
University of Texas at El Paso
DigitalCommons@UTEP

Open Access Theses & Dissertations

2013-01-01

Interaction Of CeO2 And ZnO Nanoparticles
Towards The Symbiotic Association Of Alfalfa
(Medicago Sativa) And Sinorhizobium Meliloti In
Soil
Susmita Bandyopadhyay
University of Texas at El Paso, sbandyopadhyay2@miners.utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Chemistry Commons, and the Environmental Sciences Commons

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

Recommended Citation
Bandyopadhyay, Susmita, "Interaction Of CeO2 And ZnO Nanoparticles Towards The Symbiotic Association Of Alfalfa (Medicago
Sativa) And Sinorhizobium Meliloti In Soil" (2013). Open Access Theses & Dissertations. 1577.
https://digitalcommons.utep.edu/open_etd/1577

https://digitalcommons.utep.edu/?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F1577&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F1577&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F1577&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F1577&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/167?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F1577&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd/1577?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F1577&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:lweber@utep.edu


INTERACTION OF CeO2 AND ZnO NANOPARTICLES TOWARDS THE SYMBIOTIC 

ASSOCIATION OF ALFALFA (MEDICAGO SATIVA) AND SINORHIZOBIUM MELILOTI IN 

SOIL  

 

SUSMITA BANDYOPADHYAY 

Environmental Science and Engineering 

 

 

 

 

 

APPROVED: 
 

Jorge L. Gardea-Torresdey, Ph.D., Chair 

Jose R. Peralta-Videa, Ph.D. 

Mahesh Narayan, Ph.D. 
 
__________________________________________ 

       John Walton, PhD. PE. 

 

 

 
Benjamin C. Flores, Ph.D. 
Dean of the Graduate School 

 



 

 

 

 

 

 

 

 
Copyright © 

 

by 

Susmita Bandyopadhyay 

2013 

 

 



Dedication 

 
To my beloved parents, for their endless love, support, and encouragement and who helped 

shape me into the person I am.  

& 

To my sweet and supportive in-laws!  



INTERACTION OF CeO2 AND ZnO NANOPARTICLES TOWARDS THE 

SYMBIOTIC ASSOCIATION OF ALFALFA (MEDICAGO SATIVA) AND 

SINORHIZOBIUM MELILOTI  IN SOIL  

 

 

by 

 

SUSMITA BANDYOPADHYAY, MSc 

 

 

DISSERTATION 

 

Presented to the Faculty of the Graduate School of  

The University of Texas at El Paso 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

DOCTOR OF PHILOSOPHY 

 

 

 

 

Environmental Science and Engineering 

THE UNIVERSITY OF TEXAS AT EL PASO 

December 2013 



v 

Acknowledgements 

I would like to express my heartfelt gratitude to my Guru, Dr. Jorge L. Gardea-Torresdey, my 

research supervisor, for his patient guidance, enthusiastic encouragement, and useful critiques. I 

would like to thank you for giving me the privilege to work with one of the most famous 

research groups in the field of environmental chemistry. You are one of the most intelligent, 

smart, energetic, and caring people I know. During these past three years of my doctoral studies, 

I have learnt how to publish, how to formulate projects, how to write scientific journal articles, 

and how to review manuscripts/proposal/grants. You have taught me to think and work 

independently. Probably, the most important lesions I get from you are to think positive, believe 

in my abilities, and humbleness. You showed me how to become successful in both professional 

and personal lives. I consider myself extremely fortunate to get the chance to be associated with 

you for the last three years. Working with you was fun and challenging. Thanks for being such a 

great mentor. I am honored to be a part of your research group. All the credit of my successful 

postgraduate career is directly attributed to you. 

I would also like to thank Dr. Jose R. Peralta-Videa, for your advice and assistance in 

keeping my progress on schedule. I am fortunate to be associated with an expert like you. I learnt 

a lot about plant related research and the test plant “alfalfa”, which helped me to conduct my 

experiments in the laboratory. Thanks for your patience while correcting my manuscripts and 

teaching me how to improve scientific writing. Your training is one of the major facts, which 

made me an independent writer and reviewer. You also taught me how to finish everything 

before the deadline and I will remember your suggestions and the mantra: “If 24 h are not 

enough, work more than 24 h.” Thanks for your support, cooperation, and guidance. 



vi 

I would also like to extend my thanks to Dr. Mahesh Narayan for serving my committee 

and thanks for all your valuable suggestions and critiques for my doctoral research.  Thanks for 

being an awesome teacher. A special thanks to him for being very supportive and friendly to me 

and my family. 

I am thankful to my committee member Dr. John Walton for his valuable suggestions and 

teaching the awesome class “fate and transport’. So far this is one of the great classes where I 

learnt a lot and improved my scientific skills as an environmental professional.  

My completion of the projects could not have been accomplished without the support of 

Dr. Gardea’s group members. Thank you all for your collaboration, cooperation. 

In addition, a big thank to all my collaborators, especially to Dr. Miguel Jose Yacaman 

and Dr. Germán Plascencia Villa of The University of Texas at San Antonio, whose association 

helped me to complete my projects by obtaining outstanding electron microscopy imaging. 

I would also like to thank the Environmental Science and Engineering Program of UTEP 

for accepting me and giving a chance to pursue my PhD career. A special thanks to the 

Chemistry Department for allowing me to use necessary resources. 

I wish to thank my parents for their support and encouragement throughout my study. 

Thanks for such an awesome teacher and teaching me the chemistry of life. I am also grateful to 

my in-laws for their support during my study. Nothing could have been possible without your 

support. 

Special thanks to my friend Dr. Rajib Paul. Thanks for being a great support to me in my 

personal and professional life; especially helping me with the statistical analysis. 

My deepest gratitude goes to my caring, loving, and supportive husband, Arnab 

Mukherjee. Your encouragements, especially when the times got rough, are much appreciated. 



vii 

Thanks for taking care of our son Ashmit during my absence in summer. Thanks for being an 

amazing friend for last sixteen years and a great husband.  My life is complete with your 

presence along with our son Ashmit. Thanks for your support in my personal and professional 

life. 

Finally, I would like to thank my cute, smart, and little big boy Ashmit for making my 

life so colorful and enjoyable. You are one of my greatest inspirations towards my future 

endeavors. 

 

 
  



viii 

Abstract 

The production of engineered nanoparticles (ENPs) has rapidly increased due to their wide range 

of applications in the field of electronics, medicine, chemistry and biology. Consequently, 

concerns have risen about the environmental release and potential negative impact of NPs. A few 

reports have described the effects of TiO2 NPs and quantum dots upon nitrogen fixing bacteria. 

However, the understanding of the interaction of NPs in plant-microbe interface (symbiotic 

association), like alfalfa (Medicago sativa L.)-Sinorhizobium meliloti, is still in its infancy.  

Alfalfa is the world’s most important forage crop. It grows in association with S. meliloti, which 

is very important in terms of nitrogen fixation and, hence, global nitrogen cycling. This research 

project was aimed at understanding the effect of two ENPs (CeO2 and ZnO) on S. meliloti and 

alfalfa, separately, and on their symbiosis. This investigation was completed in three phases.  

Initially, the associated bacterium was treated, separately, with CeO2 and ZnO NPs. Ten nm 

CeO2 and ZnO NPs were exposed towards S. meliloti at 10, 31, 62.5,125, and 250 mg/l in liquid 

Yeast Mannitol Broth (YMB). Toxicological parameters evaluated included UV/Vis 

measurement of minimum inhibitory concentration, disk diffusion tests, and dynamic growth. 

Advanced scanning transmission electron microscope (STEM) and infrared spectroscopy (FTIR) 

were utilized to determine the spatial distribution of NPs and macromolecule changes in bacterial 

cells, respectively.  Results indicate that ZnO NPs were more toxic than CeO2 NPs in terms of 

inhibition of dynamic growth and viable cells counts. STEM images revealed that CeO2 and ZnO 

NPs were found on bacterial cell surfaces and ZnO NPs were internalized into the periplasmic 

space of the cells. FTIR spectra showed changes in protein and polysaccharide structures of extra 

cellular polymeric substances present in bacterial cell walls treated with both NPs. The growth 

data showed a bacteriostatic effect of CeO2 NPs, whereas ZnO NPs was bactericidal to S. 



ix 

meliloti. Overall, ZnO NPs were found to be more toxic than CeO2 NPs to S. meliloti. In phase 

II, the alfalfa plant in association with S. meliloti, were cultivated  for 30 d in soil treated with 

ZnO NPs, ionic (ZnCl2) and bulk ZnO, concentrations ranging from 0 (control)-750 mg kg-1. 

Plant growth, Zn bioaccumulation, dry biomass, leaf area, total protein, and catalase (CAT) 

activity were measured. Results showed 50% germination reduction by bulk ZnO at 500 and 750 

mg/kg and all ZnCl2 concentrations. ZnO NPs and ionic Zn reduced root and shoot biomass by 

80% and 25%, respectively.  Conversely, bulk ZnO at 750 mg/kg increased shoot and root 

biomass by 225% and 10%, respectively, compared to control. At 500 and 750 mg/kg, ZnCl2 

reduced CAT activity in stems and leaves. Total leaf protein significantly decreased as external 

ZnCl2 concentrations increased. STEM analysis revealed the presence of ZnO particles in tissues, 

suggesting the uptake of NPs. However, ZnO NPs showed less toxicity compared to ZnCl2 on 

measured traits. Phase III was performed in soil treated with either ZnO or CeO2 NPs at 0, 250, 

500, and 750mg/kg for 30 days to study the toxicity effect of ZnO and CeO2 towards alfalfa’s 

secondary metabolites and antioxidative properties. The toxicity was evaluated for leaf using 

chlorophyll (a & b), carotenoids, phenolic, and flavonoid contents. Results showed that, 

compared to control, leaf chlorophyll a content reduced to 60% and 40% at 750 mg/kg of CeO2 

and ZnO NP treatments, respectively. Chlorophyll b reduced by 64%, 48%, and 60% at 250, 500 

and 750 mg/kg CeO2 NP treatments, while chlorophyll b remained the same except 40% 

reduction at 750 mg/kg bulk ZnO treatment. CeO2 NPs enhanced the root flavonoids content by 

34% at 750 mg/kg treatment and 86% in shoot at 500 mg/kg treatment, compared to control.  

Total root flavonoids decreased by 49% in plants treated with 750 mg/kg of ZnO NP treatment, 

whereas total flavonoids in shoots remained similar to control in all treatments, except 250 

mg/kg ZnO NP treatment, where the flavonoid content decreased to 77%. This is the first 
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complete study in a symbiotic system in terms of nano, bulk and ionic Zn species comparison in 

soil matrix. In addition, to the best of the authors’ knowledge, this is the first report on the effects 

ZnO and CeO2 on alfalfa’s secondary metabolites and chlorophyll content.  Our results will help 

to reveal the toxicity of CeO2 and ZnO NPs on alfalfa and S. meliloti species, as well as to 

understand the eco-toxicity of NPs in plant-microbe symbiosis. 
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Chapter 1 

Introduction 

 
Nanoparticles (NPs) are natural or manmade materials with at least two dimensions between 1 

and 100 nm (1). Mostly, there are two groups of NPs, carbon-containing and metal-containing 

particles and metal oxide NPs are one of widely used NPs in the market. The most well-known 

carbon-containing NPs are carbon nanotubes (CNTs) and fullerenes, and TiO2, ZnO, CeO2, are 

among the most popular metal-oxide NPs (2). These particles can be in different shapes and 

sizes. For example, asymmetrical like nanorods or more symmetrical like spheres, shells, cubes, 

or cages (3), with a wide range of application in the fields of medicine, electronics, 

manufacturing and energy production is due to their high surface to volume ratio and higher 

numbers of atoms at the grain boundaries, which make them more reactive (4-6). Conversely, 

these unique properties are responsible for their potential toxicity to living organisms. Recent 

literature has shown that NPs affect in different ways animals, plants, and microorganisms, 

including fungi and bacteria (7-11). But the understanding of the impact of ENPs on the 

edible/crop plants is limited.  Only few reports describe the toxicity of ENPs on crop plants such 

as rape (Brassica napus), radish (Raphanus sativus), lettuce (Lactuca sativa), corn (Zea mays), 

cucumber (Cucumis sativus) and alfalfa (Medicago sativa), among others (12-14).   

     It has been evidenced that these NPs adversely affect plant growth of green pea, corn, 

cucumber, rye, zucchini, soybean, and wheat, depending on the concentration of the NPs used 

(15, 16, 17-20).  Dimpka et al. reported reduced wheat plant growth with increased production of 

ROS with the application of ZnO NPs (15). On the other hand, Lin and Xing (18) reported that 

ZnO NPs affected root elongation in ryegrass (Lolium perenne), radish (Raphanus sativus) and 
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rape (Brassica napus) (18). The reported phytotoxicity was due to disruption in water and 

nutrient pathways (19). They also confirmed the adsorption and aggregation of the ZnO NPs to 

the root surface of ryegrass where the high magnification TEM images showed the presence of 

NPs in the apoplast, cytoplasm and nuclei of the endodermal cells and the vascular cylinder (18, 

19).  However, X-ray absorption confirmed the nonexistence of the NPs. Later, Kim et al (21), 

reported phytotoxic effects of ZnO NPs in Cucumis sativus due to excess Zn bioaccumulation 

(21); whereas, Lopez-Moreno et al.(22) reported the genotoxic effect of ZnO NPs to soybean 

(Glycine max) (22). The authors also reported the toxicity of CeO2 NPs to alfalfa seedlings and 

confirmed the presence of CeO2 NPs in plants cells through XRF (22). Recently, Mukherjee et al. 

(17) reported the phytotoxic effect of ZnO NPs in green peas where ZnO NPs were found to be 

more toxic (compared to bulk ZnO) due to higher accumulation of ROS in different plant tissues 

(17). However, only one report was found where the interaction of NPs (CeO2 and ZnO) on 

symbiotic association (important in terms of nitrogen fixation) was studied (23). The authors 

reported that higher Zn and Ce was accumulated in above and below ground parts of soybean 

plants, including the nodules, which was confirmed through ICP analysis and electron 

microscopy imaging. The result showed that CeO2 and ZnO NPs adversely affect the plant 

growth; however the effect on nodulation/nitrogen fixation remained unaltered in case of ZnO. 

But, CeO2 negatively impacted on the nitrogen fixation process. The authors also confirm the Zn 

ions/ZnO NPs accumulation in different parts of plants through ESEM and STEM (23). 

However, the interaction of NPs with the environmentally benign microbial community is 

still in its infancy. Few reports have described the effects of NPs upon nitrogen fixing bacteria. 

For example, TiO2 NPs was reported to have bactericidal effects in nitrogen fixing soil bacteria 

Anabaena variabilis (24, 25). However, a more recent study (26) has shown that quantum dots 
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do not produce significant negative effect in several nitrogen cycling bacteria including   

Azotobacter vinelandii. Nitrosomonas europaea, Rhizobium etli, Azospirillum lipoferum and 

denitrifying bacteria such as Pseudomonas stutzeri (26).  

Studies have shown that NPs and/or ionic species released from NPs affect bacteria in 

different ways, including surface attachment, membrane disorganization, surface coating-related 

photocatalytic oxidation, and reactive oxygen species (ROS) production through lipid 

peroxidation ( 5, 9 27-30). It has been reported that the toxicity of ZnO NPs towards the Gram-

negative Escherichia coli (E. coli) is mainly due to the presence of free zinc ions (Zn 2+) in the 

aqueous media (31). Nevertheless, other NPs show toxicity to bacteria through surface 

attachment or internalization through cell wall. For instances, Pelletier et al. (2011) reported the 

bactericidal effect of CeO2 NPs on E. coli and the authors mentioned the related toxicity was due 

to the surface attachment  (of  NPs). But, Thill et al. (2006) suggested a different toxicity 

pathway; they mentioned that these NPs affect E. coli cells through membrane damage (5, 28).  

The differences in toxicity mechanisms induced by NPs is attributed to several factors including 

the source of NPs, stabilizing/capping agents used, and other physicochemical properties ( pH,  

ionic strength, ionic composition and organic matter of the media) (5, 31, 32). 

To the best of the author’s knowledge, there are no reports on the effects of ZnO and CeO2 NPs 

on Sinorhizobium meliloti, a soil bacterium which fix nitrogen in symbiotic association with the 

host plant alfalfa, one of the most important crops worldwide (33, 34).  It has been evidenced 

that  S. meliloti interacts with alfalfa roots through the extra cellular polysaccharides (EPS) 

which allow bacterial cells to attach on the root surface and hence induce the nodulation. In 

addition, EPS also help in nutrient acquisition and protect the bacterial cells from environmental 
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stresses (33). Therefore, any effect on the bacterial EPS will alter the nodulation; hence, the 

nitrogen fixation will be distressed.  

While it is known that CeO2 and ZnO nanoparticles can be toxic to many different 

bacteria (2, 27-30) and plants (6, 9, 10, 12, 15-23) their effects on environmentally important 

process of nitrogen fixation through symbiosis are unknown. Most of the available literatures are 

based on hyperaccumulation of heavy metals (35-39). Alfalfa is well known as metal 

accumulator, capable of absorbing  heavy metals at high concentrations with no toxicity 

observed (35, 39). Studies have demonstrated, that the symbiotic interaction between plants and 

bacteria, have an effect on the tolerance and uptake of heavy metals, but little is known about 

this (30, 41). On the other hand, it has been previously reported alfalfa is able to germinate in the 

presence of CeO2 NPs and accumulate Ce in seedling tissues (9). Nevertheless, to our knowledge 

the proposed plant’s ability to uptake ENPs (CeO2 and ZnO) by itself and its symbiotic 

interactions with S. meliloti have not been studied beyond germination. In addition, uptake, 

translocation and localization of CeO2 and ZnO NPs are desired in order to understand the 

physical and physiological mechanisms between the host plant (M. sativa) and the bacteria (S. 

meliloti).  

This study was aimed to use the plant-bacterial model to define the effect of CeO2 and 

ZnO NPs on environmentally significant bacterial processes of nitrogen fixation. We focused to 

find out the effect of these ENPs (CeO2 and ZnO) on symbiotic nitrogen fixation by 

characterizing the effect of CeO2 and ZnO NPs on both members of the S.meliloti-M. sativa 

symbiosis. This is an interesting system to study the toxicity of NPs as both the partners have 

been well studied in their own and the symbiosis relationship between Sinorhizobium and M. 

sativa has been a subject of robust investigation for many decades. Medicago sativa is a model 
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or reference species for legume genetics, genomics, and breeding. Thus, the information acquired 

through the proposed studies could be pioneering in this field. Consequently, the main objective 

of this study was to understand how the bacterial nodulation is affecting the uptake/interaction of 

ENPs towards M. sativa.  

The association of both the species would affect the CeO2 and ZnO uptake capacity by 

the host plant, bacteria, and the association of host plant and the S. meliloti. The elemental (Ce4+ 

and Zn2+) uptake and translocation in plant tissue, bacterial cells, and soil was determined by 

using an inductively coupled plasma optical emission spectrometer (ICP-OES). Furthermore, 

other techniques including scanning transmission electron microscopy (STEM) and energy 

diffraction system (EDS), X-ray absorption spectroscopy (XAS) was used to find out the 

localization/accumulation of NPs inside the bacterial cells, plant tissues. The biochemical assays 

(Catalase activity, total protein content along with phenolic content and flavonoids in roots and 

shoots) was used to determine the NPs induce stress and enzyme activity in the plants. Fourier 

Transformed Infrared Spectrometer (FTIR) was used to study the changes associated with 

bacterial cell and changes associated with the protein and carbohydrates structure of plants cells 

wall upon treatment of CeO2 and ZnO.  
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Chapter 2 

Comparative toxicity assessment of CeO2 and ZnO nanoparticles towards Sinorhizobium 

meliloti, a symbiotic alfalfa associated   bacterium 

Abstract 
 
Cerium oxide (CeO2) and zinc oxide (ZnO) nanoparticles (NPs) are extensively used in a variety 

of instruments and consumer goods. These NPs are of great concern because of potential toxicity 

towards human health and the environment. The present work aimed to assess the toxic effects of 

10 nm CeO2 and ZnO NPs towards the nitrogen fixing bacterium Sinorhizobium meliloti. 

Toxicological parameters evaluated included UV/Vis measurement of minimum inhibitory 

concentration, disk diffusion tests, and dynamic growth. Advanced scanning transmission 

electron microscope (STEM) and infrared spectroscopy (FTIR) were utilized to determine the 

spatial distribution of NPs and macromolecule changes in bacterial cells, respectively.  Results 

indicate that ZnO NPs were more toxic than CeO2 NPs in terms of inhibition of dynamic growth 

and viable cells counts. STEM images revealed that CeO2 and ZnO NPs were found on bacterial 

cell surfaces and ZnO NPs were internalized into the periplasmic space of the cells. FTIR spectra 

showed changes in protein and polysaccharide structures of extra cellular polymeric substances 

present in bacterial cell walls treated with both NPs. The growth data showed that CeO2 NPs 

have a bacteriostatic effect, whereas ZnO NPs is bactericidal to S. meliloti. Overall, ZnO NPs 

were found to be more toxic than CeO2 NPs.  

 
Keywords: CeO2, ZnO, Sinorhizobium meliloti, bactericidal, bacteriostatic, Extracellular 

Polymeric Substances 
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2.1. Introduction 

The unique properties of the nanomaterials are responsible for their potential toxicity to living 

organisms (1-3). Recent literature has shown that NPs affect/interact differently to animals, 

plants, and microorganisms, including fungi and bacteria (4-8). A number of  studies have shown 

that NPs and/or ionic species released from NPs affect bacteria in different ways, including 

surface attachment, membrane disorganization, surface coating-related photocatalytic oxidation, 

and reactive oxygen species (ROS) production through lipid peroxidation (2, 9-12). The 

differences in toxicity mechanisms are attributed to several factors including the source of NPs, 

stabilizing/capping agents used, and other physicochemical properties ( pH,  ionic strength, ionic 

composition and organic matter present in the media) (2, 13). Laboratory studies have shown that 

the toxicity of ZnO NPs towards the Gram-negative Escherichia coli (E. coli) is mainly due to 

the presence of free zinc ions (Zn 2+) in the aqueous media (13). This was further corroborated by 

Li et al. for the aquatic bacteria Bacillus subtilis and the Gram-negative Pseudomonas putida 

(14). However, other NPs show toxicity to bacteria through surface attachment or internalization 

through the cell walls. For instance, Pelletier et al. (2) reported that CeO2 NPs exerted 

bactericidal effect on E. coli due to the surface attachment, while Thill et al. (10) suggested that 

these NPs affect E. coli cells through membrane damage. 

Our understanding of the interaction of NPs with the soil microbial community is still in 

its infancy. Johansen et al. (15) reported the toxicity of C60 fullerenes (50 nm to μm-size) on the 

soil microbiota in terms of total respiration, biomass production, and number and diversity of 

bacteria. Ge et al. (16) reported that both TiO2 and ZnO NPs were toxic to soil microbial 

communities (as bulk) in terms of reduced biomass and the reported toxicity of ZnO NPs was 

higher  than that of TiO2 NPs. Few reports have described the effects of NPs upon nitrogen 
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fixing bacteria. These groups of bacteria are very important in terms of soil health and fertility.  

Cherchi et al. (17, 18) reported cellular internalization of TiO2 NPs in nitrogen fixing soil 

bacterium Anabaena variabilis with bactericidal effects.  A more recent study (19) has shown 

that quantum dots do not produce significant negative effects in several nitrogen cycling bacteria 

including Azotobacter vinelandii. Nitrosomonas europaea, Rhizobium etli, Azospirillum 

lipoferum and denitrifying bacteria Pseudomonas stutzeri.  

To the best of the authors’ knowledge, there are no reports on the effects of NPs on 

Sinorhizobium meliloti, a soil bacterium, which fixes nitrogen in symbiotic association with 

alfalfa (Medicago sativa), one of the most important crops worldwide (20, 21).  S. meliloti 

interacts with alfalfa roots through the extra cellular polysaccharides (EPS), which allow 

bacterial cells to attach on the root surface and hence induce nodulation and thus nitrogen 

fixation. The EPS also facilitate in nutrient acquisition and protect the bacterial cells from 

environmental stresses (20).  

The main objective of this work was to determine the toxicological effects of CeO2 and 

ZnO NPs on S. meliloti and to uncover the mechanism of toxicity towards this nitrogen fixing 

bacterium. The working hypothesis was that both NPs exerted toxicity towards S. meliloti by 

affecting EPS through surface attachment or internalization into the periplasmic space of the 

bacteria. Cells of S. meliloti were treated in liquid medium with different concentrations of CeO2 

and ZnO NPs an analyzed for changes in growth. In addition, STEM and FTIR were used to 

study the localization/accumulation of NPs outside/inside the cell walls and the effects on 

bacterial EPS, respectively.  

2.2. Experimental Procedures 

2.2.1. Nanoparticles  
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Ten nm CeO2 and ZnO NPs (Meliorum Technologies, Rochester, NY) were obtained from the 

University of California Center for Environmental Implications of Nanotechnology (UC-CEIN). 

Characterization of these NPs in different media had been previously published by Keller et al. 

(22). For the present research, the size and zeta potential (ζ) of the CeO2 and ZnO NPs suspended 

in distilled water and yeast mannitol broth (YMB) were determined by using a NanoSizer 90 

(Malvern Instruments, Worcestershire, UK). Initially, all the experiments were performed in a 

range of concentrations starting from 31 mg/L to 500 mg/L.  But, in higher concentrations of 

both NPs, e.g., 250 to 500 mg/L, the bacteria did not grow.  Thus, we dropped two of the higher 

concentrations and worked with 31, 62.5 and 125 mg/L of NPs. The suspensions were sonicated 

for 30 minutes in 250 ml Erlenmeyer flasks before dynamic light scattering (DLS) 

measurements. The pH of the suspensions was also recorded (see Supplementary Information, 

SI). 

2.2.2. Ionic Species 

The toxicity of corresponding ionic species was also measured. Two ionic compounds were 

selected, i.e., cerium sulfate tetrahydrate (Ce(SO4)2 · 4H2O) and zinc acetate dihydrate (Zn 

(OOCCH3)2 · 2H2O. Three different concentrations (31, 62.5, and 125 mg/L) of cerium and zinc 

salts (Sigma–Aldrich and Alfa Aesar, respectively) were prepared simultaneously in YMB 

without sonication.  

2.2.3. Bacterial Culture 

S. meliloti strain Rm 1021 was obtained from the Postgraduate College of Chapingo, Mexico. 

The bacterial stocks were stored at 4 °C in solid medium before use. Bacterial cells were grown 

aerobically by overnight shaking at 200 rpm (REVCO, Thermo Scientific) at 30 °C. After 24 h 

incubation (YMB, pH 6.8), the UV–Vis was taken at 600 nm (Cary 50 UV–Vis 
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Spectrophotometer, Agilent Technologies) to confirm the bacterial growth in YMB in terms of 

cell density. The bacterial cells were collected by centrifugation at 4000 rpm at 25 °C for 5 min 

(Marathon 8K, Fischer Scientific), followed by washing with sterilized DI and stored in 

centrifuge tubes for further analysis. 

2.2.4. Dynamic growth curves 

 To obtain the bacterial growth curves, the cells were grown at 30°C under continuous shaking at 

200 rpm for 36 h. The growth was monitored by measuring the UV/Vis optical density (OD) at 

600 nm (OD600) every two h. A negative control (flask containing inoculum and nutrient 

medium, without NPs) and a positive control (flask containing NPs and nutrient medium, 

without bacteria) were included. The negative controls indicated the bacterial growth profile in 

the absence of any NPs. The OD of positive controls was subtracted from the experimental OD 

values, flasks containing nutrient medium, NPs and bacteria. All treatments were set in triplicate. 

The actual absorbance was calculated as described by Wu et al. (23).  

2.3.5. Disk Diffusion Tests (DDT)  

The sensitivity of S. meliloti Rm1021 to both the NPs was measured by DDT as per Ruparelia et 

al. (24).  Initially, three concentrations of CeO2 and ZnO NPs (31, 62.5, and 125 mg/L) were 

prepared by suspending a desired amount of NPs in DI and then sonicated for 15 min. 

Subsequently, uniform disks (6 mm diameter) of Whatman 48 filter paper were damped with the 

NP suspension for 10 min and placed in Petri dishes previously inoculated with 1 ml of inoculum 

containing approximately 105 colony forming units (CFU). Four disks were distributed in each 

plate and overnight incubated at 30oC. Diameter of inhibition zone (DIZ) was measured to assess 

the toxicity of CeO2 and ZnO NPs on S. meliloti. 
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2.3.6. Minimum Inhibition Concentration (MIC)   

The MIC is the lowest concentration of a compound that inhibits the growth of an organism.  In 

this research, the MIC of CeO2 and ZnO NPs over S. meliloti was determined as described 

earlier (25) Briefly, 10 ml of the bacterial stock culture in logarithmic phase were inoculated in 

250 ml Erlenmeyer flasks containing the YMB amended with CeO2 and ZnO NPs, separately, at 

31, 62.5 and 125 mg/L. In this point, we introduced lower a concentration of 10 mg/L along 

with two higher concentrations (250 and 500 mg/L) as mentioned earlier. All treatments, 

including control (YMB without NPs) were performed in triplicate. The turbidity was visually 

inspected in each flask and the bacterial growth was measured with a UV-Vis 

spectrophotometer after 24 h at 600 nm.   

2.3.7. Live/Dead Viability Assay  

To determine the live/dead viability, S. meliloti cells were grown in liquid YMB with different 

concentration (31, 62.5 and 125 mg/L) of CeO2 and ZnO NPs through overnight incubation at 

30oC to the logarithmic phase. Then, a 2 ml aliquot of each sample was dispersed in clean sterile 

solid YMB plates and kept overnight to see the growth recovery. The plates were observed next 

day visually to see any colony formation. 

2.3.8. Extraction of Extracellular Polysaccharides (EPS) 

 S. meliloti cells were cultivated aerobically in YMB at 30oC under continuous shaking at 200 

rpm in 250 ml flasks. The cells were grown overnight and supernatants were collected by 

centrifugation at 8000 rpm for 10 min at 4oC. The extraction of EPS was performed according to 

Kumar et al. (26) with minor modifications. Three volumes of 95%, 200 proof ethanol (Sigma-

Aldrich) were added to the supernatants to precipitate out the EPS. Then, the samples were 

placed at -20oC for 24 h. The crude EPS was recovered from the solution by centrifugation at 
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10,000 rpm for 10 min at 4oC. The pellet was then washed with 95% ethanol and air dried for 

further analysis (26). The weight of the extracted EPS was determined after air drying the pellets 

at room temperature (for 72 hours). All extractions and measurements, including control 

(bacterium without NPs) were performed in triplicate. 

2.3.9.  Field Emission- Scanning Electron Microscopy (FE-SEM) Imaging and Energy 

Dispersive X-ray (EDX) Analysis  

The SEM analysis was carried out with a HITACHI S-5500 In-Lens FE-SEM coupled with 

LABE (Low Angle Backscattered Electron), YAG-BSE (Yttrium-Aluminum-Garnet 

Backscattered Electron), BF/DF-STEM detectors and EDX spectrometer (Bruker), operated with 

an accelerating voltage of 5-30 kV. Further information is presented in SI. 

2.3.10. FTIR Analysis  

    The FTIR spectra of dry EPS samples were collected at a frequency range 4000-500 cm-1 and at a 

resolution of 4 cm-1 using a Spectrum 100 (Perkin Elmer, Shelton, CT).  All FTIR spectra 

presented were average of 400 scans with a collection time of 495 sec. A background spectrum 

was taken before every sample spectrum. Each spectrum was the sum of three representative 

spectra in FTIR measurements.  

2.3.11. Dissolution of the NPs  

To find out the release of Ce4+ and Zn2+ ions in different NP suspensions, we determine the 

concentration of Zn and Ce in supernatants by inductively coupled plasma- optical emission 

spectrometer (ICP-OES). Desired amounts of NPs were dispersed into YMB and sonicated for 15 

min. Then, the flasks were shaken continuously at 200 rpm for 24 h. Next day, the NP dispersions 

were centrifuged at 10,000 rpm for 30 min until a clear supernatant was obtained. The dissolved 
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Ce4+ and Zn2+ species in the supernatant were determined using an ICP-OES Optima 4300 DV 

(Perkin Elmer, Shelton CT). 

2.3.12. Statistical Analyses.  

The growth data was analyzed using a one-way analysis of variance (ANOVA) followed by Tukey-

honestly significant difference test using the Statistical Analysis System (SAS).   

 

2.4. Results and Discussion 

2.4.1. Characterization of CeO2 and ZnO NPs 

The initial diameter of the CeO2 and ZnO NPs was 10 nm, however, upon dispersion, the NPs 

formed aggregates of different sizes. The DLS measurements showed the size distribution ranges 

from 500 to 1350 nm for ZnO and 800 to 2200 nm for CeO2 (Table S1 and S2, Supplemental 

Information). The zeta potential of particles in DI water was positive but negative in the culture 

media (Table S1 and S2, SI). The Powder X-Ray Diffraction (pXRD) patterns showed that CeO2 

NPs were pure but ZnO NPs had some impurities (Figure S1A-B, SI). Metal oxide NPs in 

suspension have the tendency to agglomerate due to particle size, composition of the medium 

and ionic strength, among others (27, 28).  It can also be inferred that electric charges on 

bacterial cells impart some effects on the particle distribution in suspension (29). Also, negative 

ions (PO4
3-, SO4

2- and Cl-) present in the media might be adsorbed on the surface of the NPs 

leading to the negative zeta potential (30-32).  

 

2.4.2. Bacteriological Toxicity Tests of CeO2 and ZnO NPs   

The growth profile of NP treated and control cells of S. meliloti grown for 36 h showed that both 

NPs were able to reduce/inhibit the growth of S. meliloti compared to the control (Figure 2.1. A-
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D). As shown in Figure 2.1A, at all concentrations CeO2 NPs reduced bacterial growth to some 

extent. The ANOVA test showed differences between treatments at α ≤ 0.01 and the Tukey test 

showed that the growth was in the following order: control > 31 mg/L > 62.5 mg/L~125mg/L.  

The OD values for the bacterial growth curve at 62.5 mg/L and 125 mg/L were similar. We 

observed that at higher concentrations (>62.5 mg/L), the particles gravitate/precipitate from the 

suspension, which might be resulting in the same growth profiles for 62.5 and 125 mg/L of CeO2 

treatments. The growth profile for ionic cerium (Ce 4+) is exhibited   in Figure 1B. These results 

imply that inhibitory effects of Ce4+ and CeO2 NPs are very similar. 

Figure 2.1-C shows the growth of S. meliloti cells exposed to ZnO NPs. As seen in figure, all the 

concentrations of NPs used inhibited the growth of S. meliloti, suggesting a bactericidal effect. 

This is in accordance to previous reports, which indicate that ZnO NPs were bactericidal towards 

Bacillus subtilies, Streptococcus pyogenes, Staphylococcus epidermis (32) and Escherichia coli 

(33, 34). 

The bacteria were treated with both ZnO NP suspension and (Zn (OOCCH3)2 · 2H2O solution in 

order to compare the toxicity of ZnO NPs to ionic zinc. Figure 2.1C-D shows that ZnO NPs 

produced higher toxicity than ionic Zn. This is not in accordance with other studies where the 

toxicity was attributed to Zn2+ ions for Escherichia coli and Pseudomonas putida respectively 

(13, 14). At higher ZnO NP concentrations, partial dissolution of ZnO NPs was observed (Figure 

S3-A, SI). For example, at 125mg/L of ZnO NPs in YMB, we determined that only ∼11.85 mg/L 

of free Zn ions are present (see Figure S3-B, SI). Therefore, it is hypothesized that the higher 

toxicity of ZnO NPs may be attributed to the presence and uptake of ZnO NPs by the bacterial 

cells, as explained below.  
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The MIC and viability assays support the dynamic growth curve results. CeO2 NPs were 

toxic at higher concentrations with MIC values higher than 125 mg/L, while at lower 

concentrations, no acute toxicity was observed (Figure 2.1A). As observed in this figure, the 

bacterial cells grew well (65%) at 31 mg/L and 50% at 62.5 mg/L at CeO2 NP treatments. 

However, the cells were unable to grow after 125 mg/L and no bacterial growth was observed at 

250 mg/L or higher.  

In spite of the attachment of CeO2 NP aggregates onto the outer surface/cell wall of the S. 

meliloti (Figure 2.1A-B), no acute toxicity was observed at 125 mg/L. Conversely, ZnO NPs 

showed a broader range of toxicity towards S. meliloti at lower concentrations compared to CeO2 

NPs. The MIC study showed that S. meliloti was very sensitive to ZnO NPs at concentrations as 

low as 31 mg/L (Figure 1C). The DDT also showed higher inhibition zones (DIZ) of 15.5±.5 mm 

for 31 mg/L ZnO treatments compared to CeO2 treatments (Table S3, SI). But, no bacterial 

colonies were observed at higher concentration of ZnO NPs (62.5 and 125 mg/L) around the 

disks (Table S3, SI).  

However, no inhibition zones were observed at lower concentrations of CeO2 NPs (10 and 31 

mg/L). Nonetheless, it should be mentioned that the DIZ measurements are susceptible to 

artifacts generated from the particle’s hydrophobic/hydrophilic nature, adsorption of NPs onto 

the disc and the diffusion rate of the NPs from the discs (2). 

A decreased bacterial viability was observed with increase in CeO2 concentration compared to 

control. After 24 h of exposure to 31, 62.5, and 125 mg/L of CeO2 NPs, the numbers of viable 

bacterial cells were 55, 40, and 30% respectively. In contrast, ZnO NP treatments had very less 

viable cells (<10%) due to the higher antibacterial activity.   
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Figure 2.1. Dynamic growth curve of S. meliloti in YMB (A) growth inhibition of S. meliloti 

treated with CeO2 NPs(B) treated with ionic cerium (C) growth inhibition of S. meliloti treated 

with ZnO NPs (D) and treated with ionic zinc. Lines with different letters are statistically 

significant. 
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The mechanism for the toxicity of ZnO NPs against S. meliloti is still unknown, but it could be 

attributed to either the presence of Zn2+ ions in solution (13, 14, 34) or disorganization of cellular 

membrane (10). But the bacteria grew in Zn2+ ions with slight inhibition (Figure 1D), which 

suggests some other factors are responsible for the higher toxicity of ZnO NPs apart from ionic 

zinc. In addition, CeO2 NPs formed larger aggregates in solution compared to ZnO NPs (Table 

S1 and S2 of SI), which in turn decreased their bioavailability and toxicity.  

  2.4.3 TEM Imaging of Bacteria Treated with CeO2 and ZnO NPs 

 Low voltage ultra-high resolution scanning electron microscopy of complete bacteria was used 

to investigate the potential uptake/adsorption of metal oxide nanoparticles. This technique has 

the advantage that requires no metal coating of the samples (35, 36). In this particular case we 

avoided metal coating or commonly used heavy metal staining because it could interfere with 

EDX microanalysis of metal oxide nanoparticles used in the bioassays. 

SEM provided surface imaging of bacteria, whereas with STEM mode it was possible to 

obtain high contrast images to assess location of metal oxide nanoparticles. Figure 2.2 A-B show 

STEM image taken in bright field (BF-STEM) and by using yttrium aluminum garnet -

backscattered electron (YAG-BSE), respectively, of S. meliloti treated with CeO2 NPs. BF-

STEM image of complete bacteria treated with CeO2 nanoparticles revealed some changes in cell 

morphology (Figure 2.2A-B), as a reduction in diameter and length (35, 36); this could be due to 

high ionic strength achieved during treatments. BSE images obtained with YAG-BSE detector at 

low voltage (5 kV) (Figure 2.2-B), helped to reveal location of nanoparticles on bacterial surface. 

The contrast obtained on BSE images derives of interactions of electron beam with cerium oxide 

that emits backscattered electrons. BSE images obtained are qualitative compositional maps; 

bright areas correspond to materials with higher atomic number due to Z-contrast (37). In this 
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case, brighter spots correspond to sites of accumulation of cerium oxide on periphery of bacterial 

cell wall (Figure 2.2-B), confirming incorporation/binding of metal oxide nanoparticles used in 

the treatments. 

 

Figure 2.2. Imaging of bacteria treated with cerium oxide nanoparticles (125 mg/L) in YMB for 

24 hours (A) BF-STEM, (B) YAG-BSE, (C) EDX mapping (the dots on the bacterial surface) of 

Ce, (D) EDX spectra. 

 

Accumulation of NPs in the periphery of S. meliloti was confirmed by Energy Dispersive 

X-Ray (EDX) Spectroscopy obtained with QUANTAX Bruker detector coupled to FE-SEM. 

EDX mapping showed that the regions of high contrast observed with YAG-BSE correspond to 

Ce incorporated by cells during NP treatments (Figure 2.1-C-D). EDX microanalysis showed the 

presence of characteristic Ce peaks centered at 0.883 and 4.839 keV with a concentration 

equivalent to 3.29 ± 0.46 wt %. 
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High-contrast, low voltage STEM imaging is a new field of high-resolution electron 

microscopy and with the use of BF/DF Duo-STEM detector it is possible to obtain BF/DF 

images simultaneously. Figure 2.3 shows the morphological details of ZnO NP treated S. meliloti 

cell. High contrast regions showed that ZnO NPs are located inside and in the periphery of the 

cells. This confirms the incorporation/binding of these nanostructured materials mainly in the 

periplasmic region (38). Imaging with DF-STEM (Figure 2.3B) mode helped to clearly 

distinguish between the adsorbed and internalized ZnO NPs into the bacterial cells without using 

heavy metal staining or coating. In this mode, the strong contrast was due to Z2 difference that is 

proportional to the atomic number of the metal. Therefore, this mode provides high contrast 

images of ZnO NPs located within ~100-200 nm depth. Elemental X-ray spectral mapping of Zn 

in complete bacteria was used to confirm the location of NPs observed by BF/DF-STEM (Figure 

2.3-C). Integration of characteristic peaks of Zn centered at 1.012 and 8.637 keV in the EDX 

spectra indicated that sample contained 0.30 ± 0.04 wt % of Zn (Figure 2.3-D). We demonstrated 

that advanced analytical microscopy techniques allow to assess the location of ZnO NPs in 

complete cells without using negative staining. Apart from these, the STEM images showed very 

interesting morphological features onto the cell wall of CeO2 treated bacteria (Figure 2.4). There 

were some spherical surface structures on the cell wall of S. meliloti that might be caused by the 

NPs toxicity. These surface structures need further investigation. In addition, ZnO NPs also 

resulted in irregular cellular surface with membrane damage (Figure 2.3A-B). 
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Figure 2.3. Imaging of bacteria treated with zinc oxide nanoparticles (31 mg/L) in YMB for 24 

hours. (A) BF-STEM, (B) DF-STEM, (C) EDX mapping of Zn (the dots on the bacterial 

surface), (D) EDX spectra. 

 

 
Figure 2.4. Spherical structures on the bacterial cell surface. Bacterial surface modified and the 

morphology changes upon treatment with NPs. 
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The accumulation/deposition of CeO2 and ZnO NPs onto the cell surface suggests that 

the particles adsorbed to the bacterial cell surface at different concentrations. The adsorption may 

be due the electrostatic attraction between the NPs and the cell membrane (10). These could lead 

to production of ROS, which in turn cause the membranolytic damage of the bacterial cell 

surfaces by interacting with the protein and carbohydrate presents in the bacterial cell wall. This 

was further evidenced by the FT-IR of EPS extracted from treated cells.  

Therefore, it was hypothesized that accumulation of CeO2 and ZnO NPs on the surface 

and deposition of ZnO NPs within the periplasmic space of S. meliloti leads to inhibition of 

bacterial growth in both cases. The higher toxicity or antibacterial activity of ZnO NPs was 

likely due to: the smaller particle size which made NPs more bioavailable compared to CeO2 

NPs, their surface adsorption along with internalization inside the periplasm and corresponding 

membrane damage, and presence of ionic zinc in solution.  

2.4.4. FTIR Analysis Results  

The FTIR spectra from extracted EPS of treated and non-treated cells were examined separately. 

A number of absorption bands representative of various functional groups of polysaccharides and 

proteins present on the bacterial cell surface are shown in Figure 2.5-A-B. The FTIR spectra 

revealed distinct differences both in shape and absorbance intensity, which indicated the 

variation in composition and quantity of individual components present in EPS upon NPs 

application. The EPS from control shows a stretching frequency at 1098 cm-1 of C-O-C wagging 

frequency that represents the C-O-C group of polysaccharides (39). This peak shifted to 1045 

cm-1, 1007 cm-1 and 1014 cm-1   in case of ZnO NP treatments. The peak gets broaden at higher 

concentrations. Whereas, in case of CeO2 the shift is less but the peaks area get broaden with 

increasing concentration of NPs in the solution (Figure 2.5 A). It is also reported that the band 
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vibration of polysaccharides appears in the frequency range 900-1200 cm-1 (40). Therefore, the 

overall changes in this region confirm changes in bacterial polysaccharide structures upon 

binding of NPs on cell surface. The C=O and C-N stretching appear near 1645 cm-1 and this 

represents the functional groups present in Amide-I  of protein.  The changes in Amide I band 

are associated with the conformational changes (41-46).  Herein, we also observed the shift in 

intensities with changes in peak area in the amide I region .The band shifted to 1655 cm-1 and 

1650 cm-1 for CeO2 treatment whereas, the shift was significantly different (1633/1634 cm-1) 

from the control for  ZnO treatments. This suggests that the NPs toxicity might affect the α-sheet 

or β-helical structures of proteins. FTIR results of the present study corroborate the fact that 

attachment of NPs on bacterial cell surface resulted in a shift of Amide I band (47). The –OH 

stretching vibration (H-bonded) appears near 3243 cm-1 and the bands broaden and get shifted to 

3268 cm-1, 3259 cm-1, and 3279 cm-1 with different concentrations of ZnO NPs. Whereas the 

CeO2 treated samples show stretching frequencies at 3209 cm-1 and 3175 cm-1. This represents 

the stretching vibration of –OH group presents in polysaccharides and proteins (39) long with the 

–OH of water molecules from the extraction process. The peak shifted more than 30 cm-1 in case 

of CeO2 NP treatments. It should be noted that it is more than 7 times greater than the resolution 

of FTIR (4 cm−1). C-H stretching frequencies of phenyl substitution also showed some changes. 

The peak appears near 881 cm-1 (control) and gets shifted to 868 cm-1, 868 cm-1 and   872 cm-1, 

with the treatment of 31, 62.5, and 125mg/L CeO2 NPs, respectively. For the ZnO treatment, the 

same pattern was observed. The changes in peak intensities were different for ZnO NP 

treatments, which indicate the higher toxicity or interaction of ZnO NPs toward S. meliloti. The 

changes in the Amide I region inferred the adsorption of NPs induced changes in secondary and 

tertiary structures of proteins (48-50). The surface carboxylic groups of polysaccharides might 
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interact with the Zn or Ce atoms upon exposure to the NPs in solution. As a result, band gets 

shifted and the peak intensity also changed. These shifts in absorbance bands and 

decrease/increase in the peak intensities can be attributed to the interaction/binding of NPs with 

EPS and corresponding surface modifications.  These changes in the EPS could impact the 

ability of this bacterium to colonize into the root surface, which directly affect the symbiotic 

nitrogen fixation in the system. Thereby nitrogen fixation will be distressed and in long term it 

will affect the global nitrogen cycle.  

2.5. Conclusions 

In summary, both the NPs have potential negative effects on S. meliloti (Rm 1021). CeO2 NPs 

were found to be less toxic than ZnO NPs. The higher toxicity of ZnO NPs was attributed to the 

combined effect of surface attachment and internalization of the NPs and the corresponding 

ionic zinc through dissolution. The plausible mechanism of action of ZnO NPs towards bacterial 

cell encompasses direct interaction between the NPs and cell surface. Thereby Zn/ZnO NPs 

accumulates out/ inside cell wall, distressing the membrane chemistry by production of ROS, 

resulting in inhibition of the growth and viability of S. meliloti, and eventually cell death 

occurred. ZnO NPs were found to be bactericidal whereas the effect of CeO2 NPs was 

bacteriostatic. 
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Figure 2.5. FT-IR spectra of bacterial extra cellular polysaccharides treated with (A) CeO2 NPs 

and (B) ZnO NPs. 
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Chapter 3 

Comparative phytotoxicity of ZnO NPs, bulk ZnO and ionic zinc onto the alfalfa-

Sinorhizobium meliloi association in soil. 

Abstract 

Studies on ZnO nanoparticles (NPs) toxicity in a plant-bacterium association in soil matrix are 

limited. In this study, ZnO NPs, ZnCl2, and bulk ZnO were exposed to the symbiotic alfalfa 

(Medicago sativa L.)-Sinorhizobium meliloti association at concentrations ranging from 0 to 750 

mg/kg soil. Plant growth, Zn bioaccumulation, dry biomass, leaf area, total protein, and catalase 

(CAT) activity were measured in 30 day-old plants. Results showed 50% germination reduction 

by bulk ZnO at 500 and 750 mg/kg and all ZnCl2 concentrations. ZnO NPs and ionic Zn reduced 

root and shoot biomass by 80% and 25%, respectively.  Conversely, bulk ZnO at 750 mg/kg 

increased shoot and root biomass by 225% and 10%, respectively, compared to control. At 500 

and 750 mg/kg, ZnCl2 reduced CAT activity in stems and leaves. Total leaf protein significantly 

decreased as external ZnCl2 increased. STEM analysis revealed the presence of ZnO particles in 

tissues, suggesting the uptake of NPs. However, ZnO NPs showed less toxicity compared to 

ZnCl2 on measured traits. This study highlights the etiological issue about the phytotoxicity of 

NPs or that of Zn species derived from the NPs. The findings provide the insight of risk 

assessments of NPs and the ionic Zn species in soil. 

 
Keywords: ZnO Nanoparticles, bulk ZnO, ionic Zn, leaf area, Zn uptake, toxicity 
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3.1 Introduction 

Engineered nanoparticles (ENPs, NPs) are materials with at least two dimensions with a diameter 

of 100 nm or less. These materials have properties different from their bulk counterpart (1). Due 

to their novel and remarkable structural and physicochemical properties, these materials showed 

enhanced physical, chemical, and biomedical properties (2, 3) with widespread application in 

different industrial and household sectors (4). ZnO NPs are one of the widely used metal oxide 

NPs for their photocatalyzing and photo-oxidizing abilities.5 However, inappropriate handling 

and dumping of NPs and related wastes could result in environmental contamination (6). These 

certain the immediate need to assess the potential toxicological impact on human health and 

environment (1, 3, 7, 8). However, it is largely unknown whether the toxicity effects are same or 

different in terms of NPs or the released metal ions (9). 

In the past few years, several reports have suggested that ENPs produce adverse effects in 

terrestrial plants (10-16). These studies reported that plants can accumulate high amount of 

metals in their tissues when exposed to ENPs. This not only impacts their physiological and 

biochemical factors (11-14), but could be the possible path of contamination to the food chain (6, 

17). 

Reports indicate that ZnO NPs adversely affect plant growth of green pea, corn, 

cucumber rye, zucchini, soybean, and wheat, depending on the concentration of ZnO NPs (6, 11, 

13-16). For example, Dimpka et al. reported that ZnO reduced wheat plant growth with increase 

production of ROS (6). Conversely, Lin and Xing (14) reported that ZnO NPs affected root 

elongation in ryegrass (Lolium perenne), radish (Raphanus sativus) and rape (Brassica napus) 

(14). The reported phytotoxicity was due to disruption in water and nutrient pathways (14). They 

also confirmed the adsorption and aggregation of the ZnO NPs to the root surface of ryegrass 
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where the high magnification TEM images showed the presence of NPs in the apoplast, 

cytoplasm and nuclei of the endodermal cells and the vascular cylinder (15).  However, X-ray 

absorption confirmed the nonexistence of the NPs. Later, Kim et al (19), reported phytotoxic 

effects of ZnO NPs in Cucumis sativus due to excess Zn bioaccumulation (19); whereas, Lopez-

Moreno et al. (20) reported the genotoxic effect of ZnO NPs to soybean (Glycine max) (20). 

Recently, Mukherjee et al. (13) reported the phytotoxic effect of ZnO NPs in green peas where 

ZnO NPs were found to be more toxic (compared to bulk ZnO) due to higher accumulation of 

ROS in different plant tissues (13). However, only one report was found where the interaction of 

NPs on symbiotic association (important in terms of nitrogen fixation) was studied (21). The 

authors reported that higher Zn was accumulated in above and below ground parts of soybean 

plants, including the nodules, which was confirmed through ICP analysis and electron 

microscopy imaging. The result showed that ZnO NPs adversely affect the plant growth; 

however the effect on nodulation/nitrogen fixation remained unaltered. The authors also confirm 

the Zn ions/ZnONPs accumulation in different parts of plants through ESEM and STEM (21). 

To the best of the authors’ knowledge, there are no reports on the comparative 

toxicological studies of ZnO NPs and their bulk/ionic counterpart and the probable phytotoxic 

mechanisms on the symbiotic association of alfalfa (Medicago sativa L.), the world’s most 

important forage crop (22, 23) grown in association with Sinorhizobium meliloti (S. meliloti), a 

gram negative nitrogen fixing soil bacterium (21). Therefore, studies exploring this knowledge 

gap would be useful for a better understanding of plant− NP interactions in soil and the probable 

toxic species identification.  

The present study was aimed to investigate the phytotoxic effect of 10 nm ZnO NPs 

towards alfalfa-S. meliloti association in soil. To discern phytotoxicity of ZnO NPs versus larger 
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particles or released (soluble) ions, both micron-sized bulk ZnO and soluble Zn salts (added as 

ZnCl2) were tested separately. Plants were treated with ZnO NPs, bulk ZnO, and ZnCl2 for 30 d 

and compared for bioaccumulation of Zn, plant growth, biomass, leaf area, leaf protein content, 

and catalase (CAT) activity.  Bioaccumulation of Zn in different plant tissue was quantified 

through ICP-OES and the protein and catalase activity was measured through spectroscopic 

methods. High resolution Electron Microscopy (EM) techniques were used to confirm the 

aggregation of ZnO NPs in different plant tissues.  

3.2 Materials and Methods  
 
3.2.1Characterization of ZnO NPs  
 
Ten nanometer ZnO NPs (Meliorum Technologies, Rochester, NY) were obtained from the 

University of California Center for Environmental Implications of Nanotechnology (UC-CEIN). 

The NPs were previously characterized by pXRD and TEM by Bandyopadhyay et al.(7). The 

desired amount of ZnO NPs were suspended in Millipore water (MPW) and applied to soil to 

have 250, 500, and 750 mg/kg of soil. Prior to soil application, NP suspensions were sonicated 

for 15 minutes in a water bath (Crest Ultrasonics, Trenton, NJ). Before choosing these 

concentrations, the plants were treated with lower concentrations (62.5 mg/kg and 125 mg/kg) 

but no visible sign of toxicity were found. 

Three concentrations (250, 500, and 750 mg/kg of soil) of ZnO NPs, bulk ZnO and ZnCl2 

(Sigma–Aldrich) were prepared simultaneously in MPW and mixed with the soil. 

3.2.2 Soil Sampling, Characterization, and Pot Preparation 

The soil was collected from Fabens, Texas (top 20 cm) and mixed with organic soil (Scotts, 

premium potting soil to enhance soil fertility) in a ratio of 2:1 (v/v). The soil was air dried and 

sieved through a 2 mm mesh prior to characterization. The original (Faben, TX) soil type was 
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loam in texture, although very close to the border of sandy loam soil (based on the USDA soil 

classification scheme) (24). The soil pH was 7.75±0.4, CEC 8.21±0.2 and 28±0.5 mg/kg of Zn. 

Later, Zn content was reduced to 18.6±0.5 mg/kg after 30 days of harvesting. 

The pots were prepared with soil mixtures amended with desired amount of nano, bulk 

ZnO, and ZnCl2 (well mixed). The pots amended with ZnO NP, bulk ZnO and ZnCl2 were kept 

24 h for conditioning. Next day, the alfalfa seeds were planted. Three replicates were prepared 

for each treatment.  

3.2.3 Seed Germination 

Alfalfa (Medicago saliva L.) seeds were purchased from Del Norte Seed & Feed (Vinton, TX, 

USA). The seeds were washed with 4% hypochlorite solution followed by washing with ethanol 

and MPW. Approximately 60 seeds of the same size were selected and sown in each pot. Alfalfa 

seeds were inoculated with S. meliloti, suspended in MPW for 2 h before being planted into the 

soil. The seeds were placed about 1 cm deep in the soil and covered with thin layer of soil.  The 

ZnO treated pots with alfalfa seeds were placed in a growth chamber (Environmental Growth 

Chamber, Chagrin Falls, OH, USA) with a 14 h photoperiod, 25/20 °C day/night temperature, 

65% relative humidity, and light intensity of 340 μmol s–1 m–2 for 30 days.  The pots were 

watered with approximately 50 mL of MPW every day. The alfalfa sprouts appeared after one 

day of sowing, and after five days the number of germinated seeds was recorded.  

3.2.4 Plant Growth  
 
The plants were grown for 30 days and upon harvest, the root and shoot lengths were recorded 

for each plant separately (10-15 plants). The plants were washed with 4% HNO3, followed by 

three rinsing with MPW. Shoots and roots were separated and dried at 70°C for 24 h and the 

biomass was recorded for each treatment. 
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3.2.5 Quantification of Zn in Dry Plant Tissues 
 
Different parts of alfalfa plants (root, stem, and leaf) were digested and analyzed for Zn content 

by ICP-OES (Perkin-Elmer Optima 4300 DV, Shelton, CT equipped with a Burgener PEEK 

MiraMist nebulizer with argon flow) upon drying at 68 0C. Prior to ICP analysis, the plant tissue 

samples were microwave-assisted acid digested with concentrated plasma-pure HNO3 and H2O2 

(30%) (1:4) in a microwave acceleration reaction system (CEM Corp.; Mathews, NC). For QC 

check, Certified Reference Material (spinach leaves, NIST 1547) was processed as samples, and 

the Zn recovery rate was 99.82 ± 0.55. 

3.2.6 Protein and Enzymatic Assays (CAT/APX) 
 
Thirty-day-old fresh alfalfa plant samples were washed with 5% HNO3 solution and three times 

with MPW to remove any external contaminant.  0.1 g of fresh plant tissues (roots, stems, and 

leaves) was used. The fresh tissue extracts were prepared using extraction buffer of 25 mM 

KH2PO4 at pH 7.4. Then, the extracts were centrifuged for 8 min at −4 °C and 9600 rpm 

(Eppendorf AG bench centrifuge 5417 R, Hamburg, Germany). The supernatants were collected 

to microcentrifuge tubes and stored at −20 °C until further analysis (25).  

Total leaf protein content was determined according to the method of Bradford (26) with slight 

modifications using bovine serum albumin as standard. The absorbance kinetics (for protein and 

enzymes) was recorded in a Perkin Elmer Lambda 14 UV/Vis Spectrometer (single-beam mode, 

Perkin-Elmer, Uberlinger, Germany).  

The catalase (CAT) activity was investigated by observing the degradation of H2O2 

(extinction coefficient 39.4 mM-1 cm-1) at 240 nm (27). Twenty µL crude enzyme extract was 

mixed with 980µL 10 mM H2O2 and the amount of enzyme necessary to decompose 1 µmol of 

H2O2 per minute was considered as one unit of CAT (27). 
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3.2.7 Electron Microscope Imaging 

The ZnO treated alfalfa plants were used for EM imaging in order to see the aggregation 

of ZnO NPs within the plant tissues. Plant tissues were harvested (nodules, roots, stems 

and leaves) to determine location and accumulation of ZnO NPs. Samples were fixed 

with phosphate buffered 4% formaldehyde, 3% glutaraldehyde, pH 7.2 for 24 h prior 

resin embedding. Fixed tissues were rinsed with PBS and post-fixed with PBS+1% OsO4 

in 0.12 M phosphate buffer for 1 h at room temperature. After dehydration with increases 

series ethanol (75, 95, and 100%), samples were infiltrated with the resin Poly/Bed 812 

plastic (Luft formulations; purchased from Polysciences, Inc.) prepared in acetone and 

cured for 24h at 60°C. Ultra-thin sections of 90 nm were cut with Leica Ultracut 

ultramicrotome using a 45° diamond knife. Sections were mounted on 200 mesh copper 

grids (2PSI) and dried at 37°C. 

Tissue sections were imaged with HITACHI S-5500 In-Lens Ultra-high 

Resolution Field Emission Scanning Electron Microscope (UHR FE-SEM) coupled with 

BF/DF Duo-STEM, Low angle backscattered (LABE) and YAG-BSE detectors, and solid 

state EDX detector (Bruker), and microscope was operated with an accelerated voltage of 

30 kV. Electron microscope images were analyzed with QUARTZ PCI and X-ray 

microanalysis acquired with QUANTAX EDS. 

3.2.8 Statistical Analysis 
 
Each concentration was set in triplicate including the control in a completely random design. 

Separate set of plants were used for Zn concentration, physiological measurements, and 

microscopy imaging. The data (means ± SE) were reported as averages of three replicates. A 

one-way ANOVA test was performed, and Tukey-HSD multiple comparisons conducted test 

performed using the statistical package SPSS version 12.0 (SPSS, Chicago, IL). Statistical 
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significance was based on probabilities of p ≤ 0.05. 

3.3 Results and Discussions 

3.3.1 NP Characterization 
 
ZnO NPs were characterized previously (7) where larger aggregation was found with increasing 

concentration. The initial size was 10 nm with a purity of 99%. Fig. S1 (SI) showed the TEM 

images of aggregated ZnO NPs with an average size of 322 ± 187 nm and the size range was 

from 94 nm to 1127 nm. After mixing with the soil, the physico-chemical behavior might change 

which affect the phytotoxicity of ZnO NPs. We also observed that the rate of dissolution was 

higher in bulk ZnO compared to ZnO NPs in soil medium (See SI). Though, it has been evident 

that NPs has higher dissolution than bulk ZnO due to their smaller size (28, 29). Our result (S2, 

SI) is not in agreement with the previously reported results (28, 29), maybe due to the fact that 

ZnO NPs aggregated during experimental condition (soil/water media). The formation of larger 

aggregates might hinder the dissolution kinetics by reducing the equilibrium solubility (30). 

3.3.2 Effect on Seed Germination 
 

Seed germination was differently affected by treatments (ZnO NPs, bulk ZnO, and 

ZnCl2).  ZnO NPs at 250 and 500 mg/kg did not affect germination rates (Fig. 3.1 and Fig. S3, 

SI), which followed previously described data of mung beans (31). However, at 750 mg/kg ZnO 

NP treatments germination rate was increased to 23% compared to control. Bulk ZnO treatments 

showed 50% lower germination rate at 500 and 750 mg/kg compared to control and the ionic 

treatments were found to be germination inhibitors with increased ZnCl2 concentrations. At 500 

and 750 mg/kg ZnCl2 treatments, germination rates reduced to 50% and 80%, respectively. The 

ionic treatments showed lower germination rates in all three concentrations compared to control 

which clearly signifies the higher toxicity of ionic zinc. Although, Zn is an essential element for 
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plant growth, while higher concentration might result in growth inhibition and can produce 

phytotoxic symptoms (32). In addition, it should be mentioned that NP-stress response could be 

different for different plant species depending on other physical and biochemical onditions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Germination of alfalfa seeds in soil treated with  (A) ZnO (B) bulk ZnO (C) ZnCl2 at 

0, 250, 500, and 750 mg/kg. Means with the same letters are not significantly different at 

Tukey’s test (p ≤ 0.05). Evaluation was performed 5 days after sowing. 

 

3.3.3 Zn Uptake and Translocation by Alfalfa 

The Zn concentration in one month-old alfalfa plants are exhibited in Fig. 2(A-C). In each 

treatment, Zn level increased in alfalfa roots along with increasing dose of NPs, bulk ZnO, and 

ionic Zn when compared to control. The highest accumulation was observed at 750 mg of ZnCl2 

treatments with an average of 382 mg/kg of Zn in alfalfa roots (Fig. 3.2C). The higher root 
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uptake can be due to the fact that ZnCl2 is fully ionized in soil and plants uptake more Zn and 

bio-accumulate it in root tissues.  However, in comparison to bulk, higher root uptake was 

observed in NP treatments even though the dissolution of bulk ZnO was much higher than ZnO 

NPs in soil (Fig. S2, SI), suggested that smaller size of the NPs persuade more uptake than the 

bulk and hence more Zn bioaccumulated in roots of alfalfa.  

 

Figure 3.2. Bioaccumulation of Zn in roots, stems, and leaves of alfalfa plants grown for 30 days 

in soil treated with 0 (control), 250, 500, and 750 mg/kg ZnO NPs (a), bulk ZnO (b), and ZnCl2 

(c). Error bars stand for stadard deviations. Bars with the same letters/symbols show no 

statistically significant difference at p ≤ 0.05. Comparisons were made between same plant 

tissues of different treatments.  

 

In stem, the accumulation was higher at 250 and 500 mg/kg of ZnO NP treatments compared to 

bulk. Zn uptake from ZnO NPs increased to 106% and 166% compared to control, with 

treatment of 500 mg/kg>250~750 mg/kg.  The Zn accumulation in stem was in same order of 
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control<250~750 mg/kg<500 mg/kg in case of NP and bulk treatments. However, ionic 

treatments showed a different accumulation trend of control<250<500<750mg/kg with 

significantly higher amount of Zn (3x increase at 750mg/kg treatment) in stems. The fig. 2 

showed that in leaves NP treatments accumulated more Zn (about 2x higher) compared to bulk, 

ionic, and control. This is because of smaller size of ZnO NPs and biotransformation of Zn2+ 

from ZnO within the tissue (6). This signifies the different behavior of Zn2+ than ZnO NP. This 

can be inferred that the accumulated Zn was not only the dissolved Zn from ZnO NPs, but may 

be aggregated NPs in different parts of the plants. Otherwise the plants should respond similarly 

in different Zn treatments (ionic, bulk, and NPs).  

The translocation factor (TF, Table 1, See SI) calculation showed that more Zn was 

translocated to alfalfa leaves at 500 and 750 mg/kg ZnO NP treatments ( TF: 0.130, and 0.133) 

than ZnCl2 treatments (TF: 0.0763, 0.104). However, at 250 mg/kg bulk and ionic treatments 

translocated more Zn (~0.3) to alfalfa leaves compared to ZnO NP treatment. Higher TF signifies 

more soluble Zn in leaves of NP treated plants compared to ionic treatment at 500 and 750 

mg/kg treatments (33). The lower TF for ionic treatments explain the fact that possibly Zn 

complexes with organic acids/or amino acids and sequestered in root vacuoles and became less 

available for xylems (33, 34), whereas the smaller size ZnO NPs enhances the transportation 

through vascular system and hence higher translocation was observed at 500 and 750mg/kg ZnO 

NP treatments. In addition, ZnO NPs may be bio-transformed to Zn2+ within the tissue giving 

higher Zn accumulation in terms of 42 mg of Zn/kg of dry alfalfa leaf biomass compared to 

what.  

  But, more elaborated studies are required in order to explain the higher bioaccumulation 

of Zn/ZnO NPs and related mechanisms in leaves compared to bulk and ionic treatments. In spite 
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of higher Zn accumulation in plant leaves, no visual sign of toxicity was observed in NP treated 

plant leaves; however, the ionic treated plants turned yellow after 3 weeks of germination (S6, 

A-C, SI, Appendix 2).  

3.3.4 Effect on Biomass Production and Root-Shoot Length 
 
Biomass production and plant growth are considered as indicators of plant health. Compared to 

control, alfalfa dry biomass significantly decreased (80%) at all ZnO NP concentrations (Fig.3 

A-B). These results are in accordance with Priester et al. (21) who reported decreased root 

biomass of soybean with higher Zn accumulation (21). However, at 750 mg/kg bulk treatments, 

root biomass increased more than 2x (p≤ 0.05) and in case of ionic treatments dry biomass 

reduced to 70%, 72%, and 87% at 250~500>750mg/kg treatments respectively (Fig. 3.3A). 

Higher biomass reduction was observed at 250 and 500 mg/kg ZnO NPs treated alfalfa than the 

same ionic doses. These results confirm the phytotoxicity of ZnO NPs to alfalfa plants. Zn 

accumulation in the aerial parts also followed the same trend. In shoot, NP treatments showed 

35% lower dry weight in all treatments (Fig. 3.3B). But, leaf biomass increased to 27%, 179%, 

and 223% at 250, 500, and 750 mg/kg ZnO bulk treatments, respectively, compared to control 

which was also confirmed visually (S2 A-C, SI). The alfalfa shoot biomass decreased to 43% at 

750 mg/kg ZnCl2 treatments which was also be visually confirmed by Fig. S5(SI).  

Our results indicated that ZnO NPs induce the toxicity in terms of biomass reduction (21) 

and root elongation (6, 14). The ionic treatments showed higher toxicity compared to NP 

treatments, conversely plants were healthy in bulk treatments in terms of root and shoot biomass 

production. It can be hypothesized that the amount of accumulated Zn might be crucial for alfalfa 

growth in bulk treatments and hence it acts as a growth promoting for alfalfa plants (34). 

 Fig. S4-A (S5, SI, Appendix 2) shows the changes in root length, where at 250 mg/kg of 



37 

ZnO NPs increased the root length (67%) while at 500 and 750 mg/kg no significant increase 

was observed compared to control. Bulk ZnO treatments followed different trend where 50% 

root elongation was observed at 500 and 750 mg/kg treatments, compared to control. The ionic 

treatments remained statistically unaltered.  It is well known that Zn is one of the crucial 

micronutrients for optimum crop growth and it is possible that the dissolved Zn from bulk 

promote alfalfa’s growth. In addition at lower concentration, ZnO NPs/dissolved Zn promote 

root elongation (6, 14), however, at higher concentration, ionic Zn found to be toxic due to 

excess accumulation in root and shoots. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Root and shoot biomass (dry weight) of alfalfa plants treated with 0-750mg/kg of 

ZnO NPs (A), bulk ZnO (B), and ZnCl2 (C) after 30 days of treatment. Bars with the same 

letters/symbols show no statistically significant difference at p ≤ 0.05.  
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3.3.5 Changes in Alfalfa Leaf Area  

Leaf area can be a good indicator of plant health (36, 37). At 500 mg/kg bulk ZnO treatments, 

alfalfa leaf area significantly increased (P ≤ 0.05) compared to NP, ionic treatments, and control 

(Fig. 3.4 and Fig S6, SI, Appendix 2). These results are confirmed by other research results 

reported recently (38, 39).  

 

 

 

 

 

 

 

 

 

Figure 3.4. Total leaf surface area (sq. cm/trifoliate leaves) of alfalfa plants treated with 500 

mg/kg of ZnO NPs, bulk ZnO, and ZnCl2 for 30 days. Error bars stand for stadard deviations and 

bars with  different letters show statistically significant difference at p ≤ 0.05.  

  

The Zn bioaccumulation in leaves was in an order of ZnO NPs>bulk ZnO> ionic Zn 

(37.65, 25.42, and 18.34 mg of Zn per kg of alfalfa leaf dry weight) at 500 mg/kg treatments. 

This can be concluded from the uptake and biotransformation of Zn (TF calculation: Table 1, SI) 

that at certain higher bulk ZnO treatment, accumulated Zn acts as growth promoting and possibly 

triggered the growth hormones which resulted in increased leaf area of alfalfa plants (31). We 
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also observed early flowering of alfalfa (in 2 months) in bulk treatments and it can be concluded 

that 500 mg bulk ZnO/kg treatment acts as growth enhancing for alfalfa plants for this particular 

phenotype.  

 
3.3.6 Total Protein Content in Alfalfa Leaves  
 
Alfalfa leaves contain approximately 30% crude protein and have been used widely as forage 

crop and high source of proteins in human diet (40). Therefore, total leaf protein content was 

measured to find out the impact of ZnO NPs and corresponding bulk and ionic Zn species on this 

particular crop plant. Fig. 3.5 showed that ZnO NP treatments, alfalfa leaf proteins (total) 

reduced but the change was statistically insignificant. Same trend was observed in bulk 

treatments. But, the ionic treatments showed a significant reduction in leaf protein content of ~ 

17%, 28%, and 71% at 250, 500 and, 750 mg/kg ZnCl2 treatments, respectively.  Decrease in 

protein in ionic treatments suggests the phytotoxic effect of Zn2+. Our results are in accordance 

with the previously reported studies where ionic zinc was found to be phytotoxic at higher 

concentration (32, 38). At elevated Zn level in leaves, the phytotoxicity might be through 

displacement of essential elements in functional sites (32). In addition, ionic Zn/dissolved Zn2+ 

from ZnO NPs could hindered many biochemical function/s comprising proteins which are 

involved in different structural, transport or catalytic (enzymes) function (32). Therefore, 

decrease in leaf protein will directly affect the alfalfa food value (protein source) and is an 

indication of phytotoxicity.  
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Figure 3. 5. Total leaf protein content (expressed in mg/g fresh weight; p ≤ 0.05) of alfalfa 

treated with ZnO NPs (A), bulk ZnO (B), and ZnCl2 (C) at 0 (control), 250, 500, and 750 mg/kg 

concentrations. Bars with different letters signify the statistical significant difference at p ≤ 0.05.  

 

3.3.7 CAT Activity 

The main function of catalase (CAT) within cells is to prevent the accumulation of toxic levels of 

hydrogen peroxide, generated as a by-product of plant’s metabolic processes and it can serve as a 

good indicator of plant’s physiological responses (41). CAT activity is shown in Fig. 3.6 A-C. 

Statistically insignificant changes were observed in CAT level of root, stem, and leaves of alfalfa 

treated with ZnO NPs and bulk ZnO. However, the ionic treatments showed decreasing trends of 

CAT in stem and leaves at 500 and 750 mg/kg treatments compared to control (about 2x less).  

This was evident by inhibition of plant growth and yellow coloration of leaves at 500 and 750 

mg/kg of ZnCl2 treatments (Fig S7-C, SI, Appendix 2). Decreased plant size (shoot length, Fig 

3.4B) implies lower cellular activity and higher H2O2 accumulation/generation. This is in 

accordance with other results (11, 13) where lower CAT activity was reported with higher ZnO 

NPs concentrations.  Mukherjee et al. (2013) reported decrease CAT activity in green pea leaves 
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with increase Zn doses (13). This inhibition of CAT activity might result in increase in H2O2 

accumulation and hence plant’s defense system might affect.13 However, Hernandez-Viezcas et 

al. (42) reported an increase in CAT activity with increasing ZnO NP concentration in mesquite 

(Prosopis juliflora-velutina) plant (42). It is noteworthy to mention that different CAT activity 

can be dependent on type of treatments (NP, bulk and/or ionic Zn) and the physiological 

individuality of different plant species.  

 

Figure 3.6. CAT activity in roots, stems, and leaves of alfalfa plants grown for 30 days in soil 

treated with 0 (control), 250, 500, and 750 mg/kg of ZnO NPs (A), bulk ZnO (B), ZnCl2 (C).  

One unit of CAT is the amount of enzyme necessary to decompose 1 μmol of H2O2 per minute. 

Error bars stand for stadard deviations and bars with the same letters/symbols show no 

statistically significant difference at p ≤ 0.05.  
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3.3.8 Microscopy Imaging 

To analyze effects of ZnO treatments on alfalfa plants, tissues were collected and processed for 

electron microscopy. Ultrathin sections of tissues were imaged with Ultra-high Resolution Field 

Emission Scanning Electron Microscope (UHR FE-SEM) coupled with Bright Field (BD) and 

Dark Field (DF) low voltage STEM, Backscattered electron imaging (LABE and YAG-BSE) and 

X-ray microanalysis. 

STEM imaging of root nodules (Fig. 3.7) confirmed bioaccumulation of ZnO 

nanoparticles after the treatment. Low magnification DF-STEM helped to locate electrodense 

regions corresponding to metal oxide particles that possess high Z-contrast by their atomic 

number (Fig.8-A). ZnO NPs seemed to be accumulated primarily on cell periphery, high 

magnification BF-STEM of area selected in panel A revealed that aggregates were on cell walls 

and membranes (Fig. 3.8-B), and in some cases occurred nuclear invasion, as could be observed 

some particles on nuclear membrane and inside nucleus. Chemical composition was confirmed 

by X-ray microanalysis, EDX spectra (Fig. 3.8-D) showed peaks of Zn centered at 1.012 and 

8.637 keV, whereas mapping of Zn (Fig. 3.8-C) confirmed distribution and sites of accumulation 

of particles observed by DF and BF-STEM. Backscattered electron imaging with Low Angle 

Backscattered (LABE) and high sensitivity YAG-BSE, and EDX mapping of Zn and O 

confirmed observations by DF/BF-STEM (Fig.S9, SI, Appendix 2).  

 In the case of tissue sections which come from alfalfa roots, ZnO particles appeared 

concentrated along cell walls and as aggregates clearly distinguished in DF-STEM imaging (Fig. 

3.8-A). High resolution BF-STEM and EDX mapping confirmed that these high contrast 

aggregates corresponded to ZnO (Fig. 3.8-B-C-E). Zn signal was also obtained in the intra and 

extracellular regions, indicating that ZnO could be suffering dissolution into single particles and 
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finally into Zn ionic form that interact with cellular components (especially proteins and nucleic 

acids). No evident signs of apoptosis like DNA condensation, damaged organelles or 

compromised cell membrane were observed. Backscattered electron imaging (LABE and YAG-

BSE) and EDX mapping of Zn and O confirmed observations by DF/BF-STEM (Fig. S10, SI). 

 

 

 

Figure 3.7. Electron microscope imaging of alfalfa nodules treated with 500 mg ZnO NPs/kg of 

soil for 30 days. (A) DF-STEM, (B) BF-STEM selected area in (A), (C) EDX mapping Zn (blue) 

(D) EDX spectra showing presence of Zn and O.  
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Figure 3. 8. Electron microscope imaging of alfalfa roots treated with 500 mg ZnO NPs/kg of 

soil for 30 days. (A) DF-STEM, (B) BF-STEM selected area in (A), (C)EDX mapping of Zn and 

O combined showing the aggregation of ZnO NPs (F)EDX spectra showing Zn and O.  

  

Imaging of alfalfa stem tissue revealed that ZnO accumulated along the cell walls, 

forming aggregates of ZnO particles (Fig. 3.9-A-B-C). DF-STEM that is sensitive to atomic 

number due to Z-contrast showed that these striations are formed by small particles of 9-12 nm 

(Fig. 3.9-D-E). Puntual EDX spectroscopy confirmed that these high contrast structures 

corresponded to Zn, other peaks that appear in spectra corresponded to osmium (1.91 and 8.9a 

keV) and copper (0.93 and 8.04 keV) (Fig. 3.9-F). STEM imaging of leaves showed regions of 

high contrast with electro-dense compounds located around the cell walls. We also observed 

bright nano size spots in leaf tissue epidermis with high resolution STEM (bright field) which 

corroborate with the STEM imaging of soybean leaves treated with ZnO NPs by Priester et al. 
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(21) However, EDX spectroscopy did not reveal Zn peaks due to low concentration, but DF and 

BSE imaging confirmed that accumulations observed by BF-STEM had high z-contrast (Fig.S8 

A-F, Appendix 2). Figure S11 (Appendix 2) shows control tissues without ZnO treatment, these 

samples did not show high-contrast regions or accumulations in compassion with plats treated 

with nanoparticles. 

 

Figure 3. 9. STEM imaging of alfalfa stem treated with 500 mg ZnO NPs/kg of soil for 30 days 

confirming the presence of ZnO aggregates (A) ZnO nano-aggregates in cell walls of alfalfa stem 

cells. (B) BF-STEM of ZnO aggregates in cell wall (C) High magnification DF-STEM of 

selected area in (D), (F) EDX spectra showing Zn and O. 
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Electron microscopy results corroborate our Zn uptake data (Fig. 3.2A) where Zn 

accumulation was observed in root, stem, and leaves of alfalfa treated with ZnO NPs. Lin and 

Xing (2008) also confirmed the aggregation of ZnO NPs in root tissues of ryegrass and their cell 

organelles (14). However, it is important to know if those aggregations are ZnO NPs or some 

other Zn species. Dissolution data (S2, SI) showed that ZnO NPs releases Zn2+ in soil, which can 

be bio transformed to stem and leaves of alfalfa. However, the accumulation was high in ZnO 

NP treatments compared to bulk and ionic. Consequently, it can be hypothesized that root 

exudates dissolve a portion of the ZnO NPs on the root surface and both ZnO NPs and Zn2+ were 

transformed to steam and leaf tissues. The aggregation of ZnO/Zn species was confirmed by 

STEM imaging. Nonetheless, more extensive research is needed in order to confirm the 

biotransformation of the ZnO NPs and the associated mechanism. It is also necessary to confirm 

other factors affecting the ionization. 

3.3.9. Conclusion  

In summary, our study indicated the comparative phytotoxic effects of ZnO NPs, bulk ZnO, 

and ionic Zn (ZnCl2) in alfalfa-S. melilotti association in terms plant growth, Zn uptake, dry 

biomass production, leaf area index, and changes in different biochemical parameters. ZnCl2 

found as phytotoxic at all concentrations whereas ZnO NPs was toxic at 500 and 750 mg/kg 

treatments by lowering the plant growth and biomass reduction.  Conversely, bulk ZnO acts as 

alfalfa’s growth promoter in certain concentrations. We also evident the aggregation of ZnO 

NPs in different parts of alfalfa plants along with root nodules, a place of nitrogen fixation. It is 

likely that in long term exposure, these particles/dissolved Zn species might affect the nitrogen 

fixation process and hence affect the soil fertility and plant growth. 
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Chapter 4 

Secondary metabolites produced after the interaction of CeO2 and ZnO nanoparticles with 

alfalfa (Medicago sativa)  

 
Abstract 

This research was aimed to study the differential phytotoxic behavior of ZnO and 

CeO2 nanoparticles (NPs) towards antioxidative properties of different plant metabolites of 

alfalfa. Alfalfa plants were cultivated for one month in soil treated with 0, 250, 500, and 750 

mg/kg ZnO and CeO2 NPs.   Total leaf chlorophyll, chlorophyll (a & b), carotenoids, total 

phenolic (roots and shoots) along with root and shoot flavonoids were quantified 

spectrophotometrically. Results showed that, compared to control, leaf chlorophyll a reduced to 

60% and 40% at 750 mg/kg of CeO2 and ZnO NP treatments, respectively. In addition, 

Chlorophyll b reduced by 64%, 48%, and 60% at 250, 500 and 750 mg/kg CeO2 NP treatments, 

while it reduced to 40% with 750 mg/kg ZnO NPs. None of the treatments impacted total 

phenolic content.  However, CeO2 and ZnO NPs differently affected alfalfa’s total root and shoot 

flavonoid content. While CeO2 NPs enhanced the root flavonoid by 86% at 500 mg/kg, ZnO NP 

reduced root flavonoids by 49% at 750 mg/kg, compared to control. Surprisingly, at 250 mg/kg 

ZnO treatment, alfalfa shoot showed decreasing flavonoid content by 77%, compared to control. 

To the best of the authors’ knowledge, this is the first report on the effects ZnO and CeO2 NPs on 

alfalfa’s secondary metabolites and chlorophyll contents.  

 

Keyword: Cerium oxide nanoparticles; Zinc Oxide nanoparticles, secondary metabolites, 

flavonoids, chlorophyll
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4.1 Introduction 

Alfalfa (Medicago sativa L.) is a widely used forage crop and food crop used as nutritional 

supplement in human diet due to high protein content (1). In addition to protein and 

carbohydrate, it also contains vitamins, nutrients, and numerous secondary metabolites including 

flavonoids (2, 3), and carotenoids (4) that are of attention in human nutrition. It is also reported 

that flavonoids produced by alfalfa’s roots are signaling molecules for nodulation process, acting 

as chemoattractants (5-7).  Flavonoids also induce nod gene for the symbiotic Rhizobium 

association in alfalfa (5, 6). Therefore, any change in alfalfa’s flavonoids and phenolic contents 

will directly impact its nutritional value as well as the biological nitrogen fixation process will be 

distressed.  

Due to widespread use of ENPs, the environmental release is of great concern. 

Consequently, it is crucial to investigate their effects on the ecosystem and also on the quality of 

food crops, like alfalfa.  Interaction of ENPs with higher plants and food crops is widely studied 

(8-16) in terms of bioaccumulation (9, 10) and generation of reactive oxygen species (11-13). 

These plants are the essential components of ecosystems and play important role in the fate and 

transport of ENPs in the environment through uptake and translocation mechanisms (17). 

Reports have shown that CeO2 and ZnO NP negatively affect plant growth (12-14), reduce total 

chlorophyll (12) and increase anti-oxidative enzyme activities through the generation of reactive 

oxygen species (ROS) (11, 12).  

But the understanding of ENP-plant interactions towards cellular metabolic processes in 

terms of secondary metabolites and anti-oxidant properties are still in its rudimentary stage.  The 

interaction of phenolic compounds and their antioxidant activity in plants under heavy metal 

stress is well documented (18). However, only few studies have reported the interaction of ENPs 
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with plants phenolic and flavonoid contents (18). For example, Krishnaraj et al. (2012) reported 

an increase in total phenol content in leaves of the medicinal plant Bacopa monnieri (Linn.) 

Wettst. treated with AgNPs (19) . Recently, Rico et al. (2013) evidenced 12.5% increase in 

flavonoid concentration in grains of certain variety of rice treated with nCeO2 (20).  

However, to the best of our knowledge, no studies have been reported on the interaction 

of CeO2 and ZnO NPs towards alfalfa’s (Medicago sativa L.) antioxidative activities/secondary 

metabolites. These metabolites play very important role by maintaining plants physiological 

functions and protection from outside stress (2, 3). Therefore, this research was aimed to 

investigate the phytotoxic effect of CeO2 and ZnO NPs towards alfalfa in terms of changes in 

their anti-oxidants/secondary metabolites content. Plants treated with CeO2 and ZnO NPs for 30 

d were analyzed for Ce and Zn, chlorophyll (a, b, and total) content, carotenoids, total phenolic 

and flavonoids. ICP-OES was used to quantify the amount of Ce and Zn accumulated in root and 

shoot tissues of alfalfa. Leaf chlorophyll and carotenoids, phenolic and flavonoid content of roots 

and shoots were quantified by using UV-vis spectrophotometry. 

4.2. Materials and Methods  
 
4.2.1. Characterization of CeO2 and ZnO NPs  

Ten nanometer nCeO2 and ZnO NPs (Meliorum Technologies, Rochester, NY) were obtained 

from the University of California Center for Environmental Implications of Nanotechnology 

(UC-CEIN). The NPs were previously characterized and published by Bandyopadhyay et al. 

(2011) (21) and Keller et al. (2010)(22).  The desired amounts of NPs were suspended in 

Millipore water (MPW) and applied to soil to have 250, 500, and 750 mg/kg of soil.  nCeO2 and 

ZnO NPs suspensions were sonicated for 15 minutes in a water bath (Crest Ultrasonics, Trenton, 

NJ) and then mixed with soil.  
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4.2.2. Soil sampling, characterization, and pot preparation 

The soil was collected from Fabens, Texas and top 10 cm soil was sampled and used for all the 

experiments.  The plants were grown in 2:1 (v/v) mixture of organic potting soil (Scotts, 

premium potting soil to enhance soil fertility) and the regular soil. The soil was characterized 

before mixing for grain size. The original (Faben, TX) soil type was found sandy loam in texture 

(based on the USDA soil classification scheme) (23). The soil parameters were recorded as: pH 

7.71±0.5, CEC 8.01±0.3 and 25±0.5 mg/kg of Zn. The pots were prepared with soil amended 

with desired amount of nCeO2 and ZnO NPs to achieve the concentration of 250, 500, and 750 

mg/kg soil. The soil mixed with NPs was kept overnight for stabilization and next day, alfalfa 

seeds were planted (50 seeds per pot). Three replicates were prepared for each treatment.  

4.2.3. Plant growth  
 
At harvest, the plant roots were washed with 4% HNO3, followed by rinsing with MPW. Shoots 

and roots were separated and oven dried at 70°C for further analysis for elemental (Ce and Zn) 

constituents. For Chlorophyll estimation, fresh alfalfa leaves were used and for phenolic and 

flavonoid estimation, freeze dried alfalfa root and shoots samples were used. 

4.2.4. Quantification of Zn and Ce in dry plant tissues 
 
The above and below ground part of alfalfa plants were carefully washed with 4% HNO3 

followed by washing with CaCl2 and DI water. Later, roots and shoots were separated and 

digested by microwave-assisted acid digestion with concentrated plasma-pure HNO3 and H2O2 

(30%) (1:4) in a microwave acceleration reaction system (CEM Corp.; Mathews, NC) (11, 12). 

The digested materials were analyzed for Ce and Zn content by ICP-OES (Perkin-Elmer Optima 

4300 DV, Shelton, CT equipped with a Burgener PEEK MiraMist nebulizer with argon flow). To 

QC check of the analytical methods and digestion, blank, spiked, and Certified Reference 

Material (spinach leaves and peach leaves NIST 1547 and 1570) were processed as samples, and 



51 

the Zn and Ce recovery rate was 99.82 ± 0.55 and 98± 0.55 respectively. 

4.2.5. Chlorophyll/carotenoids estimation 

Alfalfa leaves (0.2g) were extracted in acetone and chlorophyll a and b were estimated by the 

formulae of Lichtenthaler and Wellburn (24) and Porra et al. (2002) (25). Total carotenoids were 

also measured by following Porra et al. (2002) (25). 

4.2.6. Analysis of Antioxidant Property 

For the phenolic and flavonoids determinations, freeze dried alfalfa root and shoot tissues were 

used. The extract for the phenolic and flavonoids estimation was prepared in methanol by 

following Adom and Liu (26) protocol. The total phenolic content was estimated by following 

Dewanto et al. (27) and flavonoid were estimated according to and Jia et al. (28). 

4.2.7. Statistical Analysis 

 Each treatment was replicated three times.  A one-way ANOVA test and Tukey-HSD multiple 

comparisons test were performed to analyze the results using SPSS statistical package 12.0 

(SPSS, Chicago, IL). The data (means ± SE) were reported as averages of three replicates in all 

cases and were compared using Least Significant Differences. Statistical significance was based 

on probabilities of p ≤ 0.05 except, when otherwise stated. All values were reported in dry 

weight basis, except chlorophyll and carotenoids. 

4.3. Results and Discussions 

4.3.1. Zn and Ce Bioaccumulation 

Figure 4.1A shows the zinc concentration in dry alfalfa root and shoot tissues after one month 

treatment in soil. Compared to control, roots accumulated 8x, 15x, and 17x more Zn at 250, 500, 

and 750 mg/kg ZnO NP treatments; while shoot accumulated 2x and 2.5x more Zn at 250, 

500~750 mg/kg treatment than control. However, in the case of CeO2 NP treatments Ce level 
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increased to 39x, 48x, and 34x in roots compared to control (Figure 4.1B). Shoot accumulated 

13x, 15x and 9x more Ce than in control. Previously, it has been evidenced that two and four 

fold increase in Zn uptake by green pea roots treated with 250 and 500 mg/kg of ZnO NP, 

compared to plants treated with 125 mg/kg (12). In addition, alfalfa accumulated higher Ce in 

roots compared other reported studies (8, 11) as it is a well known hyperaccumulator.  We also 

observed higher Zn translocation in shoot compared to cerium. This was also evident through the 

translocation factor (TF), where Zn has higher TF of 0.42 at 250 mg/kg compared to 500 and 750 

mg/kg treatments (TF~0.27). But, the TF was almost the same for all three concentrations of 

CeO2 NP treatments as 0.12, 0.11, and 0.11 for 250, and 500 and 750 mg/kg CeO2 treatments. 

Higher TF signifies that Zn was taken up and distributed more in alfalfa shoots than in the case 

of Ce. Our results are in agreement with previously reported literature (8), where the majority of 

the Ce species accumulated in cucumber roots, compared to stem and leaves (8).  

 

 

Table 4.1.  Total leaf carotenoids represented as mg /g fresh alfalfa leaves treated with 0, 250, 

500, and 750 mg of ZnO NPs and CeO2 NPs.   Data are means ± standard error of four 

replicates. 
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4.3.2. Leaf Chlorophyll and Carotenoid Contents 

Figure 4.2 shows chlorophyll concentrations in alfalfa leaves treated with CeO2 and ZnO at 250, 

500, and 750 mg/kg concentrations. As seen in Figure 4.2 (A-C), ZnO and CeO2 differentially 

affected chlorophyll production. In the case of ZnO NPs, chlorophyll a was reduced by 40% at 

750 mg/kg treatments whereas 60% less chlorophyll was produced at 750 mg/kg CeO2NP 

treatment (Fig. 4.2A). Chlorophyll b reduced by 64%, 48%, and 60% at 250, 500 and 750 mg/kg 

CeO2 NP treatments, and it remained the same  in the case of the ZnO treatments, except with a 

40% reduction at 750 mg/kg ZnO NP treatment, compared to control (Figure 4.2B).   

 

 

Table 4.1.  Total leaf carotenoids represented as mg /g fresh alfalfa leaves treated with 0, 250, 

500, and 750 mg of ZnO NPs and CeO2 NPs.   Data are means ± standard error of four 

replicates. 

 

Treatments C Control 250 m250 mg/kg 
g/kg 

500 mg500mg/kg 
/kg 

750 750mg/kg 
mg/kg 

ZnO NPs 57.76±4.98a 50.73±1.45a 42.24±4.34b 43.78±2.87b 

CeO2 NPs 57.76±4.98a 21.25±5.43b 45.29±6.81a 38.80±6.38 



54 

 

 

Figure 4. 2.  (A) Chlorophyll  a, (B) Chlorophyll b, and  (C) total chlorophyll content in leaves 

of  alfafa plants grown for 30days in soil treated with 0 (control), 250, 500, and 750 mg/kg of 

ZnO NPs and CeO2 NPs. Error bars stand for standard errors and bars with different 

symbol/letters show statistically significant difference (p≤0.05). 

 

Total chlorophyll content (Fig. 4.2C) showed the same trend at 750 mg/kg ZnO NP 

treatments with 38% reduction than control, while CeO2 NPs reduced the total chlorophyll to 
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61%, 46%, and 58% at 250, 500, and 750 mg/kg treatments respectively. Conversely, the leaf 

carotenoids remain unaltered in all ZnO NP treatments and 63% reduction was observed in the 

case of the 250 mg/kg CeO2 treatment (Table 4.1).  Significant decrease in plant’s carotenoid 

might have impacted the photosynthetic apparatus and light harvesting process (29) and hence 

the overall photosynthesis could have been   disturbed.  A decrease in chlorophyll content with 

increasing ZnO NPs was reported previously (12, 29, 30) and possibly due to substitution of the 

central magnesium of chlorophyll by Zn2+ (30 ).Thereafter, substitution might prevent 

photosynthetic light harvesting which resulted in chlorophyll decay and ultimately, interrupt the 

photosynthetic activity (12, 30, 31). However, lower chlorophyll and carotenoid contents with 

higher CeO2 NPs were not well understood. We hypnotize that, like in the case of heavy metals, 

CeO2 might reduce the photosynthetic pigments and/or inhibit the enzymes involved in 

chlorophyll biosynthesis (32, 33), hence, decreasing photosynthetic pigments. 

 

4.3.3. Antioxidant Properties of Root and Shoot of Alfalfa Plants 

Phenolic and flavonoid compounds in alfalfa possess antioxidative properties which make it a 

nutritional diet for humans (2-4). Therefore, these metabolites were quantified in alfalfa roots 

and shoot treated with CeO2 and ZnO NPs. The effect of CeO2 and ZnO NPs on alfalfa’s total 

phenolic content in root and shoots are represented in Figure 4.3A and 4.3B, respectively. No 

statistically significant changes were observed in all the treatments except 20% increase in total 

phenolics in the 500 mg/kg CeO2 NP treatment, compared to control.  
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Figure 4. 3. Total phenolic content (represented as µg GAE/g) of freeze dried alfalfa plant’s (A) 

roots, (B) Shoots, treated with 0 (control), 250, 500, and 750 mg/kg ZnO and CeO2 NPs. GAE = 

gallic acid equivalent. 

 

 

Root and shoot flavonoid contents are reported in Figure 4.4 (A-B). Our findings 

indicated an inverse relationship between CeO2 and ZnO NPs treatments in roots and shoots 

flavonoids in alfalfa (Fig. 4.4A-B). CeO2 NPs enhanced the root flavonoids content by 34% in 

the 750 mg/kg treatment and 86% in shoot in the 500 mg/kg treatment, compared to control (Fig. 

4.4A).  A decrease of 49% of total root flavonoids was observed at 750 mg/kg in the ZnO NP 

treatment, whereas total flavonoids in shoots remained almost the same to control, except in the 

250 mg/kg treatment. Total flavonoid content decreased to 77% in shoots, compared to control. 

CeO2 showed an increasing trend of root and shoot flavonoid whereas ZnO showed a decrease in 

root flavonoids. These results are in agreement with the reported results of Krishnaraj et al. 

(2012) where phenol content was increased in leaves of Bacopa monnieri (Linn.) Wettst. plant 
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treated with AgNPs (19). However, rice (Oryza sativa) treated with 500 mg/kg CeO2 NPs 

showed a mixed trend of increasing flavonoids and decreasing phenolic content in certain 

concentrations, thus suggesting higher antioxidant activity in plants treated with CeO2 NPs (17). 

However, the decrease in flavonoid content with high ZnO NPs suggest increase antioxidative 

activity of plants under metal stress (Zn/ZnO) since these molecules play a protective role in 

metal chelation and scavenging of reactive oxygen species (18). Conversely, an increase in 

flavonoids with higher concentration of CeO2 NPs might correlate to the increased enzymatic 

activities; suggesting ‘de novo’ synthesis of phenolic under stress (18) and/or result of conjugate 

hydrolysis (34).  Reductions in root flavonoids of alfalfa with increasing dose of ZnO NPs cause 

concerns about the fact that it might interfere with biological nitrogen fixation processes and also 

can cause a negative effect in the nutritional value of alfalfa shoots. Additionally, it is 

hypothesized that there is a probability of increasing plant stress due to accumulation of reactive 

oxygen species (ROS) as flavonoids inhibit the generation of ROS and then reduce ROS once 

they are formed in plant tissues (35).  However, more studies are needed in order to determine 

the effects of NPs on the alfalfa’s flavonoids and radical scavenging ability. In summary, we 

conclude that the reducing functions of flavonoids along with the decrease in total leaf 

chlorophyll content suggests that  alfalfa plants are affected from severe stress conditions due to 

exposure to the NPs. 
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Figure 4.4. Changes in alfalfa’s flavonoid content s expressed as µg catechin/g of freeze dried 

(A) root, and (B) shoot tissues. Plants were treated with 0 (control), 250, 500, and 750 mg/kg 

ZnO NPs and CeO2 NPs respectively. Error bars stand for standard errors and bars with different 

symbol/letters show statistically significant difference (p≤0.05). 
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Chapter 5 

Conclusion 

To the best of authors knowledge, this is the first study where toxicity of two different NPs 

(CeO2 and ZnO) and related bulk materials were tested in host plant alfalfa and the associated 

bacterium S. meliloti; separately and/or in symbiotic association. In phase I of this research, we 

found that these NPs showed differential bacteriological and phytotoxic effects in S. meliloti (Rm 

1021).  Assays in liquid cultures showed that CeO2 NPs reduced bacterial growth at all 

concentrations. The growth profile for ionic cerium (Ce 4+) also showed same inhibitory effects 

the the NPs. Moreover, at the highest concentration (125 mg/L), CeO2 NPs exhibited 

bacteriostatic effects against this bacterium.  On the other hand, at all ZnO NPs concentrations, 

no bacterial growth were observed; suggesting bactericidal effect. This was also evidenced via 

the MIC and DIZ tests. The higher toxicity of ZnO NPs was attributed to the combined effect of 

surface attachment and internalization of the NPs (confirmed through STEM) and the 

corresponding ionic zinc. The plausible mechanism of action of ZnO NPs towards bacterial cell 

encompasses a direct interaction between the NPs and the cell surface. Thereby Zn/ZnO NPs 

accumulates out/ inside the cell wall, distressing the membrane chemistry by production of ROS, 

resulting in inhibition of the growth and viability of S. meliloti, and eventually cell death . 

From the studies with ZnO NPs, bulk ZnO, and ionic Zn (ZnCl2) in soil cultivated alfalfa-

S. melilotti association (Phase II), we found that  ZnCl2 was phytotoxic at all concentrations, 

whereas ZnO NPs were toxic at 500 and 750 mg/kg treatments. Results showed 50% 

germination reduction by bulk ZnO at 500 and 750 mg/kg and at all ZnCl2 concentrations. ZnO 

NPs and ionic Zn reduced root and shoot biomass by 80% and 25%, respectively.  Conversely, 

bulk ZnO at 750 mg/kg increased shoot and root biomass by 225% and 10%, respectively, 
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compared to control. At 500 and 750 mg/kg, ZnCl2 reduced CAT activity in stems and leaves. 

Total leaf protein significantly decreased as external ZnCl2 doses increased. TEM images 

showed aggregation of ZnO NPs in different parts of alfalfa plants, along with root nodules, 

where nitrogen fixation occurs. It is likely that in long term exposures, these particles/dissolved 

Zn species might affect the nitrogen fixation process, and hence, affect the soil fertility and plant 

growth.  

In Phase III, our extended studies showed that CeO2 and ZnO have differential toxicity 

effects on chlorophyll and other secondary metabolites of alfalfa. At 750 mg/kg, both CeO2 and 

ZnO NPs reduced chlorophyll a by60% and 40%, respectively. In addition, 

Chlorophyll b reduced by 64%, 48%, and 60% at 250, 500 and 750 mg/kg CeO2 NP treatments, 

while it reduced to 40% with 750 mg/kg ZnO NPs. None of the treatments affected total phenolic 

content.  However, CeO2 and ZnO NPs impacted alfalfa’s total root and shoot flavonoid content 

differently. CeO2 NPs enhanced the root flavonoid by 86% at 500 mg/kg, ZnO NP reduced root 

flavonoids by 49% at 750 mg/kg, compared to control. Unexpectedly, at 250 mg/kg ZnO 

treatment, alfalfa shoot showed decreasing flavonoid content by 77%, compared to control. ZnO 

NPs decreased root and shoot flavonoids which indicate accumulation of H2O2 in tissues due to 

stress response of NPs. However, CeO2 showed an increasing trend in alfalfa’s total flavonoids 

production, which directly indicates higher ROS production. Our results indicate that alfalfa 

plants are affected from severe stress conditions due to NPs treatments, which in long term might 

affect nitrogen fixation processes and/or global nitrogen cycle. To, best of authors knowledge, 

this is the first study where toxicity of two different NPs (CeO2 and ZnO) were tested in host 

plant alfalfa and the associated bacterium S. meliloti; separately and/or in symbiotic association 

in soil. 
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Appendix I 

Characterization of NPs 

Transmission electron microscopy (TEM) characterization.   

For the TEM characterization, the NPs were suspended in absolute ethanol at a concentration of 

250 mg/L and sonicated for 15 min. Subsequently, aliquots of 10 µl from each sample were 

loaded on 300 mesh carbon/formvar copper grids (ElectronMicroscopySciences) and dried 

before electron microscopy imaging. The TEM analysis of both NPs was performed with a high 

resolution TEM (HRTEM), JEOL 2010F at 200 kV. TEM micrographs of CeO2 and ZnO NPs 

were analyzed with digitalMicrosgraph (Gatan) and MacBiophotonics Image J.  

X-ray diffraction analysis (XRD).  

Powder XRD analysis was performed in order to determine the purity and crystalinity of the 

NPs. The XRD patterns were obtained using a Siemens D5000 X-ray diffractometer (Bruker 

AXS GmbH, Germany) equipped with a Braun position sensitive detector. Before loading, the 

dry samples were weighted and placed on the flat sample holder. Patterns were collected over the 

angular range between 5° to 80° at 0.02° per step.  

Imaging of bacteria-NP interaction 

Field emission- scanning electron microscopy (FE-SEM) imaging and energy dispersive x-

ray (EDX) analysis. 

 For the SEM study, S. meliloti cells were harvested after treatment with the NPs by 

centrifugation at 5000 rpm for 5 min; exhausted media was rinsed and cell pellet resuspended in 

fixative buffer (phosphate buffered 4% formaldehyde, 1% glutaraldehyde, pH 7.2) and incubated 

at room temperature for 2 h. Fixed cells were pelleted, re-suspended in sterile double distilled 

water (ddH2O) and loaded on 300 mesh carbon/formvar copper grids 
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(ElectronMicroscopySciences). Finally, samples were stored in a desiccation chamber under 

vacuum before FE-SEM imaging and EDX microanalysis. 

The SEM analysis was carried out with a HITACHI S-5500 In-Lens FE-SEM coupled with 

LABE (Low Angle Backscattered Electron), YAG-BSE (Yttrium-Aluminum-Garnet 

Backscattered Electron), BF/DF-STEM detectors and EDX spectrometer (Bruker), operated with 

an accelerating voltage of 5-30 kV. SEM imaging of complete cells was obtained by collecting 

high quality micrographs optimizing illumination, contrast, magnification, and working distance 

for further analysis. 

Results and Discussion 

Characterization of CeO2 and ZnO NPs.  

 To test the purity of both CeO2 and ZnO NPs, the powder XRD patterns were analyzed. Figure 

S1A represents the XRD pattern of CeO2 NPs. Peaks located near 28.8o, 33o, 47.5 o and 56.5 o  

59.1 o, 69.5 o, 76.7 o, 79.1 o, and 88.5 o correspond to the (111), (200), (220), (311), (222), (400), 

(331), (420), and (422) planes of CeO2. There is also a resemblance with a=5.412 which confirm 

the space group Fm3jm of CeO2 unit cell [1]. There were no unindexed reflections in the XRD 

results, which also show the purity of CeO2 NPs. For the ZnO NPs, the peaks at 36 o, 47.5 o, 56.5 

o and 63o correspond to 101, 102, 110 and 103 planes respectively [2]. The XRD pattern shows 

solid lines which corroborate with tetragonal ZnO phase with parameter a=3.249 Å, c = 4.206 Å 

and spacegroup (P63mc). However, ZnO NPs show some impurity with two unindexed Bragg 

peaks near 31.5 o and 34.5 o (Figure S1B).  

Dissolution of CeO2 and ZnO NPs in YMB and water. 

The dynamic dissolution of both the NPs shows that ZnO released higher numbers of ionic zinc 

than that of CeO2. The released Zn2+ ions ranged from 8-9.9 mg/L whereas the dissolution of 
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nano-ceria was almost negligible (Figure S3AB). Furthermore, we studied the dissolution of ZnO 

in both YMB and ultrapure water for 24 h and there were huge significant difference observed. 

The dissolution in YMB was significantly higher (59-61 mg/L) compared to ultrapure water (2 

mg/L). Higher numbers of Zn2+ ions in the media might be one contributing factor for greater 

toxicity, among others. 

 

Table S1. Physicochemical characteristics of CeO2 NPs in dry, aqueous, and cell culture medium 

(YMB).  

Particle Primary 
particle size 

pH Size (nm) Zeta Potential 
(mV) 

CeO2 10 nm DI H2O YMB DI H2O YMB DI H2O YMB 

31 mg/L - 6.32 6.70 1698 1758 31.7 -19.6 

62.5 mg/L - 6.19 6.71 1654 2174 25.5 -18.0 

125 mg/L - 5.48 6.78 1307 2773 25.3 -17.1 

250 mg/L - 5.35 6.70 966 2252 43.5 -17.6 

 

Table S2: Physicochemical characteristics of ZnO NPs in dry, aqueous, and cell culture medium 

(YMB).  

Particle Primary 
particle size 

pH Size (nm) Zeta Potential 
(mV) 

ZnO 10 nm DI H2O YMB DI H2O YMB DI H2O YMB 

10 mg/L - 7.21 6.76 410 893 34.3 -25.1 

31 mg/L - 7.47 6.81 441 682 30.1 -25.9 

62.5 mg/L - 7.51 6.76 596 618 12.5 -26.2 

125 mg/L - 7.89 6.80 452 1302 14.1 -19.5 
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Table S3: Diameter of Inhibition Zones (DIZ in mm) for CeO2 and ZnO NP 
treatments (After 24 incubation) 
 
 

Concentrations DIZ (mm)for ZnO NPs treatment DIZ (mm) for CeO2 NPs treatment 
10 mg/L 10.4±.5 No inhibition 
31 mg/L 15.5±.5 No inhibition 
62.5 mg/L No colony formation 9.75±.5 
125 mg/L No colony formation 12.25±.5 
250 mg/L No colony formation No colony formation 

 

 

 

 

 

 

 

 

 

A 

B 
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Figure S1. Powder X-Ray Difration (pXRD) pattern of (A) CeO2 NPs and (B) ZnO NPs 

collected over the angular range between 5° to 80° at 0.02° per step. 

 
 

 

Figure S2. TEM micrographs of nanoparticles dispersed in ethanol. (Left) Aggregated CeO2 
NPs, (right) aggregated ZnO NPs 
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Figure S3. (A) Dissolution kinetics of CeO2 and ZnO NPs in YMB in three different 

concentrations. (B) Dissolution of ZnO NPs in YMB in presence and absence of bacteria. 
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Appendix 2 

Comparative phytotoxicity of ZnO NPs, bulk ZnO and ionic zinc onto the alfalfa-S. meliloti 

association in soil. 

Supporting Information 
 
 

 
 
Fig.S1. TEM of ZnO NPs dispersed in ethanol. 
 
 
 

 
 

Fig. S2. Dissolution of Zn in soil treated with 0. 250, 500 and 750 mg/kg of ZnO NPs and bulk 

ZnO after 30days of treatments. 
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Fig. S3. Changes in root and shoot lengths of alfalfa treated with with 0 (control), 250, 500, and 

750 mg/kg of A. ZnO NPs, B. Bulk ZnO, and C. ZnCl2. Error bars stand for stadard deviations. 

Bars with the same letters show no statistically significant difference at p ≤ 0.05. 

 

 

 
 

 

 
 
 

Fig. S3. Changes in root and shoot length of alfalfa plants treated with A. ZnO NPs, B. ZnO 

bulk, and ZnCl2 
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Fig. S4. Changes (visual image) in total leaf surface area of alfalfa leaves treated with 500 mg/kg 

of ZnO NPs, bulk ZnO bulk, and ZnCl2 

  
Fig. S5. Pots showing the difference in alfalfa’s overall plant growth and health after 30 days of  

treatment with A. ZnO NPs, B. ZnO bulk, and C. Ionic Zinc (ZnCl2) at 0(control), 250, 500, and 

750 mg/kg of ZnO NPs. 
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Fig. S6. STEM imaging of alfalfa leaf treated with 500 mg/kg ZnO NPs. (A) BF-STEM, (B) DF-

STEM, (C) LABE, (D) YAG-BSE, (E) EDX spectroscopy, (D) EDX spectra. 
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Fig.S7. Electron microscope imaging of alfalfa nodules treated with 500 mg/kg ZnO NPs.  

(A) LABE, (B) YAG-BSE, (C) EDX mapping of Zn, (D) EDX mapping of O. 
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Fig.S8. Electron microscope imaging of alfalfa roots treated with 500 mg/kg ZnO NPs.  (A) 

LABE, (B) YAG-BSE, (C) EDX mapping of Zn, (D) EDX mapping of O. 

 
 
 
 
 

 
 

Fig. S9. Control alfalfa tissues. (A-B) Nodule, (C-D) Root, (E-F) Stem, (G-H) Leaf. 
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