dysfunction [55]. The production of ROS is a
fundamental reaction of the plants to biotic and abiotic stress
[56]. ROS, especially for hydrogen peroxide (H,O,) and su-
peroxide (O, ), induced by NPs could cause oxidative stress
in plants which means ROS level is a great indicator of oxi-
dative stress in plants [57]. In our study, the TiO, and SiO,
NPs treatments did not make any significant effect on the
production of H,O, in the roots and leaves of maize seedlings
(Fig. 5c¢, d). Similar to our results, one scientist [52] pointed
out that the harmless impressions of TiO, NPs were as well
confirmed for wheat (Triticum aestivum), assessed by hydro-
gen peroxide production. Further relative to our results, meso-
porous silica nanoparticles have no influence on the level of
H,0, in treated wheat and lupin plants [42]. However, in the
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case of superoxide radical O, ", one of the important ROS
increased significantly (p <0.05) by 17.2% (p <0.05) and
23.8% (p <0.05) respectively in the roots under TiO, and
SiO, NPs treatment compare to the CK (Fig. Se), while it
was of no significance in the leaves (Fig. 5f). Related to our
results, there is no oxidative potential of SiO, NPs agglomer-
ations measured with conventional oxidative stress bio-
markers [1].

Though, factors such as the size of NPs, form surface coat-
ing and denseness change depending greatly on the studies
that sometimes lead to contradictory reports. In addition, plant
species or varieties tend to differ in their response to NPs
exposure, some show positive effects of the increase in NPs,
while many others show negative effects [58]. The variances
in the reaction to the exposure under NPs between plants and
animals can be assigned to the cell structure. Plants, fungi, and
bacteria have cell walls that form a primary site for interac-
tions and an obstacle to the entry of NPs into the cells [40]. A
comparable statement was proposed in the case of the
L. minor water plant where TiO, NPs were observed for
leaves, but no cellular internalization was seen [28]. So in
brief, it is widely acknowledged that acquaintance to NPs
outcomes in cellular generation of ROS results in positive or
negative effects on plant growth and development.

3.4 Effect of TiO, and SiO, NPs on pH and Organic Acid
Content of Root Exudates

The pH or organic acids changed under TiO, and SiO, NPs
treatments are of the great interest in this study. Low molecular
weight organic acids are the main component of root exudates
which function in belowground plant defense responding to
biotic stress, and abiotic stress like heavy metal stress.

The pH value of the rhizosphere tends to be more acidic
than the surrounding soil due to the release of protons by the
roots to promote the absorption of soil ions and to counterbal-
ance [59]. In our research (Fig. 6g), the pH value of the root
excretion solution was CK 5.64 +0.03, which is generally
lower than that of distilled water. In addition, the pH of root
exudates was decreased by 17.4% and 14.2% (p <0.05) re-
spectively compare to the CK under TiO, and SiO, NPs treat-
ed maize seedling (Fig. 6g); the pH decrease in the soil is
related to the increased production of organic acids by root
secretion or other sources [60]. Conferring to previous study,
applying the Cu stress to castor (Ricinus communis), the pH
value of root secretion in treatments of 100, 250, and
500 umol/L Cu decreased by 0.11, 0.26, and 0.32 pH units
compared to the CK, respectively [18]. Among them, organic
acids are the main component of root excretion. Briefly it has
been confirmed that root secretion can close the soil to make it
more acidic.

Numerous elements may affect root secretions of the plant,
such as the status of the plant nutrient [61], metal or
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environmental stress, soil type (pH value, organic substance
content, soil structure), presence of soil microorganism [18,
60], and plant species [62]. The plant roots constantly reacted
and changed their immediate environment in the rhizosphere by
conveying the chemicals separately from the roots [63]. Almost
5 to 21% of all photosynthetic solid carbon is transferred by
root excretion to the rhizosphere, which helps the plant in soil
nutrient gain in the development of microbiome in the rhizo-
sphere [64]. The excretion of phytochemicals from the roots is a
crucial means for plants to react to their stressed environment. It
is an effective exclusion mechanism that reduces metal absorp-
tion and enables plant development at a high level of contam-
ination [61, 65]. However, whether organic acid changed under
TiO, and SiO, NPs exposure is not clear yet.

Although the root exudation rates are likely to rise when
plants are grown in solid substrates, but in the absence of soil,
the composition and quantity of organic acids mainly depend
on plant species and metal doses [65]. From this perspective, a
hydroponic method was selected in the current study to facil-
itate the exchange of nutrient solutions and a complete retake
of root exudates. Six types of organic acid such as formic,
oxalic, malic, citric, lactic, and fumaric acids were identified
by high performance liquid chromatography (HPLC) machine
by the peak area and the retention time method in the root
exudates of maize seedlings treated by TiO, and SiO, NPs in
hydroponic medium for 6 days (Fig. 6a—f). The results of our
study indicate that LMWOAs in the root exudates from maize
seedlings can be changed in quality and quantity by TiO, and
SiO, NPs treatment. Among those organic acids, the content of
formic acid was reduced by 27.8% (p <0.05) at TiO, NPs,
while SiO, NPs showed no significant change as compare to
the CK (Fig. 6a). The oxalic as well as citric acids are known as
reducing and chelating agents for metal cations [66]. Oxalic
acid content was decreased by 26.4% at TiO, NPs exposure
and increased by 41.1% at SiO, NPs exposure, respectively,
compare to the CK (Fig. 6b), while oxalic acid content at SiO,
NPs treatment was higher by 91.8% (p <0.05) than that of
TiO, NPs treatment. Our results from oxalic acid were similar
with the study of a scientist [67] who worked on rice and found
that the content of oxalic acid was reduced under the Cd or Zn
stress, while oxalic increased in the addition of silicon. Malic
acid showed no significant change under TiO, NPs treatment
compare to the CK; however, it decreased by 62.6% (p < 0.05)
and 55.9% (p < 0.05) under SiO, NPs treatment compare to the
CK and TiO, NPs treatment, respectively (Fig. 6¢). The con-
tent of citric acid exhibited 60.7% increase (p <0.05) and
45.7% decrease (p <0.05), under TiO, and SiO, NPs respec-
tively compare to the CK, while its content under SiO, NPs
exposure was lowered by 66.2% (p <0.05) than that of TiO,
NPs treatment (Fig. 6d). Lactic acid content significantly
(p<0.05) increased by 31.2% at TiO, NPs exposure compare
to the CK, while it showed no significant change under SiO,
NPs treatment (Fig. 6e). Besides, the content of lactic acid
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under SiO, NPs was lower by 24.9% (p <0.05) than that of
TiO, NPs exposure (Fig. 6¢). Related consequences were de-
scribed that increase in certain organic acids, such as citric,
lactic, and acetic acid, was found to improve the confrontation
of the Cd [20, 68]. Furthermore studies found the secretion of
citrate, malate, lactic acids, and other related organic acids by
K. candel and crop plants are the main detoxifying mechanism
in response to heavy metal stress [65, 67, 69]. Fumarate is at
medium level in the citric acid cycle used by cells to produce
energy in the form of adenosine triphosphate (ATP) [70]. Here,
fumaric acid increased by 50.5% (p <0.05) under TiO, NPs
exposure compare to the CK, and there was no significant
change under SiO, NPs treatment compare with the CK and
TiO, NPs as well (Fig. 6f). Therefore, high level of citric,
lactic, and fumaric acids (Fig. 6d—f) implies that the antioxidant
function of these organic acids plays an important role in

NPs Treatments

response to TiO, NPs, while oxalic acid (Fig. 6b) response to
SiO, NPs stress in maize seedlings. In comparison between
TiO, and SiO,, malic, citric, and lactic acids significantly
(p <0.05) increased, while oxalic acid decreased (p <0.05)
and formic and fumaric acid have not any significance at
TiO, NPs treatment compare to SiO, NPs treatment (Fig. 6a—
f). These results showed that organic acids play diverse func-
tions when reacting to unlike stress. Furthermore, root exu-
dates unlike root length, for example, in metallophyte plants,
the organic acid secretion was enhanced yet without root elon-
gation, though the agricultural plants exuded citric acid at con-
stant levels [65].

Taken together, the exudation of citric, lactic, fumaric, and
oxalic acids from maize seedlings was likely understood as an
adaptation to adverse environment, especially to toxic TiO,
and SiO, NPs concentrations.

@ Springer



482

BioNanoSci. (2020) 10:473-485

These results demonstrated that high dose of TiO, and SiO,
NPs can change the secretions of root exudates in order to
tolerate or accumulate further. These findings suggest that
organic acids act as a representative of maize seedling
responding to TiO, and SiO, NPs stress.

4 Conclusion

In the present study, we examined the effects of TiO, and SiO,
NPs on plant biomass, photosynthetic pigments, MDA, ROS
production, and organic acid content and pH of root exudates
from hydroponically grown maize plants for 6 days. TiO, NPs
treatment did not affect plant growth and biomass, while SiO,
NPs reduced shoot length, shoot fresh weight, and dry root
weight. Pigment content was decreased at TiO, NPs exposure,
while it has the positive role under SiO, NPs treatment com-
pare to the CK. Membrane lipid peroxidation in terms of
MDA content in roots and leaves had no significant difference
between CK and TiO, NPs but it decreased under SiO, NPs.
Contents of H,O, have not significant change in roots and
leaves. O, ™ production significantly increased in roots and
no significant alteration in leaves is seen, respectively, under
TiO, and SiO, NPs treatment compare to the CK. The pH of
root exudates was declined (p < 0.05) by mentioned treatment,
which means the rhizosphere was acidified under TiO, and
SiO, NPs treatment. The contents of formic and oxalic acids
in root exudates significantly diminished under TiO, NPs
compared to the CK; however, citric, lactic, and fumaric acid
increased (p < 0.05), while malic acids have no changes under
TiO, NPs treatment compared to the CK. In case of SiO, NPs,
the content of oxalic acids increased and citric and malic acids
decreased (p < 0.05) and formic, lactic, and fumaric acids have
no significant variation compare to the CK. Taken together,
TiO, and SiO, NPs’s treatments bring variation to maize seed-
ling growth, chlorophyll contents, content of carotenoid,
MDA production, reducing the pH and contents of different
organic acids, in the form of the root exudation.
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