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Introduction 

Cichorium intybus L. (common chicory) is a herbaceous, perennial 

plant that can reach heights of up to half a meter and has blue 

flowers. It thrives in relatively moist and low-light environments. The 

roots are brown, sometimes reaching up to one meter in length, with 

a white interior and a milky sap (1).  

 Chicory dates to pre-Christian times and has been utilized by 

various cultures in different regions. Renowned physicians like 

Galen, Dioscorides and Pliny have historically prescribed it for 

treating various ailments. Nowadays, numerous individuals in 

different countries trust in its healing properties and use it 

traditionally. In the 17th and 18th centuries, chicory gained special 

attention in Europe for its nutritional properties, even serving as a 

coffee substitute during periods of high coffee prices. Its cultivation 

reached its peak in the last two centuries. Although in recent 

decades, the primary use of chicory cultivation has been for 

extracting inulin and fructose. In central Europe, its cultivation 

attracted a huge deal of attention, especially from the food and 

health industries (2). 

 Chicory offers numerous health benefits, including liver 
detoxification, treatment of urinary problems and fever reduction. 

Additionally, it is approved by the FDA. Chicory contains inulin, which 

has significant prebiotic properties and plays key roles in improving 

heart disease, reducing joint pain, constipation, boosting the 

immune system, relaxation and potentially helping in cancer 

prevention (3). While traditional medicinal plants like Chichori 

(Cichorium intybus) have long been valued for their mineral content 

and therapeutic properties, recent advances in nanotechnology 

have opened new possibilities for enhancing these natural benefits. 

Nanotechnology has received significant attention due to its ability 

to produce nanoparticles (NPs) with unique properties in terms of 

shape, dispersion and chemical composition. These engineered NPs 

can be combined with plant-derived minerals to create novel 

formulations with enhanced bioavailability and therapeutic effects. 

In the following section, we examine how these technological 

advances can be applied to optimize the delivery and efficacy of 

minerals traditionally obtained from medicinal plants (4). 

 Essential minerals in the soil each possess specific 

physiological properties and are categorized into macronutrients 

and micronutrients based on their relative concentration required in 

plant tissues. When the concentration of micronutrients surpasses a 

certain threshold, it can lead to plant toxicity (5). 

 Today, NPs enter ecosystems because of result of various 

industrial activities and are also used as fertilizers in some 

agricultural practices. Although NPs can positively influence 

plant growth, it is essential to identify their threshold levels, as 

exceeding these levels can lead to plant toxicity (4).  

PLANT SCIENCE TODAY 

Vol x(x): xx–xx 

https://doi.org/10.14719/pst.8145 

eISSN 2348-1900  

RESEARCH ARTICLE 

The effect of manganese oxide and zinc oxide nanoparticles on 
seed germination characteristics and biochemical changes in 

Cichorium intybus L.   
 

Zahra Ziari, Golnaz Tajadod*, Sedigheh Arbabian & Masoumeh Mirzai     

 

Department of Biology, NT.C., Islamic Azad University, Tehran, Iran   

 

*Correspondence email -  tajadodgolnaz@gmail.com   

 

Received: 09 March 2025; Accepted: 25 August 2025; Available online: Version 1.0: 17 October 2025 

 

Cite this article: Zahra Z, Golnaz T, Sedigheh A, Masoumeh M. The effect of manganese oxide and zinc oxide nanoparticles on seed germination 
characteristics and biochemical changes in Cichorium intybus L. Plant Science Today (Early Access). https:/doi.org/10.14719/pst.8145 

 

Abstract  

In this experimental study, the effects of two nanoparticles (NPs), zinc oxide and manganese oxide NPs, on the seed germination characteristics, seed 

development and biochemical changes in chicory (Cichorium intybus) were investigated. The concentrations of NPs were set to 0.1, 0.05 and 0.01 g/L. 
The total number of groups, including the control group, was seven. After preparation and disinfection, the seeds were planted in pots. Subsequently, 

a series of tests, including microscopic studies, measurement of photosynthetic pigments, quantitative protein assays, enzyme activity assays, 

carbohydrate assays and germination rate and percentage assays, were conducted. The results show that both NPs (ZnO NPs and MgO NPs), at low 

concentrations of 0.01 and 0.05 g/L, significantly increased the measured biological factors (p < 0.05). The 0.05 g/L dose yielded the most significant 
increase for both NPs. When the concentration of the NPs was increased to 0.1 g/L, a reduction in the biological factors in chicory was observed. These 

effects are likely due to the excessive accumulation of nanoparticles, disruption in water absorption and transport and increased generation of free 

radicals causing toxic stress. These results suggest that the low-dose usage of mentioned NPs led to improved qualitative and quantitative growth of 

plants, especially chicory.   
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 Zinc is a crucial element in the formation of diastases. Its 

deficiency causes disruption in the ribonucleic acid synthesis, 

leading to disturbances in plant protein formation. Zinc also plays an 

activating, catalytic and even structural role in plant enzymatic 

functions. The transport of zinc in plants is complex and its 

distribution in the phloem is limited (6). 

 This element plays a role in normal plant metabolism and 
even reproductive processes and plant growth are affected by its 

reduction. Zinc deficiency results in diminished photosynthesis, 

decreased chlorophyll content, structural damage to chlorophyll, 

reduced chloroplasts in the vascular bundle sheath, decreased 

membrane protein permeability and excessive accumulation of 

inorganic phosphorus. Manganese as an essential micro-nutrient for 

plants and because of its ability to change oxidation states, plays a 

significant role in oxidation-reduction reactions. It is involved in 

nitrogen metabolism and mitigates the toxic effects of nitrate by 

reducing it. Manganese is a cofactor for the enzyme superoxide 

dismutase, which plays a crucial role in plant antioxidant processes. 

A deficiency in manganese weakens plants’ resilience to 

environmental stresses (7). 

 Despite extensive research on nanoparticles in agriculture, 

studies focusing on their dose-specific effects on medicinal plants 

like chicory (Cichorium intybus) remain limited. This study bridges 

this gap by systematically evaluating how low vs. high 

concentrations of ZnO and MnO NPs influence chicory’s 

germination, photosynthetic efficiency and biochemical pathways-a 

critical step toward optimizing nano-enabled cultivation of high-

value medicinal crops. Our work also pioneers the comparison of 

MnO NPs with ZnO NPs in chicory, offering insights into their distinct 

roles in enhancing plant resilience and productivity. Given the 

limited findings on the effects of ZnO NPs and MgO NPs on seed 

germination, seedling development and biochemical changes in 

chicory, it is vital to study and research these effects. This 

experimental study was carried out with these considerations and 

their significance in mind.  

 

Materials and Methods 

This experimental research was conducted using pot cultivation 

with surface-sterilized seeds of Cichorium intybus. During the 

cultivation phase, the seedlings were foliar treated with aqueous 

suspensions of ZnO NPs and MgO NPs (purchased from US Nano 

Research) at three concentrations: 0.1, 0.05 and 0.01 g/L. The 

nanoparticle solutions were prepared in distilled water. Control 

groups received distilled water only. After treatment, a series of 

analyses were performed, including microscopic studies, 

photosynthetic pigment quantification, protein and enzyme activity 

assays, carbohydrate content measurements and assessments of 

germination rate and percentage (7). 

 Chicory seeds were obtained from Pakan Bazr Esfahan 

Company. To disinfect the seeds, they were immersed in a 2 % 

sodium hypochlorite solution and then rinsed three times with 

distilled water. The treatments were carried out in three replicates. 

Including the control group, there were seven groups in total. The 

current research was completely randomized and conducted in 

three replicates (8). 

 The disinfected seeds were transferred to pots for planting, 
with thirty seeds placed in each pot. Each group consisted of three 

replicates. The pots were kept at a temperature of 25 °C, with a light/

dark cycle of 16 hr of light and 8 hr of darkness. The pots were 

watered three times a week with 30 mL of distilled water and 

sprayed with the desired concentration of zinc and manganese 

oxide nanoparticle solutions, as well as Hoagland nutrient solution, 

every ten days. The solution volume for each pot was one cc. The 

seeds were carefully examined and evaluated during the 

germination stage. The samples were maintained and treated until 

the two-leaf stage. Ultimately, the germination percentage and root 

length of the seedlings were measured and evaluated. Additionally, 

a series of tests, like microscopic studies, photosynthetic pigment 

assays, quantitative protein and enzyme activity assays and 

carbohydrate assays, were conducted (7). 

Quantitative protein and enzyme activity assays 

The total protein content and the activity of two enzymes, catalase 

and peroxidase, were evaluated. Initially, an extract solution was 

prepared. To create the extract, 1.2 g of Tris, known as a buffering 

solvent, was mixed with 0.1 g of ascorbic acid, followed by the 

addition of 17.2 g of sucrose and 0.1 g of cysteine chloride. Then, 26.8 

mL of 0.2 normal hydrochloric acid were added. Finally, the solution 

volume was adjusted to 100 mL with distilled water. Subsequently, 1 g 

of plant tissue was mixed with 5 mL of the prepared solution and 

ground in a mortar until completely homogeneous. It was left at room 

temperature for 10 min. Then, it was centrifuged at 4 °C at a speed of 

10000 rpm. The supernatant was stored in a freezer at -20 °C (8). 

Peroxidase enzyme activity assay 

To measure peroxidase enzyme activity, 0.1 mL of plant extract was 

mixed with 2 mL of 0.2M acetate buffer, followed by the addition of 

0.3 mL of 3 % hydrogen peroxide and 0.1 mL of 0.2M benzidine 

dissolved in 50 % methanol. The solution was transferred to a test 

tube, vortexed and allowed to rest at room temperature for 25 min. 

The absorbance was read at 530 nm using a spectrophotometer (9). 

Catalase enzyme activity assay 

To measure and evaluate catalase enzyme activity, 0.2 mL of plant 

extract was mixed with 2.5 mL of phosphate buffer and 0.3 mL of 3 % 

hydrogen peroxide and transferred to a test tube. After vortexing and 

resting at room temperature for 25 min, the absorbance was read at 

530 nm using a spectrophotometer (10). 

Total protein quantification 

The Bradford method was used to quantify the total protein. For this 

purpose, 0.1 mL of extract were mixed with 5 mL of Bradford 

reagent, transferred to a test tube and vortexed. After a 25-min 

interval of resting, the absorbance was read at 595 nm using a 

spectrophotometer (8). 

Quantitative measurement of carbohydrates 

To measure the carbohydrate content in plants, both soluble and 

insoluble sugars are assessed. The phenol-sulfuric acid method is 

employed for sugar quantification. Initially, 1 g of the dried plant 

material, ground into powder, is mixed with 10 mL of 70 % ethanol. 

Then, 0.5 mL of the supernatant are taken and diluted to 2 mL with 

distilled water. Next, 1 mL of 5 % phenol is added, followed by 5 mL 

of concentrated sulfuric acid after thorough mixing. The solution is 

allowed to rest for 30 min to dry completely and then the 

absorbance is read at 485 nm using a spectrophotometer. The final 

measurement is obtained using a glucose standard curve (10). 

 For measuring insoluble sugars, the precipitate from the 

previous step is used. The ethanol solution is filtered and the 

resulting precipitate is dried and weighed. Next, 10 mL of distilled 
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water are added and boiled for 15 min in a water bath. The 

supernatant is then filtered and the volume is adjusted to 25 mL 

with distilled water. 2 mL of this solution are separated and 1 mL 

of phenol is introduced. Afterward, 5 mL of concentrated sulfuric 

acid are added. The mixture is allowed to rest for 30 min at room 

temperature and then the absorbance is read at 485 nm using a 

spectrophotometer (8). 

Measurement of radicle length and germination percentage 

Healthy seeds are used to measure radicle length and 

germination percentage. After disinfecting the seeds in a sodium 

hypochlorite solution for 10 min, they are rinsed several times 

with distilled water. The seeds are then planted in pots under 

specified conditions and after 3 days, the germination 

percentage and radicle length are measured. The final 

germination percentage is calculated using the formula (G = n/

N·100%), where (G) is the final germination percentage, (n) is the 

number of germinated seeds and (N) is the total number of seeds 

planted (11). 

Statistical analysis 

All obtained results in this study were statistically analyzed using 

SPSS software version 21. All reported data were presented as 

the mean values of experiments ± standard deviation (SD). 

Subsequently, the Tukey procedure (post hoc analyses) was 

employed to assess the significant difference among group 

means (p < 0.05) (9).  

 

Results 

Measurement of photosynthetic pigments 

In these measurements, the levels of chlorophyll a, chlorophyll b 

and carotenoids were evaluated using fresh plant leaves. 

Chlorophyll a measurement results 

The addition of both ZnO NPs and MgO NPs significantly 

improved chlorophyll a level. The maximum increase was 

observed at a concentration of 0.05 g/L for both nanoparticles, (p 

< 0.001). However, by increasing the concentration of NPs, 

chlorophyll a level sharply decreased, resulting into a sharp 

decrease in chlorophyll a level (Fig. 1). 

Chlorophyll b measurement results 

An increase in chlorophyll b levels was observed with increasing 
doses of both nanoparticles, especially in MgO NPs. The 

maximum increase occurred at 0.05 g/L for both nanoparticles (p 

< 0.001). However, higher doses result in a significant decrease in 

chlorophyll b levels, losing significant difference compared to the 

control group (Fig. 2). 

Carotenoid measurement results 

Relative increases in carotenoid levels were observed with the 

treatment of ZnO NPs and MgO NPs, particularly for ZnO NPs. 

The maximum increase was at 0.05 g/L, with significant 

differences at p < 0.001 for zinc oxide and p < 0.01 for manganese 

oxide. No statistically significant differences in higher doses were 

seen (Fig. 3). 

Quantitative protein and enzyme activity measurements 

Total protein levels and the activities of catalase and peroxidase 

enzymes were measured in plant extract solutions. 

 

Peroxidase enzyme activity results 

Adding more ZnO and MgO NPs made the peroxidase enzyme 

more active. The enzyme was most active when 0.05 g/L of 

nanoparticles were used (p < 0.01). This performance stopped 

with high concentration of NPs (Fig. 4). 

Catalase enzyme activity results 

Catalase activity increased with the treatment of ZnO NPs and 

MgO NPs, MgO NPs caused a larger increase in catalase activity 

compared to ZnO NPs. The highest level of catalase activity was 

observed when using a concentration of 0.05 g/L of both NPs. 

With significant differences at p < 0.001 for manganese oxide and 

p < 0.01 for zinc oxide. This suggests that the higher 

concentrations of NPs generally led to greater catalase activity 

(Fig. 5). 

Total protein measurement results 

Total protein levels enhanced with increasing concentrations of 

ZnO NPs and MgO NPs up to 0.05 g/L, with significant differences 

at p < 0.001 for manganese oxide and p < 0.01 for zinc oxide. A 

relative decrease in total protein levels was observed at higher 

doses (Fig. 6). 

Quantitative carbohydrate measurements 

Soluble and insoluble sugars in the plant were evaluated using 

the phenol-sulfuric acid method and dry plant material. 

Soluble sugar measurement results 

The higher doses of ZnO and MgO NPs led to higher soluble sugar 
levels, with a peak at 0.1 g/L for both types of NPs. Significant 

differences were observed at p < 0.001 for both 0.1 and 0.05 g/L 

doses (Fig. 7). 

Insoluble sugar measurement results 

An increasing trend in insoluble sugar levels was observed with 

increasing doses of both nanoparticles, with a more significant 

increase for MgO NPs. The highest levels were at 0.1 g/L for both 

nanoparticles, with significant differences at p < 0.01 for zinc 

oxide and p < 0.001 for manganese oxide (Fig. 8). 

Root length and germination rate measurements 

Healthy seeds were utilized to assess root length and germination 

rate, with conducted calculations using pot cultures. 

Root length measurement results 

Pot culture experiments showed a significant increase in root 

length as the concentration of both NPs increased. The 

maximum increase was at 0.05 g/L for both nanoparticles (p < 

0.001). However, further increases in nanoparticle concentration, 

especially for manganese, caused a decrease in root length 

growth (Fig. 9). 

Germination rate measurement results 

In pot culture experiments, a relative and significant increase in 
germination rate was observed with increasing doses of both 

nanoparticles. The maximum increase was at 0.05 g/L for both 

types of nanoparticles, with a significant difference at p < 0.001. 

However, higher doses led to a sharp decline in germination rate 

for both nanoparticles, with no significant difference noted for 

manganese oxide (Fig. 10).  
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Fig. 1. Results of chlorophyll a measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest amount of chlorophyll a 
was observed (p < 0.001). With the increase in the dose of the two nanoparticles, the increasing trend was reversed. *Significant difference with 
the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant difference with the control group (p < 
0.001).  

Fig. 2. Results of chlorophyll b measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest amount of chlorophyll b 
was observed (p < 0.001). However, with the increase in the dose of the two nanoparticles, the amount of chlorophyll significantly decreased 

and lost its significant difference with the control group. *Significant difference with the control group (p < 0.05). **Significant difference with 
the control group (p < 0.01). ***Significant difference with the control group (p < 0.001).  

Fig. 3. Results of carotenoid measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest amount of carotenoids 
was observed. With the increase in the dose of the two nanoparticles, the amount of carotenoids decreased and no significant difference was 

observed. *Significant difference with the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant 
difference with the control group (p < 0.001).  

https://plantsciencetoday.online


5 

Plant Science Today, ISSN 2348-1900 (online) 

 

Fig. 4. Results of peroxidase enzyme activity measurement. With the increase in the dose of ZnO and MgO NPs, a relative and significant in-
crease in peroxidase enzyme activity was observed, which was maximum at a dose of 0.05 g/L (p < 0.01). However, with further increase in the 

dose of the two nanoparticles, the enzyme activity did not significantly decrease (p < 0.01). *Significant difference with the control group (p < 
0.05). **Significant difference with the control group (p < 0.01). ***Significant difference with the control group (p < 0.001).  

Fig. 5. Results of catalase enzyme activity measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest catalase 
enzyme activity was observed. However, the significant difference for manganese oxide nanoparticles was at the level of p < 0.001 and for ZnO 

NPs at the level of p < 0.01. With the increase in the dose of the two nanoparticles, the catalase enzyme activity significantly increased, espe-
cially for manganese oxide nanoparticles (p < 0.001). *Significant difference with the control group (p < 0.05). **Significant difference with the 

control group (p < 0.01). ***Significant difference with the control group (p < 0.001).  

Fig. 6. Results of total protein measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest total protein levels were 
observed. This amount was significant for manganese oxide nanoparticles at the level of p < 0.001 and for ZnO NPs at the level of p < 0.01. 

However, treatment with higher doses of both nanoparticles resulted in a downward trend in total protein levels. *Significant difference with 
the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant difference with the control group (p < 

0.001).  
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Fig. 7. Results of soluble sugar content measurement. In the two groups of ZnO and MgO NPs at a dose of 0.1 g/L, the highest amount of solu-
ble sugar was observed (p < 0.001). Additionally, at a dose of 0.05 g/L, a significant difference was also observed at the level of p < 0.001. 

*Significant difference with the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant difference with 
the control group (p < 0.001).  

Fig. 8. Results of insoluble sugar content measurement. At a dose of 0.1 g/L, the highest increase in insoluble sugar content was observed. The 
increase was more significant for manganese oxide nanoparticles (p < 0.001). This increasing trend was also observed for ZnO NPs at this dose 

(p < 0.01). *Significant difference with the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant 
difference with the control group (p < 0.001).  

Fig. 9. Results of radicle length measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest radicle length growth 
was observed (p < 0.001). With the increase in the dose of the two nanoparticles, the increasing trend was reversed. *Significant difference with 

the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant difference with the control group (p < 
0.001).  

https://plantsciencetoday.online
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Discussion 

In this experimental study, the effects of two nanoparticles, zinc 

oxide and manganese oxide, on seed germination 

characteristics, seed development and biochemical changes in 

chicory plants were investigated. Solutions of ZnO and MgO NPs 

at concentrations of 0.1, 0.05 and 0.01 g/L were utilized. The 

number of groups, including the control group, was seven. The 

experiments were completely randomized and conducted in 

three replicates. 

Measurement of photosynthetic pigments 

This study examined the impact of ZnO and MgO nanoparticles 

on the photosynthetic pigment composition of chicory plants, 

specifically chlorophyll a, chlorophyll b and carotenoids. 

Measurements were conducted using fresh leaf samples. 

 Chlorophyll a level increased significantly following 

treatment with both nanoparticles, reaching their peak 

concentration at 0.05 g/L (p < 0.001). However, further increases 

beyond this concentration led to a sharp decline in chlorophyll a, 

indicating potential nanoparticle-induced stress at higher doses. 

 Chlorophyll b followed a similar pattern, with a 
pronounced and statistically significant rise observed at 0.05 g/L (p 

< 0.001). MgO NPs produced a more substantial effect than ZnO 

NPs. As with chlorophyll a, excessive nanoparticle concentrations 

caused chlorophyll b levels to decrease, eventually losing 

statistical significance compared to the control group. 

 These results suggest that moderate concentrations of 

ZnO and MgO NPs enhance pigment synthesis, likely supporting 

photosynthetic performance. However, higher doses may 

disrupt chlorophyll production, possibly due to oxidative stress 

or interference with metal ion absorption, underscoring the 

necessity of dose optimization in nanoparticle application. A 

study revealed that ZnO NPs positively influenced the levels of 

photosynthetic pigments in the plant (13). 

 In a 2021 study observed the positive effects of ZnO NPs 
on photosynthetic pigments in tomato plants, resulting in 

enhanced plant growth, increased yield and improved disease 

resistance (14). 

 In a 2022 study on maize plants, the application of ZnO 

NPs via foliar absorption and as a soil fertilizer showed positive 

effects on the increase of photosynthetic pigments (15). 

 In a 2021 study on pea plants subjected to salt stress, the 

beneficial effects of ZnO NPs in mitigating the harmful impacts of 

soil salinity and enhancing photosynthetic pigments were noted 

(16). 

 In a 2022 study on cowpea plants, the effects of MgO NPs 

applied as foliar spray and soil fertilizer were investigated. It was 

found that these NPs significantly increase both chlorophyll a 

and b pigments (17). 

 In a 2022 study, it was found that MgO NPs not only 

positively affected the increase in both chlorophyll a and b levels 

but also reduced the toxic effects of pollutants such as arsenic. 

This study was conducted on tomato plants (18). 

 One characteristic of NPs is their high surface area, which 

improves their tendency to aggregate. This feature can lead to 

toxicity in plants (19). 

 Chlorophyll levels are often indicative of environmental 

stress and plant resistance. Extracellular or intracellular 

saturation of plants with nanoparticles can disrupt the synthesis 

of chlorophyll a and b and impair their function. Given the known 

negative effects of high doses of manganese and ZnO NPs, such 

an outcome is likely (20). 

 It has also been proven that high doses of ZnO and MgO 

NPs cause chlorophyll molecules in pigment-protein complexes 

of photosystems to disperse, especially during the transcription 

phase when chlorophyll is photo oxidized. This disruption is 

caused by interference with the absorption and placement of 

iron and magnesium ions (21). 

 Based on the current results and numerous studies, low 
concentrations of ZnO and MgO NPs increase chlorophyll a and b 

levels, however at high concentrations, the results are reversed. 

It is hypothesized that high concentrations of these 

nanoparticles induce oxidative stress, disrupting the enzymatic 

processes of photosynthesis (22). 

 

Fig. 10. Results of germination percentage measurement. In the two groups of ZnO and MgO NPs at a dose of 0.05 g/L, the highest germination 
percentage was observed (p < 0.001). With the increase in the dose of the two nanoparticles, the increasing trend was reversed. *Significant 

difference with the control group (p < 0.05). **Significant difference with the control group (p < 0.01). ***Significant difference with the control 
group (p < 0.001).  
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chlorophyll pigments degrade more rapidly. Photosystem II is 

highly sensitive to environmental stresses and is significantly 

impacted by the toxic effects of high nanoparticle concentrations, 

making chlorophyll b more susceptible (23). 

 Proline is an important amino acid within plant cells, 

playing a key role in plant protection and defense mechanisms 

against environmental stresses. Proline also aids in maintaining 

cell membrane integrity and improves the absorption of 

nutrients such as potassium and the function of chlorophyll. 

Research has demonstrated that low doses of ZnO NPs boost 

this amino acid, but with higher concentrations, its levels and 

beneficial effects diminish (24). 

 Elevated photosynthetic products due to increased 

chlorophyll levels were observed at low concentrations of both 

nanoparticles. This increase resulted in greater phloem sap 

production, consequently enlarging the size and number of 

phloem vessels-particularly with ZnO NPs. However, at high 

concentrations, destructive effects on chlorophyll reduced 

photosynthetic output (10). 

 Based on the mentioned results and previous studies, 
most research aligns with the present study’s findings. 

Chlorophyll a and b levels increased with the application of these 

two nanoparticles, but their toxic effects became evident at 

higher doses. 

Quantitative measurement of proteins and enzyme activity 

This study assessed the impact of ZnO and MgO nanoparticles on 

total protein concentration and the enzymatic activity of catalase 

and peroxidase in chicory plant extracts. 

 Total protein content exhibited a dose-dependent 

response to nanoparticle treatment. Both ZnO and MgO NPs 

promoted protein accumulation up to a concentration of 0.05 g/

L, with a statistically significant increase observed for MgO (p < 

0.001) and ZnO (p < 0.01). However, concentrations above this 

threshold led to a noticeable decline in protein levels, indicating 

a saturation point or potential nanoparticle-induced stress. 

 Enzymatic assays showed that peroxidase activity 
increased with rising nanoparticle doses, reaching peak levels at 

0.05 g/L for both types (p < 0.01). Further dose escalation slowed 

this trend, suggesting that high nanoparticle concentrations may 

hinder enzymatic performance. 

 Catalase activity followed a similar pattern, with both 

ZnO and MgO NPs inducing notable enhancement at 0.05 g/L. 

The effect was more pronounced for MgO NPs (p < 0.001), 

highlighting their stronger influence on antioxidative defense 

mechanisms. Unlike peroxidase, catalase activity continued to 

rise at higher nanoparticle concentrations, indicating enzyme-

specific responses to oxidative stimuli. 

 These results suggest that moderate doses of ZnO and 

MgO NPs can stimulate protein synthesis and antioxidant 

enzyme activity, reinforcing the plant’s biochemical defenses. 

However, surpassing optimal concentrations may impair these 

benefits, underlining the need for dosage precision when 

applying nanoparticles in agricultural systems. In a 2011 study, 

the effects of ZnO NPs on a group of plants were investigated, 

confirming their beneficial impact on increasing protein content 

and enzyme activities (25). 

 In 2017, research on cotton plants confirmed the positive 

effects of ZnO NPs on increasing catalase and peroxidase 

enzyme activities, as well as total protein content (26). 

 In 2018, the positive effects of ZnO NPs on antioxidant 

enzyme activities in tomato plants were confirmed, increasing 

the plant’s resistance to environmental stresses (21). 

 In a 2022 study on a group of plants, MgO NPs increased 

catalase and peroxidase enzyme activities, enhancing the plant’s 

resistance to oxidative cell damage (27). 

 Additionally, the effects of MgO NPs on wallflower plants 

were examined in 2018, revealing an increase in total protein 

content and antioxidant enzyme activities, although higher 

doses reduced these effects (28). 

 Similar results were observed regarding the effects of 

MgO NPs on the seeds of the plant Artemisia annua through foliar 

spraying and immersion. This research was conducted in 2023. 

Additionally, forms of manganese nanoparticles, such as 

manganese sulfate, were examined in this study, which in some 

cases showed better results compared to MgO NPs (29). 

 Plants encounter numerous biotic and abiotic stresses 

throughout their life cycles, leading to various responses by plant 

cells. The production of reactive oxygen species (ROS) such as 

H2O2 is one of these mechanisms. ROS production occurs within 

cells and is detoxified by the enzymatic antioxidant system. The 

removal of toxic amounts and the regulation of appropriate 

cellular H2O2 levels are crucial functions of the enzyme's 

peroxidase and catalase. Typically, catalase is more significant 

and functions to convert H2O2 into water (23). 

 According to numerous studies, the toxicity of 

nanoparticles increases as their size decreases, as smaller 

nanoparticles possess a higher surface-to-volume ratio (30). 

 Given the higher solubility of metal oxide nanoparticles, 

their absorption and toxicity at high doses are also greater, which 

was evident for ZnO and MgO NPs in the present study. These 

concentrations of nanoparticles also disrupt the population of 

beneficial environmental organisms (30). 

 Reduced growth at high doses may result from water 

deficiency and the deceleration of processes like mitosis and 

photosynthesis, as well as increased lipid peroxidation. It has 

been demonstrated that nanoparticles at high doses increase 

free radicals, attacking macromolecules such as lipids and 

increasing lipid peroxidation, which disrupts the nutritional 

balance and water absorption of the plant. Reduced growth may 

also stem from decreased protein and chlorophyll levels, as 

observed in this study at high doses (31). 

 However, at lower doses, ZnO and MgO NPs increased 

catalase and peroxidase enzymes, which eliminate hydrogen 

peroxide in chloroplasts, potentially enhancing chloroplast 

performance and lifespan. Increased photosynthesis and its 

products can be secondary results of these effects (32). 

 Increased protein and chlorophyll may arise from 

accelerated nitrate uptake and organic nitrogen conversion. 

Given the structural importance of nitrogen in amino acids, 

chlorophyll, enzymes and proteins, one can expect quantitative 

and qualitative increases in many of these products and 

processes at low doses of these two nanoparticles (8). 
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 Based on the results obtained from the conducted 

research, low doses of ZnO and MgO NPs increased protein levels 

and enzymatic activities, but higher doses exhibited toxic and 

adverse effects, likely due to the mentioned mechanisms. 

 Antioxidant enzymes such as catalase increase under 

stress conditions. With the increase in the concentration of 

manganese oxide and ZnO NPs and the emergence of toxic 

effects and poisoning caused by these nanoparticles, the levels 

of antioxidant enzymes like catalase also increased in line with 

the increase in the doses of these two nanoparticles. 

Quantitative measurement of carbohydrates 

The carbohydrate content of chicory plants was evaluated by 

measuring both soluble and insoluble sugars, utilizing the 

phenol-sulfuric acid method in conjunction with the dry matter 

of plant organs. 

 Results showed that soluble sugar levels slightly 

increased as the concentrations of ZnO and MgO nanoparticles 

rose. The highest numerical values were recorded at 0.1 g/L for 

both nanoparticle types. Notably, doses of 0.01 and 0.05 g/L 

yielded statistically significant increases (p < 0.001), suggesting 

that even lower concentrations can effectively enhance sugar 

accumulation. 

 In contrast, insoluble sugar levels exhibited a clear 
upward trend with increasing nanoparticle concentrations. This 

effect was more pronounced in treatments involving MgO 

nanoparticles. At the highest dose of 0.1 g/L, both nanoparticles 

produced the greatest rise in insoluble sugars, with significance 

levels of p < 0.01 for ZnO and p < 0.001 for MgO. 

 These findings suggest that nanoparticle exposure 

modulates carbohydrate metabolism in chicory plants, with 

moderate to high doses promoting sugar accumulation. 

However, the physiological implications of this metabolic shift—

especially in relation to plant stress and energy storage—warrant 

further investigation. In 2020, a study investigated the effects of 

ZnO NPs on lettuce seed germination and the quantitative 

carbohydrate content. The results indicated positive effects of 

this nanoparticle on carbohydrate reserves in lettuce plants (33). 

 In 2019, a study on bean plants examined the effects of 

ZnO NPs on the biological and growth factors of bean plants. The 

increase in carbohydrate storage was consistent with increasing 

doses of ZnO NPs (34). 

 Additionally, in 2020, a study on flax plants and their 

seeds examined the effects of ZnO NPs on carbohydrate storage. 

At low doses, the results did not show significant differences, but 

at higher doses, a significant increase in carbohydrate storage 

was observed (35). 

 In a 2018 study, the beneficial effects of MgO NPs on the 

metabolic reactions of wallflower plants were examined, which 

consequently led to an increase in the plant’s carbohydrate 

reserves (28). 

 In 2013, a study on peas and the effects of manganese 

nanoparticles demonstrated the positive impact of this 

nanoparticle on enhancing carbohydrate storage, as well as 

enhancing the plant’s resistance to various stresses (36). 

 As previously noted, environmental stresses result in the 

production and accumulation of free radicals and reactive 

oxygen species, which at high concentrations can be harmful to 

cells, causing lipid peroxidation, enzyme and nucleic acid 

degradation and even cell membrane damage (37). 

 The positive effect of two nanoparticles, zinc oxide and 

manganese oxide, on antioxidant enzymes has been proven, 

likely due to the increased substrate availability for these 

enzymes and stronger antioxidant responses. However, with 

increasing concentrations of these nanoparticles, the amount of 

hydrogen peroxide increases, revealing their destructive effects 

(38). 

 Research indicates, ZnO NPs positively affect auxin 
biosynthesis, which can also explain the increased growth and 

performance of plants (19). Zinc also promotes growth 

regulators and metabolism, influences Krebs cycle reactions 

through the electron transport chain and plays a crucial role in 

the division of meristem tissue cells and the increase of 

hydrocarbon materials. It acts serves as a catalyst for numerous 

chemical reactions and enzyme systems (39). 

 Although at low doses, these two nanoparticles, zinc 

oxide and manganese oxide, enhanced various biological factors 

in plants, at higher doses, they caused oxidative stress and 

adverse effects in plants. As previously mentioned, the seed coat 

and hull play a protective role against toxic substances and 

environmental pollutants, providing selective absorption. At low 

concentrations of the nanoparticles examined in this study, it 

seems that there is no disruption in the absorption of materials 

and water. However, at high doses, toxic effects of the two 

nanoparticles become evident, disrupting the absorption of 

materials and water, which leads to reduced growth of 

photosynthetic products and biological processes in plants at 

high concentrations of nanoparticles (40). 

 In contrast to other biological species, plants have cell 

walls with selective absorption, but nanoparticles, due to their 

small size, can more easily and extensively pass through these 

walls depending on the environmental concentration, leading to 

the accumulation of these substances at high concentrations. 

These accumulations at high concentrations result in toxic 

effects on tissues, cellular organelles and even the cell wall. The 

transfer of these substances through plasmodesmata may also 

inflict damage on internal tissues and potentially obstruct 

channels or pores (41). 

 At lower doses, these two nanoparticles increased the 

amount of both types of chlorophyll. This increase enhances the 

photosynthesis process, which is evident in the plant tissue, 

especially in the phloem. Even by examining microscopic 

images, the larger and more numerous phloem vessels at lower 

doses, especially in ZnO NPs, are noticeable, while at higher 

doses, the opposite effect was observed and there was no 

significant difference in manganese oxide nanoparticles. 

 In the present study, soluble sugars in the plant increased 

with the concentration of the two nanoparticles. The increase at 

low doses may be attributed to enhanced processes such as 

photosynthesis in the plant, but at high concentrations, the 

accumulation and increased levels of heavy metals for 

conciseness, the intracellular water balance is disrupted, leading 

to various changes in the structure of cellular organelles and 

sugar metabolism enzymes. The reduction in invertase enzyme 

activity due to the accumulation of heavy metals is one of these 
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negative effects. As water transfer to different tissues decreases, 

the accumulation and amount of water-soluble carbohydrates 

increase, which may serve as an adaptive mechanism to 

maintain osmotic potential and regulate osmotic pressure under 

the toxic effects of high concentrations of manganese and ZnO 

NPs (11). 

 Due to their small diameter, nanoparticles exhibit greater 
impact and transfer efficiency compared to larger particles. At low 

concentrations, nanoparticles such as manganese oxide (MnO) 

and zinc oxide (ZnO) enhance photosynthetic activity. Their 

stimulating effect arises from their ability to enter chloroplasts-

particularly photosystem II-where they facilitate electron capture 

and transfer, thereby improving photosynthetic efficiency. 

However, at elevated concentrations, these nanoparticles can 

cause cellular damage and even plant mortality. Manganese plays 

a critical role in the structure and function of over 35 plant 

enzymes, explaining why low concentrations of MnO 

nanoparticles enhance various biological processes. This 

element’s involvement in metabolic pathways also improves both 

functional and morphological traits in plants. Furthermore, the 

increased activity of antioxidant enzymes at optimal nanoparticle 

concentrations helps mitigate oxidative damage caused by free 

radicals. It is important to note that these beneficial effects occur 

only at low concentrations; at higher doses, the nanoparticles’ 

positive influences are reversed, leading to toxicity. 

Measurement of radicle length and germination percentage 

The study revealed a concentration-dependent effect of ZnO and 
MgO nanoparticles on radicle length and germination percentage 

in chicory seeds. At a dose of 0.05 g/L, both nanoparticles 

significantly enhanced radicle elongation (p < 0.001), indicating an 

optimal level for promoting early root development. However, 

further increases beyond this concentration led to a substantial 

decline in radicle growth, suggesting potential phytotoxic effects at 

higher nanoparticle levels.  

 A similar trend was observed for germination percentage. 

The highest germination rate occurred at 0.05 g/L for both types of 

nanoparticles, with a statistically significant improvement 

compared to the control (p < 0.001). Nonetheless, exceeding this 

concentration caused a marked reduction in germination 

percentage. Specifically, at elevated levels of manganese oxide 

nanoparticles, the difference in germination rate compared to the 

control group was no longer significant, underscoring the negative 

impact of excessive nanoparticle exposure.  

 These findings align with existing literature on nanoparticle

-plant interactions, where moderate concentrations can act as 

growth stimulants, while excessive doses disrupt normal 

physiological functions. The balance between enhancement and 

toxicity emphasizes the importance of precise dose management 

in nanoparticle applications for agricultural purposes. In 2016, a 

study investigated the effects of ZnO NPs on the radicle growth of 

wheat seeds. Positive effects were observed at low doses, but toxic 

effects of ZnO NPs were identified at high doses (42). 

 In 2016, the effects of manganese oxide and ZnO NPs on 

lettuce seeds were studied. The findings showed positive effects of 

these two nanoparticles on radicle growth and germination 

percentage, although manganese oxide nanoparticles yielded 

better results. However, both nanoparticles exhibited toxic effects 

at high doses (43). 

 In 2019, positive effects of ZnO NPs on biological factors of 

carrots, including radicle growth and germination percentage, 

were observed and confirmed. This increase was consistent with 

the increase in nanoparticle dose (44). 

 In 2020, a study explored the effects of a group of 

nanoparticles, including MgO and ZnO NPs, on the biological 

factors and growth of two plants, mung bean and lentil. The root 

length and germination percentage in both plants and for both 

nanoparticles explained a significant increase (45). 

 The varied responses of different plants to various 

concentrations of metals and their oxides in nano form are related 

to the permeability of the seed coat and its interaction with 

different compounds. The seed coat plays an important role in 

protecting the plant embryo. A characteristic that also applies to 

nanoparticles. In the parenchyma of the seed coat, there are 

intracellular spaces smaller than 10 µm in size, which, when 

surrounded by an aqueous solution, facilitate various penetration 

processes of nano-compounds (46). 

 Research has indicated that nanoparticles can penetrate 

the cell wall and reach the DNA of plant cells. Some nanoparticles 

have been proven to penetrate the plasma membrane and enter 

the nucleus. The aforementioned research confirmed that the rate 

at which nanoparticles enter the seed coat varies and can 

influence germination depending on this entry rate. This variability 

can account for the different properties of ZnO NPs and MgO NPs 

at different concentrations and their impact on germination and 

plant growth. Studies have demonstrated that NPs are capable of 

passing through the membrane of plasma and entering the 

nucleus (47). 

 Since roots are the initial parts of the plant to receive 

nanoparticles from the environment, their reaction can 

significantly determine the positive or negative effects of 

nanoparticles and act as a reliable indicator for their evaluation. 

The presence of toxic effects at high concentrations of these two 

nanoparticles diminishes the plant’s water uptake process and 

inhibits the longitudinal growth of plant organs (48). 

 High concentrations of zinc and manganese nanoparticles 

negatively impacted on the root growth, likely due to the toxic 

effects of these nanoparticles at high doses. Because of the 

presence of mucilage secreted from the root tip and root hairs and 

the presence of hydrated pectic and polysaccharide substances, 

enhance the absorption of NPs in these regions, increasing the 

likelihood of adverse effects (19). 

 Nanoparticles usually pass through the apoplastic 

pathways from the cortex and epidermis of the root but must pass 

through the protoplast of endodermal cells to reach more central 

regions such as the vascular tissues. Tissue section examinations 

revealed that as NPs doses enhanced, tissue damage and 

destruction of various parts of the root and stem occurred, 

resulting in reduced root growth, germination and many plants 

metabolic processes. These toxic effects were not observed at 

lower doses. The toxic effects of high doses of these two 

nanoparticles are linked to the destruction and vacuolation of 

cellular parenchyma. Typically, ZnO and MgO NPs create holes in 

the cell wall, increasing permeability and after entering the cell, 

they are transported through plasmodesmata (49). 
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 By evaluating characteristics such as root growth or 

germination percentage, the positive or negative properties of 

compounds added to the plant can be quickly and easily 

assessed. Essentially, germination is a complex biological 

process that begins with water absorption by the plant seeds 

and reaches its maximum with the emergence of the root. The 

seed coat is one of the factors that can influence the passage of 

various substances, including nanoparticles. Therefore, 

nanoparticles usually do not have a noticeable effect on root 

growth and germination percentage at very low concentrations. 

On the other hand, at very high doses, they are likely to 

aggregate, leading to toxic effects. This clustering may even 

occur within cellular organelles such as vesicles (38). 

 According to findings of the current research, which were 

consistent with most research, low doses of ZnO and MgO NPs 

enhance root length and germination percentage, but at high 

doses, it is believed that the mechanisms mentioned lead to a 

decrease in root length and germination percentage.  

 

Conclusion  

This study highlights the concentration-dependent effects of zinc 

oxide (ZnO) and magnesium oxide (MgO) nanoparticles on the 

photosynthetic pigment profile of chicory plants. Moderate 

doses, particularly 0.05 g/L, significantly enhanced levels of 

chlorophyll a and b, as well as carotenoids, suggesting improved 

photosynthetic efficiency and potential growth stimulation. MgO 

nanoparticles demonstrated a slightly stronger effect on 

chlorophyll b compared to ZnO. However, at higher 

concentrations, pigment levels declined sharply-indicating that 

excessive nanoparticle exposure may induce oxidative stress or 

interfere with key metabolic pathways such as metal ion uptake 

and pigment synthesis. These outcomes emphasize the 

importance of precise dosing strategies when employing 

nanoparticles in agricultural systems to balance their stimulatory 

effects with potential phytotoxicity. Overall, the findings support 

the potential of ZnO and MgO NPs as biostimulants at optimized 

concentrations, while cautioning against their overuse.   
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