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Resumo 

Dada a crescente industrialização, fármacos e nanomateriais estão a tornar-se importantes 

contaminantes, representando um potencial risco para as plantas. Neste contexto, um dos 

objetivos deste estudo consistiu na avaliação da relevância ecotoxicológica de óxido de níquel 

de tamanho nanométrico (nano-NiO) e acetaminofeno (AC), um dos mais utilizados fármacos, 

em Hordeum vulgare L. (cevada). Assim, integrando protocolos padronizados e diversas 

determinações bioquímicas, foi obtida uma perspetiva abrangente dos efeitos biológicos destes 

dois contaminantes. Após 14 dias de crescimento, a exposição de cevada a concentrações 

crescentes (0; 87,8; 131,7; 197,5; 296,5; 444,4; 666,7; 1000 mg kg −1) de cada um dos 

contaminantes resultou num decréscimo no crescimento vegetal, acompanhado por um aumento 

significativo da peroxidação lipídica (PL), da concentração do anião superóxido (O2
.-) e de morte 

celular. De uma forma geral, o nano-NiO apresentou maior fitotoxicidade do que o AC e a 

avaliação de marcadores de stress oxidativo permitiu aumentar a sensibilidade da avaliação 

ecotoxicológica destes contaminantes.  

Diversos estudos reportam que a aplicação de sílica é capaz de aumentar a tolerância das 

plantas a diversos tipos de stress abiótico. Assim, com o objetivo de avaliar o efeito protetor do 

dióxido de sílica na forma nanométrica (nano-SiO2) contra a fitotoxicidade de nano-NiO e AC, 

plantas de cevada foram cultivadas na presença de nano-NiO (120 mg kg-1) ou AC (400 mg kg-

1) ambos misturados com nano-SiO2 (3 mg kg-1). O tratamento das plantas com nano-NiO e AC 

culminou numa diminuição significativa do seu crescimento, ainda que não se tenham observado 

grandes efeitos nefastos nas enzimas envolvidas na assimilação do azoto. Em resposta ao 

tratamento com nano-SiO2 observou-se uma menor inibição do crescimento das plantas tratadas 

com nano-NiO. Contudo, na exposição a AC não se registou o mesmo padrão de respostas. O 

nano-NiO induziu, significativamente, uma resposta negativa no aparelho fotossintético que, mais 

uma vez, foi revertida pelo co-tratamento com nano-SiO2. Com base no conteúdo de O2
.- e na 

PL, pode afirmar-se que nano-NiO induziu a ocorrência de stress oxidativo, mas a mistura com 

nano-SiO2 mostrou-se bastante eficiente na mitigação do dano oxidativo, baixando os níveis de 

PL e estimulando a rede redox de tióis. Em oposição, o AC não provocou danos oxidativos 

severos, independentemente da presença ou ausência da nano-SiO2. A avaliação dos 

componentes do sistema antioxidante (AOX) revelou que o nano-NiO induziu a acumulação de 

prolina e a redução do conteúdo de ascorbato nas folhas. Para além disso, a atividade da 

superóxido dismutase (SOD) foi significativamente aumentada e a catalase (CAT) e a peroxidase 

do ascorbato (APX) desempenharam um papel relevante na eliminação do H2O2. A estimulação 

do sistema AOX foi ainda mais notória na presença de nano-SiO2, corroborando o seu efeito 

protetor contra a fitotoxicidade de nano-NiO. Relativamente à exposição a AC, registou-se um 

aumento de prolina nas folhas e detetaram-se diferenças significativas nas atividades de SOD, 

CAT e APX; todavia, a co-aplicação de nano-SiO2 não alterou, de forma significativa, esta 

resposta. 

Em suma, os resultados obtidos sugerem o potencial da nano-SiO2 na mitigação dos efeitos 

fitotóxicos dos dois contaminantes, tendo contudo demonstrado mais eficácia quando co-

aplicada com o nanomaterial metálico.  
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Abstract 

Given the rising industrialization, nano-based products and pharmaceuticals are becoming 

relevant environmental contaminants, with potential risks to ecosystems and its primary 

producers. In this context, this study aimed to assess the phytotoxicity of nickel oxide 

nanomaterial (nano-NiO) and acetaminophen (AC), one of the most used pharmaceuticals all 

over the world, to Hordeum vulgare L. (barley). Combining standard procedures and biochemical 

parameters, a holistic approach was used to assess the biological effects of these two 

contaminants. The exposure of barley to increased concentrations (0, 87.8, 131.7, 197.5, 296.5, 

444.4, 666.7, 1000 mg kg −1) of both contaminants, during 14 days, resulted in a significant 

decrease in biomass and biometric parameters, followed by lipid peroxidation (LP), superoxide 

anion (O2
.-) increase and cell death. Overall, nano-NiO was more toxic than AC and the evaluation 

of oxidative stress markers increased the sensitivity of the phytotoxic evaluation of these two 

contaminants for barley plants.  

Several studies report that silicon application is able to increase plant tolerance to different 

types of stress. Thus, the other main goal of this work was to assess the potential role of silicon 

dioxide nanomaterial (nano-SiO2) in enhancing the tolerance of barley to both contaminants. For 

this purpose, plants were grown for 14 days under both nano-NiO (120 mg kg-1) or AC (400 mg 

kg-1) exposure mixed with nano-SiO2 (3 mg kg-1). The exposure of barley to nano-NiO and AC 

caused a significant decrease in growth-related parameters, without compromising nitrogen 

assimilation enzymes. Upon nano-SiO2 co-exposure, the inhibitory effects of nano-NiO were 

partially reduced, though the same was not observed for plants under AC stress. Nano-NiO 

induced a negative response on the photosynthetic apparatus that was reverted by nano-SiO2 

co-application. Plants growing under nano-NiO stress exhibited an overproduction of O2
.-, which 

favored the occurrence of oxidative stress, but the co-treatment with nano-SiO2 reverted this 

tendency, generally lowering or maintaining the levels of LP and stimulating the anti-redox 

pathway of thiols. In opposition, AC did not caused significant oxidative damage, regardless of 

the presence of nano-SiO2. The evaluation of components of the plant antioxidant (AOX) system 

revealed that nano-NiO induced the accumulation of proline, along with a decrease in ascorbate, 

in leaves. Furthermore, SOD activity was significantly enhanced and catalase (CAT) and 

ascorbate peroxidase (APX) seemed to have a pivotal role in H2O2 detoxification in leaves and 

roots, respectively. The response of the AOX system was even more notorious upon nano-SiO2 

co-exposure, reinforcing the protective role of this nanomaterial. Regarding AC, proline content 

was positively affected in leaves and some significant changes were tracked in SOD, CAT and 

APX activities; however, the co-application with nano-SiO2 did not majorly alter this pattern.  

Overall, the obtained results suggest the potential of nano-SiO2 in mitigating the phytotoxicity 

of both contaminants, although this protective role was more notorious upon nano-NiO co-

exposure. 

Keywords 

Ecotoxicology, oxidative stress, antioxidant system, soil contamination, reactive oxygen species, 

photosynthesis, nano-based products, pharmaceuticals. 
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1.  INTRODUCTION 

Over the recent years, the rapid growth of population in the world has been accompanied 

by a strong development of different industries and technologies. Consequently, and due 

to the anthropogenic action, the amount of produced waste is increasing, aggravating 

the anthropic pressure at numerous environmental matrices, such as water resources, 

oceans and rivers, atmosphere and soil. Therefore, a growing deterioration of 

ecosystems is occurring and the marked changes in their dynamics can ultimately affect 

ecosystem’s services and functions (van der Perk, 2013). 

Although there is some regulation to minimize the effects of pollution, derived from 

both natural and anthropogenic causes, laws and rules did not cover all the wastes and 

contaminants, are not always enforced and their application is not correctly supervised 

in many cases (van der Perk, 2013). In fact, different kinds of emerging contaminants 

(EC), originated from diverse sources and processes, like mining, pharmaceutical and 

technology industries, can attain the soil, posing a serious threat to its functions and 

associated biodiversity (Panagos et al., 2013). 

A few decades ago, the problem about soil contamination, and its possible harmful 

consequences on human health, have started to gain a global recognition (Gómez-

Sagasti et al., 2016). Nevertheless, several centuries ago, Hippocrates already pointed 

out the importance of soil to life defending the term of “health of the soil” as an important 

characteristic for human health and well-being (Krupenikov et al., 2011). According to 

Doran and Zeis (2000), this concept refers to the ability of soil to support life and maintain 

its biological productivity, while promoting environmental quality along with animal and 

plant health. 

For all the stated reasons, it becomes increasingly important to unravel the effects 

of several classes of EC on different trophic levels in terrestrial ecosystems. Indeed, at 

the present, it is already recognized that is not possible to predict EC-associated risks 

only based on their concentrations in the environment (Ludwig and Iannuzzi, 2005); 

these kind of approaches merely allow the detection of contamination (occurrence of 

substances at higher concentrations than natural background or where they are not 

normally found) and do not estimate the occurrence of pollution with negative biological 

effects on the environment (Chapman, 2007).  

According to the European Parliament, the environmental risk assessment of EC 

should include a comprehensive set of studies, focused on chemical, toxicological and 

ecological levels. Thus, different biomarkers are currently contemplated in OECD and 
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ISO guidelines to evaluate the risk of a certain EC (European Parliament and the Council, 

2006). 

Although the effects of different EC on many animal species are relatively well 

described (Crane et al., 2006; Hao and Chen, 2012; McGill et al., 2012; Patlolla et al., 

2014; Nogueira et al., 2015), their toxicological and physiological relevance for plants is 

poorly studied and remains unclear. Plants play a central role in biosphere dynamics, 

being the main producers of ecosystems and the basis of human and animal feeding. As 

sessile organisms, plants are not able to move and have to directly deal with different 

types of adverse circumstances, such as soil degradation and contamination. In this way, 

the assessment of the potential risks of emerging contaminants on different plant 

species, including food crops, as well as the development of eco-friendly strategies to 

minimize their bioaccumulation and toxicity in plants should be adequately addressed. 

1.1. Nanotechnology and metal-based nanomaterials 

Nanotechnology is a new field of the technological sciences, dealing with materials at 

the nanometer scale (Whatmore, 2006). In this area, a particle is defined as a tiny object 

acting as an entire unit, in what regards its transport and properties (Arruda et al., 2015). 

The designation of nanomaterial has been changing throughout the years, being 

currently defined as "a natural, incidental or manufactured material containing particles, 

in an unbound state or as an aggregate or as an agglomerate and where, for 50% or 

more of the particles in the number size distribution, one or more external dimensions is 

in the size range 1 nm – 100 nm" (Rauscher et al., 2014). Although nano-based products 

are found in the nature, nanotechnology only started to emerge as a promising science 

since the final years of the 20th century, as a tool to face the massive dependence of 

properties (electronic, magnetic, optical, mechanical, etc.) on particle size and shape 

(Alkilany and Murphy, 2010).  

Nowadays, nanotechnology occupies a pivotal place among the scientific 

community, given the global desire to produce materials with improved skills, which can 

be applied to different areas of knowledge, such as physical, chemical, biological and 

health sciences (Arruda et al., 2015). 

Indeed, the current decade is already stated as the Nano-era, where thousands of 

engineered nano-materials (ENM) are applied on several consumer and cosmetic 

products (Hansen et al., 2008). Actually, the application of nano-based products is also 

positively affecting different economy sectors, from pharmaceuticals and cosmetics, to 

energy and agriculture businesses (Roco, 2003; Nowack and Bucheli, 2007). Based on 

estimations, in the year of 2013, there were more than 1600 available products 
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containing ENMs and it is predicted that this number will grow even more (Kurwadkar et 

al., 2014). Additionally, a previous reference suggested that nanotechnology market is 

expected to reach $30 billion in 2020, with an annual production of nano-based products 

of 58,000 tons (Gubbins et al., 2011); however, more recent findings propose that the 

global market of nanoscience reached the $1 trillion mark in the past year. With effect, 

USA is listed as the largest producer of nano-based products, but several European 

countries, like Germany, UK and Switzerland are also present in this survey (Kurwadkar 

et al., 2014). 

The fast-growing increased application of nanomaterials will inevitably lead to their 

accumulation across the major environmental matrices. Thereby, it is not surprising that, 

paired with the development of this innovative science, serious concerns about the 

possible fate and accumulation of ENM in the environment have also become a reality 

among scientists. In fact, great controversy surrounding this issue has been generated, 

debating on the risks and benefits of ENM’s wide application (Agency, 2007). It is now 

considered that risk assessment of ENM should be performed as brief as possible, in 

attempts to minimize their potential hazards.  

The accumulation of ENM in the environment is already a present reality. The 

contamination of ecosystems by these nanomaterials can occur at different stages of 

their life-cycle, from their production until their recycle, with short or long emissions. Once 

into the environment, ENM can remain unchanged, but can also experience some 

modifications, changing their form, aggregation, chemical composition and possible 

biological consequences. Accordingly, studies conducted at 2010 found out that the 

geometry of gold-containing ENM mediates its interactions with biological systems 

(Albanese et al., 2010; Hutter et al., 2010). Given the widespread application of ENM all 

over the world, different studies have already detected their presence in different 

environments, like water and soil (Gottschalk and Nowack, 2011; Nowack et al., 2012; 

Sun et al., 2014), though not much is known about their fate and biological effects, 

especially regarding their interaction with living organisms, at the molecular and cellular 

levels (Barrena et al., 2009; Khot et al., 2012). Thus, aiming to clearly understand the 

mode-of-action of several ENMs, as well as their potential toxic effects on ecosystems 

and human health, new research efforts are necessary and urgent.  

The introduction of nanomaterials in the environment can occur by different ways 

and as a result of unintentional practices, such as atmospheric emissions and the runoff 

of different industrial wastes (Helland et al., 2008; Klaine et al., 2008; Bhatt and Tripathi, 

2011) (Figure 1). However, the intentional delivery of ENMs on the environment could 

also become a reality. Actually, several remediation programs announce the direct 

application of different ENM on the environment, for treating contaminated soils and 
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waters. For instance, remediation of contaminated groundwater can be performed by 

nanoparticle treatment (Tratnyek and Johnson, 2006; Klaine et al., 2008) and the 

treatment of polluted soils with nanomaterials is already a reality  (Thomé et al., 2015). 

Also, nanotechnology is currently used to the detection of toxins in water and air 

(Dionysiou, 2004). In this sense, soil is one of the main matrices affected by this problem 

and ENM can attain the soil by multiple ways. One of them is closely linked to the direct 

deposition of airborne ENM, through pluviometric precipitation transport. Furthermore, 

according to Mueller and Nowack (2008), the application of bio-solids in agricultural lands 

represents another main source of soil contamination by ENM. Indeed, the presence of 

ENM has already been confirmed in sludge, which is commonly applied in agriculture 

practices. Regarding this matter, data from a recent study reported that almost 30% of 

the total amount of ENM released to the environment reached the soil trough sludge 

application in Europe (Sun et al., 2014) and other significant part attained by irrigation 

water.   

Taking into account this scenario, there is an increased demand for quantifying ENM 

levels in soil, along with the responsible evaluation of their ecotoxicity significance. At 

the moment, most of the available data regarding this issue is based on mathematical 

predictive estimations (Sun et al., 2014). Thus, although these reports provide valuable 

scientific information, their accuracy cannot be entirely assumed. In this way, improved 

procedures for quantification of ENM in the environment should be investigated and 

properly implemented (Handy et al., 2008; Bour et al., 2015). 

 

Figure 1. Possible pathways of ENM introduction in several environmental matrices, such as effluents, soil and water 

resources. Extracted from Batley et al. (2012). 
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Main classes of ENMs 

ENM, or manufactured nanomaterials, are one of the main classes of nanoparticles, with 

particular physicochemical properties, since these nanomaterials are specifically 

designed to for a certain application. ENM can be subdivided in five classes: 

carbonaceous nanomaterial, metal oxide-based nanomaterial, semiconductors, metal-

based nanomaterial and nanopolymers (Handy et al., 2008; Monica and Cremonini, 

2009; Ma et al., 2010; Bhatt and Tripathi, 2011), all of them with great applications in the 

global market. Indeed, different society sectors, including engineering, public health and 

food industry, take advantage of these new technologies, applying them in a wide range 

of products, such as electronic gadgets, textiles, medical devices, cosmetics and food 

packages (Biswas and Wu, 2005; Monica and Cremonini, 2009; Kurwadkar et al., 2014; 

Arruda et al., 2015). 

Among the different groups of ENM, the metal-based materials were classified as 

one of the main elements of nanoscience, largely due to their unique characteristics and 

their great potential applications. Indeed, different metal-based nanomaterials are 

available, differing in their chemical composition, size, shape and crystalline structure. 

Among all, metal-based ENM of TiO2, ZnO, CuO and CeO2 are the most widely used 

and, perhaps by this reason, those for which there is more available data about their 

ecotoxicity. Given their widespread application, it becomes important to understand their 

accumulation patterns, as well as their transport and toxicity in the environment (Boddu 

et al., 2011). 

1.1.1. NiO-nanomaterial (nano-NiO) and Ni-mediated phytotoxicity 

Nickel (Ni), firstly discovered by Ronstadt in 1751, is an abundant metal in Earth’s crust 

and occurs in igneous and magmatic rocks (Sunderman and Oskarsson, 1991; Yusuf et 

al., 2011). Due to its elevated concentrations in soils, Ni is considered a large-scale 

contaminant (Hussain et al., 2013), being applied in many different areas and 

technologies, like metallurgical and electroplating industries and as a major component 

of electrical batteries (Nieboer and Nriagu, 1992).  

Nowadays, with the great expansion of nanoscience, not only bulk Ni represents a 

serious environmental threat, but also its nanosized form, nickel oxide (nano-NiO). 

Possessing different characteristics than its bulk material, nano-NiO is widely used as 

catalyzer, battery electrode, fuel additive and gas sensor, and applied in electro-chromic 

films and magnetic materials (Venkateswara Rao and Sunandana, 2008; Rani et al., 

2010; Mu et al., 2011). In this way, the substantial application of nano-NiO on several 

services and products might pose a serious environmental risk, since NiO nanomaterials 
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can reach the environment by direct aerial emission or indirect runoffs from land 

(Wiesner et al., 2006).  

As already mentioned, there is an urgent need of testing the effects of nanomaterials 

on different trophic levels, in attempts to understand the realistic consequences of soil 

contamination by ENM. When compared to other metal-based nanomaterials, nano-NiO 

is less studied and its effects for animals and plants remained largely unknown. However, 

the available data, majorly performed on animal species, suggests that this ENM is able 

to induce several negative effects and stress conditions (Ispas et al., 2009; Gong et al., 

2011; Horie et al., 2011; Kang et al., 2011; Faisal et al., 2013; Nogueira et al., 2015). 

Also, there is strong evidence that nano-sized NiO releases more Ni ions than its bulk 

material, and hence aggravating its toxicity to living organisms (Horie et al., 2011).  Thus, 

the evaluation of nano-NiO effects on plants is a matter of great interest, since these 

organisms can represent a potential pathway for the transport of ENM along food chains 

(Zhu et al., 2008). 

Although toxicity mechanisms of metal-based ENM, such as nano-NiO, are 

dependent of its features as particles (e.g. size and shape), it is recognized that, once 

inside plant cells, their toxic effects are pretty much identical to their bulk material. In this 

sense, given the paucity of studies on the potential phytotoxicity of nano-NiO, the 

following content will be based mainly on the effects of Ni2+ ion, which is the ionic form 

absorbed by plants regardless of the Ni application mode (bulk material or ENM). 

Ni essentiality and distribution in plants 

Despite high concentrations of Ni can be extremely toxic for most plant species, the 

establishment of this metal as an essential micronutrient was performed many years ago 

(Brown et al., 1987). According to Eskew et al. (1983), in order to a certain mineral be 

recognized as an essential nutrient, it cannot be replaced by any other element and 

plants cannot complete their life cycle without adequate levels of it. Indeed, it is well 

reported that Ni deficiency impairs the normal growth of plants, due to its functions in 

plant physiology and cellular homeostasis. Ni was already identified as a component of 

several metalloenzymes, such as urease and superoxide dismutase (Ermler et al., 1998), 

also being involved in promoting the growth of radicular nodules and the activation of 

hydrogenase (Polacco et al., 2013; Khoshgoftarmanesh et al., 2014; Harasim and 

Filipek, 2015). 

Thus, given the important functions of Ni in the homeostasis of the cell, it is not 

surprising that plants have acquired mechanisms for its transport and distribution across 

all organs (Figure 2). Also, it is important to stress that the rate of Ni uptake by plants is 
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highly dependent on different factors, such as plant metabolism, Ni concentration in 

substrate and the presence of another inorganic nutrients, like calcium (Ca) (Chen et al., 

2009). 

The primary uptake of Ni is performed by roots via two different pathways: passive 

diffusion and active transport, with energy consumption (Seregin and Kozhevnikova, 

2006). In this process, different classes of proteins can be involved, since Ni uptake can 

be mediated by specific enzymes, such as HoxN – a permease with high affinity for Ni, 

metallothionein (MT) and metallochaperones (Chen et al., 2009). Also, it is known that 

Ni uptake can be mediated by other metals’ transport system, like copper (Cu), zinc (Zn) 

and magnesium (Mg) (Chen et al., 2009). In general, the main pathway of Ni transport in 

plants is from roots to shoots, being finally excreted by transpiration processes 

(Neumann and Chamel, 1986). However, Ni absorption by leaves of different plant 

species was also observed (Hirai et al., 1993).  

Once inside the radicular system, Ni is distributed to other plant organs via xylem, 

in a transport mechanism mediated by different ligands and proteins that specifically bind 

to Ni. Thus, metal ligands, where nicotinamide (NA) and histidine are included, and 

organic acids, like citric acid and malate, can be used as intracellular chelators, 

regulating Ni transport, translocation and differential accumulation in plants (Reeves, 

1992; Rauser, 1999; Raskin and Ensley, 2000; Reeves and Baker, 2000). 

Overall, more than 50% of Ni is retained in roots and only 20% of its translocated 

content is found on leaves’ cortex. Regarding its subcellular localization, it has been 

Figure 2. Ni uptake, transport and distribution in plants. Extracted from Yusuf et al. (2011) 
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suggested that Ni is preferentially accumulated in vacuoles and cell walls, although there 

is no consensus about this matter (Salt et al., 1998). 

Ni toxicity in plants 

Similarly to other metals, high Ni concentrations can represent a real threat to plants, 

changing their morphological and physiological traits. In fact, Ni-induced phytotoxicity 

can be observed at different metabolic pathways and physiological processes, at both 

organism and cellular levels (Hussain et al., 2013) (Figure 3). Moreover, it appears that 

Ni toxic effects are largely dependent on the plant species, growth conditions and stage 

and treatment (e.g.: concentration and exposure period) (Soares et al., 2016). In a 

general way, for sensitive plant species (where barley is included), Ni toxicity is 

evidenced upon concentrations above 10 mg kg-1 of dry weight (Yusuf et al., 2011).  

As reviewed by Yusuf et al. (2011), high concentrations of Ni can harshly affect 

photosynthesis, mineral nutrition, photo-assimilate transport and enzymatic activity. 

Hence, Ni excess often leads to growth inhibition and induces several toxicity symptoms, 

Figure 3. Effects of Ni-induced phytotoxicity and corresponding metabolic pathways. Ni in excess can disrupt 

the proper uptake of other micronutrients and induce different metabolic and physiological disruptions, with 
repercussions on photosynthesis, enzyme activity and induction of oxidative stress, ultimately leading to losses 

in growth yield and productivity. Adapted from Chen et al. (2009). 
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like chlorosis, necrosis and leaf wilting. Furthermore, different bibliographic references 

indicate that Ni-mediated stress is linked to the establishment of oxidative conditions, 

even though Ni is not a redox-active metal. Furthermore, although reactive oxygen 

species (ROS) might not be directly generated by Ni, several studies revealed that this 

metal is able to affect plant antioxidant system, modulating plant’s defense mechanisms 

(Gomes-Junior et al., 2006; Gajewska et al., 2009; Yusuf et al., 2011; Hussain et al., 

2013; Dourado et al., 2015; Soares et al., 2016). 

1.2. Human pharmaceuticals 

Paired with the development of nanotechnology, pharmaceutical companies have 

become one of the most promising industries worldwide. In Europe, pharmacy is 

responsible for the production of 25% of the total chemical substances and about 3000 

bioactive pharmaceuticals are used for both veterinary and human medicine practices 

(Bartha, 2012). Particularly in our country, the public expenditure with drugs and 

pharmaceuticals is one of the highest across European Union (Furtado and Oliveira, 

2011).  

Thus, over the last decades, the intensive use and prescription of different medicines 

have led to their widespread release into the environment, being now considered as EC 

(Daughton and Ternes, 1999). Unlike many other organic pollutants, such as pesticides, 

detergents and fuels, drugs possess a high bioactivity factor and are conceived to be 

stable and to resist to metabolic inactivation. By these reasons, they can accumulate and 

persist on the environment, thus aggravating their potential hazardous effects on biota 

(Fent et al., 2006; Glassmeyer et al., 2009).  

The delivery of this type of products into the environment can be mediated by several 

factors, all of them related to the anthropic action and the increasing development of 

pharmaceutical industries. Within all of these possible input processes, the one that most 

contributes to the environmental contamination by pharmaceuticals are homemade and 

hospital discharges. In fact, upon being metabolized in human body, part of 

pharmaceuticals’ bioactive substances, and other produced conjugates, are excreted 

through urine and/or feces, eventually entering the public water system. Also, the 

application of animal feces as bio-solids in agricultural practice and the discharges from 

pharmaceutical companies can increase the level of contamination with these 

compounds. As a consequence of the constant introduction of pharmaceuticals into the 

environment and of their resistance to several available methods for water treatment, 

different drugs and their bioactive residues were already detected in sewage effluents, 

residual waters and nearby water treatment stations, finally arriving to surface water 
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resources and, consequently, to the soil habitat (Kinney et al., 2006; Lienert et al., 2007; 

Bartelt-Hunt et al., 2009).  

1.2.1. Acetaminophen (AC) and AC-mediated phytotoxicity 

Among the most selling medicines worldwide are non-steroidal anti-inflammatory drugs. 

AC, commonly known as paracetamol (Figure 4), is one of the most prescribed 

analgesics in the world, which consumption has been growing over the recent years (Wu 

et al., 2012). In terms of organic chemistry, AC is named as N-(4-

hydroxyphenyl)acetamide and it is a derivate of p-aminophenol and its molecular formula 

is C8H9NO2. 

 

 AC was initially synthetized by Morse in 1878 and its first clinical application was 

performed by Von Mering a few years later (Morse, 1878; Von Mering, 1893). However, 

it was due to the experiments of Brodie and Axelrod (Brodie and Axelrod, 1948) that AC 

became one of the most used drugs all over the world, being now widely used to treat 

pain and fever (Pandolfini and Bonati, 2005). Despite AC is being used for more than a 

century, its mode-of-action requires further investigation and remains unclear. 

Nevertheless, several hypotheses suggest that AC is able to inhibit the nitric oxide 

pathway, thus increasing the pain threshold; also, its anti-pyretic properties are likely 

related to its inhibitory effects on prostaglandin production, release and action (Graham 

and Scott, 2005; Godfrey et al., 2007). 

At the moment, fast-growing amounts of paracetamol are being released into the 

environment and its occurrence was already reported in different media, such as surface 

waters and sediments. Moreover, based on Kreuzig et al. (2005), AC displays a high 

tendency to adsorb and persist in the soil, promoting its accumulation and fate in 

terrestrial and water ecosystems. Although levels of AC found in different water 

Figure 4. Acetaminophen. Chemical structure and molecular mass, expressed in g mol-1. 
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resources are in the range of ng and μg L-1, there is an increased need to determine its 

ecotoxicity for soil habitat, especially in plant organisms (Daughton and Ternes, 1999). 

Mechanisms of xenobiotic detoxification in plants  

Nowadays, it is widely accepted that soil contamination with both organic and inorganic 

EC can affect plant growth and physiology, thus compromising its productivity and 

survival (Teixeira et al., 2011). However, as mammals, plants possess different 

metabolic pathways involved in xenobiotic’s detoxification, by converting them into 

harmless compounds in attempts to minimize their toxic effects. Usually, a three phase-

model detoxification process takes place, allowing the proper activation, transformation 

and accumulation of xenobiotics inside plant cells. Briefly, in phase I, the product 

undergoes a transformation and activation, followed by its conjugation (phase II) with 

different chelators and, finally, its accumulation in specific sub-cellular structures (phase 

III) (Shimabukuro, 1976). 

 Phase I – Activation and transformation 

In this phase, organic contaminants experience a large diversity of chemical 

modifications, such as oxidations, hydrolysis and reductions. The main purpose of this 

step is to increase xenobiotics’ hydro solubility, by introducing reactive groups in their 

molecular structure, and prepare them for subsequent metabolism in phases II and III 

(Coleman et al., 1997).  

Among all, hydrolysis and oxidation are the most common reactions in phase I, being 

catalyzed by different classes of enzymes, like esterases and amidases (hydrolytic 

reactions) and cytochrome P450 monooxygenases (CYP) (oxidation reactions). 

Specifically regarding the latter ones, CYP belong to an enzyme superfamily found in 

different taxa, like animals, plants, fungi and bacteria. In plants, these enzymes, besides 

being involved in xenobiotic detoxification, actively participate in different physiological 

processes, catalyzing lignin’s, terpenes’ and alkaloids’ biosynthesis, and mediating plant 

defense responses against biotic agents, such as pathogens and insects (Schuler and 

Werck-Reichhart, 2003). 

Phase II – Conjugation reactions 

Phase II of xenobiotic detoxification is characterized by the covalent linkage of several 

metabolites to the xenobiotic itself or its activated form. The produced conjugates display 

a lower biological activity, with reduced toxicity and mobility. The conjugation process 
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can be mediated by different organic molecules, like glucose, amino acids and 

glutathione (Coleman et al., 1997; Teixeira et al., 2011).  

Glucose-based conjugates include O-, S-, and N-glyxosides and malonyl-glucoses 

molecules, catalyzed by O-, and N-glycosyltransferases and malonyltransferases.  

The conjugation of xenobiotics with amino acids is also a common response of 

plants. Among all, aspartate and glutamate are the most used amino acids in the 

conjugation process, but the involvement of leucine and valine was already suggested. 

These type of conjugation is frequentely associated to the detoxification of insectides 

and pesticides and usually results in less biological active substances, with a marked 

reduction in their mobility (Davidonis et al., 1978). 

When electrophilic xenobiotics are regarded, conjugation with the tri-peptide 

glutathione (γ-Lglutamyl-L-cysteinyl-glycine - GSH) takes place, due to the activity of 

glutathione S-transferases (GSTs), a multifunctional class of enzymes involved in 

different cellular and metabolic events (Basantani and Srivastava, 2007). Based on 

phylogenetic analysis, plant GSTs are grouped in distinct classes: Phi, Tau, Lambda, 

dehydroascorbatereductase (DHAR), Theta, Zeta, elongation factor 1 gamma (EF1G), 

and tetrachlorohydroquinone dehalogenase (TCHQD) (Edwards and Dixon, 2005). 

Besides their function in xenobiotic detoxification, GSTs have also an important role in 

hormone metabolism, vacuolar sequestration of anthocyanins, tyrosine metabolism, 

regulation of apoptosis and some of them can even act as intracellular peroxidases, 

modulating plant antioxidant responses to different stressful conditions (Dixon et al., 

2010). 

Phase III – Compartmentalization 

After conjugation processes, intermediated less-toxic compounds can be exported from 

the cytosol to different organelles, mostly vaculoes and cell wall. Thus, phase III is an 

important step in the detoxification pathway, allowing the sequestration of xenobiotics 

from sensitive subcellular structures. In this phase, besides compartmentation, different 

conjugates can still undergo some modifications and interact with another endogenous 

compounds (Coleman et al., 1997). 

In a general way, soluble residues,  like peptide or sugar conjugates, are 

accumulated inside vacuoles. The transport of these compounds to the vacuole is 

accomplished by an active transport system, using ATP dependent carriers. On the other 

hand, insoluble solutes, like aromatic or heterocyclic rings, are sequestred and 

accumulated in the cell wall, being coupled to lignin, starch, pectin, cellulose or xylan 

(Sandermann, 1992; Coleman et al., 1997). 
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AC metabolism in plants and its phytotoxicity 

To date, there are only a few records regarding the potential deleterious effects of AC on 

plant development and not much is known about AC metabolism in plants. Although it is 

supposed that plant-associated mechanisms are closely linked to the mammal 

metabolism (Sandermann Jr, 1994; Huber et al., 2009), there are still several differences. 

In plants, the detoxification of AC is mainly mediated by conjugation with glutathione and 

the production of glucosides, with these two phenomena acting independently. Thus, 

according to Huber et al. (2009), who first published the possible metabolism of AC in 

plants, AC is initially activated by an enzymatic reaction catalyzed by CYP. Right after, 

most part of activated AC is conjugated with glucose, but can also be transformed into 

N-acetyl-p-benzoquinone imine (NAPQUI), which then undergoes a conjugation with 

glutathione, in an enzymatic reaction mediated by GST (Bartha et al., 2010).  

The understanding of the effects of AC exposure on plants is only in the beginning 

and deeper investigation is necessary in order to concretely comprehend its potential 

toxicity and its repercussions at the cellular level. However, based on the findings 

reported for different animal species, AC stress is related to the induction of pro-oxidative 

conditions, favoring the occurrence of oxidative stress (Nunes et al., 2006; Nunes et al., 

2008; Hamid et al., 2012; McGill et al., 2012; Xie et al., 2014). In this context, even though 

bibliography is scare, it seems that a parallel scenario is expected in plants. Indeed, 

Bartha et al. (2010) found that the exposure of Brassica juncea L. to high levels of AC 

resulted in the establishment of oxidative stress and in the modulation of several 

antioxidant responses. The same pattern was already reported for Lemma minor, where 

AC-mediated stress led to a rise of lipid peroxidation, accompanied by a decrease of 

proline accumulation (Nunes et al., 2014) and an increase of reactive oxygen species 

(ROS) content  (Kummerová et al., 2016). Furthermore, AC-mediated inhibition of plant 

growth and productivity was also detected in wheat and Lemma minor (An et al., 2009; 

Kummerová et al., 2016). 

1.3. Oxidative stress and plant antioxidant (AOX) system 

Due to their sessile nature, plants are often exposed to a wide range of adverse 

circumstances that limit their growth and survival performance. In fact, one of the 

common characteristics of plants growing under stress is the induction of oxidative 

stress, by an overproduction of reactive oxygen species (ROS). However, throughout 

evolution, plants have developed an efficient antioxidant (AOX) defense system, 

composed by both enzymatic and non-enzymatic mechanisms (Gill and Tuteja, 2010). 
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1.3.1. Reactive oxygen species (ROS) 

It is well established that the oxygen-derived atmosphere allowed the appearance of 

aerobic organisms and several energy generation systems which use O2 as the final 

electron acceptor (Temple et al., 2005). However, though molecular oxygen is relatively 

unreactive, its reduction can lead to the production of reactive substances and it is 

currently estimated that 1-2 % of the total consumed O2 is converted to ROS 

(Bhattacharjee, 2005). ROS are continuously produced as a consequence of the aerobic 

cell metabolism (Gill and Tuteja, 2010). In plants, ROS play a dual role depending on 

their concentration: when at low levels, they can be regarded as intracellular signaling 

agents, inducing a positive response of the antioxidant system; however, when at high 

levels, all forms of ROS become toxic and capable of interact with all kinds of organic 

molecules, like proteins and nucleic acids. In fact, if the defense response is not enough 

to counteract the increased produced amount of ROS, damaging consequences could 

threat the viability of cells, inducing several consequences, such as lipid and protein 

oxidation, enzyme inhibition and, ultimately, activation of programmed cell death (PCD) 

(Mittler, 2002; Gill and Tuteja, 2010; Sharma et al., 2012). Thus, oxidative stress arises 

from a disproportion between ROS production and elimination, being a complex 

biochemical and physiological phenomenon (Gill and Tuteja, 2010; Sharma et al., 2012). 

ROS can include both molecules and/or free radicals, such as singlet oxygen (1O2), 

superoxide anion (O2
.-), hydroxyl radical (OH.) and hydrogen peroxide (H2O2). 

1O2 is a less common ROS, since its production is not related to electron transfer to 

O2, but rather linked to the energy dissipation of the chlorophyll triplet state to O2. Since 

1O2 production is frequently associated with high light intensity, its negative effects on 

photosystem I and II have been largely reported (Gill and Tuteja, 2010). Regarding its 

chemistry, 1O2 is a highly reactive radical, with a short life-time between 4-100 μs, able 

to react with different biological molecules, like lipids (Halliwell, 2006). 

The superoxide radical is the most typical ROS and the first to be produced, as a 

consequence of the aerobic metabolism. Based on several references, it is widely 

accepted that O2
.- production is mainly related to electron transport chains (ETC), 

whereby the major sources of O2
.- within plant cells are mitochondria and chloroplast in 

complexes I and III and PSI and II, respectively (Sharma et al., 2012 and references 

therein). However, its production in other organelles, such as peroxisomes, can also take 

place. When compared to other ROS, O2
.- is classified as a moderate reactive radical 

with a short half-time and low mobility, due to its negative charge and consequent 

inability to cross biological membranes (Demidchik, 2015). Despite O2
.- cannot directly 

interfere with organic macromolecules, its toxicity is associated with its powerful reducing 
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ability. In fact, O2
.- can reduce Fe3+ to Fe2+, which can later interact with H2O2 and arising 

the production of OH., which is one of the most toxic ROS (Ahmad et al., 2008; 

Demidchik, 2015). This reaction is globally known as the Haber-Weiss reaction and its 

last step, where Fe2+ interacts with H2O2, is referred to as the Fenton’s reaction 

(Demidchik, 2015). Moreover, O2
.- can suffer a process of protonation, inducing the 

production of HO2
.-, a more reactive and stable molecule, permeable through biological 

membranes. 

Along with O2
.-, H2O2 is considered a primary ROS and, despite being more stable 

than O2
.-, its occurrence can impose a more severe oxidative stress condition (Sharma 

et al., 2012). However, recent findings suggest that H2O2 has a dual role on plant 

physiology, depending on its intracellular levels. Thus, H2O2 can be an important cellular 

messenger in a broad range of metabolic events and low doses of this molecule can 

stimulate defense responses for different types of stress; on the other hand, excess of 

H2O2 can cause significant damage to cell homeostasis, conditioning the normal 

functions of plants (Ahmad et al. 2008; Gill and Tuteja, 2010; Sharma et al., 2012). The 

high toxicity of H2O2 can be easily explained by its chemical nature. Indeed, since it has 

no unpaired electrons and possesses a relatively long half-time (1 ms), H2O2 is able to 

cross biological membranes and diffuse across long distances, increasing its possible 

sites of action (Gupta et al., 2015). This molecular ROS can severely inhibit enzyme 

activity, by triggering the oxidation of thiol groups and the release of metallic ions from 

different metalloproteins (Scandalios, 1997). Also, according to Scandalios (1993), 

Calvin cycle-related enzymes are extremely sensitive to H2O2 and high levels of this ROS 

can directly reduce CO2 assimilation. Regarding its production, many cellular events are 

involved, namely the electron transport in electron transport chains (ETCs) of different 

organelles (e.g. mitochondria, chloroplast, endoplasmic reticulum and plasma 

membrane), photorespiration metabolism and β-oxidation of fatty acids (Sharma et al., 

2012).  

.OH is the most dangerous and reactive ROS, being produced as a result of the 

Haber-Weiss reaction, due to the interaction between O2
.- and H2O2. Like superoxide 

anion, .OH has a very short half-time, of around 1 ns (Smirnoff, 2008). Therefore, its 

major targets and sites of action are closely located to its production source (Sharma et 

al., 2012). However, even with an extremely short life-time, this can cause serious 

damage to all organic molecules, leading to harmful consequences in proteins, lipids and 

nucleic acids. Furthermore, once there is no enzymatic mechanism responsible for its 

degradation and metabolism, high levels of OH. are able to induce lipid peroxidation and 

are involved in oxidative stress signaling and PCD (Gill and Tuteja, 2010; Sharma et al., 

2012; Demidchik, 2015) 
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1.3.2. AOX system machinery 

As said before, plants possess a complex AOX system, with both enzymatic and non-

enzymatic components, which allows the proper scavenging and control of ROS in 

different organelles of the plant cell (Gill and Tuteja, 2010; Sharma et al., 2012) (Figure 

5). Regarding the enzymatic machinery, the main AOX enzymes are superoxide 

dismutase (SOD), catalase (CAT), GST and enzymes from the ascorbate-glutathione 

(AsA-GSH) cycle, like ascorbate peroxidase (APX), glutathione reductase (GR), 

monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR). 

In what concerns the non-enzymatic AOX component, different metabolites are regarded 

as important AOX agents. Among all, it is important to stress the involvement of proline 

(Pro), ascorbate (AsA), glutathione (GSH), carotenoids and flavonoids (Ahmad et al., 

2008; Gupta et al., 2015).  

 

Figure 5. ROS and AOX defense system in plants – an overview of enzymatic and non-enzymatic components. The AsA-GSH 

cycle is highlighted at gray. Aerobic metabolism inevitably leads to the generation of O2
.-, which is efficiently scavenged by SOD, 

with the consequent production of H2O2. H2O2 levels are then controlled by the catalytic activity of CAT and APX, which requires 

AsA as the reducing agent. The reduction of AsA is essential to a balanced cell redox condition and can be mediated by two 
different pathways. First, through the reaction catalyzed by MDHAR, using reducing equivalents from NADPH. Second, by the 
spontaneous dismutation of MDHA to DHA. Posteriorly, DHA can be enzymatically converted into AsA, in a reaction catalyzed 

by DHAR, which uses GSH as substrate, oxidizing it into GSSG. GSSG can be restored into GSH, by GR. Other ROS, such as 
singlet oxygen (1O) and hydroxyl radical (OH.), can be eliminated through non-enzymatic mechanisms, due to the action of 
vitamins and carotenoids (Taiz et al., 2015). 
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1.3.2.1. Enzymatic component 

Superoxide dismutase (SOD; EC 1.15.1.1) 

SOD is a ubiquitous protein found in many kinds of aerobic organisms, like bacteria, 

animals and plants. Firstly isolated from bovine blood, SOD was defined as a blue-

greenish protein, responsible for Cu accumulation. However, its catalytic activity was 

further discovered by McCord and Fridovich in 1969 (Scandalios, 1993). Nowadays, it is 

largely accepted that SOD acts as the first enzymatic defense line against oxidative 

stress, catalyzing the O2
.- dismutation in H2O2 and molecular oxygen. Actually, SOD 

assumes a pivotal role in ROS detoxification, not only by determining the levels of both 

O2
.- and H2O2, but also by quickly dismutating O2.- and preventing its associated-toxicity 

(Sharma et al., 2012).  

In terms of biochemistry, SOD is classified as a metalloenzyme and, depending on 

the ion present in its active center, three classes of SOD can be considered: Cu/Zn-, Mn- 

and Fe-SOD (Sharma et al., 2012). Structurally, Fe- and Mn-SOD are much related, 

although Fe cannot replace the Mn ion in the active center; Cu/Zn-SOD, by possessing 

two metallic ions in its structure, has distinct chemical and physical properties, which 

result in differences at the structural level (Scandalios, 1997). The identification of SOD 

isoforms can be experimentally performed by negative staining in accordance to their 

sensitivity to KCN and H2O2, being Cu/Zn-SOD sensitive to both inhibitors, Fe-SOD 

sensitive to H2O2 and Mn-SOD resistant to KCN and H2O2 (Soares et al., 2016). Based 

on previous phylogenetic studies, it is supposed that the evolution of SODs isoenzymes 

is related to changes in the availability of the metallic ion. Thus, it appears that Fe-SOD 

is the oldest group of SODs, since Fe2+ was initially more abundant than Cu2+ and Mn2+ 

(Alscher et al., 2002). 

Although the number of isoenzymes, as well as their relative abundance, are 

dependent on plant species and environmental circumstances, it is considered that 

Cu/Zn-SOD is the most abundant form (Gill and Tuteja, 2010) . All types of plant SODs 

are encoded in the nucleus and the specific location of each class of SOD is determined 

by a terminal amino acid tag (Kanematsu and Asada, 1989). In this way, SOD 

isoenzymes can be differentially found in several subcellular compartments: Cu/Zn-SOD 

is majorly present in the cytosol, chloroplasts, peroxisomes and apoplast; Mn-SOD is 

fundamentally associated to the mitochondrial matrix, despite it has already been 

reported its occurrence in the peroxisome; Fe-SOD, a specific plant SOD, is found in the 

chloroplasts, coupled with thylakoid membranes (Gill and Tuteja, 2010).  
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Given the high AOX activity of SOD, its occurrence and activation in response to 

different types of stress has been largely explored (Gill and Tuteja, 2010) and its 

overexpression in plant species can be an efficient tool to increase abiotic and biotic 

stress tolerance. 

Catalase (CAT; EC 1.11.1.6) 

CAT, a tetrameric heme-containing protein, is a common enzyme among different taxa 

of aerobic organisms and it was the first AOX enzyme to be discovered and functionally 

characterized (Sharma et al., 2012). The AOX properties of CAT are related to its 

catalytic activity, being responsible for the intracellular detoxification of H2O2, dismutating 

it into H2O and O2 (Gill and Tuteja, 2010).  

Although there are several enzymes involved in H2O2 degradation, CAT occupies a 

central role in this scavenging process, since it does not require any reducing power, 

providing an efficient mechanism to remove H2O2 excess from cells (Gill and Tuteja, 

2010). Moreover, CAT exhibits one of the highest turn-over rates among AOX enzymes, 

in which one CAT molecule is able to reduce 6 million H2O2 molecules per minute (Gill 

and Tuteja, 2010). However, despite the high specificity of CAT to H2O2, this enzyme’s 

activity is only efficient when high levels of H2O2 are present, reason why its affinity for 

H2O2 is relatively lower than other enzymes, such as APX and other peroxidases (Mittler, 

2002).  

The localization of CAT in plant cells is intrinsically related to the sources of H2O2. 

Given the aerobic metabolism of peroxisomes, CAT is commonly found in this organelle, 

although several authors have already reported its occurrence in other subcellular 

compartments, such as mitochondria, chloroplasts and cytosol (Sharma et al., 2012). 

Thus, though displaying a more restrict location than SOD, CAT is also very important 

for limiting H2O2 diffusion across plant cells (Bowler et al., 1992). 

In animals, only one CAT isoenzyme has been reported. Nevertheless, in plant 

organisms there are three main classes of CATs, classified according to their expression 

profiles (Ushimaru et al., 2006). In this way, class I CATs are present in photosynthetic 

tissues and are light-dependent; class II are majorly found in vascular tissues; and class 

III are detected in seeds and early stages of seedling’s development (Gill and Tuteja, 

2010). 

Likely to SOD, changes in CAT activity are often correlated to the establishment of 

oxidative stress conditions. Based on different references, it is supposed that CAT 

behavior is highly dependent on plant species and environmental context. Furthermore, 

there is a certain disparity between published data. Indeed, several authors defended 
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CAT’s importance in the AOX defense machinery, whilst others do not value their role 

against stress (Queirós, 2012). 

AsA-GSH cycle enzymes 

Ascorbate peroxidase (APX; EC 1.11.1.11) 

APX is classified as a class I peroxidase, being present in different organisms, such as 

plants and algae. It was firstly identified from intact chloroplasts and algae by Nakano 

and Asada (1981) and it plays an essential role in the control of intracellular ROS levels. 

In fact, being one of the central components of the AsA-GSH cycle, APX functions as an 

efficient scavenger of H2O2, catalyzing its disproportion into water and 

monodehydroascorbate (MDHA), by using reducing power from AsA (Sharma et al., 

2012). In this way, APX activity is greatly dependent on AsA availability, reason why its 

regeneration is a fundamental process (Foyer and Noctor, 2000). Furthermore, APX 

possesses a high affinity for H2O2 and, in opposite to CAT, can exert its functions even 

with low amounts of this ROS. By this reason, it is suggested that APX is primarily 

responsible for H2O2 modulation levels for signaling events, whilst CAT is mainly involved 

in preventing H2O2-induced cellular damage by removing its excess (Mittler, 2002). 

APXs are codified by a small multigenic family, which transcription is regulated by 

different stimuli, such as H2O2 concentration and redox signals (Gill and Tuteja, 2010). 

To date, based on amino acid sequences, 5 distinct classes of APX were identified in 

plants and classified according to their subcellular location. Those include isoenzymes 

present in the cytosol (cAPX), in the chloroplast (at the stroma – sAPX – and bound to 

thyllacoid’s membrane – tAPX) and in the mitochondria and peroxisomal membranes, 

mitAPX and pAPX, respectively (Gill and Tuteja, 2010; Sharma et al., 2012). Thus, the 

importance of APX in ROS detoxification arises from its broad distribution inside plant 

cells, being present in almost organelles where H2O2 is produced. 

Overall, APX appears to be one of the main keys of AOX defense system, allowing 

the proper removal of H2O2 in plants. Also, its involvement in the control and regulation 

of H2O2 signaling has been proposed, hence reinforcing its importance in plant cell 

homeostasis (Gill and Tuteja, 2010; Sharma et al., 2012).  

Monodehydroascorbate reductase (MDHAR; EC 1.6.5.4), Dehydroascorbate 

reductase (DHAR; EC 1.8.5.1) and Glutathione reductase (GR; EC 1.6.4.2) 

As a consequence of APX catalytic activity, AsA is oxidized to MDHA, a very unstable 

radical that can be spontaneously converted into AsA and DHA (Ushimaru et al., 1997). 
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Yet, MDHA can also be enzymatically reduced by MDHAR, a flavin adenine dinucleotide 

(FAD) enzyme (Sharma et al., 2012). Present in all plant species, this enzyme is 

responsible for regenerating the pool of reduced ascorbate in plant cells, by the reduction 

of the intermediate MDHA, using reducing power from NAD(P)H. As APX, different forms 

of MDHAR can be found in distinct organelles, such as chloroplasts, mitochondria, 

peroxisomes and cytosol (Sharma et al., 2012).  

Due to the non-enzymatic disproportion of MDHA to AsA and DHA, DHAR is a key 

element of the AsA-GSH cycle, allowing the regeneration of AsA from its oxidized form 

– DHA (Taiz et al., 2015). In fact, DHAR requires GSH as reducing agent and has a great 

specificity for GSH as substrate, not being able to use other reducing compounds 

(Hossain et al., 1984). This enzyme, classified as a monomeric thiol protein, is essentially 

found in seed tissues, roots and green organs (Gill and Tuteja, 2010). It is widely 

accepted that DHAR contributes to the cellular redox balance, with a fundamental role in 

plant tolerance to abiotic stress (Sharma et al., 2012). 

Last, GR is also a relevant component of the AsA-GSH cycle, since it catalyzes the 

reduction of oxidized glutathione (GSSG) to GSH, allowing the maintenance of 

GSH/GSSG ratio (Sharma et al., 2012). GR is regarded as a flavoenzyme with a disulfide 

group and can be found in different taxa of photosynthetic organisms, both prokaryotes 

and eukaryotes (Sharma et al., 2012). As reviewed by Gill and Tuteja (Gill and Tuteja, 

2010), GR is mainly present in the chloroplasts, but it can also be found in mitochondria, 

cytosol and peroxisomes. Globally, GR importance is intrinsically linked to the 

maintenance of cell’s GSH content and several reverse-genetic studies have highlighted 

its involvement in plant abiotic stress tolerance (Gill and Tuteja, 2010; Sharma et al., 

2012). 

Glutathione S-Transferase (GST; EC 2.5.1.18) 

GSTs, also named as glutathione transferases, are a class of enzymes present in 

different types of organisms, including animals and plants (Basantani and Srivastava, 

2007). The first report about their occurrence in plant species was made in 1970, in a 

study conducted with maize (Frear and Swanson, 1970). GSTs are responsible for the 

conjugation of GSH with different types of xenobiotics, particularly electrophilic 

substrates (Gill and Tuteja, 2010). Besides their function as important AOX enzymes, 

GST are also involved in other metabolic events and physiological phenomena, acting 

as peroxidases under certain conditions and mediating nucleophilic aromatic substitution 

and isomerization reactions (Basantani and Srivastava, 2007). GSTs show a wide 

distribution in plant organisms, being present in different development stages and tissues 
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(McGonigle et al., 2000). The superfamily of plant GSTs is grouped into distinct classes 

and, generally, are regarded as cytoplasmic proteins, though some isoenzymes were 

found to be located at chloroplast, microsomes and apoplast (Gill and Tuteja, 2010). 

In parallel to what is described for other AOX enzymes, different studies have been 

exploring the potential of GSTs in increasing plant tolerance to different adverse 

circumstances. Indeed, it has been suggested that overexpression of GSTs in tobacco 

plants positively affect the seedling’s growth under stressful conditions (Gill and Tuteja, 

2010). 

1.3.2.2. Non-enzymatic component 

Proline (Pro) 

The accumulation of compatible solutes by plants is a common response to face stress 

conditions. By definition, compatible solutes are soluble low molecular mass organic 

compounds, which can be stored at high concentrations without become toxic. Thus, 

their increased accumulation provides an excellent tool to prevent oxidative damage and 

contributes to the cellular osmotic homeostasis and membrane integrity (Hayat et al., 

2012). The amino acid Pro, along with sucrose and glycine betaine, is one of the main 

plant compatible solutes, which has been gaining special attention by plant physiologists 

as a potent antioxidant (Hayat et al., 2012; Soares et al., 2016). 

 Pro biosynthesis can be achieved by two different pathways – via glutamic acid 

or via ornithine. Among them, the production of Pro via glutamic acid is the most frequent, 

in which PRO is synthetized from glutamate via intermediate Δ'-pyrroline-5-carboxylate 

(P5C). This reaction involves the catalytic activity of two different enzymes, Δ'-pyrroline-

5-carboxylate synthetase (P5CS) and Δ'-pyrroline-5-carboxylate reductase (P5CR) (Gill 

and Tuteja, 2010). 

Although for a long time, Pro was only regarded as an inert osmolyte, able to protect 

different subcellular structures and macromolecules from osmotic stress, it is, nowadays, 

recognized that Pro is a powerful AOX, potentially inhibiting programmed cell death 

(PCD) and directly scavenging ROS, including 1O2 and OH.. Indeed, over the past years, 

a great number of studies regarding the effects of proline on abiotic stress tolerance have 

been performed, strengthening its role as one of the main non-enzymatic antioxidants 

(Gill and Tuteja, 2010). 
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Ascorbate (AsA) 

AsA, commonly known as vitamin C or ascorbic acid, is the most abundant AOX 

metabolite in plant cells, where it can reach up to concentrations of 300 mM (Smirnoff, 

2008). This water soluble AOX is found in distinct subcellular compartments, with 

chloroplasts representing 30-40% of cell’s total AsA content (Gill and Tuteja, 2010). 

Regarding its biosynthesis, AsA is produced in the mitochondria by L-galactono-γ-

lactonedehydrogenase, being posteriorly transported to other organelles, via active 

transport or facilitated diffusion (Sharma et al., 2012). 

Upon normal conditions, the major content of ascorbic acid corresponds to its 

reduced form, which pool is maintained due to the activity of MDHAR and DHAR. Since 

it is regarded as the most powerful AOX in plants, the mechanisms responsible for its 

regeneration play a crucial role in AOX defense system and are essential for plant cell 

redox balance (Gill and Tuteja, 2010). The importance of AsA in AOX performance is 

related to its ability to act as an electron donor in a series of enzymatic and non-

enzymatic biochemical reactions; also, AsA is capable of directly interact with different 

ROS, neutralizing the toxic effects of 1O2, O2
.- and OH., and reduce the content of H2O2, 

through the activity of APX (Ahmad et al. 2008; Smirnoff, 2008; Gill and Tuteja, 2010; 

Sharma et al., 2012). 

With effect, in complement to AsA pivotal role in plant AOX defense against pro-

oxidative conditions, there are a great number of studies which suggest its involvement 

in a wide spectrum of other metabolic adjustments. Currently, it is known that AsA also 

actively participates in the control of mitosis, cellular elongation, senescence and cell 

death, and can also act as an enzyme stabilizer, protecting enzymes with prosthetic 

metallic ions (Ahmad et al. 2008; Gill and Tuteja, 2010; Queirós, 2012).  

Glutathione (GSH) 

The tripeptide GSH is listed as one of the main components of the non-enzymatic AOX 

system, possessing different properties and being involved in an extensive variety of 

physiological processes (Ahmad et al. 2008; Gill and Tuteja, 2010; Queirós, 2012). GSH 

is a non-protein thiol, synthetized in the cytosol and chloroplasts, by specific enzymes - 

γ-glutamylcysteine synthetase (γ-ECS) and glutathione synthetase (Gill and Tuteja, 

2010). The location of GSH is not restricted to any specific organelle and its presence in 

vacuoles, endoplasmic reticulum, chloroplast, mitochondria and cytosol was already 

observed (Mittler and Zilinskas, 1992; Jiménez et al., 1998).  

In parallel to what is described for AsA, the ratio between GSH and GSSG (oxidized 

form) gives valuable data about the redox state of the cell. Indeed, GSH acts as a cellular 
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buffer, contributing to the maintenance of the reduced state of several cell components 

during both normal and stressful conditions (Foyer and Noctor, 2005). The increased 

amount of GSH relative to GSSG is accomplished by the action of GR, by increasing 

GSH biosynthesis and/or GSSG degradation or, alternatively, due to the long-distance 

transport of GSH and GSSG. Indeed, based on the results of Noctor et al. (2002), 

glutathione transport across long distances is a common response to balance the 

differences in GSH production of different plant organs and also mediates the distribution 

of sulphur (S) from leaves to other parts of the plant. 

The AOX activity of GSH arises from its ability to chemically react with O2
.-, OH. and 

H2O2, functioning as an efficient radical scavenger (Sharma et al., 2012). In addition, 

GSH plays a significant role in AsA regeneration, since it is the substrate for DHAR. 

Thus, it has been postulated that GSH can protect several classes of biomolecules, like 

proteins and lipids, whether by directly removing excess of ROS and/or by reacting with 

electrophiles (glutathiolation) (Asada et al., 1994).  

Overall, GSH is defined as an important water soluble AOX metabolite, but its 

functions are not confined to the redox state. Indeed, due to GSH reducing power, its 

importance in cell growth, protein synthesis, enzymatic regulation and expression of 

stress-responsive genes has been largely documented (Gill and Tuteja, 2010; Sharma 

et al., 2012). 

1.4. Silicon dioxide nanomaterial (nano-SiO2) - a tool to 

improve abiotic stress tolerance 

As previously mentioned, soil contamination with different types of EC, like 

nanomaterials and pharmaceuticals, is a matter of great concern and its effects on plant 

species remain largely unknown. Thus, more than understanding EC-mediated 

phytotoxicity, it is also essential the development of new tools to increase crop’s 

tolerance to soil degradation. 

Silicon (Si) is the second most abundant mineral in soils and, although its 

establishment as an essential macronutrient is not a consensus (Marschner, 2011; Taiz 

et al., 2015), it is a beneficial element for plant growth, especially under stressful 

circumstances (Epstein, 1999, 2009). Thus, over the last couple of years, efforts in 

investigating the possible mode of action of Si in plants were reinforced, in attempts to 

better understand the mechanisms behind Si-induced tolerance to biotic and abiotic 

stress (Liang et al., 2007). According to a high number of previous studies, the positive 

role of Si in plant stress tolerance might result from an improvement of the plant 

antioxidant system efficiency, as well as the protection of the photosynthetic apparatus 
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and the complexation of metals with Si (Liang et al., 2007). In this context, several 

approaches have been designed and Si application is often used as a tool to increase 

plant resistance to stress.  

Nowadays, nanotechnology is one of the most important tools in modern agriculture, 

providing new agrochemicals to improve crop’s productivity and nutritional safety. In this 

way, nanofertilizers can be completely and quickly absorbed by plants and suited as an 

excellent tool to face the low availability of traditional fertilizers (Mousavi and Rezaei, 

2011).  

Given the positive effects of Si on plant growth and resistance to multiple stress 

situations, Si nanomaterial could provide new solutions for improving plant tolerance and 

for agronomic procedures. From the available data, silicon dioxide nanomaterial (nano-

SiO2) has been efficient in mitigating salinity- and metal-induced phytotoxicity. According 

to Wang et al. (2015), exogenous application of nano-Si improved the growth and 

nutritional balance of rice seedlings under Cd stress; also, the positive role of Si in 

regulating salinity responses was highlighted in a study with tomato plants (Haghighi and 

Pessarakli, 2013). Nevertheless, to the best of our knowledge, only few papers have 

explored the potential of nano-SiO2 and its mode-of-action requires further investigation. 

Moreover, up to now, no reports about the possible beneficial effects of Si on plant 

tolerance to xenobiotics have been found.  

1.5. Hordeum vulgare L. 

Hordeum vulgare L., commonly known as barley (Figure 6), is one of the most important 

crops worldwide and one of the first plant species to be domesticated. Nowadays, it is 

used for both human and animal feeding and malt barley is the main raw material for 

beer production (Katerji et al., 2006). According to FAOSTAT (2013), barley’s global 

grain production from 2005 to 2009 reached about 140 million ton. 

Beyond being an economically important crop, H. vulgare also possesses several 

characteristics which make it a perfect model species for plant science and agronomic 

studies. Actually, barley is a fast-growing monocot species with the ability to grow in 

marginal environments, which are often characterized by soil degradation and other 

stress agents (Katerji et al., 2006). Moreover, in 2012, the total genome sequence of 
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barley was published (Consortium, 2012), simplifying many molecular, proteomics and 

metabolomics approaches.  

  

a) 
b) 

c) 

Figure 6. Hordeum vulgare L. (a) intact plant; (b) spike; (c) seeds. Extracted from: 

http://luirig.altervista.org/schedenam/fnam.php?taxon=hordeum+vulgare  
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1.6. Main objectives  

In this project, we are interested in understanding the ecotoxicity of nano-NiO and AC to 

Hordeum vulgare L. and unraveling the beneficial effects of nano-SiO2 application on its 

tolerance. For this purpose, several questions underlying this master dissertation need 

to be answered: What is the ecotoxicological relevance of nano-NiO and AC for barley? 

How does nano-NiO and AC toxicity affect barley plants productivity? What are the main 

biochemical and molecular mechanisms underlying this toxicity? How can nano-SiO2 

improve barley’s tolerance to both contaminants?  

In order to achieve these main objectives, different approaches will be considered, 

and the studies were focused in: 

I. Performing a characterization of the phytotoxicity and the physiological 

effects of AC and nano-NiO on barley plants, giving particular attention to 

standard procedures and physiological endpoints;  

II. Assessing if the co-treatment with nano-SiO2 results in a higher tolerance 

of barley to these contaminants, focusing on different growth-related parameters 

and physiological evaluations, particularly those related to the induction of oxidative 

stress and AOX defense;  

III. Understanding the mode of action of nano-SiO2, as well as the biochemical 

and molecular basis of AC- and nano-NiO phytotoxicity, in what regards the 

crosstalk between the generation of ROS and the performance of the plant AOX, 

both at transcript and protein levels.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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2. MATERIAL & METHODS 

2.1. Tested chemicals and test substrate  

Nickel oxide nanomaterial (nano-NiO) (nearly spherical with a particle size of 100 nm, a 

surface area of 6 m2 g−1 and a 99% purity), silicon dioxide nanomaterial (nano-SiO2) 

(hydrophilic with a particle size of 7-14 nm, a surface area of 200 m2 g−1 and a 99.8% 

purity) and acetaminophen (AC) were purchased from Nanostructured & Amorphous 

Materials Inc. (Houston, TX, USA), PlasmaChem GmbH (Germany) and Sigma-Aldrich® 

(Sigma-Aldrich, Germany), respectively, as powders. The test substrate was an artificial 

soil, composed of 72.5% (w/w) sand, 12.5% (w/w) kaolin and 5% (w/w) organic matter. 

2.2. Characterization of nano-NiO and nano-SiO2 powders 

The characterization of nano-NiO and nano-SiO2, in order to obtain their size and shape, 

was evaluated by transmission electron microscopy (TEM) using a Hitachi H8100 with a 

LaB6 filament operated at an acceleration voltage of 200 kV. The images were acquired 

by an Olympus KeenView digital Camera with the iTEM software. The powder sample 

was suspended in ethanol and, then, a drop was allowed to dry on a Cu grid with a 

formvar film. 

2.3. Test species  

Seeds of Hordeum vulgare L., obtained from a local supplier, were individually observed 

to discard the damaged ones and, then, surface sterilized with 70 % (v/v) ethanol for 15 

min and 20 % (v/v) commercial bleach for 10 min, followed by three series of washing 

with sterilized deionized water.  

2.4. Experimental setup  

2.4.1. Ecotoxicological assays with nano-NiO and AC 

2.4.1.1. Tested concentrations and treatments 

To all the experiments, a series of sequential doses of each contaminant (nano-NiO and 

AC) was applied, ranging from 0 to 1000 mg kg-1 soil, with a dilution factor of 1.5, giving 

the following concentrations: 87.8, 131.7, 197.5, 296.5, 444.4, 666.7 and 1000 mg kg -1 

soil. In the case of the Petri dishes’ assay, the same procedure was followed, but the 

concentrations were expressed in mg L-1. The maximum concentration was based on 

ISO instructions, which suggest that 1000 mg kg-1 should be the maximum concentration 
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tested in ecotoxicological studies (ISO, 2012). Above this level chemical substances 

should be considered as no toxic.  

2.4.1.2. Germination assays in Petri plates 

After sterilization, seeds were placed in Petri plates with filter paper embedded in 0.25x 

modified Hoagland solution (HS) (Taiz et al., 2015), with or without the different 

concentrations of each tested contaminant. Then, seeds were allowed to germinate for 

5 days at 24 °C in a growth chamber, in the dark, during the first 2 days, and at a 

photoperiod of 16 h - light/8 h - dark thereafter. After the growth period, the germination 

rate and radicle length were recorded, as well as macroscopic symptoms of toxicity. For 

each treatment, three biological replicates were considered, with 10 seeds each.  

2.4.1.3. Ecotoxicological assays in plastic pots 

The seed germination and plant growth ecotoxicological assays were performed in 

plastic pots with 200 g dw of the artificial soil (5% organic matter, pH 5.5), spiked with 

aqueous solution/suspension of each contaminant, based on the OECD guidelines 

(OECD, 2006). The maximum water holding capacity (WHCmax), previously determined 

(ISO, 2005), was adjusted to 40%. The adequate water volume for the WHCmax 

adjustment was used to prepare contaminant’s suspensions or solutions, in order to 

obtain the range of concentrations described above. In order to guarantee the 

maintenance of soil moisture, a cup filled with distilled water was placed under each test 

pot. The communication between these was achieved by letting a cotton rope to pass 

through a hole in the bottom of the test pot. Regarding the assay, briefly, 20 barley seeds, 

surface sterilized as stated before, were placed in each pot and kindly covered with the 

soil. At this moment, in order to ensure the availability of nutrients, 120 mL of HS were 

added to the cup of each pot, only once and in the beginning of the assay. For each 

experimental condition, 8 replicates (pots) were considered, as well as a negative 

control, grown in OECD artificial soil without any of the contaminants, thus only moisten 

with water.  

The assay started after 50% of the control seeds germinate and lasted 14 days. Only 

the 5 first germinated seeds were left in each pot to avoid intraspecific competition 

between organisms. Plants were maintained in a greenhouse, with controlled conditions 

of temperature (21 ºC), photoperiod (16 h - light/8 h - dark) and PAR (60 μmol m-2 s-1) 

and the water content of each pot was adjusted when necessary. At the end of the 

experiment, plants were collected and separated into roots and leaves. Randomly, part 

of the plant material from 4 replicates was used for the evaluation of the standard 
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endpoints (root length, fresh and dry weights) and the other 4 replicates were used for 

biochemical analysis, where the second and third leaves of one plant per biological 

replicate were randomly selected. The evaluation of fresh biomass was achieved by 

weighting roots and leaves immediately after collecting the plant material, which was 

then oven-dried at 60 ºC until constant weight for analysis of the dry biomass.  

2.4.2. Selection of nano-SiO2 concentration 

Based on some previous reports (Haghighi and Pessarakli, 2013; Liu et al., 2013; Liu et 

al., 2015; Wang et al., 2015), four different concentrations (3, 30, 60 and 120 mg kg-1 

soil) of nano-SiO2 were tested in order to determine the optimal dose to be used in the 

final growth assay. Thus, after selecting nano-NiO and AC concentrations (based on 

standard OECD procedures), the assays above described (2.4.1.3.) were performed 

once again, testing 3, 30, 60 and 120 mg kg-1 soil nano-SiO2 with and without a selected 

concentration of each contaminant previously tested (nano-NiO: 120 mg kg-1 soil; AC: 

400 mg kg-1 soil). Nano-SiO2, nano-NiO and AC were added to the soil, by preparing a 

solution/suspension of each mixture in the adequate water volume according to the 

WHCmax value. After the growth period the same biometric parameters were evaluated. 

2.4.3. Final growth trial  

After the selection of the concentration of nano-NiO, AC and nano-SiO2 to be used in the 

final assay, barley plants were grown for 14 days in OECD soil as previously described, 

in order to understand the possible protective role of nano-SiO2 on the tolerance of barley 

exposed to both contaminants. For this purpose, different experimental conditions were 

considered: 

 CTL – OECD soil; 

 Nano-SiO2 treatment – OECD soil + nano-SiO2;   

 Nano-NiO treatment – OECD soil + nano-NiO;  

 Nano-NiO + nano-SiO2 treatment – OECD soil + nano-NiO + nano-SiO2;  

 

 CTL – OECD soil; 

 Nano-SiO2 treatment – OECD soil + nano-SiO2;   

 AC treatment – OECD soil + AC;  

 AC + nano-SiO2 treatment – OECD soil + AC + nano-SiO2.  
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Given that both assays were performed simultaneously, CTL and nano-SiO2 

treatments were the same for both experiments. For each condition, four replicates were 

prepared. After 14 days, plants from each treatment and replicate were harvested and 

separated onto roots and leaves. Some individuals from each condition (n=5) were used 

for biometric parameters, by the evaluation of fresh and dry weights and root elongation. 

Part of the plant material was immediately processed for biochemical analysis, while the 

remaining was frozen and grinded in liquid N2 and stored at -80 ºC to be used for 

biochemical and molecular techniques. 

2.5. Quantification of Ni content 

Plants exposed to nano-NiO alone or in the co-presence of nano-SiO2 were analyzed for 

the quantification of Ni content in both roots and leaves. Thus, after the growth period, 

roots and leaves of nano-NiO exposed plants were washed with tap water, immersed in 

deionized water and dried at 60 ºC until constant weight was recorded. The dried material 

was mechanically powdered in a mortar, digested with a mixture of HCl:HNO3, (1:3) and 

re-suspended in water. Five aliquots of each digested sample were used to prepare 

solutions to the Ni quantification via multiple standard addition procedure. Ni content in 

each sample was measured by flame-atomic absorption spectroscopy (Perkin Elmer, 

AAnalyst 200 model). The recovery rates oscillated from 95 to 106%. 

2.6. Quantification of biochemical and cellular parameters 

2.6.1 Extraction and quantification of chlorophylls and carotenoids 

The evaluation of photosynthetic pigments was performed based on the protocol of 

Lichtenthaler (1987). Briefly, frozen aliquots of leaves (200 mg) were homogenized in 

80% (v/v) acetone and centrifuged for 10 min at 1400 g. After collecting the supernatant 

(SN), the absorbance at 470, 647 and 663 nm was recorded and the concentrations of 

chlorophyll a (Chl a) and b (Chl b) and carotenoids (Car) were calculated according to 

the following equations (Lichtenthaler, 1987):  

Chl a (mg L⁄ ) = 12.25 × Abs 663 nm − 2.79 × Abs 647 nm 

Chl b (mg L⁄ ) = 21.50 × Abs 647 nm − 5.10 × Abs 663 nm 

𝐶𝑎𝑟 (𝑚𝑔 𝐿⁄ ) =
1000 × 𝐴𝑏𝑠 470 𝑛𝑚 − 1.82 × 𝐶ℎ𝑙 𝑎 − 85.02 × 𝐶ℎ𝑙 𝑏

198
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2.6.2. Chlorophyll fluorescence analysis  

Chlorophyll fluorescence measurements were performed in the second and third 

expanded leaves of barley plants, using the portable fluorometer Minipan Photosynthesis 

Yield Analyser (Walz, Effeltrich, Germany). After 20 min of dark adaptation of leaves, 

several fluorescence parameters were analyzed on the middle region of leaves’ adaxial 

page. Thus, different records were registered: minimum Chl fluorescence in the dark 

adapted state (F0), when all the reaction centers of photosystem II (PSII) are opened; 

maximum Chl fluorescence in the dark adapted state (Fm), after a pulse of actinic light 

has closed all the reaction centers of PSII; the steady state Chl fluorescence in the light 

adapted state (F0); and the maximum Chl fluorescence in the light adapted state (F’m) 

after the same pulse of actinic light has been applied. By measuring these values, it was 

possible to determine PSII efficiency (quantum yield) (PSII) and the maximum quantum 

yield (Fv/Fm), based on the following formulas:  

 (𝑃𝑆𝐼𝐼)  =
(𝐹′𝑚 − 𝐹𝑡)

𝐹′𝑚
 

𝐹𝑣

𝐹𝑚
=

𝐹𝑚 − 𝐹0

𝐹𝑚
 

2.6.3. Extraction and quantification of soluble proteins 

Total soluble proteins were extracted from root and leaf tissues, using frozen aliquots of 

0.5 g, in 2 mL of extraction buffer, containing 60 mM Tris-HCl (pH 6.8), CompleteTM, Mini, 

EDTA-free – protease inhibitor cocktail tablets (1.4 tablets/10 mL extraction medium), 

and 1 % (w/v) polyvinylpolypyrrolidone (PVPP). Following the homogenization process, 

extracts were centrifuged at 16 000 g for 25 min at 4 ºC and after collecting the SN, the 

total soluble protein content was quantified according to Bradford (1976). Basically, 2 µL 

of extract were combined with 800 µL of dd-H2O and 200 µL of Protein Assay Dye 

Reagent Concentrate (BioRad®). After mixing all reaction tubes, an incubation of 15 min 

was performed at room temperature (RT), followed by the spectrophotometric analysis 

of each sample at 595 nm. The protein content was calculated based on a calibration 

curve, using different known concentrations of bovine serum albumin (BSA) as 

standards, and expressed in mg g-1 of fresh weight. 
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2.6.4. Extraction and quantification of nitrogen (N) metabolism-related 

enzymes 

2.6.4.1. Nitrate Reductase (NR; EC 1.6.6.1) activity assay 

The quantification of NR activity was performed in roots and leaves of barley plants, 

following the protocol of Kaiser and Brendle-Behnisch (1991). Frozen plant material 

samples, of around 500 mg, were homogenized, at 4 ºC, in 50 mM HEPES-KOH buffer 

(pH 7.8), supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM MgCl2 

and 1% PVPP. After homogenization, all samples were centrifuged for 25 min, at 15 000 

g and 4 ºC and, then, SN were collected to new tubes and used for protein quantification 

(see above in 2.6.3.) and enzyme activity assays.  

For NR activity, 100 µL of SN were mixed with 900 µL of a reaction solution, 

containing 20 mM HEPES-KOH (pH 7.8), 500 µM NADH, 10 µM FAD and 2 mM KNO3. 

Then, NADH consumption was followed by spectrophotometry at 340 nm for 1 min and 

40 sec, in 20 sec intervals. The levels of NR activity were estimated using NADH 

extinction coefficient (39.4 mM-1 cm-1) and expressed as mmol mg-1 of protein. 

2.6.4.2. Glutamine Synthetase (GS; EC 6.3.1.2) activity assay 

GS activity was determined in both plant organs, using samples from frozen root and leaf 

tissues. According to the protocol of Shapiro and Stadtman (1970), aliquots were 

homogenized, at cold conditions, in 2 mL of 25 mM Tris-HCl (pH 6.4) buffer, 

supplemented with 10 mM MgCl2, 1 mM dithiothreitol (DTT), 10% (v/v) glycerol, 0.05% 

(v/v) Triton X-100 and 1% (w/v) insoluble PVPP. Afterwards, homogenates were 

centrifuged for 20 min at 15 000 g (4 ºC) and the SN collected and used for protein 

quantification (see above in 2.6.3) and GS assay. 

GS activity was determined by the transferase assay, based on a colorimetric assay, 

by recording the absorbance at 500 nm. Shortly, 50 µL of SN were combined with 50 µL 

of 6.4% (w/v) sodium arsenate (pH 6.4) and 400 µL of a reaction mixture (pH 6.4), 

composed of 100 mM Tris-HCl buffer, 12.5 mM L-glutamine, 6.3 mM hydroxylamine, 5 

mM MnCl2.4H2O and 2.3 µM adenosine 5′-diphosphate (ADP). In parallel, a blank tube 

was prepared, by substituting the SN by the extraction buffer. Afterwards, all tubes were 

incubated for 30 min, at 30 ºC and, then, the reaction was stopped by adding 500 µL of 

stop solution [2.6 (w/v) FeCl3, 4% (w/v) trichloroacetic acid (TCA) and 33% (v/v) HCl]. 

After measuring the absorbance, the activity of GS was calculated and expressed as 

nkat mg-1 of protein. 
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2.6.5. Evaluation of lipid peroxidation  

The membrane injury was evaluated in terms of lipid peroxidation (LP), by the 

quantification of malondialdehyde (MDA) content, according to Heath and Packer (1968). 

Frozen aliquots of roots and leaves ( 250 mg) were homogenized in 1.5 mL of 0.1% 

(w/v) TCA and centrifuged at 10 000 g for 5 min. Afterwards, 1000 μL of 0.5% (w/v) 

thiobarbituric acid (TBA) in 20% (w/v) TCA were mixed with 250 μL of SN. In parallel, a 

blank tube was prepared, by mixing 250 μL 0.1% (w/v) TCA instead of SN. Then, tubes 

were incubated at 95 ºC for 30 min and subsequently cooled on ice (15 min). After 

centrifugation (10 000 g; 15 min) the absorbance of each sample was recorded at 532 

and 600 nm. The obtained absorbance values at 600 nm were subtracted to the ones of 

532 nm, in order to minimize unspecific turbidity effects. The MDA content, expressed 

as nmol g-1 of fresh weight, was determined using the extinction coefficient of 155 mM-1 

cm-1. 

2.6.6. Quantification of ROS 

2.6.6.1. H2O2  

The quantification of H2O2 content was performed as previously described by Jana and 

Choudhuri (1982). Frozen plant samples of around 200 mg were homogenized, at RT, 

in 1.5 mL of 50 mM potassium phosphate (PK) buffer (pH 6.5). Then, samples were 

centrifuged for 25 min (6 000 g) and SN aliquots of 1 mL were mixed with 1 mL of a 

reaction solution containing 0.1% (w/v) TiSO4 in 20% (v/v) H2SO4. In parallel, a blank 

tube was also prepared, by mixing 1 mL of 50 mM PK buffer (pH 6.5) with 1 mL of the 

reaction solution. After vortexing all tubes for 15 sec, a new centrifugation was performed 

(6 000 g; 15 min) and, then, the absorbance at 410 nm of each sample was recorded. 

Using the extinction coefficient of 0.28 μM-1 cm-1, the content of H2O2 was calculated and 

expressed as mol g-1 of fresh weight. 

2.6.6.2. O2
.- 

The content of O2
.- was spectrophotometrically assayed following the procedures of 

Gajewska and Sklodowska (2007), by the reduction of the nitroblue tetrazolium (NBT) 

reagent. Briefly, equal and small pieces of leaves and roots (ca. 300 mg) were immersed 

and incubated in 3 mL of a solution composed of 0.01 M sodium phosphate (pH 7.8), 

0.05% (w/v) NBT and 10 mM NaN3 for 60 min in dark conditions. Posteriorly, 2 mL of this 

reaction solution were collected and transferred to new tubes. A new incubation at 85 ºC 
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took place for 15 min and the tubes were, subsequently, cooled on ice. Then, after 

vortexing the tubes and a brief centrifugation (15 sec; maximum speed), the absorbance 

at 580 nm of each SN was measured. The levels of O2
.-, represented by the reduction of 

the NBT, were expressed as the Abs580 nm h-1 g-1 of fresh weight. 

2.6.7. Total and non-protein thiols quantification 

The determination of total and non-protein thiols levels was accomplished by 

spectrophotometry, following the method of Zhang et al. (2009). In cold conditions (4 ºC), 

frozen aliquots of roots and leaves were homogenized in a mortar and a pestle with 

quartz sand and extraction buffer, containing 20 mM ethylenediaminetetraacetic acid 

(EDTA) and 20 mM ascorbic acid (roots: 200 mg/1mL of extraction buffer; leaves: 200 

mg/2 mL of extraction buffer). Next, all samples were centrifuged for 20 min at 12 000 g 

(4 ºC). After recovering the SN, part of it was used to determine the total thiols and other 

left to quantify the non-protein thiols.  

Regarding total thiols, 200 μL of SN were mixed with 960 μL of 200 mM Tris-HCl 

(pH 8.2) and 40 µL of 10 mM 5,5´-dithiobis(2-nitrobenzoic acid) (DTNB). The reaction 

mixture was incubated at RT for 15 min and, then, the absorbance (412 nm) of each 

sample was read.  

In order to quantify the non-protein thiol groups, 500 µL of SN were mixed with 500 

µL of 10% (w/v) sulfosalicylic acid, in duplicates, followed by an incubation at RT for 15 

min and a centrifugation at 3 000 g (4 ºC) for 15 min. Then, the SN of both tubes was 

recovered and mixed together. To each 500 µL of SN, 475 µL of 400 mM Tris-HCl (pH 

8.9) and 25 µL of DTNB were added. Color was allowed to develop for 5 minutes at RT 

and the absorbance was read at 412 nm.  

Total and non-protein thiol groups were calculated using the extinction coefficient of 

13 600 M-1 cm-1 and expressed as nmol g-1 of fresh weight. The protein thiol groups were 

estimated, by subtracting the non-protein to the total thiol groups. 

2.6.8. Cell death histochemical detection 

In order to detect possible changes in barley’s cellular viability in response to nano-NiO 

and AC, the second and third leaf of each plant were immersed in a 0.25 % (w/v) Evans 

Blue solution during 24 h (Romero-Puertas et al., 2004). Posteriorly, leaves were 

incubated in boiling 96% (v/v) ethanol to remove the pigments. At this point, cell death, 

stained as blue spots on leaves, was photographically recorded using a digital camera. 

Then, leaves were cut in small and equal pieces and incubated in a solution of 1% (w/v) 

sodium dodecyl sulfate (SDS) in 50% (v/v) ethanol, for 18 h at 50 ºC, in order to solubilize 
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the dye agent. After this period, the absorbance of each sample was recorded at 600 nm 

and the results expressed as Abs600 nm g-1 of fresh weight. 

2.6.9. Extraction and quantification of AOX metabolites 

2.6.9.1. Proline  

The evaluation of Pro levels was performed according to the protocol described by Bates 

et al. (1973). In a mortar, containing some quartz sand, samples of plant material, 

previously frozen at -80 ºC, were homogenized in 3% (w/v) sulfosalicylic acid, in a 

proportion of 1 mL for 0.100 g of sample. The homogenates were centrifuged at 500 g 

for 10 min and, then, SN of each sample was collected. Subsequently, 200 µL of SN 

were combined with 200 µL of glacial acetic acid and 200 µL of acid ninhydrin (3 technical 

replicates/homogenate). All reaction mixtures were incubated at 96 ºC for 1 h and 

posteriorly cooled on ice. In order to extract the proline, 1 mL of toluene was added to 

each tube, followed by a vigorous vortexing (15 sec). After total separation of phases, 

the reddish upper one was collected to new tubes and its absorbance at 520 nm was 

measured, using toluene as blank. 

The Pro content was estimated through a calibration curve, obtained by different 

solutions of known concentration of proline. Results were expressed as µg g-1 of fresh 

weight. 

2.6.9.2. Ascorbate – reduced and oxidized forms 

Levels of reduced and oxidized AsA were quantified by spectrophotometry, based on α-

α'-bipyridyl-based colorimetric assay (Gillespie and Ainsworth, 2007). 

Aliquots from both roots and leaves were homogenized, on ice, in 6% (w/v) TCA and 

centrifuged, at 4 ºC and 6 000 g, for 5 min. Then, 100 µL of SN were mixed with 50 µL 

of 75 mM PK buffer (pH 7.0). In parallel, two blank tubes were prepared (one for total 

ascorbate and another for AsA), by replacing the SN for 6% (w/v) TCA. These reaction 

mixtures were used for the estimation of total and reduced ascorbate contents.  

For the total ascorbate assay, reaction mixtures were combined with 50 µL of 10 

mM DTT and incubated at RT for 10 min, in order to reduce the pool of oxidized AsA. 

Then, 50 µL of 0.5% (w/v) N-ethylmaleimide (NEM) were added to remove the excess of 

DTT. In contrast, to quantify the reduced ascorbate, the exact volumes of DTT and NEM 

were substituted by adding 100 µL of dd-H2O to the respective tubes. 

Afterwards, all assay tubes were supplemented with 250 µL of 10% (w/v) TCA, 200 

µL of 43% (v/v) H3PO4, 200 µL of 4% (w/v) 4,4'-bipyridyl (BIP) and 100 µL of 3% (w/v) 
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FeCl3, vigorously shaken and subsequently incubated for 1 h at 37 ºC. Then, the 

absorbance at 525 nm of each sample was recorded.  

The concentration of both total and reduced ascorbate was estimated through a 

calibration curved, obtained by the above described protocol and prepared with known 

concentrations of AsA. DHA was calculated as the difference between the content of 

total ascorbate and AsA. Total ascorbate, AsA and DHA levels were expressed in terms 

of μmol g-1 of fresh weight. 

2.6.10. Extraction and quantification of AOX enzymes 

2.6.10.1. Extraction procedure 

Samples of plant material (ca. 0.5 g), stored at -80 ºC, were homogenized, on ice, with 

some quartz sand and 2 mL of extraction buffer, containing 100 mM PK (pH 7.3), 8% 

(v/v) glycerol, CompleteTM, Mini, EDTA-free – protease inhibitor cocktail tablets (1.4 

tablets/10 mL extraction medium), 1 mM  PMSF, 1 mM EDTA, 5 mM L-ascorbic acid and 

1% (w/v) PVPP. The extracts were centrifuged, at 4 ºC, for 25 min at 16 000 g and the 

resulting SN were divided into aliquots, used for protein quantification (see 2.6.3.) and 

enzyme activity assays. Regarding specifically SOD activity assay, SN aliquots were 

combined with NaN3 and glycerol to final concentrations of 10 μM and 40% (v/v), 

respectively. 

2.6.10.2. SOD activity assay 

The total activity of SOD was quantified by spectrophotometry, based on the inhibition of 

the photochemical reduction of NBT, following the protocol of Donahue et al. (1997). For 

each sample, an appropriate volume of extract (50 μg of protein) was added to a reaction 

mixture containing 100 mM PK (pH 7.8), 0.093 mM EDTA, 12.05 mM L-methionine, 

0.0695 mM NBT and 0.0067 mM riboflavin in a final volume of 3 mL. The enzymatic 

reaction was started by adding the riboflavin to the tubes, which were immediately placed 

under 6 fluorescent 8W lamps for 10 min. After this period, the light source was removed 

in order to stop the reaction. In parallel, for each sample, a blank tube was prepared by 

replacing the protein extract by the homogenization buffer. After recording the 

absorbance of each sample at 560 nm, SOD activity was expressed as units of SOD mg-

1 of protein, in which one SOD unit corresponds to the amount of enzyme that inhibits by 

50 % the photochemical reduction of NBT at 560 nm. 
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2.6.10.3. APX activity assay 

APX activity was quantified according to Nakano and Asada (1981), with slight 

modifications. The assays were performed in a UV-microplate well and in a final volume 

of 200 µL. Briefly, in each well, 170 µL of 50 mM PK buffer (pH 7.0), containing 0.6 mM 

AsA, were mixed with 20 µL of protein extract and 10 µL of 254 mM H2O2. The same 

procedure was followed to prepare a blank, in which the protein extract was replaced by 

the extraction buffer. Afterwards, the UV-microplate was shaken for 5 sec and the AsA 

oxidation, at 290 nm, was monitored in intervals of 10 sec over 1 min. The total activity 

of APX was calculated using the AsA extinction coefficient of 0.49 mM-1 cm-1 and 

expressed as μmol oxidized AsA min-1 mg-1 of protein. 

 

2.6.10.4. CAT activity assay 

The quantification of CAT activity was performed in roots and leaves, following the 

protocol of Aebi (1984) with slight modifications. As in APX, all procedures were 

executed in a final volume of 200 µL and in a UV-microplate. Basically, 160 µL of PK 

buffer (pH 7.0) were combined with 20 µL of sample and 20 µL of 100 mM H2O2. After 

shaking the UV-microplate for 5 sec, the rate of H2O2 degradation was followed over 30 

sec, in 5-sec intervals, at 240 nm. Based on the Lambert-Beer law, and knowing that 

H2O2 extinction coefficient is 39.4 mM-1 cm-1, CAT activity was determined and expressed 

as nmol H2O2 min-1 mg-1 of protein. 

 

2.7. Expression profile of AOX enzymes – SOD, CAT and APX 

2.7.1. RNA extraction and cDNA synthesis 

Total RNA from both root and leaf tissues was extracted and used to quantify the 

expression of specific genes using quantitative PCR analysis. 

RNA extraction, isolation and purification was performed using the NZYol reagent 

(NZYTech®, Portugal), following the instructions of the manufacture. Briefly, aliquots of 

around 100 mg were mixed with 1 mL of NZYol, vigorously vortexed by 3 min and 

centrifuged at 12 000 g for 10 min (2-8 ºC). In order to allow the phase separation, an 

incubation at RT for 5 min was performed and, then, 200 µL of chloroform were added 

to each tube, followed by a new incubation (RT; 2-3 min) and centrifugation (12 000 g; 

15 min; 2-8 ºC). After this process, the aqueous phase was carefully transferred to new 
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Eppendorf tubes and the RNA was precipitated by adding 500 µL of cold isopropyl 

alcohol. Once again, tubes were incubated at RT for 10 min and subsequently 

centrifuged at 12 000 g for 10 min (2-8 ºC). Posteriorly, SN was removed and the pellet 

washed with 1 mL of 75% (v/v) ethanol, followed by a new centrifugation for 10 min at 

7 500 g. Then, the pellet was air-dried and re-suspended in 40 µL of RNase free water 

and 1 µL of Ribolock RNase Inhibitor. In order to avoid genomic DNA contamination, 

each sample was treated with NZY DNase I (NZYTech®,Portugal). After this, RNA was 

once again precipitated, washed with ethanol and re-suspended in RNase free water.  

Posteriorly, after RNA quantification and assessing its integrity by agarose gel 

electrophoresis, cDNA synthesis was performed with SuperScript® IV Reverse 

Transcriptase (ThermoFisher Scientific®), following the manufacture’s guidelines. The 

reactions were performed in a final volume of 20 µL, using the R9 primer (5’-CCA GTG 

AGC AGA GTG ACG AGG ACT CGA GCT CAA GCT TTT TTT TTT TTT TTT-3’), which 

contains a poly-T region to anneal to the template RNA. Afterwards, cDNA solutions 

were diluted (1:10) and used in quantitative PCR analysis. 

 

2.7.2. q-PCR amplification  

The transcript levels of the main AOX enzymes (HvSOD, HvCAT1, HvCAT2 and HvAPX) 

was analyzed by monitoring their expression rate with quantitative real time PCR, 

performed in a CFX96 Real-Time Detection System (BioRad®, Portugal). All reactions 

were performed in triplicate using SsoFast™ EvaGreen®Supermix (BioRad®, Portugal). 

In order to allow the normalization of gene expression, HvACTIN was used as the internal 

control. The PCR conditions consisted of an initial denaturation at 95 ºC for 3 min, 

followed by 40 cycles (95 ºC for 30 sec; 58 ºC for 45 sec; 72 ºC for 45 sec).  

The obtained data was analyzed by CFX Manager Software (BioRad®, Portugal) and 

the quantification of mRNA levels was achieved by applying the 2ΔΔCt method of Livak 

and Schmittgen (Livak and Schmittgen, 2001). All primer pairs used in all q-PCR 

reactions are listed in Table 1, as well as their melting temperature (Tm) and amplicon 

size. 
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Table 1. Gene-specific primers used in q-PCR analysis. 

Gene name 
Acession 

number 

 

Primer sequence 

Tm 

(ºC) 

Amplicon 

(bp) 
Reference 

 

SOD (HvSOD) 

 

AK252295 

 

5'-CCGAAGATGAAATCCGCCA-3' 

5’-CGGCCAATGATTGAATGTGG-3' 

 

55.42/54.71 

 

126 

 

Shagimardanova et al., 

2010 

CAT1 (HvCAT1) U20777 

5-TGAAGTGCCTCTTGGAT-3’ 

5-AGACGGTGCCTTTGGGT–3’ 

 

50.41/57.01 373 Chen et al., 2010 

CAT2 (HvCAT2) U20778 
5’-CAAACTACCTGATGCTC-3’ 

5’-CTT CTC CCT CTT TCC AA-3’ 
47.04/47.94 191 Chen et al., 2010 

cAPX (HvAPX) AJ006358 

5’-CCTCATCGCCGAGAAGAA-3’ 

5’-TGTCCAGGGTCCCTCAAA-3’ 

 

54.30/55.77 466 Chen et al., 2010 

Actin (HvACTIN) AY145451 
5’-ATGTTTTTTTCCAGACG-3’ 

5’-ATCAAGCCAACCCAAGT-3’ 

44.75/51.41 149 Chen et al., 2010 

 

2.8. Statistical analysis 

All biometric, biochemical and molecular measurements were, at least, carried out in 

triplicate for each replica (in a total of 3 replicas for each parameter) and the results 

expressed as mean ± standard deviation of the mean (STDEV).  

Regarding the ecotoxicological assays with increased concentrations of nano-NiO 

and AC, in attempts to discriminate differences between each tested-concentration and 

the control, and after checking the homogeneity of variances by using the Levene’s test, 

a one-way ANOVA was performed, followed by a Dunnet post-hoc test, when significant 

differences were recorded (p < 0.05). Since one-way ANOVA is regarded as a robust 

and strong analysi,s parametric tests were always used instead of nonparametric tests 

(Zhar, 1996). The statistical analysis was accomplished by using the software 

GraphPad® Prism 6 (GraphPad Software Inc.,USA). The calculation of ECx (effective 

concentration for a x% of effect) values, and the corresponding 95% confidence limits, 

was performed using the nonlinear least squares regression model procedure by the 

Statistica software (version 13).  

Regarding the final growth trial, where plants were exposed to contaminants alone 

and in the presence of nano-SiO2, after checking variance homogeneity and performing 

a one-way ANOVA, Tukey’s multiple range tests were used for determining significant 

differences among means in nano-NiO and AC experiments. Once again, all statistical 

data was generated by GraphPad® Prism 6 (GraphPad Software Inc.,USA).  
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3. RESULTS 

In this section, statistical results of ANOVA analysis for each evaluated parameter are presented 

in Tables 1, 2, 3 and 4, found in Annex I. 

3.1. Ecotoxicity of nano-NiO and AC to barley plants 

In this study, we firstly aimed to determine the ecotoxicological relevance of nano-NiO 

and AC to H. vulgare. With this purpose, and also in order to select the proper 

concentrations of nano-NiO and AC to be tested in the final assay, an independent 

experiment was designed and performed, in which barley plants were cultivated in the 

presence of increasing concentrations of each contaminant.  

3.1.1. Characterization of nano-NiO by TEM analysis 

As can be seen in Figure 7, nano-NiO are nearly spherical, with an irregular surface, and 

despite some smaller nanoparticles were present (< 100 nm), overall the nanomaterial 

showed a maximum size between 100 nm in all the dimensions, corroborating the 

manufacture's information. However, although this NM has tendency to aggregate when 

suspended in water (Nogueira et al., 2015), the aggregation observed in the figure was 

likely caused by the preparation of the grids for TEM observations. 

 

Figure 7. Transmission electron microscopy (TEM) images of nano-NiO. 
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3.1.2. Effects of nano-NiO and AC on germination and seedling growth  

The exposure of H. vulgare to increasing concentrations of nano-NiO and AC did not 

affect seed germination, since no significant differences were found among all tested 

concentrations and the control situation. 

However, as can be seen in Figure 8, seedlings growing in the presence of different 

nano-NiO and AC concentrations resulted in a significant inhibition of root elongation, 

with increasing concentrations of both contaminants. It is also evident that nano-NiO 

induced a more pronounced response than AC, with lower ECx and LOEC values 

(Tables 2 and 3). 

3.1.3. Effects of nano-NiO and AC on biometric parameters of soil-grown 

barley 

After screening the potential toxicity of both contaminants on barley seedlings 

development during 5 days, barley plants were cultivated in OECD soil for 14 days, 

testing the same doses of nano-NiO and AC.  

After 14 days of growth, the exposure of barley to increased concentrations of nano-

NiO and AC led to a significant decrease in root length (Figure 8). However, likely to what 

was reported for Petri plate assay, nano-NiO exhibited a more pronounced negative 

effect than AC. 

Furthermore, as shown in Figure 9 and 10, the exposure of barley plants to each 

contaminant induced a decrease in biomass production of both organs, even though 

different patterns between nano-NiO and AC on fresh and dry weight of seedlings have 

been observed.  

Figure 8. Root length of barley plants exposed to different concentrations of nano-NiO and AC for 14 days in OECD 

soil (a) and for 5 days in Petri plates (b). Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant 

statistical differences from control at p ≤ 0.05. 
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Relatively to nano-NiO, as the Figures 9 and 10 suggest, a strong adverse effect on 

biomass production was recorded in roots and leaves, especially for leaves fresh weight 

(Table 2). Also, the development of toxicity symptoms (data not shown) in nano-NiO-

treated leaves was observed. Regarding AC experiment, significant differences were 

only detected for higher concentrations of the contaminant in both roots and leaves, 

being roots the most sensitive organ (Figure 9 and 10) (Table 3).  

Based on these results, and considering the lowest EC50 value for each contaminant, 

the concentrations of 120 and 400 mg kg-1 of nano-NiO and AC, respectively, were 

selected for the further experiments (Tables 2 and 3), since these concentrations induced 

significant macroscopic toxic effects, without completely compromising plant 

development and biomass production. 

Figure 9. Roots’ fresh (a) and dry (b) weights of barley plants exposed to different concentrations of nano-NiO and 

AC for 14 days in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical 

differences from control at p ≤ 0.05. 

Figure 10. Leaves’ fresh (a) and dry (b) weights of barley plants exposed to different concentrations of nano-NiO 

and AC for 14 days in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant 
statistical differences from control at p ≤ 0.05. 
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Table 2. Summary of ecotoxicological data obtained for nano-NiO experiment. Concentrations, and corresponding 95% 

confidence intervals, are expressed as mg kg-1 of soil, excepting in Petri dish assays, where values are expressed as mg 
L-1. 

 

 

 

 

Table 3. Summary of ecotoxicological data obtained for AC experiment. Concentrations, and corresponding 95% 

confidence intervals, are expressed as mg kg-1 of soil, excepting in Petri dish assays, where values are expressed as mg 
L-1.  
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3.1.4. Effects of nano-NiO and AC on physiological and redox status of soil-

grown barley 

In attempts to gain a better insight about the possible mechanisms underlying nano-NiO- 

and AC-induced phytotoxicity, the levels of photosynthetic pigments were quantified and 

the occurrence of oxidative stress was evaluated, by estimating O2
.- and H2O2 content, 

as well as lipid peroxidation (LP) and cell death. 

As shown in Figure 11, excess of nano-NiO induced a clear negative response in 

photosynthetic pigments, since a significant reduction of both chlorophylls and 

carotenoids contents was observed. When comparing the two photosynthetic pigments, 

Table 2 suggests that carotenoids represent a more sensitive biomarker than 

chlorophylls for nano-NiO-mediated stress. In opposite to this situation, the exposure of 

H. vulgare up to 1000 mg kg-1 of AC did not affect neither total chlorophyll nor carotenoids 

content. 

The lipid peroxidation damage was measured in terms of MDA content in leaves of 

barley plants treated and non-treated with the different concentrations of each 

contaminant.  

When nano-NiO-treated plants are concerned, significant changes from the CTL were 

observed for all tested-concentrations (Figure 12). 

Plants grown under the exposure to increasing doses of AC exhibited higher values 

of MDA than the control situation (Figure 12). For the three lowest concentrations (87.8, 

131.7 and 197.5 mg kg-1soil) a tendency for decreased lipid peroxidation levels was 

found, although levels were always higher than the CTL. Regarding the four higher AC 

Figure 11. Total chlorophylls (a) and carotenoids (b) in leaves of barley plants exposed to different concentrations 

of nano-NiO and AC for 14 days in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates 
significant statistical differences from control at p ≤ 0.05. 
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concentrations (296.5, 444.4, 666.7 and 1000 mg kg-1 soil), a gradual increment in MDA 

content was noticed.  

 

As can be seen in Figure 13a, the levels of O2
.- were increased in response to AC 

treatments, even in the lowest applied dose. Regarding nano-NiO experiment, the same 

pattern was observed, with higher values of this ROS in all tested-concentrations 

relatively to the CTL, in a dose-dependent manner (Figure 13a). 

The exposure of barley to AC did not affect the total content of H2O2, since no 

significant differences were found between the applied doses and the CTL situation 

Figure 12. MDA content in leaves of barley plants exposed to different concentrations of nano-NiO and AC for 14 

days in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical 
differences from control at p ≤ 0.05. 

 

 

Figure 13. O2
.- (a) and H2O2 (b) content in leaves of barley plants exposed to different concentrations of nano-NiO and AC for 14 days 

in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p ≤ 

0.05. 

 

a) 
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(Figure 13b). On the other hand, nano-NiO affected the production of H2O2, but, as 

displayed in Figure 13b, it was not observed a consistent response among treatments. 

The ratio between O2
.-/H2O2 was changed in response to both nano-NiO and AC 

treatments (Figure 14). Regarding nano-NiO experiment, higher values of O2
.-/H2O2 in all 

tested-concentrations were found relatively to the CTL, in a dose-dependent manner 

(Figure 14), except for the highest concentration where a decreasing tendency was 

observed. The application of sequential doses of AC to soil-grown barley also resulted 

in an increase of this proportion for all the tested concentrations (Figure 14).  

Figure 14. O2
.-/H2O2 ratio  in leaves of barley plants exposed to different concentrations of nano-NiO and 

AC for 14 days in OECD soil. Data presented are mean   STDEV (n ≥ 3). * above bars indicates significant 
statistical differences from control at p ≤ 0.05. 

 

 

Figure 15. Cell death staining and quantification in leaves of barley plants exposed to different concentrations of 

nano-NiO for 14 days in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant 
statistical differences from control at p ≤ 0.05. 
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Cell death was analyzed by histochemical detection, along with spectrophotometry in 

leaves of barley plants treated and non-treated with the different concentrations of each 

contaminant (Figures 15 and 16). An increase in cell death of barley leaves was 

observed for all tested-concentrations of both nano-NiO and AC, in a concentration-

dependent manner (Figures 15 and 16). 

 

 

 

  

Figure 16. Cell death staining and quantification in leaves of barley plants exposed to different concentrations of 

AC for 14 days in OECD soil. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant 
statistical differences from control at p ≤ 0.05. 
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3.2. Effects of nano-SiO2 on the tolerance of barley under 

nano-NiO and AC stress 

After selecting nano-NiO and AC concentrations, four concentrations of nano-SiO2 were 

applied alone and in the presence of each contaminant to select the dose with great 

potential for ameliorating the toxic effects of the other contaminants. 

3.2.1. Characterization of nano-SiO2 by TEM analysis 

As can be seen in Figure 17, nano-SiO2 showed a spherical shape and, overall, the 

nanomaterial showed a medium size of around 25 nm, corroborating the manufacture's 

information. Furthermore, as reported for nano-NiO, a great tendency for nano-SiO2 to 

form aggregates was also observed. 

 

3.2.2. Selection of nano-SiO2 concentration  

Results displayed in Figure 18 show that the treatment of plants with increased 

concentrations of nano-SiO2 did not change the root length in any experimental 

condition, since no statistical significance was found. 

 

 

 

Figure 17. Transmission electron microscopy (TEM) images of nano-SiO2. 
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Figure 18. Root lenght of barley plants exposed for 14 days in OECD soil to constant concentrations of nano-NiO and 

AC, each one mixed with a range of concentrations of nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above 

bars indicates significant statistical differences from control at  p ≤ 0.05. The control corresponds to the first light gray 
bar without nano-SiO2 and without both contaminants. 

Nano-SiO2 

(120 mg kg-1) 

(400 mg kg-1) 

Figure 19. Leaves’ fresh (a) and dry (b) weight of barley plants exposed for 14 days in OECD soil to constant concentrations of nano-NiO and AC, 

each one mixed with a range of concentrations of nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical 
differences from control at  p ≤ 0.05. The control corresponds to the first light gray bar without nano-SiO2 and without both contaminants. 

 

a) b) 

(mg kg-1) (mg kg-1) 

Nano-SiO2 

(120 mg kg-1) 

(400 mg kg-1) 

Nano-SiO2 

(120 mg kg-1) 

(400 mg kg-1) 

(mg kg-1) 
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In general, results regarding the biomass production revealed that nano-SiO2 co-

exposure did not change the inhibition caused by any of the contaminants (Figures 19 

and 20). However, especially for nano-NiO-treated plants, it was possible to observe that 

the treatment with 3 mg kg-1 nano-SiO2 somehow led to a better response in the analyzed 

endpoints (root length and leaves’ and roots’ biomass production), along with a reduction 

in macroscopic symptoms induced by nano-NiO (data not shown).  

 

 

 

 

By these reasons, the concentration of 3 mg kg-1 nano-SiO2 was selected to be used 

in the final assay in attempts to understand its possible role in mitigating nano-NiO- and 

AC-induced stress. Thus, in the final growth trial, barley plants were cultivated under six 

distinct experimental conditions, namely: CTL (only water was added to the soil), nano-

SiO2 (3 mg kg-1), nano-NiO (120 mg kg-1), nano-NiO (120 mg kg-1) + nano-SiO2 (3 mg kg-

1), AC (400 mg kg-1) and AC (400 mg kg-1)+ nano-SiO2 (3 mg kg-1). 

  

Figure 20. Roots’ fresh (a) and dry (b) weight of barley plants exposed for 14 days in OECD soil to constant concentrations of nano-NiO and AC, 

each one mixed with a range of concentrations of nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant 
statistical differences from control at  p ≤ 0.05. The control corresponds to the first light gray bar without nano-SiO2 and without both contaminants. 

b) a) 

(mg kg-1) (mg kg-1) 

Nano-SiO2 

(120 mg kg-1) 

(400 mg kg-1) 

Nano-SiO2 

(120 mg kg-1) 
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3.2.3. Biometric parameters and biomass production 

Results highlighted in Figure 21 showed that the exposure of barley to nano-NiO and AC 

did not affect root length, since no significant differences were found among all groups 

of plants. However, when looking to Figure 22, it is clear that 120 mg kg-1 nano-NiO led 

to the appearance of several phytotoxicity symptoms, manifested as foliar chlorosis and 

necrosis, along with a significant decrease of leaves’ length. However, these phytotoxic 

effects were partially recovered by nano-SiO2 co-application. On the other hand, 400 mg 

kg-1 of AC did not severely induced macroscopic toxicity signs and co-treatment with 

nano-SiO2 did not change this pattern. 
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Figure 21. Root length of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or 

AC (400 mg kg-1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates 
significant statistical differences from control at p ≤ 0.05. 

Figure 22. Macroscopic symptoms of nano-NiO toxicity in barley plants after 14 days of growth. Left: CTL plants; 
Center: nano-NiO plants; Right: nano-NiO + nano-SiO2 plants. 
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Biomass production was markedly affected by exposure of barley to both nano-NiO 

and AC (Figure 23). Indeed, when compared to the control and as expected, fresh weight 

of nano-NiO-treated plants was 40% and 54% lower in leaves and roots, respectively. 

However, nano-SiO2 co-application somehow reverted this situation, with lower 

reductions in fresh weight (leaves – 26%; roots – 38%) relatively to CTL plants (Figure 

23a). When dry weight is concerned, as shown in Figure 23b, the same pattern of fresh 

biomass production was recorded, with reductions of about 32% and 57% in nano-NiO 

treatment and 25% and 49% in nano-NiO + nano-SiO2 treatment in leaves and roots, 

respectively. 

Regarding AC experiment, changes in both fresh and dry weights were observed, 

regardless of the co-application of nano-SiO2 (Figure 23). Thus, fresh weight was 

reduced in response to AC stress in both leaves (22%) and roots (28%), relatively to the 

CTL; dry weight followed the same tendency, with reductions of about 22% in leaves and 

38% in roots. In summary, nano-SiO2 did not revert the significant reduction in both 

parameters caused by the contaminant. 

3.2.4. Ni quantification 

The accumulation of Ni in plant tissues was investigated after 14 days of growth. As seen 

in Figure 24, Ni content in CTL leaves and roots was < 0.01 mg g-1 plant materialdw. 

However, upon Ni exposure, a boost up to and 1.7- and 123-fold was found in leaves 

and roots, respectively. When plants were co-cultivated with nano-SiO2, a tendency for 
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Figure 23. Fresh (a) and dry (b) weight  of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-

1) with and without nano-SiO2. Bars without pattern – leaves; Bars with pattern – roots. Data presented are mean  STDEV (n ≥ 

3). * above bars indicates significant statistical differences from control at p ≤ 0.05. 

a) b) 
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slightly lower Ni levels in leaves was detected, but a higher content in roots was found 

(173-fold higher than the CTL). 

3.2.5. Photosynthetic pigments and chlorophyll fluorescence analysis 

As shown in Figure 25, only plants exposed to nano-NiO alone showed a significant 

reduction of about 16% in total chlorophylls relative to the control. Regarding 

carotenoids, no statistical differences were found among treatments. 

  

Figure 24. Ni content of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in OECD soil spiked 

with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and without 

nano-SiO2. Bars without pattern – leaves; Bars with pattern – roots. Data presented are mean  STDEV (n ≥ 3). * above bars 

indicates significant statistical differences from control at p ≤ 0.05. a above bars indicates significant statistical differences from 
control at p ≤ 0.05. 
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Figure 25. Total chlorophylls (a) and carotenoids (b) contents of barley plants cultivated for 14 days in OECD soil only moistened with water 
(CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-

1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from 
control at p  ≤ 0.05. 
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Figures 26 and 27 report the results obtained for Fv/Fm, PSII and electron transport 

rate (ETR). After adapting the second and third leaves for 20 min to the dark, results 

showed that nano-NiO induced a slight decrease in Fv/Fm , but the co-treatment with 

nano-SiO2 reverted this situation, reestablishing the values for those found in the CTL. 

Regarding AC, no significant changes were recorded for this parameter in both plants 

exposed to AC and to AC mixed with nano-SiO2.  

 

Figure 27. PSII (a) and ETR (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in OECD soil spiked 

with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and without nano-

SiO2. Data presented are mean   STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at P ≤ 0.05. b above 
bars indicates significant statistical differences from AC at p ≤ 0.05. 

a) b) 

Figure 26. Fv/Fm values of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in OECD soil spiked with nano-

SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and without nano-SiO2. Data 

presented are mean   STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at P ≤ 0.05. a above bars indicates 
significant statistical differences from nano-NiO at p ≤ 0.05. 
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After measuring the Fv/Fm, plants were adapted to light conditions for 10 min in order 

to evaluate the PSII and the ETR. As seen in Figure 27, the two parameters revealed 

an identical response among all treatments, with nano-NiO plants exhibiting an increase 

of 2%, relatively to the CTL, in both PSII and the ETR. Also, although no changes were 

recorded for plants under AC alone, a decrease of 3% was found for those treated with 

both AC and nano-SiO2. 

3.2.6. Nitrogen nutrition – GS and NR activity 

In order to assess if any of the treatments was interfering with the normal N nutrition, the 

activity of GS and NR was studied in both roots and leaves of barley plants.  

Regarding GS, differential responses were recorded between organs and 

contaminants (Figure 28). Indeed, in what concerns to nano-NiO, GS activity in leaves 

was positively affected (25%) by the presence of this nano-material, but no significant 

changes were found in roots. However, co-application of nano-SiO2 restored the GS 

activity levels to the ones of control in leaves. A higher activity of this enzyme was also 

observed in roots, with a rise of 53% and 60%, when compared to CTL and nano-NiO, 

respectively.  

Under AC stress, barley plants exhibited significant higher GS activity in leaves (AC: 

74%; AC + nano-SiO2: 83%), but not in roots, relatively to the CTL, regardless of being 

or not co-treated with nano-SiO2 (Figure 28).  

  

Figure 28. GS activity in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and 

without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p ≤ 
0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. 

a) b) 
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NR activity was always higher in roots than in leaves and the exposure of plants to 

nano-SiO2 alone resulted in a significant increase of NR activity in roots in relation to the 

CTL. As can be seen in Figure 29, nano-NiO induced a great boost in NR activity (2.4-

fold) relatively to the control, in leaves, with an even more pronounced rise upon nano-

SiO2 co-exposure (2.9-fold). Regarding roots, although so statistical differences were 

found, a tendency for nano-NiO to inhibit NR was recorded, being this effect partially 

recovered by nano-SiO2, with values around the CTL situation. However, no significant 

differences were recorded among treatments. 

Concerning AC, no changes were detected in leaves, but a decline in NR activity 

was found in roots (44%). Nano-SiO2 co-exposure changed the activity pattern of NR 

under AC stress, inducing a significant decrease of 27% in leaves and a significant 

increase of 48% in roots (Figure 29). 

3.2.7. Oxidative stress markers – LP, thiols (total and protein-bond), O2
.- 

and H2O2 

LP, evaluated by the quantification of MDA, was used as an oxidative stress marker. 

As Figure 30 suggests, 120 mg kg-1 soil nano-NiO led to a significant increase of about 

29% of LP levels in leaves, relatively to the control. However, this negative effect of nano-

NiO on LP was strongly ameliorated in plants co-treated with nano-SiO2, since similar 

values of LP were found in plants from both control nano-NiO + nano-SiO2 treatments. 

Regarding roots, no statistical differences were found. 
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Figure 29. NR activity in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and 

without nano-SiO2.  Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p ≤ 

0.05. b above bars indicates significant statistical differences from AC at p ≤ 0.05 

a) b) 
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On the other hand, AC did not significantly change the levels of MDA neither in roots 

or leaves, though co-treatment with nano-SiO2 resulted in a decrease of 31% of MDA in 

roots relative to the CTL (Figure 30). 

  

Figure 30. MDA content in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 
OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and 

without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant stat istical differences from control at p ≤ 

0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05 

a) b) 

Figure 31. Total thiols levels in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), 
in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with 

and without nano-SiO2.  Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at 
p ≤ 0.05. b above bars indicates significant statistical differences from AC at p ≤ 0.05. 

a) b) 
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The effects of nano-NiO and AC on total and protein-bond thiols are represented in 

Figures 31 and 32. 

As can be seen, the cultivation of plants in the presence of nano-NiO alone led to a 

reduction of about 13% in leaves’ total thiols. However, in roots, the opposite behavior 

was detected, with a rise of 88% and 112% in response to nano-NiO alone and co-treated 

with nano-SiO2, respectively and in relation to the control. Regarding AC treatments, no 

changes were found in response to AC single exposure, but an increase of about 24% 

(relatively to AC alone) and 120% (relatively to control) was recorded upon nano-SiO2 

treatment in leaves and roots, respectively. 

In relation to protein-bond thiols, in leaves, no significant changes from the control 

situation were found, although co-treatment of nano-NiO with nano-SiO2 led to an 

increase of 14% relatively to nano-NiO alone. In roots, the same pattern of total thiols 

was observed, with statistical differences in nano-NiO (increase of 106%) and nano-NiO 

+ nano-SiO2 (increase of 134%) plants, along with a rise of 161% in plants grown in the 

presence of both AC and nano-SiO2, relatively to the control (Figure 32).  

 

  

Figure 32. Protein-bond thiols levels in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water  
(CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-

1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from 

control at p ≤ 0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. 

a) 
b) 
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Obtained data for O2
.- quantification, documented in Figure 33, showed that 

significant changes were recorded in both leaves and roots of barley plants. Upon nano-

SiO2 application alone, levels of this ROS were higher than those of CTL, though 

statistical differences were only found in leaves. 

In what concerns nano-NiO, a strong rise of O2
.- content was found in both studied 

organs (77% in leaves and 136% in roots). As a result of nano-SiO2 co-application, 

although foliar levels of O2
.- suffered an increase of 116% relatively to CTL, no statistical 

differences were recorded in roots, with values around those of CTL situation. 

Regarding AC exposure, while in leaves a strong rise of O2
.- content was found 

regardless of the co-application of nano-SiO2, no changes were recorded in roots 

relatively to the CTL situation. 

As Figure 34 reports, the content of H2O2 showed differential responses between 

organs and experimental conditions, being always higher in leaves than in roots.  

Thus, although nano-NiO did not induce a rise in H2O2 levels, upon nano-SiO2 co-

application, barley plants exhibited a decline of 14% in H2O2 content of leaves, relatively 

to the CTL.  

Regarding AC, no statistical significance was found in leaves, while in roots AC led 

to an increase of around 35%, independently of being or not co-applied with nano-SiO2 

(Figure 34). 

  

Figure 33. O2
.- levels in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and 

without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p ≤ 

0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. 

a) b) 
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3.2.8. Non-enzymatic AOX system – Pro and AsA 

As reported in Figure 35, Pro content was increased in response to nano-NiO excess, 

with a rise of 3.5-fold and a decline of 0.4-fold in leaves and roots, respectively compared 

to the CTL. However, upon nano-SiO2 co-treatment, Pro levels were restored to the ones 

of CTL plants in both organs. Regarding AC stress, a marked increase in Pro levels was 

detected in leaves (by about 80%), but no significant changes were recorded in roots. In 

this case, the co-application of nano-SiO2 also resulted in an increase of about 100% in 

leaves, although in roots a reduction of proline levels (around 30%) was found compared 

to AC-treated plants. However in both AC treatments no significant differences from the 

roots of CTL plants were recorded.  

  

Figure 34. H2O2
 levels in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and 

without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p ≤ 

0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. 

a) b) 
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The results regarding total ascorbate, AsA and DHA contents are represented in 

Figure 36 and Table 4.  

 As can be seen, no significant changes in the total pool of ascorbate were recorded 

in leaves. However, a strong tendency for nano-NiO-exposed plants to show decreased 

levels of ascorbate was noticed, being this negative effect reverted upon nano-SiO2 co-

treatment. When roots are concerned, a decline in this parameter was detected among 

all experimental conditions, with an inhibition effect up to 40%, which was not reverted 

by the co-treatment with nano-SiO2 (Figure 36). 

Figure 35. Proline levels in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), in 

OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and 

without nano-SiO2.  Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p  ≤ 

0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. b above bars indicates significant statistical 

differences from AC at p ≤ 0.05. 

a) b) 

Figure 36. Total ascorbate content in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water 
(CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-

1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from 
control at p ≤ 0.05.  

a) b) 
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Table 4. Relative content of AsA and DHA in leaves and roots of barley plants cultivated for 14 days in OECD soil only 

moistened with water (CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with 

nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * 

above bars indicates significant statistical differences from control at p ≤ 0.05. a above bars indicates significant statistical 
differences from control at p ≤ 0.05.  

  Leaves Roots 

  AsA/Total DHA/Total AsA/Total DHA/Total 

CTL 
 
0.97 ± 0.011 

 
0.049 ± 0.0061 0.41 ± 0.028 0.59 ± 0.028 

nano-SiO2 
 
1.03 ± 0.047 

 
0.037 ± 0.0035 0.41 ± 0.029 0.59 ± 0.029 

nano-NiO 

 

0.92 ± 0.0053 

 

0.080 ± 0.0053 * 0.45 ± 0.031 0.55 ± 0.031 

nano-NiO + nano-SiO2 
 
0.97 ± 0.0047 

 
0.029 ± 0.00039 *a 0.43 ± 0.020 0.56 ± 0.020 

AC 
 
0.96 ± 0.0051 

 
0.044 ± 0.0051 0.33 ± 0.012 0.67 ± 0.011 

AC + nano-SiO2 

 

0.93 ± 0.0078 

 

0.063 ± 0.0032 0.33 ± 0.021 0.67 ± 0.021 

 

 Regarding the relative content of AsA, no statistical significant differences were 

found among all the groups of plants, neither in leaves nor roots (Table 4). However, a 

marked increase of DHA relative content was found in leaves of nano-NiO-treated plants 

(by 60%), effect that was significantly attenuated by the co-application of nano-SiO2, with 

a decline of 64% when compared to plants exposed to nano-NiO alone. In roots, no 

differences were found (Table 4). 

3.2.9. Enzymatic AOX system – SOD, CAT and APX 

 

Figure 37. Total soluble protein content in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with 
water (CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 

mg kg-1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences 
from control at p ≤ 0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. b above bars indicates significant 
statistical differences from AC at p ≤ 0.05.  

 

a) b) 
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Aiming to understand the involvement of the enzymatic AOX system, the activity of SOD, 

CAT and APX was measured in leaves and roots of barley plants and expressed per mg 

of soluble protein. 

 The levels of soluble protein are represented in Figure 37. As can be seen, a rise in 

protein content was found among all experimental treatments, with increases up to 28% 

in leaves and 49% in roots. 

 

 As shown in Figure 38, leaves of barley plants exposed to high levels of nano-NiO 

and AC exhibited a significant increase in SOD activity. The activity of this enzyme was 

kept significant high in leaves when this drug was mixed with nano-SiO2. Regarding 

roots, only statistical significant differences were observed for plants grown under nano-

NiO, with a rise of 25% and 35% upon single exposure and nano-SiO2 co-exposure, 

respectively.  

 As Figure 39 suggests, the presence of high concentrations of nano-NiO induced a 

slightly increase in the total activity of CAT in leaves; furthermore, when plants were 

grown in soil spiked with the mixture of the metallic nanomaterial and nano-SiO2, a 

significant increase of 21% and 18% was found relatively to the nano-NiO and CTL 

exposed plants, respectively. In contrast, leaves of AC-treated plants showed a reduction 

in CAT activity levels of about 20%, regardless of the presence of nano-SiO2. Concerning 

roots, CAT activity was only detected in CTL and nano-SiO2-treated plants, as reported 

in Figure 39. 

  

Figure 38. Total activity of SOD  in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water 

(CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-

1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from 
control at p ≤ 0.05.  

a) b) 
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 As for CAT, APX activity of leaves was not affected by nano-NiO single exposure, 

but a significant increase of about 30% was detected in response to nano-SiO2 co-

treatment. No changes were noticed in barley leaves exposed to AC (Figure 40). 

 In what concerns roots, a strong positive effect of nano-NiO on APX activity was 

measured, with increases up to 78% under single exposure and 118% under co-

exposure with nano-SiO2. Regarding AC, only changes were recorded upon co-

treatment with nano-SiO2, with a rise of 63% and 47% in relation to the CTL and AC-

treated plants, respectively (Figure 40).  

Figure 39. Activity of CAT in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), 

in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with 

and without nano-SiO2. N.D – non-detected. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical 
differences from control at p ≤ 0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05.  

 

a) b) 

Figure 40. Activity of APX in leaves (a) and roots (b) of barley plants cultivated for 14 days in OECD soil only moistened with water (CTL), 

in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 mg kg-1) with 

and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3). * above bars indicates significant statistical differences from control at p 

≤ 0.05. a above bars indicates significant statistical differences from nano-NiO at p ≤ 0.05. b above bars indicates significant statistical 
differences from AC at p ≤ 0.05.  

a) b) 
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3.2.10. Expression profile of SOD, CAT and APX 

The transcript accumulation of SOD, CAT and APX was assessed by qPCR in leaves of 

barley plants (Figures 41 and 42). As can be seen, generally, nano-SiO2 stimulated the 

mRNA levels of the three studied enzymes when compared to the CTL situation. 

Upon nano-NiO stress, it was possible to observe an increase in transcripts of SOD, 

CAT1 and APX (up to 1.4-fold); however, when plants were co-exposed to nano-NiO and 

nano-SiO2, mRNA levels were reestablished to those of CTL plants. 

The exposure of barley to AC also resulted in a strong up-regulation of genes coding 

for SOD, CAT and APX, with rises up to 3.2-fold; however, the co-application with nano-

SiO2 reverted this patter, for levels similar to the control. 

a) b) 

Figure 41. Expression profile of SOD (a) and APX (b) in leaves of barley plants cultivated for 14 days in OECD soil only moistened with 
water (CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-NiO (120 mg kg-1) or AC (400 

mg kg-1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3).  

 

Figure 42. Expression profile of CAT1 (bars without pattern) and CAT2 (bars with pattern) in leaves of barley plants cultivated for 14 days in 
OECD soil only moistened with water (CTL), in OECD soil spiked with nano-SiO2 (3 mg kg-1) suspension and in OECD soil spiked with nano-

NiO (120 mg kg-1) or AC (400 mg kg-1) with and without nano-SiO2. Data presented are mean  STDEV (n ≥ 3).  
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4.  DISCUSSION 

4.1. Ecotoxicity of nano-NiO and AC to barley plants 

Currently, the responsible evaluation of different stress factors in plant’s development, 

growth and physiology is a matter of major importance. Thus, phytotoxicology is now an 

essential part of ecotoxicology research (Eullaffroy, 2013).  

In this section of the present work, focus was centered on the possible phytotoxicity 

significance of two different emerging contaminants (nano-NiO and AC) for soil-grown 

barley, at both organism and cellular levels. In attempts to achieve a deeper and more 

reliable analysis, different methodologies were combined and comparisons between 

endpoints evaluated on standard protocols and other physiological parameters were 

performed.  

Standard methods – biometric and growth-related parameters 

As sessile organisms, plants are constantly and directly exposed to contaminated soils 

since the early steps of germination throughout all of their life-cycle stages. Thereby, 

seed germination is often used to estimate pollution effects on plant organisms (Miralles 

et al., 2012). However, our results clearly showed that the application of both nano-NiO 

and AC did not affect this parameter, even at the highest tested concentration (1000 mg 

kg-1). In agreement with these data, several authors also reported the lack of 

sensitiveness of seed germination on ecotoxicological studies for both inorganic and 

organic compounds (An et al., 2009; Gavina et al., 2013; Bouguerra et al., 2016). Indeed, 

the potential risk of metals and other contaminants in the impairment of seed germination 

is highly dependent on their ability to reach embryogenic tissues, which are strongly 

protected by seed coats, structures with differential permeability to different types of 

substances (Seregin and Kozhevnikova, 2005; Akinci and Akinci, 2010).  

Together with the evaluation of the germination, it is also common to analyze 

parameters related to growth, since plant’s growth measurements are important 

bioassay endpoints to evaluate the toxicity of a specific compound (Kapanen and 

Itävaara, 2001; Adrees et al., 2015a) and its impacts on soil functions.  Here, barley 

plants were grown in OECD soil for 14 days with nano-NiO and AC at different 

concentrations, ranging from 87.8 to 1000 mg kg-1. In addition to the OECD standard 

assay, a parallel experiment was performed in Petri plates, where seeds were allowed 

to germinate and seedlings’ development was evaluated after 5 days. Although these 

experiences may not reflect the real conditions of plants exposure to contaminants, since 

their availability is expected to be higher than in the soil, we observed a good correlation 
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between the results from Petri plate’s and soil’s assay for nano-NiO, with very similar 

EC10, 20, 50 values between them. In what concerns AC, the same pattern was not 

observed and the EC10, 20, 50 were always lower in Petri plate’s assay than in the soil. In 

fact, even in soil substrate, the bioavailability of certain compounds can be changed in 

response to different soil properties. Particularly focusing on metals, it is widely accepted 

that soil pH and the presence of another ions, such as phosphate, can alter metal’s 

bioavailability, thus changing its possible effects on biota (Olaniran et al., 2013). Also, 

recent findings uncovered that phosphate and nitrogen can affect several xenobiotics’ 

availability in soil (Allison et al., 2013). Thus, it appears that these kind of approaches 

are highly species-, contaminant- and substrate-dependent and, by this reason, rather 

than exclude one or another, combined strategies could represent an advantage to risk 

assessment and, so, Petri dish assays could be useful for a first screening of the toxicity 

of new contaminants. Our results demonstrated that both tested contaminants, 

particularly nano-NiO, induced a marked decrease in root length. The reduction of root 

length is a common response of plants exposed to different types of stresses, including 

metals, like Ni. Although very few studies are available concerning the effects of nano-

NiO on plants, the inhibition of root growth as a consequence of Ni excess was detected 

in a wide range of plant species (see works reviewed by Hussain et al., 2013).  Regarding 

AC, An et al. (2009) found that the exposure of wheat plants to paracetamol negatively 

affected root elongation, with an EC50 of about 670 mg L-1. In accordance, based on the 

results of Petri plate’s assay, an EC50 of around 550 mg L-1 was estimated on root length, 

corroborating the previous results with wheat, which is also a monocotyledonous species 

like barley.  

Simultaneously with the reduction of root growth, the exposure of barley to nano-

NiO and AC induced a significant decrease in the biomass production of roots and 

leaves, evaluated in terms of both fresh and dry weights. Interestingly, for both 

contaminants and organs, fresh weight was always more sensitive than dry weight, with 

lower EC10, 20, 50 values. Moreover, it was clear that nano-NiO caused deleterious effects 

at lower concentrations that AC. However, we cannot completely assume that nano-NiO 

is more toxic than AC; indeed, it seems that AC-mediated toxicity is related to its 

degradation pathways in soil. According to Li et al. (2014), AC is rapidly degraded in soil, 

with microorganisms playing a central role in this process. Thus, we cannot exclude the 

hypothesis that AC may be being metabolized by soil microbial community and, by this 

reason, only higher concentrations led to negative effects on barley’s growth 

performance.  Actually, bearing in mind the different EC10, 20, 50 of AC in Petri plate and 

OECD soil assays, it is likely that in Petri plates assays the maintenance of aseptic 

conditions prevented AC degradation, aggravating its toxicity. 
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When plants are growing onto contaminated soils, the first main target of stress is 

the radicular system, reason why the evaluation of root responses can help us to 

understand the potential hazards of different contaminants. However, in many 

ecotoxicology studies with plants, the evaluation of root’s development and biomass is 

not considered. Here, we noticed a differential discriminatory power between roots and 

leaves growth in a contaminant-dependent manner, being the biomass of roots more 

sensitive than leaves for AC and less sensitive for nano-NiO. This fact might be related 

to the different chemical nature of AC and nano-NiO, as well as their possible effects on 

plant physiology. Indeed, although high levels of Ni are phytotoxic, this metal is regarded 

as an essential micronutrient for plant growth, and plants have specific translocation 

pathways for Ni. So, we can hypothesize that nano-NiO is absorbed by the radicular 

system and, then, translocated to leaves, as a protection mechanism for roots. This idea 

was also proposed by different authors and publications (see review by Yusuf et al., 

2011) and strengthened by the macroscopic phytotoxicity symptoms observed in our 

study in nano-NiO-treated leaves (data not shown). On the other hand, though AC is not 

found in normal plant metabolism, it is supposed that plants may possess an effective 

detoxification pathway for different xenobiotics, like AC (Bartha et al., 2010). Since there 

are no records regarding the toxic effects of this antipyretic drug on plant growth, we 

suggest that roots are the main targets of AC-mediated stress, although a marked 

decrease of leaves fresh and dry weight was also observed for high doses. Paired with 

this hypothesis, several studies with other organic contaminants, like fungicides and 

pesticides, also reported a decrease in plant biomass, particularly in roots (Tiyagi et al., 

2004; Parween et al., 2011; Teixeira et al., 2011; Yildiztekin et al., 2015). 

Physiological endpoints – photosynthetic pigments and oxidative stress 

markers 

As said before, one of the major objectives of this work was to assess if the inclusion of 

diverse biochemical endpoints could improve the sensitivity of ecotoxicological tests. 

Therefore, aiming to have a better insight about the effects of nano-NiO and AC on the 

physiological status of barley plants and of their mechanisms of action, the levels of 

photosynthetic pigments were quantified. Although no significant changes were found 

regarding AC treatments, a gradual decrease of both chlorophylls and carotenoids was 

reported in nano-NiO-exposed plants. Indeed, several references point out that Ni 

excess can lead to a lower photosynthetic pigments content (Lin and Kao, 2007; Ahmad 

et al., 2011; Dubey and Pandey, 2011; Soares et al., 2016), possibly due to a higher 

activity of chlorophyllase and/or inhibition of chlorophyll production (Ali et al., 2008). 

Moreover, it is known that Ni can replace the Mg ion in the chlorophyll molecule, leading 
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to a lower photosynthetic activity (Küpper et al., 1996). In general, when looking at the 

LOEC and EC10,20,50 values obtained, we can assume that the inclusion of photosynthetic 

pigments analysis did not contribute to a higher discriminatory evaluation of the potential 

risks of AC and nano-NiO. 

One of the main common characteristics of the exposure of plants to different kinds 

of stress, including soil pollution, is the induction of oxidative stress, by an overproduction 

of ROS (Gill and Tuteja, 2010; Sharma et al., 2012). Although ROS are continuously 

produced as a consequence of the aerobic and photosynthetic metabolism, an 

exacerbated rise in their production can trigger great damage to plant cells, leading, in 

last, to cell apoptosis (Gill and Tuteja, 2010). In this study, particular emphasis was given 

to different types of oxidative stress indicators, namely the content of O2
.- and H2O2, as 

well as lipid peroxidation and cell death histochemical detection.  

Although Ni is not considered a catalyst of the Haber-Weiss reaction, due to not 

being a redox-active metal, the relationship between Ni excess and the occurrence of 

oxidative stress in plants is well described in literature (Gomes-Junior et al., 2006; 

Gajewska et al., 2009; Yusuf et al., 2011; Hussain et al., 2013; Dourado et al., 2015; 

Soares et al., 2016). Here, in general, contents of both O2
.- and H2O2 were frankly 

increased by nano-NiO treatments. Indeed, even that large amounts of hydrogen 

peroxide can lead to toxic effects to plant cells, the role of this ROS as a signaling 

molecule is being progressively recognized, so its production can be also related to a 

mechanism of cell signaling (Sharma et al., 2012). Therefore, three hypotheses can be 

considered to explain the maintenance of H2O2 levels between CTL and stressed plants: 

this molecule could be used as an intracellular messenger, be efficiently removed by the 

AOX enzymatic system and/or react with O2
.- favoring the production of OH.. Regarding 

AC, as in nano-NiO situation, O2
.- was a more sensitive marker than H2O2. Despite the 

lack of information about AC possible effects on plant oxidative status, we can suggest 

that excess of this pharmaceutical triggers the production of O2
.-, which is usually the first 

ROS to be produced (Gill and Tuteja, 2010; Sharma et al., 2012; Gupta et al., 2015). In 

accordance to this hypothesis, Kummerová et al. (2016) reported an increase of ROS 

content, particularly O2
.-, in Lemma minor plants exposed to two drugs, one of which was 

AC.   

Among all ROS, hydroxyl radical (OH.), formed by the Haber-Weiss reaction, is the 

most dangerous oxygen-derived radical, inducing lipid peroxidation and substantial 

damages in several biomolecules (Gill and Tuteja, 2010). Additionally, it is directly 

associated to programed cell death (PCD) (Demidchik, 2015), once plant cells do not 

have any specific enzymatic reaction to eliminate this ROS. Thus, since both O2
.- and 

H2O2 are part of the Haber-Weiss reaction, with a 1:1 stoichiometry, the ratio between 
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these two ROS can gives us information about the potential production of OH . (Bowler 

et al., 1991). Accordingly, our results clearly showed that the exposure of barley to 

increased nano-NiO and AC concentrations resulted in a significant increase of this 

proportion throughout all treatments. Besides that, the lowest concentration (87.8 mg kg -

1) of each chemical induced a great boost in this ratio, suggesting that oxidative stress 

conditions are occurring even at the lowest concentrations tested.  

As a result of ROS overproduction, LP of biological membranes, at both cellular and 

organelle levels can occur. Consequently, high rates of lipid peroxides can, in turn, 

aggravate the cellular redox imbalance, being able to directly react with proteins and 

DNA (Sharma et al., 2012). The present work revealed, once again, that the soil 

application of sequential doses of AC and nano-NiO induced the occurrence of oxidative 

stress conditions, since LP remained always higher than CTL situation. These results 

are in accordance with different studies, conducted with several plant species exposed 

to diverse types of abiotic stress, which point out that the enhancement of LP is a 

common response of oxidative stress (see reviews by Gill and Tuteja, 2010; Sharma et 

al., 2012). Although in general, AC-treated plants showed a dose-independent increase 

of LP, we were very surprised that, for the first three applied concentrations, a gradual 

decrease of MDA content was noticed. Thus, we hypothesize that the exposure of barley 

to 87.8 mg kg-1 AC led to a cellular redox imbalance (higher O2
.-, MDA and cell death 

levels), but was not enough to elicit a response from the AOX system, thus enhancing 

LP; in turn, the application of 131.7 and 197.5 mg kg-1 resulted in a slightly decrease of 

MDA – though always higher than the CTL – which could be related to an efficient AOX 

system response. From this point on, MDA levels were increased again, possibly 

indicating that above 197.5 mg kg-1, AC negatively affects the plant AOX system 

performance. Moreover, as seen in the standard procedures, AC was more toxic at high 

concentrations, particularly above 400 mg kg-1. In accordance to the O2
.- and MDA 

contents, our study also revealed that nano-NiO and AC affected barley’s cell viability, 

even in the lowest tested concentration. Moreover, a dose-dependent response was 

observed for the two contaminants, with higher cell death values at the highest applied 

doses (666.6 and 1000 mg kg-1). It is widely accepted that cell viability, as well as cell 

death, can be affected by oxidative stress, since ROS are involved in different signaling 

pathways of programmed cell death (PCD) (Gupta et al., 2015; You and Chan, 2015). In 

fact, paired with our observations, Faisal et al. (2013) reported that the exposure of 

tomato to different concentrations of nano-NiO led to a higher percentage of apoptosis; 

also, using silver (Ag) nanomaterial, a rise in cell death was detected in roots of Alium 

cepa (Panda et al., 2011) and the same response was observed in barley exposed to 

increased concentrations of aluminum (Al) (Achary et al., 2012).  
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In opposite to the levels of photosynthetic pigments, the evaluation of different 

oxidative stress markers generally led to a higher sensitive analysis of the effects of 

nano-NiO and AC, relatively to the standard procedures. Actually, when comparing the 

standard methodologies and the biochemical determinations, it is clear that the latter 

have led to lower LOEC values, allowing a more secure risk evaluation, especially for 

AC, but also for nano-NiO. Indeed, for AC, all oxidative stress markers were more 

sensitive than the standard procedures, given the obtained LOEC and NOEC values, 

possibly indicating that AC is already interfering with the cellular oxidative status in the 

lowest applied doses. Regarding nano-NiO, though the standard procedures were also 

very sensitive, it was possible to perceive that the adverse effects of this nano-material 

on the first tested concentration (87.8 mg kg-1) were more notorious in the biochemical 

determinations, than in the biometric ones. In agreement with our findings, Gavina et al. 

(2013) also suggested that the inclusion of different physiological endpoints could 

improve the accuracy of ecotoxicological studies with plant species.  

4.2. Effects of nano-SiO2 on the tolerance of barley under nano-

NiO and AC stress 

One of the main goals of this study was to assess if the application of nano-SiO2 could 

positively affect barley’s tolerance to nano-NiO and AC, since this element is an essential 

nutrient (Taiz et al., 2015), directly involved in plant responses to stress. Thus, after 

unraveling the ecotoxicological and physiological effects of increased concentrations of 

nano-NiO and AC to barley, plants were once again exposed to both contaminants in the 

presence of nano-SiO2. 

Aiming to achieve a global approach, after the growth period, different biometric and 

physiological methodologies were applied in order to concretely understand the 

biochemical and molecular basis of nano-NiO- and AC-mediated stress, as well as the 

effects of nano-SiO2 co-application. 

Biometric and growth-related parameters 

As reported, the evaluation of different growth endpoints is a common tool to estimate 

the phytotoxic effects of different stress factors, including the presence of metals and 

xenobiotics. Our results clearly showed that the application of the sub-lethal dose of 

nano-NiO (120 mg kg-1) and AC (400 mg kg-1) negatively affected the normal growth of 

H. vulgare, inducing a decrease in root length along with a reduction in both fresh and 

dry weights of leaves and roots. Based on the previous ecotoxicological results and the 

available bibliographic data (An et al., 2009; Chen et al., 2009; Yusuf et al., 2011; 
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Hussain et al., 2013), these results were not a surprise and unequivocally indicate that 

both contaminants are interfering with the normal development of different organs of 

barley plants. Furthermore, and corroborating our previous data, nano-NiO seemed to 

have a more negative effect than AC, inducing a more marked decrease in growth-

related parameters, at a lowest concentration. It is well established that metal effects are 

primarily manifested by the inhibition of plant growth (Hussain et al., 2013). Actually, 

although Ni is an essential nutrient for plants, it easily becomes phytotoxic even in low 

amounts, affecting the growth and development of plants at multiple levels (Gomes-

Junior et al., 2006; Hussain et al., 2013). 

Over the recent decades, substantial efforts have been reinforced to develop new 

and eco-friendly tools to increase plant tolerance to stress, improving their growth traits 

and performance under adverse conditions. Here, the co-application of nano-SiO2 to the 

OECD soil did not statistically alter the negative effect of both nano-NiO and AC on 

barley’s growth performance. However, when analyzing the data of root length and 

biomass production of leaves and roots, a tendency for plants co-treated with nano-NiO 

and nano-SiO2 to exhibit higher values than those grown only in the presence of nano-

NiO was observed. In accordance with this observation, different studies have reported 

the beneficial effects of Si on improving the growth and yield of different plant species, 

especially those under metal stress (Ali et al., 2013; Bharwana et al., 2013; Farooq et 

al., 2013; Adrees et al., 2015b). Particularly focusing on Si nanomaterial, although there 

are only a few available records, it is suggested that nano-Si is also able to counteract 

the deleterious effects of abiotic stress, when used on its bulk form. Indeed, based on 

the findings of Tripathi et al. (2015), the exogenous application of nano-Si resulted in a 

higher tolerance of Pisum sativum to chromium (Cr) (IV) stress, improving plant biomass 

production; in addition, Wang et al. (2015) have also found that Si nanomaterial efficiently 

ameliorated Cd phytotoxicity in rice, increasing different growth-related parameters, such 

leaves’ and roots’ fresh weight. Given these findings, it was expected that nano-SiO2 co-

application would result in a higher improvement of barley’s growth when exposed to 

nano-NiO. However, it should be stressed out that there are no studies regarding the 

effects of nano-SiO2 application on plants exposed to other metallic nanomaterials, thus 

no extrapolations are possible without more studies. 

In what concerns AC-treated plants, to the best of our knowledge, there are no 

reports regarding the possible role of Si on mitigating AC-associated toxicity, neither 

other xenobiotic and/or organic pollutant. Nevertheless, we cannot exclude the 

hypothesis that nano-SiO2 is also able to mitigate the toxicity caused by AC excess only 

based on biometric parameters. 
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Ni accumulation pattern 

In parallel to the evaluation of several biometric parameters, the accumulation pattern of 

nano-NiO inside plant tissues was also investigated after 14 days of growth. As 

expected, the concentrations of Ni were higher in roots than in leaves. In agreement with 

this result, diverse studies with different plant species, including monocots, like Triticum 

aestivum and Eichhornia crassipes, and dicots, like Solanum nigrum L. and Lactuca 

sativa L., have already reported that Ni is preferentially accumulated into the radicular 

system (Gajewska et al., 2006; Gajewska and Skłodowska, 2008; Singh and Pandey, 

2011; González et al., 2015; Soares et al., 2016). It is possible that roots may serve as 

a barrier against Ni translocation to the aerial parts of the plant, possibly representing an 

efficient tolerance mechanism to avoid metal toxicity (Singh and Pandey, 2011).  

As reviewed by Liang et al. (2007), Si-mediated alleviation of metal toxicity can be 

related to its complexation, compartmentation or co-precipitation of metal ions and/or its 

ability to reduce metal’s uptake from roots. Here, our results clearly showed that the co-

exposure of barley to nano-NiO and nano-SiO2 resulted in a higher content of Ni in roots 

than in the roots of plants grown only in the presence of nano-NiO. Although several 

reports state that Si is able to reduce metal absorption as a tolerance mechanism, we 

suggest that nano-SiO2 is promoting Ni compartmentation and accumulation in roots, as 

a defense mechanism to prevent its translocation to leaves, instead of reducing Ni uptake 

by roots. Also, knowing that nanomaterials may have different uptake and transport 

mechanisms, it is possible that, in this particular study, nano-SiO2-mediated protection 

is related to an improvement of different metabolic adjustments and intracellular 

processes, instead of only limiting nano-NiO uptake and absorption. In agreement with 

this hypothesis, Ni concentrations in leaves were lower in plants co-treated with both 

nanomaterials, though generally these plants accumulated more Ni. Overall, when 

combining the results of biometric parameters and Ni content, it can be suggested that 

nano-SiO2 somehow reverted some phytotoxic effects of nano-NiO, despite the high 

accumulation of Ni by roots of barley plants.  

So far, only a few works explored the patterns of accumulation and distribution of 

organic pollutants in plant tissues. However, based on what has being described, it is 

acknowledged that plants are able to absorb xenobiotics, triggering several mechanisms 

for their translocation or retention in distinct organs, depending on the nature of the 

pollutant (Kumar et al., 2005; Herklotz et al., 2010; Eggen et al., 2011). More specifically 

to the case of AC, the first study that has addressed this issue was published by Huber 

et al. (2009), who tried to understand the mechanisms behind AC metabolism in plants. 

According to their results, root cells of horseradish (Armoracia rusticana) were able to 
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absorb the drug after a 3 h exposure; another more recent work, carried out with B. 

juncea plants, also came to the same conclusion, detecting AC in both roots and leaves 

of this species (Bartha et al., 2010). Due to time limitations and technical issues, it was 

not possible to determine the AC content in barley’s leaves and roots exposed to AC 

alone and in the presence of nano-SiO2. However, aiming to better understand the 

relationship between nano-SiO2 and AC absorption patterns, the estimation of its content 

in barley’s leaves and roots will be further performed. 

Photosynthetic activity 

Symptoms associated with the toxicity of different classes of pollutants, including 

nanomaterials and xenobiotics, can occur at different levels, affecting, among other 

essential processes, photosynthesis and all the photosynthetic machinery. Thus, aiming 

to determine the possible deleterious effects of nano-NiO and AC, as well as nano-SiO2-

mediated protection, the photosynthetic pigments were quantified, along with the 

chlorophyll fluorescence analysis. This technique is regarded as a non-invasive 

procedure, that allows the collection of data regarding the state of PSII and is becoming 

a very useful tool to understand the photosynthetic mechanisms of plants grown under 

diverse types of stress conditions (Murchie and Lawson, 2013).  

According to some bibliographic data, it is known that metals are able to negatively 

affect the photosynthesis, frequently inducing a reduction in the levels of photosynthetic 

pigments. Our results clearly showed that nano-NiO excess culminated in a decrease of 

total chlorophylls content, corroborating previous results for different plant species grown 

in the presence of Ni, such as S. nigrum and T. aestivum (Gajewska and Skłodowska, 

2007; Soares et al., 2016). Although there are no studies reporting the effects of nano-

NiO on photosynthetic machinery, the exposure of plants to other classes of metal-based 

nanomaterials suggest that their effects are much identical to their bulk materials. In this 

way, as discussed earlier, it is assumed that the detrimental effect of nano-NiO in 

photosynthetic pigments is essentially due to its action on the structure of thylakoid’s 

membranes and the grana, as well as the replacement of Mg ion by Ni (Yusuf et al., 

2011). 

Based on the results of chlorophyll fluorescence analysis, the presence of 120 mg 

kg-1 nano-NiO caused, once again, phytotoxic effects, since it was registered a reduction 

of the Fv/Fm, a parameter that quantified the maximum quantum yield of PSII activity 

(Murchie and Lawson, 2013). Indeed, according to Björkman and Demmig (1987), the 

value of Fv/Fm for unstressed plants should be around 0.83 and corresponds to the 

highest photosynthetic activity. Moreover, as a consequence of diverse stresses, Fv/Fm 

can decrease, indicating the occurrence of photoinhibition. Thus, this value is commonly 
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used to measure the magnitude of stress in photosynthesis and different studies have 

already state it as a robust indicator of stress for different plant species (Murchie and 

Lawson, 2013). Curiously, the evaluation of two other complementary parameters (ETR 

and PSII) led to ambiguous and contrasting results and two hypothesis can be set 

forward: 1) despite nano-NiO led to a decrease of photosynthetic pigments and lowered 

the values of Fv/Fm, barley plants could have developed a defense response to ensure 

the photosynthetic efficiency and, therefore, the ETR, as well as the photosynthetic 

efficiency, are superior to the control; 2) the exposure of control plants to dark conditions 

affected their fitness and, by this reason, ETR and PSII are diminished. In fact, in order 

to perform this assay, plants were kept in dark conditions for a significant period of time. 

Thus, knowing that the previous exposure to a certain type of stress can confer protection 

against other adverse conditions, it can be suggested that nano-NiO-treated plants 

responded better than control plants to this variation in their growth conditions, somehow 

camouflaging the obtained results. From the two advanced hypothesis, it is expected 

that the second is more plausible, given the results obtained for the photosynthetic 

pigments and Fv/Fm, as well as the various phytotoxic symptoms, such as chlorosis and 

necrosis, observed in the leaves of plants treated with nano-NiO. Paired with this 

supposition, it is widely accepted that Ni is able to inhibit the ETR and one of the initial 

targets of Ni excess is the PSII (Chen et al., 2009; Yusuf et al., 2011).  

As has been observed, the co-application of nano-SiO2 reverted, at least in part, the 

phytotoxic effects of nano-NiO, since no statistical differences were found among 

photosynthetic pigments and Fv/Fm. These results are, once again, in accordance to what 

is reported in bibliography, which support the idea that Si, both in bulk and nano forms, 

is able to ameliorate the negative effects of many types of abiotic stress on the 

photosynthetic machinery (Ali et al., 2013; Siddiqui and Al-Whaibi, 2014; Rizwan et al., 

2015; Tripathi et al., 2015; Wang et al., 2015). 

Contrary to what was observed for the nano-NiO, no variations were find in the 

contents of photosynthetic pigments of plants exposed to high doses of AC. Regarding 

this matter, although some studies reported a negative effect of AC on photosynthetic 

pigments content (An et al., 2009; Hajkova and Kummerová, 2014; Kummerová et al., 

2016), Nunes et al. (2014) did not detected any change in the total chlorophylls of two 

aquatic plant species. Paired with these results, no changes were also recorded in Fv/Fm, 

neither in ETR and PSII, suggesting that excess of AC did not induce harmful 

consequences in the photosynthetic activity of barley plants, regardless of being or not 

co-treated with nano-SiO2. Similar findings were also reported by Hajkova and 
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Kummerova (2014), in which no significant changes were observed either in terms of 

Fv/Fm and ΦPSII in L. minor exposed to this chemical. 

N nutrition 

Given the negative effects that both nano-NiO and AC caused in the development of 

barley plants, and knowing that N is the major essential macronutrient for plant growth, 

two of the main enzymes involved in N assimilation pathway were studied: nitrate 

reductase, the enzyme that catalyzes the reduction of nitrate to nitrite, and glutamine 

synthetase, the enzyme that converts the ammonium generated from nitrate assimilation 

or photorespiration into amino acids. However, if it is known that several metals are able 

to interfere with the absorption and intracellular distribution of several essential nutrients 

(Marschner, 2011), little is acknowledged about the effects of xenobiotics in these 

processes. In fact, although recent publications have been suggesting the existence of 

a relationship between levels of N and P with the availability of various organic pollutants 

(Allison et al., 2013; Gomes et al., 2016), as herbicides and pesticides, the influence of 

paracetamol in N nutrition is poorly understood and remains unknown. 

The results obtained in this work showed that both enzymes revealed a differential 

behavior, depending on the organ and experimental condition. Generally, the exposure 

of plants to nano-NiO induced a positive response in NR and GS activity in leaves. Also, 

although no significant changes were recorded in roots for GS, a tendency for NR to 

reduce its activity values was noticed. However, in contrast to our findings, several 

publications reported that excess of the metallic ion Ni is able to inhibit the activity of NR, 

as well as other enzymes involved in N assimilation (see review by Hussain et al., 2013). 

Furthermore, Gajewska et al. (2009), observed that the treatment of wheat plants with 

100 μM Ni resulted in a decline of NR and GS activities, confirming the harmful effects 

of this metal on N metabolism. Despite this disparity, it is correct to point out that the 

increased activity of the GS is probably related to the elevated levels of Pro observed in 

barley leaves treated with nano-NiO. In fact, it is known that the accumulation of Pro is 

closely related to the N cycle in plants, since this amino acid is mostly produced from 

glutamate, especially under stress conditions (Cheng et al., 2013). In addition, knowing 

that NR is the first key-enzyme in nitrate assimilation, it is possible to suggest that nano-

NiO interfered with the normal uptake of this anion, since reduced activity values of this 

enzyme were found in roots in relation to the control. Upon nano-SiO2 co-exposure, roots 

of barley plants exhibited increased activities of the two studied enzymes relatively to the 

ones treated with nano-NiO alone, indicating that the application of Si nanomaterial 

positively affected N nutrition, mainly through the catalytic activity of GS, by the 

conversion of glutamate to glutamine. In leaves, as reported for nano-NiO single 
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exposure, NR showed a great increase and, once again, the levels of GS activity are in 

accordance to the Pro content. Indeed, this positive effect of Si in N nutrition is well 

documented and reinforces the argument that this nutrient has the ability to positively 

regulate the uptake and absorption of some macronutrients, like Ca, K and N (Guntzer 

et al., 2012). 

The treatment of barley plants with paracetamol led to a rise in GS activity in leaves 

and resulted in a decrease of NR in roots. In line to what was described for nano-NiO, 

the increased activity of GS is likely intrinsically related to the higher levels of proline. On 

the other hand, the decreased activity of NR in roots can indicate that AC is interfering 

with the normal uptake of nitrate, compromising the normal development of plants and 

justifying the observed decrease in biomass. In this case, although not so evident, the 

exogenous application of nano-SiO2 also seemed to ameliorate the damaging 

consequences of AC. Interestingly, in the only situation in which a decrease of NR was 

observed in response to AC, the co-exposure with nano-SiO2 reestablished NR activity 

to the values found in control plants. 

Oxidative stress and AOX defense mechanisms 

Nowadays it is widely acknowledged that, under different types of adverse conditions to 

plant growth, pro-oxidative conditions can take place, due to an exacerbated increase of 

ROS and/or a depletion in AOX system performance (Gill and Tuteja, 2010; Sharma et 

al., 2012; Gupta et al., 2015). In this way, over the past few years, an increased number 

of studies has been exploring the physiological implications of oxidative stress in plants, 

since this process is able to affect the normal cell homeostasis and, ultimately, can 

culminate in cell death.  In the present study, the production of ROS was monitored by 

the measurement of O2
.-and H2O2 and the occurrence of oxidative stress assessed by 

analysis of LP and levels of total and protein-bond thiols.  

As can be noticed, the cultivation of barley in the presence of nano-NiO induced a 

very pronounced increase in the levels of O2
.- in both leaves and roots. On the other 

hand, the H2O2 content remained unchanged, since no differences were registered in 

relation to control. Indeed, due to the substantial upsurge of studies concerning the 

effects of nanoparticles on plants, recent evidences suggested that exposure to high 

levels of these materials can significantly trigger ROS production (see review by Arrudaet 

al., 2015). In addition, the influence of various metals, including Ni, in the increased 

content of ROS is well described in literature (Hossain et al., 1984; Chen et al., 2009; 

Yusuf et al., 2011). Actually, as discussed in the previous section, although Ni is not 

considered as a catalyst for the Haber-Weiss reaction, the relationship between its 

excess and the induction of oxidative damage is progressively more recognized. 
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According to the studies of Gajewska and Sklodowska (2007), the exposure of wheat 

plants to high doses of Ni led to increased foliar levels of ROS. Identical results have 

already been reported for another plant species, including rice and rapeseed (Brassica 

napus L.) (Maheshwari and Dubey, 2009b; Kazemi et al., 2010), and in other 

experimental models, such as in hairy root culture of Alyssum bertolonii (Nedelkoska and 

Doran, 2001). As a result of the marked increase of ROS, several harmful effects in the 

cellular metabolism can occur, usually inducing lipid peroxidation and loss of membrane 

stability (Gill and Tuteja, 2010). In fact, it has been proposed that the peroxidation of 

lipids is a common metabolic event resulting from plant’s exposure to metal excess, 

including in their nano-sized form, such as Cu and Zn (Dimkpa et al., 2012; Shaw et al., 

2014). In the present study we have observed that LP levels in nano-NiO-treated plants 

were tissue-dependent: MDA content was increased in leaves, but remained unchanged 

in roots. Actually, the available records about the effect of Ni on LP are not completely 

consistent, with a great variability between plant species. For example, S. nigrum 

exposure to high levels of Ni did not result in increased LP (Soares et al., 2016); 

conversely, the same pattern was not observed for pigeon pea, maize and indian 

mustard, where the content of MDA arose quite increased in response to the metal 

treatment (Madhava Rao and Sresty, 2000; Baccouch et al., 2001; Ali et al., 2008).  

Paired with LP, thiol levels are gradually becoming a common tool to evaluate pro-

oxidative conditions and reductions in their content can be correlated with the induction 

of oxidative stress. It is largely accepted that the thiol-based redox network is involved in 

plant responses against all types of stress, including soil degradation. Interestingly, a 

recent review unraveled the multiple biological functions of thiol-containing molecules, 

unequivocally establishing their importance in plant metabolism. This class of molecules 

include both protein and non-protein organic compounds, such as the highly recognized 

thioredoxins and glutaredoxins, and GSH and phytochelatins, respectively (Zagorchev 

et al., 2013). 

In opposition to LP, the content in thiols (both total and protein-bond) was diminished 

in barley leaves treated with nano-NiO, but a significant increase in roots was noticed. In 

this way, based on recent evidences which state that thiol groups, among other S-

containing molecules, are key elements to the enhancement of plant abiotic stress 

tolerance (Zagorchev et al., 2013), it can be suggested that the observed rise of this 

parameter in root cells probably explains the absence of LP in this organ. Thus, it is 

probable that, under the phytotoxic activity of nano-NiO, root cells stimulated the complex 

network of thiols as a defense mechanism to counteract the effects of the high content 

of Ni found in this organ. Besides this, it can be hypothesized that, in leaves, the 

observed decrease in total thiols is much like related to the reduction of protein-bond 
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thiols, indicating that some molecules, such as thioredoxins, could be decreased in 

response to nano-NiO. Indeed, this hypothesis was also supported by the data obtained 

for photosynthetic pigments, since it is known that thioredoxins play an essential role in 

photosynthesis (Meyer et al., 2008). 

Although the toxic effects of nano-NiO have revealed quite pronounced in barley 

plants, our results pointed out that co-treatment with nano-SiO2 has partially contributed 

to alleviate the stress imposed by the metal. Like other compounds, including 

phytohormones, such as brassinosteroids and salicylic acid, the occurrence of Si in plant 

tissues and its ability to reduce oxidative damage is well described in the literature 

(Guntzer et al., 2012). Actually, even though apparently it was not observed a consistent 

response among all studied parameters, it was possible to observe that in leaves, where 

nano-NiO induced a rise in LP levels, the co-treatment of barley with SiO2 nanomaterial 

resulted in a decrease of MDA content, accompanied by a reduction in H2O2 levels. 

Moreover, in roots, although no changes were detected in MDA and H2O2 contents, the 

levels of superoxide anion were sharply reduced, strongly supporting the positive effects 

of this nanomaterial. Furthermore, the benefits of nano-SiO2 addition were also notorious 

in increasing the thiol levels, allowing the reestablishment of its content in leaves and in 

roots. Indeed, these results are paired to what has been proposed for several plant 

species treated with Si. For instance, recent studies with rice plants reported that the 

foliar application of nano-SiO2 allowed the mitigation of Cd-induced phytotoxicity by 

reducing oxidative damage, namely through inhibiting LP; additionally, according to 

Tripathi et al. (2015), the contents of O2
.-, H2O2 and MDA were decreased in plants co-

treated with both nano-SiO2 and Cr (IV). Overall, it can be assumed that the exposure of 

barley plants to 120 mg kg-1 soil nano-NiO induced oxidative damage that were partially 

counteracted by the application of 0.05 mM nano-SiO2.  

Similar to what is described for metals, a growing number of publications has been 

suggesting that the presence of xenobiotics can adversely affect plant growth, also 

favoring the occurrence of oxidative conditions and compromising the redox 

homeostasis of the cell (Moldes et al., 2008; Teixeira et al., 2011; de Sousa et al., 2013; 

Kummerová et al., 2016). Although the literature data is scare, there are some works 

exploring the effects of different drugs, such as AC and diclofenac, on the development 

of pro-oxidative conditions. Based on the findings of Kummerová et al. (2016), the 

application of high doses of these two chemicals to Lemma minor induced a boost in LP, 

as in ROS content. Also, increased levels of MDA were reported in alfafa (Medicago 

sativa L.) plants exposed to AC and another study with Lemma minor revealed that 

paracetamol in excess negatively affected the redox balance of the cell (Nunes et al., 

2014; Christou et al., 2016). Our results showed that the exposure of barley plants to 
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400 mg kg-1 soil AC did not induce a severe oxidative stress condition, since no changes 

were found in LP nor thiol groups. Accordingly, the treatment of soybean plants with 

another xenobiotic did not change the LP levels (Moldes et al., 2008). However, the 

observed levels of O2
.- and H2O2 suggest that AC excess somehow affected the normal 

redox homeostasis of barley plants. Identical results have already been reported for this 

species, when plants were simultaneously submitted to two different stress conditions, 

drought and AC (Khalvati et al., 2010). In general, the assessment of different markers 

of oxidative stress defined that the treatment of barley plants with AC did not result in a 

pronounced oxidative damage. Thus, knowing that AC-mediated toxicity is closely 

related to the production of its sub-product NAPQI, it can be assumed that this compound 

is not being produced at sufficient high doses to induce harmful effects and/or an efficient 

detoxification process by GSH action is occurring, limiting its toxicity (Bartha et al., 2010). 

Even that, apparently, the toxic effects of paracetamol did not induce a pronounced 

oxidative stress condition, the co-treatment of plants with nano-SiO2 somehow 

ameliorated the performance of barley under AC excess. Indeed, barley plants were 

benefited by the presence of Si, since reduced levels of LP were found in roots. 

Furthermore, a great boost in total and protein-bond thiols was detected in this group of 

plants, revealing that one of the ways Si can enhance plant tolerance to abiotic stress 

can be related to the synthesis and/or maintenance of -SH groups. Curiously, despite 

our best efforts, there are not studies regarding the possible beneficial effect of Si against 

xenobiotic-mediated phytotoxicity. However, overall, the results of the present work 

indicate that Si application may have a positive role in mitigating this type of stress, 

although the biochemical and molecular basis of this protection are poorly understood.  

In order to cope with oxidative stress, throughout the evolution processes, plants 

have developed a complex and tiny regulated antioxidant system, comprising both non-

enzymatic and enzymatic mechanisms. Aiming to explore the involvement of the non-

enzymatic AOX system, the accumulation of soluble proline and the content of ascorbate 

were analyzed in both leaves and roots. In the last years, many experimental evidences 

support the idea that the accumulation of Pro is a common response of plants to a large 

range of stress factors, like soil pollution (Hayat et al., 2012). Besides its functions as an 

efficient osmoprotectant, the ability of this proteinogenic amino acid to scavenge ROS 

and to stabilize biological membranes is becoming quickly recognized and its 

involvement in signaling processes is also already suggested (Szabados and Savoure, 

2010). H. vulgare responded to high levels of nano-NiO by increasing the levels of proline 

in leaves very markedly. In fact, corroborating these results, a previous study of our 

group also detected that Pro accumulation was a typical response of plants to Ni excess 

(Soares et al., 2016). Besides this, based on the review of Cia et al. (2012), Pro can 
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assume a protective effect, generally when is accompanied by protein content increase, 

or act as a sensitive molecule in cases where protein degradation takes place. Here, 

total protein content was increased after nano-NiO exposure, reason why it can be 

assumed that Pro had a pivotal role in preventing nano-NiO-induced toxicity, especially 

in leaves, where its content was greatly increased.  

Upon co-exposure with nano-SiO2, foliar levels of Pro were decreased when 

compared to plants grown only in the presence of nano-NiO. These results are in 

accordance with different studies, indicating that the Si-mediated benefits are not related 

to the accumulation of this soluble osmolyte. Indeed, data from a study with Spinacia 

oleracea revealed that the application of Si to boron-stressed plants did not result in a 

higher content of Pro and equivalent results were also reported in salt-stressed maize 

(Moussa, 2006; Gunes et al., 2007).  

Regarding AC-treated plants, levels of Pro were also increased in both organs, 

although statistical differences were only found in leaves. Accordingly, Song et al. (2007) 

reported that soluble Pro was increased in wheat leaves under chlorotoluron stress, but 

roots were not so sensitive. Actually, despite the modulation of the AOX system by 

different types of pharmaceutical compounds have not been properly explored, it is 

suggested that the exposure of plants to xenobiotics, such herbicides and fungicides, 

results in a differential response of the AOX system. Indeed, recent data propose that 

Pro accumulation is also a common response to organic pollutants-mediated stress. 

According to Teixeira et al. (2011), S. nigrum plants grown in the presence of high levels 

of metalaxyl showed increase Pro levels in roots, possibly as a defense mechanism. Also 

a previous report from our group showed that metalaxyl induced the accumulation of this 

amino acid in a cell suspension culture of S. nigrum (de Sousa et al., 2013). Under nano-

SiO2 co-exposure, the foliar levels of Pro did not change and a significant reduction was 

found in roots. In this way, these results corroborate our previous hypothesis, that nano-

SiO2 beneficial effects are not related to the accumulation of this amino acid.  

Along with Pro, AsA is also regarded as one of the most powerful antioxidants, being 

able to prevent and control the damage caused by ROS in plants (Gill and Tuteja, 2010). 

Under normal physiological conditions, AsA mostly exists in its reduced state. However, 

under pro-oxidative conditions and/or as a consequence of the activity of certain 

enzymes, AsA can be converted into DHA, losing its AOX properties. Our results showed 

that the content of AsA and DHA were always higher in leaves than in roots, behavior 

that is likely related to the fact that leaves are the main source of AsA biosynthesis (Gill 

and Tuteja, 2010). As reviewed by Bielen et al. (2013), there is a very strong relation 

between metal excess and the availability and redox homeostasis of ascorbate. Here, 

the exposure of barley to 120 mg kg-1 soil nano-NiO led to some changes in the content 
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of total ascorbate in leaves, as well as the relative proportion of both AsA and DHA. 

Thus, it appears than excess of nano-NiO induced a negative response in ascorbate 

levels, decreasing its total content and increasing the proportion of DHA. The results are 

in accordance to what is already described for other plant species under Ni stress, but 

contradict another works, which pointed out that Ni is able to induce the increase of AsA 

content, as well as the ratio between AsA and DHA (Bielen et al., 2013 and references 

therein). This kind of disparity between results is also reported for other metals, like Cd 

and Zn, and, therefore, it appears that the modulation of ascorbate by Ni is highly 

dependent on the plant species and the experimental conditions, such as Ni 

concentration and the exposure time. Moreover, the observed decrease of AsA in nano-

NiO-treated leaves helps to understand the harmful effects of this nanomaterial in the 

photosynthetic apparatus, since ascorbate is essential to different processes in 

photosynthesis (Bielen et al., 2013). 

Once again, the addition of nano-SiO2 seemed to overcome the negative effects of 

nano-NiO, stimulating the regeneration and/or biosynthesis of ascorbate, since 

increased contents of total and AsA proportion were found in leaves of barley plants. In 

fact, based on the results of both Pro and ascorbate, it can be suggested that the 

beneficial effects of nano-SiO2 on the LP levels, as well as H2O2, are much likely related 

to ascorbate accumulation than Pro. In fact, it is kwon that AsA can directly remove the 

excess of different types of ROS, such as H2O2 and O2
.- and, being also able to 

regenerate α-tocopherol and act as the reducing agent for APX activity (Gill and Tuteja, 

2010; Sharma et al., 2012). Overall, results suggest that the non-enzymatic AOX system 

is being activated by the excess of nano-NiO and that the co-application of nano-SiO2 

improved its mechanisms, namely by modulating the levels of ascorbate in leaves. 

In contrast, barley plants grown in the presence of paracetamol did not change its 

levels of ascorbate in leaves, but a significant reduction in roots was observed, 

regardless of the plants being or not co-treated with nano-SiO2. Also, although not 

statistically relevant, a tendency for both AC and AC + nano-SiO2 plants to exhibited 

increased values of DHA was noticed. Given the previous obtained results, it was 

possible to observe that co-treatment with nano-SiO2 resulted in a reduction of LP levels 

in roots, accompanied by a decrease of both Pro and ascorbate. Thus, it can be 

hypothesized that the higher relative content of DHA in relation to AsA is related to a 

higher APX activity, which uses AsA as reducing power, oxidizing it into DHA (Gill and 

Tuteja, 2010; Sharma et al., 2012). Globally, though neither Pro nor ascorbate seemed 

to have a prominent role in modulating the AOX defense of barley under AC-mediated 

stress, it cannot be completely excluded that other important metabolites, such as 

flavonoids and GSH, may be involved. Actually, it is widely accepted that AsA-GSH cycle 
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plays an important role in the detoxification of xenobiotics and that, as in animals, AC 

can be conjugated to glutathione (Bartha et al., 2010). By this reason, the quantification 

of GSH and GSSG contents would be a point of interest in the future, in order to better 

understand the involvement of the non-enzymatic AOX system under AC stress and the 

possible effects of nano-SiO2 on their responses.  

Aiming to gain a better insight into the performance of the AOX system under nano-

NiO and AC stress, it was evaluated the transcript accumulation and total activity of three 

key enzymes of plants’ antioxidant system: SOD, which catalyzes the dismutation of O2
.- 

to H2O2 and molecular oxygen, CAT and APX, that are both related to H2O2 

detoxification. Indeed, it is widely accepted that the balance between the performance of 

these three enzymes is a key element in the management of the redox homeostasis in 

plant cells (Mittler, 2002).  

Overall, there was no strong correlation between mRNA transcript levels and total 

activity, since the increase in transcript levels was not always followed by an increase in 

activity and vice-versa. Thus, it is suggested that enzyme stability and activity is being 

regulated by post-transcriptional and –translational modifications. In accordance to this 

finding, several studies have also reported a similar pattern between enzyme mRNA 

accumulation and total activity. For instance, Soares et al. (2016) found that there was 

no parallel between transcript levels and total enzyme activity in S. nigrum plants 

exposed to Ni and equivalent results were also observed in tobacco and in pea plants 

subjected to high levels of Cu and Cd, respectively (Kurepa et al., 1997; Romero-Puertas 

et al., 2007). 

Our results clearly showed that the AOX enzymes revealed differential responses 

under nano-NiO and AC stress and, also, as a response to nano-SiO2 co-application. 

SOD is usually considered as the first enzymatic defense line, since it catalyzes the 

detoxification process of O2
.-, which is the first ROS to be produced (Gill and Tuteja, 

2010). By this reason, the involvement of SOD in limiting the occurrence of oxidative 

stress is well described (Gupta et al., 2015). Accordingly, the exposure of barley to nano-

NiO positively affected SOD total activity in both analyzed organs, suggesting that this 

enzyme is being activated as a defense mechanism against high doses of nano-NiO. 

However, despite SOD increased its activity in both leaves and roots, the levels of O2
.- 

remained higher in plants exposed to nano-NiO, suggesting that SOD is not sufficient to 

fully eliminate or control the excessive production of this ROS. As a result of SOD activity, 

or due to other metabolic processes, H2O2 can be generated and its levels need to be 

tightly coordinated in order to prevent oxidative damage (Sharma et al., 2012). In cells, 

the maintenance of H2O2 levels is mainly achieved by the action of several classes of 

enzymes, such as catalase and innumerous peroxidases, like APX. Generally, it can be 
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admitted that nano-NiO excess induced a differential response in CAT and APX activity 

depending on the analyzed organ. Given the different metabolism of roots and leaves, 

this fact is not surprising and it is supported by several studies reporting distinct activity 

patterns of AOX enzymes in different plant tissues (Fidalgo et al., 2011; Fidalgo et al., 

2013; Soares et al., 2016). Under nano-NiO excess, CAT activity was positively affected 

in leaves, indicating that this enzyme might have an important role in H2O2 detoxification. 

In accordance with this result, Farooq et al. (2013) realized that the exposure of cotton 

plants to Cd induced a boost in CAT activity. On the opposite, in roots, no CAT activity 

was detected, fact that was quite unexpected, once in a previous recent study from our 

group the excess of Ni led to higher CAT activities in roots of S. nigrum plants (Soares 

et al., 2016). Nevertheless, the tendency detected in our work was already reported for 

other metals, such as Cd. Indeed, rice plants exhibited extremely low CAT activity values 

after 14 days of Cd exposure (Wang et al., 2013). With effect, though CAT is classified 

as one of the major important AOX enzymes, several authors suggest that its role in 

H2O2 elimination is reduced, except that derived from peroxisome metabolism (Foyer 

and Noctor, 2005; Halliwell, 2006). On the other hand, the evaluation of APX total activity 

revealed that this enzyme was unaffected by nano-NiO treatment in leaves, but a 

significant increase in its activity was detected in roots, most likely to offset the loss of 

activity recorded on CAT. In fact, even that APX activity is usually higher in 

photosynthetic tissues, given the increased availability of ascorbate, different studies 

also suggest that this enzyme can play an important role in heterotrophic organs and its 

activity can even reach more pronounced values in roots than in shoots of several plant 

species (Gajewska and Skłodowska, 2008; Maheshwari and Dubey, 2009a; Farooq et 

al., 2013; Soares et al., 2016). Thus, it appears that CAT comes out as a pivotal element 

for H2O2 detoxification in leaves, while in roots this role is majorly performed by APX. 

One of the ways in which Si is able to reduce oxidative damage is related to the 

stimulation of the activity of different AOX enzymes (Rizwan et al., 2015; Tripathi et al., 

2015; Wang et al., 2015; Khaliq et al., 2016). In general, the co-application of SiO2 

nanomaterial resulted in a positive response of the enzymatic AOX system in both leaves 

and roots of barley plants exposed to high levels of nano-NiO. Remarkably, the only 

situation in which nano-SiO2 did not rise SOD activity values matches with increased O2
.- 

levels. Nevertheless, in this case, the non-enzymatic component and/or the activity of 

other AOX enzymes seem to have mitigated the deleterious effects of O2
.- excess, since 

PL was decreased, along with H2O2 content. Paired with this hypothesis, the two 

enzymes involved in H2O2 detoxification showed to be increased in leaves, favoring the 

elimination of H2O2 excess and limiting the occurrence of oxidative injury. Equivalent 

results have already been reported in cotton, where the co-exposure of plants to Cd and 
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nano-SiO2 positively affected the performance of AOX enzymes, followed by a reduction 

in the levels of different oxidative stress markers (Farooq et al., 2013). In roots, the 

application of nano-SiO2 led to a rise in total SOD activity, which is consistent with the 

observed decrease in O2
.- levels. Once again, this data is strongly supported by a recent 

study of Tripathi et al. (2015), which uncovered that SOD activity was increased in roots 

of bean simultaneously treated with Cr and nano-SiO2. Alongside with SOD, a great 

boost in APX activity was also observed, corroborating the beneficial effects of nano-

SiO2 addition against nano-NiO-induced phytotoxicity. Despite this positive response of 

the enzymatic AOX system, no signal of CAT activity was detected in roots. Therefore, 

and bearing in mind that most of Ni content was found in roots, it can be suggested that 

the excess of this metal was able to irretrievably affect this enzyme, blocking its activity. 

Overall, our results support the hypothesis that excess nano-NiO induced a positive 

response of the AOX system, stimulating the activities of SOD, CAT and APX. However, 

upon nano-SiO2 co-exposure, the activation of the AOX system was more pro-active, 

ameliorating and counteracting the phytotoxic effects of nano-NiO, namely by reducing 

MDA and H2O2 content in leaves and O2
.- levels in roots. Furthermore, based on these 

findings, it can be hypothesized that a longer exposure time to nano-NiO was necessary 

to clearly observe the benefits of nano-SiO2 on barley’s growth and yield.  

Even though xenobiotics display a particular detoxification pathway in plants, it is 

postulated that these compounds are also able to affect the AOX system, leading to 

changes in enzyme activity. As an example, a recent report with tomato plants revealed 

that the foliar exposure to several pesticides triggered a rise in AOX enzymes’ 

performance (Yildiztekin et al., 2015). On the other hand, prometryne-induced oxidative 

stress culminated in a reduction of CAT, but stimulated the activities of SOD and APX 

(Jiang and Yang, 2009). Thus, given the disparity between the available data, it appears 

that xenobiotics’ effects on AOX enzymes performance are highly dependent on several 

factors, such as plant species and stress characteristics, like the nature of the pollutant, 

the magnitude of the stress and the exposure time. In the present work, SOD activity in 

response to AC excess was changed according to the levels of O2
.-; in roots, the 

maintenance of SOD activity is probably related to the unchanged levels of this ROS; in 

leaves, AC induced a great boost of O2
.-production, accompanied by a rise in SOD 

activity. However, given the data obtained for O2
.- quantification, it seems that the 

enhancement of SOD activity was not enough to overcome the increased generation of 

this ROS. On the other hand, the complete depletion of CAT activity found in roots of 

AC-treated plants, along with the maintenance of APX activity values, explains the higher 

levels of H2O2 found in this group of plants. In parallel to our findings, Bartha et al. (2010) 
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detected that AC greatly inhibited CAT activity in both roots and leaves of B. juncea, but 

did not reported major changes in APX activity.   

As previously stated, there is an evident gap in studies focusing on the possible 

ameliorating effect of Si against xenobiotic-induced stress. Our results allowed to infer 

that the co-treatment with nano-SiO2 did not majorly affected the performance of the 

enzymatic AOX system, since no significant changes were, generally, found in relation 

to the plants only exposed to AC. Still, the application of this nanomaterial enhanced 

APX activity in roots and, although the content of H2O2 remained higher, it was possible 

to observe a substantial reduction in LP levels. 

Overall, one can conclude that the exposure of barley to 400 mg kg-1 soil AC did not 

trigger a harsh oxidative stress condition and, maybe due to this reason, the protective 

role of nano-SiO2, along with its influence on the AOX system, were not so evident. 

Indeed, it is suggested that, similar to what is reported for BRs (Schnabl et al., 2001), 

the beneficial effects of Si are much more pronounced in plants grown under stressful 

conditions. 
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5. CONCLUSIONS 

5.1. Ecotoxicity of nano-NiO and AC to barley plants 

 The exposure of barley to increased concentrations of nano-NiO and AC impaired its 

normal growth and physiological performance; 

 Given the obtained EC and LOECs values, nano-NiO was more toxic than AC, 

inducing a more negative response in barley’s metabolism, which also reflected in a 

much more decreased productivity, however this pattern can be related to the 

degradation of AC by the microbial community; 

 Comparing standard methods and physiological endpoints, we can suggest that the 

addition of oxidative stress markers helped to detect phytotoxicity signs at lower 

concentrations than the standard OECD-based methodologies, especially for AC. 

5.2. Effects of nano-SiO2 on the tolerance of barley under nano-

NiO and AC stress 

 The co-application of nano-SiO2 to barley plants exposed to nano-NiO and AC did 

not significantly overcome the negative effect of both contaminants on biometric 

parameters; however a strong tendency for plants treated simultaneously with nano-

NiO and nano-SiO2 to show increased productivity was observed; 

 Data from photosynthetic activity revealed that only nano-NiO induced a negative 

response in photosynthesis and that, under nano-SiO2 co-exposure, this negative 

effect was efficiently counteracted; 

 Generally, N nutrition was not negatively affected by neither nano-NiO or AC, yet the 

co-treatment with nano-SiO2 improved the response of the two studied enzymes, 

especially in roots; 

 The exposure of barley plants to nano-NiO induced the occurrence of oxidative 

stress, namely by the overproduction of ROS, but the co-treatment with Si 

nanomaterial reverted this tendency, generally lowering and/or maintaining the levels 

of LP and stimulating the thiol redox network; on the other hand, AC-induced toxicity 

did not culminate in a severe oxidative damage and, by this reason, the positive 

effects of nano-SiO2 were not so evident; 
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 Excess of nano-NiO stimulated the non-enzymatic AOX system and the co-

application of nano-SiO2 improved its mechanisms, by positively modulating the 

levels of ascorbate in leaves; AC-mediated stress resulted in an increased 

accumulation of Pro, regardless of the co-treatment with nano-SiO2; 

 The involvement of the enzymatic component of the AOX system showed differential 

responses between organs and treatments and there was not a positive correlation 

between q-PCR analysis and total activity data; 

 Under nano-NiO-mediated stress, SOD activity was not enough to eliminate the 

excess of O2
.-. Also, CAT and APX seemed to have a pivotal role in H2O2 

detoxification in leaves and roots, respectively. Upon nano-SiO2 co-exposure, in 

general, there was a more proactive response of the AOX system, through a much 

more pronounced increase of enzyme’s activity. AC induced some changes in the 

AOX system, promoting SOD activity in leaves, whilst inhibiting CAT performance. In 

this case, the co-exposure with nano-SiO2 did not substantially alter this pattern; 

 Overall, it can be assumed that nano-NiO was more toxic than AC, triggering the 

occurrence of oxidative stress and the activation of the plant AOX system; however, 

upon nano-SiO2 co-exposure, some phytotoxic symptoms were ameliorated, 

possibly due to the Si-mediated protection against oxidative stress. Nevertheless, 

AC also induced some phytotoxicity, especially on growth-related parameters, but 

did not cause serious oxidative damage. Maybe by this reason, the benefits of nano-

SiO2 were not so evident in plants exposed to this contaminant. 
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6.  FUTURE PERSPECTIVES 

With this work, it was achieved a clear and elucidative perspective of the toxicity 

associated with nano-NiO and AC for barley plants and, simultaneously, it was possible 

to conclude that the application of nano-SiO2 reverted some phytotoxic effects of both 

contaminants. However, in the future, interest and attention will be focused on: 

 Quantifying the levels of AC in both leaves and roots of barley plants grown in the 

presence and absence of nano-SiO2; 

 Evaluating the responses of other AOX metabolites, specifically GSH, flavonoids 

and phenols, as well as other AOX enzymes, such as GSTs GR, MDHAR and 

DHAR, and other classes of peroxidases; 

 Further exploring the uptake pattern of nano-NiO and nano-SiO2 and their 

translocation mechanisms; 

 Comparing the influence of SiO2 and nano-SiO2 in mitigating the adverse 

symptoms of different stress agents. 
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8.  ANNEX 

Annex I 

I. Ecotoxicity of Nano-NiO and AC to barley plants 

 

Table 1. Summary of ANOVA statistical data obtained for barley plants exposed to increased concentrations of nano-

NiO and AC. 

 Parameter nano-NiO AC 

 Seed germination F ( 7, 16) = 1.524; p> 0.05 F ( 7, 16 = 0.2845; p> 0.05 

Root lenght 
Petri Plate F ( 7, 131) = 58.38; p< 0.001 F ( 7, 147) = 76.14; p< 0.001 

OECD soil F ( 7, 23) = 82.4; p< 0.001 F ( 7, 23) = 7.518; p< 0.001 

 Roots fresh weight F ( 7, 24) = 34.33; p< 0.001 F ( 7, 19) = 12.08; p< 0.001 

 Roots dry weight F ( 7, 20) = 7.958; p< 0.001 F ( 7, 21) = 6.341; p< 0.001 

 Leaves fresh weight F ( 7, 24) = 59.44; p< 0.001 F ( 7, 24) = 18.13; p< 0.001 

 Leaves dry weight F ( 7, 24) = 44.94; p< 0.001 F ( 7, 22) = 14.32; p< 0.001 

 Chlorophylls F ( 7, 20) = 13.55; p< 0.001 F ( 7, 18) = 2.268; p> 0.05 

 Carotenoids F ( 7, 19) = 15.58; p< 0.001 F ( 7, 19) = 3.646; p> 0.05 

 LP F ( 7, 18) = 7.576; p< 0.001 F ( 7, 20) = 17.16; p< 0.001 

 O2.- F ( 7, 20) = 58.64; p< 0.001 F ( 7, 26) = 8.898; p< 0.001 

 H2O2 F ( 7, 23) = 3.337; p< 0.001 F ( 7, 21) = 2.029; p> 0.05 

 O2.-/H2O2 F ( 7, 16) = 42.00; p< 0.001 F ( 7, 20) = 8.041; p< 0.001 

 Cell death F ( 7, 24) = 7.016; p< 0.001 F ( 7, 19) = 16.28; p< 0.001 

 

 

 

II. Effects of nano-SiO2 on the tolerance of barley under nano-NiO and AC 

stress 

 

Table 2. Summary of ANOVA statistical data obtained for barley plants cultivated for 14 days in OECD soil in the 

presence and absence of four concentrations of nano-SiO2 under single or co-exposure with 120 mg kg-1 nano-NiO and 

400 mg kg-1 AC. 

Parameter nano-SiO2 nano-NiO  AC  

Root lenght F ( 4, 14) = 0.4674; p> 0.05 F ( 5, 19) = 3.908; p< 0.05 F ( 5,20) = 0.8075; p> 0.05 

Roots fresh weight F ( 4, 16) = 2.335; p> 0.05 F ( 5, 19) = 8.224; p< 0.001 F ( 5, 19) = 7.697; p< 0.001 

Roots dry weight F ( 4, 17) = 1.302; p> 0.05 F ( 5, 21) = 7.163; p< 0.001 F ( 5,21) = 4.337; p< 0.05 

Leaves fresh weight F ( 4, 16) = 7.212; p< 0.05 F ( 5,20) = 24.58; p< 0.001 F ( 4, 18) = 9.976; p< 0.001 

Leaves dry weight F ( 4, 17) = 0.4868; p> 0.05 F ( 5,22) = 7.873; p< 0.001 F ( 5,20) = 4.099 p< 0.05 
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Table 3. Summary of ANOVA statistical data obtained for leaves of barley plants cultivated for 14 days in OECD soil.  

 

 

Parameter nano-NiO AC 

Fresh weight F (3, 14) = 37,37; p < 0.001 F (3, 13) = 20,56; p < 0.001 

Dry weight F (3, 16) = 9,309; p < 0.001 F (3, 16) = 6,142; p < 0.05 

Ni content F (2, 6) = 152,6; p < 0.001 - 

Chlorophylls F (3, 12) = 6,778; p < 0.05 F (3, 12) = 1,336; p > 0.05 

Carotenoids F (3, 11) = 0,2746; p > 0.05 F (3, 12) = 0,7637; p > 0.05 

Fv/Fm F (3, 34) = 9,921; p < 0.001 F (3, 33) = 1,949; p > 0.05 

ETR F (3, 17) = 12,74; p < 0.001 F (3, 19) = 4,004; p > 0.05 

PSII F (3, 17) = 13,66; p < 0.001 F (3, 17) = 11,62; p < 0.001 

GS F (3, 28) = 15,29; p < 0.001 F (3, 28) = 59,59; p < 0.001 

NR F (3, 9) = 83,97; p < 0.001 F (3, 9) = 7,232; p < 0.05 

LP F (3, 10) = 7,271; p < 0.05 F (3, 11) = 0,9030; p > 0.05 

Total thiols F (3, 8) = 16,04; p < 0.05 F (3, 8) = 4,871; p < 0.05 

protein thiols F (3, 8) = 12,89; p < 0.05 F (3, 8) = 4,177; p > 0.05 

O2
.- F (3, 12) = 55,24; p < 0.001 F (3, 11) = 40,35; p < 0.001 

H2O2 F (3, 11) = 6,008; p < 0.05 F (3, 11) = 0,6797; p > 0.05 

Pro F (3, 11) = 23,98; p < 0.001 F (3, 10) = 6,615; p < 0.05 

Total ascorbate F (3, 16) = 2,446; p > 0.05 F (3, 16) = 4,043; p < 0.05 

AsA/Total ascorbate F (3, 18) = 1,761; p > 0.05 F (3, 19) = 2,063; p > 0.05 

DHA/Total ascorbate F (3, 12) = 20,52; p < 0.001 F (3, 12) = 4,328; p < 0.05 

Total protein  F (3, 23) = 14,77; p < 0.001 F (3, 11) = 17,57; p < 0.001 

SOD F (3, 8) = 5,221; p < 0.05 F (3, 8) = 29,60; p < 0.001 

CAT F (3, 10) = 24,00; p < 0.001 F (3, 8) = 13,83; p < 0.05 

APX F (3, 8) = 6,579; p < 0.05 F (3, 8) = 1,279; p > 0.05 
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Table 4. Summary of ANOVA statistical data obtained for roots of barley plants cultivated for 14 days in OECD soil. 

 

 

 

 

 

 

 

 

 

 

 

  

Parameter nano-NiO AC 

Root lenght F (3, 12) = 1.872; p > 0.05 F (3, 13) = 0.2370; p > 0.05 

Fresh weight F (3, 12) = 13.91; p < 0.001 F (3, 13) = 7,477; p < 0.001 

Dry weight F (3, 13) = 21,48; p < 0.001 F (3, 13) = 14,96; p < 0.001 

Ni content F (2, 6) = 8534; p < 0.001 - 

GS F (3, 39) = 55,62; p < 0.001 F (3, 38) = 2,577; p > 0.05 

NR F (3, 9) = 31,74; p < 0.001 F (3, 8) = 111,4; p < 0.001 

LP F (3, 10) = 1,192; p > 0.05 F (3, 9) = 5,732; p > 0.05 

Total thiols F (3, 9) = 33,36; p < 0.001 F (3, 9) = 13,91; p < 0.05 

Protein thiols F (3, 8) = 15,97; p < 0.05 F (3, 7) = 9,651; p < 0.05 

O2
.- F (3, 13) = 5,906; p < 0.05 F (3, 9) = 2,184; p > 0.05 

H2O2 F (3, 12) = 0,9866; p > 0.05 F (3, 10) = 5,765; p < 0.05 

Pro F (3, 37) = 7,253; p < 0.001 F (3, 44) = 9,553; p < 0.001 

Total ascorbate F (3, 8) = 9,060; p < 0.05 F (3, 8) = 17,35; p < 0.001 

AsA/Total ascorbate F (3, 8) = 0,4799; p > 0.05 F (3, 8) = 4,231; p < 0.05 

DHA/Total ascorbate F (3, 8) = 0,4799; p > 0.05 F (3, 8) = 4,231; p < 0.05 

Total protein  F (3, 17) = 9,898; p < 0.001 F (3, 11) = 29,89; p < 0.001 

SOD F (3, 8) = 14,93; p < 0.05 F (3, 8) = 2,733; p > 0.05 

CAT - - 

APX F (3, 8) = 51,48; p < 0.001 F (3, 8) = 10,22; p < 0.05 
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h i g h l i g h t s

� Acetaminophen and nano-NiO impaired the growth and physiological performance of barley.
� Nano-NiO induced a more negative response in the metabolism of barley than acetaminophen.
� Biochemical determinations can represent an advantage in ecotoxicology studies.
� Oxidative stress markers detected toxicity at lower doses than the standard methods.
� Combination of diverse methods allows a more robust risk assessment of contaminants.
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a b s t r a c t

The present work aimed to assess the ecotoxicological relevance of acetaminophen (AC) and nickel oxide
nanomaterial (nano-NiO) to barley plants. Combining standard procedures and several biochemical
determinations, a global approach regarding the biological effects of these two contaminants was per-
formed. After 14 days of growth, the exposure of barley to increased concentrations (0, 87.8, 131.3, 197.5,
296.5, 444.4, 666.6, and 1000 mg kg�1) of each contaminant resulted in a marked decrease in biomass
production and biometric parameters. Photosynthetic pigments and markers of oxidative stress were
analyzed to assess if any of the treatments interfered with the physiological performance and with the
cellular redox state. Our observations revealed that only nano-NiO induced a negative response in total
chlorophylls and carotenoids, confirming the macroscopic phytotoxicity symptoms (chlorosis). However,
both contaminants led to a significant increase in lipid peroxidation (LP), superoxide anion (O2

.�), and
cell death for all the tested concentrations, suggesting that AC and nano-NiO cause oxidative stress in
barley, even at the lowest applied dose (87.8 mg kg�1). Comparing the two studied approaches (pa-
rameters included in standard protocols and several biochemical determinations), it is concluded that
the inclusion of several biochemical endpoints, especially those related to oxidative stress, resulted in a
more sensitive analysis and thus, a more sensitive risk evaluation of these two contaminants for barley
plants.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the recent years, increased industrialization is the leading
cause of contamination of several environmental matrices,

including soil, with different kinds of chemicals that differ in their
nature, characteristics, and potential toxic effects (Ruffini and
Cremonini, 2009; Li et al., 2014). Likewise, because of diverse
anthropogenic activities, drugs, nanomaterials (NMs), and other
emerging compounds have become important worldwide con-
taminants, representing a possible threat to ecosystem dynamics
(Langford and Thomas, 2009; Arruda et al., 2015). Indeed, different
types of synthetic products such as pesticides, cosmetics, and
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pharmaceuticals are already known not only as contaminants but
also as emerging pollutants (EPs; Gavrilescu et al., 2015). According
to EURO-STAT, more than half of the total production of chemical
products can cause harmful effects in the environment (EURO-
STAT, 2013).

Because of all these reasons, it is extremely important to define
strategies to understand the mode-of-action of these EPs as well as
their accumulation and fate throughout food chains in order to
underline principles to minimize their negative consequences to
the ecosystems and human health. Ecotoxicology, which, according
to Newman and Zhao (2008), is “the science dealing with con-
taminants in the biosphere,” tries to address the effects of pollution
at different biological levels (Dave, 2013), occupying a central role
in the evaluation of the risk associated with a certain stress factor,
including EPs. Frequently, the ecotoxicological studies are based on
bioassays according to standardized procedures, which evaluate
and analyze the response of organisms exposed to contaminants
(van Straalen, 2002).

Although the effects of different EPs on many animal species are
relatively well described (Crane et al., 2006; Hao and Chen, 2012;
McGill et al., 2012; Patlolla et al., 2014; Nogueira et al., 2015),
their toxicological relevance for plants is poorly studied and re-
mains unclear. Plants are the main producers of ecosystems,
occupying a central role in biosphere dynamics, and are the basis of
human and animal feeding. Being sessile organisms, plants are
unable to move and have to directly deal with different types of
adverse circumstances such as soil degradation and contamination.
Therefore, the assessment of the potential risks of emerging con-
taminants on different plant species, including food crops, should
be adequately addressed. Currently, the available standardmethods
for estimating the phytotoxicity of EPs are based only on growth-
related parameters such as biometric determinations (e.g., root
length and shoot length) and biomass production or on the
macroscopic analysis of specific phytotoxic signs such as chlorosis
and necrosis (OECD, 2006). Indeed, although the studies focused in
obtaining phytotoxicity data are increasing, the standard method-
ologies do not always represent the real plant physiology status and
might mask the real toxic effects of the stress agents on plant
metabolism and homeostasis at environmentally relevant
concentrations.

One of the common characteristics of the exposure of plants to
abiotic stress is the induction of oxidative stress due to the over-
production of reactive oxygen species (ROS), which can be used as
exposure biomarkers for the precautionary detection of harmful
contaminants. ROS are subproducts of normal plant metabolism,
whose production can be enhanced under adverse conditions such
as exposure to degraded soils (Gill and Tuteja, 2010; Sharma et al.,

2012). Because ROS play a dual role in plant physiology, being
involved in cellular signaling at low concentrations and also acting
as potent oxidative agents, when at above the threshold level, these
oxygen-derived molecules can cause great damage to cells,
inducing many cellular abnormalities such as the peroxidation of
lipids, the oxidation of proteins, and the degradation of photosyn-
thetic pigments (Demidchik, 2015; Gupta et al., 2015). If the exac-
erbated ROS production persists, DNA damage can also occur,
ultimately, leading to cell apoptosis (Gill and Tuteja, 2010; Ahmad,
2014; You and Chan, 2015). Thus, in order to cope with oxidative
stress, higher plants need to develop an efficient antioxidant sys-
tem that can induce and control several defense mechanisms
mediated by both antioxidant enzymes and metabolites (Sharma
et al., 2012; You and Chan, 2015).

Thus, given the higher sensitivity and discriminatory power of
different biochemical indicators, the inclusion of physiological
status markers and oxidative stress markers could represent a
potential tool to improve phytotoxicity assays. Although there are
only a few records regarding this question, the inclusion of
physiological endpoints can help to detect false-negative results
and better understand the mode-of-action of the tested stress
agents. In fact, in a study conducted on maize plants, the authors
found that the analysis of many biochemical markers led to a
greater sensitivity and a more reliable evaluation of the ecotoxi-
cological relevance of contaminated soils (Gavina et al., 2016).
Nevertheless, more studies are needed to reinforce this idea, as
plant responses are heavily dependent on species and develop-
ment stages.

Considering this information, and the lack of scientific reports
of plants' responses to EPs, this work aims to understand the
toxicological effects of two different emerging contaminants e

nickel oxide nanomaterial (nano-NiO; nano-based product,
applied in a wide range of technologies (e.g., catalyst, battery
electrode, and gas sensor)) and acetaminophen (AC), known as
paracetamol (a widely used antipyretic and anti-inflammatory
drug) e on the growth and physiological responses of barley
(Hordeum vulgare L.). To answer these questions, different meth-
odologies were combined, comprising both parameters evaluated
on standard protocols and the analysis of different physiological
endpoints. Thus, in addition to the evaluation of the fresh and dry
weight of plant material, the quantification of total chlorophylls
and carotenoids was addressed. Furthermore, the occurrence of
oxidative stress was evaluated by the quantification of the two
most common ROS e superoxide anion (O2

.�) and hydrogen
peroxide (H2O2), as well as the malondialdehyde (MDA) content, a
subproduct of lipid peroxidation (LP), and cell death, estimated by
Evans Blue staining.

Abbreviations

EPs emerging pollutants
ROS reactive oxygen species
NiO nickel oxide
O2

.� superoxide anion
H2O2 hydrogen peroxide
MDA malondialdehyde
nano-NiO nickel oxide nanomaterial
AC acetaminophen
HS Hoagland solution
PAR photosynthetically active radiation
OECD Organization for Economic Cooperation and

Development

WHCmax maximum water holding capacity
LP lipid peroxidation
TBARSs thiobarbituric acid-reactive substances
SDS sodium dodecyl sulfate
STDEV standard error of the mean
ECx effective concentration causing x% of effect
LOEC lowest-observed-effect concentration
NOEC no-observed-effect concentration
Ni nickel
OH. hydroxyl radical
PCD programmed cell death
Ag silver
Al aluminum
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2. Materials and methods

2.1. Plant material and growth conditions

Seeds of H. vulgare L. were used as biological material and were
purchased from a local supplier. Before germination, the seedswere
individually observed to discard the damaged ones and then sur-
face sterilized with 70% (v/v) ethanol for 15 min and 20% (v/v)
commercial bleach (3.5% of active chlorine) for 10 min, followed by
three series of washing with sterilized deionized water.

2.2. Chemicals and treatments

Nano-NiO (nearly spherical with a particle size of 100 nm, sur-
face area of 6 m2 g�1, and 99% purity) and AC were purchased from
Nanostructured & Amorphous Materials Inc. (Houston, TX, USA)
and Sigma-Aldrich® (Sigma-Aldrich, Germany), respectively. A se-
ries of sequential doses of each contaminant was applied to all the
experiments, ranging from0 to 1000mg kg�1 of soil, with a dilution
factor of 1.5, resulting in the following concentrations: 87.8, 131.7,
197.5, 296.5, 444.4, 666.7, and 1000 mg kg�1 of soil. For the Petri
dishes assay, the same procedure was followed, but the concen-
trations were expressed in mg L�1. The maximum concentration
was based on ISO instructions, which suggest that 1000 mg kg�1

should be the maximum concentration tested in ecotoxicological
studies (ISO, 2012). Above this level, chemical substances should be
considered as nontoxic.

2.3. Characterization of nano-NiO powder

The characterization of nano-NiO to obtain its size and shape
was evaluated by transmission electron microscopy (TEM) using
Hitachi H8100 with a LaB6 filament operated at an acceleration
voltage of 200 kV. The images were acquired with an Olympus
KeenView digital camera by using iTEM software. The powder
sample was suspended in ethanol, and a drop was then allowed to
dry on a Cu grid coated with a formvar film.

2.4. Petri dish assays

H. vulgare seeds were placed in Petri dishes with a filter paper
embedded in 0.25 � modified Hoagland solution (HS; Taiz et al.,
2015), with different concentrations of each contaminant (please
see section 2.2). Simultaneously, a control, without AC and without
nano-NiO, was included. In the first 48 h, the seeds were kept in
dark conditions at 21 �C. Subsequently, during the next 72 h, Petri
dishes were transferred to a growth chamber, with controlled
conditions of photoperiod (16 h e light/8 h e dark), temperature
(21 �C), and a photosynthetically active radiation (PAR) of
60 mmol m�2 s�1. At the end of the 5-day assay period, seed
germination and elongation as well as macroscopic symptoms of
toxicity were recorded. For each concentration tested, three bio-
logical replicates were considered with 10 seeds each.

2.5. Ecotoxicological assays in soil pots

The ecotoxicological assays were performed following the OECD
guidelines (OECD, 2006). Pots with 200 g of artificial OECD soil (5%
organic matter, pH 5.5) mixed with each tested concentration of
each contaminant were used. The maximum water holding ca-
pacity (WHCmax), determined as previously recommended (ISO,
2005), was previously adjusted to 40%, and the exact volume of
distilled water needed for this adjustment was used as a carrier to
prepare each contaminant suspension or solution to obtain the
range of concentrations described above. To guarantee the

maintenance of soil moisture, a cup filled with distilled water was
placed under each test pot. The communication between these was
achieved by allowing a cotton rope to pass through a hole in the
bottom of the test pot. Twenty barley seeds, surface sterilized as
stated before, were placed in each pot and carefully covered with
the soil. At this moment, to guarantee the availability of nutrients,
120 mL of HS were added to the cup of each pot. For each experi-
mental condition, 8 replicates were prepared, and a negative con-
trol was included that was grown in OECD artificial soil without any
of the contaminants and thus only moistened with water.

The assay started after 50% of the control seeds germinate and
lasted for 14 days. Only the first 5 germinated seeds were left in
each pot to avoid intraspecific competition. Plants weremaintained
in a greenhouse, with controlled conditions of temperature (21 �C),
photoperiod (16 h e light/8 h e dark), and PAR (60 mmol m�2 s�1),
and the water content of each pot was adjusted when necessary. At
the end of the experiment, the plants were collected and separated
into roots and shoots. Randomly, part of the plant material was
immediately used for the estimation of the standard biomarkers
(fresh and dry weights), and the remaining was used for
biochemical analysis. Regarding biochemical techniques, the sec-
ond and third leaves were used from one randomly selected plant
per biological replicate.

2.6. Photosynthetic pigment quantification

Samples of fresh leaf material (100 mg) were homogenized at
room temperature with a mortar and a pestle by using 80% (v/v)
acetone. After centrifugation (for 10min at 1400 g), the supernatant
was collected and completed with 80% (v/v) acetone to a known
final volume. The levels of chlorophylls and carotenoids were
spectrophotometrically determined by recording the absorbance at
470, 647, and 663 nm, and calculated using the formulas of
Lichtenthaler (1987).

2.7. LP estimation

LP was evaluated with regard to MDA, a thiobarbituric acid-
reactive substance (TBARS), following the method of Heath and
Packer (1968). After measuring the absorbance at 532 and
600 nm, the obtained values at 600 nmwere subtracted to the ones
of 532 nm to minimize unspecific turbidity effects. The content of
MDA was estimated using the extinction coefficient of
155 mM�1 cm�1 and expressed as nmol g�1 of fresh weight.

2.8. Evaluation of ROS content

In this study, the levels of H2O2 and O2
� were spectrophoto-

metrically quantified by using fresh plant material of approxi-
mately 300 mg. The content of H2O2 was evaluated by
spectrophotometry at 410 nm according to the procedure described
by Jana and Choudhuri (1982) and calculated using the extinction
coefficient of 0.28 mM�1 cm�1. The results are expressed as
nmol g�1 of fresh weight. Regarding O2

�, its levels were determined
using the protocol of Gajewska and Skłodowska (2007). After a 2-h
incubation in dark conditions, the reaction solution was heated at
85 �C for 15 min. Subsequently, the content of O2

� was obtained by
measuring the absorbance at 580 nm, and the results expressed as
Abs580 nm g�1 of fresh weight.

2.9. Cell death analysis

To detect possible changes in cell viability, the leaves of each
experimental condition were incubated in dark conditions for 24 h
in 0.25% (w/v) Evans Blue solution (Romero-Puertas et al., 2004).
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The leaves were then incubated in boiling 96% (v/v) ethanol to
remove the pigments. At this point, cell death stained as blue spots
on the leaves was photographically recorded using a digital camera.
The leaves were then cut in small and equal pieces and incubated in
a solution of 1% (w/v) sodium dodecyl sulfate (SDS) in 50% (v/v)
ethanol for 18 h at 50 �C to solubilize the dye agent. Subsequently,
the absorbance of each sample was recorded at 600 nm, and the
results expressed as Abs600 nm g�1 of fresh weight.

2.10. Statistical analysis

All the biochemical measurements were, at least, performed in
triplicate for each replica, and the results are expressed as
mean ± standard error of the mean (STDEV). To assess the differ-
ences between each tested concentration and the control, and after
checking the homoscedasticity of variances by using Levene's test, a
one-way analysis of variance (ANOVA) was performed, followed by
a Dunnett post hoc test, and significant differences were recorded
(p < 0.05). As one-way ANOVA is regarded as a robust and time-
consuming analysis, even when the assumptions of homogeneity
were not met, parametric tests were always used instead of
nonparametric tests (Zhar, 1996). After ensuring that similar results
were obtained with the nonparametric test KruskaleWallis, this
procedure was followed for the few cases with a p < 0.05 in Lev-
ene's test. Statistical analysis was performed using GraphPad®

Prism 6 software (GraphPad Software Inc., USA). The calculation of
ECx (effective concentration causing x% of effect) values and the
corresponding 95% confidence limits was performed using the
nonlinear least square regression model procedure using Statistica
software (version 13).

3. Results

3.1. Characterization of nano-NiO by TEM analysis

As shown in Fig. 1, nano-NiO are nearly spherical with an
irregular surface, and despite some smaller nanoparticles were
present (<100 nm), overall the NA showed a maximum size of
approximately 100 nm in all the dimensions, corroborating the
manufacture's information. Furthermore, although this NM has a
tendency to agglomeratewhen suspended inwater (Nogueira et al.,
2015), the agglomeration observed in the figure was probably due
to the preparation of the grids for TEM observations.

3.2. Seed germination

As the exposure of H. vulgare to increasing concentrations of AC
and nano-NiO did not affect seed germination, no significant dif-
ferences were found among all tested concentrations and the
respective control (Tables 1 and 2).

3.3. Root length e petri plate and OECD soil assay

Plants growing in the presence of different AC concentrations
resulted in an inhibition of root elongation in both tested assays
(Petri plate assay: F (7, 147) ¼ 76.14; p < 0.0001; OECD soil assay: F
(7, 23)¼ 7.518; p < 0.0001; Fig. 2). However, as shown in Table 1, the
Petri plate experiment was more sensitive than the OECD soil.

With regard to nano-NiO-mediated stress, a strong inhibition
effect of this NM was detected for all concentrations tested (Petri
plate assay: F (7, 131) ¼ 58.38; p < 0.0001; Dunnett: p < 0.05; OECD
soil assay: F (7, 23) ¼ 82.40; P < 0.0001; Dunnett: p < 0.05; Fig. 2
and Table 2).

3.4. Biomass production e fresh and dry weight

As shown in Figs. 3 and 4, the cultivation of barley plants in
OECD soil contaminated with increased concentrations of AC or
nano-NiO resulted in a decrease in total productivity of both organs,
even though different patterns of effects between AC and nano-NiO
on fresh and dry weight of seedlings were observed (Tables 1 and
2).

Regarding AC experiment, significant differences were detected
only for higher concentrations in both roots (fresh weight: F (7,
19) ¼ 12.08; p < 0.0001; Dunnett: p < 0.05 for
concentrations � 197.5 mg kg�1; dry weight: F (7, 21) ¼ 6.341;
p < 0.0001; Dunnett: p < 0.05 for concentrations � 666.7 mg kg�1)
and leaves (fresh weight: F (7, 24) ¼ 18.13; p < 0.0001; Dunnett:
p < 0.05 for concentrations �197.5 mg kg�1 dry weight: F (7,
22) ¼ 14.32; p < 0.0001; Dunnett: p < 0.05 for
concentrations � 296.3 mg kg�1), with roots being the most sen-
sitive organ (Figs. 3 and 4).

Relative to nano-NiO, as Figs. 3 and 4 suggest, a strong adverse
effect on biomass productionwas recorded in roots (fresh weight: F
(7, 24) ¼ 34.33; p < 0.0001; Dunnett: p < 0.05; dry weight: F (7,
20) ¼ 7.958; p < 0.0001; Dunnett: p < 0.05 for
concentrations � 296.3 mg kg�1) and leaves (fresh weight: F (7,
24) ¼ 59.44; p < 0.0001; Dunnett: p < 0.05; dry weight: F (7,
24) ¼ 44.94; p < 0.0001; Dunnett: p < 0.05 for
concentrations � 131.7 mg kg�1), especially for the fresh weight of
the leaves (Table 2).

3.5. Photosynthetic pigments

As shown in Fig. 5 and Table 1, the exposure of H. vulgare up to
1000 mg kg�1 AC did not affect the total chlorophyll content and
the carotenoid content (p > 0.05).

Conversely, excess nano-NiO induced a clear negative response
in photosynthetic pigments, while a significant reduction in both
chlorophyll (F (7, 20) ¼ 13.55; p < 0.0001; Dunnett: p < 0.05 for
concentrations � 197.5 mg kg�1) and carotenoid (F (7, 19) ¼ 15.58;
p < 0.0001; Dunnett: p < 0.05) contents was observed (Fig. 5).
When comparing the two photosynthetic pigments, Table 2 sug-
gests that carotenoids represent a more sensitive biomarker than
chlorophylls for nano-NiO-mediated stress.

3.6. LP e MDA content

The LP damage was measured in terms of MDA content in theFig. 1. Transmission electron microscopy (TEM) images of nano-NiO.
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leaves of barley plants growing under increased concentrations of
each contaminant.

Plants grown under exposure of increasing doses of AC exhibited
higher values of MDA than those of the control (F (7, 20) ¼ 17.16;
p < 0.0001; Dunnett: p < 0.05; Fig. 6a and Table 1).

In the nano-NiO-treated plants, significant changes in the con-
trol were observed for all tested doses (Table 2; F (7, 18) ¼ 7.576;
p < 0.0001; Dunnett: p < 0.05) in a concentration-independent
manner (Fig. 6a).

Table 1
Summary of ecotoxicological data obtained for AC experiment. Concentrations and corresponding 95% confidence intervals are expressed as mg kg�1 of soil, except for Petri
dish assays, where the values are expressed as mg L�1.

Endpoint AC

NOEC LOEC Units of estimated model (p; r) EC10 EC20 EC50

Germination rate �1000 e e e e e

Root lenght Petri plate 197.5 296.3 0.87; 0.93 194 (95.5e292.4) 288.2 (182.7e393.7) 566.4 (459.0e674.0)
OECD soil 444.4 666.6 0.62; 0.79 323.6 (100.7e546.5) 490.9 (75.1e706.5) 999.9 (733.8e1265.9)

Root fresh weight 87.8 131.7 0.76; 0.87 63.2 (�0.8 to 127.2) 124.6 (33.0e216.3) 397.4 (242.4e552.3)
Root dry weight 444.4 666.6 0.70; 0.83 65.6 (�11.7 to 142.9) 131.1 (18.3e243.9) 427.7 (236.9e618.4)
Leaf fresh weight 131.7 197.5 0.79; 0.89 87.7 (15.0e160.3) 180.6 (75.4e285.7) 620 (438.9e801.1)
Leaf dry weight 197.5 296.3 0.77; 0.88 108.5 (16.3e200.6) 207.7 (84.2e331.2) 630.4 (443.9e816.9)

Chlorophylls �1000 e e e e e

Carotenoids �1000 e e e e e

Lipid peroxidation e �87.8 e e e e

O2
� e �87.8 e e e e

H2O2 �1000 e e e e e

O2
�/H2O2 e �87.8 e e e e

Cell death e �87.8 e e e e

NOEC e Non-observed-effect concentration; LOEC e Lowest-observed-effect concentration; ECx e effective concentration causing x% of the effect.

Table 2
Summary of ecotoxicological data obtained for nano-NiO experiment. Concentrations and corresponding 95% confidence intervals are expressed as mg kg�1 of soil, except for
Petri dish assays, where the values are expressed as mg L�1.

Endpoint nano-NiO

NOEC LOEC Units of estimated model (p; r) EC10 EC20 EC50

Germination rate �1000 e e e e e

Root lenght Petri plate e �87.8 0.85; 0.92 23.9 (0.08e47.72) 54.9 (14.7e95.1) 227.2 (141.0e313.4)
OECD soil e �87.8 0.90; 0.95 28.6 (10.3e46.9) 58.8 (30.7e86.9) 201.5 (150.1e252.9)

Root fresh weight e �87.8 0.90; 0.95 18.6 (5.1e32.2) 37.2 (17.0e57.4) 121.1 (87.5e154.7)
Root dry weight 197.5 296.3 0.73; 0.86 39.2 (�5.0 to 83.5) 73.5 (10.7e136.3) 214.5 (112.0e317.0)
Leaf fresh weight e �87.8 0.95; 0.97 13.8 (5.9e21.7) 30.9 (17.8e44.1) 122.6 (96.9e148.3)
Leaf dry weight 87.8 131.7 0.86; 0.93 29 (8.1e49.9) 59.2 (27.5e90.9) 200.5 (142.5e258.5)

Chlorophylls 131.7 197.5 0.76; 0.87 45.1 (�10.1 to 100.2) 128.3 (21.5e234.9) 764.2 (438.3e1090.1)
Carotenoids e �87.8 0.74; 0.86 29.2 (�18.8 to 77.3) 143.6 (5.9e281.2) 2175.5 (308.7e4042.3)

Lipid peroxidation e �87.8 e e e e

O2
� e �87.8 e e e e

H2O2 e e e e e e

O2
�/H2O2 e �87.8 e e e e

Cell death e �87.8 e e e e

NOEC e Non-observed-effect concentration; LOEC e Lowest-observed-effect concentration; ECx e effective concentration causing x% of the effect.

Fig. 2. Effects of increased concentrations of AC and nano-NiO on the root length of barley plants grown for 14 days in OECD soil (a) and for 5 days in Petri plates (b). Data presented
are mean ± STDEV (n � 3). * Above bars indicate significant statistical differences from the control at p � 0.05.
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3.7. ROS levels e O2
� and H2O2

3.7.1. H2O2 content
The exposure of barley to AC did not affect the total

content of H2O2 (p > 0.05), because no significant
differences were found between the applied doses and the con-
trol (Fig. 6b).

However, nano-NiO affected the production of H2O2 (F (7,
23) ¼ 3.337; p < 0.0133), though it was not observed as a constant
response among all treatments (Fig. 6b).

3.7.2. O2
� content

As shown in Fig. 6c, the levels of superoxide anion were
increased in response to AC treatments, even at the lowest applied
doses (F (7, 26) ¼ 8.898; p < 0.0001; Dunnett: p < 0.05; Fig. 6c).

In the nano-NiO experiment, higher values of this ROS were
detected in all the tested concentrations relative to the control (F (7,
20) ¼ 58.64; p < 0.0001; Dunnett: p < 0.05; Fig. 6c).

3.7.3. O2
�/H2O2 ratio

The ratio of O2
�/H2O2 was changed in response to both AC and

nano-NiO treatments. The application of sequential doses of AC to

Fig. 3. Effects of increased concentrations of AC and nano-NiO on roots' fresh (a) and dry (b) weights of barley plants grown for 14 days in OECD soil. Data presented are
mean ± STDEV (n � 3). * Above bars indicate significant statistical differences from the control at p � 0.05.

Fig. 4. Effects of increased concentrations of AC and nano-NiO on leaves' fresh (a) and dry (b) weights of barley plants grown for 14 days in OECD soil. Data presented are
mean ± STDEV (n � 3). * Above bars indicate significant statistical differences from the control at p � 0.05.

Fig. 5. Effects of increased concentrations of AC and nano-NiO on the photosynthetic pigment content of barley plants grown for 14 days in OECD soil. (a) total chlorophylls; (b)
carotenoids. Data presented are mean ± STDEV (n � 3). * Above bars indicate significant statistical differences from the control at p � 0.05.
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soil-grown barley resulted in an increase in this proportion, in a
concentration-independent manner (F (7, 20) ¼ 8.041; p < 0.0001;
Dunnett: p < 0.05; Fig. 6d).

Regarding nano-NiO experiment, higher values of O2
�/H2O2 in all

the tested concentrations were found relative to the CTL in a dose-
dependent manner (F (7, 16) ¼ 42.00; p < 0.0001; Dunnett:
p < 0.05; Fig. 6d).

3.8. Cell death e histochemical detection and quantification

An increase in cell death of barley leaveswas observed for all the
tested concentrations of both AC (F (7, 19) ¼ 16.28; p < 0.0001;
Dunnett: p < 0.05) and nano-NiO (F (7, 24) ¼ 7.016; p < 0.0001;
Dunnett: p < 0.05) in a concentration-dependent manner (Figs. 7
and 8).

Overall, as Tables 1 and 2 suggest, all studied oxidative stress
markers showed a high sensitivity to AC- and nano-NiO-mediated
stress, although the levels of H2O2 did not follow this tendency.
Indeed, for LP, O2

�, O2
�/H2O2, and cell death, the first applied con-

centration was always defined as the lowest-observed-effect con-
centration (LOEC) value for both contaminants.

4. Discussion

Currently, the evaluation of effects of different stress factors on
plant's development, growth, and physiology is a matter of major
importance. Thus, phytotoxicology is now an essential part of
ecotoxicology research (Eullaffroy, 2013).

In the present study, the main focus was on the possible
phytotoxicity significance of two different emerging contaminants
(nano-NiO and AC) for soil-grown barley at both organismal and
cellular levels. In attempts to achieve a deeper and more reliable
analysis, different methodologies were combined and comparisons
between endpoints evaluated on standard protocols and other

physiological parameters were made.
As sessile organisms, plants are constantly and directly exposed

to contaminated soils since the early steps of germination
throughout their life-cycle stages. Thus, seed germination is often
used to estimate pollution effects on plants (Miralles et al., 2012).
However, our results clearly showed that the application of both AC
and nano-NiO did not affect this parameter, even at the highest
tested concentration (1000mg kg�1). In agreement with these data,
several authors also reported the lack of sensitiveness of seed
germination on ecotoxicological studies for both inorganic and
organic compounds (An et al., 2009; Gavina et al., 2016; Bouguerra
et al., 2016). Indeed, the potential risk of metals and other con-
taminants in the impairment of seed germination is highly
dependent on their ability to reach embryogenic tissues, which are
strongly protected by seed coats, structures with differential
permeability to different types of substances (Seregin and
Kozhevnikova, 2005; Akinci and Akinci, 2010).

Together with the evaluation of germination, it is also common
to analyze parameters related to growth, because plant's growth
measurements are important bioassay endpoints to evaluate the
toxicity of a specific compound (Kapanen and It€avaara, 2001;
Adrees et al., 2015) and its effects on soil production function.
Here, barley plants were grown in OECD soil for 14 days with AC
and nano-NiO at different concentrations ranging from 87.8 to
1000 mg kg�1. In addition to the OECD standard assay, a parallel
experiment was performed in Petri plates where seeds were
allowed to germinate and seedlings' development was evaluated
after 5 days. Although these experiences may not reflect the real
conditions of plants' exposure to contaminants, because their
availability is expected to be higher than in the soil, we observed a
good correlation between the results of the assays of the Petri plate
and soil for nano-NiO, with very similar EC10, 20, 50 values between
them. With regard to AC, the same pattern was not observed, and
the EC10, 20, 50 values were always lower in the Petri plate assay than

Fig. 6. Effects of increased concentrations of AC and nano-NiO on the oxidative stress markers of barley plants grown for 14 days in OECD soil. (a) MDA; (b) H2O2; (c) O2�; and (d)
O2�/H2O2. Data presented are mean ± STDEV (n � 3). * Above bars indicate significant statistical differences from the control at p � 0.05.
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in the soil assay. In fact, even in soil substrate, the bioavailability of
certain compounds can be changed with regard to different soil
properties. Particularly focusing on metals, it is widely accepted
that the soil pH and the presence of other ions such as phosphate

can alter metal's bioavailability, thus changing its possible effects
on a biota (Olaniran et al., 2013). In addition, recent findings
showed that phosphate and nitrogen can affect the availability of
several xenobiotics in soil (Allison et al., 2013). Thus, it appears that

Fig. 8. Effects of increased concentrations of AC on the leaves, measured by cell death in barley plants grown for 14 days in OECD soil. Data presented are mean ± STDEV (n � 3). *
Above bars indicate significant statistical differences from the control at p � 0.05.

Fig. 7. Effects of increased concentrations of nano-NiO on the leaves, measured by cell death in barley plants grown for 14 days in OECD soil. Data presented are mean ± STDEV
(n � 3). * Above bars indicate significant statistical differences from the control at p � 0.05.
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these kinds of approaches are highly species, contaminant and
substrate dependent and, hence, rather than excluding one or
another, combined strategies could represent an advantage to risk
assessment; moreover, Petri dish assays could be useful for an
initial screening of the toxicity of new contaminants. Our results
demonstrated that both tested contaminants, particularly nano-
NiO, induced a marked decrease in root length. The reduction of
root length is a common response of plants exposed to different
types of stresses, including metals such as Ni. Although very few
studies are available regarding the effects of nano-NiO on plants,
the inhibition of root growth as a consequence of excess Ni was
detected in a wide range of plant species (see works reviewed by
Hussain et al., 2013). Regarding AC, An et al. (2009) found that the
exposure of wheat plants to paracetamol negatively affected root
elongation, with an EC50 of approximately 670 mg L�1. In accor-
dance, on the basis of the results of the Petri plate assay, an EC50 of
approximately 550 mg L�1 was estimated for AC effects on root
length, corroborating the previous results with wheat, which is also
a monocotyledonous species such as barley.

Simultaneously with the reduction of root growth, the exposure
of barley to AC and nano-NiO induced a significant decrease in the
biomass production of roots and leaves, evaluated in terms of both
fresh and dry weights. Interestingly, for both contaminants and
organs, fresh weight was always more sensitive than dry weight,
with lower EC10, 20, 50 values. Moreover, it was clear that nano-NiO
caused deleterious effects at lower concentrations than AC. How-
ever, we cannot completely assume that nano-NiO is more toxic
than AC; indeed, it seems that AC-mediated toxicity is related to its
degradation pathways in soil. According to Li et al. (2014), AC is
rapidly degraded in the soil, with microorganisms playing a central
role in this process. Thus, we cannot exclude the hypothesis that AC
may have been metabolized by soil microbial community, and
hence, only higher concentrations led to negative effects on barley's
growth performance. In fact, considering the different EC10, 20, 50
values of AC in Petri dish and OECD soil assays, it was found that
Petri dish assays help in maintaining aseptic conditions and pre-
vented AC degradation, aggravating its toxicity.

When plants are grown on contaminated soils, the first main
target of stress is the radicular system; hence, the evaluation of root
responses can help us understand the potential hazards of different
contaminants. However, in many ecotoxicology studies on plants,
the evaluation of root's development and biomass is not consid-
ered. Here, we noticed a differential discriminatory power between
the roots and the leaves growing in a contaminant-dependent
manner, with the biomass of the roots being more sensitive than
leaves for AC and less sensitive for nano-NiO. This fact might be
related to the different chemical nature of AC and nano-NiO as well
as their possible effects on plant physiology. Indeed, although high
levels of Ni are phytotoxic, this metal is regarded as an essential
micronutrient for plant growth and plants have specific trans-
location pathways for Ni. Therefore, we can hypothesize that nano-
NiO is absorbed by the radicular system and then translocated to
the leaves, as a protection mechanism for roots. This idea was also
proposed by different authors and publications (see review by
Yusuf et al., 2011) and strengthened by the macroscopic phyto-
toxicity symptoms observed in our study in Ni-treated leaves (data
not shown). However, although AC is not found in normal plant
metabolism, it is supposed that plants may possess an effective
detoxification pathway for different xenobiotics such as AC (Bartha
et al., 2010). Because there are no records regarding the toxic effects
of this antipyretic drug on plant growth, we suggest that roots are
the main targets of AC-mediated stress, although a marked
decrease in fresh and dry weight of leaves was also observed for
high doses. Paired with this hypothesis, several studies on other
organic contaminants such as fungicides and pesticides also

reported a decrease in plant biomass, particularly in the roots
(Tiyagi et al., 2004; Parween et al., 2011; Teixeira et al., 2011;
Yildiztekin et al., 2015).

As previously mentioned, one of the major objectives of this
work was to assess if the inclusion of diverse biochemical end-
points could improve the sensitivity of ecotoxicology tests. There-
fore, the levels of photosynthetic pigments were quantified to have
a better insight about the effects of AC and nano-NiO on the
physiological status of barley plants and on their mechanisms of
action. Although no significant changes were found regarding AC
treatments, a gradual decrease in both chlorophylls and caroten-
oids was reported in the nano-NiO-exposed plants. Indeed, several
references indicate that excess Ni can lead to a lower photosyn-
thetic pigment content (Lin and Kao, 2007; Ahmad et al., 2011;
Dubey and Pandey, 2011; Soares et al., 2016), possibly due to a
higher activity of chlorophyllase and/or inhibition of chlorophyll
production (Ali et al., 2008). Moreover, it is known that Ni can
replace the Mg ion in the chlorophyll molecule, leading to a lower
photosynthetic activity (Küpper et al., 1996). In general, on the basis
of the LOEC and EC10,20,50 values obtained, we can assume that the
inclusion of photosynthetic pigment analysis did not contribute to a
higher discriminatory evaluation of the potential risks of AC and
nano-NiO.

One of the main common characteristics of the exposure of
plants to different kinds of stress, including soil pollution, is the
induction of oxidative stress by an overproduction of ROS (Gill and
Tuteja, 2010; Sharma et al., 2012). Although ROS are continuously
produced as a consequence of the aerobic and photosynthetic
metabolism, an exacerbated increase in their production can
trigger great damage to plant cells, eventually leading to cell
apoptosis (Gill and Tuteja, 2010). In the present study, particular
emphasis was given to different types of oxidative stress indicators,
namely the content of O2

� and H2O2 as well as LP and cell death
histochemical detection.

Although Ni is not considered as a catalyst of the HabereWeiss
reaction, because it is not a redox-active metal, the relationship
between Ni excess and the occurrence of oxidative stress in plants
is well described in the literature (Gomes-Junior et al., 2006;
Gajewska et al., 2009; Yusuf et al., 2011; Hussain et al., 2013;
Dourado et al., 2015; Soares et al., 2016). Here, in general, the
contents of both O2

� and H2O2 were increased by nano-NiO treat-
ments, although the quantification of O2

� led to higher statistical
differences. Indeed, even though large amounts of hydrogen
peroxide can lead to toxic effects in plant cells, the role of this ROS
as a signaling molecule is being progressively recognized; thus, its
production can also be related to a hypothetical mechanism of cell
signaling (Sharma et al., 2012). Therefore, three hypotheses can be
considered to explain the maintenance of H2O2 levels between
control and stressed plants: this molecule could be used as an
intracellular messenger, be efficiently removed by the AOX enzy-
matic system, and/or react with O2

� favoring the production of OH�.
Regarding AC, similar to the nano-NiO situation, O2

� was a more
sensitive marker than H2O2. Despite the lack of information about
the possible effects of AC on plant oxidative status, we can suggest
that excess of this drug triggers the production of O2

�, which is
usually the first ROS to be produced (Gill and Tuteja, 2010; Sharma
et al., 2012; Gupta et al., 2015). In accordance with this hypothesis,
Kummerov�a et al. (2016) reported an increase in ROS content,
particularly O2

�, in Lemna minor plants exposed to two drugs, one of
which was AC.

Among all ROS, hydroxyl radical (OH�), formed by the Haber-
eWeiss reaction, is the most hazardous oxygen-derived radical,
inducing LP and substantial damages in other biomolecules (Gill
and Tuteja, 2010). In addition, it is directly associated with pro-
grammed cell death (PCD; Demidchik, 2015), once plant cells do not
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have any specific enzymatic reaction to eliminate this ROS. Thus, as
both O2

� and H2O2 are part of the HabereWeiss reaction, with a 1:1
stoichiometry, the ratio between these two ROS can give us infor-
mation about the potential production of OH� (Bowler et al., 1991).
Accordingly, our results clearly showed that the exposure of barley
to increased nano-NiO and AC concentrations resulted in a signif-
icant increase in this proportion throughout all treatments. In
addition, the lowest concentration (87.8 mg kg�1) induced a great
boost in this ratio, suggesting that oxidative stress conditions are
occurring even at the lowest concentrations tested.

Because of ROS overproduction, LP of different biological
membranes can occur at both cellular and organelle levels.
Consequently, high rates of lipid peroxides can, in turn, aggravate
the cellular redox imbalance, being able to directly react with
proteins and DNA (Sharma et al., 2012). The present work again
revealed that the soil application of sequential doses of AC and
nano-NiO induced the occurrence of oxidative stress conditions, as
LP remained always higher than the control in all treatments. These
results are in accordance with different studies, conducted with
several plant species exposed to diverse types of abiotic stress,
which indicate that the enhancement of LP is a common response
of oxidative stress (see reviews by Gill and Tuteja, 2010; Sharma
et al., 2012). Although in general, AC-treated plants showed a
dose-independent increase in LP, surprisingly, for the first three
applied concentrations, a gradual decrease in MDA content was
noticed. Thus, we hypothesize that the exposure of barley to
87.8 mg kg�1 of AC led to a cellular redox imbalance (higher O2

�,
MDA, and cell death levels), but was not enough to elicit a response
from the AOX system, thus enhancing LP; in turn, the application of
131.7 and 197.5 mg kg�1 resulted in a slight decrease in MDA e

though always higher than the control e which could be related to
an efficient AOX system response. From this point onwards, MDA
levels were increased again, possibly indicating that above
197.5 mg kg�1, AC negatively affects the plant AOX system perfor-
mance. Moreover, as seen in the standard procedures, AC was more
toxic at high concentrations, particularly above 400 mg kg�1. In
accordance with the O2

� and MDA content, our study also revealed
that AC and nano-NiO affected barley's cell viability, even in the
lowest tested concentration. Moreover, a dose-dependent response
was observed for the two contaminants, with higher cell death
staining in the highest applied doses (666.6 and 1000mg kg�1). It is
widely accepted that cell viability as well as cell death can be
affected by oxidative stress, as ROS are involved in different
signaling pathways of PCD (Gupta et al., 2015; You and Chan, 2015).
In fact, paired with our observations, Faisal et al. (2013) reported
that the exposure of tomato to different concentrations of nano-
NiO led to a higher percentage of apoptosis; in addition, using sil-
ver (Ag) NA, an increase in cell death was detected in the roots of
Allium cepa (Panda et al., 2011) and the same result was observed in
barley exposed to increased concentrations of aluminum (Al;
Achary et al., 2012).

Compared to the quantification of photosynthetic pigments, the
evaluation of different oxidative stress markers generally led to a
higher-sensitive analysis of the effects of AC and nano-NiO, rela-
tively to the standard procedures. In fact, when comparing the
standard methodologies and the biochemical determinations, it is
clear that the latter have led to lower LOEC values, allowing a more
protective risk evaluation for nano-NiO and especially for AC in
barley. Indeed, for AC, all oxidative stress markers were more
sensitive than the standard procedures, given the obtained LOEC
and no-observed-effect concentration (NOEC) values, possibly
indicating that AC is already interfering with the cellular oxidative
status in the lowest applied doses. Regarding nano-NiO, although
the standard procedures were also very sensitive, it was possible to
perceive that the adverse effects of this NM on the first tested

concentration (87.8 mg kg�1) were more notorious in the
biochemical determinations than in the biometric ones. In agree-
ment with our findings, Gavina et al. (2013) also suggested that the
inclusion of different physiological endpoints could improve the
accuracy of ecotoxicological studies with plant species. Further-
more, in the future, the evaluation of root responses with regard to
the occurrence of oxidative stress should be performed to achieve a
global vision about the AC- and nano-NiO-mediated phytotoxicity.
Indeed, according to Grat~ao et al. (2015), the exposure of tomato to
high levels of Cd induced differential responses in the roots and
shoots, suggesting that signaling mechanisms and root-to-shoot
translocation processes might occur to minimize the adverse ef-
fects of stress.

5. Conclusions

In conclusion, the present work clearly showed that both nano-
NiO and AC impaired the normal growth and physiological per-
formance of barley. Given the obtained EC and LOECs values, we can
conclude that nano-NiO was more toxic than AC, inducing a more
negative response in the metabolism of barley, which also reflected
in a much more decreased productivity. Our data also propose that
the use of Petri dish assays can represent an advantage to estimate
the consequences of EC at the early stages of plant development,
while pot experiments can provide a wide perspective about the
negative effects of soil contamination at the productivity and
organismal levels. Comparing standard and physiological end-
points, we can suggest that the addition of oxidative stress markers
helped to detect phytotoxicity signs at lower concentrations than
the standard OECD-based methodologies, especially for AC.

Thus, combining an innovative risk evaluation strategy, we
demonstrated that the inclusion of biochemical determinations,
particularly those related to oxidative stress, can represent an
advantage in ecotoxicology studies, with a high discriminatory and
fidelity power, especially for low concentrations. Nevertheless,
given the differential responses found between nano-NiO and AC,
we suggest that risk assessment strategies must be suitable to the
different types of pollutants, combining a comprehensive overview,
to understand the mode of action of the contaminant and thus
avoid underestimation or overestimation of its effects on plant
development. With this work, we hope that in the future, efforts
could be reinforced to unravel the adverse consequences of soil
degradation on plants, especially on food crops.
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