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Abstract

:

The recent emerging evidence reveals that titanium dioxide nanoparticles (TiO2 NPs) can be used as a wastewater treatment. This study provides new information about the possible detoxification role of TiO2 NPs as a wastewater treatment in plants under heavy metal stress, with an emphasis on the mechanisms involved. Here, we investigated the effects of TiO2 NPs as one wastewater treatment on a bamboo species (Arundinaria pygmaea L.) under in vitro Cadmium (Cd) toxicity conditions. A factorial experiment was conducted in a completely randomized design with four replications of four concentrations of Cd (50, 100, 200, and 300 µM) alone and in combination with 100 and 200 µM TiO2 NPs as two wastewater treatments, as well as a control treatment. The results indicated that TiO2 NPs concentrations enhanced enzymatic and non-enzymatic antioxidant activities and proline accumulation as well as reducing hydrogen peroxide (H2O2), superoxide radical (O2•−), and malondialdehyde (MDA) levels, which led to improved photosynthetic parameters with an eventual increase in plant biomass as compared to the control treatment. Therefore, TiO2 NPs improved the photosynthetic parameters of bamboo under Cd toxicity, which led to an increase in plant biomass. We concluded that the wastewater treatments of TiO2 NPs improved bamboo biomass through the scavenging of reactive oxygen species (ROS) compounds (H2O2 and O2•−), which was induced by the stimulation of the antioxidant capacity of the plant. TiO2 also protected cell membranes by reducing lipoperoxidation in bamboo under Cd toxicity. The concentration of 200 µM TiO2 NPs had the most impact in reducing Cd toxicity.
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1. Introduction


Cadmium (Cd) is deemed as one of the most toxic metals in the urban and agricultural soils of China, deleteriously affecting human health and crop production across the different regions in the country [1,2]. The major release points of Cd into the soil in China include mineral and extractive metallurgical processes, industrial and household waste disposal, excessive synthetic chemical inputs in agriculture, and aquaculture production as well as factory and automobile exhaust fumes [3,4]. Cd in plant roots alters the balance of macronutrients and micronutrients and inhibits root elongation [5]. In shoots and leaves, Cd causes a limitation in the growth and development of plants by decreasing the content of photosynthetic pigments and increasing H2O2 accumulation, leading to oxidative stress by ROS generation [6,7,8,9,10]. ROS compounds include non-radical molecules and free radical molecules such as hydroxyl radicals (•OH), hydrogen peroxide (H2O2), singlet oxygen (1O2), and superoxide anions (O2•−) [11]. These molecules can damage plant cells by increasing lipid peroxidation, accelerating protein oxidation, destroying nucleic acids, and reducing enzyme activity, which eventually leads to the death of the cells [12,13].



On the other hand, protective enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) act as scavenging ROS compounds in plant cells [14]. Hence, the exploration of new means to allay oxidative stress caused in plants by heavy metals such as Cd is of critical priority for researchers.



Nanoparticles (NPs) are small particles of less than 100 nm and are used in diverse industries such as food and food packaging, medicine, and bioremediation [15,16], and water and wastewater treatments [17]. However, in the fields of wastewater treatments, the use of nanoparticles is novel and requires further study. Moreover, the knowledge of the precise function of nanoparticles at the physiological–molecular level of the abiotic-stressed plants still remains limited [18]. There is also no comprehensive understanding of the role of engineered nanoparticles in plant physiology at the molecular level [18]. However, the physiological impacts of nanoparticles are known to vary depending on the type, size, and concentration of the nanomaterial, as well as plant species [19]. Titanium dioxide nanoparticles (TiO2 NPs) create a nontoxic white pigment that has been used as an applied material [20]. The reason to use as wastewater treatment can be a high photocatalytic activity, the ability of photostability, economic price, and biological and chemical stability [21,22]. Recently, plant physiologists have considered the use of titanium dioxide nanoparticles because of their biological properties [23,24]. There are some studies showing the impacts of TiO2 NPS on the various growth and development parameters of plants, including biomass and protein content, oxygen, and total nitrogen [25], as well as chlorophyll and photosynthesis properties such as electron transfer and light energy [26]. Zheng et al. (2005), in an experiment on the effects of nanoparticle and non-nanoparticle titanium dioxide on the seedling growth of spinach, concluded that in 30 days, titanium dioxide nanoparticles increased chlorophyll-a contents and dry weight by 45% and 73%, respectively, in comparison with a control. They also reported that titanium dioxide nanoparticles increase the photosynthetic rate by three-fold compared to that in control treatments [27]. Additionally, the adverse impacts of TiO2 NPs on seeds during the germination stage have been reported [28]. It has been recently shown that TiO2 NPs can ameliorate cadmium toxicity in soybean [29]. However, the impact of TiO2 NPs on cadmium toxicity in bamboo plants is unknown. Therefore, investigating the possibility of reducing the toxicity of heavy metals in plants by TiO2 NPs and identifying the mechanisms involved in toxicity reduction can be of great help in understanding the effects of TiO2 NPs on bamboo. To our knowledge, this is the first report that explores the role of varying levels of TiO2 NPs in the interaction with different Cd concentrations in the simultaneous eliciting of enzymatic and non-enzymatic, photosynthetic as well as growth responses of bamboo plant.



Bamboo is a crucial forest resource that plays an essential role in the livelihood of local households in southern China [30,31]. According to the 2012 report by the state forestry administration of China, the bamboo industry in the country exceeded US$19.7 billion [32]. Bamboo (Bambusoideae), with more than 70 genera and 500 species, Ref. [33] covers more than 6 million hectares of forestland in China [30]. However, in the recent decades, anthropogenic activities have increased soil contamination by heavy metals in the agricultural forestlands of southern China [34]. As a result, the bamboo plants are more exposed to heavy metal poisoning than before. Nevertheless, there is a lack of sufficient studies on reducing the toxicity of heavy metals to bamboo plants in these areas. Bamboo (Arundinaria pygmaea) is a local species in Jiangsu province of China, which has been used for landscape purposes; however, its normal growth has been influenced by heavy metals toxicity, particularly by Cd. The aim of this research was to investigate the capability of two varying concentrations of titanium dioxide nanoparticles as a wastewater treatment in ameliorating cadmium toxicity, with an emphasis on the mechanisms involved in reducing the toxic effects of cadmium, including scavenging ROS compound and amplification of plant antioxidant defense capacity.




2. Materials and Methods


2.1. Plant Materials


The experiment of tissue culture was performed using the bamboo species Arundinaria pygmaea, obtained from the bamboo research Institute at Nanjing Forestry University, where it has been growing since 1982. For this purpose, the nodal parts of 10 mm collected from a branch of a one-year-old of the same clone were used for the tissue culture trial in May 2017. The axillary buds on the node were induced and then proliferated. The proliferation of young shoots led to the induction of roots. Murashige and Skoog (MS) medium [35] containing 1 L of major salts (macronutrients) and 1 L of minor salts (micronutrients) was employed to set up explants culture. The medium was supplied with 0.5 mL kinetin (KT) as a growth regulator and 4 mL 6-benzyl amino purine (6-BA) in which 7–10 g of agar with 30 g sucrose were added.




2.2. Characterization of Wastewater Treatment of TiO2 NPs


The TiO2 NPs as a wastewater treatment were supplied from Nanjing Jiancheng Company in Jiangsu Province, China. The purity of TiO2 NPs was ≥99.5%. The TiO2 NPs were in the white powder form, <30 nm size.




2.3. Heavy Metal Range Concentration


The heavy metal concentrations were selected based on the previous studies by our research team where the bamboo species tolerance range to heavy metals was determined.




2.4. Experimental Design and Growth Conditions


The treatments were four concentrations of Cd (CdCl2) (50, 100, 200, and 300 µM) alone and in combination with 100 or 200 µM TiO2 NPs as two wastewater treatments, with four replicates and a control treatment. The experiment was carried out under controlled conditions in a plant tissue culture chamber for 30 days. After preparing 1 L of MS medium (0.5 mL kinetin (KT), 4 mL 6-benzylaminopurine (6-BA), and 30 g/L sucrose), the TiO2 concentrations in combination with different concentrations of Cd were added, and the solution was adjusted to a pH of 5.8. At the final step, an optimum amount of agar (7–10 g/L agar) was added to the solution. Microwave heating was used for ten minutes to increase the solubility of the solution, and then, the solution was transferred to an autoclave for sterilization (HiClave HVE-50).



Then, 100 mL culture medium was used in a glass petri dish (60 mm diameter and 90 mm height). Afterwards, each treatment of bamboo plants cultured inside them in the ultraviolet sterilized incubation hood (Air Tech). The incubation hood consisted of white fluorescent lamps (wavelength 350–750 nm) with 25 °C. The bamboo plants, after the incubation, preserved in a controlled plant tissue culture chamber with white fluorescent lamps (wavelength 350–750 nm) with temperatures of 30/25 and 17/22 °C during light and dark periods, respectively, and a photoperiod of 16 h for 25 days. This growth condition resembled the natural habitat where the bamboo plants typically grow (Figure 1).




2.5. Measured Indicators


The effect of the supplementation of TiO2 NPs on the bamboo shoot development was evaluated through a set of indicators described in the following. All antioxidant enzyme activities were measured carefully, including the activities of peroxidase (POD), superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), and glutathione (GSH). Additionally, hydrogen peroxide (H2O2), superoxide (•O−2), and malondialdehyde (MDA) levels were estimated. Then, for the determination of plant photosynthesis, chlorophyll indexes (total chlorophyll, chlorophyll-a, chlorophyll-b, and carotenoid contents) were measured. Ultimately, the bamboo biomass was recorded as the dry weight (DW) of the shoot and the root.




2.6. The Method of Sampling


For pre-experiment, a quantity of 0.5 g was taken from all the samples and exposed to liquid nitrogen. The samples were crushed to powder in a mortar and pestle and kept in a test tube at 2.8 °C. In the next step, 2 mg phosphate buffer (pH = 7.8) was added, and the samples were subjected to 20 min of centrifugation at optimum speed (2000–3000 RPM), which was necessary for supplement separation.




2.7. Determination of Antioxidant Activities


The activity of superoxide dismutase (SOD, EC 1.15.1.1) as an antioxidative enzyme was determined by the method of Zhang (1992) [36] via photoreduction in nitro blue tetrazolium (NBT). For this purpose, the sample (0.1 mL) was added to a tube containing NBT (0.2 mL), MET (0.2 mL), EDTA (0.2 mL), Rib (0.2 mL), and pH 7.0 buffer (3.1 mL). Then, the test tube was transferred to a light chamber for 10–20 min. The light exposure led to color change in the solution. In the final step, a spectrophotometer machine was used to calculate SOD value of samples.



POD (POD, E.C. 1.11.1.7) activity was measured by Zhang’s method [36]. For this purpose, 0.2 mL of H2O2, 4 mL of 2-methoxyphenol, and 0.8 mL of pH 7 buffer solution were added to 20 mL of the sample. After preparing the supernatant, it was transferred to a spectrophotometer, and POD activity was measured according to the difference in absorbance at 470 nm.



Catalase (CAT, EC 1.11.1.6) activity was measured from two H2O2 reactions analyzed at 240 nm by Aebi’s method [37]. A 0.1 mL sample was added to a test tube containing 1.6 mL water, 0.2 mL H2O2, and 1 mL Tris-HCl. For the determination of CAT activity, the sample was transferred to a spectrometer machine (Beijing Purkinje TU-1810 UV-vis Spectrometer) and measured at 230 nm two or three times.



To determine glutathione reductase (GR), the commercial chemical assay kits provided by the Nanjing Jiancheng Company were used. After preparation, the samples were added to 0.1 mm EDTA, 2% PVP, and 0.5% (w/v) Triton-100. Then the obtained mixture was centrifuged at 10,000 RPM under an optimum temperature of 4 °C for 10 min. Then the resultant mixture was transferred to a spectrometer machine (Beijing Purkinje TU-1810 UV-vis Spectrometer). In this experiment, the glutathione reductase activity (GR) was estimated based on the manufacturer’s instructions.



The quantification of enzyme activity of ascorbate peroxidase (APX, EC 1.11.1.11) was assessed base on the method of Nakano and Asada (1981) [38]. In this experiment, 400 μL 0.5 mM ascorbic acid, 100 μL enzyme extract, and 600 µL 0.1 mM EDTA in 0.05 M Na-phosphate with (pH = 7.0) were added to a test tube. Then, to measure the reaction, 400 μL of 3% H2O2 was added, and the decrease in absorbance at 290 nm was calculated after 1 min. At the end of the experiment, APX activity was estimated with an extinction coefficient (€ = 2.8 mM−1 cm−1).




2.8. Determination of GSH and Proline Concentrations


The GSH concentration was determined according to (Ellman, 1959) [39]. For this purpose, shoot samples (0.1 g) were used. The bamboo samples were placed in 3 mL of 0.5 mM EDTA solution comprising 3% TCA at the temperature of 4 °C. The samples were then centrifuged at 15,000× g for 15 min. Then, the obtained supernatant (0.2 mL) was mixed with 1.5 mL of 50 mM potassium phosphate buffer (pH = 7.0), including 0.2 mM of 5,5-dithiol-bis (2-nitrobenzoic) (DTNB). The incubated process was conducted on a provided solution at 30 °C for 2 min. To assessed GSH activity, the absorbance was recorded at 412 nm by a spectrometer.



The proline (pro) concentration was assessed based on the method of [40], which is conducted according to the reaction of proline with ninhydrin. For this method, shoot samples (0.2 g) were added to 3% (w/v) sulfosalicylic acid, and the mixture was centrifuged at 4000× g for 15 min. The supernatant was used to determining proline content based on the reaction of the proline with ninhydrin.




2.9. Determination of Hydrogen Peroxide (H2O2), Superoxide Radicals (O2•−), and Malondialdehyde (MDA)


The content of hydrogen peroxide (H2O2) was determined by a chemical reaction where a commercial assay kit provided by (Nanjing Jiancheng Company, Nanjing, Jiangsu, China) was used. According to this method, liquid nitrogen (LN2) was used to submerge and maintain samples at the temperatures (−80 or −20 °C) for seven days. There was a resulting loss of 60% of the H2O2 during the seven days. The samples, after removal from the LN2, were analyzed by speedy weighing without thawing. The samples were squashed under LN2 with a mortar and pestle. In the final step, the method of modified ferrous ammonium sulfate/xylenol orange (FOX) was employed to determine the content of H2O2 in the extracts.



The superoxide radical (O2•−) content was determined according to Li’s method [41]. For this purpose, 200 mg samples of leaf tissue were homogenized in a containing phosphate buffer (65 mM, pH = 7.8) and then centrifuged at 4000× g for 20 min. The obtained supernatant was then added to 10 mM hydroxylamine hydrochloride and optimal phosphate buffer (65 mM, pH = 7.8), which was incubated for 20 min at 25 °C. Then, the obtained solution was mixed with 7 mM α-naphthylamine and 17 mM sulfanilamide.



The obtained supernatant after resting for 20 min was transferred to the spectrometer machine for the determination of the O2•− content at 530 nm at 25 °C. The generation rate of O2•− was quantified by standard curve with nitrogen dioxide radical (NO2).



Malondialdehyde (MDA) levels, as an indicator of lipid peroxidation, were quantified by using a reaction of thiobarbituric acid (TBA) with Kai and Feng’s method [42]. According to the method, 10% trichloroacetic acid (TCA) was used to homogenize 0.5 g of samples, which were then centrifuged at 4000× g for 15 min. The obtained supernatant was recorded to determine the MDA content. For this purpose, the final supernatant (2 mL) and 2 mL of 0.6% TBA were exposed to 100 °C for 20 min and then instantaneously cooled in an ice bath. As the last step, the solution was centrifuged at 4000× g for 15 min and transferred to a spectrometer machine for the measurement of the absorbance at 450, 532, and 600 nm.




2.10. Determination of Total Chlorophyll, Chlorophyll-a, Chlorophyll-b, and Carotenoids


The contents of chlorophyll-a, chlorophyll-b, and carotenoid were determined based on Arnon’s method [43]. For this purpose, leaf sample (0.5 g) was dissolved in a porcelain mortar, crushed with liquid nitrogen, and pulverized. In the next step, 20 mL 80% acetone at 0 to 4 °C was added to the sample-containing test tubes. The centrifugation of the samples occurred at 6000 RPM for 10 min. Then, the obtained supernatant was poured into the glass balloon and transferred to the spectrophotometer machine for the final step. The absorbance spectra of the samples were measured by spectrophotometer with a wavelength of 663, 645, and 470 nm, for chlorophyll-a, chlorophyll-b, and carotenoid content, respectively. To determine the amount of chlorophyll-a, chlorophyll-b, and carotenoids (mg/g fresh weight), the following formulas were used:


Chlorophyll-a = (A663 × 19.3 − A645 × 0.86) V/100W










Chlorophyll-b = (A645 × 19.3 − A66 × 33.6) V/100W










Carotenoids = (A470) 100 − 104 (mg chl. b) − 3.27 (mg chl. a)/227








where, V = the volume for the filtered solution (The resultant supernatant after centrifugation);




	
W = fresh weight of sample (g); and



	
A = absorbance at 470, 645, or 663 nm









2.11. Biomass Measurements


In the last step of the experiment, after TiO2 NPs-Cd exposure, the bamboo shoots and roots were carefully clean and washed. A vacuum drying oven (DZF-6090) was used to dry the water from the plant surface. The samples were kept at 110 °C for 15 min, and then the samples were dried to a constant dry weight at 80 °C. The dry weight in this experiment was determined from the root and shoot biomass and was measured for four replicates.




2.12. Statistical Analysis


In this study, the statistical software package R was used to perform data analysis. The experiment was carried out in a completely randomized design (CRD) with four replicates, and the results were analyzed using two-way ANOVA. To determine the mean differences, Tukey’s test was used at the probability level p < 0.05.





3. Results


3.1. The Impact of Cd and TiO2 NPs on Various Antioxidant Enzyme Capacities


The results obtained through analysis of the data on the activities of antioxidant enzymes (SOD, CAT, POD, GR, and APX) indicated that there was a significant difference in antioxidant enzyme activity among the various concentrations of Cd and TiO2 NPs in Arundinaria pygmea (p < 0.001). Figure 2 shows that excess heavy metals reduced the antioxidant activity, as the levels of 200 µL and 300 µL Cd resulted in the lowest antioxidant activities. However, it was clear that the combination of Cd with TiO2 NPs significantly improved all the antioxidant activities in the bamboo species. According to the results, the highest antioxidant activities were found at 200 µL TiO2 NPs in combination with 50 µL Cd for SOD, POD, CAT, and APX; their activities were 1.79, 1.85, 1.97, and 2 times those in the control, respectively. Additionally, 200 µL TiO2 showed a 2.32-fold enhancement in GR activity compared with those in the control treatment. These results showed the ability of 200 µL TiO2 to stimulate antioxidant activities. On the other hand, the results indicated that treatment with 300 µL Cd led to the lowest antioxidant activities in the bamboo species where there were reductions in SOD, POD, CAT, GR, and APX contents by 80%, 65%, 70%, 69%, and 53%, respectively, as compared with those of the control. However, in this study, the TiO2 treatments (100 and 200 µL) indicated that TiO2 had significant potential to increase plants’ antioxidant capacity under Cd toxicity, as shown in Figure 2. In general, as shown in Table 1, the results indicated that the highest values of GR, CAT, POD, SOD, and APX activities in the bamboo species under Cd stress were 74%, 48%, 47%, 45%, and 41.5%, respectively, which were higher than those in the control treatment.




3.2. The Impact of Cd and TiO2 NPs on GSH and Proline Concentrations


The results obtained by analyzing the GSH activity and proline accumulation data indicated that there were significant differences among the various levels of TiO2 and Cd and the control treatment (p < 0.001). According to the results, GSH activity and proline concentration decreased with excess Cd concentrations, while the combination of TiO2 and Cd showed a significant positive impact on the GSH activity and proline accumulation in the bamboo under the different Cd concentrations. The highest values for GSH activity and proline accumulation were found in the treatments with 200 µL TiO2–50 µL Cd, with 2.02- and 2.26-fold increases in GSH activity and proline accumulation, respectively. The 300 µL Cd treatment showed the lowest levels of GSH activity and proline concentration (0.55 µmol g−1 FW and 1.87 µg g−1 FW, respectively).




3.3. The Impact of Cd and TiO2 NPs on Hydrogen Peroxide (H2O2), Superoxide Radicals (O2•−), and Lipid Peroxidation (MDA)


In this study, the effects of TiO2 on ROS accumulation and the peroxidation of lipid membranes were investigated. The data analysis showed that the various Cd and TiO2 NPs treatments had a significant effect (p < 0.001) on hydrogen peroxide (H2O2) and superoxide radical (O2•−) accumulation. They showed an increasing trend with excess heavy metal concentrations. However, the results indicated that TiO2 NPs could ameliorate the Cd-induced toxicity and consequently reduce oxidative stress caused by the ROS compounds (H2O2 and O2). The results indicated that the greatest reduction of H2O2 and O2•− was found in the 200 µL TiO2 + 50 µL Cd treatments, with 1.72- and 1.54-fold reductions compared with the control, respectively. These results indicate that 200 µL TiO2 is the most effective for amelioration of the damaging impacts of the ROS compounds. However, 100 µL TiO2 NPs reduced hydrogen peroxide (H2O2) and superoxide radical (O2•−) levels in the bamboo species under the various concentrations of Cd. In the present research, the greatest increase in H2O2 and O2•− was attributed to 300 µL Cd, with 102% and 68% increases compared to the control, respectively, so the excess of Cd led to the generation of oxidative stress caused by ROS in our bamboo species.



The data analysis showed that the various concentrations of Cd-(TiO2 NPs) had significant effects (p < 0.001) on the lipid peroxidation (MDA) level. Figure 3 shows that 200 µL TiO2–50 µL Cd had the highest impact on the reduction of MDA in the bamboo species, with a 64% reduction compared with the control. This reveals the protective role of TiO2 NPs on the cell membrane and membrane structures. In general, as shown in Table 1, the combination of TiO2 NPs with Cd can reduce the damaging effect of Cd on cells and cell membranes. Figure 3 shows that TiO2 NPs (100 and 200 µL) significantly reduced lipid peroxidation (MDA) at the different concentrations of Cd, even at a high concentration of Cd. However, this protective role was less effective at high concentrations of Cd (200–300 µL). The greatest increase in lipid peroxidation (MDA) was found at the concentration of 300 µL Cd, with a 4.94-fold increase compared with that of the control treatment. This result indicates the damaging role of Cd toxicity on cell membranes and cell integrity.




3.4. The Impact of Cd and TiO2 NPs on the Contents of Total Chlorophyll, Chlorophyll-a, Chlorophyll-b, and Carotenoids


According to the data analysis, there were significant differences among the various concentrations of Cd and TiO2 NPs (p < 0.001) in terms of the contents of total chlorophyll, chlorophyll-a, chlorophyll-b, and carotenoids. Table 2 shows that chlorophyll and carotenoid contents were significantly reduced by Cd. The greatest reductions in the contents of total chlorophyll (39%), chlorophyll-a (31%), chlorophyll-b (41%), and carotenoids (29%) were observed in the treatments with 300 µL Cd in comparison with the control treatment. However, the results indicated that the addition of TiO2 NPs could help to ameliorate Cd in this bamboo species, which was shown by the increasing total chlorophyll, chlorophyll-a, chlorophyll-b, and carotenoids under different combinations of Cd and TiO2 NPs. Our results indicated that TiO2 NPs (100 and 200 µL) could significantly reduce the damaging effect of cadmium on chlorophyll and carotenoid contents. The greatest increases in total chlorophyll, chlorophyll-a, chlorophyll-b, and carotenoid contents were found in the treatments with 200 µL TiO2 NPs–50 µL Cd, with 1.37-, 1.25-, 1.62-, and 1.47-fold increases in comparison with the control, respectively.




3.5. The Impact of Cd and TiO2 NPs on the Productions of Biomass in Shoots and Roots


In this study, the biomass indexes were the dry weight (DW) of the shoot and the root. According to our results, there were significant differences among the various concentrations of Cd and TiO2 NPs in the DW of the shoots and the roots of bamboo (p < 0.001). The DW of the roots and the shoots was significantly decreased with the addition of Cd. The greatest reduction occurred at the highest concentration of Cd, with 0.23 g (56%) and 0.16 g (74%) reductions in the DW of the shoots and the roots, respectively, compared with those of the control. The results also showed that the TiO2 NPs (100 and 200 µL) alone or in combination with Cd helped to increase the DW of the shoots and the DW of the roots. Figure 4 shows that the greatest increases in the DW of the shoots and the DW of the roots occurred in the 200 µL TiO2 and 200 µL TiO2–50 µL Cd treatments, with 0.87 g (67%) and 0.86 g (77%) increases in the dry weight of the shoots and 0.93 g (54%) and 0.89 g (57%) increases in the dry weight of the roots, respectively, compared with those under the control treatments. This indicated that 200 µL TiO2 NPs was more effective than 100 µL TiO2 NPs. However, both concentrations of TiO2 NPs increased the plant biomass under Cd stress (Table 3).





4. Discussion


In plants, abiotic stressors such as heavy metals can often lead to oxidative stress and the inhibition of growth and development, which is mostly related to the generation of ROS compounds in plant organs [44]. Oxidative stress in plants disturbs the balance between antioxidant defenses and ROS [45]. Plants have a provision of specific defense mechanisms for dealing with stress, which includes enzymatic and non-enzymatic antioxidants. Enzymatic components include superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR), catalase (CAT), peroxidase (POD), and guaiacol peroxidase (GPX), and non-enzymatic antioxidants include reduced glutathione (GSH), the osmolyte proline, ascorbic acid (AA), flavonoids, and α-tocopherol [44]. The enzymes SOD, POD, and CAT scavenge ROS through the detoxification of H2O2 and O2•− and inhibit the formation of •OH radicals [5]. In the antioxidant defense system, superoxide dismutase (SOD) has been reported as the first line of enzymatic defense in coping with reactive oxygen species (ROS) [46]. SOD can convert O2•− into H2O2, while ascorbate peroxidase (APX), catalase (CAT), and peroxidase (POD) catalyze H2O2 to H2O [47]. APX in the ascorbate–glutathione cycle converts H2O2 to water using two molecules of ascorbic acid and concomitantly produces monodehydroascorbate [48]. Glutathione reductase (GR, EC, 1.6.4.2) belongs to the group of disulfide [49] and has the ability to ameliorate damaging levels of H2O2 through some involved mechanisms [50]. GR in the sulfhydryl group of GSH reduces bonds of disulfide in glutathione, which leads to the scavenging of ROS in plant cells [51]. GR, GSH, and APS are essential components of the ASC–GSH cycle, which can eliminate H2O2 in cell compartments [5]. Our results revealed that while increasing Cd levels reduces antioxidant activity, the combination of TiO2 NPs and Cd significantly improves plant antioxidant capacity under cadmium stress. Our results show the ability of TiO2 NPs to stimulate antioxidant defense mechanisms under metal toxicity conditions. The impact of TiO2 NPs on increasing antioxidant activities has been reported as increasing the activity of superoxide dismutase in Spirodela polyrhiza [52]; enhancing POD, SOD, and CAT activity in Lemna minor [53]; and elevating CAT and GR activities in Hydrilla verticillata [54]. The findings of these research works are in line with those obtained results in this study, indicating that TiO2 NPs have the ability to increase the antioxidant defense capacity of plants.



GSH is a tiny molecule with a low molecular weight that belongs to the thiol group of compounds. GSH, which is highly distributed in organelles, can play a crucial role in plant responses to stress by providing a buffering system, which can improve redox imbalances [55]. l-glutamate is shared by GSH and proline as a biosynthesis precursor [56,57]. Some researchers have shown that TiO2 NPs can increase GSH activity or the ratio of reduced-to-oxidized glutathione (GSH/GSSG); this has been reported in wheat (Triticum aestivum) leaves [58] and in lettuce crop [59]. This effect is confirmed by the present experiment. Our results show that TiO2 NPs could increase GSH activity in the bamboo species under toxic levels of Cd, which proves that TiO2 NPs have the ability to stimulate nonenzymatic antioxidant activity. Some studies have reported that the relationships between GSH metabolism and proline accumulation can ameliorate metal stress in plants [56,57,60,61]. The primary role of proline in the reduction of metal stress is related to the role of proline accumulation in ROS scavenging through dehydration; proline is also transferred and stored as a reductant that can protect the cell from osmotic stress [62]. Additionally, proline can increase antioxidative capacity in plants under stress conditions [63]. Proline can preserve the osmotic balance and cell turgor and can protect cell membranes by reducing electrolyte leakage [64]. In the present research, the results indicated that TiO2 NPs increased proline accumulation in the bamboo species under Cd stress, which can be a reason to induce antioxidant activities. An increase in proline from the addition of TiO2 NPs is reported by Arafat in broad beans [65].



Reactive oxygen species (ROS) include superoxide radicals (O2•−), hydrogen peroxide (H2O2), and hydroxyl radicals (HO•). These ROS compounds are responsible for oxidative stress in various organelles of the plant. They lead to deleterious impacts such as damage to cell compounds, lipid and protein peroxidation, DNA fragmentation, and inhibition of enzyme activity and eventual cell death [66,67]. Superoxide anion O2•− is scavenged by SOD, while H2O2 is catalyzed by GPX and CAT [9,10]. According to the results, TiO2 in combination with Cd could reduce H2O2 and O2 in bamboo, which was related to the increased SOD and CAT activity from TiO2 NPs under Cd toxicity. Lipid peroxidation (LPO) is an indicator of cellular damage in plants under oxidative stress, and it is measured by malondialdehyde (MDA) levels [9,10]. The results of the present work showed that TiO2 NPs can improve cell membranes by reducing MDA content. Therefore, TiO2 NPs have the ability to decrease cellular levels of lipoperoxidation. The decrease in ROS (H2O2, O2•−) and MDA contents by the addition of TiO2 NPs has been reported in some studies, including the reduction of H2O2 and MDA in chickpea [68], the reduction of H2O2 and MDA in barley shoots [69], and the reduction of MDA content in wheat roots [70].



The cell wall act as a barrier to external factors. However, nanoparticles with less than 20 nm in diameter are able to easily pass through the cell wall and enter the interior of the cell and the plasma membrane. These nanoparticles are also able to smoothly pass through stomata with the diameter range of a micron [71]. Mohammadi et al. (2013) observed titanium dioxide nanoparticles in chickpea cells using SEM [68]. Gao et al. (2008), in a study on spinach, reported that there is a correlation between titanium nanoparticles and the rate of photosynthesis that may be related to the impact of titanium nanoparticles on improving light absorption, light transmission, and light conversion; however, they confirmed the role of titanium nanoparticles in the increased activity of Rubisco activase, which increases Rubisco carboxylation and photosynthesis rates and eventually leads to plant growth [72]. In another study on spinach seeds, TiO2 NPs led to a triple increase in photosynthesis and increased chlorophyll by 45% [27]. The increase in chlorophyll contents by the addition of TiO2 NPs has been reported in L. minor [53], Spinacia oleracea [73], and Vetiveria zizanioides by L. Nash [74]. Carotenoids are involved in protecting the photosynthetic reaction centers from oxidative stress caused by abiotic stressors [75]. The results of the present research indicated that TiO2 NPs increased chlorophyll contents, including total chlorophyll, chlorophyll-a, chlorophyll-b, and carotenoids in the bamboo species under Cd stress. This may be related to the role of TiO2 NPs in improving light absorption, transmission, and light conversion in bamboo species. One study on Spinacia reported that TiO2 NPs increase the activity of chloroplasts and the Hill reaction in photosynthesis in the plant, which influences the reduction of FanCy and oxygen evolution reactions [73]. TiO2 NPs, thanks to their tiny size, may move into the chloroplasts and decrease the oxidation reactions caused by ROS, leading to increasing oxygen evolution reactions and electron transport in plant photosynthesis [53].



Some studies have revealed that TiO2 NPs can boost plant growth and development in different species such as maize (Zea mays L.) [76] and wheat [77]. In one study on L. minor, the result showed that biomass indexes, including fresh weight and root length, were increased by the addition of concentrations lower than 500 mg/L of TiO2 NPs [53]. Another study indicated that TiO2 NPs could enhance leaf area, length of shoot, and root dry weight in broad beans [65], which could be related to the increase in photosynthetic indexes caused by TiO2 NPs [65]. Some studies show that the application of TiO2 NPs can regulate critical enzymatic activities (e.g., nitrate reductase activity), which can increase plant growth through the accumulation of additional nutrients in plants [78,79]. The bamboo biomass indexes in our study revealed that TiO2 NPs can increase the dry weight of the shoots and the roots under cadmium stress by enhancing antioxidant activity and photosynthetic properties.




5. Conclusions


The use of nanoparticles as a wastewater treatment in plant and environmental sciences offers great potentials in terms of decreasing environmental contamination and protecting plants against various abiotic stresses. The expansion of research into this area can help in a better understanding of the role of nanoparticles as wastewater treatment for detoxification purposes. In recent years, the use of titanium dioxide nanoparticles has been considered by many researchers because of their biological characteristics and more importantly possible detoxification effects on plants. Cadmium is one of the most hazardous heavy metals in China’s agricultural and forest lands. It seems that TiO2 NPS, a nontoxic white pigment with a particle size of <30 nm, can play an important role in the amelioration and reduction of cadmium toxicity. In the current research, the impacts of various concentrations of TiO2 NPs as one wastewater treatment on the amelioration of Cd toxicity in a bamboo species were investigated. Bamboo can be considered as an environmentally friendly plant, which can be used in phytoremediation technologies to clean up toxins from contaminated soil and water. In the present work, TiO2 NPs as a wastewater treatment could play a beneficial role in improving the bamboo plant growth under Cd toxicity, which can contribute to reduction of contamination in the environment.
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Figure 1. Bamboo species (Arundinaria pygmea) as affected by different Cd concentrations (0, 50, 100, 200, and 300 µM) in combination with 100 and 200 µM TiO2NPs application levels. 
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Figure 2. Effects of TiO2 NPs concentrations on antioxidant enzyme activities (A–E), GSH (F), and proline concentrations (G) of Arundinaria pygmea under different concentrations of Cd. The treatments included different concentrations of Cd alone or in combination with various levels of TiO2 NPs (100 and 200 µM). The capital letters indicate statistically significant differences across different concentrations of Cd treatment alone or in combination with TiO2NPs (the bars with the same colors), while the lowercase letters indicate statistically significant differences within each concentration of Cd treatment alone or in combination with TiO2NPs (the bars with different colors) according to Tukey’s test (p < 0.05). 
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Figure 3. Effects of TiO2 NPs concentrations on hydrogen peroxide (H2O2) (A), superoxide radicals (O2•−) (B), and malondialdehyde (MDA) (C) of Arundinaria pygmea under different concentrations of Cd. The treatments included different concentrations of Cd alone or in combination with various levels of TiO2 NPs (100 and 200 µM). The capital letters indicate statistically significant differences across different concentrations of Cd treatment alone or in combination with TiO2NPs (the bars with the same colors), while the lowercase letters indicate statistically significant differences within each concentration of Cd treatment alone or in combination with TiO2NPs (the bars with different colors) according to Tukey’s test (p < 0.05). 






Figure 3. Effects of TiO2 NPs concentrations on hydrogen peroxide (H2O2) (A), superoxide radicals (O2•−) (B), and malondialdehyde (MDA) (C) of Arundinaria pygmea under different concentrations of Cd. The treatments included different concentrations of Cd alone or in combination with various levels of TiO2 NPs (100 and 200 µM). The capital letters indicate statistically significant differences across different concentrations of Cd treatment alone or in combination with TiO2NPs (the bars with the same colors), while the lowercase letters indicate statistically significant differences within each concentration of Cd treatment alone or in combination with TiO2NPs (the bars with different colors) according to Tukey’s test (p < 0.05).



[image: Sustainability 13 03200 g003]







[image: Sustainability 13 03200 g004 550] 





Figure 4. Effects of TiO2 NPs concentrations on shoot dry weight (A) and root dry weight (B) in Arundinaria pygmea under different concentrations of Cd. The treatments included different concentrations of Cd alone or in combination with various levels of TiO2 NPs (100 and 200 µM). The capital letters indicate statistically significant differences across different concentrations of Cd treatment alone or in combination with TiO2NPs (the bars with the same colors), while the lowercase letters indicate statistically significant differences within each concentration of Cd treatment alone or in combination with TiO2NPs (the bars with different colors) according to Tukey’s test (p < 0.05). 
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Table 1. The percentage of change in antioxidant enzymatic activities, H2O2, O2, and MDA contents under the different concentrations of Cd- (TiO2 NPs) compared to their control treatments. The arrows show the percentage reduction of indexes.
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	Concentration of Cd-(TiO2NPs) Combination
	SOD
	POD
	CAT
	APX
	GR
	GSH
	Proline
	H2O2
	O2•−
	MDA





	0 × 100 µM
	2%
	17%
	1.10%
	6.50%
	28%
	18%
	26%
	46% ↓
	23% ↓
	16% ↓



	0 × 200 µM
	51%
	51%
	47%
	74%
	132%
	40%
	79%
	72% ↓
	50% ↓
	54% ↓



	50 × 100 µM
	40%
	63%
	23%
	50%
	13%
	51%
	46%
	29% ↓
	29% ↓
	24% ↓



	50 × 200 µM
	79.10%
	85%
	97%
	100%
	71%
	102%
	126%
	73% ↓
	54.% ↓
	64% ↓



	100 × 100 µM
	6%
	4% ↓
	1.40%
	11%
	27%
	49%
	44%
	20% ↓
	18% ↓
	32% ↓



	100 × 200 µM
	74%
	38%
	80%
	48.50%
	81%
	73%
	107%
	63% ↓
	50.5% ↓
	42% ↓



	200 × 100 µM
	8% ↓
	3%
	2%↓
	16%
	55%
	57%
	38%
	28% ↓
	4% ↓
	20% ↓



	200 × 200 µM
	63%
	42%
	84%
	80%
	102%
	92%
	105%
	50% ↓
	24% ↓
	40% ↓



	300 × 100 µM
	18%
	62%
	10%
	4%
	106%
	56%
	94%
	16% ↓
	14% ↓
	14% ↓



	300 × 200 µM
	75%
	63%
	85%
	27%
	129%
	73%
	97%
	41% ↓
	19% ↓
	39% ↓
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Table 2. The effect of the combination of Cd- (TiO2 NPs) on the content of chlorophylla, chlorophyllb, total chlorophyll, and carotenoids. Each data point is the mean ± SE of five replicates. The treatments included four concentrations of Cd (50, 100, 200, and 300 µM) alone and in combination with 100 or 200 µM TiO2 NPs. The capital letters indicate statistically Scheme 2 NPs, while the lowercase letters indicate statistically significant differences within each concentration of Cd treatment alone or in combination with TiO2NPs according to Tukey’s test (p < 0.05).






Table 2. The effect of the combination of Cd- (TiO2 NPs) on the content of chlorophylla, chlorophyllb, total chlorophyll, and carotenoids. Each data point is the mean ± SE of five replicates. The treatments included four concentrations of Cd (50, 100, 200, and 300 µM) alone and in combination with 100 or 200 µM TiO2 NPs. The capital letters indicate statistically Scheme 2 NPs, while the lowercase letters indicate statistically significant differences within each concentration of Cd treatment alone or in combination with TiO2NPs according to Tukey’s test (p < 0.05).













	Cd
	(TiO2 NPs)
	Chla
	Chlb
	T. Chl
	Carotenoids





	µM
	µM
	(µg g−1 F.w.)
	(µg g−1 F.w.)
	(µgg−1 F.w.)
	(µg g−1 F.w.)



	0
	0
	6.188 ± 0.200 Ab
	3.640 ± 0.204 Ab
	9.828 ± 1.930 Aa
	34.10 ± 1.259 Ab



	
	+TiO2 100
	6.469 ± 0.371 Ab
	3.966 ± 0.298 Ab
	10.93 ± 1.040 Aa
	35.88 ± 1.303 Ab



	
	+TiO2 200
	7.124 ± 0.268 Aa
	4.808 ± 0.286 Aa
	11.93 ± 2.100 Aa
	48.48 ± 1.674 Aa



	50
	0
	5.527 ± 0.392 ABb
	2.949 ± 0.333 Bc
	8.72 ± 1.075 ABb
	31.36 ± 1.885 Ac



	
	+TiO2 100
	5.926 ± 0.573 Cb
	3.873 ± 0.159 Ab
	9.54 ± 1.079 ABab
	35.12 ± 1.510 Ab



	
	+TiO2 200
	6.949 ± 0.183 Aa
	4.531 ± 0.199 Aa
	11.48 ± 1.678 ABa
	45.60 ± 1.660 Aa



	100
	0
	5.188 ± 0.401 BCb
	2.670 ± 0.249 Bb
	8.10 ± 0.994 ABb
	29.46 ± 2.721 ABb



	
	+TiO2 100
	5.918 ± 0.200 ABa
	3.596 ± 0.352 Aa
	9.51 ± 1.355 ABab
	32.75 ± 1.938 Aab



	
	+TiO2 200
	6.396 ± 0.326 Aa
	3.998 ± 0.161 Ba
	10.89 ± 1.147 ABa
	36.33 ± 1.302 Ba



	200
	0
	4.574 ± 0.354 CDa
	1.923 ± 0.200 Cb
	6.74 ± 0.998 BCa
	24.90 ± 2.507 BCb



	
	+TiO2 100
	5.131 ± 0.697 BCa
	2.163 ± 0.150 Bb
	7.54 ± 1.004 Ba
	27.02 ± 2.593 Bab



	
	+TiO2 200
	5.573 ± 0.524 Ba
	2.774 ± 0.142 Ca
	8.34 ± 2.135 ABa
	30.59 ± 1.609 Ca



	300
	0
	4.205 ± 0.321 Db
	1.624 ± 0.190 Cb
	5.33 ± 1.104 Cb
	23.63 ± 2.846 Ca



	
	+TiO2 100
	4.845 ± 0.381 Cab
	2.084 ± 0.204 Ba
	7.18 ± 1.055 Bab
	25.59 ± 3.447 Ba



	
	+TiO2 200
	5.283 ± 0.361 Ba
	2.416 ± 0.175 Ca
	7.95 ± 0.992 Ba
	28.006 ± 2.699 Ca










[image: Table] 





Table 3. The rate of increase in root dry weight and shoot dry weight of bamboo species under different concentrations of Cd– (TiO2 NPs), compared to their control treatments.
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Concentration of (TiO2 NPs) Combination

	
0 µM

	
50 µM

	
100 µM

	
200 µM

	
300 µM




	
100 µM

	
200 µM

	
100 µM

	
200 µM

	
100 µM

	
200 µM

	
100 µM

	
200 µM

	
100 µM

	
200 µM






	
Shoot (fold)

	
1.36

	
1.67

	
1.23

	
1.77

	
1.33

	
1.64

	
1.08

	
1.55

	
1.13

	
1.56




	
Root (fold)

	
1.11

	
1.54

	
1.14

	
1.57

	
1.06

	
1.48

	
1.11

	
1.52

	
1.23

	
1.5
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