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Abstract
Copper (Cu), with many documented cases of Cu toxicity in agriculture lands, is becoming an increasingly common issue in 
the world, but fewer studies have been conducted on its effects and alleviation strategies through the use of titanium dioxide 
nanoparticles (TiO2-NPs) and silicon (Si). For this purpose, we have conducted a pot experiment to determine the effects of 
seed priming with TiO2-NPs i.e., 40 mg L−1 and Si i.e., 3 mM on wheat (Triticum aestivum L.) under different levels of Cu 
in the soil i.e., 0 (no Cu), 100 and 200 mg kg−1. Results from the present study showed that the increasing concentrations 
of Cu in the soil caused a significant decrease in the plant growth and biomass, chlorophyll pigments and gas-exchange 
characteristics, sugar content, essential ions in the roots and shoots of the plant, compared to control. In addition, increasing 
concentration of Cu also increases oxidative damage, enzymatic and non-enzymatic enzymes along with their gene expres-
sion, organic acids exudation patter and Cu concentration in the roots and shoots of the plant. The negative impact of Cu 
toxicity can overcome the application of TiO2-NPs and Si, which ultimately increased plant growth and biomass by captur-
ing the reactive oxygen species (ROS), and decreased oxidative stress in T. aestivum by decreasing the Cu contents in the 
roots and shoots of the plants. Research findings, therefore, suggest that the combined application of TiO2-NPs and Si can 
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ameliorate Cu toxicity in T. aestivum, resulting in improved plant growth and composition under metal stress, as depicted 
by balanced exudation of organic acids.

Graphical Abstract

Keywords  Gene expression · Heavy metal contamination · Nanotechnology · Organic semiconductor · Organic acids 
exudation · Staple crop

Introduction

Heavy metals are the environmental pollutants that disperse 
throughout the environment as a result of natural and anthro-
pogenic activities (Kępka et al. 2017; Shahzad et al. 2018; 
Antonkiewicz et al. 2019; Alsafran et al. 2022; Faizan et al. 
2022). Among these toxic heavy metals, copper (Cu) is a 
target heavy metal as well as an important micronutrient 
needed by all living organisms (Rehman et al. 2019a; Sal-
eem et al. 2020f). In higher plants, Cu plays an important 
role in many biochemical and physiological processes like 
photosynthesis, electron transport chain (ETC), mineral 
nutrition, chlorophyll biosynthesis as well as carbohydrates, 
lipids, proteins and nucleic acids formation (Parveen et al. 
2020; Rehman et al. 2020). Meanwhile, toxic levels of Cu 
in plants can reduced plant growth and biomass, poor seed 
germination, stunned root and leaf development, change the 
DNA structure, effect respiration and membrane bounded 
organelles and respiration (Rehman et al. 2019b; Ugwu and 

Agunwamba 2020; Wang et al. 2022). The higher Cu con-
tamination in the soil has been attributed to the excessive use 
of Cu-based agrochemicals like insecticides, pesticides and 
fertilizers as well as anthropogenic activities such as waste 
water from Cu manufacture industries and sewage sludge 
specifically when used for irrigation (Reichman 2002; Waris 
et al. 2021). However, Cu concentration ranging from 2 to 
30 mg kg−1 is considered as normal concentration however, 
beyond this range Cu is toxic for the plants and can reduce 
crop productivity and yield (Adrees et al. 2015a; Saleem 
et al. 2020d, 2020e).

Recently, nanotechnology has gained significant atten-
tion because of its widespread application in numerous 
industries (Al Jabri et al. 2022; Kamal et al. 2022). Nano-
fertilizers could be a favourable methodology, as chemical 
fertilizers are utilized in very small amounts by plants and 
other fertilizers left over in the soil can cause environmen-
tal risks (Kareem et al. 2022; Patowary et al. 2023). The 
use of nanoparticles (NPs) as a fertilizer may be effective 
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because of decreased nutrient losses in fertilization (Irshad 
et al. 2021; Wahab et al. 2023). Among NPs, titanium diox-
ide (TiO2)-NPs have been widely used in daily life and can 
be synthesized through various physical, chemical, and 
green methods (KHATTAK et al. 2021; Sardar et al. 2022). 
Application of TiO2-NPs was also studied for Cowpea plants 
as it was seen beneficial to enhance chlorophyll content in 
cowpea plant under Cd stress. NPs showed potential for 
minimizing Cd content in plants which may be responsi-
ble for causing stress in plants. Instead, NPs promoted the 
availability of micronutrients in plants and activities of 
stress-related enzymes were also promoted by application of 
TiO2-NPs (Ogunkunle et al. 2020). Silicon (Si) is the second 
most abundant metalloid found in the form of mono-silicic 
acid and is an essential chemical element in plant biology 
(required by plants, animals and microorganisms) (Javed 
et al. 2020; Heile et al. 2021). It is a beneficial element for 
plants and improves the structural integrity of plants exposed 
to conditions of environmental stress, most importantly; salt, 
heavy metals, drought, temperature changes and freezing, 
pests and disease stresses (Jia-Wen et al. 2013; Adrees et al. 
2015b; Saleem et al. 2022a). A number of studies revealed 
that Si application increased plant growth and biomass (Ma 
et al. 2022), mineral uptake (Saleem et al. 2022b), gaseous 
exchange attributes (Siddiqui et al. 2022), and reduced oxi-
dative stress by scavenging reactive oxygen species (ROS) 
(Ahmad et  al. 2019), and diminished accumulation of 
organic acids in different plant species (Alatawi et al. 2023).

Wheat (Triticum aestivum L.) is the most commonly con-
sumed cereal crop in Asia, where it is an important crop (Ali 
et al. 2020; AL-Huqail et al. 2023). T. aestivum provides 
19% of world food energy, and 21% of total protein inges-
tion, making it the top protein source compared with any 
other cereal crop (Mahmood et al. 2020). Moreover, T. aes-
tivum exhibits highly versatile adaptive nature and therefore, 
it can be raised in rain water as well as in irrigated water, in 
the tropical and subtropical areas of the Earth. However, T. 
aestivum production is severely influenced by unfavourable 
conditions that impose stress on the plant growth (Azooz 
et al. 2012; Noman et al. 2020; Othmani et al. 2021). During 
recent years, certain heavy metals have received consider-
able attention on plant morphology and physiology owing 
to increasing environmental exposure which also likely to 
have negative impact on staple crops including T. aesti-
vum. Previously, few studies on T. aestivum were executed 
to investigate its morphology and physiology under metal 
stress (Noreen et al. 2018; Rizwan et al. 2019; Adrees et al. 
2020), but the combined application of TiO2-NPs and Si 
on various morpho-physiological characteristics, ionom-
ics and organic acid exudation potential of T. aestivum was 
rarely investigated under metal stressed regimes. Therefore, 
the present study was conducted to study (1) the effect of 
TiO2-NPs and Si on plant growth, biomass, and gaseous 

exchange parameters of T. aestivum under Cu stress, (2) 
oxidative stress and the responses of different antioxidative 
enzymes (enzymatic and non-enzymatic), as well as the 
response of the specific gene expression and (3) essential 
minerals uptake, organic acids exudation, and Cu accumula-
tion in different organs of T. aestivum under Cu stress. The 
results from the present study gave a new insight that the use 
of TiO2-NPs and Si in heavy metals studies may be benefi-
cial and can improve plant yield under Cd-contaminated soil.

Materials and Methods

Growth Conditions

Healthy seeds of T. aestivum were surface-sterilized with 
10% (v/v) commercial bleach for 10–20 min and then washed 
with distilled water. Seeds were sown in the pots and placed 
under the greenhouse environment where they received natu-
ral light with day/night temperatures of 35/40 °C and day/
night humidities of 60/70%. Uncontaminated soil, obtained 
from the research fields, was air dried and passed through a 
5-mm sieve. The physicochemical properties of the soil used 
for the pot experiment are presented in Table 1S. A compre-
hensive analysis of natural soil was performed by the pro-
cess described by (Walkley and Black 1934). For the precise 
size of the soil elements, the hydrometer was used (Bouy-
oucos 1962). Soil sampling was carried out with the help 
of ammonium bicarbonate diethylenetriamine penta acetic 
acid (AB-DTPA) solution for the sufficient estimation of 
extractable trace components (Amacher 1996). The soil was 
artificially treated with Cu at various concentrations, i.e., 
0 (control), 10 and 200 mg kg−1, using CuSO4·5H2O. The 
same levels of Cu, have already been used in our previous 
study (Saleem et al. 2020d). After adding the Cd, the pots 
were equilibrated for 2 months with four cycles of saturation 
with distilled water and air drying. All pots were divided in 
the three subgroups: (1) without any Cu treatment, (2) addi-
tion of 100 mg kg−1 of Cu, and (3) addition of 200 mg kg−1 
of Cu. The plants were watered with Cu-free deionized water 
and maintained at 70% (w/w) of their water holding capacity. 
Weeding and other necessary intercultural operations were 
carried out when necessary. A complete randomized design 
with four replications was used. Each pot contained 10 kg 
of soil and one plant was thinned in each pot. All of the Cu-
treated pots were further treated with TiO2-NPs i.e., 40 mg 
L−1 and Si i.e., 3 mM using K2SiO3 salt to evaluate their 
ameliorative effects on Cu stress. The seeds were used in the 
pot experiment and sow in 40-cm-tall × 30-cm-wide pots.



1522	 Journal of Plant Growth Regulation (2024) 43:1519–1535

1 3

Synthesis and Characterization of TiO2‑NPs

T. aestivum seeds were sterilized through soaking in 0.5% 
sodium hypochlorite for 5 min. The seeds were washed 
thrice using distilled water. The sterilized seeds were primed 
with varying concentrations of titanium dioxide nanoparti-
cles (TiO2-NPs). For this purpose, TiO2-NPs of analytical 
grade were procured from Sigma-Aldrich (Saint-Louis, MO, 
USA) in the form of nano-powder with purity higher than 
99.5%. These spherical TiO2-NPs had an average particle 
size of distilled water for seed exposure, to final concentra-
tions (Sardar et al. 2022). Seeds were primed for 24 h while 
placed under dim light at 25 ± 1 °C. During priming, seeds 
were aerated with the help of air pump. Following the pro-
cess of priming, seeds were washed using distilled water and 
air dried at room temperature.

Analysis of Samples and Data Collection

After 4 weeks, the remaining four seedlings were uprooted 
and washed gently with the help of distilled water to elimi-
nate the aerial dust and deposition. Functional leaf in 
each treatment was picked at a rapid growth stage during 
09:00–10:30. The sampled leaves were washed with distilled 
water, immediately placed in liquid nitrogen, and stored in 
a freezer at − 80 °C for further analysis. All of the harvested 
plants were divided into two parts (i.e., roots and shoots) to 
study different physio-biochemical traits. Leaves from each 
treatment group were picked for chlorophyll, carotenoid, 
oxidative stress, and antioxidants analysis. Root and shoot 
lengths were measured straightway after the harvesting using 
measuring scale and digital weighting balance to measure 
fresh biomass. Number of leaves were measured by simple 
counting the leaves while leaf area was also measured. Roots 
were uprooted and immersed in 20-mM ethylenediamine-
tetraacetic acid disodium salt (Na2EDTA) for 15–20 min to 
remove Cu adhered to the root surfaces. Then, roots were 
washed thrice with distilled water and, finally, once with 
de-ionized water, and dried for further analysis. The different 
parts of the plant (i.e., roots and shoots) were oven-dehy-
drated at 65 °C for 72 h for Cu determination, and the total 
plant dry weight was also measured. Although this experi-
ment was conducted in pots, for the collection of organic 
acids, two seedlings were transferred to the rhizoboxes, 
which consist of a plastic sheet, a nylon net and wet soil 
(Javed et al. 2013). After 48 h, plants were taken from the 
rhizoboxes and the roots were washed with redistilled water 
to collect the exudates from root surface. The samples were 
filtered through a 0.45-mm filter (Millex-HA, Millipore) and 
collected in eppendorf tubes (Greger and Landberg 2008). 
The collected samples were mixed with sodium hydroxide 
(NaOH) (0.01 M) to analyze the organic acids. However, 

the samples used for analysis of oxalic acid were not treated 
with NaOH.

Determination of Photosynthetic Pigments 
and Gas‑Exchange Characteristics

Leaves were collected for the determination of chlorophyll 
and carotenoid contents. For chlorophylls, 0.1 g of fresh leaf 
sample was extracted with 8 mL of 95% acetone for 24 h at 
4 °C in the dark. The absorbance was measured by a spec-
trophotometer (UV-2550; Shimadzu, Kyoto, Japan) at 646.6, 
663.6, and 450 nm. Chlorophyll content was calculated by 
the standard method of (Arnon 1949).

Net photosynthesis (Pn), leaf stomatal conductance (Gs), 
transpiration rate (Ts), and intercellular carbon dioxide con-
centration (Ci) were measured from four different plants 
in each treatment group. Measurements were conducted 
between 8 and 10:30 AM on days with a clear sky. Rates 
of leaf Pn, Gs, Ts, and Ci were measured with a LI-COR 
gas-exchange system (LI-6400; LI-COR Biosciences, Lin-
coln, NE, USA) with a red-blue LED light source on the leaf 
chamber. In the LI-COR cuvette, CO2 concentration was 
set as 380 mmol mol–1 and LED light intensity was set at 
1000 mmol m–2 s–1, which was the average saturation inten-
sity for photosynthesis in T. aestivum (Austin 1990).

Determination of Oxidative Stress Indicators

The degree of lipid peroxidation was evaluated as malondial-
dehyde (MDA) contents. Briefly, 0.1 g of frozen leaves were 
ground at 4 °C in a mortar with 25 mL of 50 mM phosphate 
buffer solution (pH 7.8) containing 1% polyethylene pyrrole. 
The homogenate was centrifuged at 10,000×g at 4 °C for 
15 min. The mixtures were heated at 100 °C for 15–30 min 
and then quickly cooled in an ice bath. The absorbance of 
the supernatant was recorded using a spectrophotometer 
(xMark™ Microplate Absorbance Spectrophotometer; Bio-
Rad, United States) at wavelengths of 532, 600, and 450 nm. 
Lipid peroxidation was expressed as l mol g−1 using the for-
mula: 6.45 (A532-A600)-0.56 A450. Lipid peroxidation was 
measured using a method previously published by (Heath 
and Packer 1968).

To estimate H2O2 content of plant tissues (root and leaf), 
3 mL of sample extract was mixed with 1 mL of 0.1% tita-
nium sulfate in 20% (v/v) H2SO4 and centrifuged at 6000×g 
for 15 min. The yellow colour intensity was evaluated at 
410 nm. The H2O2 level was computed by the extinction 
coefficient of 0.28 mmol−1 cm−1. The contents of H2O2 were 
measured by the method presented by (Jana and Choudhuri 
1981).

Stress-induced electrolyte leakage (EL) of the uppermost 
stretched leaves was determined using the methodology of 
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(Dionisio-Sese and Tobita 1998). The leaves were cut into 
minor slices (5-mm length) and placed in test tubes having 
8 mL distilled water. These tubes were incubated and trans-
ferred into a water bath for 2 h prior to measuring the initial 
electrical conductivity (EC1). The samples were autoclaved 
at 121 °C for 20 min and then cooled down to 25 °C before 
measuring the final electrical conductivity (EC2). Electrolyte 
leakage was calculated by the following formula;

Determination of Antioxidant Enzyme Activities and Their 
Gene Expression

To evaluate enzyme activities, fresh leaves (0.5 g) were 
homogenized in liquid nitrogen and 5  mL of 50  mmol 
sodium phosphate buffer (pH 7.0), including 0.5 mmol 
EDTA and 0.15 mol NaCl. The homogenate was centrifuged 
at 12,000×g for 10 min at 4 °C, and the supernatant was 
used for measurement of superoxidase dismutase (SOD) 
and peroxidase (POD) activities. SOD activity was assayed 
in 3 mL reaction mixture containing 50 mM sodium phos-
phate buffer (pH 7), 56 mM nitro blue tetrazolium, 1.17 mM 
riboflavin, 10 mM methionine, and 100 μL enzyme extract. 
Finally, the sample was measured using a spectrophotom-
eter (xMark™ Microplate Absorbance Spectrophotometer; 
Bio-Rad). Enzyme activity was measured using a method by 
(Chen and Pan 1996) and expressed as U g−1 FW.

POD activity in the leaves was estimated using the 
method of (Sakharov and Ardila 1999) using guaiacol as 
the substrate. A reaction mixture (3 mL) containing 0.05 mL 
of enzyme extract, 2.75 mL of 50 mM phosphate buffer (pH 
7.0), 0.1 mL of 1% H2O2, and 0.1 mL of 4% guaiacol solu-
tion was prepared. Increases in the absorbance at 470 nm 
because of guaiacol oxidation was recorded for 2 min. One 
unit of enzyme activity was defined as the amount of the 
enzyme.

Catalase (CAT) activity was analyzed according to (Aebi 
1984). The assay mixture (3.0 mL) was comprised 100 
μL enzyme extract, 100 μL H2O2 (300 mM), and 2.8 mL 
50 mM phosphate buffer with 2 mM ETDA (pH 7.0). The 
CAT activity was measured from the decline in absorbance 
at 240 nm as a result of H2O2 loss (ε = 39.4 mM−1 cm−1).

Ascorbate peroxidase (APX) activity was measured 
according to (Nakano and Asada 1981). The mixture con-
taining 100 μL enzyme extract, 100 μL ascorbate (7.5 mM), 
100 μL H2O2 (300 mM), and 2.7 mL 25 mM potassium 
phosphate buffer with 2 mM EDTA (pH 7.0) was used for 
measuring APX activity. The oxidation pattern of ascorbate 
was estimated from the variations in wavelength at 290 nm 
(ε = 2.8 mM−1 cm−1).

EL =
(

EC
1
∕EC

2

)

× 100

Quantitative real-time PCR (RT-qPCR) assay was applied 
to investigate the expression levels of 4 stress-related genes, 
including Fe-SOD, POD, CAT and APX. Total RNA was 
extracted from leaf tissue samples using RNeasy Plant Mini 
kits (Qiagen, Manchester, UK). Contaminating DNA was 
then removed and first-strand cDNAs were prepared using 
Reverse Transcription kits (Qiagen, Manchester, UK). RT-
qPCR analysis was conducted as reported in the protocol 
of QuantiTect SYBR Green PCR kit (Qiagen, Manchester, 
UK). Reaction volume and PCR amplification conditions 
were adjusted as mentioned by (El-Esawi et al. 2020). The 
gene amplifications of (Sirhindi et al. 2016) of the following 
genes are given in Table 2S.

Determination of Non‑enzymatic Antioxidants, Sugars, 
and Proline Contents

Plant ethanol extracts were prepared for the determination 
of non-enzymatic antioxidants and some key osmolytes. For 
this purpose, 50 mg of dry plant material was homogenized 
with 10 mL ethanol (80%) and filtered through Whatman 
No. 41 filter paper. The residue was re-extracted with etha-
nol, and the 2 extracts were pooled together to a final volume 
of 20 mL. The determination of flavonoids (Pękal and Pyr-
zynska 2014), phenolics (Bray and Thorpe 1954), ascorbic 
acid (Azuma et al. 1999), anthocyanin (Lewis et al. 1998), 
and total sugars (Dubois et al. 1956) was performed from 
the extracts.

Fresh leaf material (0.1 g) was mixed thoroughly in 
5 mL aqueous sulphosalicylic acid (3%). The mixture was 
centrifuged at 10,000×g for 15 min, and an aliquot (1 mL) 
was poured into a test tube having 1 mL acidic ninhydrin 
and 1 mL glacial acetic acid. The reaction mixture was first 
heated at 100 °C for 10 min and then cooled in an ice bath. 
The reaction mixture was extracted with 4 mL toluene, and 
test tubes were vortexed for 20 s and cooled. Thereafter, the 
light absorbance at 520 nm was measured using a UV–VIS 
spectrophotometer (Hitachi U-2910, Tokyo, Japan). The free 
proline content was determined on the basis of the standard 
curve at 520 nm absorbance and expressed as µmol (g FW)−1 
(Bates et al. 1973).

Determination of Nutrient Content

For nutrient analysis, plant roots and shoots were washed 
twice in redistilled water, dipped in 20-mM EDTA for 3 s, 
and then, again, washed with deionized water twice for 
the removal of adsorbed metal on the plant surface. The 
washed samples were then oven-dried for 24 h at 105 °C. 
The dried roots and shoots were digested using a wet diges-
tion method in HNO3: HClO4 (7:3 V/V) until clear samples 
were obtained. Each sample was filtered and diluted with 
redistilled water up to 50 mL. The root and shoot contents of 
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Fe, Ca, Mg, and P and were analyzed using Atomic Absorp-
tion Spectrophotometer (AAS) model Agilent 240FS-AA.

Determination of Root Exudates Analysis and Cu 
Concentration

In order to determine the concentration of organic acids, 
freeze-dried exudates were mixed with ethanol (80%), and 
20 μL of the solutions were injected into the C18 column 
(Brownlee Analytical C-183 µm; length 150 mm × 4.6 mm2, 
USA). Quantitative analysis of organic acids in root exu-
dates was executed with high-performance liquid chroma-
tography (HPLC), having a Flexer FX-10 UHPLC isocratic 
pump (PerkinElmer, MA, USA). The mobile phase used in 
HPLC was comprised an acidic solution of aceto-nitrile con-
taining aceto-nitrile:H2SO4:acetic acid in ratios of 15:4:1, 
respectively, and pH of 4.9. The samples were analyzed at a 
flow rate of 1.0 mL min−1 for a time period of 10 min. The 
inner temperature of the column was fixed at 45 °C, and 

quantification of organic acids was carried out at 214 nm 
wavelength with the help of a detector (UV–VIS Series 200, 
USA) as described by (UdDin et al. 2015). Freeze-dried 
samples were dissolved in redistilled water, and the pH of 
the exudates was recorded with LL micro-pH glass electrode 
using a pH meter (ISTEK Model 4005-08007 Seoul, South 
Korea).

For Cu determination, post-harvest soil and plant parts 
(shoots and roots) were oven-dried and ground to pass 
through 0.1-mm nylon sieve. The homogenized plant tissues 
and soil samples were digested in different acid mixtures 
as follows: HNO3:HCLO4 (4:1) and H3PO4: HCLO4 (3:2), 
respectively, by heating at 150–180 °C until clear liquid 
appeared. The Cu concentration analysis was done on atomic 
absorption spectrophotometer (AAS) (Agilent 240 FS-AA).
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Fig. 1   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40 mg L−1] and 
Si i.e., i.e., [0 (no Si) and 3 mM] on various plant growth attributes 
i.e., root length (A), shoot length (B), number of leaves (C), leaf area 
(D), shoot fresh weight (E), root fresh weight (F), shoot dry weight 
(G) and root dry weight (H) on wheat (Triticum aestivum L.) grown 

under the different concentration of Cu in the soil i.e., [(0 Cu), 100 
and 200 mg  kg−1]. Values are demonstrated as means of four repli-
cates along with standard deviation (SD; n = 4). Two-way ANOVA 
was performed and means differences were tested by HSD (P < 0.05). 
Different lowercase letters on the error bars indicate significant differ-
ence between the treatments
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Statistical Analysis

The normality of data were analyzed using IBM SPSS soft-
ware (Version 21.0. Armonk, NY, USA: IBM Corp) through 
a multivariate post hoc test, followed by a Duncan’s test in 
order to determine the interaction among significant values. 
Thus, the differences between treatments were determined 
using ANOVA, and the least significant difference test 
(P < 0.05) was used for multiple comparisons between treat-
ment means where significant, Tukey’s HSD post hoc test 
was used to compare the multiple comparisons of means. 
The analysis showed that the data in this study were almost 
normally distributed. The graphical presentation was carried 
out using Origin-Pro 2017.

Results

Ameliorative Effects of TiO2‑NPs and Si on Growth 
and Photosynthetic Efficiency Under Cu Stress

In the present study, various growth and photosynthetic 
parameters were also measured in T. aestivum grown under 
the different levels of Cu [0 (no Cu), 100, and 200 mg kg−1 
the soil which was also supplemented with the applica-
tion of TiO2-NPs i.e., 40 mg L−1 and Si i.e., 3 mM. The 
data regarding root length, shoot length, number of leaves, 
leaf area, shoot fresh weight, root fresh weight, shoot dry 
weight, root dry weight is presented in Fig. 1, and the data 
regarding the content of chlorophyll-a, chlorophyll-b, total 
chlorophyll, and carotenoid, net photosynthesis, stomatal 
conductance, transpiration rate, and intercellular CO2 are 
presented in Fig. 2. According to the results, it was noticed 
that the increasing levels of Cu in the soil significantly 
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Fig. 2   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40 mg L−1] and 
Si i.e., i.e., [0 (no Si) and 3 mM] on various photosynthetic pigments 
and gas-exchange attributes i.e., chlorophyll-a content (A), chloro-
phyll-b content (B), total chlorophyll content (C), carotenoid content 
(D), net photosynthesis, (E) stomatal conductance (F), transpiration 
rate (G), and intercellular CO2 (H) on wheat (Triticum aestivum L.) 

grown under the different concentration of Cu in the soil i.e., [(0 Cu), 
100 and 200 mg kg−1]. Values are demonstrated as means of four rep-
licates along with standard deviation (SD; n = 4). Two-way ANOVA 
was performed and means differences were tested by HSD (P < 0.05). 
Different lowercase letters on the error bars indicate significant differ-
ence between the treatments
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(P < 0.05) decreased plant growth and biomass and photo-
synthetic pigments in T. aestivum without the application 
of TiO2-NPs and Si (Figs. 1, 2). Moreover, increasing lev-
els of Cu (100, and 200 mg kg−1) in the soil significantly 
(P < 0.05) decreased root length, shoot length, number of 
leaves, leaf area, shoot fresh weight, root fresh weight, shoot 
dry weight, root dry weight, chlorophyll-a, chlorophyll-b, 
total chlorophyll, carotenoid content, net photosynthesis, 
stomatal conductance, transpiration rate and intercellular 
CO2 in T. aestivum, compared to the plants grown without 
the treatment of Cu in the soil. The exogenous application 
of TiO2-NPs and Si was also performed to measure various 
growth (Fig. 1) and photosynthetic attributes (Fig. 2) in T. 
aestivum under the elevating levels of Cu in the soil. The 
application of TiO2-NPs and Si non-significantly increased 
root length, shoot length, number of leaves, leaf area, shoot 
fresh weight, root fresh weight, shoot dry weight, root dry 

weight, chlorophyll-a, chlorophyll-b, total chlorophyll, carot-
enoid content, net photosynthesis, stomatal conductance, 
and transpiration rate at all levels of Cu in the soil, compared 
to the plants which were grown without the application of 
TiO2-NPs and Si.

Ameliorative Effects of TiO2‑NPs and Si on Oxidative 
Stress Indicators and Response of Antioxidants 
Under Cu Stress

Malondialdehyde (MDA) content, hydrogen peroxide 
(H2O2) initiation, and electrolyte leakage (%) increased in 
the roots and shoots of T. aestivum with the increasing con-
centrations of Cu (100 and 200 mg kg−1) in the soil medium 
without TiO2-NPs and Si when compared to the plants 
grown in 0 mg kg−1 of Cu in the soil. The data regarding 
oxidative stress indicators in roots and shoots of T. aestivum 
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Fig. 3   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40 mg L−1] and 
Si i.e., i.e., [0 (no Si) and 3 mM] on various oxidative stress indica-
tors i.e., malondialdehyde (MDA) contents in the roots (A), MDA 
contents in the leaves (B), hydrogen peroxide (H2O2) contents in the 
roots (C), H2O2 contents in the leaves (D), elctrolyte leakage (EL) 
percentage in the roots (E), and EL percentage in the leaves (F) on 

wheat (Triticum aestivum L.) grown under the different concentration 
of Cu in the soil i.e., [(0 Cu), 100 and 200 mg kg−1]. Values are dem-
onstrated as means of four replicates along with standard deviation 
(SD; n = 4). Two-way ANOVA was performed and means differences 
were tested by HSD (P < 0.05). Different lowercase letters on the 
error bars indicate significant difference between the treatments
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are presented in Fig. 3. It was observed that the contents of 
MDA, H2O2, and EL (%) were increased in the roots and 
also in the shoots grown in 200 mg kg−1 of Cu without the 
application of TiO2-NPs and Si when compared to those 
plants grown in 0 mg kg−1 of Cu in the soil. Application 
of TiO2-NPs and Si significantly (P < 0.05) decreased the 
contents of MDA, H2O2, and EL (%) in the roots and also in 
the shoots of the plants grown with Cu level of 200 mg kg−1 
under TiO2-NPs and Si application when compared to those 
plants grown with 200 mg kg−1 of Cu without the applica-
tion of TiO2-NPs and Si.

The activities of various antioxidant enzymes, such as 
superoxidase dismutase (SOD), peroxidase (POD), catalase 
(CAT), and ascorbate peroxidase (APX), in the roots and 
shoots of T. aestivum and their specific gene expression 
i.e., superoxidase dismutase (Fe-SOD), peroxidase (POD), 
catalase (CAT) and ascorbate peroxidase (APX) and the 
content of non-enzymatic compounds, such as phenolic, 

flavonoid, ascorbic acid and anthocyanin, were also meas-
ured in the present study. The data regarding the activities 
of enzymatic antioxidants (SOD, POD, CAT, and APX) are 
presented in Fig. 4, and their specific gene expression are 
presented in Fig. 5, and the results regarding the content of 
non-enzymatic antioxidants (phenolic, flavonoid, ascorbic 
acid, and anthocyanin) are presented in Fig. 6. The results 
showed that the activities of enzymatic antioxidants (SOD, 
POD, CAT, and APX) and their specific gene expression and 
also the contents of non-enzymatic antioxidants (phenolic, 
flavonoid, ascorbic acid, and anthocyanin) were increased 
with the increasing levels of Cu in the soil i.e., 100 and 
200 mg kg−1, compared to the control treatment. The results 
also showed that the application of TiO2-NPs and Si non-sig-
nificantly increased the activities of enzymatic antioxidants 
(SOD, POD, CAT, and APX), their specific gene expression 
and the content of non-enzymatic antioxidants (phenolic, 
flavonoid, ascorbic acid, and anthocyanin) at all levels of 
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Fig. 4   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40  mg L−1] 
and Si i.e., i.e., [0 (no Si) and 3 mM] on enzymatic antioxidants i.e., 
superoxide dismutase (SOD) activity in the roots (A), SOD activity 
in the leaves (B), peroxidase (POD) activity in the roots (C), POD 
activity in the leaves (D) catalase (CAT) activity in the roots (E), 
CAT activity in the leaves (F), ascorbate peroxidase (APX) activity 

in the roots, (G) and APX activity in the leaves (H) on wheat (Triti-
cum aestivum L.) grown under the different concentration of Cu in 
the soil i.e., [(0 Cu), 100 and 200 mg kg−1]. Values are demonstrated 
as means of four replicates along with standard deviation (SD; n = 4). 
Two-way ANOVA was performed and means differences were tested 
by HSD (P < 0.05). Different lowercase letters on the error bars indi-
cate significant difference between the treatments
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Cu [0 (no Cu), 100 and 200 mg kg−1] in the soil, compared 
to the plants that were grown in the soil not supplemented 
with TiO2-NPs and Si.

Ameliorative Effects of TiO2‑NPs and Si on Sugar 
and Nutrient Uptake Under Cu Stress

The content of soluble sugar, reducing sugar, non-reducing 
sugar, proline, and various nutrients, such as calcium (Ca2+), 
magnesium (Mg2+), iron (Fe2+), and phosphorus (P), were 
also measured in the roots and shoots of T. aestivum in the 
present study under the different concentration of Cu in the 
soil i.e., [(0 Cu), 100 and 200 mg kg−1] which was also sup-
plemented with TiO2-NPs and Si. The data regarding the 
content of soluble sugar, reducing sugar, non-reducing sugar, 
and proline are presented in Fig. 6, and the data regard-
ing the content of Ca2+, Mg2+, Fe2+, and P in the roots and 
shoots of the plants are presented in Fig. 7. The results of 
the present study show that the increasing levels of Cu in the 
soil significantly (P < 0.05) decreased the content of nutri-
ents (Ca2+, Mg2+, Fe2+, and P) in the roots and shoots of the 
plants and also decreased the content of sugars (soluble sug-
ars, reducing sugars, and non-reducing sugars), compared to 
the plants that were grown in the soil which was not treated 
with Cu. However, the content of proline was increased by 
increasing the levels of Cu in the soil, when compared to the 
plants were not treated with Cu (Fig. 6H). The content of 
various sugars, phenolic acids, and nutrients in the roots and 
shoots of the plants was determined after the application of 
TiO2-NPs and Si. The results suggested that the application 
of TiO2-NPs and Si non-significantly increased the sugar 

content (soluble sugars, reducing sugars, and non-reducing 
sugars) and proline content in the shoots and significantly 
increased the content of nutrients (Ca2+, Mg2+, Fe2+, and P) 
in the roots and shoots of the plants, compared to the plants 
grown without the treatment of TiO2-NPs and Si at all the 
levels of Cu in the soil.

Ameliorative Effects of TiO2‑NPs and Si on Organic Acids, 
and Cu Uptake Under Cu Stress

The content of fumaric acid, formic acid, acetic acid, citric 
acid, malic acid, and oxalic acid in the roots and Cu concen-
tration in the roots and shoots of T. aestivum grown under 
toxic levels of Cu in the soil, with or without the application 
of TiO2-NPs and Si, are presented in Fig. 8. According to the 
given results, we have noticed that elevated concentrations 
of Cu in the soil (100 and 200 mg kg−1) induced a significant 
(P < 0.05) increase in the content of fumaric acid, formic 
acid, acetic acid, citric acid, malic acid, and oxalic acid in 
the roots and also Cu concentration in the roots and shoots 
of T. aestivum, compared to the plants that were grown in the 
soil treated with 0 mg kg−1. The results also illustrated that 
the application of TiO2-NPs and Si decreased the content 
of fumaric acid, formic acid, acetic acid, citric acid, malic 
acid, and oxalic acid in the roots and also Cu concentration 
in the roots and shoots of T. aestivum, compared with the 
plants that were grown without the exogenous application 
of TiO2-NPs and Si in the soil.
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Fig. 5   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40 mg L−1] and 
Si i.e., i.e., [0 (no Si) and 3 mM] on relative gene expression i.e., iron 
superoxidase dismutase (Fe-SOD) (A), peroxidase (POD) (B), cata-
lase (CAT) (C), and ascorbate peroxidase (APX) (D) on wheat (Triti-
cum aestivum L.) grown under the different concentration of Cu in 

the soil i.e., [(0 Cu), 100 and 200 mg kg−1]. Values are demonstrated 
as means of four replicates along with standard deviation (SD; n = 4). 
Two-way ANOVA was performed and means differences were tested 
by HSD (P < 0.05). Different lowercase letters on the error bars indi-
cate significant difference between the treatments
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Discussion

For the past few decades, industrialization and urbanization 
are the main causes of increasing heavy metal concentration 
in agricultural land, which also have effects on ecosystem 
(Vardhan et al. 2019; Saleem et al. 2020b). Although Cu is 
a micronutrient for the plants, excess Cu may cause toxicity, 
which ultimately affects crop yield and plant productivity 
(Mishra et al. 2020; Vieira Filho and Monteiro 2020). Phy-
totoxicity of Cu-affected plant growth and composition has 
been showed by many studies (Saleem et al. 2020a; Wang 
et al. 2020). Decrease in chlorophyll contents might be result 
of displacement of Mg required for chlorophyll biosynthesis 
or ultra-structural alteration of chloroplast under metal toxic-
ity. This reduction in chlorophyll contents might be due to 
the inhibited activities of various enzymes associated with 
chlorophyll biosynthesis (Nair and Chung 2015; Mishra 
et al. 2020; Saleem et al. 2020c). When a plant undergoes 

stress condition, the dynamic equilibrium of reactive oxygen 
species (ROS) is disturbed and causes generation of these 
species (Hussain et al. 2019; Zou et al. 2021), which causes 
ROS accumulation in the cell/tissues and causes lipid per-
oxidation (Aziz et al. 2021; Saleem et al. 2021; Sardar et al. 
2022). Antioxidants are involved in ROS metabolism by dis-
mutation of superoxide anion to hydrogen peroxide (H2O2) 
and molecular oxygen (O2) thus maintains superoxide radi-
cals in a steady state (Bhat et al. 2022; Khaleghi et al. 2022). 
Plants produce a variety of secondary metabolites, such as 
proline, flavonoids, and phenolics, that improve tolerance 
against metal toxicity (Saravanakumar et al. 2019; Dominic 
et al. 2022). Furthermore, Cu has been shown to change the 
nutrient balance and their assimilation, protein metabolism, 
and oxidative phosphorylation (Singh et al. 2016; Naz et al. 
2020).

When compared with their metal oxides NPs, the 
TiO2-NPs are very eco-friendly, non-invasive, low cost, 
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Fig. 6   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40  mg L−1] 
and Si i.e., i.e., [0 (no Si) and 3 mM] on non-enzymatic antioxidants, 
sugars and proline i.e., phenolic contents (A), flavonoid contents (B), 
ascorbic acid contents (C), anthocyanin contents (D), soluble sugar 
contents (E), reducing sugar contents (F), non-reducing sugar con-
tents (G), and proline contents (H) on wheat (Triticum aestivum L.) 

grown under the different concentration of Cu in the soil i.e., [(0 Cu), 
100 and 200 mg kg−1]. Values are demonstrated as means of four rep-
licates along with standard deviation (SD; n = 4). Two-way ANOVA 
was performed and means differences were tested by HSD (P < 0.05). 
Different lowercase letters on the error bars indicate significant differ-
ence between the treatments
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and a safer option to use for various purposes, especially 
in alleviating the heavy metal-induced oxidative stresses 
(Hojjat et al. 2020; Shafiq et al. 2022). Furthermore, it is 
reported that the TiO2-NPs enhance the nano-fertilizers and 
nano-materials in the soil that help the plants in the uptake 
of essential nutrients from the soil (Ogunkunle et al. 2020; 
Irshad et al. 2021; Ma et al. 2023). In addition, the adjustable 
hydrophilicity, structural suitability, adequate constancy, 
appropriate photoactivity, and bio-compatibility are sali-
ent features which make TiO2-NPs suitable for growth of 
several plants (Frazier et al. 2014; KHATTAK et al. 2021; 
Shah et al. 2021). We have observed that Cu stress decreased 
the plant growth and biomass while the seed priming with 
TiO2-NPs showed better growth and physiological responses 
of the plants under Cu stress (Figs. 1 and 2). Our results are 

harmonious with the findings of (Hojjat et al. 2020) demon-
strating increased germination, root growth, shoot growth, 
fresh weight and biomass production of TiO2-NPs treated 
Lathyrus sativus plants. Numerous elucidations have been 
anticipated with reference to the activities of Ti as an advan-
tageous element in plant growth. These include the involve-
ment of Ti in reinforcement of plant physiology through 
increasing uptake of nutrients like Ca2+, Mg2+, Fe2+, and P 
(Tan et al. 2018; Ma et al. 2023). The surface of TiO2-NPs is 
highly reactive therefore these particles increase the poros-
ity of roots leading to the augmented uptake of water and 
nutrients under normal and stressed circumstances (Kiapour 
et al. 2015; Gohari et al. 2020). Publicized that TiO2-NPs 
alleviate environmental stresses by modulating the expres-
sion level of microRNAs.
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Fig. 7   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40 mg L−1] and 
Si i.e., i.e., [0 (no Si) and 3 mM] on essential nutrients i.e., calcium 
contents in the roots (A), calcium contents in the leaves (B), mag-
nesium contents in the roots (C), magnesium contents in the leaves 
(D), iron contents in the roots (E), iron contents in the leaves (F), 
phosphorus contents in the roots (G), and phosphorus contents in the 

leaves (H) in wheat (Triticum aestivum L.) grown under the different 
concentration of Cu in the soil i.e., [(0 Cu), 100 and 200 mg  kg−1]. 
Values are demonstrated as means of four replicates along with stand-
ard deviation (SD; n = 4). Two-way ANOVA was performed and 
means differences were tested by HSD (P < 0.05). Different lowercase 
letters on the error bars indicate significant difference between the 
treatments
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During recent years, Si has gained much attention 
because of its protective role in plants under metals stressed 
environment (Hasanuzzaman et al. 2019; Majumdar et al. 
2019). Under metal stress, the application of Si reduced the 
metal contents of plant organs and increased plant growth 
and composition, improved photosynthetic machinery, 
decreased in planta oxidative stress by increasing antioxi-
dative compounds, increased uptake of minerals and influ-
enced the exudation of organic acids from plant roots which 
are discussed in detail in reviews by (Adrees et al. 2015b) 
and (Jia-Wen et al. 2013). Application of Si has a protec-
tive role and increase plant’s morphology and physiology 
under Cd (Saleem et al. 2022b), Cu (Pirooz et al. 2021) 
and Zn (Anwaar et al. 2015) stress. This might result from 
the fact that Si application secrete secondary metabolites 
which assist in ameliorating metal stressed conditions and 
also due to dilution effect of Si application which increased 
morpho-physiological traits by decreasing the contents of 
Cu in plant roots and shoots (Ali et al. 2016; Rai et al. 2021; 

Ulhassan et al. 2022). Metals stress triggers oxidative dam-
age in plants by generating a large number of ROS such 
as superoxide (O2−) and hydroxide (OH−). The oxidative 
stress in plant cells/tissues can be reduced by the applica-
tion of Si which increased the activities of antioxidants and 
capturing of stress-induced ROS (Collin et al. 2013; Vieira 
Filho and Monteiro 2020; Pirooz et al. 2021). Among vari-
ous soil characteristics, soil pH and organic matter are the 
most important to be studied that controls the heavy met-
als availability and in many previous studies it has been 
observed that application of Si increased the medium pH 
(Soundararajan et al. 2014; Ulhassan et al. 2022; Saleem 
et al. 2023). Taken together, Si application improved plant 
growth and composition by reducing the Cu contents in the 
plant organs by alterations in medium pH and thus reduce 
cellular oxidative damage.
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Fig. 8   Impact of seed priming with titanium dioxide 
(TiO2)-nanoparticles (NPs) i.e., [(0 no TiO2-NPs) and 40 mg L−1] and 
Si i.e., i.e., [0 (no Si) and 3 mM] on organic acids and Cu uptake i.e., 
fumaric acid contents (A), acetic acid contents (B), citric acid con-
tents (C), formic acid contents (D), malic acid contents (E), oxalic 
acid contents (F), in the roots and Cu contents in the roots (G), and 
Cu contents in the shoots (H) in wheat (Triticum aestivum L.) grown 

under the different concentration of Cu in the soil i.e., [(0 Cu), 100 
and 200 mg  kg−1]. Values are demonstrated as means of four repli-
cates along with standard deviation (SD; n = 4). Two-way ANOVA 
was performed and means differences were tested by HSD (P < 0.05). 
Different lowercase letters on the error bars indicate significant differ-
ence between the treatments
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Conclusion

On the basis of these findings, it can be concluded that the 
negative impact of Cu toxicity can be overcome by the exter-
nal application of TiO2-NPs and Si. Our results depict that 
Cu toxicity-induced severe metal toxicity in T. aestivum 
by increasing the generation of ROS in the form of oxida-
tive stress, and also increased the concentration of Cu in 
the roots and shoots of the plants. Furthermore, Cu toxicity 
also increased organic acids exudation and imbalance the 
nutritional status of the plants, which ultimately decrease 
plant growth and yield and photosynthetic efficiency. Hence, 
Cu toxicity was eliminated by the application of TiO2-NPs 
and Si, which also decreased the Cu concentration in the 
plant tissues, degenerated ROS, and organic acids exudation, 
and increased the activities of antioxidants and their specific 
gene expression and essential nutrients in the plants. There-
fore, long-term field studies should be executed to draw par-
allels among plants/crops root exudations, metal stress, Cu 
fertigation regimes, nutrients mobility patterns, and plant 
growth to gain insights into underlying mechanisms.
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