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Abstract: Currently, magnetic iron oxide nanoparticles (FesOs NPs) was extensively used in
industries and agriculture. However, fewer studies have been conducted on the interaction between
these nanomaterials and plants. With that, the work focused on the toxicity evaluation of Fe;04 NPs
towards the growth, leaf gas exchange and biochemical of oil palm (Elaeis guineensis Jacg.). Oil
palm seedlings were grown in soil and treated with different concentrations of
FesO4 NPs (0, 800, 1600, 2400 mg/L) for 30 days of exposure. The experiment was arranged in a
randomized complete block design (RCBD) replicated three times. The study revealed that Fe;O,4
NPs did not affect the plant growth but significantly (p < 0.05) affected the leaf gas exchange and
biochemical responses. Total chlorophyll content and leaf total stomata densities of seedlings were
significantly decreased with Fe3O4 NPs, in particular with the higher Fes04 NPs concentration. The
results showed that Fe;04 NPs negatively affected the leaf gas exchange characteristics of seedlings
as compared to the control. The Fe3O4 NPs increased the production of total flavonoids, total
phenolics, proline, soluble sugar and malondialdehyde (MDA) in Fe3;O4 NPs-stressed seedlings
leaves extracts. Correlation analysis showed that net photosynthesis rate (A) has a significant
positive correlation with leaf gas exchange traits. This showed that the reduction of leaf gas
exchange performance of oil palm seedlings under elevated Fe;04 NPs concentration might be due to
decreasing of A in oil palm seedlings exposed to high Fe3O4 NPs concentration. The concentration of
iron (Fe) in leaves was significantly increased with FesO, NPs application. In comparison to the
control (0 mg/L), the Fe content in the leaves was increased by 52% when the seedlings were treated
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with the highest Fe3O4 NPs concentration (2400 mg/L). Overall, a high application of Fes04 NPs has
induced plant stress, which further affected its growth and development at phenotypic and
physiological levels.

Keywords: biochemical; growth; iron oxide nanoparticles; leaf gas exchange; oil palm seedlings
(Elaeis guineensis Jacq.)

1. Introduction

Nanotechnology is a technique that manipulates atoms and molecules presented in nanoscale
matter with size ranging less than 100 nm to create new materials, devices, and structures.
Nanotechnology has become the platform for the advancement of various fields such as electronics,
agriculture, cosmetics, chemical and food sector [1]. Fast-growing of nanotechnology has increased
the worldwide production and usage of nanoparticles (NPs) [2]. In 2020, the worldwide production
and use of NPs were predicted to reach half a million tons [3], while iron oxide will be one of the
significant contributors [4].

Interest on the bright potentials of iron oxide nanoparticles (FesO, NPs) in agriculture has
increased due to their nanosized (1-100 nm) and unique physical characteristics [5]. Iron was
extensively used in many industries and most preferred in plant studies because of its chemical
stability and biocompatibility [6]. Iron oxide NPs able to accumulate in plants and bind with the
organic chemicals, which then be absorbed by the plant tissues [7]. Therefore, in the agricultural
sector, FesO4 NPs have been used as novel tools to improve crop safety, yield and quality [8]. For
instance, iron oxide NPs protect plants against harmful effects induced by abiotic stress [9]. Research
about drought stress conducted by Zareii et al. [10] proved that Carthamus tinctorious treated with
FesO4 NPs able to minimize the harmful effects and initiate the yield parameters of plants. In the
previous study, application of iron oxide nanoparticle-based fertilizer was found to increase crop
yield and production in Glycine max by enhancing photosynthetic activities and plant growth [11].
Iron oxide NPs in fertilizer able to provide cofactors for the plants to tolerate and minimize the
nutrient-deficient stress [12,13]. Iron oxide NPs is non-toxic to plants at a specific concentration.
Thus, researchers believed that FesO, NPs at a specific range of levels could stimulate plant
growth [14] of various crops such as cucumber [15], barley [16], Chinese mungbean [17] and
Arabidopsis thaliana [18]. Other than that, Fes04 NPs could improve the physiological processes of
plants [17]. As a coin has two sides, FesO, NPs were reported to have negative impacts on plant
growth. Iron oxide was toxic to the plants that treated with a high concentration of Fe3O4 NPs for a
long time exposure. The toxic effects reduced yield production by inhibiting germination of seed,
plant growth and disrupting metabolic activities [19,20].

Rapid development and usage of Fe3;O, NPs should, along with continuous research in
evaluating their impacts in plant system [21]. There are many reports concerning the positive and
negative effects of NPs on various plant species because NPs may behave differently in different
condition [22]. Nanoparticles gave diverse effects on plants depend on the species, growth conditions,
as well as properties of the nanoparticles [23]. This suggests that different plants have varied
responses to nanosized particles, and the positive and harmful biological effects of NPs are still to be
fully understood. As far as the authors are aware, there is a lack of work carried out on the interaction
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of iron nanomaterials with oil palm seedlings. In addition, a good understanding of the relationship
between iron oxide nanoparticles and oil palm would be crucial to predicting the toxicity effects of
these materials, since these materials are expected to be widely used in future for fertilizer and
pesticides production. With this, the objective of this study was to assess the toxicity impact of FezO4
NPs on the growth, leaf gas exchange and biochemical response of oil palm seedlings. Correlation
analysis was also conducted to understand the relationship between different parameters within the
study. This study provided preliminary results for the risk evaluation of FesO, NPs in oil palm
seedlings, which will be very useful when no or few data are available.

2. Materials and methods
2.1. Iron oxide nanoparticles suspension preparation

Iron oxide NPs nanopowders (50-100 nm) were purchased from Sigma Aldrich Chemical
Co. (St. Louis, MO, USA), with a purity of 97%. lron oxide NPs suspensions were prepared in
distilled water. The suspension was adjusted to the concentration of 0, 800, 1600 and 2400 mg/L,
respectively in different containers. The Fe3O4 NPs suspension was firstly sonicated by using Sonic’s
Vibra-Cell (Model VCX 750) for 30 min in order to obtain a homogeneous mixture and increase
dispersion.

2.2. Plant materials and treatments

The experiment was conducted in a glasshouse for a month. The 3-month-old tenera (Dura x
Pisifera) oil palm seedlings were obtained from MPOB Breeding Group, Kluang. Each seedling was
grown in a polybag filled with 3.5 kg of topsoil (Serdang Series). Four treatments of different
concentration of Fe;O4 NPs (0, 800, 1600 and 2400 mg/L) were applied in this experiment. Each
seedling was watered directly with 50 mL of FesO, NPs suspension twice a month. The
microclimatic condition under the glasshouse is presented in Table 1.

Table 1. The microclimatic condition under the research area during experiments.

Microclimate parameters Quantification
Relative humidity 56.17-68.21%

Light intensity 210-1780 pmol/m?/s
Day temperature 30-34°C

Night temperature 17-24°C

Ambient CO, 388.70 pmol/mol

2.3. Experimental design
The experimental design followed Randomized Completely Block Design (RCBD). There are

three blocks and each block represents one replication of each treatment. Each block consisted of 4
plots. One plot consisted of 3 plants and 44 plants were used in this experiment.
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2.4. Data collection
Destructive plant analysis was carried out at 4™ week after the first treatment was applied.
2.4.1. Plant growth

The plant height was measured by using a meter ruler whereas the digital caliper was used to
measure the bole diameter. The leaves numbers were counted manually and total biomass was
calculated by dividing the total fresh weight with total dry weight. The total chlorophyll content of
each plant in the leaf number two was measured by using SPAD Chlorophyll Meter. The average of
three readings of three spots was recorded.

2.4.1.1. Stomata density

Stomata density was measured by following the leaf impression method. Clear nail polish was
used to make an impression of the leaf surface. The impression was peeled by using sticky tape and
placed on a glass slide. Both leaf surfaces (adaxial and abaxial) was examined under the compound
microscope with a magnification of 400x.

2.4.2. Leaf gas exchange measurement

The portable photosynthesis system, LI-6400XT (Li-COR Inc; Nebraska; USA) was used to
measure the leaf gas exchange characteristic of fully expanded leaf number two in the morning with
the time between 9.00 am to 11.00 am. The portable instrument was left to be warmed for half an
hour and ZERO IRGA mode was used for calibration. The ZERO IRGA mode was a standard
calibration procedure before leaf gas exchange measurements can be conducted. The steps in the
calibration process were zeroing process for the built-in flow meter and infra-red gas analyzer. The
instrument was set at optimal conditions; 30 °C cuvette temperature, 400 pmol/mol CO, 60%
relative humidity with 500 cm*/min rates of airflow and modified cuvette condition of 800 pmol/m?/s
photosynthetically photon flux density (PPFD). The recorded data were automatically stored in the
LI-6400XT console. Photosyn Assistant Software (Dundee Scientific, Dundee, UK) was used to
analyze the collected data.

2.4.3.  Chlorophyll fluorescence measurement

Chlorophyll fluorimeter (Pocket Pea, Hansatech Inc) was used to measure the chlorophyll
fluorescence. Chlorophyll fluorescence is light re-emitted by chlorophyll molecules during return
from excited to non-excited states. It is used as an indicator of photosynthetic performance in plants
whether they are under stress condition or not [24]. Firstly, the leaf-clip covered frond number two,
and the shutter-plate was closed for 15-20 min for the dark adaptation process to occur effectively.
Then the maximum efficiency of photosystem Il (f,/fy), Maximum quantum yield of the
photochemical and non-photochemical process in photosystem 11 (f,/f,), and performance index (PI)
were recorded in the system.

AIMS Materials Science Volume 6, Issue 6, 960—983.



964

2.4.4. Biochemical determination
2.4.4.1. Proline determination

Proline is an amino acid that acts as a reliable indicator of environmental stress [25]. Proline
content determination followed a method performed by Zain et al. [26]. Five milligrams of
freeze-dried and homogenized samples were extracted in 3% 5-sulphosalicylic acid (0.5 mL)
for 15 min which then centrifuged at 21,000 rpm for another 15 min. The supernatant (200 pL) was
transferred to polypropylene screw cap vials. Concentrated formic acid (200 puL) and 3% ninhydrin
reagent (400 pL) in 2-methoxyethanol were added. The mixture was heated in a water-bath (100 °C)
for 30 min, before been transferred to 96-well plates. The proline content was at 514 nm on a
microplate reader (Synergy 2, Bio-Tek, Winooski, VT, USA). The results of proline content were
expressed in pg/g dry weight.

2.4.4.2. Malondialdehyde (MDA) content

Malondialdehyde (MDA) is a reactive organic molecule formed by three-carbon molecules with
two aldehyde groups. MDA content has been used as a lipid peroxidation marker of oxidative stress
in plants [27]. MDA determination followed a method performed by Ibrahim and Jaafar [28]. Plant
sample (1 g) was homogenized in 1 mL of 0.5% trichloracetic acid (TCA) and centrifuged at 9,000
rpm for 20 min. The supernatant (0.5 mL) was mixed with 2.5 mL TCA (20%) in TBA (0.5%) and
heated in a boiling water bath for 30 min. The mixture was placed in an ice bath quickly before been
centrifuged at 9,000 rpm for 10 min to measure the MDA content spectrophotometrically at the
absorbance of 532 nm.

2.4.4.3. Soluble sugar

Soluble sugar determination was followed by a method described by Ibrahim et al. [29].
Samples (0.5 g) were mixed with 10 mL of distilled water, and the mixture was vortexed, which later
been incubated for 10 min. Next, 0.1 g of anthrone was dissolved in 50 mL of sulphuric acid (95%)
to make anthrone reagent. A standard curve was prepared to quantify sucrose in the sample by using
sucrose as a standard stock solution. Dried samples were mixed with distilled water and centrifuged
at 3,400 rpm for 10 min. The sample (4 mL) was mixed with 8 mL of anthrone reagent and placed in
a water bath (100 °C) for 5 min. The soluble sugar was measured spectrophotometrically at
absorbance 620 nm and results were expressed as mg sucrose/g dry sample.

2.4.4.4. Total phenolics and flavonoids quantification

Phenolics and flavonoids are secondary plant metabolites, which mainly act as an antioxidant
during plant stress condition [30]. The method of Ibrahim et al. [31], was used, using 10 mL of
ethanol (80%) to extract 0.1 g leaf samples on an orbital shaker for 120 min at 50 °C. The mixture
was filtered and the filtrate (200 mL) was mixed with 1.5 mL of Folin-Ciocalteu reagent (Sigma
Aldrich, Missouri, USA; diluted 10-fold) in order to quantify total phenolic content of the leaf
samples. The absorbance was measured at 725 nm and the results were expressed as mg/g gallic acid
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equivalent (mg GAE/g dry sample). Then, total flavonoids were determined by mixing 1 mL of
sample extract with NaNOj3 (Sigma Aldrich, Missouri, USA; 0.3 mL) for 5 min. The mixture was
added with 10% AICI; (Wako Pure Chemical Industries Ltd; Tokyo, Japan; 0.3 mL) and 1 M NaOH
(Kanto Chemical Co. Inc.; Hokkaido, Japan; 2 mL). The absorbance was measured at 510 nm using a
spectrophotometer with rutin as a standard. Results were expressed as mg/g rutin dry sample.

2.4.45 Iron determination

To determine the amount of iron concentration taken up by the treated plants, the determination
of iron content in the leaves was done by following a method by Bienfait et al. [32]. The leaves were
washed with 0.5 mmol/L CaSO, solution for 10 min. The samples were placed in a test tube
containing a mixture of 40 mL of a MES buffer solution and 10 mmol/L 2-morpholinethanesulfonic
acid, 0.5 mmol/L Ca(NOs), and 1.5 mmol/L 2,2"-bipyridin. Then, 2 mL of 250 mmol/L dithionate
solution was added and an aliquot of the solution was withdrawn immediately for measurement of
the absorbance in the spectrophotometer. Further aliquots of the solution were used for measurement
of the absorbance of the Fe(bipyridin); complex every 2 min over the next 10 min with nitrogen
being bubbled continuously through the solution.

2.5. Data analysis

The recorded data were analyzed using Statistical Package for Social Sciences (SPSS)
version 21. All parameters were analyzed using a two-way ANOVA Test using the Duncan test to
evaluate whether the means were significantly different. Data were considered significant if the
p-value is <0.05.

3. Results and discussion
3.1. Plant growth

Table 2 shows the growth patterns of oil palm seedlings growth as affected by iron oxide
nanoparticles. These findings (Table 2) suggest that Fe3O4 NPs application did not significantly
p < 0.05 affect the growth of oil palm seedlings. The Fes04 NPs application did not influence the
plant height, bole diameter, total biomass and leaf number, whereas total chlorophyll content was
significantly decreased as the Fe3O, NPs concentration increased (Table 3). total chlorophyll content
was significantly decreased as the FesO4, NPs concentration increased. It seems possible that these
results are due to little effects of Fe in plant growth since Fe is a micronutrient which needed by
plants in low quantity [33]. In this study, Fe did not play a significant role in young seedlings growth
within a short exposure period (1 month) as the exposure time, and plant stage is generally seen as
the factors strongly related to Fe accumulation in the plant tissue [34]. The effects of the Fe on the
growth of the seedling would be more convincing if the seedlings exposed to FesO4 NPs in longer
exposure time. These results are similar to that found by lannone et al. [34] who showed that Fe;O,
NPs did not affect the growth of wheat (Triticum aestivum L.) as exposed during a short time.
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Table 2. Effect of iron oxide nanoparticles application on growth characteristics of Elaeis
guineensis. N = 9. Data are means + standard error of means (SEM). Means not sharing a
common single letter for each measurement were significantly different at p < 0.05.

Iron oxide Height (cm) Diameter (mm)  Total biomass (g) Leaf number Total chlorophyll
(mg/L) content (TCC)

0 4184 +1.10° 17.67+0.57° 8.32 +0.38° 6.44 +0.18% 49.39 + 0.93

800 41.47+1.39° 16.78+0.41° 8.22 +0.37° 7.11+0.20° 52.73 + 1.06"

1600 40.30 + 1.11° 16.77 £ 0.56° 8.29 +0.48° 6.89 + 0.26° 44,59 +1.33°

2400 40.41+0.80° 17.37+0.27° 8.41+0.37° 6.78 +0.22° 41.33 + 2,59

Table 3. Two way ANOVA analysis of variance of all parameters are presented in the
lower part of the table. The sources of variance were as follows: iron oxide, block, and
interaction between iron oxide and block.

S. Variation Iron oxide Blocks Interaction
PH ns ns ns
D ns ns ns
T.B ns ns ns
LN ns ns ns
TCC falalad ns *
Adaxial * ns ns
Abaxial el ns ns
T.S *% ns ns
A el ns ns
WUE * ns ns
Ci *k * ns
fv/fm *x ns ns
fv/fo el ns ns
Pl el ns ns
Proline ek ns ns
MDA el ns ns
Sugar Frk *x ns
TPC Fkk ns ns
TFC Fkk ns ns
Iron FAx ns ns

*Note: PH= plant height; D = Diameter; T.B = total biomass; LN = number of leaf; TCC = total chlorophyll content; Adaxial = adaxial
stomata densities; Abaxial = abaxial stomata densities; T.S = Total stomata densities; A = net photosynthesis; WUE = water use
efficiency; C; = intercellular CO,; fv/fm = maximum efficiency of photosystem II; fv/fo = maximum quantum yield of photochemical
and non-photochemical process in photosystem II; Pl = photosynthetic performance index; Proline = proline content; MDA =
malondialdehyde; Sugar = soluble sugar; TPC = total phenolics content; TFC = total flavonoids content; Iron = iron content. *, **, ***,

significant at p <0.05, 0.01, 0.001, respectively; ns = not significant.
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Table 4. Pearson correlation coefficients Pearson’s correlation coefficients between all parameters.

Parameters Biomass Leaf_no Diameter Height  Tcc Adaxial ~Abaxial TS A WUE G fulfm fulfo Pl Proline MDA Sugar TPC TFC Iron
Biomass 1

Leaf_no 0.236 1

Diameter 0590  0.122 1

Height 0.605~ -0.044  0.394 1

TCC 0019 0145  -0.059 0212 1

Adaxial 0319  0.000  0.197 0073 0061 1

Abaxial 0.261 0153 0211 -0.074 0.094 048" 1

TS 0.333 0.097 0.237 -0.009 0091 08327 08897 1

A 0032 -0.206 0.174 0224 0395 0288 0197 0276 1

WUE -0.146 -0351 —0.213 0136 0158 0213 0162 0214 06577 1

Ci 0198 0127 0434 0095 0156 0245 0164 0232 0563”7 -0.069 1

fulfm -0.005 0.008  -0.162 -0.007  0.671" 0.198 0.313 0302 06287 0361 0.410 1

fulf, -0.075  -0.057 -0.110 -0.029  0.705" 0.165 0.253 0.247  0.6897 0415 0.456" 0968 1

PI -0.002  0.064 0.139 0.057 0.6587 -0.077 0.121 0.037 0.558"  0.176 0.501" 06777 07977 1

Proline 0.088 0.328 -0.172 -0.156 -0.389 -0.309 -0.228 -0.306 -0.909" -0555" -0.701" -0.658" -0.736" -0.592" 1

MDA -0.054  0.260 -0.224 0172 -0378 -0.415" -0219 -0.356 -0.922" -0523" -0.712" -0.646" -0.709” -0.560" 0.955" 1

Sugar 0.097 0.424"  -0.176 -0.121  -0.103 -0.186  0.099 -0.034 -0.7407 -0434" -0593" -0.343  -0452° -0.408" 07977 08447 1

TPC -0.013 0320 -0.172 -00.126 -200 -0.265 —0.192 —0.261 -0.846" -0.416" -0.809" -0.507" -0.572" -0.501" 0.907" 0.879" 0746 1

TFC -0.110 0348  —0.052 -0.020 0.017 -0576" -0.255 -0.463" -0518" -0.403  -0.643" -0.387 -0404 -0.160  0.6417 0.6397 05487 07047 1
Iron -0.054  0.353 —0.145 -0.036 -0.005 -0.005 -0.053 -0.037 -0.58 0220 -0.717" -0.398  —0.494" -0515" 07297 0.656~  0.636~ 0.776" 0.606" 1

*Note: Significant at p <0.01. Biomass = total biomass; Leaf_no = number of leaf; Diameter = bole diameter; Height = plant height; TCC = total chlorophyll content; Adaxial = adaxial stomata densities; Abaxial = abaxial stomata densities; T.S

= Total stomata densities; A = net photosynthesis; WUE = water use efficiency; Ci=

intercellular CO; ; fu/fn, = maximum efficiency of photosystem II; f,/f, = maximum quantum yield of photochemical and non-photochemical process in

photosystem 1I; P1 = photosynthetic performance index; Proline = proline content; MDA = malondialdehyde; Sugar = soluble sugar; TPC = total phenolics content; TFC = total flavonoids content; Iron = iron conten
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In contrast to plant growth, total chlorophyll content of seedlings exposed to 800 and 2400 mg/L
FesO4 NPs was increased by 6.3% and 2.23% in comparison to control, respectively (Table 1). Based
on Pearson correlation analysis (Table 4), it was shown that total chlorophyll content (TCC) has a
significant positive (p < 0.05) linear relationship between f,/fy, f./f, and PI recording correlation
coefficient value of 0.549, 0.542 and 0.557 respectively. This signifies that photosynthetic activity
was lower under seedlings that had low TCC. Increased of TCC in seedlings exposed to a low
concentration of Fe3O4 NPs is similar to those reported by Mohammad et al. [35] who found that the
uptake of Fe3O4 NPs increased the content of chlorophyll a and chlorophyll b in soybean since iron is
the fundamental component of the chlorophyll molecule. The addition of FesO, NPs is able to
improve photosynthetic activities [36]. However, high Fe3O4 NPs concentration significantly reduced
TCC of oil palm seedlings. Seedlings under treatment of 1600 and 2400 mg/L FesO4 NPs were
significantly reduced compared to control and 800 mg/L Fe3Os NPs. The decrease in total
chlorophyll content is general symptoms of phytotoxicity [34]. Trujillo-Reyes et al. [20] also
reported the same result with the current findings where lettuce that treated with 20 mg/L of Fe3O4
NPs produce low chlorophyll content. A similar reduction was also observed in other plant species
exposed to other nanoparticles. It has been reported that zinc oxide NPs decreased the chlorophyll
content of green peas (Pisum sativum), Triticum aestivum and Arabidopsis [37-39]. Besides,
titanium dioxide NPs altered the chlorophyll content of cucumber and Phaseolus vulgaris [40,41]. So,
it can be concluded that the application of high levels of iron oxides did not influence plant growth
characteristics. However, the application of iron oxide more than 800 mg/L would reduce the
production of total chlorophyll content in oil palm seedling as observed in the present study.

3.1.1. Stomata density

Figure 1 shows the stomatal density of oil palm seedlings treated with iron oxide nanoparticles.
Generally, application of Fe;04 NPs significantly (p < 0.05) reduced the stomata densities of oil palm
seedlings. Specifically, application of FesO4 NPs at 1600 and 2400 mg/L significantly reduced the
adaxial, abaxial and total stomata densities of oil palm seedlings (Table 3). However, the difference
between 1600 and 2400 mg/L Fe3O4 NPs and control were not significant. Total stomata densities
and abaxial stomata density at 800 mg/L FesO4 NPs showed a slight increased by 2.34% and 4.03%,
respectively as compared to control. Data on the stomata densities show that oil palm seedlings
leaves are amphistomous, where stomata present on both adaxial and abaxial leaf surfaces. In leaves
of the oil palm seedlings, the adaxial side had fewer stomata than the abaxial side. In the present
study, the decreased in stomata densities might have contributed to a decrease in net photosynthesis
with increasing FesO4 NPs concentration [42]. The increase in stomatal density contributes to an
increase in higher photosynthetic rate because much CO; is diffusing into the cells. However, as the
stomata density decreased, the rate of photosynthesis decrease until it can stop entirely with no
diffusion of CO, [43]. Usually, leaves stomata density would decrease to elevated CO, and plant
under the stressful condition that was observed in the current study [44].
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Figure 1. Impact of iron oxide nanoparticles application on stomata densities of Elaeis
guineensis: (a) adaxial stomata, (b) abaxial stomata, and (c) total stomata. Bars indicate
standard error of means (SEM) of nine replicates.

3.2. Leaf gas exchange measurement
3.2.1.  Net photosynthesis

In Figure 2 the net photosynthesis of oil palm seedlings under iron oxide nanoparticles was
shown. It seems that the effect of net photosynthesis (A) was observed to be mainly contributed by
FesO4 NPs concentration (Figure 2; Table 3). Net photosynthesis of controlled seedlings recorded the
highest value at 8.31 pumol/m?/s followed by A reached at 800 mg/L (7.91 pmol/m?/s) while that
recorded at 2400 mg/L was only 3.35 pmol/m?/s. Net photosynthesis rate was negatively related to
proline ( = —0.909; p < 0.01), MDA (r* = —0.922; p < 0.01), soluble sugar (r* = —0.740; p < 0.01),
total phenolics content (> = —0.846; p < 0.01) and total flavonoids content (r* = —0.518; p < 0.01;
Table 4). This showed that as photosynthesis reduced with high levels of iron oxides, there will be an
accumulation of proline, MDA and soluble sugar in oil palm seedlings. High Fe3O4 NPs had shown to
decrease the net photosynthesis and accumulate proline, MDA and secondary metabolites production
to defend the seedlings for survival. Proline has a strong negative relationship with A (Table 4) as
indicated by the high value of correlation coefficient of —0.909. This strong relationship indicates that
affected seedlings exhibited low A and increased in proline production by enhancing y-glutamyl
kinase (GK) and decreased in proline oxidase (PROX) activity to promote osmotic potential so that
photosynthetic activity maintained [45]. Besides, the sudden decrease in net photosynthesis might
cause by stomatal limitation [46] as assessed by the lower values of stomata densities. Similarly, Izad
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et al. [47] demonstrated that Orthosiphon stamineus have low net photosynthesis when treated with
high multi-walled carbon nanotubes application.

JII[

2400

(umol/m?/s)

O B N W s N WD
|

Net photosynthesis

Fe, 04 concenlranon (ma L)

Figure 2. Impact of iron oxide nanoparticles application on net photosynthesis of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).

3.2.2.  Water use efficiency

Figure 3 reveals that there has been a gradual decrease in water use efficiency (WUE) (p < 0.05)
with increasing Fe3O4 NPs concentration from control although there was no difference between
control and 800 mg/L Fe3O4 NPs concentration. This showed the exposure of the plant to high
Fe304 NPs lowered the WUE as a response to the stress (Table 3). The decreased of WUE in the
treatment 800, 1600 and 2400 mg/L were attributed to decrease in net photosynthesis resulting from
the significant positive correlation coefficient for A (R* = 0.657; p < 0.01; Table 4). Izad et al. [47]
have the same finding where Orthosiphon stamineus was observed to reduce its water use efficiency
and net photosynthesis when treated with high multi-walled carbon nanotubes application. So, it can
be concluded that high application of iron oxide would decrease WUE that was observed in the

present study.

1600 2400

Fe;04 concentration (mg/T.)

Figure 3. Impact of iron oxide nanoparticles application on water use efficiency of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).

3.2.3. Intercellular CO; (Cj)

Intercellular CO; seemed to be dependent upon Fe3O4 NPs concentration (p < 0.05; Figure 4).
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Intercellular CO, was found to be decreased with increasing FesO4 NPs concentration. This was also
observed in seedlings when 2 and a 3-fold increase in Fe3O4 NPs concentration decreased C; by 106%
and 115% of control, respectively. Intercellular CO, display a significant positive relationship
with A (0.563; p < 0.01; Table 4). Intercellular CO, is an important parameter in photosynthesis to
relate photosynthetic biochemistry with environmental conditions experienced by leaves [48].
Mesophyll cells within leaves consumed CO; during photosynthetic assimilation (A). The CO,
diffused into the leaf through stomatal pores. Thus, C; indicates the CO, substrate available for
A [49]. This relationship indicates that low in A was due to decreasing of intercellular CO;
concentration in leaf and limited stomata performance.
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Figure 4. Impact of iron oxide nanoparticles application on intercellular CO, of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).

3.3. Chlorophyll fluorescence measurement

3.3.1. The maximum quantum yield of a photochemical and non-photochemical process in
photosystem 11 (f,/f,)

Figure 5 shows the f,/f, of oil palm seedling treated with iron oxides. As can be seen, increasing
Fe3O4 NPs concentration resulted in a significant decrease in f,/f, (Figure 5; Table 3). The term f,
represents the maximum capacity for photochemical quenching while f, indicates emission by
excited chlorophyll a molecule in Photosystem Il. The value of f,/f, was highest in 2400 mg/L (2.00),
followed by 1600 mg/L (1.92), 800 mg/L (3.02) and 0 mg/L (3.49). The normal range for f,/f, value
is between 4-6, however, the range are depending on the different plant species that adapt to
different environments [50]. From the correlation analysis (Table 4), net photosynthesis showed a
significant positive relationship with f,/f, (R* = 0.689; p < 0.01). So, the reduction of f,/f, in the
present study indicates the disturbance in photosynthesis with the application of iron oxide.
Furthermore, the decrease of f,/f, values may have been caused by the interruption of photosynthesis
in the donor part of photosystem | and Il [26]. The interruption may be caused by the excess Fe that
disequalize the electron donor and acceptor sides of PSII with the loss of connectivity or grouping
between active PSII units [51].
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Figure 5. Impact of iron oxide nanoparticles application on the maximum quantum yield
of photochemical and non-photochemical process (f./f;) in photosystem Il of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).

3.3.2. Maximum efficiency of photosystem Il (f,/fr)

The f,/fr, of oil palm seedlings treated with iron oxide was presented in Figure 6. The f,/f;, value
of oil palm seedlings are likely to decline after the application of Fe;O4, NPs (Figure 6; Table 3). A
significant positive relationship was established between f,/f,, and A (0.628; p < 0.01; Table 3) which
indicate low f,/fy, ratio leads to decrease in the net photosynthetic rate of oil palm seedlings as
affected by FesO4 NPs application. A high value of f,/f, ratio recorded by controlled seedlings was
due to high absorption of photon [52]. The term f, reflects maximum capacity for photochemical
quenching while f,, represents the maximum fluorescence value obtained for continuous light
intensity. The f,/f,, is an indication for the maximum quantum yield of photosystem II, which is
correlated with a quantum yield of photosynthesis [26] as well as indicate the photoinhibition or
other injury caused to the photosystem Il complex [53]. The values are 0.78-0.84 and almost
constant for different plants measured under non-stressed conditions [50]. In this study, only 0 mg/L
record the values that more than 0.78. However, in the other concentration (700 mg/L, 1400 mg/L
and 2100 mg/L) recorded low values which are below than 0.78. The decreased in the values cause
the plants stressed when treated with high FesO4 NPs concentration. This is because the total amount
of light energy transformed in the photosystem |l reaction center was decreased due to the reduction
of photochemical activity of photosystem Il and further limit photosynthesis of plant [53].

0.6
0.4
0.2 +
0.0 -
0 800

1600 2400

£/t

Fe;O, concentration (mg/L)

Figure 6. Impact of iron oxide nanoparticles application on maximum efficiency of
photosystem Il of Elaeis guineensis. N = 9. Bars indicate standard error of means (SEM).
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3.3.3.  Photosynthetic performance index (PI)

Figure 7 presents the Pl of oil palm seedlings treated with iron oxide. Similarly, enhancing
FesO;s NPs concentration to oil palm seedlings decreased the photosynthetic performance
index (p < 0.05; Figure 7; Table 3). The Pl act as a sensor to understand plant metabolism,
physiology and plant performance [54]. The measurement of this parameter would be able for us, to
understand the effect of stress factors in the plant [1]. Iron plays a significant role in redox reactions
as well as stabilize the light-harvesting complex subunits and photosynthetic reaction center [55,56].
Past research proved that photosynthetic activity was enhanced due to the improvement of
biochemical reactions of thylakoid membranes and chloroplast [57]. High FesO4 NPs concentration
resulted in excess production of reactive oxygen species (ROS), which damage the structure of cell
membrane, DNA and proteins [58,59]. Correlation analysis showed that Pl had established a
significant positive relationship with net photosynthesis (R?* = 0.558; p<0.01; Table 4). The
decreasing of photosynthetic performance index the present work could be related to the increase of
ROS and lowered the net photosynthesis of oil palm seedlings treated under high FesO4 NPs
concentration.
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Figure 7. Impact of iron oxide nanoparticles application on photosynthetic performance
index of Elaeis guineensis. N = 9. Bars indicate standard error of means (SEM).

3.4. Biochemical determination
3.4.1. Proline

The change in proline concentration as affected by iron oxide in oil palm seedlings is presented
in Figure 8. Proline was enhanced under elevated concentrations of FesO4 NPs (Figure 8; Table 3).
Specifically, compared with the control group, the proline content in oil palm seedlings leaves
exposed to 800, 1600 and 2400 mg/L Fe3O4 NPs were increased by 21.62%, 43.4% and 54.53%,
respectively. These results are similar to those reported by Soliman et al. [60] where they found that
Moringa peregrina produces high proline when exposed to foliar application of Fe,O; NPs.
Accumulation of proline in the leaves measures the stress level on plants [61] by acting as a metal
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chelator, signalling and antioxidative defence molecule [60]. Besides, proline plays an important role
in osmotic adjustment and removal of excess ROS [62]. The current results proved that elevated
production of proline occurred to improve stress tolerance of oil palm seedlings towards high Fes;O4

NPs application.
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Figure 8. Impact of iron oxide nanoparticles application on proline content of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).

3.4.2. Malondialdehyde (MDA)

A significant increment in the level of MDA was observed after exposure to 800, 1600
and 2400 mg/L Fe3O4 NPs as compared to the control (Figure 9). At 1600 and 2400 mg/L,
MDA content was significantly increased by 60.85% and 69.29%, respectively (Table 3).
Malondialdehyde was commonly used as a biomarker for oxidative stress [63]. Results showed as
Fe;O4 NPs concentration increased, the oxidative stress of oil palm seedlings were enhanced.
Production of MDA has established a positive correlation with total phenolics and total
flavonoids (Phenolics; R? = 0.879 and Flavonoids; R? = 0.639; p < 0.01; Table 4) which indicated
that increase in MDA responsible for up-regulation of the secondary metabolites production under
high Fe3O4 NPs concentration. Plants that experienced high biotic stress level will increase the MDA
production which also increased the lipid peroxidation since MDA was considered as a measure of
lipid peroxidation [64]. Increased lipid peroxidation enhance hydrogen peroxide (H.O,) which act as
a signal for the induction of plant defense systems and this could elevate secondary metabolites
production [65]. What is striking in Table 4 is the significant positive correlation of MDA and
proline (R? = 0.955; p < 0.01) which suggests that the proline and lipid peroxidation mechanism is
known to be associated with a stress defence mechanism. However, contradicting results were
showed by Palmqvis et al. [66], where Brassica napus treated with y-Fe,O3 NPs produce low H,0,
and MDA contents. Similar findings obtained by Rui et al. [67] where the MDA content in
leaves was reduced under y-Fe,O3 treatment (10 mg/kg) and no oxidative stress was triggered.
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Figure 9. Impact of iron oxide nanoparticles application on malondialdehyde content of
Elaeis guineensis. N = 9. Bars indicate standard error of means (SEM).

3.4.3. Soluble sugar

The soluble sugar patterns of oil palm seedlings treated with iron oxide was presented in
Figure 10. Total soluble sugar was significantly influenced by the treatments of Fes04 NPs (p < 0.05;
Figure 10; Table 3). Total soluble sugar was significantly increased by 56% in both 1600 and 2400
mg/L FesO4 NPs from the control seedlings. As it can be seen in Table 4, total soluble sugar has a
positive relationship with the production of secondary plant metabolites (Phenolics; R? = 0.746 and
Flavonoids; R? = 0.548; p < 0.01). Increased in soluble sugar responsible for increasing secondary
metabolites productions in plants [68]. The results are similar to that found in Guo et al. [69] where
they found that increase in production of total phenolics of broccoli sprouts corresponded with the
enhanced sucrose content. The increment sugar level could improve anthers tolerance during biotic
stress by protecting oxidant damage Nguyen et al. [70]. So, it can be concluded that the production of
soluble sugar was spiked under high application of iron oxide.
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Figure 10. Impact of iron oxide nanoparticles application on the soluble sugar content of
Elaeis guineensis. N = 9. Bars indicate standard error of means (SEM).

3.4.4. Total phenolics and flavonoids quantification

High FesO4 NPs concentration significantly (p < 0.05; Figure 11; Table 3) increased total
phenolics content (TPC) of oil palm seedlings. Total phenolics content has been increased gradually
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by 34%, 45% and 52% under 800, 1600 and 2400 mg/L Fe3O4 NPs treatments, respectively,
compared to the control. Biotic and abiotic factors are known to influence the concentration of
polyphenols [71]. Plants that were exposed to environmental stress produced phenolic compounds
that are responsible for plants growing to survive [72]. Phenolic compounds have antibiotic,
anti-nutritional properties and high antioxidant activity, which enable them to defend plants
Lattanzio et al. [73]. It is now understood that a high concentration of Fe3O4 NPs has a significant
impact on the production of high total phenolics to defend the oil palm seedlings from any further
damage. Apart from Fe3O4 NPs, the study carried out by Ghorbanpour and Hadian [74] proved that
the optimum use of multi-walled carbon nanotubes nanoparticles (MWCNTs NPs) has a positive
effect on the biosynthesis of phenolics and flavonoids in callus culture of Satureja khuzestanica
due to the activation of specific key enzymes. A recent study conducted by lzad et al. [47] has
confirmed that high MWCNTSs NPs application increased the total phenolics content of Orthosiphon
stamineus significantly. Similar to total phenolics, Fes04 NPs significantly enhanced total flavonoids
contents (TFC) in oil palm seedlings (Figure 12). A slight increased for the TCC in seedlings treated
with 2400 mg/L compared to 1600 mg/L Fe3Os NPs. The enhancement of plant secondary
metabolites may have contributed to the increment of total soluble sugar as exhibited by the
correlation coefficient (R* = 0.548, p < 0.01; Table 4) which indicate that soluble sugar accumulation
has been an important factor in the increase of plant secondary metabolites.
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Figure 11. Impact of iron oxide nanoparticles application on total phenolics of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).
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Figure 12. Impact of iron oxide nanoparticles application on total flavonoids of Elaeis
guineensis. N = 9. Bars indicate standard error of means (SEM).
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Nanomaterials can give rise to reactive oxygen species (ROS) production, thereby damaging the
DNA and proteins [75] by reacting non-specifically with lipids, proteins and nucleic acids [25]. The
production of flavonoids may scavenge ROS [76-78] to minimize ROS that harmful to cell
structures, membranes and the photosynthetic apparatus [79]. This suggests that oil palm seedlings
produce more flavonoids to reduce the effects of increasing ROS produced by high FesO; NPs
concentration. The other nanomaterial (multi-walled carbon nanotubes) have been proved by Izad et
al. [47] to reduce total flavonoids production in Orthosiphon stamineus under high concentration
treatment.

3.4.5. Iron content

The uptake of iron elements by the treated plants was confirmed by the determination of iron
content in the leaves (Figure 13). The results obtained showed that the addition of Fe;O; NPs
significantly influenced the level of iron content in plant tissues (Table 3). In comparison to the
control group, the highest FesO4 NPs concentration significantly increased the iron content in leaves
by 52%. Plants that were not treated with Fe3O, NPs contained the lowest iron content in its leaf
tissues. Table 3 reveals that iron content has a significant negative relationship with the net
photosynthesis, intercellular CO, and photosynthetic performance index. The increasing of iron
content caused the decreasing of photosynthetic activities of treated plants, which agreed with the
findings by Adamski et al. [80] that proved high iron concentration decreased the net photosynthesis
of sweet potato plants. In general, iron is a micronutrient that plays a vital role in photosynthetic
activity to sustain the growth and development of plants [81]. Most of the iron (80%) was located in
the photosynthetic cells for the biosynthesis of chlorophyll and cytochromes [82]. However, excess
iron content (above 500 g) is considered toxic for plant cells [83] and affect photosynthetic activities
of higher plants [84]. This is because, excess iron leads to changes in stomatal movement [82],
lowered the chlorophyll content [85] and reduced the photosynthetic pigments [86]. Besides, iron in
excess will generate oxidative stress in chloroplasts [87] and produce reactive oxygen
species (ROS) [88] which caused changes in physiology and biochemical properties of plants by
damaging the cellular components [89]. A high concentration of Fe may cause disorder of active PSII
units and thylakoids membrane structure [90].
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Figure 13. Impact of iron oxide nanoparticles application on the iron content of Elaeis
guineensis. N=9. Bars indicate standard error of means (SEM).
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4. Conclusions

The current study was performed to assess the toxicity impact of the application of FesO4 NPs
on oil palm seedling growth, leaf gas exchange and biochemical responses. The oil palm seedlings
were grown in soil and treated with different Fe3O4 NPs concentration (0, 800, 1600 and 2400 mg/L).
It was found that the oil palm seedlings growth was not affected by the application of iron oxide. As
iron oxide concentration increased to 1200 mg/L, the reduction in chlorophyll, stomatal density leaf
gas exchange and chlorophyll fluorescence was observed. As the application of iron oxide increased
from 0 to 2100 mg/L, the production of soluble sugar, proline and lipid peroxidation was enhanced
indicating that application of would trigger stress response to the plant. Furthermore, the production
of secondary metabolites (total phenolics and total flavonoids) was upregulated as iron oxide
concentration increased from 0 to 2100 mg/L indicate that plant defence system was enhanced to
reduce system from any further damage. The increment of Fe3O4 NPs concentration decreased the
fu/f, as well as f,/f, indicate that the FesO4 NPs able to disorganize the photosynthetic apparatus and
contributed to the disruption of the photosynthetic process. The result obtained from this study has
laid an important platform to describe the interaction effect of iron oxide nanomaterials with oil palm
seedlings.
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