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Abstract 

Nanotechnology focuses on the development and application of materials in the nanoscale 

range. Engineered nanomaterials (ENMs) are usually defined as particles of 1-100 nm in size in at 

least one dimension, which have been developed for specific applications. New ENMs have 

allowed for applications in agriculture, environmental remediation, medicine, and production of 

consumer goods. However, the adverse effects to humans, animals and the environment remain 

largely unknown. Due to the complex nature of ENMs, there is no single analytical 

characterization technique or toxicity protocol available to help understand the fate and adverse 

effects of ENMs. Thus, in this dissertation, a metabolomics approach was applied to gain a deeper 

understanding on the effects of ENMs in different biological organisms at the metabolome level, 

to determine the uptake mechanism of nanoparticles (NPs) as well as identify potential biomarkers 

of exposure.  

Chapter 1 provides an overview on ENMs, including the different types of ENMs, their 

applications, and common characterization methods. In addition, the current health and 

environmental concerns are discussed, as well as past research showing release and toxicology 

data on NPs. Metabolomics is then introduced as a tool to assess the effects of ENMs in different 

biological organisms, and previous works utilizing metabolomics to study ENMs are discussed.  

Chapter 2 investigates the metabolite changes induced by CuO NPs in mammalian cell 

lines. First, the toxicity of CuO NPs was evaluated in different mammalian cell lines, results 

showed a dose-dependent toxicity. An untargeted metabolomics approach using liquid 

chromatography-quadrupole time of flight mass spectrometry (LC-QToF-MS) was then employed 

in a human colon carcinoma cell line to investigate the impact of CuO NP exposure at the cellular 

level. A 24-hour CuO NP exposure resulted in upregulation of different metabolites, such as 
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triacylglycerols, phosphatidylcholines, and ceramides. The most profound increase in a dose-

dependent manner was observed in specific ceramides. Further experiments suggested that 

activation of autophagy and oxidative stress could be responsible for the toxicity observed in these 

cell lines. Increases in the level of glutathione oxide also support the activation of oxidative stress 

upon CuO NP treatment. Based on the biochemical and metabolite changes induced by CuO NP, 

autophagy and oxidative stress could play a role in CuO NP-induced toxicity.  

Chapter 3 investigates the effects of CuO NPs on the metabolome in a biological model 

plant, Arabidopsis thaliana. First, copper was shown to translocate from roots to leaves and 

flowering shoots in Arabidopsis treated with CuO NPs via inductively coupled plasma mass 

spectrometry (ICP-MS). This analysis was followed by an untargeted metabolomics approach 

using two different mass spectrometry platforms; liquid chromatography (LC) QToF-MS and LC 

Q ExactiveTM Hybrid Quadrupole-OrbitrapTM-MS (LC-Orbitrap-MS). Overall, 64 metabolites 

were found to be altered in both platforms, suggesting that these are finger print changes as a result 

of CuO NP treatment. Of these changes, 21 metabolites were found to be downregulated including 

glucosinolate derivatives, which have been suggested to be defense metabolites in Arabidopsis. In 

addition, 43 metabolites were found to be upregulated including jasmonates, which have also been 

found in plants after stress was induced. Results suggest that several biochemical pathways are 

affected by CuO NP treatment, showing that plant response, accumulation, and depletion of several 

metabolites are associated with plant defense and stress.  

Chapter 4 discusses a brief summary of the work with mammalian cell lines, Arabidopsis 

thaliana and CuO NPs, as well as the future direction for the project and standing challenges with 

metabolomics in plant and cell systems.
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1 Chapter 1-Introduction 

*A modified version of the metabolomics overview has been published in the Journal of Hazardous Materials. (DOI: 

10.1016/j.jhazmat.2019.02.084) and Environmental Science Nano (DOI: 10.1039/c7en00555e) 

ǂ Figures published under DOI: 10.1016/j.jhazmat.2019.02.084 

1.1 Background 

1.1.1 Engineered Nanomaterials (ENMs) 

Nanotechnology is a cross-disciplinary field which focuses on the manipulation of matter 

at the nanoscale range and has led to the development of materials with novel applications in 

medicine, electronics, healthcare, energy, agriculture, environmental remediation as well as in a 

wide range of consumer products.1-2 There is no universal definition on what constitutes 

nanomaterials (NMs); however they are usually defined as materials with structural components 

in the nanoscale range smaller than 100 nm. Within nanomaterials, there are nanoparticles (NPs) 

which are particles with at least two dimensions in the 1-100 nm in size and have a high surface 

area to volume ratio; these materials are also commonly referred as engineered nanomaterials 

(ENMs) when they are designed for a specific application.3 One of the reasons why it is 

challenging to have a global definition of nanoscale materials is the difference in properties of 

NMs from the bulk materials counterpart. Properties of NMs vary in sizes and shape, thus, there 

is no clear threshold where NMs exhibit certain characteristics. Consequently, scientific 

publications on NM synthesis, characterization, properties and applications in different fields have 

been increasing since the 2000s (Figure 1.1). 
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Figure 1.1. Scientific publications A) per year and B) research areas on nanomaterials, through 

literature search in Web of Science from 2000-2018. Specific search entry is (nanomaterial* 

combined with nanoparticle*). 
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1.1.2 Nanomaterials types and uses 

There is a wide range of types of ENMs, with different chemical compositions, sizes, 

shapes, and surface modifications, which have been applied in various fields. The most common 

NMs include carbon-based, quantum dots, dendrimers, and metal-based NMs and composites.3 

Carbon-based nanomaterials, such graphene, carbon nanotubes and fullerenes have been used in 

different fields due to their stability, electrical and thermal properties, and have been applied in 

solar cells, electronics and drug delivery.4 Quantum dots can be made of cadmium, selenide, and 

arsenide, and have been applied in light emitting devices, solar cells and as biological markers due 

to their optical properties.5 Dendrimers are branched polymers that can form a core-shell, which 

can be used for drug delivery, and have been applied to deliver cancer therapies.6-7 Metal-based 

materials include gold, silver, copper, titanium, zinc, and cerium NMs which are commonly 

applied in solar cells, environmental remediation as well as in consumer products including 

electronics, cosmetics and fabrics.8-10 Composite NMs include different NMs components, which 

have been applied in the medical field for diagnostic and drug delivery in cancer applications.11 

1.1.3 Characterization methods for NMs 

There is no single analytical technique to effectively characterize all NMs. Size and shape 

characterization are usually one of the first steps to assess NMs, with transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), and dynamic light scattering (DLS) 

being some of the most informative techniques. TEM provides information in size, dispersity, 

shape and aggregation state.12 SEM provides information of morphology as well as distribution in 

different samples.13 DLS is another technique that provides size information with hydrodynamic 

size, as well as detection of agglomerates.14 Research has also utilized inductively coupled plasma 

mass spectrometry (ICP-MS) for elemental composition, size, and concentration information.15 



4 

 

More sophisticated techniques such as TOF-secondary ion-MS are used to gain chemical 

information and distribution in biological samples.16 Extended x-ray absorption fine structure 

(EXAFS) and x-ray absorption near edge structure (XANES) have also been employed to provide 

insights on NMs. These techniques allow for the identification of chemical state and provide 

information on the X-ray absorption coefficient.17 Several techniques are often necessary in order 

obtain complementary information on NPs state and the interaction with different biological 

organisms and environmental mediums.  

1.2 Health and Environmental Concerns 

1.2.1 Nanomaterials health and environmental risks 

The United Nations Environment 2017 report included ENMs as one of the six key 

emerging issues of environmental concern with global implications.18 Moreover, the global 

nanotechnology market is projected to be worth $173.95 billion by 2025,19 raising concerns on the 

fate of these nanomaterials in the environment as well as human exposure. There are no global 

regulations on the usage, release and toxicity assessments of NMs, however, the United States and 

the European Union have released some guidelines on NMs, including applications in different 

produtcs.20-22  
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Figure 1.2. Nanomaterials sources, environmental fate, and potential adverse effects to 

biological organism including plants, humans and aquatic life.  
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Figure 1.2 shows NMs sources, including industry, households, and agriculture, which can 

contribute to environmental loading. Past research has demonstrated the release of NMs from 

consumer products. As an example, consumer products including fabrics, toothpaste, shampoo, 

detergent, and toy teddy bears, were washed with water to determine potential environmental 

release of silver NPs. Results showed  silver concentrations up to 45 µg/g, which were further 

confirmed with SEM.23 A similar study observed the release of silver NP in water from six 

commercially available socks (Sharper Image, Fox river, Artic shield, Zensah and Agactive 

London). The release of silver was observed for up to four washes, and further microscopy studies 

showed that the silver NPs released were 10-500 nm in size.24 There is no clear estimate of NMs 

loading in the environment, however in 2010 it was estimated that about 300,000 metric tons of 

ENMs production was released into the atmosphere, soil, water, and landfills.25 

Once in the environment, these NMs can have potential adverse effects to a wide range of 

biological organisms. The adverse effects of NMs depends on various factors such as dose and 

exposure time, aggregation and concentration, particle size, shape and surface area, crystal 

structure, and surface functionalization.26 In the past decade, several in vitro and in vivo NMs 

studies have started to provide insights on the consequences of exposure to biological organisms.  

In rat studies with TiO2 NPs, results show low absorption of NPs by the gastrointestinal track after 

oral dosage, however after intravenous treatment TiO2, NPs were found in liver, spleen, kidney, 

lung, heart, brain, thymus and reproductive organs.27 In rat studies with CuO NPs, acute (14 days) 

and subacute (28 days) toxicity studies were performed showing no lethality and toxic symptoms, 

however, histopathological abnormalities were observed in liver, kidney, and brain tissues at a 

high concentration of CuO NPs.28 In addition, in a human volunteer study, after exposure to a 



7 

 

pharmaceutical/food grade TiO2 NPs, results showed the detection of NPs in blood samples after 

2 hours of exposure.29  

The array of exciting and newly developed nanomaterials and research showing release 

and potential accumulation in different biological systems raises more questions about their 

potential toxicity and off-target effects on the environment. Since nanomaterials have unique 

physical properties, it is a challenge to determine their fate in the environment and effects on non-

target organisms. As mentioned earlier, there are no standard procedures to determine the potential 

adverse effects of nanomaterials due to the lack of information on physiochemical characteristics, 

as well as unknown behavior in the different environments.30-31 Metabolomics has been used as a 

gateway to determine the effects of nanomaterials in non-target organisms, and to understand the 

potential mechanism of action and the toxicity of different nanomaterials on plants, animals, and 

different aquatic organisms.  

1.3 Use of metabolomics in environmental research 

1.3.1 Metabolomics 

Metabolomics is the comprehensive analysis of the metabolome in different living 

organisms. It focuses on the analysis of small molecules: primary and secondary metabolites that 

make up the metabolome. To acquire biochemical perspectives and a metabolomic fingerprint of 

organisms in their environment, low molecular weight analytes are of prime importance. 

Metabolomics aims to determine the metabolite responses to various stressors and their 

relationship to the organismal phenotype.  

Metabolomics is complementary to other omics approaches including genomics, 

transcriptomics, and proteomics. Proteomic, genomic (especially comparative genomics which 
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focuses on the correlation of genomic sequences with disease) and transcriptomic (Figure 1.3A) 

analyses are performed to investigate the effects of various natural and human-made compounds 

on organisms. These results can typically offer correlations between the organismal response and 

phenotype at a specific time point.32-36 On the other hand, metabolomics reflects the actual 

manifestation of the organismal state, showing the profile of various metabolites such as peptides, 

carbohydrates, lipids, amino acids, and nucleotides (Figure 1.3B). Also, unlike other omics 

approaches, metabolomics does not rely on mapping the generated data to a reference organism. 

As a result, metabolomics has been used to study numerous model and non-model organisms, 

displaying the versatility of this approach.  
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Figure 1.3. A) Overview of omics approaches and B) Metabolomics overview, which focuses on 

the analysis of metabolites: amino acids, peptides, carbohydrates, lipids, and nucleotides, that 

change in response to different stressors.  

  



10 

 

Metabolomics workflows can be used for targeted and untargeted analyses of different 

classes of biomolecules. Targeted metabolomics focuses on monitoring specific analytes of 

interest37, while untargeted metabolomics aims to perform a global analysis of metabolites.38 These 

two approaches are highly complementary and are used in comparative metabolomics to identify 

metabolites that vary in abundance between two or more conditions.38 Within targeted and 

untargeted approaches, two terms are widely used in the literature: metabolic profiling and 

fingerprinting. Metabolic profiling focuses on the analysis of a specific group of metabolites, while 

metabolic fingerprinting aims to compare global patterns of metabolites in response to a stress.39  

1.3.2 Common analytical tools for metabolomics 

Advancements in analytical instrumentation have increased the ability to detect a wide 

range of metabolites in different biological organisms. The most common analytical techniques 

are nuclear magnetic resonance (NMR) spectroscopy, and mass spectrometry (MS) coupled with 

chromatographic separation. 

1.3.2.1 NMR-based metabolomics  

NMR was first used for the analysis of the metabolome in 197440 due to the ability for 

quantification as well as ease of sample handling during which metabolite extraction steps can be 

bypassed.41-43 NMR is also highly reproducible and is a non-destructive technique, however high 

concentrations, typically in the millimolar range are required, and has challenges with automation 

and high throughput analyses.41-43 The types of NMR experiments can vary based on the nuclei 

(i.e., 1H, 13C, 5N, and 31P) and the level of correlation that they provide, for example, one- and two-

dimensional NMR as well as correlated spectroscopy, total correlation spectroscopy, and 

heteronuclear single-quantum spectroscopy. These two-dimensional techniques aim to improve 

sensitivity, reduce acquisition times, and provide further structural information to aid with 
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metabolite identification.42 In addition, NMR is not limited to liquid or solid samples, but intact 

tissue samples can also be analyzed through high-resolution magic-angle spinning (HRMAS) 

NMR.44 NMR usage in metabolomics and future perspectives are reviewed in Larive et al.41 and 

Markley et al.42  

1.3.2.2 MS-based metabolomics 

Mass spectrometry is the most common analytical technique used for metabolomics due to 

its high sensitivity, low detection limits, suitability for high-throughput analysis, and diverse 

application capabilities.39, 45-46 MS techniques can determine relative metabolite levels between 

samples, as well as absolute quantification with the use of standards or other reference compounds 

such as surrogates.47 However, unlike NMR, mass spectrometry is a destructive technique.39, 46 

Due to the vast chemical diversity among different metabolite classes various separation 

techniques have been coupled to MS including liquid chromatography (LC), gas chromatography 

(GC), and capillary electrophoresis (CE). The separation techniques rely on differences in 

hydrophobicity of non-volatile compounds (LC), boiling points of volatile compounds (GC), and 

ionic mobility of charged ions (CE).48 Currently, MS-based techniques coupled to LC (LC-MS) 

and GC (GC-MS) are the most common due to the wide coverage of the metabolome. The use of 

GC-MS in metabolomics was first demonstrated in the analysis of the metabolic profile in human 

urine and tissue.49 GC-MS is advantageous over LC-MS due to the high chromatographic 

resolution, reproducible retention times, and ease of operation. It can also provide higher 

throughput as it typically requires less maintenance than other techniques. Furthermore,  GC is 

commonly coupled to hard ionization sources such as electron impact ionization (EI), which allows 

for in-source fragmentation and identification with the extensive databases available for GC-MS.50 

However, the use of GC-MS is limited to volatile analytes; in order to detect non-volatile 
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compounds such as amino acids, sugars, and organic acids derivatization is required before they 

can be analyzed by GC-MS. 

Alternatively, LC-MS provides high sensitivity and selectivity for the analysis of non-

volatile compounds. However, separation by LC is susceptible to retention time shifts in complex 

sample matrices.51 In order to minimize the interferences from complex matrices two-dimensional 

LC and GC have also been implemented for metabolomics. Two-dimensional approaches have 

also helped to increase the chromatographic resolution as well as the peak capacity of analytical 

methods.52-53   

In metabolomics analysis using LC-MS, ionization is commonly achieved using 

electrospray ionization (ESI)48 and  high-resolution MS (HRMS) for detection of ions. This 

technique provides high accurate mass measurements of the precursor and fragment ions for 

metabolite identification.54 Resolution (R) in MS is defined as the smallest difference in mass-to-

charge ratio (Δm/z) that can be separated for a given signal (at a given m/z value). In an equation, 

this is defined as: R = (m/z)/ (Δm/z) 55. Typically, low resolution MS (LRMS) provides 500-2000 

resolution while HRMS techniques have a resolution >5000.55 LRMS techniques can detect the 

m/z to the nearest atomic mass unit (amu) whereas HRMS techniques can detect the accurate mass 

up to the fourth decimal place.55 The accurate mass is determined based on the theoretical exact 

mass, by summing each of the masses of the most abundant isotopes for a specific molecular 

formula. LRMS techniques (e.g. triple quadrupoles and linear ion traps) are typically used for 

targeted metabolomics since they can provide qualitative and quantitative information even at low 

metabolite concentrations. On the other hand, HRMS instrumentation allows for the identification 

of additional metabolites due to the increased selectivity as well as the ability to determine the 

exact mass of molecular and fragment ions. The exact mass aids in the determination of the 
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elemental composition of unknown metabolites55 making HRMS better suited for untargeted 

metabolomics. Some examples of HRMS instrumentation include Time of Flight (ToF), 

Quadrupole Time of Flight (QToF), Fourier transform ion cyclotron resonance (FTICR), and 

OrbitrapTM mass spectrometers. 

1.3.3 What is environmental metabolomics? 

Environmental metabolomics studies the changes in the metabolome of organisms after 

exposure to specific environmental stressors. Knowledge of the metabolite changes can provide 

information about the organismal status and can help elucidate how stressors affect the organisms’ 

health and physiological state. The applications of metabolomics in environmental science has 

grown steadily over the past decade. Figure 1.4 shows the number of publications on 

“environmental metabolomics” from 2000 to 2018. Recent advancements in instrumentation and 

data processing have made it possible to conduct larger scale metabolomics studies because of 

high throughput and higher sensitivity capabilities of new systems. Environmental metabolomics 

has been applied to a wide range of biological organisms after exposure to different environmental 

insults, such as xenobiotics (foreign substances to living organisms), including NMs and naturally 

occurring compounds.  
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Figure 1.4 Scientific publications per year on environmental metabolomics, through literature 

search in Web of Science from 2000-2018. Specific search entry is (environment* or ecology*) 

NEAR/10 metabolom* combined with metabolom* refined by research area: Environmental 

Science Ecology.ǂ 
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1.3.4 Environmental metabolomics workflows 

Most environmental metabolomics studies follow a similar workflow (Figure 1.5) where 

first biological samples are collected. Sample groups generally consist of a control (untreated) and 

at least one treatment condition that represents the perturbed state. The biological samples can 

range from plants (whole plant or specific tissues such as the stems, roots, leaves, or plant cells) 

to animal models and human samples, including mammalian cell lines and tissues. After sample 

collection, metabolite extraction and sample preparation are performed prior to subjecting samples 

to different analytical techniques. 

Due to the fact that it is not yet possible to determine all of the metabolites in a single 

extraction, the development of standard operating procedures remain a challenge in metabolomics. 

One of the key steps in the design of a robust metabolomics workflow is the optimization of the 

extraction procedur. In particular, different sample clean-up protocols in MS-based metabolomics 

can have significant impacts on the detection of certain classes of metabolites. Therefore, it is 

essential to validate sample preparation methods by fortifying specimens with known amounts of 

surrogate compounds prior to analysis. The challenges and advancements of sample preparation 

and data processing in MS-based metabolomics has been covered in recent review papers by Gong 

et al.,56 Vuckovic,57 and Cambiaghi et al.58  

After sample preparation, data acquisition is performed using different analytical 

techniques such as NMR or MS alone or with separation techniques (e.g., LC-MS or GC-MS).59. 

During MS-based acquisitions, in order to obtain comprehensive coverage of metabolites, samples 

are analyzed in both negative and positive ionization modes. Post data acquisition, data analysis is 

performed with different database platforms to identify unique metabolites. In MS-based 

metabolomics, data analysis involves alignment, feature extraction, as well as statistical analysis 
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to determine significant changes in metabolites between treated and control samples. Metabolites 

that are either up- or down-regulated between treatments are then identified. Metabolite 

identification experiments involve chemical fragmentation where different product ions of 

unknown metabolites are referenced to metabolite standards and databases such as METLINTM,60-

61 LipidMapsTM,62 and the Human Metabolome Database.63 These databases house information on 

mass spectral properties of thousands of unique metabolites that are instrumental for metabolite 

identification. However, the majority of metabolites in the databases are of animal origin, which 

hinders the identification of metabolites that are plant- and bacteria-specific.  
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Figure 1.5. Overview of metabolomics workflow steps from sample treatment, collection and 

preparation, data acquisition and analysis to metabolite identification. 
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1.3.5 Environmental metabolomics used to understand nanomaterials interaction with 

different biological organisms.  

Due to complex nature of nanomaterials, environmental metabolomics has been used to 

study the effects of nanomaterials in mammalian cells and plant systems. As an example, a study 

used NMR metabolomics to assess the metabolite changes in human skin keratinocytes after a 48-

hour 10 µg/mL Ag NPs treatment. Results showed metabolite changes associated with membrane 

remodeling, tricarboxylic acid cycle and oxidative stress.64 Another study, used a proteomic and 

metabolomics based approaches to assess the effects of gold NPs (5 and 30 nm) in a human colon 

adenocarcinoma cells after 72 hours. Results showed 35 metabolite significantly changing after 

treatment, which are involved in carbohydrate metabolism as well as stress response in cells. In 

addition proteomic studies show changes in proteins responsible for DNA synthesis, protein 

synthesis and amino acid transport.65 Feng et al.66 applied a NMR-metabolomics approach to 

assess the effects of silica NPs to human cervical adenocarcinoma cells at 0.01 and 1.0 mg/mL, 

after treatment results showed changes metabolites involved in catabolism of carbohydrate and 

proteins, membrane modification as well as stress responses.  

In plant systems,  Zhao et al.67 applied metabolomics to understand the metabolite changes 

in spinach leaves upon foliar spray of Cu(OH)2 nanopesticides after seven days. Metabolomics 

showed the downregulation of metabolites such as ascorbic acid, tocopherol, threonic acid, ferulic 

acid, and other phenolic compounds.67 Another food crop in which metabolite changes were 

investigated under nanoparticle exposure is cucumber.68-69 In one study, cucumber was exposed to 

copper nanoparticles (up to 800 mg/kg), and the upregulation and downregulation of different 

metal ions and small molecules in the fruit as well as the upregulation of citric acid, myo-inositol, 

ornithine, and 1-kestose was observed 69.  
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Rice has also been investigated with different nanoparticles; for example TiO2 

nanoparticles70-71, and graphene oxide nanoparticles in combination with polycyclic aromatic 

hydrocarbons.72 One study in particular, used concentrations up to 750 mg/kg of TiO2 through soil 

application and an increase in growth and phosphorous content in rice plants was observed; 

however, no translocation of TiO2 nanoparticles was detected. Metabolomics revealed the 

regulation of amino acids, sugars, and organic acids, specifically the increase in proline, aspartic 

acids, glutamic acids, palmitic acid, glycerol, inositol, ribitol, phosphoric acid, and glycerol-3-

phosphate and the overall decrease in organic acids, fatty acids, and sugars.70 This study showed 

that although the uptake of nanoparticles was not observed in the crops, metabolite changes were 

present specifically in grain rice. Other studies have also investigated different crops with a wide 

range of nanoparticles such as tomato plants exposed to multi-walled carbon nanotubes,73 and corn 

and cucumber exposed to Cu(OH)2 nanopesticides via HRMS.74  

Environmental metabolomics has been used to not only understand the effects of 

nanomaterials in plant organisms but also differences in exposure pathways. The metabolite 

changes in pinto beans (Phaseolus vulgaris L) were determined via HRMS after soil or spray 

application of CeO2 (10-30 nm) for 15 days.75 Overall results indicated a greater effect of CeO2 

from the spray application compared to soil application. A downregulation up to five orders of 

magnitide of carotene-, lycopene- and rhodopsin-derivatives were observed. Keto-echinenone and 

glucosinolates were upregulated after treatment and other metabolite changes observed consist of 

membrane lipids including mono and diacylglycerides and sterols. Overall, nanoparticle exposure 

to pinto beans resulted in membrane damage, electrolyte leakage, and induced oxidative stress.76 

Similarly, another study exposed barley plants to CdO nanoparticles introduced via the leaves only, 

both leaves and soil, or via leaves, soil, and the water supply. HRMS metabolomics showed that 
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the barley plants were most affected when all leaves, soil, and water supply contained 

nanoparticles. The total concentration of primary metabolites such as amino acids and saccharides 

were affected; however, secondary metabolites such as TCA cycle acids and fatty acids did not 

change.77 

Metabolomics has also been applied to a model organism, Arabidopsis thaliana, to identify 

changes in the plant metabolome after silver nanoparticle exposure in the water (Hoagland’s 

solution). The translocation of silver to the plant tissue and the upregulation of several metabolites 

after 24-hour exposure was detected, specifically, an increase in N-acylethanolamines, derivatives 

of fatty acids, and sphingolipids (d20:3 and d20:2 phytosphingosine).78 Moreover, studies by Ke 

et al. have shown that AgNPs induces metabolite changes in Arabidopsis thaliana after acute and 

chronic exposure, indicating that energy production metabolite pathways are affected by AgNPs.79 

1.4 Scope of Research 

The research presented in this work focuses on gaining a deeper understanding on the 

effects of nanoparticles using a metabolomics-based approach in mammalian cell lines and plants.  

1.4.1 Chapter 2 

In efforts to assess the metabolite changes associated with Copper oxide (CuO) NP 

exposure in mammalian cell lines, this work utilizes an untargeted metabolomics approach using 

liquid chromatography-quadrupole time of flight mass spectrometry (LC-QToF-MS) to assess the 

metabolite changes in human carcinoma cell lines after 24-hours of CuO NP exposure.  

1.4.2 Chapter 3 

Chapter 3 explores the metabolite effects of CuO NPs in a plant system, Arabidopsis 

thaliana. For this work, two mass spectrometry platforms were utilized; liquid chromatography 
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(LC) QToF-MS and LC Q ExactiveTM Hybrid Quadrupole-OrbitrapTM-MS (LC-Orbitrap-MS) to 

determine the metabolite fingerprint changes induced by NP treatment, showing the robust 

metabolite changes identified regardless of the analytical technique utilized.  

1.4.3 Chapter 4 

Chapter 4 provides a summary of the dissertation, future direction and ongoing challenges 

with metabolomics in plants and mammalian cell systems as well as research on the effects of NPs. 
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2 Chapter 2- Investigation of engineered nanomaterials at the molecular level 

on mammalian cells after copper oxide nanoparticles exposure 

*A slightly different version has been published in Molecular Omics. (DOI: 10.1039/C8MO00162F) 

ǂ Figures published under DOI: 10.1039/C8MO00162F 

2.1 Introduction 

The exposure effects of nanoparticles (NPs) have been investigated in numerous biological 

systems including plants,1-2 bacteria,3 cells lines,4-5 and animals,6-7 showing possible adverse 

effects in these organisms. Metal oxide NPs specifically, have been manufactured on a large scale 

for industrial and household applications.8 Copper oxide nanoparticles (CuO NPs) for instance, 

have been applied to different consumer products as conductors, antimicrobials, as well as in 

lubricants, plastics, cosmetics, and electronics.9 These NPs have also been used for the removal of 

pathogenic microorganisms in the tertiary stage of wastewater treatment plants10, showing the 

versatility and novel properties of CuO NPs and their potential for additional applications. CuO 

NPs are attractive to many industries, not only because of their physical properties but also due to 

the abundance and low cost of the metal compared to silver and gold and the synthetic ease in their 

preperation.11 

Although copper is essential for living organisms, there is concern that the CuO NPs form 

can have adverse effects, and cause an influx of copper ions which could disrupt organismal 

homeostasis. Previous studies in mammalian cells have shown a dose-dependent CuO NP toxicity. 

However, the exposure time, concentration, and size of CuO NPs can also affect their toxicity. For 

example, the toxicity of rod-like 50-70 nm CuO NPs showed that the EC50 in different liver 

carcinoma cells varied from 25 to 85 µg/mL after a 24-hour exposure.12 Another study in a lung 

carcinoma cell line showed the size-dependent toxicity of CuO NPs.13 These results suggest cell 
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type- and size-dependent effects of CuO NPs, thus warrant the need to further study CuO NPs and 

their effects on mammalian cell lines.  

As mentioned in the introductory chapter, nanomaterials have different physicochemical 

properties compared to their counterpart bulk materials.14 Bulk material toxicity assessments are 

based on chemical composition, dose, and exposure route. However for NPs, additional factors 

need to be taken into consideration such as size, surface, self-assembly, quantum effect, and 

aggregation.15 Thus, metabolomics can be instrumental in understanding the biochemical 

pathways that different NPs affect and, as such, present a new toxicological assessment tool in 

different cell lines.16 Moreover, metabolomics can provide insights on the dynamic metabolic 

response of cells to NPs, thus helping our understanding on the consequences of NP-exposure. In 

this study, a metabolomics-based approach was utilized, focusing on lipids to investigate the 

effects of CuO NPs in mammalian cells, to shed light onto the mechanism of toxicity of these NPs 

and provide metabolite markers for CuO NP-induced toxicity, closing the knowledge gap on how 

these NPs interact with cells.  

2.2 Objective of Research 

The purpose of this study was to determine the effects of CuO NP in mammalian cell lines. 

The main objectives include: (1) To assess dose-cell viability response of different cancerous and 

non-cancerous cell lines to CuO NPs, (2) To assess the total copper levels in media and cell lysates, 

(3) To  conduct untargeted lipidomics to identify lipid species that were altered by NP treatment 

in order to provide insights on the mechanism of toxicity and the metabolite effects induced by 

exposure to CuO NPs. 
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2.3 Materials and Methods 

2.3.1 Materials 

Human colon carcinoma (HCT-116), 293T HEK (Kidney Human embryonic), MRC5 

(Lung human fibroblast), HeLa was acquired from the American Type Culture Collection (ATCC). 

Dulbecco’s Modification of Eagle’s Medium (DMEM), fetal bovine serum (FBS), penicillin, 

streptomycin, and trypsin were obtained from Corning (Manassas, VA). 3-(4,5 dimethylthiazol-2-

yl)-2,5 diphenyltetrazolium bromide (MTT), α-tubulin antibody, dimethyl sulfoxide (DMSO) and 

CuO NPs (> 50 nm), formic acid (88%), and ammonium hydroxide were obtained from Sigma-

Aldrich (Saint Louis, MO). Poly ADP ribose polymerase (PARP) was purchased from Cell 

Signaling (Danvers, MA) and protease inhibitor cocktail was obtained from Roche Diagnostic 

(Indianapolis, IN). A Milli-QTM water purification system was used to achieve 18.2 M water. 

Methanol, isopropanol, and chloroform (Optima LC/MS grade) were purchased from EMD 

Millipore (Billerica, MA). Concentrated nitric acid was obtained from BDH (Radnor, PA), and 

30% hydrogen peroxide was obtained from Fisher Scientific (Waltham, MA). 

2.3.2 Nanoparticle characterization  

CuO NPs were suspended in ethanol and sonicated for 30 min before usage. CuO NPs were 

characterized at 5 µg/mL in DMEM media by dynamic light scattering (DLS) using a Malvern 

Zetasizer Nano-ZS90 (Malvern Instruments Ltd., Worcestershire UK). Each DLS measurement 

was performed at 25 C using automated, optimal measurement times and laser attenuation 

settings.  
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2.3.3 Cell Culture and CuO NPs Treatment (Lipidomics) 

All cell lines were maintained at 37 C in a 5% CO2 atmosphere. Cells were grown in 

DMEM medium supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. 

Approximately 3.5 x 106 cells were plated per culture dish and treated 24 hours after seeding. 

Control cells did not receive any additional treatment and CuO NPs were used at a concentration 

of 2.5 or 5.0 g/mL for a total treatment time of 24 hours. For lipidomics analysis, we carried out 

two independent profiling experiments. Each profiling experiment consisted of three biological 

replicates per treatment. As such, a total of six biological replicates per treatment were analyzed 

by LC-QToF/MS and three biological replicates per treatment were analyzed by ICP/MS.  

2.3.4 Viability Assays 

HCT-116, 293T HEK, HeLa and MRC5 cells were plated in 96-well plate with 15,000 

cells per well and treatment was added 24 hours after seeding. Five replicates were carried out per 

condition. After 24 hours treatment, cells were centrifuged at 4 C, 200 g for 2 minutes. Media and 

treatment were then removed and 200 L of media with 0.5 mg/mL MTT in PBS was added and 

subsequently incubated for 3 hours at 37 C. A volume of 155 L of medium was then removed 

and 90 L of DMSO was added and incubated at 37 C for 10 min, followed by pipetting to 

solubilize formazan product. Absorbance was measured using a Biotek Synergy HT plate reader 

at 550 nm. Percent viability of treated cells was calculated relative to control cells after absorbance 

values were blank-subtracted. Graphs were generated in GraphPad prism version 7.  
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2.3.5 Sample collection for ICP-MS and LC-QToF/MS 

Following the 24-hour treatment, cells were collected by scraping and centrifuged at 500 

g, 5 minutes, 4 C. The media was removed and the cell pellet was washed with PBS. The cell 

pellets were then resuspended in 1 mL of PBS and 20 L aliquot of the suspension was collected 

and added to 20 L of lysis buffer on ice for 1 hour to measure protein concentration. Remaining 

980 L aliquot was centrifuged again and PBS was removed. Cell pellets were stored at -80 C 

before sample preparation. 

2.3.6 ICP-MS analysis and ICP-MS operating conditions  

Cell pellets were dried and placed in digestion vessels. The digestion was performed at 95 

 5 C with a mixture of 70% nitric acid (HNO3) and 30% hydrogen peroxide (H2O2). An X-Series 

2 Inductively Coupled Plasma (Thermo Scientific (Waltham, MA)) was used for total copper 

analysis and the operational parameters are summarized in Table 2.1. The copper isotopes, 65Cu 

and 64Cu were monitored as well as 103Rh as an internal standard. 
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Table 2.1. Operational parameters for ICP-MS analysis of copper 

Nebulizer and spray chamber Glass concentric nebulizer in Peltier cooled 

cyclonic spray chamber (@ 2 
o
C) 

Plasma forward Power, W 1400 

Cooling gas flow (argon), L/min 13 

Auxiliary gas flow (argon), L/min 0.70 

Nebulizer gas flow (argon), L/min 0.94 

Pole bias, V -1.50 

Hexapole bias, V -4.00 

Scanning modes Survey and peak jumping 

Dwell time (ms) 30 for Cu  
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2.3.7 Sample preparation for lipidomics and LC-QToF/MS operating conditions 

Cell pellets were thawed on ice and resuspended with 1 mL of cold deionized water. 

Remaining suspension was transferred to a Dounce tissue homogenizer, and 1 mL of cold methanol 

and 2 mL of cold chloroform were added. Samples were homogenized with 30 strokes and 

transferred to an 8 mL glass vial and centrifuged at 600xg for 25 min, 4 C. The chloroform and 

water/methanol layers were separated by transferring (1.3 mL) to separate glass vials. Samples 

were dried down and re-suspended in chloroform containing 0.5 µM TAG (13:0/13:0/13:0), C17-

Ceramide and d9-oleic acid for lipid analysis and 50:50 methanol/water for polar metabolite 

analysis depending on the normalized volume according to the protein concentration. A 10-µL 

aliquot was used for LC-QToF/MS analysis.  

Separation was performed using an Agilent 1260 HPLC System (Santa Clara, CA) with 

degasser, binary pump, autosampler, and isopump. The aqueous/polar layer was separated with a 

reverse phase column, with dimensions of 100 mm x 4.6 mm; the first was a Waters T3 AtlantisTM 

(Milford, MA) with 4-m particle size used in positive mode Electrospray Ionization (ESI). For 

the non-polar layer, two reverse phase columns with dimension of 100 mm x 4.6 mm were used. 

A Luna C5 column with 5-m particle size and Gemini C18 column with 5-m particle size in 

positive and negative mode, respectively.  

For the polar layer, samples were analyzed in positive electrospray ionization mode (+ESI) 

using a mobile phase A (water) and mobile phase B (methanol) supplemented with 0.1% formic 

acid. A 63-min method with a flow rate of 500 µL/min was utilized, where solvent B was held at 

5% for 5 min then ramped to 90 % B for over 35 min, and held at this condition for 10 min before 

returning to 5% B within 2 min.  The column was held at 5% B for 15 min to equilibrate for the 

next injection. For the non-polar layer, mobile phase A with water and methanol (95:5) and mobile 
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phase B isopropanol/methanol/water (65:35:5) was used and supplemented with 0.1% formic acid 

for positive mode analysis and 0.01% ammonium hydroxide for analysis in negative mode. For 

the nonpolar layer, an 80-minute method with a flow rate of 500 µL/min was utilized, where 

solvent B was held at 5% for 5 min then ramped to 100% B over 65 min and held at this condition 

for 7 min before returning to 5% B within 2 min. The column was held at 5% B for 8 min to 

equilibrate for the next injection. All samples were analyzed in an alternate manner per layer and 

in positive and negative ESI. Two independent exposures were performed to provide two 

independent profiling experiments (3 biological replicates for each condition for each independent 

exposure).  

An Agilent 6530 Accurate Mass QToF-MS (Santa Clara, CA) with a Dual JST fitted ESI 

was utilized for the metabolite profiling experiments. Prior to analysis, the QToF/MS was 

calibrated with purine and hexakis-(1H,1H,3H-tetrafluoropropoxy)phosphazine at mass-to-charge 

ratios (m/z’s) of 118.0862, 322.0481, 622.0289, 922.0098, 1221.9906, and 1521.9715. The 

reference m/z’s used for mass correction were 121.0509, 922.0098 (+ESI), and 112.9856, 

1033.9881 (-ESI). The MS parameters were as followed: m/z range 50-1700 at a rate of 1 

spectra/second, capillary temperature 350 °C, capillary voltage 3500 V, fragmentor voltage 110 V 

(methanol/water layer) and 175 V (non-polar layer), drying gas temperature 350 °C, and flow rate 

12 L/min. Tandem mass spectrometry (MS/MS) data was collected at increasing collision energies 

of 5, 15, 35, 55 eV for each m/z. 
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2.3.8 Data Analysis 

For the untargeted metabolomics workflow, two sets of three biological replicates per 

condition were collected and analyzed independently by LC-QToF-MS, using both +ESI and –ESI 

modes. Mass spectral data was imported into Agilent MassHunter ProfinderTM (version V.06.00) 

to extract peak components and chromatographic alignment based on molecular features, accurate 

mass, isotopic pattern, and retention times. The batch recursive feature extraction was utilized to 

extract and align the molecular features in all samples. The parameters for the molecular feature 

extraction included requirements of a peak height of ≥ 500 counts and extraction of possible ions 

inclusive of the protonated or deprotonated precursor ion, or the sodium or ammonia adduct. 

Furthermore, isotope-grouping restrictions comprised of a peak spacing tolerance of 0.0025 m/z 

and 7.0 ppm and a maximum charge state of 2. For binning and alignment, a tolerance of 0.3 

minutes for retention time window and 20 ppm for mass window were set. Post-processing filters 

included: an absolute height filter of ≥ 3000 counts and the requirement for the molecular feature 

to be present in at least two out of three replicates in one experimental group. The aligned data 

were then imported into Mass Profinder ProfessionalTM (version B12.6.1) where features were 

filtered according to frequency in each condition, and ANOVA was performed to compare the 

significance at the 95% confidence level with a post hoc Tukey honest significant difference test 

to determine the alterations in the global metabolome after each treatment (2.5 or 5.0 g/mL) with 

respect to the negative control group. Untargeted results species were identified by matching of 

feature to the online database, METLIN.17-18 As well as further MS/MS experiments using 

increasing collision energies for each m/z.  

Agilent MassHunterTM Qualitative Analysis software (version B.06.00) was used for 

targeted analysis in +ESI and -ESI mode by extracting the corresponding m/z values for each 
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hydrophilic and lipophilic compound.19 The peak areas were manually integrated for the three 

biological replicates in each treatment. Fold changes were determined for 2.5 µg/mL CuO NPs vs 

negative control (untreated cells), and 5 µg/mL CuO NPs vs negative control. A heat map for 

untargeted analysis was prepared in R (https://www.rproject.org).  

2.3.9 Western blot analysis 

Control and treated HCT-116 cell pellets were lysed on ice with lysis buffer (1 tablet of 

protease inhibitor dissolved in 10 mL of Mammalian Protein Extraction) for one hour. Lysates 

were centrifuged at 16,000xg, 15 min, 4 C and supernatant was used for analysis. Protein 

concentration was measured via Bradford protein assay, samples were diluted in a 1:1 with a 

solution of 95% Laemmli Buffer and 5%, 2-Mercaptoethanol. Samples were then boiled and stored 

at -20 C before western blot analysis. For analysis, separation was performed with SDS-PAGE 

on 10% or 15% polyacrylamide gels. The proteins were transferred onto a PVDF membrane, and 

then washed with TBST (20 mM Tris-base, 150 mM NaCl, pH 7.5 with 0.2% v/v Tween-20). 

Membranes were blocked with 5% w/v nonfat dry milk in TBS-Tween [10 mM Tris-base, 100 

mM NaCl, 0.1% Tween 20 (pH 7.5)] at room temperature for 1 hour. PARP, LC3B-II, p62, p21, 

caspase 3, and α-tubulin. were used for primary incubation at 4 °C for 12 hours. Before and after 

primary incubation, membranes were washed three times with TBS-Tween for 10 minutes. Anti-

rabbit (for PARP, p62, and LC3B-II) and anti-mouse (α-tubulin) secondary antibody were 

incubated at room temperature for 1 hour, and then membranes were washed with TBS-Tween. 

Membranes were developed using the Super Signal West Pico kit (Thermo Scientific, Rockford, 

IL, USA). The intensity of the western blot bands were analyzed using ImageJ Software (National 

Institute of Health, Bathesda, MD). For LC3B-II (n=3) and p62 (n=3) quantification, the 

normalized ratio was determined as [Relative intensityLC3B-II or p62] / [Relative intensityα-tubulin]. The 
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relative intensities were determined as [Band intensitytreated samples] / [Band intensitycontrol]. Graphs 

and statistics (One-way ANOVA) were performed in GraphPad prism version 7. 

2.4 Results and Discussion 

2.4.1 Solution behavior of CuO NPs.  

In this study, commercially available CuO NPs (< 50 nm in size) were used. Previous 

studies have suggested that the chemical environment of the metal oxide NPs has a large impact 

on their aggregation states.20-23 Specifically, previous studies with CuO NPs have shown 

agglomerates of 172 and 214 nm in cell culture media.22 Thus, the size of the particles was 

determined in an aqueous medium, since their behavior in an aqueous environment will define 

their interaction with cellular membranes and their uptake. CuO NPs were analyzed using dynamic 

light scattering (DLS) as well as transmission electron microscopy (TEM) in the cell culture 

medium. Figure 2.1 shows the size distribution where NPs formed agglomerates with a mean size 

of ~220 nm (within the most abundant peak > 100 nm in size) by DLS (Figure 2.1A), which was 

further confirmed with TEM (Figure 2.1B). These results suggest that CuO NPs agglomerates in 

the cell culture medium, thus based on this size; it is possible that these NPs are up taken by active 

transport as opposed to passive diffusion. 
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Figure 2.1 Characterization of CuO NPs. Particle size distribution of CuO NPs by A) dynamic 

light scattering and B) transmission electron microscopy shows agglomeration of CuO NP in the 

growth medium.ǂ 
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2.4.2 CuO NPs induce toxicity in different cell lines.  

Cell viability measurements were performed in tissue culture cell lines which included 

different cancerous and non-cancerous mammalian cell lines: HCT-116 (human colorectal 

carcinoma), HeLa (human cervical cancer), 293T HEK (human embryonic kidney), and MRC5 

(human lung fibroblast). After 24 hours of CuO NP exposure, all cell lines exhibited a dose-

dependent response to CuO NPs at concentrations ranging from 0.125 to 25 µg/mL (Figure 2.2A). 

The LC50’s obtained from these curves exhibit a strong dependence on the cell line used. MRC-5 

and HeLa cell lines exhibited higher sensitivity to CuO NPs (LC50 ~1.25 µg/mL) compared to 

other cells lines, while HCT-116 exhibited the least sensitivity (LC50 ~5 µg/mL) among the cell 

lines tested followed by 293T HEK (LC50 ~2.5 µg/mL). CuO NP-exposed HCT-116 cells exhibited 

cell shrinkage and increased cellular blebbing, consistent with the decreased viability observed 

(Figure 2.2B). In order to investigate the potential contribution of the metal ion released from NP 

to the toxicity, CuSO4 was used as a source of ionic copper and its toxicity was compared to that 

of CuO NPs. CuSO4 treatment did not show any toxicity up to a concentration of 25 µg/mL (Figure 

2.3), strongly indicating that ionic copper released from the NPs did not cause the toxicity observed 

after 24-hour treatment.  
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Figure 2.2 Effect of CuO NPs on cell viability. A) Viability of HCT-116 (human colon 

carcinoma), 293T HEK (kidney), MRC-5 (lung), HeLa (human cervical cancer) cell lines that are 

exposed to CuO NPs. B) Representative images from HCT-116 cells control (top) and exposed to 

5 µg/mL CuO NPs (bottom) for 24 hours. White arrowheads show cellular blebbing. The scale bar 

represents 75 µm.ǂ  
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Figure 2.3. Effect of CuSO4 on cell viability. Viability of HCT-116 (human colon carcinoma) cell 

lines exposed to CuSO4 for 24 hours.ǂ 
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2.4.3 Copper concentration in HCT-116 cells that are exposed to CuO NPs 

Viability studies suggested that HCT-116 cells have the least sensitivity towards CuO NP 

treatment as compared to other cell lines tested in this study. Based on this, HCT-116 cell lines 

were further studied in order to investigate the NP uptake as determined from copper levels in 

cells. Two concentrations were chosen: 5 µg/mL (~LC50 for HCT-116) and 2.5 µg/mL to determine 

the sub-LC50 effects of CuO NPs. After 24 hours of exposure, 65Cu concentration was quantified 

in the control, CuO NP treated cells, and the culture growth medium via inductively coupled 

plasma mass spectrometry (ICP-MS). Total copper levels in negative control and treated cells were 

used to estimate the copper oxide nanoparticle concentration in the cellular environment due to the 

challenges in quantifying the intact nanoparticles directly.24-25 Copper levels in the cellular growth 

media were 0.003 ± 0.001 µg/mL in the control medium, 2.353 ± 0.051 µg/mL in 2.5 µg/mL CuO 

NPs treatment media, and 4.882 ± 0.065 µg/mL in 5 µg/mL treatment media consistent with the 

concentrations that were introduced (Figure 2.4A). In untreated cell lysates, copper was at 0.04 ± 

0.004 ng/mg consistent with the estimated low cellular concentrations.26 All treatments showed 

increased copper levels as compared to the untreated cells with copper concentrations of 6.549 ± 

1.212 ng/mg in 2.5 µg/mL CuO NP treated cells and 14.837 ± 0.544 ng/mg in 5 µg/mL CuO NP 

treated cells (Figure 2.4B). Results in HCT-116 cells and their growth medium show the low 

initial concentration of copper in control cells and growth medium and the increased levels after 

CuO NP treatment, showing a dose-dependent accumulation of total copper in cells.  
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Figure 2.4. Total copper concentration in HCT-116 cells and growth medium as well as dose-

dependent upregulation of p62 and LC3B-II. A) Total copper concentration (65Cu) in growth cell 

medium (DMEM) in µg of Cu per mL (mean ± std dev) of growth medium. B) Total copper 

concentration (65Cu) in HCT-116 cells in ng of Cu per mg of protein (mean ± std dev) after 24-

hour treatment. C) p62, LC3B-II, and α-tubulin levels in control and 1.25, 2.5, 5, 10, and 20 µg/mL 

of CuO NP treatment after 24 hours.ǂ  
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2.4.4 CuO NPs exposure upregulates LC3B-II and p62 

Results showed CuO NPs induce toxicity at low µg/mL concentrations in HCT-116 cells 

as well as the other cell lines tested with varying LC50’s. Thus, to understand the biochemical 

pathways potentially affected by CuO NP-treatment protein level changes were investigated. 

Previous studies have linked increased autophagic activity to CuO NP-induced toxicity.27-28 

Autophagy plays an important role as it is a pro-survival catabolic process and is also responsible 

for the modulation of cell death.29-30 A study in A549 (epithelial cells), showed that autophagy 

increased in cells after CuO NPs treatments as well as the increase in cell survival after the use of 

autophagy inhibitors.27 Another study in a breast cancer cell line showed that 30 nm CuO NPs 

induce autophagy showing upregulation of autophagy markers.28 Based on these studies, 

autophagy was tested, as determined by the increase in p62 and LC3B-II levels, in CuO NP-treated 

HCT-116 cells (Figure 2.4C). A concentration-dependent increase in the levels of p62 and LC3B-

II were observed: 2.5 and 5 g/mL treatments induced 89% and 116% increase in p62, respectively 

(Figure 2.5A). LC3B-II levels increased modestly, showing significant accumulations starting at 

10 g/mL (Figure 2.5B). Combined, these results suggest that autophagy was activated in HCT-

116 cells upon CuO NP treatment.  
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Figure 2.5: Dose-dependent upregulation of p62 and LC3B-II in HCT-116. Western blotting 

quantitative results showing levels of A) p62 (n=3) and B) LC3B-II (n=3) as a normalized ratio of 

α-tubulin for control and CuO NP expose cells (1.25-20 µg/ml) control. (p-value: *: p≤0.05, **: 

p≤ 0.01, ***:p ≤0.001, ****:p ≤0.0001, no sign: not significant).ǂ 
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Next, based on the cell shrinkage and increased cellular blebbing that was observed upon 

treatment, the apoptotic pathway post CuO NP treatment was investigated. The levels of PARP, 

cleaved PARP, p21, and p16 were monitored (Figure 2.6A). A wide range of concentrations of 

nanoparticles (1.25-20 µg/ml) that induced 10-90% cell death were tested. Results showed, cleaved 

PARP and p21 levels remained the same, strongly supporting the lack of apoptotic activity in CuO 

NP-treated cells. Finally, a pan caspase inhibitor zVAD-fmk was utilized in order to determine 

whether the cell death observed was caspase dependent. Cell viability was not affected after the 

addition of zVAD-fmk, suggesting that the cell death observed upon CuO NP treatment was 

caspase-independent (Figure 2.6B). Overall, the results showed that apoptotic pathways are not 

the major contributors to cell death that CuO NPs induce.  
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Figure 2.6. A) Western blotting results showing levels of PARP, cleaved PARP (C-PARP), 

Caspase 3, p21, p16(arrow denotes expected p16 band) and α-tubulin for control and CuO NP 

expose cells (1.2-20 µg/ml) control. A positive control for apoptotic cells are run in the same gel 

to confirm the lack of cleaved PARP (C-PARP) B) Viability HCT-116 cell lines that are exposed 

to CuO NP and pan caspase inhibitor zVAD-fmk.ǂ 
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2.4.5 Significant changes in lipid composition are observed after CuO NPs treatment.  

Lipids are a diverse class of metabolites with diverse structural and signaling functions.31-

32 In the past, our laboratory has leveraged the changes in lipid composition to study the mechanism 

of toxicity of different small molecules. Building on this expertise, an untargeted lipidomics was 

performed to determine the effects of CuO NPs in HCT-116 cells.  

The overall workflow for the untargeted lipidomics analysis after CuO NPs exposure is 

shown in Figure 2.7. Cells were treated with 2.5 and 5 µg/mL CuO NPs for 24-hours. After 

normalizing different samples based on protein concentration, a biphasic extraction was performed 

to separate polar and nonpolar metabolites. Lipidomics data was acquired using liquid 

chromatography quadrupole time of flight mass spectrometry (LC-QToF/MS) as shown in Figure 

2.7A. Untargeted data analysis consisted in identifying the metabolites that were up and down 

regulated between control and treated samples (Figure 2.7B).  
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Figure 2.7. Metabolomics collection, preparation, and analysis workflow A) Sample treatment, 

collection, biphasic extraction, the addition of internal standards (TAG (13:0/13:0/13:0), ceramide 

(17:0) and d9-oleic acid) and data acquisition for metabolomics of human colon carcinoma cell 

lines exposed to CuO NPs. B) Data acquisition and analysis parameters for the identification of up 

and down-regulated species after treatment.ǂ 
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Figure 2.8. Untargeted lipidomics showing dose-dependent regulation of lipids after 24-hour CuO 

NP treatment. Volcano plot shows up- and down-regulation (yellow quadrants) of lipids after 24-

hours of 2.5 (purple) and 5 (orange) µg/mL CuO NP treatment. The log2 (fold change) of the 

relative abundance of each species in CuO NP treated and in negative control cells. The y-axis 

represents the –log10 (p-value) between treated and control samples.ǂ  
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Figure 2.9. Heat map showing the relative abundance (blue and green) and fold changes (gray and 

black) of identified lipids via untargeted lipidomics (n=3). Species in bold were found to be 

upregulated in both treatments (2.5 and 5 µg/mL).ǂ 
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Untargeted analysis workflow resulted in 7 and 24 species that showed significant 

alteration (p-value < 0.05 and fold change of greater than 2) after 2.5 and 5 µg/mL CuO NP 

treatment, respectively. Species changed in 2.5 µg/L treated cells were also altered in 5 µg/mL 

treatment but at a lower fold change, consistent with the dose-dependent effects of CuO NP 

treatment. Figure 2.9 shows the relative abundance and fold change of the species upon CuO NP 

treatment in a heat map (Table 2.2, in addition specific abundances for each identified lipid and 

their fragmentation patterns is listed in the Appendix Table 2A. 1 and Table 2A. 2 ). A total of 18 

out of the 24 species were positively identified and 4 of the 6 unidentified metabolites are predicted 

to belong to the phosphatidylcholines and one to the acylcarnitine family based on their 

fragmentation patterns. Modest accumulations (~2-3 fold accumulation) of seven glycerolipids 

including six triacylglycerols (TAGs), and one diacylglycerol (DAG) were observed. Additionally, 

ten glycerophospholipids including (lyso)phosphatidylcholines ((L)PCs) were identified. Five 

sphingolipids accumulated, including four ceramides (CERs) and one dihydroceramide. Greater 

fold changes were observed for C18-Ceramide with 9-fold accumulations. Showing the overall 

changes with lipid species as a result of CuO NP exposure. Overall, these observations are 

consistent with previous targeted metabolomic studies with HepG2 cells that showed the increases 

in monoacylglycerols, phospholipids, sphingolipids, and lysolipids after CuO NP treatment.33  
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Table 2.2. Species that change after CuO NP treatment. Untargeted lipidomics results showing 

species accumulating or depleting species in the non-polar layer. RT: retention time. FC: fold 

change (p-value: *: p≤0.05, **: p≤ 0.01, ***:p ≤0.001, no sign: not significant). NA: not applicable 

RT 

(min) 
m/z Adduct 

FC 

[2.5 µg/mL 

/Control] 

FC 

[5 µg/mL 

/Control] 

Identification 

(MS/MS) 

63.83 564.5325 [M-H]- 6.05*** 8.52** Ceramide (18:1,18:0) 

65.61 618.5807 [M-H]- 1.84*** 2.18** Ceramide (18:1, 22:1) 

65.94 606.5792 [M-H]- 2.33*** 3.06** Ceramide (16:1, 23:0) 

66.45 620.5957 [M-H]- 1.94*** 2.30** Ceramide (18:1, 22:0) 

66.75 622.6063 [M-H]- 1.98** 2.55** Dihydroceramide (18:0, 22:0) 

7.87 485.3569 - 1.60 2.19** NA 

38.97 416.3376 - 3.42 6.23** NA 

41.52 468.3114 [M+H]+ 2.29** 2.75** Lyso PC (14:0) 

43.39 568.3429 [M+H]+ 1.96** 2.84** Lyso PC (22:6) 

43.41 544.3445 [M+H]+ 1.80** 2.90** Lyso PC (20:4) 

43.86 596.3352 [M+H]+ 1.22 2.62*** Phosphocholine containing lipid 

43.85 572.3360 [M+H]+ 1.42 3.58*** Phosphocholine containing lipid 

44.44 496.3419 [M+H]+ 2.22** 2.76** Lyso PC (16:0) 

44.59 598.3516 [M+H]+ 1.10 2.51*** Phosphocholine containing lipid 

45.65 482.3609 [M+H]+ 2.80*** 3.82** Lyso PC (O-16:0) 

46.33 508.3752 [M+H]+ 2.31** 2.89** Lyso PC (O-18:1) 

47.14 524.3714 [M+H]+ 2.18*** 2.77** Phosphocholine containing lipid 

60.61 627.5369 [M+H-H2O]+ 1.77** 2.08* DAG 38:4 (18:0,20:4) 

65.80 868.7379 [M + NH4]
+ 1.82** 2.82** TAG 52:6 (14:0, 22:6, 16:0) 

66.06 894.7598 [M + NH4]
+ 1.85** 2.53** TAG 54:7 (16:1, 22:6, 16:0) 

66.31 896.7717 [M + NH4]
+ 1.73* 2.14*** TAG 54:6 (18:2, 20:4, 16:0) 

66.56 922.7879 [M + NH4]
+ 1.96** 2.62** TAG 56:7 (18:1, 22:5, 16:1) 

66.76 924.8021 [M + NH4]
+ 1.99** 2.89** TAG 56:6 (18:1, 22:5,16:0) 

67.37 978.8565 [M + NH4]
+ 1.95*** 2.99** TAG 60:7 (18:1, 18:1,24:5) 
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Interestingly, specific accumulation of polyunsaturated fatty acyl chains containing TAGs 

was observed. TAGs are mostly non-membrane associated and have been linked to increased 

oxidative stress observed during different cellular process32 and resulting from metal oxide 

nanoparticle toxicity, such as those observed in aluminum oxide34, zinc oxide,35 and titanium 

oxide.36 The lipidomics approach was complemented with a targeted analysis of various polar 

metabolites related to oxidative stress. The levels of glutathione (GSH) metabolites, nucleotides, 

and amino acids are shown in Figure 2.10. Most amino acids remain unchanged; however, leucine, 

phenylalanine, tyrosine, and tryptophan accumulated significantly after CuO NP treatment. This 

is consistent with a previous study that reported the accumulation of certain amino acids.22 More 

importantly, our results showed detected changes in a GSH metabolite. Glutathione is a tripeptide 

and exists as a mixture of GSH and its oxidized form, glutathione disulfide. The balance of the 

mixture is essential for cell homeostasis and its imbalance has been associated with oxidative 

stress.37 In our analysis, GSH did not show significant changes after CuO NP treatment (p > 0.05). 

However, glutathione disulfide showed 3- and 7 -fold accumulation in 2.5 and 5 µg/mL CuO NP 

treatment, respectively (p < 0.05). These results link polyunsaturated fatty acyl chain containing 

TAGs and glutathione disulfide metabolites to oxidative stress in a dose-dependent manner upon 

CuO NP exposure.  



57 

 

 

Figure 2.10. Targeted analysis of polar metabolites. Left heat map (pink) shows the relative 

abundance of targeted polar metabolites in control and 2.5 and 5 µg/mL CuO NP-treated HCT-

116 cells (n=3). Right heat map (orange and black) shows the log2 (fold change) comparing CuO 

NP-treated cells to the negative control. (*p-value < 0.05).ǂ 
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The results of the untargeted lipidomics showed that a wide range of lipids changed after 

CuO NP treatment. Consequently, targeted analysis of lipid families including fatty acids (FAs), 

CERs, phosphatidic acids (PAs), phosphatidylethanolamines (PEs), phosphatidylserines (PSs), 

phosphatidylglycerols (PGs), phosphatidylinositols (PIs), cholesterol esters (CEs), TAGs, DAGs, 

and PCs was performed to obtain an overview of the lipidome in cells after CuO NP treatment. 

Results showed FAs and PEs were the only lipid families which remained unchanged after CuO 

NP treatment (Figure 2.11, in addition complete list of all targeted lipids and their respective m/z, 

adduct and retention time are listed in Appendix Table 2A. 3). The most profound increase in a 

dose-dependent manner in the targeted and untargeted analysis was ceramides with accumulations 

of up to ~9 fold change, consistent with our observations from the untargeted analysis (Figure 

2.11). Ceramides are sphingolipids, which mediate cell death and have been associated with 

autophagy induction.38-39 Results show the accumulation of ceramides specifically C18:0, C18:1, 

and C22:0 species after CuO NP treatment. In parallel, targeted lipidomics shows a large increase 

in other membrane lipids including PCs, PSs, PIs, and PAs. These changes in membrane lipids 

suggest membrane remodeling that CuO NPs cause in HCT-116 cells, which could be linked to 

the mechanism of their uptake.  

To obtain insights on how CuO NP uptake might dictate its toxicity, 293T HEK cells were 

further investigated, which were more sensitive to CuO NP treatment as compared to HCT-116. 

The levels of 65Cu were measured as described earlier. The 293T HEK cells showed copper 

concentrations that are double the amount observed in HCT-116 (Figure 2.12A-B). The levels of 

glutathione disulfide which showed a 9- and 16- fold accumulation in 2.5 and 5 µg/mL CuO NP 

treated HEK 293T respectively, double the accumulation observed in HCT-116 cells (Table 2.3) 

The levels of LC3B-II and p62 were investigated in CuO NP-treated 293T HEK cells, which 
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exhibited a concentration dependent increase (Figure 2.12C-E). All of these results showed that 

the mechanism of toxicity of the NPs used in this study is cell line independent. The positive 

correlation between higher copper levels, oxidative stress, and cell death in 293T HEK cells when 

compared to HCT-116 cells indicate uptake plays a role in the differential toxicity of CuO NPs 

towards different cell lines. 
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Figure 2.11. Targeted lipidomics shows the upregulation of several lipid classes after 24-hour 

CuO NP treatment. The blue scale heat map shows the relative abundances of targeted lipids in 

the control and at 2.5 and 5 µg/mL CuO NP-treated cells (n=3). Targeted lipids: Fatty Acids (FAs), 

ceramides (CERs), phosphatidic acids (PAs), phosphatidylethanolamines (PEs), 

phosphatidylserines (PSs), phosphatidylglycerols (PGs), phosphatidylinositols (PIs), cholesterol 

esters (CEs), triacylglycerols (TAGs), diacylglycerols (DAGs) and phosphatidylcholines (PCs). 

The white to black scale heat map shows the log2 (fold change) comparing CuO NP-treated cells 

to the negative control.ǂ 
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Figure 2.12. Total copper concentration in HEK 293T cells and growth medium. A) Total copper 

concentration (65Cu) in growth cell medium in µg of Cu per mL (mean ± std dev) of growth 

medium. B) Total copper concentration (65Cu) in 293T HEK cells in ng of Cu per mg of protein 

after 24-hour treatment. C) Western blotting results showing levels of D) p62 (n=3) and E) LC3B-

II (n=3) as a normalized ratio of α-tubulin for control and CuO NP expose cells (1.25-10 µg/ml) 

control. (p-value: *: p≤0.05, **: p≤ 0.01, ***:p ≤0.001, ****:p ≤0.0001, no sign: not significant).ǂ 
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Table 2.3. Glutathione metabolite fold change in HCT-116 and HEK-293T cell lines in 2.5 and 5 

µg/mL CuO NP vs control treatment. 

 

Glutathione disulfide Fold Change 

2.5 µg/mL 

Control 

Fold Change 

5 µg/mL 

Control 

HCT-116 3.4 6.9 

HEK-293T 8.5 15.8  
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2.5 Conclusions 

In this work, a lipidomics-based approach was utilized to determine the effects of CuO NPs 

in a human colon carcinoma cell line (HCT-116) in order to shed light on the mechanism of toxicity 

of these NPs and provide potential toxicity metabolite markers. First, dose-viability curves of CuO 

NPs in different mammalian cell lines showed the cell line- and dose- dependent responses to 

CuO NPs. Untargeted lipidomics in HCT-116 exposed to two different CuO NP concentrations 

showed the changes in metabolite composition highlighting accumulation of polyunsaturated acyl 

chain containing TAGs, ceramides, and lyso PCs. In addition, these results strongly suggest that 

CuO NP treatment induced autophagy and cell death via mechanisms independent of caspase 

activity. These results provide a proof of concept that the mode of action of CuO NPs is complex 

and seems to be diverse for different cell lines used.  
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2.7 Appendix 

Table 2A. 1. Abundances of lipids studied via untargeted lipidomics including, identification of each lipids species and their respective 

abundances for Control, and 2.5 and 5 µg/mL CuO NP. 

Lipid (Identification) 

CONTROL 2.5 µg/mL CuO NP 5 µg/mL CuO NP 

1 2 3 1 2 3 1 2 3 

Ceramide  (18:1,18:0) 1.09E+06 1.07E+06 1.03E+06 6.41E+06 7.36E+06 5.54E+06 9.59E+06 1.06E+07 7.01E+06 

Ceramide (18:1, 22:1)  5.42E+06 5.99E+06 5.42E+06 1.00E+07 1.11E+07 9.83E+06 1.25E+07 1.43E+07 9.88E+06 

Ceramide (16:1, 23:0) 7.76E+05 7.71E+05 8.80E+05 1.83E+06 2.09E+06 1.73E+06 2.53E+06 2.89E+06 2.01E+06 

Ceramide (18:1, 22:0) 1.43E+07 1.60E+07 1.50E+07 2.86E+07 3.16E+07 2.76E+07 3.59E+07 4.13E+07 2.71E+07 

Dihydroceramide (18:0, 22:0) 3.37E+06 3.79E+06 3.56E+06 6.94E+06 7.95E+06 6.38E+06 9.51E+06 1.09E+07 6.90E+06 

No match 1.78E+04 3.63E+04 2.76E+04 4.31E+04 2.86E+04 5.88E+04 5.22E+04 6.26E+04 6.39E+04 

No match 1.45E+05 6.59E+04 9.08E+04 1.72E+05 2.55E+05 6.05E+05 4.58E+05 7.83E+05 6.38E+05 

Lyso PC (14:0,0:0) 7.33E+05 6.42E+05 9.97E+05 1.65E+06 1.97E+06 1.82E+06 2.05E+06 2.52E+06 1.96E+06 

Lyso PC (22:6,0:0) 3.95E+05 2.60E+05 4.42E+05 7.04E+05 8.65E+05 5.79E+05 9.13E+05 1.23E+06 9.81E+05 

Lyso PC (20:4,0:0) 4.71E+05 3.51E+05 4.33E+05 6.70E+05 8.80E+05 7.06E+05 1.20E+06 1.43E+06 1.02E+06 

Phosphocholine containing lipid 4.73E+05 4.33E+05 5.28E+05 3.38E+05 6.34E+05 7.78E+05 1.24E+06 1.25E+06 1.26E+06 

Phosphocholine containing lipid 5.30E+05 5.14E+05 5.50E+05 4.13E+05 9.36E+05 9.17E+05 1.97E+06 1.93E+06 1.80E+06 

Lyso PC (16:0) 2.46E+07 2.18E+07 3.10E+07 5.06E+07 6.03E+07 6.06E+07 5.99E+07 8.41E+07 6.98E+07 

Phosphocholine containing lipid 3.97E+05 3.92E+05 3.53E+05 2.71E+05 4.35E+05 5.45E+05 9.41E+05 9.82E+05 9.46E+05 

Lyso PC (O-16:0) 3.67E+06 3.19E+06 4.63E+06 1.02E+07 9.84E+06 1.22E+07 1.14E+07 1.80E+07 1.45E+07 

Lyso PC (O-18:1) 1.22E+06 1.19E+06 1.70E+06 3.14E+06 2.83E+06 3.53E+06 3.31E+06 4.63E+06 3.97E+06 

Phosphocholine containing lipid 9.89E+06 9.63E+06 1.26E+07 2.17E+07 2.52E+07 2.31E+07 2.43E+07 3.53E+07 2.94E+07 

DAG 38:4 (18:0,20:4) 1.44E+07 2.23E+07 2.68E+07 3.90E+07 3.84E+07 3.50E+07 3.03E+07 4.93E+07 5.22E+07 

TAG 52:6 (14:0, 22:6, 16:0) 1.56E+06 1.52E+06 1.64E+06 2.62E+06 3.29E+06 2.69E+06 3.76E+06 5.46E+06 4.09E+06 

TAG 54:7 (16:1,22:6, 16:0) 2.47E+06 2.68E+06 2.57E+06 4.38E+06 5.39E+06 4.47E+06 5.65E+06 7.63E+06 6.27E+06 

TAG 54:6 (18:2, 20:4, 16:0) 6.06E+06 6.25E+06 5.94E+06 9.73E+06 1.24E+07 9.33E+06 1.26E+07 1.43E+07 1.22E+07 

TAG 56:7 (18:1,22:5, 16:1) 4.13E+06 4.55E+06 3.97E+06 7.81E+06 9.29E+06 7.71E+06 9.86E+06 1.29E+07 1.04E+07 

TAG 56:6 (18:1,22:5,16:0) 4.16E+06 4.98E+06 5.00E+06 8.81E+06 1.05E+07 8.80E+06 1.21E+07 1.60E+07 1.27E+07 

TAG 60:7 (18:1,18:1,24:5) 4.47E+05 3.77E+05 5.45E+05 8.64E+05 9.23E+05 8.77E+05 1.24E+06 1.59E+06 1.28E+06 
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Table 2A. 2. Specific m/z fragments for lipids identified in untargeted analysis. 

Lipid (Identification) 
Theoretical Observed 

m/z m/z 

Ceramide  (18:1,18:0) 564.5397 564.5312 534.5127 516.5188 308.2953 265.2523 237.2224   

Ceramide (18:1, 22:1)  618.5831 618.5819 588.5751 570.5632 364.3581 321.319 237.2224  
Ceramide (16:1, 23:0) 606.5831 606.5861 588.5743 378.3670 364.3591 209.1939   
Ceramide (18:1, 22:0) 620.5987 620.6067 572.5786 364.3631 321.3214 298.2734 237.2255  
Dihydroceramide (18:0, 22:0) 622.6144 622.6062 590.5887 574.5815 364.3552 321.3126 239.2368  
No match - 485.3531 467.2119 401.1973 401.1973 156.0752 110.0725  
No match - 416.3342 85.0307 60.0834     
Lyso PC (14:0,0:0) 468.3085 468.3137 450.3044 285.2461 184.0810 104.1140 86.106  
Lyso PC (22:6,0:0) 568.3369 568.3379 550.3268 385.2662 184.0710 104.1112 86.0955  
Lyso PC (20:4,0:0) 544.3398 544.3369 526.3279 184.0714 104.1049 86.0959   
Phosphocholine containing lipid - 596.3337 184.0719 104.1059 86.0963    
Phosphocholine containing lipid - 572.3343 555.4311 184.0717 104.1098 124.9989 86.0949  
Lyso PC (16:0) 496.3398 496.3390 478.3275 313.2728 184.072 104.1060 86.0955  
Phosphocholine containing lipid - 596.3352 507.1894 184.0719 104.1059 86.0934   
Lyso PC (O-16:0) 482.3605 482.3626 184.0768 104.1101 86.0998 60.0943   
Lyso PC (O-18:1) 508.3762 508.3772 184.0775 104.1110 184.0775 60.0859   
Phosphocholine containing lipid - 524.3752 506.3544 184.0776 104.1107 60.0840   
DAG 38:4 (18:0,20:4) 627.5347 627.5358 341.3058 384.2385 267.2705    
TAG 52:6 (14:0, 22:6, 16:0) 868.7389 868.7363 851.7067 623.5076 595.4781 523.4752 311.2399 239.2387 

TAG 54:7 (16:1,22:6, 16:0) 894.7545 894.7528 877.7251 623.5078 621.4899 549.4899 311.2470 239.2386 

TAG 54:6 (18:2, 20:4, 16:0) 896.7702 896.7787 879.7469 623.5043 599.5073 575.5078 287.2406 263.2396 

TAG 56:7 (18:1,22:5, 16:1) 922.7858 922.7860 905.7579 651.5428 623.5086 575.5032 313.2585 265.2554 

TAG 56:6 (18:1,22:5,16:0) 924.8015 924.8081 907.7792 651.5381 625.522 577.5217 313.2427 239.2357 

TAG 60:7 (18:1,18:1,24:5) 978.8531 978.8552 961.8323 679.5730 603.5313 341.2844 265.2529   
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Table 2A. 3. Lipid species analyzed in targeted analysis including, lipid family, retention time 

(RT), observed m/z and adducts.  

 

Lipid Family Lipid 
RT 

(min) 
Observed 

m/z 
Adduct 

Fatty acid (FA) 

C:12:0 24.10 199.1703 [M - H]- 

C14:1 26.20 225.1862 [M - H] - 

C14:0 28.70 227.2005 [M - H] - 

C16:1 29.72 253.2174 [M - H] - 

C16:0 31.57 255.2335 [M - H] - 

C18:2 30.86 279.2313 [M - H] - 

C18:1 32.35 281.2486 [M - H] - 

C18:0 34.13 283.2647 [M - H] - 

C20:4 29.41 303.2338 [M - H] - 

C20:3 30.63 305.2469 [M - H] - 

C20:1 34.55 309.2790 [M - H] - 

C20:0 36.54 311.2947 [M - H] - 

C22:1 36.76 337.3103 [M - H] - 

C22:0 39.00 339.3257 [M - H] - 

C24:1 38.90 365.3404 [M - H] - 

C24:0 41.23 367.3570 [M - H] - 

C26:0 43.44 395.3878 [M - H] - 

Ceramide 

C14:0 60.38 508.4724 [M - H] - 

C16:0 62.29 536.5021 [M - H] - 

C16:1 61.07 534.4863 [M - H] - 

C18:0 63.86 564.5334 [M - H] - 

C18:1 62.75 562.5168 [M - H] - 

C20:0 65.29 592.5635 [M - H] - 

C22:0 66.46 620.5957 [M - H] - 

C22:1 65.61 618.5807 [M - H] - 

C24:0 67.43 648.6270 [M - H] - 

C24:1 66.48 646.6110 [M - H] - 

C26:0 68.60 676.6556 [M - H] - 

Dihydroceramide 

C16 62.80 538.5180 [M - H] - 

C18 64.34 566.5479 [M - H] - 

C20 65.65 594.5810 [M - H] - 

C22 66.78 622.6110 [M - H] - 
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Lipid Family Lipid 
RT Observed 

Adduct 
(min) m/z 

Phosphatidic acid (PA) 

C32:1 34.74 645.4447 [M - H] - 

C32:0 35.74 647.4620 [M - H] - 

C34:1 36.18 673.4765 [M - H] - 

C34:2 35.31 671.4630 [M - H] - 

C34:3 34.53 669.4461 [M - H] - 

C36:3 35.92 697.4764 [M - H] - 

C36:2 36.72 699.4961 [M - H] - 

C36:1 38.17 701.5114 [M - H] - 

C38:5 36.22 721.4764 [M - H] - 

Lyso Phosphatidic acid (LPA) C16:0 47.39 409.2357 [M - H] - 

Phosphatidylethanolamine (PE) 

C32:1 51.95 688.4900 [M - H] - 

C34:1 54.33 716.5215 [M - H] - 

C34:2 52.50 714.5044 [M - H] - 

C36:4 53.07 738.5058 [M - H] - 

C36:3 53.38 740.5214 [M - H] - 

C36:2 54.82 742.5366 [M - H] - 

C36:1 56.46 744.5514 [M - H] - 

C38:5 54.31 764.5207 [M - H] - 

C38:4 55.42 766.5375 [M - H] - 

C38:1 58.47 772.5825 [M - H] - 

Lyso Phosphatidylethanolamine 

(LPE) 

C18:1 38.26 478.2913 [M - H] - 

C18:0 40.58 480.3058 [M - H] - 

Phosphatidylserine (PS) 

C32:1 38.42 732.4799 [M - H] - 

C32:0 39.65 734.4942 [M - H] - 

C34:1 40.29 760.5090 [M - H] - 

C34:2 38.92 758.4962 [M - H] - 

C36:4 40.23 782.4924 [M - H] - 

C36:3 39.72 784.5090 [M - H] - 

C36:2 40.70 786.5268 [M - H] - 

C36:1 42.28 788.5425 [M - H] - 

C38:5 40.73 808.5100 [M - H] - 

C38:4 41.51 810.5263 [M - H] - 

C38:1 44.23 816.5735 [M - H] - 

Phosphatidylglycerol (PG) 

C32:1 42.77 719.4831 [M - H] - 

C34:1 45.24 747.5173 [M - H] - 

C34:2 43.96 745.5005 [M - H] - 

C36:3 44.06 771.5126 [M - H] - 

C36:1 47.31 775.5454 [M - H] - 
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Lipid Family Lipid 
RT 

(min) 
Observed 

m/z 
Adduct 

Phosphatidylinositol (PI) 

C32:1 43.15 807.5010 [M - H]- 

C32:0 44.35 809.5137 [M - H]- 

C34:1 44.92 835.5327 [M - H]- 

C34:2 43.61 833.5159 [M - H]- 

C36:4 44.19 857.5178 [M - H]- 

C36:1 46.95 863.5645 [M - H]- 

C38:5 44.64 883.5315 [M - H]- 

C38:4 46.23 885.5473 [M - H]- 

C38:1 48.55 891.5958 [M - H]- 

Cholesterol Chol 66.77 369.3528 [M+H-H2O]+ 

Cholesterol Ester (CE) 

C16:1 61.68 645.5522 [M+Na]+ 

C22:1 64.37 729.6373 [M+Na]+ 

C22:2 63.69 727.6241 [M+Na]+ 

C24:2 64.52 755.6514 [M+Na]+ 

Diacylglycerol (DAG) 

C32:0 60.07 551.5059 [M+H-H2O]+ 

C34:2 58.23 575.5038 [M+H-H2O]+ 

C36:4 59.53 599.5057 [M+H-H2O]+ 

C36:3 59.73 601.5217 [M+H-H2O]+ 

C36:2 59.34 603.5386 [M+H-H2O]+ 

C36:1 60.17 605.5513 [M+H-H2O]+ 

C38:5 59.85 625.5223 [M+H-H2O]+ 

C38:4 60.66 627.5356 [M+H-H2O]+ 

Phosphatidylcholine (PC) 

C32:0 57.37 734.5729 [M+H]+ 

C34:3 57.36 756.5547 [M+H]+ 

C36:4 57.29 782.5693 [M+H]+ 

C36:3 57.50 784.5859 [M+H]+ 

C36:2 58.37 786.6061 [M+H]+ 

C36:1 59.28 788.6231 [M+H]+ 

C38:5 57.48 808.5864 [M+H]+ 

Lyso Phosphatidylcholine 

(LPC) 

C14:0 41.50 468.3127 [M+H]+ 

C16:0 44.44 496.3402 [M+H]+ 

C18:2 43.13 520.3445 [M+H]+ 

C18:1 44.79 522.3570 [M+H]+ 

C18:0 47.21 524.3714 [M+H]+ 

C20:4 43.43 544.3437 [M+H]+ 

C24:0 47.37 608.4720 [M+H]+ 
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Lipid Family Lipid 
RT 

(min) 
Observed 

m/z 
Adduct 

Triacylglycerol (TAG) 

C48:0 66.81 824.7722 [M + NH4]+ 

C50:3 66.18 846.7607 [M + NH4]+ 

C50:2 66.53 848.7736 [M + NH4]+ 

C50:1 66.87 850.7898 [M + NH4]+ 

C52:2 67.04 876.8068 [M + NH4]+ 

C52:3 66.71 874.7901 [M + NH4]+ 

C52:6 65.79 868.7391 [M + NH4]+ 

C54:7 66.05 894.7594 [M + NH4]+ 

C54:6 66.33 896.7774 [M + NH4]+ 

C54:5 66.59 898.7869 [M + NH4]+ 

C54:4 66.84 900.8048 [M + NH4]+ 

C54:3 67.21 902.8224 [M + NH4]+ 

C54:2 67.55 904.8390 [M + NH4]+ 

C54:1 67.92 906.8554 [M + NH4]+ 

C54:0 68.55 908.8801 [M + NH4]+ 

C56:8 66.21 920.7732 [M + NH4]+ 

C56:7 66.58 922.7794 [M + NH4]+ 

C56:6 66.77 924.8047 [M + NH4]+ 

C56:5 67.07 926.8150 [M + NH4]+ 

C56:4 67.35 928.8355 [M + NH4]+ 

C56:3 67.70 930.8508 [M + NH4]+ 

C56:2 68.08 932.8815 [M + NH4]+ 

C58:1 69.18 962.9166 [M + NH4]+ 

C58:2 68.68 960.9073 [M + NH4]+ 

C58:3 68.23 958.8905 [M + NH4]+ 

C58:4 67.84 956.8683 [M + NH4]+ 

C58:7 66.94 950.8219 [M + NH4]+ 

C58:8 66.67 948.8048 [M + NH4]+ 

C60:1 69.93 990.9442 [M + NH4]+ 

C60:2 69.39 988.9327 [M + NH4]+ 

C60:3 68.81 986.9174 [M + NH4]+ 

C60:4 68.38 984.9038 [M + NH4]+ 

C62:1 70.67 1018.9743 [M + NH4]+ 

C62:2 70.01 1016.9607 [M + NH4]+ 

C62:3 69.51 1014.9460 [M + NH4]+ 
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3 Chapter 3- Investigation of engineered nanomaterials at the molecular level 

on Arabidopsis thaliana after copper oxide nanoparticles exposure 

3.1 Introduction 

Engineered nanomaterials (ENMs) are applied in different fields including medicine1, 

agriculture2, environmental remediation3 and in consumer products4 and continue to create 

concerns with the adverse effects of these materials in the environment. As previously stated in 

chapters 1 and 2, these materials can enter the environment via wastewater treatment plants, 

landfills and agricultural runoff, leading to nanoparticles being released to the atmosphere, soil, 

and water bodies.5-7 Plants, in particular, can be directly or indirectly exposed to these 

nanoparticles (NPs) by the use of reclaimed water to irrigate crops, or the land application of 

biosolids to agricultural fields when used as fertilizer. Plant growth and physiology has been shown 

to be affected by NP exposure in different plant systems such as zuchinni,8 barley,9 and cucumber 

plants10 overall showing the adverse effects of NPs in plant systems.  

The use of metabolomics can shed light onto the mechanisms of toxicity of NPs, and 

provide metabolite markers of exposure and interaction between plants and NPs. Several analytical 

techniques have been used for environmental metabolomics studies to aid the understanding of the 

responses of biological systems to contaminants and potential discovery of biomarkers.11-12 These 

mainly include high-resolution mass spectrometry (MS) instrumentations.13 Two of the most 

commonly used MS instruments are the Quadrupole Time-of-Flight (QToF) and Quadrupole-

Orbitrap MS. QToF instruments can reach a resolving power up to 60,000 with a mass accuracy 

of < 2 ppm and a dynamic range of 104-105 while Orbitrap  instruments can achieve up to 140,000 

resolving power with a mass accuracy of < 1 ppm and a dynamic range of 103-104.14 Previous 
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studies have used both instruments for metabolomics investigating biological organisms and 

nanoparticle exposure.15-16 

In this work, the metabolite response of Arabidopsis thaliana (L.) Heynh. (Arabidopsis, 

hereafter), a model plant, to copper oxide nanoparticles (CuO NPs) was investigated. Arabidopsis 

was used since it is a common model plant employed in many studies due to its short generation 

time, self-fertilization, small size, and adaptability in sterile conditions.17-18 Arabidopsis uptake of 

CuO NPs was investigated after four days of exposure by quantifying copper using inductively 

coupled plasma (ICP)-MS. In parallel, the effects of CuO NP on Arabidopsis leaves at the 

metabolite level were determined via two untargeted metabolomics platforms with the aim to 

identify the robust changes in metabolite composition, independent of the instrumentation used, 

paving the way to biomarker assignments indicative of CuO NPs exposure.  

3.2 Objective of Research 

The purpose of this study was to determine the molecular level effects of CuO NPs in 

Arabidopsis. The main objectives included: (1) To assess the translocation of total copper in 

Arabidopsis tissues including, roots, leaves and flowering shoots. (2) To conduct untargeted 

metabolomics to identify metabolites that were altered by NP treatment in order to provide insights 

on molecular level effects induced by exposure to CuO NPs.  

3.3 Materials and Methods 

3.3.1 Materials and Chemicals 

Copper oxide nanoparticles (>50 nm), formic acid (88%) and agar were purchased from 

Sigma-Aldrich (Saint Louis, MO). Wild type Arabidopsis Col-2 were obtained from 

www.arabidopsis.org (CS907). A Milli-QTM water purification system was used to achieve 18.2 
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M water. Methanol (Optima LC/MS grade) was purchased from EMD Millipore (Billerica, MA). 

Concentrated nitric acid was obtained from BDH (Radnor, PA), and 30% hydrogen peroxide was 

obtained from Fisher Scientific (Waltham, MA). Modified Hoagland’s solution (Table S3) was 

used for Arabidopsis thaliana hydroponic culture. 

3.3.2 Nanoparticle characterization  

Copper oxide nanoparticles (CuO NPs) were suspended in ethanol and sonicated for 30 

minutes prior to use. Nanoparticles were characterized at 10 mg/L in Hoagland’s solution by 

dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS90 (Malvern Instruments Ltd., 

Worcestershire UK). Each DLS measurement was performed at 25 C using automated, optimal 

measurement times and laser attenuation settings.  

3.3.3 Plant cultivation 

Arabidopsis plant cultivation set-up was prepared as previously described19. In short, 

Arabidopsis seeds were surface-sterilized with 1:10 ethanol: bleach (v/v) followed by deionized 

water rinse. Seeds were placed in seed holders with 0.7% agar and ¼ strength Hoagland’s solution 

(Table 3.1) in a growth chamber, with 100 μmol-2m-2s-2 light from fluorescent bulbs, a 16-hour 

light and 8-hour dark photoperiod, at 25 C with 55% relative humidity. After seven days, 

seedlings were then transferred to 77 mm x 77 mm x 97 mm magenta boxes (W x L x H) in order 

to reach flowering stage. Arabidopsis plants were then exposed to 10 mg/L CuO NP and a negative 

control treatment (no CuO NP) for four days. After treatment, Arabidopsis roots, leaves, and 

flowering shoots (Figure 3.1) were collected and lyophilized. A total of 5 biological replicates per 

treatment were harvested for metal analysis and characterization by metabolomics.  
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Table 3.1.Composition of ¼ strength Hoagland’s solution: Macro and micro elements 

 

 

 

 

 

 

 

Component Concentration 

Potassium nitrate 1.25 mM 

Calcium nitrate 1.25 mM 

Monopotassium phosphate 0.25 mM 

Magnesium sulfate 0.50 mM 

Iron chelate 72 µM 

Boric Acid 12 µM 

Manganese(II) nitrate 2.3 µM 

Zinc sulfate heptahydrate 0.20 µM 

Copper sulfate pentahydrate 0.08 µM 

Sodium molybdate dihydrate 0.02 µM 
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Figure 3.1. Schematic of Arabidopsis thaliana tissues, roots, leaves and flowering shoots collected 

for copper analysis. 
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3.3.4 Sample preparation for ICP-MS analysis and ICP-MS operating conditions 

Lyophilized samples of Arabidopsis (roots, leaves, and flowering shoots) were placed in 

digestion vessels. The digestion was performed at 95  5 C with a mixture of 70% nitric acid 

(HNO3) and 30% hydrogen peroxide (H2O2). Samples were then diluted with 2% HNO3 before 

analysis. An X-Series 2 Inductively Coupled Plasma (Thermo Scientific (Waltham, MA)) was 

used for total silver analysis; the operational parameters are summarized in Table 3.2. The copper 

isotopes, 65Cu and 64Cu, were monitored as well as 103Rh as an internal standard. 

 

Table 3.2. Operational parameters for ICP-MS analysis of silver. 

Nebulizer and spray chamber Glass concentric nebulizer in Peltier 

cooled cyclonic spray chamber (@ 2 oC) 

Plasma forward Power, W 1400 

Cooling gas flow (argon), L/min 13 

Auxiliary gas flow (argon), L/min 0.70 

Nebulizer gas flow (argon), L/min 0.94 

Pole bias, V -1.50 

Hexapole bias, V -4.00 

Scanning modes Survey and peak jumping 

Dwell time (ms) 30 for Cu  
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3.3.5 Sample preparation  

Lyophilized Arabidopsis leaves (~20 mg) were ground using a Mixer Mill MM 400 

(Retsch®). A solid-liquid extraction with 1 mL methanol:water (50:50) was performed followed 

by vortexing and sonication on ice for 15 min. Samples were then centrifuged at 4°C, and 14,000 

x g for 20 min. Supernatant was filtered and a 10-µL aliquot was used for analysis.  

3.3.6 LC operating conditions 

Separation was performed using an Agilent 1260 HPLC System (Santa Clara, CA) or 

Dionex Ultimate 3000 UHPLC with a reversed phase LC column. A Waters T3 AtlantisTM 

(Milford, MA) with dimensions of 100 mm x 4.6 mm and 4-m particle size were used. The 

column temperature was controlled at 25 °C during the analysis. Mobile phase A (water) and 

mobile phase B (methanol) were supplemented with 0.1% formic acid. A 63-min method with a 

flow rate of 500 µL/min was utilized, where solvent B was held at 5% for 5 min then ramped to 

90 % B for over 30 min, and held at this condition for 10 min before returning to 5% B within 2 

min. The column was held at 5% B for 16 min to equilibrate for the next injection. Samples were 

kept at 4 ◦C inside the autosampler.  

3.3.7 MS operating conditions 

First, an Agilent 6530 Accurate Mass QToF-MS (Santa Clara, CA) with a Dual JST fitted 

ESI was utilized for the metabolite profiling experiments. Prior to analysis, the QToF/MS was 

calibrated using the manufacturer’s instructions using purine and hexakis-(1H,1H,3H-

tetrafluoropropoxy)phosphazine at mass-to-charge ratios (m/z’s) of 118.0862, 322.0481, 

622.0289, 922.0098, 1221.9906, and 1521.9715. The reference m/z’s used for mass correction 

were 121.0509, 922.0098 (+ESI), and 112.9856, 1033.9881 (-ESI). The MS parameters were as 
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follows: m/z range 50-1700 at a rate of 1 spectra/second, capillary temperature 350 °C, capillary 

voltage 3500 V, fragmentor voltage 110 V, drying gas temperature 350 °C, and flow rate 12 L/min. 

Tandem mass spectrometry (MS/MS) data were collected at increasing collision energies of 5, 15, 

30, 60 eV for each m/z. 

Second, a Thermo Q-Exactive Focus Orbitrap with HESI was utilized for the metabolite 

profiling experiments using the same samples ran above. Prior to analysis, the Orbitrap was 

calibrated using the manufacturer’s instructions using Pierce LTQ Velos ESI calibration solution 

in positive mode. The heated ESI parameters included a sheath gas flow rate of 25 units, aux gas 

unit flow rate of 8 units, a capillary temperature of 320 oC, an aux gas heater temperature of 310 

oC, and a spray voltage of 4.00 kV for positive ESI. The S-lens RF level was set to 55. Full scan 

data in positive mode were acquired at a resolving power of 70,000 FWHM (full width half 

maximum) at m/z range of 120-1700. The automatic gain control AGC set at 1E6 and the injection 

time set to auto. Scan-rate was set at 1 microscan in spectrum data type profile. For confirmation 

purposes, a data dependent MS was included at 17,500 FWHM. The AGC target was set to 5E4, 

with the max injection time of auto. Collision energy (High-energy collisional dissociaction 

cell/stepped) was operated at 10, 30 and 60 kV. 

3.3.8 Data analysis using results from LC-QToF-MS 

For untargeted metabolomics data, five biological replicates per condition were collected 

and analyzed independently using +ESI LC-QToF-MS. Mass spectral data were analyzed as 

previously described.19-20 Briefly, data were imported into Agilent MassHunter ProfinderTM 

(version V.06.00) to extract peak components and perform chromatographic alignment. The batch 

recursive feature extraction was utilized to extract and align the molecular features in all samples. 

Parameters for molecular feature extraction included a peak height of ≥300 counts and extraction 
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of possible ions inclusive of the protonated or deprotonated precursor ion, or the sodiated or 

ammonia adduct. Furthermore, isotope grouping restrictions were implemented and included a 

peak spacing tolerance of 0.0025 m/z and 7.0 ppm and a maximum charge state of 2. At least two 

ions were required for a single molecular feature. For binning and alignment, a tolerance of 0.3 

minutes and 20 ppm was set for the retention time window and mass window respectively. Post 

processing filters applied included an absolute height filter of ≥3000 counts and the requirement 

for the molecular feature to be present in at least three out of five replicates in one experimental 

group. Additionally, a restriction was set for the extracted ion chromatograms of an expected 

retention time range of ±1.5 minutes and a mass error of 5.6 ppm for the m/zobserved and up to a 0.2 

retention time shift for each molecular feature between samples. The aligned data were then 

imported into Mass Profinder ProfessionalTM (version B12.6.1) where features were filtered 

according to frequency in each condition, and t-tests were performed to compare the significance 

(p-value ≤ 0.01) of the alterations in plant metabolome after each treatment with respect to the 

negative control group. Fold changes were determined for CuO NP vs negative control.  

3.3.9 Data analysis using results from Q-Exactive Focus Orbitrap  

For untargeted metabolomics data, five biological replicates per condition were collected 

and analyzed independently by Dionex UltiMate 3000 UHPLC with Thermo Q-Exactive Focus 

Orbitrap in positive mode HESI. Mass spectra data were imported into Compound Discoverer 3.0 

(ThermoScientific, Waltham, MA) to select spectra and align the retention times of multiple data 

files, accounting for retention time shifts with the alignment algorithm. Unknown compounds were 

detected by generation of extracted ion chromatograph traces for each MS1 spectra per data file 

with an adaptive curve, and mass tolerance of 5 ppm and maximum shift of +/-2.0 min. These 

compounds were then grouped based on mass and retention time tolerance to group 
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chromatographic peaks with the same characteristics, including mass tolerance, intensity 

threshold, group isotopes and adducts. The elemental composition for the detected unknown 

compounds was assigned by searching databases including mzcloud© and ChemSpider©. A blank 

(methanol:water) sample was used to mark background compounds with a 3  sample/blank ratio. 

XcaliburTM was used for targeted analysis in +HESI mode by extracting the corresponding m/z 

values for each metabolite, and the peak areas were manually integrated for the five biological 

replicates in each treatment. Fold changes were determined for CuO NPs vs negative control. A 

heat map for targeted analysis was prepared in R (https://www.rproject.org). 
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3.4 Results and Discussion 

3.4.1 Nanoparticle characterization in Hoagland’s solution 

Commercially available CuO NPs (< 50 nm in size) were characterized at 10 mg/L in fresh 

¼ strength Hoagland’s solution. Particle size analysis of CuO NPs in Hoagland’s solution was 

performed via transmission electron microcopy (TEM) and dynamic light scattering (DLS) 

(Figure 3.2). DLS results showed that CuO NP-aggregates in Hoagland’s solution with an average 

hydrodynamic diameter of 488 ± 73 nm (Figure 3.2A). This was also confirmed with TEM images 

showing individual nanoparticles in aggregates (Figure 3.2B). Previous studies have shown the 

effects of different environments on nanoparticles agglomration.21-22 As an example, CuO NPs in 

½ strength Hoagland’s solution, showed a hydrodynamic size of 217 ± 14 nm by DLS.23 In 

addition, in studies with CuO NPs in Murashige and Skoog medium particles size was measured 

to be 20-40 nm in agglomerates by TEM.24  

 

Figure 3.2. Particle size distribution of CuO NPs by A) dynamic light scattering and B) 

transmission electron microscopy in ¼ strength Hoagland’s solution at 10 mg/mL. 
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3.4.2 Determination of copper concentration in Arabidopsis thaliana tissues to assess plant 

uptake 

As a first step in studying the interactions between Arabidopsis and CuO NPs, we 

investigated the plant uptake of NPs based on increasing levels of copper in flowering shoots, 

leaves and roots using ICP-MS. The ICP-MS instrument and method limits of detection (LOD) 

and limits of quantitation (LOQ) for 65Cu in Arabidopsis matrix are presented in Table 3.3. The 

LOD and LOQ in Arabidopsis matrix were determined to be 0.21 and 0.69 ng/mg, respectively.  

Table 3.3. Instrument and method limit of detection (LOD) and limit of quantification (LOQ) for copper 

analysis.  

 

 

 

After a 4-day exposure, 65Cu was quantified in the flowering shoots, leaves and roots of 

Arabidopsis after treatment with control (non-treated), and CuO NP. Background levels of copper 

in non-treated Arabidopsis flowering shoots, leaves, and roots were 6.86 ± 2.19, 5.66 ± 0.54 and 

14.96 ± 0.16 ng/mg respectively. The Arabidopsis flowering shoots, leaves, and roots from plants 

exposed to CuO NPs showed levels of 29.55 ± 3.36, 29.21 ± 1.92, and 27,754 ± 658 ng/mg of total 

copper, respectively (Figure 3.3).  

All treatments showed an uptake of copper compared to the basal levels of copper in control 

plants (non-treated). Moreover, high concentrations of copper were observed in CuO NP-treated 

Arabidopsis roots, followed by the translocation of copper to flowering shoots and leaves; all 

treatments with CuO NPs, showed copper concentrations that are statistically different from the 

 LOD 
65

Cu 

LOQ 
65

Cu 

Instrumental 

(ng/mL) 

0.10 0.33 

Method (ng/mg) 0.21 0.69 
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non-treated condition (p-value ≤0.001). In addition, in CuO NPs treated Arabidopsis, flowering 

shoots and leaves showed similar levels of copper. 

 

Figure 3.3. Total copper concentration (65Cu) in Arabidopsis leaves, flowering shoots, and roots 

after 4 days CuO NP treatment (n=4 per treatment). ***:p ≤0.001 (control vs CuO NP) 
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These results are consistent with previous studies showing the translocation of copper in 

CuO NPs treated plants. A study using CuO NP exposed bell pepper, showed that after 90-days 

exposure via soil at concentrations ranging from 0-500 mg/kg, translocation of copper was 

observed from roots to leaves, followed by fruit.25 In spring barley plants exposed to CuO NPs in 

a hydroponic system, the accumulation of copper was detected in roots as well as in tissues above 

the ground, also indicating translocation of CuO NPs.23 In tomato plants exposed to 0-2000 mg/L 

CuO NPs, metal uptake was observed at concentrations starting at 20 mg/L in below the ground 

plant tissues and 200 mg/L in above-ground plant tissues, including CuO NP aggregates in 

vacuoles of treated root cells determined by TEM.26 This trend was not only observed in 

edible/agricultural plants/crops but has been shown in Arabidopsis exposed to silver NPs,19, 27 CuO 

NPs24 and silica NPs.28 These results clearly demonstrate that NPs present in the environment 

interact with plants and may have long-term implications that are yet to be explores. Thus, it is 

important to assess the impact of plant exposure and to understand the interaction of NPs in 

biological organisms. 

3.4.3 Metabolomics of Arabidopsis thaliana exposed to CuO NPs  

Metabolomics facilitates the identification of metabolites that are altered as a result of 

specific perturbation. Changes in the metabolic profile can provide information on the effect of 

exposure on organismal homeostasis. As such, a comparative LC-MS-based metabolomics 

experiments were applied using two high-resolution (HR) MS platforms to identify metabolites 

that changed in Arabidopsis leaves compared to negative control (no treatment), after exposure of 

CuO NPs to plants. Specifically, the dynamic range capabilities of the QToF and high resolving 

power of the Orbitrap were combined. Integrating results from two MS metabolomics platforms 
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will help the identification of robust changes in metabolite composition and, in turn refine potential 

biomarkers of CuO NPs exposure.  

 

Figure 3.4. Workflow for comparative untargeted analysis of Arabidopsis thaliana control leaves 

compared to CuO NPs treated leaves using two high-resolution mass spectrometry platforms. 
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Figure 3.4 illustrates the workflow of experimental set up, data collection, analysis using 

two HR-MS platforms, and data analysis for the identification of metabolites that meet all of the 

workflow parameters. Specifically, we used a QToF/MS and Orbitrap MS to determine the 

metabolite changes in Arabidopsis leaves after four-day exposure to CuO NPs at 10 mg/L. All the 

data collected for the control and treated samples, were extracted and chromatographically aligned 

via Mass Hunter ProfinderTM or Compound DiscovererTM for QToF/MS and Orbitrap MS, 

respectively. After data analysis was completed, all the species that were detected are shown in the 

volcano plots in Figure 3.5. The x-axis of the volcano plots represents the log2 (fold change) of 

the relative abundance of each species between CuO NP-treated samples and non-treated samples; 

the y-axis represents the statistical significance -log(p-value) of the ratios between treated and 

negative control samples. Volcano plots show that at the global level, in both platforms, hundreds 

of significant alterations are detected (p≤0.01) in the metabolome of the Arabidopsis leaves after 

treatment with CuO NPs. The most profound changes were further analyzed, represented by the 

left and right gray quadrants of each volcano plot; Figure 3.5A and B highlight the metabolites 

that change significantly (p-value ≤ 0.01), and with a fold change greater than or equal to 2 in CuO 

NPs treated Arabidopsis. These results show the complex plant-NP interaction at the metabolome 

level that CuO NP treatment causes after four days of exposure.  
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Figure 3.5. Volcano plots showing 7118 features from LC-QToF (A) and 5874 features LC-

Orbitrap (B). The plots show the extracted features from CuO NP exposure in Arabidopsis leaves. 

The x-axis is the log2 (fold change) of the relative abundance of each species between treated and 

negative control samples. The y-axis represents –log(p-value) between treated and control 

samples.  
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3.4.4 Finger print changes in response to CuO NPs exposure  

Global changes in the metabolome were observed in Arabidopsis leaves after CuO NP 

treatment. To identify the most profound changes (Figure 3.5), data sets from the two different 

instruments were analyzed independently. Analysis included a frequency and retention time filter. 

Features that are present in 80% of the samples in at least one condition (negative control or 

treated) and eluted after 2.3 minutes (void time) of the chromatographic separations were analyzed 

for statistical significance. Features with a p-value ≤ 0.01 and a fold change greater than 2 between 

treatment conditions (CuO NPs vs non-treated samples) were further analyzed. To reduce the false 

discoveries, species that were identified reproducibly in two independent profiling experiments 

were singled out for manual interrogation, and reintegrated when necessary (Specific features 

listed in Appendix in Table 3A. 1). 

A total of 470 (329 accumulation and 141 depletion) and 907 (571 accumulation and 336 

depletion) features in the QToF and Orbitrap, respectively, met the metabolomics workflow 

criteria as described above ((Figure 3.6A-B). Furthermore, to identify the robust changes in 

metabolite composition, independent of the instrument used, metabolites that were found in both 

platforms were identified. At the end of this workflow, 65 metabolites remained (44 species 

showed accumulations and 21 were depleted, Figure 3.6A-B). The 65 metabolites met all of the 

filter requirements and passed the statistics tests in both the QToF and Orbitrap MS including a p-

value of ≤0.01 as well as fold change greater than 2. We attribute the changes in these species as 

metabolite fingerprints, characteristic of CuO NPs exposure in Arabidopsis. 

Figure 3.6C shows a heatmap with the relative abundances of each of the 64 species in 

non-treated and CuO NPs treated samples (see Appendix Table 3A. 2 and Table 3A. 3 for m/z 

values, retention times, fold changes and fragmentation patterns for each identified feature).  
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MS/MS data were then used to identify features resulting from the untargeted analysis workflow. 

Various databases including METLIN29, mzCloud, and MassBank,30 LipidMaps,31 ReSpect for 

phytochemicals,32 and Competitive Fragmentation Modeling for Metabolite Identification33 were 

consulted and fragmentation matching was carried out.  

 
Figure 3.6. Venn diagram showing the total number of species accumulated (A) and depleted (B) 

in QToF and Orbitrap. The heat map (C) is also shown to demonstrate the specific relative 

abundances of the 64 species; the identified metabolites are shown with grey and blue arrows.  
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The fingerprint changes found in both platforms included the down-regulation of three 

isothiocyanates: 6-methylthiohexanonitrile oxide, 9-methylthiononanonitrile oxide and 8-

(methylsulfinyl)octyl isothiocyanate. Isothiocyanates are secondary metabolites containing 

nitrogen and sulfur. They are found in Arabidopsis and other plants in the Brassicaceae family, 

and they play a role in plant defense and belong to the glucosinolate biosynthesis.34 Glucosinolates 

can hydrolyzed to generate isothiocyanates, epithionitriles, and thiocyanates after biotic and 

abiotic stress.35-36 The up-regulated metabolites included: acetylornithine (amino acid derivative), 

phenylalanine, coumaroylagmatine, scopoletin and 12-oxo-phytodienoic acid (12-OPDA).  

Two of the most profound changes were scopoletin and 12-OPDA. Scopoletin was 

upregulated ~17 fold. This compound is a cumarin, found in plants. Scopoletin has been associated 

with plant communication and defense, and is altered after microbial attacks and  chemical 

treatments.37 12-OPDA, a member of jasmonic acid pathway, also accumulated with a fold change 

of ~18. Jasmonates are responsible for the regulation of diverse processes within plants including 

plant defense against biotic and abiotic stress,38-39 suggesting that CuO NP may trigger 

metabolomic changes as a defense mechanism in Arabidopsis. Studies investigating effects of CuO 

NPs on Arabidopsis have also revealed changes associated with regulation of glutathione and 

proline biosynthesis, resulting from oxidative stress.24, 41 In agreement with these previous studies, 

our comprehensive untargeted metabolomics results suggest toxicity and refine the underlying 

response for this toxicity. Several metabolites associated with plant defense are altered including, 

glucosinolates, scopoletin and jasmonates, as revealed by MS-based metabolomics. 

3.4.5 Targeted analysis of specific jasmonic acid metabolites 

Targeted analysis of metabolites using the Q-Exactive OrbitrapTM  was carried out because 

it offers enhanced data acquisition capabilities as compared to the QToF-MS. Metabolites related 
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to the jasmonic acid biosynthesis pathway were targeted in a data dependent top down (ddMS2-

topN) approach, where simultaneously, a full MS scan is acquired in addition to a set of data-

dependent scans with fragmentation energy applied resulting to a rich MS/MS spectra information. 

The data generated are critical for characterization and identification of metabolites. From all data 

acquired by the Orbitrap and features extracted in Compound DiscovererTM, 73.22% had MS/MS 

data for the preferred adduct ion [M+H]+, 3.72% for an alternative adduct (Na+ and K+), and 

23.06% did not give MS/MS fragmentation (Figure 3.7). Using this approach, we analyzed 

metabolites related to jasmonic acid (JA). 
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Figure 3.7. Percentage of species with MS2 data for the preferred adduct [M+H]+, other ion, or 

no MS2 in Orbitrap data 

 

In plants, jasmonates are lipid regulators, that can play roles in plant defense, and 

development, the most known being jasmonic acid (JA).42 Jasmonate synthesis (Figure 3.8A) 

begins in plastids such as the chloroplast using the fatty acids linoleic acid (18:3) or 

hexadecatrienoic acid (16:3), which are processed by a series of reactions, involving 13-

lipoxygenase (LOS), allene oxide synthase (AOS), and allene oxide cyclase (AOC). Two 

intermediates 12-oxo-phytodienoic acid (12-OPDA) or dinor-12-OPDA, are formed, respectively. 

These compounds are then transferred to the peroxisomes and reduced by OPDA reductase 3 

(OPR3), followed by β-oxidation, which then yields jasmonic acid (JA).42  
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Figure 3.8. Overview of jasmonic acid pathway. Bold species were specific compounds analyzed 

during targeted analysis including dinor-12-OPDA, Arabidopsisdes and Jasmonic acid. 

(Lipoxegenase (LOX), Allene oxide synthease (AOS), Allene oxide cyclase (AOC), OPDA 

reductase (OPR3)) RT. Retention time 
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Untargeted metabolomics presented the upregulation of 12-OPDA, leading to targeted 

analysis of dinor-12 OPDA and the final product JA (Figure 3.8B). In addition, Arabidopsides 

were also targeted which are oxylipins that contain the cyclopentenone rings 12-OPDA and dinor-

12-OPDA. These compounds have been isolated in stressed Arabidopsis plants after leaf wounds 

or as a response to bacterial pathogens.43-45  Targeted analyzes revealed that dinor-12-OPDA was 

upregulated with a fold change of 1.9 and JA was downregulated with a fold change of -4.17, and 

Arabidopsides A and B were found to be downregulated with a fold change of -4.35 and -4.00 

respectively (Figure 3.8B). These results suggest the possible alteration of the enzymes catalyzing 

JA biosynthesis including, LOX, AOS, and AOC as well as OPR3 and enzymes responsible for β-

oxidation affecting Arabidopsis homeostasis following CuO NP exposure. 
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3.5 Conclusions 

In summary, in this chapter, the effects of CuO NP exposure in Arabidopsis were 

investigated. It was demonstrated that exposure of Arabidopsis to CuO NPs result in measurable 

uptake and translocation from roots to shoots and leaves, leading to significant changes in the plant 

metabolome.  To understand biochemical pathways that are affected by CuO NPs exposure, we 

carried out untargeted and targeted metabolomics using two high resolution LC-MS instruments 

that are complementary in terms of providing a wide dynamic range and higher sensitivity to detect 

low-intensity signals. We identified 65 metabolites that were altered in both MS platforms and 

suggest that these constitute the fingerprint metabolites of Arabidopsis exposure to CuO NPs. 

Among these changes, jasmonates, scopoletin and glucosinolates derivatives showed significant 

alterations. Targeted analysis of the jasmonic acid pathway found the upregulation of JA 

precursors: 12-OPDA and dinor-12OPDA while the final product JA, was downregulated, overall 

elucidating specific metabolomic changes in the JA pathway after CuO NPs induced toxicity and 

suggest the involvement of plant defense response upon CuO NPs exposure.  
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3.7 Appendix 

Table 3A. 1. Inclusive list of all features identified in QToF and Orbitrap, followed by various 

steps of metabolomics workflow.   
QToF Orbitrap 

Profiling Set 1 2 1 2 

All compounds 7,118 7,201 5,945 5,470 

Blank subtracted - - 4,922 4,538 

Frequency 80% in at 

least one condition 
7,118 7,201 4,922 4,538 

RT  2.5 6,781 6,779 4,523 4,227 

p-value ≤ 0.01 1,199 1,192 1,615 1,486 

Ratio/Fold change ± 2 1,000 967 1,490 1,392 

Common species 

(5 ppm and RT ± 2 

min) 

470 907 

Accumulated 329 571 

Depleted 141 336 
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Table 3A. 2. Untargeted metabolomics results showing species that accumulate and are depleted 

based on both QToF and Orbitrap analysis. Including respective molecular weight, formula, 

retention time (RT), m/z, fold change (FC) and identification for each metabolite. “A and D” refers 

to an accumulation or depletion where the fold change could not be determined due to the low 

abundance of the species in control or CuO NP treated samples. 

Molecular 

Weight 
Putative formula 

RT 

[min] 

Observed 

m/z 
FC Identification 

159.0718 C7 H13 N O S 13.96 160.0790 -2.70 
6-methylthiohexanonitrile 

oxide 

209.0003 C6 H11 N O S3 17.46 210.0076 -4.76  

436.1415 C19 H26 N4 O4 P2 22.24 437.1488 -6.25  

175.1395 C9 H21 N S 23.46 176.1468 -4.35  

137.1205 C9 H15 N 23.67 138.1277 -4.35  

201.1187 C10 H19 N O S 23.67 202.1260 -3.33 
9-methylthiononanonitrile 

oxide 

220.1132 C10 H20 O3 S 24.71 243.1025 -3.33  

129.0579 C9H7N 26.48 130.0652 -2.50  

211.0159 C6 H13 N O S3 28.82 212.0232 -2.27  

340.0736 C15 H20 N2 O S3 28.83 341.0808 -2.27  

129.0579  28.83 130.0652 -3.26  

281.0942 C11 H23 N O S3 29.20 304.0835 D  

540.2548 C24 H32 N10 O5 29.44 541.2624 -5.88  

522.2444 C22 H38 N2 O12 29.77 523.2518 -2.86  

538.2178 C27 H36 N6 P2 S 29.77 539.2253 -2.56  

338.2092  29.78 339.2166 -3.13  

317.0428 C11 H16 N3 O2 P S2 30.63 318.0503 -3.57  

233.0906 C10 H19 N O S2 30.63 234.0979 -2.94 
8-(Methylsulfinyl)octyl 

isothiocyanate 

348.2299  31.61 349.2373 -3.22  

712.3277 C30 H52 N2 O17 31.61 712.3276 -3.44  

348.2299  32.46 349.2372 -2.44  

531.2162 C20 H37 N O15 2.65 532.2235 9.38  

781.2845 C33 H53 N O16 P2 2.71 782.2922 12.43  

174.1005 C7 H14 N2 O3 2.76 175.1078 9.03 Acetylornithine 

552.1115 C20 H25 N8 O5 P S2 2.80 553.1187 5.70  

274.1029 C8 H14 N6 O5 10.72 275.1101 33.84  

286.1028 C9 H14 N6 O5 11.27 287.1102 2.87  

165.0788 C9 H12 O2 N 12.33 166.0863 2.24 Phenylalanine 

316.0770 C9 H12 N6 O7 13.21 317.0842 A  
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230.0426 C9 H10 O7 13.37 231.0499 A  

438.2112 C20 H30 N4 O7 14.30 439.2184 19.81  

336.0819 C12 H12 N6 O6 14.93 337.0891 2.62  

276.1586 C14 H20 N4 O2 15.07 277.1658 3.41 Coumaroylagmatine 

306.1690 C15 H22 N4 O3 15.80 307.1762 2.76  

187.0633 C11 H9 N O2 16.02 188.0706 6.17  

244.1786 C12 H24 N2 O3 16.96 245.1857 2.30  

192.0423 C10 H8 O4 17.17 193.0494 7.11  

276.1585 C14 H20 N4 O2 17.37 277.1657 10.50  

244.1786 C12 H24 N2 O3 17.96 245.1859 2.04  

294.1215 C8 H19 N6 O4 P 18.48 295.1287 3.74  

244.1787 C12 H24 N2 O3 18.81 245.1860 2.22  

192.0423 C10 H8 O4 22.01 193.0496 16.39 Scopoletin 

448.1708 C19 H24 N6 O7 22.38 449.1782 3.00  

402.1498 C14 H22 N6 O8 22.59 403.1571 A  

572.2631 C33 H32 N8 O2 22.83 573.2702 4.47  

728.2035 C34 H34 N8 O7 P2 23.95 729.2108 13.13  

378.0883 C18 H14 N6 O2 S 24.07 379.0957 5.02  

454.1450 - 24.58 455.1525 A  

746.3157 C41 H53 N2 O5 P3 24.86 747.3228 6.02  

464.0888 C24 H22 N2 O2 P2 S 25.44 465.0960 7.06  

447.1142 C17 H17 N7 O8 25.70 448.1214 19.82  

469.1848 C25 H23 N7 O3 25.95 470.1921 3.26  

522.1345 C20 H22 N6 O11 26.08 523.1417 A  

648.2796 C34 H40 N4 O9 26.46 649.2869 3.60  

246.0866 C11 H21 P3 28.43 247.0940 4.58  

632.2848 C32 H45 N2 O9 P 28.62 633.2922 4.47  

449.1947 C25 H27 N3 O5 28.63 450.2019 4.69  

572.2629 C32 H36 N4 O6 30.34 595.2520 3.44  

308.1986 C18 H28 O4 33.11 331.1879 30.70  

548.2960 C24 H45 N4 O8 P 34.76 549.3031 15.68  

248.1775 C16 H24 O2 35.12 249.1847 20.48 Fatty Acid derivative 

292.2036 C18 H28 O3 36.08 293.2110 17.67 12-Oxophytodienoic acid 

248.1773 C16 H24 O2 36.82 281.2107 7.61  

290.2244 C19 H30 O2 38.55 291.2317 14.19  
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Table 3A. 3. Assignment for Untargeted metabolomics results: 

 

 

Metabolite (Identification) 
RT Observed Theoretical Observed fragments 

(min) m/z m/z m/z 

6-methylthiohexanonitrile oxide 13.96 160.0790 160.0790 
160.0790, 117.0603, 96.0831,94.0673,  

81.0587, 69.0709, 55.0554 

9-methylthiononanonitrile oxide 23.67 202.1258 202.1260 
202.1260,138.1278,109.0917, 69.0709,  

67.0554, 55.0553 

8-(Methylsulfinyl)octyl isothiocyanate 30.63 234.0979 234.0979 
234.0979, 170.0997, 161.0999, 111.1195,  

71.9914, 69.0709, 55.0554 

Acetylornithine 2.76 175.1078 175.1077 
175.1077, 116.0727, 115.0859, 112.0789,  

70.0662, 60.0446 

Phenylalanine 12.33 166.0863 166.0863 
166.0861,131.0498,120.0828,103.0569, 

91.0562,77.0397,65.0397,53.0397 

Coumaroylagmatine 15.07 277.1658 277.1659 
277.1659,260.1388,147.0441,119.0512, 

114.1053,91.0562,65.0397 

Scopoletin 22.01 193.0496 193.0497 
193.0497, 178.0263, 150.0314, 137.0595,  

133.0293, 122.0384, 94.0438, 81.0349 

12-Oxophytodienoic acid 36.08 293.2110 293.2111 
293.2111, 275.2033, 257.1892, 145.1011,  

105.0727, 91.0561, 81.0714, 67.0553 
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4 Chapter 4: Concluding Remarks and Future Directions 

4.1 Summary 

The nanotechnology field has provided numerous advancements in materials with novel 

properties having a wide range of applications. However, this arises questions regarding their 

safety and environmental release consequences. Although some studies have investigated the 

effects of nanoparticles (NPs) in different organisms, the overall objective of this work is to further 

understand organism-nanoparticle interactions using a metabolomics approach. Mass 

spectrometry-based metabolomics methods were applied to understand the effects of nanoparticles 

in mammalian cells and plant systems. The ramifications of CuO NPs at the metabolite level were 

investigated in human carcinoma mammalian cells and Arabidopsis thaliana after 24-hour and 

4-day exposure, respectively. In mammalian cell lines, a dose-dependent viability was observed 

from 0 – 25 µg/mL CuO NP treatment. Moreover, the intracellular copper levels and metabolite 

response showed dose-dependent changes. Metabolites indicative of membrane disruption and 

oxidative stress were upregulated after treatment. In Arabidopsis thaliana, the translocation of 

copper was observed from roots to leaves and flowering shoots. For this work, two high-resolution 

instruments were utilized to identify the robust metabolite changes induced after 10 µg/mL CuO 

NP treatment, showing metabolite changes involved in plant defense including jasmonates, 

glucosinolates, and coumarins. Overall, the work in this dissertation aims to show the complex 

relationship of NPs and biological organisms, showing the effects at the molecular level that NPs 

induce, and the importance to monitor NPs in the environment and the effects to different 

biological systems. 
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4.2 Future Directions 

As previously noted, one of the major obstacles with metabolomics is the identification of 

metabolites, due to the limited databases and commercially available standards for identification. 

Thus, the continuous advancement of databases, which include a wide range of metabolites from 

different biological organisms will help bridge the gaps in the current knowledge of the adverse 

effects of NPs in different biological organisms. In addition, the usage and combination of 

complementary techniques, such as genomics, transcriptomic and metabolomics will allow for the 

comprehensive understanding of nanoparticle-organisms interactions providing further insights on 

the consequences of NP release into the environment. 

The metabolomics-based approach can also be used with different Arabidopsis thaliana 

mutants including endocytosis and copper transporter mutants. Studies with Arabidopsis thaliana 

mutants in different transport pathways will not only allow for the assessment of nanoparticle 

uptake to the plant tissues but also comparison between wild type and mutants at the metabolome 

level, helping to further understand the metabolite changes induced after NPs exposure for the 

establishment of biomarkers of exposure in environmental samples. Thus providing information 

on the nanoparticle mechanism of uptake in wild type and mutants Arabidopsis. 
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