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Abstract

As the production and utilization of titanium dioxide nanoparticles (NPs) increase, they are increasingly
being discharged into aquatic habitats. They encounter and interact with nutrients such as nitrate and
urea, potentially endangering the ecosystem. Due to their high reactivity and small size, these particles
have an impact on many populations of organisms, including macrophytes, in aquatic ecosystems. Lemna
minor was subjected to titanium dioxide (TiOz) NPs (48 mg L) along with urea and nitrate at low and
high concentrations (0.04 mM and 9 mM, respectively). The findings revealed that when a low
concentration of urea was combined with TiO, NPs, there was a 77 % stimulation in the growth of L. minor.
On the other hand, the chlorophyll a content of L. minor in all treatments was lower than that of the control.
An 85% inhibition of chlorophyll a was observed under the high urea treatment. The peroxidase (POD)
activity increased exclusively at low urea concentrations. High nitrate mixed with TiO2 NPs stimulated
glutathione S-transferase (GST) activity in L. minor by 2.5%. The results of our study indicate that TiO»
NPs, urea, and nitrate, may exert varying, potentially negative impacts on the growth of aquatic plants
and the function of their antioxidant defense enzymes.
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INTRODUCTION

Emerging environmental pollutants such as nanoparticles (NPs) pose a serious threat to aquatic
systems (Lead et al., 2018). Nanoparticles are especially problematic because of their smaller
dimensions, which make them more reactive than the bulk materials of the same element. The
quantity of NPs discharged into water bodies during manufacturing, usage, and disposal of
finished products has rapidly increased owing to advances in nanotechnology (Agathokleous et
al., 2019; Bundschuh et al., 2018; Dolenc Koce, 2017). Nanosized titanium dioxide, also known as
TiO2 NPs, represents one of the most frequently utilized nanoparticles and can be found in a wide
range of consumer goods (Haynes et al., 2017; Lan et al., 2013; Li et al., 2013; Mahmoud et al., 2017).
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Predictions indicate that the levels of TiO> NPs in the effluents of wastewater treatment plants
can reach up to 3 milligrams per liter, a concentration expected to rise in the environment (Cherr
et al., 2010). To improve the safety of nanotechnologies and develop products that do not harm
aquatic ecosystems, it is essential to examine the ecological and physiological consequences
associated with the widespread use of nanoparticles. Therefore, it is crucial to carefully assess
how the use of large nanoparticles may affect the environment globally (Song et al., 2012).

As suspended particles, TiO, NPs can change the photosynthetic and antioxidant defense
processes of aquatic macrophytes. The impacts of TiO. NPs on various forms of aquatic life such
as algae, zooplankton, fish, and higher order plants have been previously investigated (Kulacki
and Cardinale, 2012; Wiench et al., 2009). Nanoparticles affect metabolic processes, nitrogen and
phosphorus absorption, and dietary changes (Chen et al., 2012; Chaudhary and Singh, 2020). The
most important nutrients in rivers are phosphorus (P) and nitrogen (N), but aquatic habitats also
contain environmental pollutants such as TiO, NPs. Macronutrients are necessary for the growth
of aquatic plants known as macrophytes, which nourish a variety of aquatic animals (Chaffin and
Bridgeman, 2014). The ability of aquatic macrophytes to grow and develop is influenced by the
availability and levels of nitrate and urea (Li et al., 2016; Hampel et al., 2019).

Aquatic ecosystems must also contend with the fact that nitrogen exists in various forms and
amounts that are crucial for determining plant growth. Nitrate (NOs’), ammonium (NH4*), and
urea constitute the majority of the nitrogen in water (Donald et al., 2011). Large amounts of
bioavailable nitrogen and TiO, NPs are being introduced into aquatic ecosystems (Elser et al.,
2009; Tripathi et al., 2016). Studying the possible relationship between nitrogen forms and
potential pollutants, such as TiO, NPs, is important because nanoparticles likely interact with
nutrients that control the growth of macrophytes (Dauda et al., 2017; Mahler et al., 2012).

The impact of TiO> NPs on macrophytes when different nutrient types and concentrations are
present in water bodies has not been extensively studied. Aquatic macrophytes are likely to
interact with suspended materials such as TiO. NPs when nitrogen forms and concentrations are
different. This can alter growth and metabolism. Therefore, the objective of this study was to
examine how the development of L. minor and its response to oxidative stress are affected by TiO»
NPs under various nitrogen forms. The results of this study improve our understanding of the
effects of TiO» NPs in aquatic ecosystems.

MATERIALS AND METHODS

L. minor culturing

L. minor plants were collected from the Department of Biology Pond, Ahmadu Bello University,
Zaria, Nigeria, and grown in BG11 medium (pH 7.4), with a light intensity of 40 mol m?2 s?, a
daylight hour of 16:8 h light: dark, and an ambient temperature of 23 °C, under controlled
laboratory conditions. To guarantee sterility, the growth medium was subjected to sterilization
by heating it to a temperature of 121 °C for 30 minutes before being utilized. The L. minor pre-
culture was axenic and maintained under nutrient-replete conditions.
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Experimental Design

Sodium nitrate (NaNOs;) and carbamide (CH4N>O) were used to supply the nitrate and urea,
respectively. The titanium dioxide (TiO») anatase nano powder used in the present study had a
particle size of 25 nm (CAS number:637254), and was obtained from Sigma-Aldrich (St.Louis,
MO, USA). Louis, MO, USA). The TiO; powder was suspended in BG 11 medium to produce a
stock solution. We treated L. minor with different concentrations of nitrate and urea (low and
high) in 250 mL of modified BG 11, as well as with low nitrate + TiO2 NPs, high nitrate + TiO»
NPs, low urea + TiO2NPs, and high urea + TiO2 NPs. Cultures grown in BG 11 medium devoid
of TiO> NPs served as experimental controls. As a result of our prior studies, which indicated
significant bioactivity in photosynthesizing organisms, the amount of titanium dioxide utilized
in this investigation was 48 mg L (Dauda et al., 2020, 2017). Each experimental treatment was
performed in triplicates. The L. minor pre-culture used in this study was free of contaminants, and
the samples were cultivated under conditions with an adequate supply of nutrients. In
accordance with reported levels observed in oligotrophic and eutrophic aquatic environments,
we selected 0.04 mM as the low concentration and 9 mM as the high concentration of nitrate and
urea for this study (Reynolds 2006).

The precise quantities of nitrate and urea were measured using the magnesium oxide-Devarda
alloy technique. For the first distillation step to determine the ammonia content, magnesium
oxide, and 2% boric acid were utilized. Fresh 2% boric acid was employed in the second
distillation, and the Devarda alloy method was used to measure nitrate content. These methods
are based on the work of Bremner and Keeney (1965). Titanium standards were prepared using
Agilent Technologies Calibration Mix 1 for AA and ICP OES. The quantity of TiO, NPs in the
cultures was determined using an Agilent Technologies Agilent 4200 microwave plasma-atomic
emission spectrometer (CA, USA).

Data Collection

Pigment content and growth changes

Using Adobe Photoshop version 7.0 Pixel Analyzer, the number of leaves of L. minor was counted
and recorded, and the specific leaf area and biomass were computed. The fronds were captured
in photographs alongside a square of white plastic measuring 1x1 cm?2 The surface area of the
fronds and their growth rates were calculated by analyzing the pixel density of the white plastic
square, according to the methodology described by Chia et al. (2021).

Chlorophyll was extracted from 20 mg of Lemna biomass using 99% (v/v) acetone, which was
macerated and incubated at -20°C for 24 h. A UV-VIS 722N spectrophotometer was used to
measure absorbance at 470, 645, and 663 nm. The (Ritchie, 2006) equation was used to determine
pigment concentration.

Measurement of total protein levels and assessment of oxidative stress parameters

For biochemical analysis, extraction of the biomass (40 mg) of L. minor was performed in 0.1 M
phosphate buffer containing 1% (w/v) polyvinylpyrrolidone at pH 6.5. The procedure described
by Bradford (1976), was used to measure the total intracellular soluble protein. Bovine serum
albumin was used as a reference protein. Bradford reagent solution (2.5 mL) consisting of 0.01%
Coomassie blue, 4.7% methanol, and 8.5% phosphoric acid was added to 500 mL of the
supernatant. Following a 5-minute incubation period at room temperature, the absorbance at 595
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nm was recorded. BSA standards ranging from 10 - 400 mg mL-! in phosphate buffer solution (pH
7.2) were used for calibration.

Intracellular hydrogen peroxide (H20.) was extracted and measured using the Jana and
Choudhuri (1982) method. In the beginning, 400 pL of H>O, extract and 133 pL of titanium
chloride at 0.1 % (in 20% H2SO4) were mixed. The absorbance of the mixture was then read at 410
nm using a spectrophotometer. Calculations were made to determine the amount of H.O: in
mol/mg using the extinction coefficient of 0.28 L mmol-* cm™.

Glutathione S-transferase (GST) activity was measured according to the method of Habig et al.
(1974). To initiate the reaction, 100 uL of the enzyme extract was mixed with 2 mL of the reaction
mixture (3.6 mM reduced glutathione added to 1 mM 1-chloro-2, 4-dinitrobenzene in 0.1 M
potassium phosphate buffer, pH 6.5). The difference in absorbance at 340 nm inversely correlated
with GST activity. The method of Reddy (1996) was used to assess peroxidase activity. 0.1 mL of
enzyme extract was added to a cuvette containing 3 mL of pyrogallol solution (0.05 M in 0.1 M
phosphate buffer, pH 6.5) and 0.5 mL of 1 percent H>O.. The relationship between enzyme activity
was expressed as nkat per mg protein.

Data analyses

Prior to conducting Analysis of variance (ANOVA), the homogeneity of variance was assessed
using Levene's homogeneity of variance test, and the normality of the data was evaluated using
the Shapiro-Wilk test. ANOVA was conducted to examine the significant differences among
treatments. In cases where significant differences were observed, Tukey's HSD test at a
significance level of 5% was used to separate means. Principal component analysis (PCA) was
employed to analyze the relationships between the response parameters. All statistical analyses
were performed using R version 4.2.2 for Windows.

RESULTS

Growth and biomass of Lemna minor

There was significant (p < 0.05) growth stimulation of L. minor when subjected to low urea and
low urea combined with TiO, NPs treatments (Fig 1a). The chlorophyll a2 concentration of L. minor
was significantly (p < 0.05) reduced by all treatments compared with that of the control (Fig 1b).
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Fig. 1 Lemna minor growth rate (a) and chlorophyll a content (b) when subjected to low and high nitrate and
urea concentrations and their mixtures with TiO> NPs. The standard deviation for a sample size of three is
displayed as error bars. Bars with different letters are significantly different (P < 0.05).

Total proteins and oxidative stress response of Lemna minor

The highest (p < 0.05) total protein content in L. minor was favored by low and high nitrate
combined with TiO> NPs treatments. The lowest (p<0.05) total protein content was obtained when
high nitrate and urea concentrations were combined with TiO» NPs (Fig 2a). Low and high nitrate
treatments caused the most elevated (p < 0.05) hydrogen peroxide (H2O:) content in L. minor (Fig
2b). The combination of TiO> NPs with both low and high nitrate and urea also significantly (p <
0.05) increased the H»O, content compared with the control. POD activity in L. minor was
significantly (p<0.05) enhanced by low urea concentration and its combination with TiO, NPs.
(Fig 2c). However, high nitrate combined with TiO2 NPs reduced POD activity (p < 0.05). In
comparison with the control, the GST activity of L. minor was significantly (p < 0.05) reduced in
the low and high nitrate and urea treatments and their combinations with TiO2 NPs, except in the
high nitrate combined with TiO, NPs treatment (Fig 1d).
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Fig. 2 Total protein, (b) hydrogen peroxide content, (c) peroxidase activity, and (c) glutathione S-transferase activity of
Lemna minor exposed to low and high nitrate and urea concentrations and their combination with TiO, NPs. Error bars
indicate the standard deviation for a sample size of 3. Bars with different letters are significantly different (P < 0.05).

PCA on the correlation between L. minor's reaction parameters and the conditions of treatment
Principal component analysis of L. minor indicated that the first two principal components
accounted for 63.9% of the total variation. GST and total protein content were positively
correlated; however, both parameters were negatively correlated with growth rate. Higher
peroxidase activity resulted in reduced H>O, content in the macrophyte (Fig. 3).
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Fig. 3 Principal component analysis biplot of growth, chlorophyll 4, total proteins, and antioxidant response of Lemna
minor exposed to low and high nitrate and urea concentrations and their combinations with TiO» NPs. When variables
are represented on opposite axes, they exhibit a negative correlation. Conversely, the variables grouped on the same
orthogonal axis demonstrated a positive relationship. based on different nitrate and urea concentrations (low and high)
and their interactions with the TiO, NPs. While variables clustered on the same orthogonal axis are positively
associated, those grouped on the opposite axes are negatively related.

Discussion

The Impact of nitrate and urea concentrations and their interactions with TiO, NPs on the
growth and chlorophyll a content of L. minor

In the present study, we found that low urea level stimulated the growth of L. minor. This
emphasizes the importance of nitrogen as an important nutrient for plants. In addition, it also
indicates a preference for urea over nitrate as a nitrogen source for L. minor, and that high levels
of nitrogen are sometimes toxic to Lemna spp. (Caicedo et al., 2000; Huang et al., 2013). As urea is
more common in aquatic environments and requires less energy to absorb and assimilate than
nitrate, several macrophytes have a preference for urea over nitrate as a source of nitrogen
(Jampeetong and Brix, 2009; Konnerup and Brix, 2010). Furthermore, we found that the form and
concentration of nitrogen appeared to influence the toxicity of TiO> NPs to macrophytes. When
nitrogen conditions vary, TiO> NPs have a greater tendency to be absorbed onto the surface of
the macrophyte, and the assimilation of nutrients is also influenced by the presence of nano-
metals. A possible explanation for these results is that TiO> NPs provide a larger surface area for
the absorption of different forms of nitrogen. To boost growth, Lemna spp. regularly removes urea
(Ferdoushi et al., 2008). Consequently, nano metals interact with and enter plant cells (Song et al.,
2012) and form aggregates within 24 h of exposure (Li et al., 2013), leading to various adverse
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effects, including morphological changes, growth, and pigment content. According to Li et al.
(2013), L. minor accumulated TiO, NPS across the range of concentrations tested, despite having
no harmful effects on growth rates. Conversely, a reduction in the growth of Lemna minor by
AgNPs (Gubbins et al., 2011), Spirodela polyrhiza (Movafeghi et al., 2018), and Lemna gibba
(Oukarroum et al., 2013) by TiO, NPs.

The movement of TiO, NPs in the aquatic food chain may have higher significance because L.
minor is a food source for aquatic species, including zooplankton and fish. These results show
that L. minor cell proliferation and chlorophyll a levels were minimally affected by TiO. NPs. The
ecological implications of bioaccumulation and transfer have gained considerable importance,
particularly due to the demonstrated harmful effects of TiO> NPs on various plant species
(Federici et al., 2007; Xiong et al., 2011). Although it has been established that the toxicity of TiOa
to aquatic macrophytes is time- and concentration-dependent (Cherchi and Gu, 2010; Ma et al.,
2010), our findings extend this knowledge by showing that the effect of TiO: differs according to
the level and form of nitrogen available to aquatic organisms. The increased growth in the current
study confirmed the stimulatory effect of high nitrate and urea concentrations in combination
with TiO> NPS on the growth of L. minor. Despite having been shown to have an inhibitory
influence on protein synthesis and photosynthesis, nitrate- and urea-enriched growth can be
deemed favorable. Further studies on L. minor should be conducted at low and high
concentrations of TiO, under varying nitrogen forms and levels, considering long-term exposure.

Effect of nitrate and urea levels, and their combinations on the proteins, ROS, and antioxidant
enzymes activity of L. minor

The increase in total protein recorded under low nitrate, as opposed to urea treatments, suggests
that L. minor prefers nitrate as a nitrogen source for protein production. However, high nitrate
concentrations did not favor higher protein synthesis. Contrary to our results, in which the total
protein content was reduced at 9 mM nitrate, the total crude protein content of L. minor was
increased at 30 mM nitrate (Paola et al., 2007). The similar total protein content in the high nitrate
combined with TiO> NPs treatment and the low nitrate treatment could be due to the reduced
nitrate availability in the high nitrate combined with TiO, NPs treatment, caused by the
interaction of high nitrate with TiO NPs.

Exposure of L. minor to xenobiotics leads to the over production of reactive oxygen species (Song
et al., 2012). L. minor subjected to various nitrate and urea concentrations showed an increase in
multiple anti-oxidative stress response pathways, which served as evidence that increased
nitrogen levels promoted oxidative stress. The surge in H>O» in L. minor in response to low and
high nitrate conditions implies oxidative stress. Following a seven-day period of exposure, the
results of the H2O» assay indicated that the biotransformation and antioxidant system of L. minor
responded appropriately to the stress caused by varying nitrate/urealevels and their
combinations with TiO» NPs. This stressed state can inherently damage the plasma membrane,
leaving macrophytes vulnerable to xenobiotics and pathogens (Gaschler and Stockwell, 2017;
Vavilin et al., 1998; Yin et al., 2011). Consistent findings have been reported in L. minor exposed to
pollutants such as SDS and glyphosate, in which macrophytes showed significant increases in the
activities of CAT, APX, POD, and PPO as contaminant concentrations increased (Forni et al.,
2012). Likewise, Nimptsch and Pflugmacher (2007) indicated that excess ammonia (NH3 and
NH,*) conditions induce oxidative stress in M. mattogrossense.
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To slow down or eliminate the adverse effects of oxidative stress in L. minor, the activity of the
POD enzyme was upregulated, but to different degrees, depending on the nitrogen form and
exposure to TiO2 NPs. POD sequesters and converts H.O, to oxygen and water. Koce (2017)
reported that TiO, NPs do not increase the activity of guaiacol and ascorbate peroxidases in L.
minor. However, low urea and the combination of low urea and high nitrate with TiO> NPs
stimulated a higher POD activity. This suggests that the POD activity of L. minor is activated
chiefly when there are sharp changes in nitrogen levels and form but less so in response to the
effect of TiO2 NDPs.

Despite altering the concentrations and forms of nitrogen, L. minor’s decreased GST activity
showed that the enzyme was not active in phase II detoxification of TiO» NPs. Enhanced
production of ROS is suggested by increased GST activity upon simultaneous exposure to high
nitrate and TiO» NPs. It is widely recognized that GST plays a role in the detoxification and repair
of ROS-oxidized damaged macromolecules as well as in the maintenance of an active oxidation-
reduction balance in plants, which could explain its enhanced synthesis under high nitrate and
TiO2 NPS exposure (Pflugmacher et al., 2000). Moreover, the observed elevation in GST activity
under the influence of high nitrate in combination with titanium dioxide can be credited to the
enhanced ability of L. minor to detoxify organic hydroperoxides produced as a result of lipid
peroxidation triggered by an excess of ROS (Nimptsch and Pflugmacher, 2007). Thus, our results
highlight the critical information that the activity or function of this enzyme can be compromised
depending on the nitrogen form, concentration, and exposure to TiO» NPs.

Conclusion

Two nitrogen sources, nitrate and urea, affected the growth, biomass, total protein content, and
antioxidant responses of L. minor. Although low urea levels favored growth by 58% and
stimulated POD activity by 39%, low nitrate levels favored high protein synthesis. Treatment
with TiO, NPs did not elicit higher antioxidant enzyme activity, indicating that oxidative stress
was low in L. minor in the presence of TiO. NPs. However, with the increasing presence of
nanometals in aquatic environments, further research targeting macrophytes is required to test
higher TiO> NPs concentrations and longer time points.
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