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V) Abstract 

The peculiar properties of engineered nanomaterials (ENMs), i.e. high surface-to-volume ratio 

and quantum effect, provide great opportunity for technical development of novel or 

improved products, but the potential risk associated with exposure to these materials is still 

largely unknown and thus requires further research work.  

Unlike bulk chemicals, where the main environmental fate processes are controlled by the 

partition coefficient, nanoparticles are dynamic entities that undergo a wide range of 

transformations depending on the chemical composition and on the properties of the media 

in which they are dispersed (e.g. pH, ionic strength, organic matter and suspended particulate 

matter). As a consequence, the study of nanoparticle behaviour in the environment and the 

interactions with organisms necessitates a new approach, which included a suitable choice 

and adjustment of the available investigation methods. However, due to the difficulties 

encountered in this relatively recent research field, a number of knowledge gaps still exist 

about the optimization and appropriate application of these methods. 

In this context, copper-based nanoparticles (Cu-ENMs) have recently attracted considerable 

attention for wood preservation, in paints formulation and in antibacterial products, because 

of the recognized efficiency in killing a wide range of microorganisms. However, widespread 

production and use of Cu-ENMs can induce uncontrolled release along their life cycle, raising 

concerns about potential exposure to NPs for human health and environment.  

This Ph.D. thesis focused on the characterization of CuO and Cu2CO3(OH)2 nanoparticles, and 

on the study of their transformations in several media. In detail, the colloidal characterization 

as well as the distribution and dissolution of Cu-ENMs in both biological and environmental 

media, have been investigated by using a combination of analytical techniques such as: 

Dynamic Light Scattering (DLS), Centrifugal Separation Analysis (CSA), Transmission Electron 

Microscopy (TEM) and single particle Inductively Coupled Plasma-Mass Spectrometry (sp-ICP-

MS).  

The results obtained from this study are helpful to elucidate the dynamic equilibria between 

Cu-ENMs and the media investigated, for pristine materials in artificial media, as well as to 

interpret the toxicological data from in-vivo studies.  

Furthermore, an attempt to develop a methodological approach to detect and quantify Cu-

ENMs in biological tissues from toxicological tests was undertaken, by combining microscopy 

and mass spectrometry techniques. However, even though the quantification of ENMs in 

biological tissues is highly desirable, the instability of Cu-ENMs associated to the instrumental 

limits makes this task still a challenge. 

The overall experimental activity led to the draft of three manuscripts that are discussed in 

detail in this thesis. 
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VI) Objectives and Thesis structure 

The main objective of this PhD thesis, which is part of both the EU-FP7 project “SUstainable 

Nanotechnology” (SUN) and the Horizon 2020 project Nanomaterial FAte and Speciation in 

the Environment (NanoFASE), was to investigate both human and environmental exposure to 

copper-based engineered nanomaterials (Cu-ENMs) by answering to the following questions: 

1. How Cu-ENMs physical-chemical properties and environmental and biological media 

characteristics can affect Cu-ENMs transformation processes? 

2. Are Cu2CO3(OH)2 ENMs less toxic than CuO ENMs for mammalians? 

3. After short-term oral toxicity, are Cu-ENMs still present in rats tissues? Is it possible to 

quantify Cu-ENMs residues by conventional analytical techniques? 

4. Can a Safe-by-Design approach reduce the toxicity of Cu-ENMs?  

The thesis is made up of four chapters, the first of which is an introduction to the topics 

covered, while the other chapters explore in deep aspects such human and environmental 

exposure, and advance analytical techniques for analyzing the nanoparticles transformations 

in real biological media. Specifically: 

Chapter 1 describes briefly ENMs, their basic properties and their use in commercial products. 

After this short introduction, it illustrates in detail the intrinsic properties of inorganic ENMs 

and the state-of-the-art of the advanced techniques used for their detection and 

quantification in complex matrices. Then, the chapter focuses on Cu-ENMs, presenting the 

current knowledge about their transformation and behavior in biological and environmental 

media, together with the associated toxicological aspects. A brief description of the European 

projects studying these materials is also included. 

Chapter 2 describes the investigation on the behavior of Cu-ENMs in biological and 

environmental media and is divided in two main sections. The first one presents a study about 

the dissolution of CuO ENMs in environmental media, performed within the European project 

NanoFASE, while the second one includes a peer-reviewed paper focused on the colloidal 

characterization of modified CuO ENMs in biological and environmental media.  

Chapter 3 illustrates the research activity carried out to investigate the toxicological effects of 

different copper-based ENMs in rats and to evaluate their bioaccumulation in rat tissues. It 

describes the toxicological tests performed within the European project SUN; in particular, it 

reports the bioaccumulation data related to the in-vivo short-term inhalation study using 

modified CuO ENMs, and a peer-reviewed containing the data concerning an in-vivo short-

term oral study using both CuO and Cu2CO3(OH)2 ENMs. 

Chapter 4 reports further research aimed at implement the findings about Cu-ENMs 

bioaccumulation in rat tissues. Specifically, analytical techniques such as sp-ICP-MS and 

electron microscopy have been employed in an attempt to detect and quantify CuO and 

Cu2CO3(OH)2 still present in liver of rats as nanoform. 



x 
 

My contribution to the papers presented within this thesis is specified in a footnote at the 

beginning of each section containing the articles. 

 

 

 

 

 



1 
 

Chapter 1 

Introduction 

1.1) Inorganic ENMs in commercial products 

1.1.1 Definitions 

All natural systems, both aquatic and terrestrial, contain small particles, covering the size 

range from 1 nanometer to several micrometers. Particles in the range from 1 to 1000 nm are 

defined as colloids, and they show in solution different properties and behavior compared to 

dissolved species (<1 nm) and particles with sizes higher than 1000 nm.1 Within this colloidal 

fraction, the European commission defined nanomaterials 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. 

In specific cases and where warranted by concerns for the environment, health, safety or 

competitiveness the number size distribution threshold of 50 % may be replaced by a 

threshold between 1 and 50 %. By derogation from the above, fullerenes, graphene flakes and 

single wall carbon nanotubes with one or more external dimensions below 1 nm should be 

considered as nanomaterials”. 

According to this definition, nanoparticles can be further classified into three main categories 

based on their source: naturals, incidentals and engineered. 

Regardless the source, physical and chemical properties of nanoparticles are strongly 

dependent on the sizes, shapes, compositions, and structures of the nanocrystals. Interesting 

phenomena such as remarkable increase in surface-to-volume ratio, significant change in 

surface energy, and quantum confinement effects occur when a bulk material is reduced to 

nanoscale dimension.2,3,4 Moreover, particles in the nano-range can move inside a fluid by 

Brownian motion, without been affected by gravity; on the contrary, large particles exhibit 

sedimentation. 

1.1.2 Formulation of inorganic ENM in commercial use 

The rational control of the nanoparticles surface properties leads to the production of new 

materials that can be added at the everyday-life objects for improving their properties (i.e. 

resistance, strength, brilliant colors, UV-Vis reflection, ecc). These engineered nanomaterials 

(ENM) are already presents in consumer products, and their trade has reached remarkable 

values. 

In fact, as it is reported in the literature (2011), the worldwide demand of nanomaterials has 

reached $2 billion in 2011, $ 3.6 billion in 2013 and it is expected to reach $ 34 billion in 2025 

(Freedonia Group Report). In order to classify and track these new materials in the market, 

several inventories have been made; the most frequently cited is the Consumer Product 

Inventory (CIP) that reports 1827 commercial products containing ENMs.5 
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Figure 1 A) Worldwide market distribution of ENMs; B) USA ENMs Market sectors (from Freedonia Group Inc)  

United States has the largest market of ENMs, with 773 consumer products available, 290 

companies and 40% of the world trade of ENMs (Figure 1A). As it is reported in CIP, the health 

and fitness products cover more than 40% of listed products while electronics and other 

application cover each one the 20%. Within the health and fitness products category are 

grouped ingredients for pharmaceutical purposes (e.g. drug delivery system, therapeutic 

agents, dental products) but also personal care products (e.g. toothbrushes, hairstyle 

products, cosmetics, and sunscreen)  and clothing (Figure 1B).5 

 

Figure 2 ENMs production (from Mitrano et al 2015) 6 

Mitrano et al. (2015) reported that metal oxides such as silicon dioxide (SiO2), titanium dioxide 

(TiO2), and zinc oxide (ZnO) are the most widely produced nanomaterials on a global scale (on 

mass basis) Figure 2.6 Besides them, silver is the most frequent ENMs that can be find in the 

products listed in CIP (24%). It is also reported that the 31% of the products listed in CIP apply 

ENMs as antimicrobial protection, while both material-coating and environmental treatments, 

cover the 15% each one (Figure 3).5 
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Figure 3 ENM application fields (from Vance et al 2015) 5 

According to CPI, resulted that ENMs are suspended in fluids (e.g. water, oil, lubricant, and 

lotion) in about 29% of consumer products, while in the 17% they are bound at their surfaces. 

The most part of these ENMs are composed by metal and metal oxide nanomaterials. In Figure 

4, the concentration range (% by weight) of the most common ENMs present in commercial 

products and their applications are reported. 

 

Figure 4 Concentration ranges of nano-scale TiO2, SiO2, ZnO, and Ag in different consumer product categories 7 
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1.2) Inorganic ENMs properties and analytical techniques 

As is widely reported in the literature, compared to bulk materials, due to their large surface-

to-volume ratio, nanoparticles exhibit remarkable physical and chemical properties such as 

high surface reactivity and quantum effect.8,9 Understanding the interaction between 

nanoparticles and other entities (i.e. biological molecules, nanoparticles of the same type or 

completely different), become essential for the assessment of the transport and fate of ENMs 

and their transformation. Nanoparticles are entities that can move in a liquid by Brownian 

motion without being affected by the gravity, that instead leads to the sedimentation of any 

other suspended material with a size higher than 1000 nm. It is clear, that the mechanisms 

involved for describing their behavior can be considered a hybrid between what happened at 

the atomic level and at the macroscopic level, thus allowing to use the mathematical tools 

already present. 

1.2.1 DLVO theory 

Particle-particle interaction and particle-surface interaction have been described by the 

Derjaguin – Landau – Verwey – Overbeek (DLVO) theory, but forces such as steric, magnetic, 

and hydration forces can also play an important role in the aggregation and settling of ENMs.10 

In DLVO theory, two forces determine the stability of 

particles: van der Waals attraction (vdW) and electrical 

double layer repulsion (EDL). The attraction or 

repulsion between two particles or particle surface 

(WD), depends on the sum of these two forces. Petosa 

et al. (2010) reported a list of detailed equation that can 

be used for calculating the particle-particle and 

particle-surface interaction10 (Figure 5)11. The main 

parameters involved in these equations are radius of 

the particle, the surface charge, the distance between 

two particles and other medium/particle constants.12  

 𝑊𝐷 = 𝑣𝑑𝑊 + 𝐸𝐷𝐿 

Equation 1 DLVO theory 

An integration to the above equation is given by the 

addition of the steric force that take into account the 

adsorption of polymers or surfactants, magnetic dipole moment for magnetic ENMs, and 

hydration energy that consider the amount of water 

adsorbed on ligands such as, for example, proteins. In 

literature there are also described other variations of this equation, but for simple 

applications, DLVO it is still the most used. 

Modelling the behavior of ENMs is fundamental for predicting fate and transport of ENMs in 

the environment since, as reported before, they can interact with a wide range of substances 

Figure 5 Graphical representation of DLV theory 
(from Israelachvili et al. 20111) 
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that can alter their aggregation state, composition, concentration and size. For this reason, 

characterization by suitable analytical techniques play a key role in the nanoparticle study and 

development. 

1.2.2 Analytical methods for inorganic ENMs characterization 

The growing demand of ENMs in commercial products, has led the scientific community to 

develop new analytical techniques (or adapt existing ones) to evaluate the behavior of these 

analytes in increasingly complex matrices. 

However, while in the past the attention 

was focused on the characterization of 

newly developed ENMs, which means 

characterization of homogenous systems at 

high concentrations and without the 

presence of complex matrices, nowadays 

the analytical challenge involved the 

detection and the quantification of ENMs at 

low concentration in complex matrices (i.e. 

biological or environmental matrices),13 

(Figure 6). 

Figure 6 Complexity on ENMs analysis (from Laborda et al 2016) 13 

The information required for the characterization of ENMs, independently from the 

complexity of the matrices, can be quantitative (e.g. mass concentration, number 

concentration) or qualitative (e.g. core and coating composition, size, shape, 

aggregation/agglomeration)(Figure 7). Besides this, if ENMs show additional properties 

resulting from e.g. dissolution or redox activity, more information must also be provided. 

 

Figure 7 ENMs characterization techniques 



6 
 

1.2.2.1 Sample preparation 

In most cases, when real samples containing ENMs must be analyzed, a sample pre-treatment 

is required prior to the direct analysis, in order to remove the possible interferences from the 

matrices. 

The pre-treatment selection depends mainly on the type of ENMs and matrices to be 

removed. Acidic digestion of solid samples leads to the total destruction of the matrices and, 

in most cases, to the ENMs. This strong procedure is usually applied to get quantitative 

information of the ENMs content in the sample, or for the extraction of insoluble ENMs (e.g. 

SiO2) from weak matrices (e.g. biological tissue).14,15 

For organic matrices, as an alternative to the acidic digestion, a softer alkaline or enzymatic 

digestion is often employed by using tetramethylammonium hydroxide or proteases 

respectively. Performing this pretreatment, ENMs can be released intact from the matrices, 

allowing the direct detection, quantification and size characterization of the particles.13,16,17 

Centrifugation and dialysis/ultrafiltration are the common approaches to isolate ENMs from 

an aqueous suspension containing dissolved species. Centrifugation involves the relation 

between the centrifugal force applied to the particles and other parameter describe in the 

equation below: 

𝐷 = √
18η ln (

𝑅𝑓
𝑅𝑖

⁄ )

𝜔2𝑡(𝜌𝑝−𝜌𝑓)
 

Equation 2 Centrifugal settling equation 

where D is the minimum diameter of the particle settled, η is the dynamic viscosity of the 

fluid, Rf and Ri are the final and initial radius of rotation respectively, ρp and ρf are the density 

of the particle and fluid, ω is the angular velocity and t is the time required to settle from Ri to 

Rf. 

Equation 2 is a modification of Stokes law, and it is commonly used for both the purification 

of proteins or particles and the centrifugal separation analysis (CSA). Result clear that knowing 

particle, fluid and centrifuge parameters it is possible to settle the whole suspended 

particulate or fractionize it only by acting on time or angular velocity. 

On the contrary, ultra-centrifugation and dialysis use a nanoporous membranes made of 

different materials with a well define cut-offs. Also in this case, this procedure is used for the 

isolation of nanoparticle from dissolved species, especially in ENMs dissolution study.18 

 

1.2.2.2 Analytical techniques 

Electron microscopy 

The capability to visualize nanoparticles, leads the electron microscopy as one of the powerful 

techniques for the ENMs analysis; the direct visualization of the particles allows to obtain 

information on their size, size distribution and shape. In addition, Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM) can be equipped with Energy 
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Dispersive X-ray spectroscopy module (EDX) to semi-quantify the elemental composition of 

ENMs.19 TEM can also be equipped with Electron energy-Loss Spectroscopy (ELS) in order to 

obtain information regard crystal structure, chemical composition and elements oxidation 

state. Electron microscopy can be very useful to gain information regarding size and shape, 

but it cannot be used for quantification, because to have a statistically significant value, a high 

number of particles should be sized and counted, making this operation dramatically time-

consuming.13 

For the microscope analysis, sometimes a sample pre-treatment is needed, as in the case of 

biological tissue imaging20,21, or to study agglomeration state; in the latter case in fact, the 

drop deposition of the solution containing ENMs, followed by evaporation, can lead to the 

formation of aggregates changing the particle size distribution. To avoid this phenomena, the 

grid’s surface where the drop is deposited, can be treated with a substance that via 

electrostatic interaction fix the particles reducing the “evaporation induced aggregation” 

effect. Other fixation methods are also reported such as water-soluble resins to embed the 

particles, or the cryofixation.2 

Light scattering 

Photon correlation spectroscopy, better known as Dynamic Light Scattering (DLS), is maybe 

the most common technique used to characterize ENMs in liquid suspension. The interaction 

between light and particle is used to calculate the diffusion coefficient (D) of a particle that is 

moving in the solution by Brownian motion: 

𝑑ℎ =
𝐾𝐵𝑇

3𝜋η𝐷
 

Equation 3 Stock-Einstein equation 

The Stock-Einstein equation (Equation 3) predicts the behavior of a particle having a diffusion 

coefficient D and a hydrodynamic diameter dh (where dh is the diameter of a sphere with the 

same diffusion coefficient D of the particles investigated), which is moving in a fluid with 

viscosity η at the temperature T. The diffusion coefficient is the variable measured by the 

correlator by recording the time-dependent fluctuation of the light scattering intensity, 

caused by the interaction between the particle and the light itself. Unfortunately, the 

scattering intensity depends by the sixth power of the particle diameter, and if heterogeneous 

size distribution is present (typical of real samples), smaller particles cannot be distinguished 

among bigger particles, making the data difficult to interpret.22,23 However, coupling DLS with 

a size separation technique can be helpful to overcome the problems related to the 

polydispersity interference. Another drawback of this technique is the range of applicability in 

terms of concentration, in fact DLS works at concentrations far above the concentration of 

ENMs that can be found in the environmental (mg/L instead of ng/L and sub ng/L).  

Nanoparticle Tracking Analysis (NTA) is another interesting light scattering technique, which 

allows to study the size and size distribution of ENMs in solution. NTA employ a video 

microscopy to record a video of the particles motion that is than processed to obtain the 
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diffusion coefficient. NTA track and elaborate the motion of individual particles, in this way 

the analytical data is not affected by the polydispersivity (or aggregation state) of the samples. 

Moreover, NTA can also be used to quantify the ENMs in terms of particle-number 

concentration, but, data obtained from particles with sizes below 10 nm might be not 

reliable.13 

Atomic spectrometric and spectroscopic techniques 

These techniques can be used to quantify the elements present in the ENMs investigated. One 

of the main techniques used nowadays, is Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS), due to the lower detection limit (sub ng/L) and reliability of the analytical data. It is 

worth pointing out that the data obtained are not specific for the particles, and information 

such as size, size distribution, or the physical state (ionic or particle) cannot be achieved. 

However, this technique can find significant application in bioaccumulation and 

biodistribution studies,24,25 with the possibility to extend its field of use by coupling it with an 

apparatus for the size separation. 

Single particle ICP-MS 

Single particle ICP-MS (sp-ICP-MS) is a specific analytical method based on the time-resolved 

analysis of the sample followed by the deconvolution of the resulted “intensity vs time” plot 

(Figure 8); providing information such as composition and density of ENMs, it is possible to 

obtain the number base particle concentration and calculate the size and size distribution.26 

 

Figure 8 sp-ICP-MS working 

This mode of analysis can estimate the number of particles at very low concentration (108 

part/L) whereas the size detection limits can be respectively 2 nm for mono-elemental and 

100 nm for oxides. Size detection limit mainly depends on parameters such as the density, the 
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relative abundance of the isotope chosen, the mass fraction, the ionization efficiency and the 

presence of isobaric interference. The detection limits of different elements evaluated by sp-

ICP-MS is reported in Figure 9.27 

 

Figure 9 Evaluated DLS of spICP-MS for 40 elements and reported detectable sizes of some nanoparticles from previous 
literature. All the evaluated DLS measurements are performed by assuming single element nanoparticles (from Lee et al. 

2014) 

The equation below is the mathematical relationship for the conversion of the raw data into 

size and size distribution:  

𝑑 = √
6𝜂𝐼𝑁𝑃

𝐾𝑓𝑎𝜌𝜋

3

 

Equation 4 Relationship between Intensity and diameter for sp-ICP-MS analysis 

where d is the diameter of an equivalent sphere (nm), INP is the intensity in count per second 

(cps) at the detector for each nanoparticle, η is the transport efficiency (TE) in %, K is the slope 

of the calibration ionic curves of the element analyzed (cps/μg), fa is the mass fraction of the 

element in the particle and ρ is the density of the particle.27 

sp-ICP-MS provides the equivalent spherical diameters calculated on the ENMs parameters 

described above; if the particle has a sphere-like shape, the diameter obtained by sp-ICP-MS 

coincide in good agreement with the diameter provided by TEM or SEM. Anyway, by modifying 

the Equation 4 it is possible to convert the equivalent spherical diameters to particles with 

other shapes. Recently, Kalomista et al. (2017) reported an additional elaboration of the raw 

data for the estimation of both the dimensions of gold nanorods.28 
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From equation 4 it is clear that the cubic relation between the diameter and the other 

parameters strongly affects the size limit of detection (DLs) and requires huge instrumental 

development in order to reach the same DLs of electron microscopy (<1 nm). 

This promising technique leads to analyze complex matrices because its ability to detect and 

quantify ENMs in samples at low concentration, a simply diluting can drastically reduce the 

matrices interference effects. 

Moreover, by sp-ICP-MS it is also possible to analyze biological samples after a pre-treatment 

of the sample which can be performed via alkaline or enzymatic digestions.16 Examples are 

reported in the literature concerning food matrices spiked with ENMs and tissues of organisms 

exposed to nanoparticles. 29–32 

From the environmental point of view, sp-ICP-MS has been applied to study the behavior and 

fate of silver ENMs in lake water,33 washing solutions from commercial detergents,34 and 

wastewater from wastewater treatment plants (WWTP). 

 

X-Ray Absorption Spectroscopy (XAS) 

Another atomic technique for the characterization of ENMs in complex matrices, is the X-Ray 

absorption spectroscopy (XAS) that includes XANES and EXAFS; these technologies can provide 

information about metal/ metalloid species and their quantitative distribution, although not 

about their nanoparticle parameters, with minor or no sample preparation. In the literature 

are reported XAS analysis of matrices such as soil, road dust, plant tissue and sludge.35–37 The 

use of XAS is limited by the needed of synchrotron radiation facilities, and the relative 

sensitivity (mg/Kg). 

Electroanalytical techniques 

Voltammetry of Immobilized Particles (VIP) and Particle Collision Coulometry (PCC) are two 

electroanalytical techniques specifically developed for the analysis of ENMs. Nowadays these 

cost-effective and efficient analytical techniques are not full employed, but in the future they 

might find more applications.13 

In Table 1 are reported some analytical application of the techniques described above. 
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Table 1 Application case studies for analytical techniques involved on the detection of ENMs in commercial product, 
Environmental samples and ecotoxicological/ toxicological tests.(from Laborda et al. 2016)13 

Technique Application Sample ENM 

Electron microscopy 
TEM/SEM 

Consumer products 

Disinfectant Ag, ZnO 

Dietary supplements Au 

Bread and bisquits metal NPs 

Coffee creamer SiO2 

Sunscreen TiO2, ZnO 

Ecotoxicological/Toxicological 
studies 

Plant tissue 
Ag, TiO2 

Environmental samples 

Washing water Ag 

Waste water SiO2, Al2O3 

Sewage sludge TiO2 

Atomic spectrometry 
(only ICP-MS is 

considered) 
(*=sp-ICP-MS) 

Consumer products 

Dietary supplements Ag*, Au, Pt 

Antibacterial products Ag 

Healthcare formulation Ag 

Coffee creamer SiO2 

Sunscreen 
TiO2, TiO2*, 

ZnO 

Ecotoxicological/Toxicological 
studies 

Gastrointestinal tract 
Gills Ag 

Lumbriculus variegatus Ag 

Biological tissue 
homogenate Ag* 

Human epatoma cells Ag 

Feces (rat) Ag 

Various organs (rat) Ag*, Ag, Au 

Daphia Magna Ag* 

Plant tissue Au* 

Environmental samples 

Washing water Ag 

Waste water Ag*, CuO 

Lake water TiO2, TiO2* 

Electroanalytical 
technique 

Consumer products 
Healthcare formulation Ag 

Disinfectant Ag 

 

1.2.2.3 Separation techniques 

As reported in the previous section, sometimes samples are so complicated, due to matrices 

interference or polydispersivity (or both), that a separation prior to analysis is required. Most 

of the separation techniques can work online with the detectors described above, but also off-

line by collecting the fractions and analyzing them in a second time. 

Field-Flow Fractionation (FFF) 

Field-Flow Fractionation (FFF) is the widely applied separation technique. According to the 

Stoke-Einstein equation, particles with different diameters, shows different diffusion in liquid 

media. If heterogeneous nanoparticles distribution are flowing in a laminar flow, and a 
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perpendicular stimuli is applied (crossflow for asymmetrical FFF, centrifugal force for 

centrifugal-FFF, thermal gradient for thermal-FFF), the particles can change their spatial 

location on the flow profile, moving from the faster layer in the middle towards the slower 

layer near the wall of the channel. As consequence some particle are decelerate and a delay 

in the exit of the particle populations is observed (Figure 10). 

 

Figure 10 Field-Flow Fractionation working 

Although FFF can be used to treat several materials (polymer, biomolecules, ENMs), recoveries 

below 80% in quantification are reported.38–41 This limits the application to a qualitative 

approach. Usually FFF is hyphenated to elemental detectors such ICP-MS/ICP-EOS,41,42 but can 

be also coupled to UV-Vis and DLS 43. 

Other separation techniques 

Among the other separation techniques, the more relevant are Gel Electrophoresis (GE), 

Capillary Electrophoresis (CE), Hydrodynamic Chromatography (HC), Size Exclusion 

Chromatography (SEC) and Gel Permeation Chromatography (GPC). As for FFF, the partial 

adsorption of the ENMs on to the stationary phases limit these techniques to a qualitative 

application.13 

Depending on the complexity of the matrices, and the type of information needed, one or 

more techniques can be used to reach the goal. Usually for inorganic ENMs in complex 

matrices, the combination of sp-ICP-MS and TEM is reported as a high throughput tool for 

their detection, quantification and characterization (size, shape, aggregation state). 

In Table 2 analytical information and detection/quantification limits (LOD/LOQ) for each 

techniques are summarize. 

 

 

 

  

https://upload.wikimedia.org/wikipedia/commons/e/ef/FFF_separation_principle_in_asymmetric_flow_field-flow_fractionation_(AF4).jpg
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Table 2 LOD and LOQ for the techniques used in the ENMs characterizations.(from Laborda et al. 2016)13 

Technique Acronym Size LOD Concentration LOD Analytical information 

Electron microscopy     

 Transmission electron microscopy TEM <1 nm  - Size (average and distribution) 
     - Shape 
     - Elemental composition (+EDS) 
     - Chemical structure (+EELS) 
     - Crystal structure (+SAED/CBED) 

 Field-emission scanning electron microscopy 
FESEM 

FESEM 1 nm  - Size (average and distribution) 

     - Shape 
     - Elemental composition (+EDS) 
 Environmental scanning electron microscopy ESEM 30 nm 1012/L - Size (average and distribution) 
     - Shape 

Light scattering     

 Dynamic Light Scattering DLS 1 nm mg/L - Size (average and distribution) 
 Nanoparticle tracking analysis NTA 20 nm 109/L - Size (average and distribution) 
     - Number concentration 

Atomic spectrometry     

 Inductively coupled plasma mass spectrometry ICP-MS - ng/L - Bulk element composition 
     - Total mass concentration 
 Single particle ICP-MS sp-ICP-MS 2-100 nm 106/L - Detection of dissolved element/NP 
    ng/L - Element mass per NP(average and distribution) 
     - Size (average and distribution) 
     - Number concentration 
     - Mass concentration 
     - Chemical composition 

     - Identification/quantitative distribution of 
chemical species 
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Electroanalytical techniques     

 Voltammetry of immobilized particles VIP 10nm μg/L - Element composition 
     - Oxidation state 
     - Size (average) 
     - Mass concentration 
 Particle collision coulometry PCC 5 nm 1010/L - Detection of NPs 
     - Size (average and distribution) 
     - Number concentration 
     - Mass concentration 

Separation techniques     

 Asymmetric field-flow fractionation AF4-ICP-MS 1-5 nm 1-10 μg/L - Detection of complexed elements/NP 
  AF4-UV-Vis  0,1 mg/L - Size (average and distribution) 
  AF4-DLS  1 mg/L - Mass concentration 
 Capillary electrophoresis CE-ICP-MS  0,2 μg/L - Detection of complexed elements/NP 
     - Size (average and distribution) 
     - Mass concentration 
 Hydrodynamic chromatography HDC-ICP-MS  1 μg/L - Detection of complexed elements/NP 
     - Size (average and distribution) 
     - Mass concentration 
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1.3) Copper based nanomaterials (Cu-ENMs) 

Among the transition metal oxides, Copper oxide (CuO) is one of the most studied material 

because of its interesting electronic properties as p-type semiconductor.44,45 For this reason, 

CuO finds several applications in the fields of: materials for the next-generation rechargeable 

lithium-ion batteries, solar cells and gas sensors,46 photodetectors,47 field emissions,48 

supercapacitors,49 photocatalysis,50 and magnetic storage media 51. Recent studies reported 

that CuO nanocomposites is also active in catalytic oxidation of CO and NO and volatile organic 

chemicals such as methanol 52,53 and other inorganic pollutants 54,55. Moreover, CuO ENMs, 

but in general the copper-based ENMs, showed interesting behavior in application such as 

self-cleaning coatings (anti-biofouling), surface protection, textiles treatments, water 

movement, oil–water separation, antibacterial and antifungal treatment. 56,57 Cuprous oxide 

(Cu2O) is another important ENMs that shows interesting electronic properties, but differently 

from CuO is less stable and this limits its practical applications. 

The copper-based engineered nanomaterials (Cu-ENMs) annual production was estimated to 

be 570 tons/year in 2014 but the forecast predict a value of ca 1600 tons/year by 2025. 

However, in comparison with the global inorganic ENM production, the production of Cu-

ENMs is a relatively small fraction.58 

1.3.1 Synthesis of CuO nanostructures 

Nanoscale CuO can be synthetized with several shapes and dimensions by changing the 

preparation methodology and the related parameters involved; with the opportune 

productive strategy, it is possible to build-up zero-dimensional nanoparticles, one-

dimensional nanotubes, nanowires and nanorods, two-dimensional nanoplates and 

nanolayers, and several complex three-dimensional structure such nanoflowers, and 

honeycombs nanostructures. The most common methods include: hydrothermal synthesis, 

chemical precipitation, electrochemical and thermal oxidation methods. Among these 

methods, the first two are the most used ones.51 

Hydrothermal synthetic methods and chemical precipitation methods are often used in the 

preparation of various metal oxide ENMs with a good control in terms of shape, composition, 

and reproducibility. In the hydrothermal synthetic method, CuO ENMs are produced in 

supercritical water condition, with the presence of a copper precursors (i.e. Cu(NO3)2), a base 

(i.e.sodium idroxyde, urea) and sometimes surfactants (i.e. cetyltrimethyl ammonium 

bromide); in this method parameters such as copper precursors type and concentration, pH, 

growth time and growth temperature, determine the final dimension, shape and size, of the 

CuO nanoparticles.51 For example, Chakraborty et al.59 reported the synthesis of a flower-like 

CuO nanoparticles by using two different precursors of copper, while Neupane and 

coworkers60 have obtained flake-like CuO ENMs by controlling the precipitation temperature; 

structures such nanorods, nanowires and rectangular shaped nanobat-like are also reported 

by using this method. Chemical precipitation method is similar to hydrothermal synthesis, but 

without using supercritic conditions; the benefit of using chemical precipitation, besides 
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operating in mild condition (temperature around 100°C), is the capability to synthetize 

complex 2D/3D nanostructures such nanoribbon, nanoring, ellipsoid, flower-like microsphere 

ecc (Figure 11).51 

 

Figure 11 Typical SEM images of  CuO synthesis in with different strategies: (a) urchin-like nanostructure, (b) hierarchical 
nanochains, (c) Nanosheets, (d) flower-like, (e) flower-like assembles, (f) nanoellipsoid, (g) spindle-like, (h) microplates, (i) 
flower-like microspheres, (j) lenticular-like (k) Pseudo-like, and (l) elliptical-like nanostructure. (from Zhang et al. 2014)51 

1.3.2 Cu-ENMs for biological applications 

The advent of antibiotics in the 1930s has greatly improved the efficacy of the infection 

treatments, and as consequence the life perspective; unfortunately, the spread of antibiotic 

resistance forces the scientific community to develop new tools against the pathogenic 

agents’ proliferation.57 In 2008 EPA officially recognized copper and its alloys as the first 

effective metallic antimicrobial agent thanks to their ability to kill 99.9% of bacteria within 2 

hours. Since now, a lot of studies have been conducted to improve the antibacterial activity 

of copper, including the development of copper-based nanoparticles. Moreover, recent 

studies report that Cu-ENMs are active in killing not only bacteria but also fungi and virus, and 

has been demonstrated that particle size affect their efficacy; indeed, smaller CuO particles 
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(around 5 nm) can easier penetrate inside the cells than larger particles (around 8 nm), thus 

showing a better antibacterial activity. 61,62 

The toxicological mechanisms of Cu-ENMs in biological entities (e.g. bacteria, cells, fungi) are 

still not clear. Espirito Santo et al.(2008-2011)63,64 showed that the toxic effect towards E. coli 

is triggered by oxidative damage of membrane phospholipids, resulting in the loss of its 

integrity; following membrane degradation, copper-released ions can penetrate into the cell 

and generate Reactive Oxygen Species (ROS), responsible for damage of lipids, proteins, 

nucleic acids, and sometimes of all the genetic material.65 Further information on Cu-ENMs 

biocidal mechanisms is reported in section 5.1 “Toxicological effects of Cu-ENMs”. 

Anyway, the most interesting fact is that all bacteria exposed to copper provide copper-

resistance only for a few minutes before death, making Cu-ENMs a suitable material for 

antimicrobial purposes. 
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1.4) Transformation and Fate of Cu-ENMs 

Significant research has been devoted to characterize the potential environmental and human 

health impacts engineered nanomaterials incorporated into products extensively used in 

sectors ranging from healthcare to coatings and paints.66 

Chemical and physical properties of ENMs  depend essentially from the chemical nature of the 

matter that compose the nanoparticles. The chemical element (and consequently the 

electronic properties of the element) that build up the ENM, constrains the structure to grow 

in a well define 2 or 3D structure. Some different crystalline structures can be reach by 

controlling the energetic pathway during the grown of the nanoparticles. Starting from these 

principles it is clear that other kind of properties like surface reactivity, solubility, and 

consequently toxicity are strongly related to the chemical nature of ENM. Moreover, upon 

entering environmental or biological media, these nanoparticles can change their physical 

and/or chemical proprieties and partly dissolve.67 Therefore it is important to consider 

nanoparticles as dynamic entities that undergo transformations that depend on the pH, ionic 

strength and composition of the media in which they are dispersed (Figure 12).68  In particular, 

the dissolution rate of these NPs in the exposure media can strongly affects the uptake 

pathway, toxicity mechanisms and the environmental compartment in which NPs may have 

the highest potential impact.18 

 

Figure 12 Surface transformation of ENMs in biological and environmental media (from Mudunkotuwa et al. 2015) 68 
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1.4.1 Transformation of ENMs in Environmental media: role of pH, organic matter and ionic 

strength 

When performing experiments relevant to natural waters, it can be advantageous to use a 

medium with an ionic composition as similar as possible to that of the natural water to be 

studied, but lacking other natural components, such as trace compounds, colloids and organic 

substances.69 While seawater has a reasonably constant composition, freshwaters have very 

different compositions in terms of pH, salts, and organic matter depending on the type of 

water under examination (i.e. surface water, underground water, wastewater and the 

geographical source and seasonality). With the aim of standardizing the conditions in the 

ecotoxicological experiments, protocols for the preparation of Artificial Fresh Water (AFW) 

and Artificial Marine Water (AMW) have been developed by OECD, as a representative 

environmental media. These media can be very useful for ecotoxicological purpose, but if 

water chemistry play a relevant role in the behavior of the system to be investigated, or the 

experimental design requires to simulate a specific environment, a more specific composition 

of the medium is needed. Regarding the parameters variability in fresh water, FOREGS 

database (http://weppi.gtk.fi/publ/foregsatlas/)70 reports 808 chemical analyses of stream 

water from across Europe that can be used to summarize the chemical compositions 

variability of the European streams. 

1.4.1.1 pH 

From the FOREGS database data (2005), the median pH of the water steams analyzed, shown 

a median value of 7.7 pH unit (5th percentile= 6.1; 95th percentile= 8.5) by covering in the range 

between 5 to 8.5 more than 96% of the cases. pH plays the major role in the ENMs 

transformations because it is responsible of aggregation and dissolution phenomena in water 

media. According to the DLVO theory, the attraction or repulsion between two particles 

depends on the surface charge of the particles; by protonating or deprotonating the surface, 

the electrical double layer can be compressed or expanded causing an increase or decrease in 

the aggregation phenomena. Berg et al report the relationship between pH and zeta potential 

of some metal oxide ENMs, and as it was predicted by the DLVO theory, pH far from the 

isoelectric point decrease the aggregation between the particles (Figure 13).71  

Moreover, pH is also involved in dissolution processes; in some cases it is able to solubilize 

ENMs by itself (e.g. CuO and ZnO ENMs), in other cases it works in combination with other 

reagents (e.g. oxygen with Ag and Cu ENMs). 
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Figure 13 Titration of nanoparticles in ultrapure water (18.2 mW). (A) In a model nanoparticle system, (B) TiO2, (C) ZnO, (D) 
Al2O3, (E) CeO2, and (F) Fe2O3 from basic (pH > 10) to acidic (pH < 3) conditions. Dashed vertical line represents isoelectric 

point.  (from Berg et al. 2009)72 

1.4.1.2 Ionic Strength (IS) 

Regarding the major ionic contributions, Salminen et al. (2005) reports that the median Ca/Mg 

ratio of European river waters is 4.48 whit the overall Ca and Mg mean concentrations of 1.36 

mmol/L;70 the amount of Ca and Mg is very fluctuating, reaching value between 0.01 mmol/L 

and 24.4 mmol/L. Mono and divalent electrolytes can interact with the EDL of the particles by 

enhancing the aggregation processes.73,74  According to von der Kammer et al. (2010), divalent 

cation concentrations exert a dominant influence on the aggregation behavior of 

nanoparticles since the critical coagulation concentration is proportional to the inverse 6th 

order of the valency (Schulze-Hardy rule). 75 

1.4.1.3 Dissolved Natural Organic Matter (DNOM) 

Dissolved Natural Organic Matter is a natural organic colloid ubiquitous in natural aquatic 

environments, the main components of which are humic substances (∼50%) composed in turn 

by Humic Acid (HA) and Fulvic Acid (FA).76 In particular, HA is a heavy (in terms of molecular 

weight) heterogeneous mixture of organic compounds negatively charged thank to the 

presence of carboxylic and phenolic groups. In addition, DNOM shows a high seasonal 

variation related to the activity of the primary production, which is high in spring and low in 

winter. However, the median value of DNOM for European river waters is 5.39 ppm, ranging 

between <0.5 ppm and 71.9 ppm.70 One of the most used reference material for simulate the 

DNOM in freshwater, is Suwannee River Natural Organic Matter (SR-NOM) from the 

International Humic Substances Society; SR-NOM is considered as a well-characterized and 

standardized DNOM. 
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The surface transformation processes of ENMs influenced by DNOM mainly include 

adsorption, stabilization/aggregation and dissolution (Figure 14).67,77 These processes are also 

influenced by different factors such as ENMs type and water chemistry. Electrostatic 

attractions play an important role in ENMs–DNOM interaction, especially when pH is higher 

than pHZPC. Zhang et al. (2009) for example, described the strong adsorption affinity of some 

ENMS to DNOM because of the ligand exchange occurring between the carboxyl/hydroxyl 

groups of DNOM and the hydroxyl groups present on the ENMs surface.12 

 

Figure 14 Adsorption (processes I–III), dissolution (process IV), transformation (processes V–VI) and stabilization/aggregation 
(processes VII–IX) behaviors of MNPs in the presence of NOM. (from Wang et al. 2016) 76 

The importance of DNOM in stabilization of ENMs has also been extensively discussed in 

literature;78–80 in particular it is reported that in certain conditions, the DNOM coating around 

the ENMs (such as ZnO, Ag, SiO2 and TiO2) increase both the steric hindrance and the 

electrostatic repulsions between the particles, leading to a better stabilization.76 Dissolution 

can also be promoted by the presence of DNOM; the major contribution is given by the 

functional groups of DNOM that are able to promote the metal extraction from the surface, 

but also facilitate the complexation of dissolved metal fractions.81  

1.4.2 Transformation of ENMs in Biological media: role of biological molecule 

Understanding the interaction of ENMs with biological system is the key for a safe application 

of ENMs in commercial products. While several studies have been conducted to understand 
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the transformation of nanoparticles in environmental media,10,67,77 less studies related 

biological matrices, such as biological media or biological tissue, have been performed. 

Biological media are surrogate of biological tissues that can be used as simulant for biological 

fluid in order to testing the transformations of ENMs in vitro, with or without living cell. As 

well as the chemical properties of tissues and fluids are changing organs by organs, the 

chemical composition and the related properties of the biological media are changing too, in 

terms of pH, organic and inorganic ligands (e.g. chlorides, phosphates, carbonates, steroids, 

amino acids, proteins, lipids...) dissolved. In the literature82 are present several standard 

composition of simple biological media that can be prepared to emulate a specific biological 

context. 

1.4.2.1 Protein Corona 

Upon entrance of ENMs inside biological environment, a dynamic adsorption/desorption of 

proteins, lipids, sugars and other complex bio-molecules occurs; this shell of biological 

molecules is called “protein corona” and its composition depends on both the nature of ENMs 

and the physical chemical properties of the matrices. The protein corona alters the size and 

interfacial composition of a nanomaterial, giving it a new biological identity that is what is 

seen by cells.83 This new biological identity determines the physiological response of ENMs, 

including agglomeration, cellular uptake, circulation lifetime, transport, accumulation and 

toxicity. The proteins adsorption on the surface of ENMs is a thermodynamically driven 

process called Vroman’s effect; this equilibrium is controlled by protein-ENM and protein-

protein binding affinities. The proteins that showed high affinity towards the particle surface, 

form the “hard corona”, while proteins that has low binding constant and then can be 

desorbed or exchanged easily, form the “soft corona”(Figure 15).83  

 

Figure 15 Schematic illustration of soft and hard protein corona. The hard or soft corona is not composed of only a single 
protein 

Aggrwal et al (2009)84 showed that in the early stage of the corona formation, proteins with 

high abundance in biological fluids such as albumin, immunoglobulin G, fibrinogen and 

apoliproproteins are present in the corona of all the studied nanoparticle, while, in the late 
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stage of the corona’s formation (in the time scale of hours-day), a part of these proteins has 

been replaced by proteins with lower concentration but higher affinity towards ENMs surface. 

Lundqvist et all 85 studied the protein corona evolution in a simulated process of uptake 

(transfer from blood plasma to the cytosolic fluid in vitro test), and they showed that hard 

corona already contained the “proteins fingerprint” of previous environment; this information 

could be used for reconstructing the pathways of ENMs in living organisms. Unfortunately, 

Monopoli et al.(2011)86 reported that protein corona can change significantly between in vitro 

test (with lower protein concentration) and in vivo tests; this indicates that the in-vitro studies 

of ENMs are not always able to predict the behavior of ENMs in living biological environments. 

As it was introduced above, several parameters are involved in the protein corona formation, 

but the major contribution in the global binding affinity (of each protein) is given by ENMs 

surface properties such as hydrophobicity and surface charge. Some studies 84,87 reported that 

the affinity of proteins to ENMs tends to increase by increasing the surface charge and 

hydrophobicity of ENMs. It is also described that the presence of polymer coatings in ENMs 

form a distinct “island” in the particle surface which act as a protein binding site and as a 

consequence, different polymer functionalization result in major changes in organ/tissue 

selective bio-distribution and clearance from the body.83 Moreover, other ENMs properties 

(i.e. material composition or diameter) have a good relevance in protein corona formation. 

For example, TiO2, SiO2, and ZnO ENMs, besides having a similar surface charge, they bind to 

different plasma proteins;88 this evidence can be explained by the different number, spatial 

distribution and type of active sites present on ENMs surface. Moreover, geometrical 

properties such as curvature ad particle size can condition the corona formation. Proteins 

adsorbed to highly curved surfaces has less protein-protein interactions and as result, tend to 

undergo fewer changes in conformation than those adsorbed to less curved surface. Lynch et 

al, reported that the amount of bound protein and the thickness of the adsorbed layer 

increase progressively with nanoparticle size as a consequence of the relative increasing of 

the available surface area.89 For this reason, ENMs shape (e.g. spheres, nanorods, plate,..) can 

also influence the corona composition and their uptake by cells as it was demonstrated by 

Meng and coworkers (2011)in the case of SiO2 ENMs.90 

Proteins corona therefore play a key-role in the biological fate and behavior of ENMs, as in the 

case of opsonization, where different binding affinity of ENMs surfaces with opsonins (“eat 

me signal”) and with CD47 glycoprotein (“don’t eat me signal”) leads to different phagocytosis 

response for macrophages. Therefore, the efficiency and selectivity of this biological labelling 

allows to ENMs to bypass phagocytic recognition and clearance mechanism or not.91 In the 

same way, protein corona can act as “Trojan horse” for ENMs, bypassing the biological defense 

of the living cell and transporting them in specific target.91 Furthermore, a change in the hard 

or soft corona pattern can also change the organ distribution of the ENMs, as it was elucidated 

by Jansh et al.(2012)92 in the study of ultrasmall supermagnetic nanoparticles.  

As commented above, artificial biological media are simple and suitable systems to reproduce 

the behavior of ENMs in real biological fluids, but, to assess the fate of these particles, more 
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complex systems should be taken in account. The presence of complex biomolecules such as 

enzymes, sugars and proteins, has in fact fundamental implications in fate and transformation 

of ENMs, without excluding the presence of biological barriers presents in living cells. For this 

reason, more complex experiments performed by using real biological fluids (e.g. plasma) or 

tissue are strongly recommended.86 According to the pharma’s drug development reported 

from the US National Academy Science, “Toxicity Testing in the 21st Century: A vision and 

strategy”, become more useful, convenient in terms of economic costs, and ethic to gain 

information by applying an advanced tissue culture models (co-culture and 3D spheroid 

culture) followed by in-vivo models (e.g. chicken embryo model or zebrafish) instead of 

pharmacokinetics/pharmacodynamics bio-distribution in rodents and big animals.93 This new 

approach lead to evaluate mechanisms like adsorption, distribution, metabolism and 

excretion, toxicokinetics and toxicodynamics, biological target and tissue bio-distribution. 

1.4.3 Transformation, Transport and Fate of Cu-ENMs in biological and environmental media 

In order to determining the transport, fate, and toxicity of Cu-ENMs in environmental and 

biological media, stability, in terms of aggregation, sedimentation, and dissolution must be 

evaluated. 

As it is described above, Cu-ENMs (including carbonates, oxide and hydroxides, and the 

zerovalent metal) are widely used as antimicrobials, fungicides, algaecides, and herbicides, 

and dissolution to bioavailable ions is a commonly assumed mode of activity. It is reported 

that oxide or surface oxide are the most likely phase that get in contact with biological and 

environmental fluid phases, whether copper oxide or copper zero valent. In fact, in 

comparison to silver, metallic copper ENMs oxidize more readily, first forming a Cu(I) oxide 

shell around a zerovalent core, and eventually to Cu(II) oxide as a final product.94,95 

Mudunkotuwa et al. (2015) also reported that Cu ENMs could be easily transformed to Cu2O 

by citric and oxalic acids by first promoted the dissolution of the oxide coating and then the 

exposed CuO could react with dissolved O2 to form Cu2O.68 

 

1.4.3.1 Dissolution 

Though Copper(II) oxide is described as insoluble, at the sub-ppm concentration of interest 

for environmental and nanotoxicology, it is sufficiently soluble to show some toxicological 

effect.96–98 Furthermore, dissolution processes can be both assisted by ligands, either 

thermodynamically by reducing the concentration of the free ion in equilibrium with the solid 

surface. Wang et al reported that Fetal Bovine Serum (FBS), glutamine and other amino acids 

promote copper ions release, and form high-affinity complexes with copper.99 Regarding the 

role of DNOM in the dissolution of Cu-ENMs, Conway et al. (2015)66 reported that DNOM may 

stabilize ENMs, but it can also act as a complexing agent for the dissolved metal fractions as it 

was already reported by Odzak et al. (2014)67. However, dissolution of Cu-ENMs in both 

environmental and biological media is mainly a proton promoted process, as it is largely 

reported in literature, although in the case of Cu(0) ENMs dissolution, oxygen is also needed. 
66–68,81 
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1.4.3.2 Aggregation and sedimentation 

Aggregation and consequently sedimentation of Cu-ENMs is influenced by IS, pH and DNOM 

via electrostatic interaction,100 following the main assumptions of DLVO theory. Conway and 

coworkers66 report that nano-Cu and nano-CuO show an enhanced aggregation at high IS and 

low DNOM whereas Cu(OH)2 NPs show similar aggregation behaviors in all the waters tested 

(real and artificial freshwater and marine waters). As consequence, the sedimentation kinetics 

for nano-Cu, Cu(OH)2, and nano-CuO followed a positive correlation with ionic strength and 

an inverse correlation with organic content. 

However, nano-CuO exhibited an unpredicted stabilizing effect due to the presence of 

phosphate anions; phosphate is well-known for its ability to covalently bond to metal 

oxide.101,102 It is reported that the addition of even low concentrations of PO4
3− to nano-CuO 

suspensions results in the formation of a negatively charged layer and the polarity’s charge of 

the particles surface switch from positive to negative (Figure 16). 

 

Figure 16 ζ potential and pH of nano-CuO in Nanopure water in the presence of increasing concentrations of PO43− (from 
Conway  et.al 2015) 66 

This phenomenon leads to an additional stabilization in terms of aggregation, in comparison 

with other media that show higher IS but different concentrations of PO4
3− (Groundwater 

<0.02 mg/L PO4
3− vs simulated freshwater 0.64 mg/L PO4

3−). 
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Figure 17 Sedimentation kinetics for Cu(OH)2, nano-Cu(0), and nano-CuO in different artificial water media (from Conway  
et.al 2015)66 

On the contrary, this phenomenon does not occur in Cu(0) and Cu(OH)2 nanoparticles since 

their surfaces are negatively charged throughout a whole range of pH. In addition, 

independently from the type of Cu-ENMs, the high presence in the media of HCO3
– and Cl- can 

also increase the sedimentation processes (Figure 17), due to the formation of insoluble 

malachite (Cu2CO3(OH)2) and atacamite (Cu2Cl(OH)3) phase.66 

1.4.3.3 Sulfidation 

According to the literature,99 sulfidation of several metal base ENMs such as Ag, Zn, Cd has 

been suggested as a natural detoxification process for metallic nanoparticles. Sulfidation 

occurs principally in environment that show high sulfide concentration, such as the anaerobic 

layer in water body or in WWTP effluents. In the same way of the metal cited above, copper 

shows high affinity for sulfide ligand, and the formation of an insoluble sulfide shell around 

the Cu-ENMs core, reduce the copper bioavailability by dissolution.103–105 Although the layer 

of insoluble CuS reduce the copper bioavailability, the presence of hydrogen peroxide at 

physiologically relevant concentrations can oxidizes CuS, releasing free copper ions that can 

partially restore the redox activity.106 

Anyway, from a recent work emerges that pH, ionic strength, dissolved organic matter, and 

biomolecular ligands may play an important role in the toxicity of Cu-ENMs, by influencing the 

total dissolved copper concentration.107 
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1.5) Effects of Cu-ENMs on humans and the environment 

1.5.1 Toxicological effects of Cu-ENMs 

From the macroscopically point of view, interaction between ENMs and cells can be roughly 

divided in two cases: ENMs/cell association, and ENMs internalization. Fortunately, none of 

these nano/biointeractions have been recognized to have pathological consequences for 

humans, but experimental evidence showed: membrane damage, DNA cleavage, 

mitochondrial damage, induction of oxidative stress and inflammation processes.108 

Zhang et al. (2013)109 attributed cytotoxicity of CuO to the soluble fraction rather than particle 

surface reactions. On the contrary Studer et al. (2010)98 proposed a “Trojan horse” type 

mechanism in which Cu-ENMs penetrated the cell membrane, and dissolved into redox active 

copper ions that induce oxidative stress, and as consequence the death of the cell. The redox 

activity in Cu-ENMs systems appears to be associated with the soluble fraction and it is 

mitigated but not eliminated by ligand binding in solution.99 Midander et al. (2009)94 observed 

size-dependent ion release and toxicity when comparing nano and micrometer-sized copper 

oxide particles. 

The other main biological targets in environment are the plants, but the mechanisms involved 

in Cu-ENMs uptake by the latter are not clearly understood and still under investigation.110 

Studies have shown that depending on the particle size, ENMs may be uptake through carrier 

proteins, ion channels, plasmodesmata transport, or as it is reported in the “Trojan-horse” 

mechanism, the entrance can be facilitated by natural organic matter or root exudates.111 

Some experiments conducted in several plants species (e.g. crop plants, lettuce, wheat, 

mungbean, kidneybean, maize, cucumber, cilantro, rice, spinach, onion, mustard, tomato, 

carrot, sweet potato, barley, cotton-chickpea, radish, and zucchini) show negative effects in 

inhibition of seed germination, growth inhibition, root and shoot growth, oxidative stress and 

biochemical variations.112,113 

From the ecotoxicological point of view, mechanisms such as sulfidation of the Cu-ENMs 

surface or dissolved-ion complexation to form insoluble inorganic salt may reduce the bio-

availability of copper in the water column.66 

 

1.5.2 Prevention of toxicological effects: Safe-by-design approach 

From what has been reported so far, result clear that the surface chemistry is an essential 

component of rational design of safer ENMs to develop advances material with both low 

toxicity and new properties.  

This approach called ‘‘safe and functional by design’’ was firstly applied by integrating the 

concept of safety and health of the nano-Environmental Health & Safety (EHS) with the ENMs 

production process, rather than considering EHS as an add-on issue.114 This preventive 

approach was then extended to the overall lifecycle of the materials, “from the cradle to the 

grave”, avoiding unexpected effects or unnecessary cost for detoxification and environmental 

remediation. Although the reduction of toxicity must be the prerogative, the materials 

properties and functionalities should be conserved, otherwise the purpose of developing new 
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ENMs fails; therefore, a continuous evaluation of ENMs performances before and after the 

Safe by Design (SbD) approach must be performed. 

SbD is a multidisciplinary approach that combine the analytical data from both chemical-

physical characterization and transformation of the ENMs along the whole lifecycle with the 

toxicological data; the glue that merge these two disciplines is the modelling, that with the 

help of grouping strategies and predictive models, drives the scientist towards a safest and 

performing product.114 

1.5.3 European projects of concern 

Research in the field of “nanosafety” remains a centrally important topic in the European 

vision of the safe implementation of nanotechnologies for the benefit of society. Indeed, the 

16 active European “nano-projects” shows an increased emphasis on advanced materials 

subjected to environmental transformation and ageing, as well as on research with a 

regulatory focus including Safety-by-design and Life Cycle Assessment approaches. 

In order to collectively define strategic agendas for research, regulation and 

commercialization of nanoproduct, a scientific network called Nanosafety Cluster (NSC, 

https://www.nanosafetycluster.eu/) was established; this network was also create as a 

mechanism for ongoing projects to benefit from one another, and for information sharing 

from recently finished projects. Within this network, several projects has been developed and 

funded by the European commission, among witch SUstainable Nanotechnology (SUN) and 

Nanomaterial FAte and Speciation in the Environment (NanoFASE). 

Other European projects that consider Cu-ENMs in their case study are: 

 GuideNano (2013-2016), whose purpose has been to develop innovative 

methodologies to evaluate and manage human and environmental health risks of 

nano-embedded products, considering the whole product life cycle. 

 NanoMILE (2013-2017): the aim of the project was to formulate an intelligent and 

powerful paradigm for the mode(s) of interaction between engineered nanomaterials 

(ENMs) and organisms or the environment. 

 NanoSolution (2013-2017) whose purpose has been to identify and model the 

relationships between physical-chemical characteristics of ENMs and their biological 

hazard potentials. 

1.5.3.1 SUstainable Nanotechnology (SUN) 

SUN project (www.sun-fp7.eu/) is a FP7 project involved 35 research and industrial 

organizations from 12 European member State (total EU funding 13.5 million €). The main goal 

of the SUN was to investigate the risks associated to the use and production of real industrial 

ENMs products, and to find ways to prevent or reduced them along the entire lifecycles (Figure 

17). To achieve the goal, has been necessary to develop of reliable methods for 

characterization of nanoparticles released from various product matrices into complex 

biological and environmental media. SUN has considered that the available knowledge on the 

environmental and health risks of ENM, can guide the nanotechnology industry to avoid future 
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drawback provided that an integrated approach to their risk assessment and management is 

applied at the entire lifecycle of ENM. SUN has also generated environmental, EHS data and 

methods and it has integrated them into a decision support system for risk management of 

ENMs. In Figure 18 the structure of SUN project is reported. 

 

Figure 18 SUN project structure (from www.sun-fp7.eu/) 

1.5.3.2 Nanomaterial FAte and Speciation in the Environment (NanoFASE) 

NanoFASE project (www.nanofase.eu/) is a Horizon 2020 project involving 35 research and 

industrial organization form 14 European member (total EU funding: 11.3 €). The main 

objective of NanoFASE is to build-up an integrated Exposure Assessment Framework models 

and characterization protocols that are ideally positioned for incorporation into current 

mainstream chemical assessment tools, policy and regulation (e.g. EUSES & REACH). 

NanoFASE has considered different release processes, waste-streams and environmental 

compartments, by idealizing them as a set of “reactors” that are able to transform ENMs from 

a "as produced" ENMs to an “environmentally transformed materials”. Each “reactor” has a 

physicochemical or biological environmental characteristic, that simulate the different 

environmental compartments that the released ENMs will encounter. An array of “reactors” 

compose the structure of the multimedia fate models (Figure 19). The information gained on 

both the behavior of ENMs on each reactor, and the way in which ENMs can moves from one 

reactor to another, allow to group ENMs into Functional Fate Groups according to their “most 

probable” fate pathways. This approach aim to move from the current mainly mass-based 

lifecycle approaches, towards dynamic systems that can account for spatial and temporal 

variability of ENM release, environmental transport and fate. 
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Figure 19 NanoFASE project structure (from www.nanofase.eu) 
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Chapter 2 

Cu-ENMs behavior and transformation in biological and 

environmental media 

2.1) Behavior of nano-CuO in environmental media (a) 

2.1.1 Introduction 

As reported in Chapter 1 section 4 “Transformation and fate of Cu-ENMs”, Cu-ENMs are 

dynamic systems that are subjected to several processes such as dissolution, aggregation and 

surface transformation when dispersed in biological or environmental media. For this reason, 

the European Project NanoFASE has selected CuO ENMs as one of the material case study to 

model the dissolution behavior of ENMs in freshwater. To ensure good accuracy and a wide 

range of applicability for NanoFASE model (multi-media fate model), an intensive and detailed 

dissolution study was needed. For this purpose, a multidimensional parameter matrix 

representing the parameters variability of European surface and coastal waters has been 

developed (Chapter 1 section 4.1 “Transformation of ENMs in Environmental media: role of 

pH, organic matter and ionic strength”). This 3D matrix considered different ranges of pH and 

concentrations of DNOM and divalent electrolytes, as reported in Figure 1. 

 

Figure 1 Multidimensional parameter testing matrix developed for simulate the European surface and costal water 

The dissolution of bulk materials proceeds through several coupled processes, including 

transport of solutes between the bulk material and the background solution, the ad- and 

desorption of solutes at the bulk material’s surface, hydration and dehydration of ions and 

surface migration. All those processes have to occur simultaneously, but some of them may 

be slower than others. Since the overall dissolution rate depends on the rate of the slowest 

process, it is important to identify the rate limiting mechanism.1 The dissolution rate describes 

the speed of the dissolution of a material. The rate is dependent on various factors (Figure 2) 

such as temperature, pH, solubility of the material, background solution, ionic strength, 

                                                           
a My contribution in this work is related to the development of the sp-ICP-MS method for the dissolution 
experiment, the data treatment and the rationalization of Cu-ENMs behavior in environmental media 
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surface area of the specific material and presence of inhibitors (e.g., inorganic complexing 

ligands).2 

 

Figure 2 A simplistic representation showing the factors that can affect dissolution of ENMs (from Misra et al. 2012 )2 

Dissolution experiments are usually performed in background electrolyte solutions, which are 

adjusted with nitric acid (HNO3) or sodium hydroxide (NaOH) to the desired pH, and the ENMs 

are introduced to the solution. As it was deeply described in Chapter 1 section 2.2.2 “Analytical 

techniques”, the common techniques used for study the dissolution behavior of Cu-ENMS are 

electrochemical techniques (i.e. Cyclic Voltammetry), UV-Vis absorption spectroscopy or 

atomic spectroscopy techniques (i.e. ICP-EOS, ICP-MS) preceded by offline separation 

procedure (i.e. ultrafiltration, ultracentrifugation) or online separation (i.e. FFF, SEC).2 In this 

work, the dissolution mechanism of CuO ENM by using single particle Inductively Coupled 

Plasma-Mass Spectrometry (sp-ICP-MS) has been studied. sp-ICP-MS allows to distinguish 

between ionic and nano-form, and provides information on particle number concentration 

and particle size at environmentally relevant concentrations.3 

2.1.2 Equipment and Method  

According to the testing matrix (Figure 1), the dimensions for the freshwater ranged from 5.0 

to 8.5 for the pH, and from 0.1 to 1 mmol/L for the electrolyte’s concentration (CaCl2/MgSO4 

fixed ratio 4:1). Only 0.1 ppmTOC for the DNOM concentration was considered (Suwannee River 

natural organic matter). CuO ENMs from Plasmachem was diluted in MQ water by reaching a 

final concentration of 100mg/L; this suspension was probe sonicated for 10 minutes and then 

diluted 1:1000 (100 μg/L). According to the matrix shown in Figure 1, different media 

conditions were investigated by changing parameters such as pH and ionic strength. 100 μL of 

the diluted CuO suspension (100 μg/L) were added to 10 ml of the selected media, and then 

analyzed by sp-ICP-MS. All the reagents were purchased from Sigma-Aldrich. 
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sp-ICP-MS analysis 

Sample analysis was performed by using Perkin Elmer ICP-MS Nexion 350D in single particle 

mode by using Syngistix Nano for the data treatment. Transport Efficiency (TE) was estimated 

using 50 and 100 nm gold nanoparticle standard;3 a Dwell time of 100 µs was used and the 

acquisition time was set to 100 seconds. In order to reach the low DLS of 15 nm, isotope 63Cu 

was selected; the amount of Cu2+ was quantified using a multi-point curve (blank and 6 points 

over the concentration range 50 ng/L to 10 µg/L). In the first screening test, samples were 

analyzed every 18 minutes, while for the initial dissolution rate studies, the samples were 

analyzed every 3 minutes.  

2.1.3 Results 

It is known from literature that the dissolution of Cu-based ENMs depends from pH, total 

organic carbon (DNOM) content and ionic strength.4  

 

Graph 1 CuO ENMs dissolution kinetics over 110 minutes at pH 5, 7, 8.5 

According to the literature,2,4–6 the screening tests (Graph 1) performed showed that pH play 

a key role in the dissolution processes, indeed at pH 5 after 18 min the CuO ENMs reach the 

total dissolution, while at pH 7 and 8.5 the concentration of Cu2+ dissolved did not change. In 

order to estimate the initial dissolution rate, the frequency of sampling has been increased, 

and the samples were analyzed every 3 minutes for 24 minutes. Results are reported below 

(Graph 2-4). 
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Graph 2 CuO ENMs dissolution kinetics over 18 minutes with 0.1, 1 and 10 mmol of Ca/Mg (4:1) at pH 5 and 0.1 ppmTOC  

 

Graph 3 CuO ENMs dissolution kinetics over 18 minutes with 0.1, 1 and 10 mmol of Ca/Mg (4:1) at pH 7 and 0.1 ppmTOC 

 

Graph 4 CuO ENMs dissolution kinetics over 18 minutes with 0.1, 1 and 10 mmol of Ca/Mg (4:1) at pH 8.5 and 0.1 ppmTOC 
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As shown in Graph 3-5, the dissolution rate resulted independent from the ionic strength of 

the medium, with minimal differences between pH 7 and 8.5. The initial rate of dissolution 

process was calculated for each of the conditions investigated by performing a linear 

regression of the curve obtained after 10 minutes of analysis. The results of the kinetics studies 

are reported in Table 1. 

Table 1 : CuO ENMs dissolution rate calculated by linear regression 

SR-NOM: 0,1 ppmTOC 

pH 

5 7 8,5 

μg/(Kg*s) R2 μg/(Kg*s) R2 μg/(Kg*s) R2 

Ca2+/Mg2+ mmol 

0,1 8,31E+05 0,9502 9,03E+04 0,9432 1,14E+05 0,8822 

1 7,65E+05 0,9422 1,44E+05 0,9205 1,39E+05 0,8643 

10 9,85E+05 0,9592 1,78E+05 0,9817 8,56E+04 0,8947 

 

These experimental data are not in total agreement with the hypothesis of Conway et al 

(2015),4 according to which the ionic strength of the medium should decrease the dissolution 

rate of CuO-NPs. A high content of salts in fact, should increase the homoaggregation between 

the particles, reducing the surface area available for the interface mass process. However, in 

the propose experimental set, the high dilution (~60000 particles/mL) of the samples decrease 

the probability of collision between the particles, making the aggregation phenomenon 

negligible. The high dissolution can also explain the low influence of ionic strength on CuO NPs 

dissolution rate. In order to investigate the behavior’s dependence from the concentration, 

the amount of ENMs (concentration ppm) was increased, and the samples was analyzed 

previous opportune dilution. 

 

Graph 5 Normalized dissolution of 1 ppm of CuO ENMs kinetics over 210 minutes with at pH 5, 7, 8.5 
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Data shows (Graph 5) that the dissolved fraction in neutral and basic pH at higher 

concentration is negligible in compare to the previous dissolution kinetics, where a partial 

dissolution it’s also present. It can be notice that at time 30 min, the dissolution curves of pH 

5, shows a decrease in the dissolved Cu2+ in solution. This phenomenon was already reported 

by Vogelsberger and co-workers (2008),7 by studying the dissolution of several metal oxide 

nanoparticles; they observed that the solubility shows a maximum at the beginning of the 

dissolution process, whereas over time, the solubility levels are shown to decrease. This was 

called “Kinetic size effects” and the main parameters involved are particle size, and surface 

tension of the solid. It was also reported that if a large amount of nanoparticles were dispersed 

in water media, significant increase in the dissolved species occurs; the quickly return to the 

equilibrium concentration levels, may be caused by the formation of new small particles, 

surface deposition or additionally aggregation and sedimentation of large aggregated 

particles.7 

2.1.4 Conclusion 

The results obtained so far, showed major contribution of pH in CuO ENMs dissolution 

phenomenon with respect to ionic strength. Moreover, the study provides not only the data 

for the NanoFASE models, but also revealed that many phenomena are involved in the 

transformation of Cu-ENMs (i.e. kinetic size effect). In particular, to assess the transport and 

fate of Cu-ENMs it must be taken into account the effect of concentration in several 

transformation and interaction mechanism. Anyway, further investigation should be done. 
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2.2) Colloidal characterization of CuO nanoparticles in biological and 

environmental media (b) 

In this section the paper “Colloidal characterization of CuO nanoparticles in biological and 

environmental media” published on the journal Environmental Science Nano is reported; this 

work was developed within the European project SUN. CuO ENMs were modified with 

opportune coatings [polyethylenimine (PEI), sodium ascorbate (ASC), sodium citrate (CIT), and 

polyvinylpyrrolidone (PVP)] by following a safe by design approach. The effects of these four 

stabilizers on the CuO NPs' physicochemical properties were investigated in different 

biological and environmental media by combining dynamic and electrophoretic light 

scattering (DLS and ELS), centrifugal separation analysis (CSA) and inductively coupled plasma 

optical emission spectroscopy (ICP-OES). The results showed improved dispersion stability for 

CuO-CIT, CuO-ASC, and CuO-PEI in both Milli-Q and phosphate buffered saline (PBS) as 

compared to pristine CuO and CuO-PVP. The increased ionic strength of artificial fresh (AFW) 

and marine (AMW) waters strongly destabilized all the CuO NP suspensions, except for CuO-

PEI dispersed in AFW. The presence of proteins and amino acids in the test media had a strong 

influence on the colloidal stability of all the dispersions. The characterized materials have been 

used within the project for toxicological and ecotoxicological purposes, in order to estimate if 

the coatings can reduce the toxic effects towards humans and environment, but still active in 

bacteriological applications.  

Authors: Ortelli, S. Costa, A.L., Blosi, M., Brunelli, A. Badetti, E., Bonetto, A., Hristozov, D., 

Marcomini, A. 

2.2.1 Introduction  

 

There are already many engineered nanomaterials on the market and their number continues 

to increase. These materials are optimised for a variety of properties (e.g. size, morphology, 

purity and surface coating) that enable their formulation in different consumer products 

(nanodb.dk). This enormous complexity of nanoforms has made the analysis of their 

environmental health and safety implications impossible without highly demanding case-by-

case testing, which poses a huge problem to the regulation of their risks8–10. It has been widely 

accepted by regulators, industries and scientists that grouping and read-across can address 

this issue as they are useful approaches to reduce the cost and enhance the efficiency of 

testing for the purposes of risk assessment and safer product design.11,12 In order to develop 

such approaches for ENMs it is essential to gain fundamental understanding of which 

(combinations of) intrinsic and extrinsic structural and physicochemical characteristics of 

ENMs dispersed in environmental or biological media, or embedded in product matrices, 

affect their release, uptake, biokinetics and toxicity. This involves the investigation of key 

                                                           
b My contribution in this paper is related to the colloidal characterization of Cu-ENMs in both artificial 

marine and freshwater, and in artificial biological media, by using DLS, CSA and ELS; moreover I was 

also involved in the drafting of the manuscript and in the data/evidence collection. 
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interactions at the interface between ENMs and environmental or biological media,13 which 

depend on both the ENMs physicochemical properties and the characteristics of the 

surrounding media.14,15 Therefore, any testing strategies for the purposes of risk assessment 

and safer product design should also consider the interactions between ENMs and the other 

substances present in a medium, regardless of whether they are biological (e.g. proteins and 

amino acids) or environmental (e.g. natural organic matter or extracellular polymeric 

substances) compounds. Many studies investigated such interactions16–19 focusing on core 

intrinsic properties (i.e. chemical composition, size, shape, coating), their shell evolution in 

testing and life-cycle media (i.e. agglomeration/aggregation, charge, corona formation)20,21 

and the resulting specific reactivity (i.e. potential generation of reactive oxygen species (ROS) 

or release of toxic metal ions). Most of these studies concluded that ENMs should be 

considered as dynamic entities that undergo chemical and physical transformations once 

embedded in product matrices and exposed to environmental and biological stressors.22 

This study focuses on the physicochemical characterization of Copper Oxide nanoparticles 

(CuO NPs), performed in the EU FP7 SUN project, in order to support the interpretation of 

(eco)toxicological data from in vivo and in vitro testing. In fact, the exposure route by which 

these contaminants enter an organism after contact, can strongly depend on ENMs dispersion 

stability (i.e. NPs that quickly settle from the water column can increase the interaction with 

benthonic species).23 

Nanoscale CuO was chosen as case study because it is widely used for its antibacterial 

properties in wood preservation, paints and textiles.24–26 The timber preserving applications 

include outdoor residential decking, gardening, fencing, playground equipment. Specifically, 

the SUN case study involves CuO-based paint, which, in addition to wood preservation, also 

provides an aesthetic functionality to the softwood cladding. The pristine CuO NPs were mixed 

with an acrylic base to produce the paint according to specified composition. The fixation 

mechanism of this formulation involves reaction of the cupric ion with carboxylic and phenolic 

groups from cellulose, hemicellulose and lignin. This leads to homogenous distribution of the 

ions in the wood cells, including penetration through cell wall voids. Once the wood is 

saturated, the remaining copper precipitates as basic copper carbonate and can be released 

in the environment through leaching, which leads to exposure of ecosystems and humans.  

This may pose health and environmental risks as the CuO is generally a toxic substance.27,28 In 

order to prevent those, we modified the surface of the CuO NPs by a “Safety by Design” (SbD) 

approach.29–33 The surface modification involved the attachment of four non-hazardous 

modifying agents representative of different surface charges [negative for sodium citrate and 

sodium ascorbate, positive for branched polyethylenimine, neutral for polyvinylpyrrolidone]. 

Key properties (i.e. colloidal stability including surface charge and ions release) of pristine and 

modified CuO NPs were investigated in MilliQ water, Phosphate Buffered Saline, biological 

and environmental media. We studied their evolution at increasing levels of complexity of the 

embedding matrices (from distilled water to biological fluids) to understand how the intrinsic 

identity of the NPs is affected by the extrinsic characteristics of the media (i.e. pH, ionic 

strength, presence of biomolecules). The obtained results are highly relevant for 
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hypothesizing key nano-bio/eco interactions in relation to modes of toxicological action in 

order to derive criteria and guiding principles for grouping and read-across. 

 

Figure 3 Schematic representation of SbyD strategy applied: introduction of modifying agents (i.e. CIT, ASC, PEI and PVP) by 
self-assembling 

2.2.2 Materials and Methods 

2.2.2.1 Materials 

Commercial CuO nanopowder (average particles diameter: 12 ± 4 nm) was provided by 

PlasmaChem GmbH (Germany). Minimum Essential Media (MEM), Dulbecco’s Modified Eagle 

Medium (DMEM – high glucose), Fetal bovine serum and Penicillin/Streptomycin (Pen-Strep) 

were purchased from Life Technologies Corporation (Carlsbad, USA). Dulbecco’s Phosphate 

Buffered Saline, sodium citrate, sodium ascorbate, polyvinylpyrrolidone (PVP – MW 29000), 

branched polyethylenimine (PEI – solution 50% in H2O) and Nitric Acid 70% (redistill 99.99% 

trace metal basis) were purchased from Sigma-Aldrich. Artificial Fresh Water and Artificial 

Marine Water were prepared according to standardized protocols.34,35 All inorganic salts were 

of analytical grade and purchased from Sigma-Aldrich (St. Louis, MI, USA). 

2.2.2.2 Methods 

CuO pristine stock suspension at a concentration of 10 g/L of Cu (1 wt%) was prepared 

dispersing CuO powder in PBS (total phosphate concentration: 0.05 M, pH=7.4). Starting from 

the stock suspension, modified CuO dispersions were prepared by adding 10 wt% of modifying 

agents (i.e. CIT, ASC, PEI and PVP) (Figure 1) with respect to the total amount of copper oxide. 

This amount was estimated by stabilizers titration with electroacoustic technique 

(Acoustosizer, Colloidal Dynamics, USA) (see Supporting Information). An amount of modifying 

agent equal to 10 wt% guarantees a complete covering on CuO NPs. Both pristine and 

modified stock suspension were mixed via Ball Milling (BM) process over 95 h with zirconia 

spheres (3 mm diameter). Five different stock suspensions were obtained after the ball milling 

process: pristine NPs (CuO-pristine), CuO NPs modified with sodium citrate (CuO-CIT), with 

sodium ascorbate (CuO-ASC), with polyethylenimine (CuO-PEI) and with polyvinylpyrrolidone 

(CuO-PVP). 

The colloidal characterization was performed on CuO stock suspensions diluted to 100 mg/L 

in PBS (which was diluted 1:10 to reach the same salt concentration of the biological media 

tested, ionic strength 16mM), in “complete” DMEM and MEM (consisting in the commercial 
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biological medium with 10% v/v FBS and 1% v/v Pen-Strep) as well as in AFW and AMW 

(simulating media usually used for ecotoxicological testing, ionic strength of 2 and 630 mM 

respectively). The complete compositions of all media are reported in the Supporting 

Information. 

2.2.2.3 Characterization 

A morphological characterization of pristine CuO NPs was performed by Scanning 

Transmission Electron Microscopy (STEM) analysis using Field Emission-Scanning Electron 

Microscopy (FE-SEM) instrument (Carl Zeiss Sigma NTS Gmbh, Oberkochen, DE). One drop of 

CuO NP suspension diluted in MilliQ water (100 mg/L) was deposited on a film-coated copper 

grid and then dried at air. Image analysis was performed on more than 50 particles to estimate 

the particle size distribution. The hydrodynamic diameter (dDLS) was determined by Dynamic 

Light Scattering measurements, performed with a Zetasizer nano ZSP (model ZEN5600, 

Malvern Instruments, UK). Zeta potential (ζ-potELS) measurements were performed by 

electrophoretic light scattering technique. Smoluchowski equation was applied to convert the 

electrophoretic mobility to zeta potential. The pH measurements were carried out on diluted 

stock suspensions (100 mg/L) after 24h in order to achieve the colloidal stabilization. 

Sedimentation velocity data of the colloidal dispersions were obtained from Centrifugal 

Separation Analysis, using the Multi-wavelength Dispersion Analyzer LUMiSizer 651®, based 

on STEPTM technology (space and time resolved extinction profiles), according to ISO/TR 

13097:2013. The separation of different components in dispersion, performed by CSA, was 

speeded up by applying a Relative Centrifugal Force (RCF), which accelerates the movement 

of materials compared to gravity up to 2325 times. Sedimentation velocity data were 

calculated from the transmittance values obtained setting the wavelength of the transmitted 

light at 470 nm and selecting the transmittance (%) over time at three different positions (115, 

120 and 125 mm far from the rotor) of the length of the cuvette. Sedimentation velocity at 

gravity was extrapolated after proving the linear dependency between RCF and sedimentation 

velocity at the RCF selected (2325).  

Copper ions release was calculated as the ratio between dissolved copper ions and the total 

copper present in suspension. The quantification of copper ions dissolved in each medium was 

performed centrifuged 15 mL of each working stock suspension by Ultra-Centrifugal Filter 

(UCF) unit (Amicon Ultra-15, 10 kDa, Millipore), under centrifugal force of 5000 rpm and spin 

time of 30 min. The filtered solution (10 mL) was analyzed by inductively coupled plasma 

optical emission spectrometry using ICP-OES 5100 – vertical dual view apparatus (Agilent 

Technologies, Santa Clara, CA, USA). Total copper was quantified from each diluted 

suspension, which was previously treated with 2 mL of ultrapure HNO3 to ensure a complete 

digestion. According to the experimental conditions typical of toxicological and 

ecotoxicological testing, the ions release experiments were performed at 37°C after 24h in 

biological media and at 25°C in MilliQ, PBS and environmental media. The results from DLS, 

ELS, LUMiSizer and ICP-OES were reported as an average of three independent 

measurements. 
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2.2.3 Results and Discussion 

The morphological characterization of pristine CuO NPs by STEM analysis showed the 

presence of spherical and monodispersed CuO NPs (Figure 4). The magnified image (Figure 

4b) highlights the presence of well dispersed NPs with a primary nanoparticle average 

diameter of about 12 ± 8 nm, according to supplier specification. As expected, some 

agglomerated NPs have also been detected (Figure 4a and 4c). 

 

Figure 4 STEM images of pristine CuO NPs in MilliQ water (100 mg/L). 

The colloidal stability, which has already been reported in literature, that can strongly affect 

toxicological outcomes36–38 was investigated by measuring hydrodynamic size, ζ-pot and 

sedimentation velocity of both pristine and modified CuO NPs. The influence of the modifying 

agents on the CuO NPs stability and agglomeration when dispersed in different biological and 

environmental media was assessed. DLS results, referred to pristine and modified CuO NPs 

diluted in MilliQ water, PBS, MEM, DMEM, AFW and AMW, are reported in Table 2.  

Table 2 Hydrodynamic diameters (nm) of pristine and modified CuO samples dispersed in different media: MilliQ water, PBS, 
MEM, DMEM, AFW and AMW. 

 Hydrodynamic Diameter (nm) 

 MilliQ PBS MEM DMEM AFW AMW 

CuO-pristine 1093 ± 50 2756 ± 347 47 ± 6 55 ± 16 1663 ± 210 1281 ± 393 

CuO-CIT 368 ± 10 271 ± 43 89 ± 5 37 ± 2 1050 ± 16 1062 ± 159 

CuO-ASC 122 ± 1.4 1314 ± 525 52 ± 4 73 ± 21 1293 ± 278 1234 ± 25 

CuO-PEI 247 ± 14 209 ± 16 46 ± 4 45 ± 14 675 ± 199 1281 ± 168 

CuO-PVP 797 ± 84 2765 ± 432 44 ± 2 53 ± 25 1159 ± 256 1661 ± 580 

 

The data collected in MilliQ water confirmed the expected effect of surface modifiers addition. 

Samples coated by ionic agents (negative CIT and ASC, positive PEI) resulted better dispersed 

with a significant decreasing of average hydrodynamic diameter in comparison with pristine 
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sample. On the other hand, neutral PVP did not improve significantly the dispersion of CuO 

NPs. The long aliphatic chains probably force NPs aggregation by depletion flocculation 

phenomenon.39 In comparison with MilliQ water, data collected in PBS showed an increase of 

the hydrodynamic diameter for CuO-pristine as well as for CuO-ASC and CuO-PVP. This is 

correlated to aggregation phenomena and justified by the increase of ionic strength due to 

the salts content in Dulbecco’s Phosphate Buffered Saline (PBS) medium. It has already been 

reported that the salts screen the charge on the NP surface reducing electrostatic repulsion.40 

However, CuO-CIT and CuO-PEI modified samples were not affected by the presence of salts 

in solution, showing hydrodynamic size values comparable with that measured in MilliQ 

water. From DLS measurements, CuO-PEI resulted the best dispersed in both MilliQ water and 

in a higher ionic strength medium (PBS). A possible explanation could be related to the 

electrosteric action of polyethylenimine.41 The overall outcomes highlighted that ascorbate 

and citrate salts improved only the repulsive potential due to the negative charge transferred 

to particle surface, while PEI provides both electrostatic (due to positive charge) and steric 

contribution (due to the polymeric structure). All DLS data collected in MEM and DMEM cell 

culture media showed very similar values. Biological components (amino acids and proteins) 

of the milieu seems to strongly levelled the hydrodynamic size data in spite of the stabilizers 

used. However, taking into account the samples dispersed in AFW and AMW, an increase of 

the hydrodynamic diameters was observed for both the pristine and modified NPs. The salts 

present in environmental media, in particular divalent cations (e.g. Ca(II) and Mg(II)) that can 

get adsorbed to the nanoparticles surface, induced particles agglomeration. This phenomenon 

was already observed in AFW, which presents an ionic strength ten time lower than AMW. 

Agglomeration in AFW seems to be prevented only by PEI, which loses its efficacy in AMW at 

highest ionic strength.13 

 Table 3 ζ-potential (mV) of pristine and modified CuO samples dispersed in different media: MilliQ water, PBS, DMEM, 
MEM, AFW and AMW 

  

ζ-potential represents another important property directly affecting colloidal stability and 

interaction of NPs with the surrounding medium.19,42 Basically, the charge is often quantified 

in terms of ζ-potential which depends on the milieu in which the NPs are dispersed and, 

therefore, it is strongly correlated to the pH.43 ζ-potentials of biological media were measured 

at around pH 8 and values of -9.9 ± 0.2 mV and -10.6 ± 0.3 mV were obtained for MEM and 

 ζ-pot (mV) 

 
MilliQ 

(pH=6.5) 

PBS 

(pH=7.4) 

MEM 

(pH=7.9) 

DMEM 

(pH=8.2) 

AFW 

(pH=8.1) 

AMW 

(pH=8.1) 

CuO-pristine -9.1 ± 0.4 -2.3 ± 2.1 -10.1 ± 0.5 -8.2 ± 0.4 -3.5 ± 0.4 +7.6 ± 0.4 

CuO-CIT -18.0 ± 0.3 -3.4 ± 1.2 -10.5 ± 0.2 -9.7 ± 0.6 -3.6 ± 0.4 +4.5 ± 0.7 

CuO-ASC -17.4 ± 0.3 -8.1 ± 0.1 -9.5 ± 0.2 -9.2 ± 0.2 -8.1 ± 0.4 +2.7 ± 0.6 

CuO-PEI +28.3 ± 0.7 +13.8 ± 0.1 -10.5 ± 0.9 -10.1 ± 0.7 +20.9 ± 0.9 +10.1 ± 1.1 

CuO-PVP -8.1 ± 2.3 -0.9 ± 0.7 -10.1 ± 0.4 - 9.4 ± 0.8 +1.6 ± 0.3 +6.5 ± 1.5 
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DMEM respectively. The results collected for pristine and the modified samples are listed in 

Table 3. 

Pristine CuO NPs diluted in MilliQ water showed negative ζ-potential, despite to the expected 

positive value of copper oxide and in general of basic metal oxides when dispersed in 

water.44,45 The reversal of CuO pristine surface charge sign is due to the presence of phosphate 

ions (PO4
3-) used for the sample preparation, which are specifically adsorbed onto CuO NPs 

surface (Figure 3a). The key role of phosphate adsorption has been already reported in 

literature.40,45 The modified samples diluted in MilliQ water showed values coherent with the 

charge lead by the stabilizers, confirming the preferred interaction of aforementioned 

modifiers over phosphate ions (Figure 3b). As expected, the addition of neutral PVP coating 

did not modify the ζ-potential of pristine sample. An increase of ionic strength induced a 

colloidal destabilization in PBS, as confirmed both by the increased agglomeration rate (Table 

2) and by ζ-pot decrease (Table 2). ζ-pot values of CuO-pristine and CuO-PVP are close to zero, 

indicating the proximity to the isolectric point (pHIEP). The coherence between NP size and ζ-

pot results confirmed that DLS coupled with ELS represents an effective tool for the colloidal 

stability evaluation. As far as complete DMEM and MEM, ζ-pot data are leveled off on the 

value measured for the biological media without NPs (negative ζ-pot around -10 mV, see Table 

3 and Figure 5c). This can be in accordance with the protein-corona theory, in which NPs are 

probably covered by proteins upon contact with a biological medium.45,46 As a result, amino 

acids and proteins seemed to overwhelm the effects of surface-modifying agents driven the 

colloidal stability.  

On the other hand, particles dispersed in AFW showed ζ-pot values similar to PBS while a 

slightly increase was observed when the stabilization was performed by polymers. According 

to the media preparation, the ionic strengths of AFW and PBS were comparable. Positive ζ-

pot values were detected for all the samples dispersed in AMW (Figure 5d). As already 

described in the literature, inorganic divalent cations seem to get adsorbed on the NPs surface 

and to control the electrical double layer formation.13  

A hypothetic scheme on how the different coatings (i.e. phosphate ions, modifiers, divalent 

cations, amino acids and proteins) affect the colloidal stability (in terms of aggregation and 

surface charge) of pristine and CuO-modified NPs is reported in Figure 5. 
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Figure 5 Hypothetic scheme of the interactions between CuO NPs and different coatings. 

Colloidal stability was also investigated through CSA by means of LUMiSizer, calculating 

sedimentation velocity of the CuO NPs previously dispersed at 100 mg/L in MQ, PBS, MEM, 

DMEM, AFW and AMW.  
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Figure 6 Average sedimentation velocity data for pristine and modified CuO NPs dispersed in MilliQ, PBS, MEM, DMEM, AFW 
and AMW. 

Figure 6 shows the average sedimentation velocity data for pristine and modified CuO NPs 

dispersed in the six different media selected, highlighting a correlation with the hydrodynamic 

diameter determined by DLS (Table 2). Sedimentation velocity distributions are reported in 

Figure 5. In general, it was confirmed that the modifying agents improved the colloidal stability 

of the dispersions, avoiding or decreasing the formation of CuO aggregates with respect to 

pristine CuO NPs. In particular, as far as MilliQ and PBS media, the sedimentation velocity 

distribution decreased for all the modified suspensions compared to pristine CuO NPs. The 

sedimentation velocity rate in these two aqueous media followed the same rank observed for 

hydrodynamic diameter data in MilliQ (Table 2), in which pristine and CuO-PVP suspensions 
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are less stable than CuO-CIT followed by CuO-PEI and CuO-ASC. The correlation between 

LUMiSizer and DLS data was also noticed for CuO-pristine and CuO-PVP dispersed in PBS, 

showing both the highest sedimentation velocity values and agglomeration rates. Surprisingly, 

CuO-ASC dispersion revealed the lowest sedimentation velocity values in PBS but high average 

hydrodynamic diameter (> 1 µm). Taking into account the two different biological media, the 

results from LUM and DLS suggest that proteins and amino acids enhance the stability rate of 

the dispersions, both for pristine as well as for modified CuO. The only exception is 

represented by slightly higher sedimentation velocity values of CuO-PEI than the other 

dispersions. However, a more precise analysis of the sedimentation rates can be achieved by 

considering LUMiSizer numerical data thorough their quartiles, using box plot as a graphical 

descriptive statistic (Figure 7).  

 

Figure 7 Sedimentation velocity distribution of pristine and modified CuO NPs dispersed in a) MilliQ, b) MEM, c) DMEM, d) 
PBS e) AFW and f) AMW. 

Knowledge on the degree of dispersions (spread), the skewness in the data and the outliers 

allow to achieve more accurate information on the colloidal stability of the different 

dispersions with respect to the DLS data previously obtained. For example, CuO-ASC, despite 

the high hydrodynamic diameter detected by DLS in PBS, shows a very narrow distribution of 

data (due to the homogeneity of the NPs) and in general the best suspension stability in all 

the media analyzed. Finally, NPs dispersed in environmental media followed the same rank 

observed by DLS. An increase of instability was shown for all the samples both in AFW and 

AMW, except for CuO-PEI which showed a higher stability in AFW, resulting in agreement with 

hydrodynamic size and ζ-pot values (see Table 2 and 3). 

Ions release data, determined by the ionic copper dissolved to total copper ratio through ultra-

centrifugation followed by ICP-OES analysis, are presented in Table 4. 
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Table 4 Cudissolved/Cutotal weight ratio % of pristine and modified CuO samples dispersed in different media after 24 h at 25°C 
(in MilliQ, PBS and environmental media) and at 37°C (in biological media). 

 Cudissolved/Cutotal weight ratio % 

 MilliQ (rsd%) 
PBS 
(rsd%) 

MEM 
(rsd%) 

DMEM 
(rsd%) 

AFW 
(rsd%) 

AMW 
(rsd%) 

CuO-pristine 0.2 (1.1) <0.3 (0.1) 60 (0.7) 67 (0.5) 0.3 (5.5) 0.3 (5.8) 

CuO-CIT 2 (0.5) 1.8 (0.4) 55 (0.5) 69 (1.0) 2.1 (0.7) 2.4 (0.6) 

CuO-ASC 2 (0.5) <0.3 (0.1) 48 (0.3) 65 (0.4) 0.7 (0.7) 0.7 (1.1) 

CuO-PEI 2.8 (0.6) 2.5 (0.6) 34 (0.4) 67 (0.5) 6.3 (0.9) 7.4 (0.5) 

CuO-PVP 0.2 (1.0) <0.3 (0.1) 43 (0.3) 66 (1.3) 0.1 (2.8) 0.1 (1.6) 

 

As it can be observed by data collected in MEM and DMEM, the dissolution greatly increased 

in both biological media compared to values in MilliQ, PBS, AFW and AMW media. Taking into 

account the dissolution experiments for all the dispersions performed in DMEM, 

Cudissolved/Cutotal ratio reached values between 65 and 69% after 24h. As far as dissolution 

experiments in MEM, dissolution rate was slightly lower compared with data recorded in 

DMEM, ranging from 34 to 59% after 24h. One of the reason of the high dissolution rate of 

CuO NPs in the biological media tested can be ascribed to the chelating effect of amino acids 

and proteins.47,48 Taking into account the different composition of the media tested, the 

general low CuO NPs solubility rate observed in both MilliQ and PBS (dissolution below 3%), 

as well as in AFW and AMW (dissolution below 8%) further confirmed the primary role of 

protein components that promote dissolution. Among all the media, CuO NPs dissolution rate 

reached the highest values in DMEM because contains approximately four times as much of 

glucose, amino acids and vitamins with respect to MEM. 

As far as the media without amino acids and proteins (MilliQ, PBS, AFW and AMW), it was 

observed that the highest values were found for CuO-CIT and CuO-PEI dispersions. This 

confirms that the particle dissolution rate depends on the CuO NPs characteristics as well as 

on the chemical composition of the medium surrounding NPs, unless the features of the 

medium not prevail over the complete system.27 Furthermore, in support to this, a size 

dependent solubility is shown in the samples dispersed in MilliQ and PBS. At low aggregation 

rate corresponds a high solubility (CuO-CIT and CuO-PEI). Otherwise, the samples resulted 

more aggregated (CuO-pristine, CuO-PVP and CuO-ASC) showed very low values of 

Cudissolved/Cutotal weight ratio (%). 

2.2.4 Conclusions  

Four different non-hazardous modifying agents, sodium citrate (CIT), sodium ascorbate (ASC), 

polyethylenimine (PEI) and polyvinylpyrrolidone (PVP), were added to CuO NP suspensions for 

promoting the in situ coating of particles within a SbyD approach. Comprehensive colloidal 

characterization was performed to study the evolution of pristine and modified CuO NP 

properties at increasing complexities of the selected media (from MilliQ water to biological 
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and environmental fluids). The good agreement among NPs size, ζ-pot, sedimentation velocity 

and dissolution results confirmed that the light scattering techniques combined with ICP-OES 

represent an effective tool for the assessment of NPs risk relevant properties, providing useful 

information for reading-across hazard and exposure potential. The overall results clearly show 

that the four modifying agents strongly affect CuO NPs dispersion stability only in media with 

ionic strength < 16 mM and without any biological component (i.e. MilliQ, PBS and AFW). 

However, media such as MEM and DMEM, rich in amino acids and proteins, and AMW 

containing high amounts of inorganic salts (especially divalent cations) totally drive the 

colloidal stability regardless the coating agent involved.  

The obtained results contributed to understand the interactions between NPs and media 

components such as amino acids, proteins, divalent cations and phosphates. We expect that 

these results will facilitate the interpretation of (eco)toxicological data and will contribute to 

our knowledge of key nano-bio/eco interactions and modes of action as the basis to establish 

criteria and guiding principles for grouping and read-across for the purposes of risk 

assessment and safer product design. 
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2.3) Open issue 

From these studies on Cu-ENMs in both environmental and biological media, it emerges that 

many variables influence particle transformations, especially in dissolution phenomena. 

Furthermore, as dissolution is a dynamic transformation also affected by the particle 

diameter, become difficult to express a dissolution rate in ppm/sec, because as it was 

described before, small particles dissolve more quickly than larger particles. For this reason, 

the dissolution rate must be normalized on the surface area or on the diameter. In this 

context, sp-ICP-MS can be the right technique to solve this problem, because it can provide 

information on both particle diameters and dissolved ions. In literature is reported the 

dissolution of Ag ENMs in freshwater (surface water, tap water and artificial freshwater) by 

using the sp-ICP-MS and it was shown that after 1 week, silver nanoparticles decrease their 

diameters (Figure 8).49  

 

Figure 8 Dissolution of 100 nm Tannic Acid capped Ag ENMs at 50 ng/L over time, as evidenced by the decrease in diameters 
over time.(from Mitrano 2014)49 

A size decrease was not observed for CuO ENMs, but rather a decrease in particle number, as 

is reported in Graph 6. 

 

Graph 6 CuO Particle number decrease over 110 minutes at pH 5, 7, 8.5 

This phenomenon may be due to the relative proximity of the primary particle diameter to the 

DLS, which make it impossible to monitor a rapid decrease in diameter. It could be possible 

that following bigger nanoparticles, far away from the DLS, better results can be obtained as 

reported by Mitrano et al. (2014)49 for the dissolution of silver.  
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Chapter 3  

CuO vs Cu2CO3(OH)2 in human toxicity tests 

The raising concerns about potential exposure to Cu-ENMs on human health and 

environment, pushed the global community to invest a lot of money and resource for 

investigating the problems involved in the use of this new materials in commercial products. 

Following the principles of Safe by Design, within the European project SUN, several 

(eco)toxicological tests have been conducted to evaluate the real hazard associated to these 

materials and to find a way for reducing their toxicity, without altering their properties. 

In this context, in order to evaluate the toxicological effects of Cu-ENMs in different exposure 

route, in-vivo oral and inhalation tests have been conducted, evaluating also the effects of 

different Cu-ENMs (Cu2CO3(OH)2, CuO, and modify CuO). 

3.1) Short-Term Inhalation Study (STIS) of modified CuO in rats (c) 

Gosens et al.(2016)1 reported the pulmonary toxicity of nano-sized copper (II) oxide particles 

after short-term inhalation exposure in order to evaluate the intrinsic hazard related to 

inhalation of Cu-ENMs. From this study, emerges that a dose-dependent increase in lung 

inflammation, and both cellular damage and nose epithelium degeneration appear after 5 

days of consecutive exposure to CuO ENMs. Starting from these results, a new series of 

experiments was conducted by using CuO ENMs modified with polyethylenimine and sodium 

ascorbate, whose characterization is reported in Chapter 2 section “Colloidal characterization 

of CuO nanoparticles in biological and environmental media”. 

3.1.1 Materials and methods 

The short-term inhalation study was performed by the National Institute for Public Health and 

the Environment RIVM (partner of SUN project). Pristine CuO ENMs and two modified CuO 

samples were chosen by RIVM for carried out the tests using already described protocols.1 

The acid mixture used for samples mineralization included HNO3 (TRACE SELECT ULTRA 69%, 

Sigma-Aldrich <0.5µg/Kg), H2O2 (TRACE SELECT ULTRA 30%, Sigma-Aldrich <0.05µg/Kg), in a 

2:1 ratio. The microwave system ETHOS 1600 (Milestone), was used to digest the samples, 

following the procedure reported in Table 1. Afterwards, the samples were allowed to cool 

down for 30 minutes at room temperature. The obtained solutions were transferred in PTFE 

tubes and diluted to 25 mL with MilliQ water. 

 

 

                                                           
c My contribution in this section is related to the optimization of the microwave digestion, the ICP-MS analysis 
and the data treatment. 
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Table 1 Heating program for acid digestion 

STAGE RAMP TIME 
(min) 

POWER (Watt) 

1 1 250 

2 1 0 

3 5 250 

4 3 400 

5 3 600 

An aliquot of each sample solution was properly diluted and analyzed by inductively coupled 

plasma mass spectrometry equipped with double channel Universal Cell (sp-ICP-MS NexION 

350D, Perkin Elmer).  

For the quantification of Copper, isotope 65Cu was selected because of the less polyatomic 

interferences (e.g. 40Ar23Na) than isotope 63Cu. Samples were quantified by external 

calibration method using a multi-point curve (blank and 10 points over the concentration 

range 10 µg/L to 300 µg/L). Yttrium at 5 µg/L was used as internal standard.2 

Potential contamination from the laboratory was controlled by adding at least one reagent 

blank during each digestion session. 

The limit of detection and the limit of quantification were calculated for each sample set as 

the average of blanks + 3 standard deviation (SD) and as the average of blanks + 10 SD, 

respectively. 

In order to verify the accuracy and repeatability of the method, 6 aliquots of the standard 

reference material (SRM) NIST 1577c (bovine liver) were analysed every 10 samples.3 The 

average Cu concentration detected in the SRM was 277 ± 5 mg/Kg, in satisfactory agreement 

with the reference value (267 ± 6 mg/Kg); with respect to the certified value, the recovery of 

Cu ranged from 90 to 101%. 

The Background Equivalent Concentration signal (BEC, providing the actual magnitude of 

noise) detected was 0.033 ng/L. Average blank values, LOD and LOQ were calculated by 

considering both the reagent and the control blanks. Detected LOD and LOQ value were, 

respectively, 153 ng/L and 461 ng/L. 

3.1.2 Results 

Previous characterization of CuO ENMs in different media, showed that in the biological media 

(DMEM) all the samples, pristine and modified nanomaterials, were partially dissolved after 

24 h.4 Though the information related to the possible presence of Cu-ENMs in the biological 

tissue can be very useful for understanding the mechanisms involved in the inflammation 

processes, the experimental design provide only the copper burden into organs, without any 

speciation between particles and dissolved form. Taking into account this consideration, a 

strong acid digestion was carried out, by using a moisture of nitric acid and hydrogen peroxide, 

under microwave condition. 
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Table 2 Experiment Plan, flux in m3/h of ENM for STIS 

*Pristine 0 0,5 2,9 11,6 0 0,5 2,9 11,6

PEI 0 1,7 15 0 1,7 15

ASC 0 2,2 20 0 2,2 20

1day after exposion 22day after exposion

 

As shown in Table 2, the rats were exposed to different experimental conditions, such as 

different concentrations of CuO in the inhalation atmosphere, day in which the autopsy was 

made and type of ENM tested (four rats for each experiment). For each rat six different organs 

were analyzed, in detail: liver, brain, spleen, lungs, heart, kidneys.  

 

Graph 1 Cu2+ Bioaccumulation in lungs from CuO ENM pristine after 1 and 22 days with different flux (from Gosens et al. 
2016)1 

In the Graph 1, the bioaccumulation of Cu2+ in the lungs of rats is reported. As it can be seen, 

the measured lung burden was linear with the increasing equivalent concentration, but after 

22 days from the last exposure, the Cu2+ was cleared completely from the lungs and levels 

returned to baseline.1 

  

Graph 2 Cu2+ Bioaccumulation in lungs from CuO ENM PEI modify and ASC modify after 1 and 22 days using different flux 
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In Graph 2, the bioaccumulation of Cu2+ in the lungs of rats after inhalation of CuO ENMs 

modified with PEI [A] and with ASC [B] is reported. In both experiments, after 22 days the 

lungs are completely cleaned from Cu2+. However, from the bioaccumulation experiments 

performed at day 1, the concentration of Cu2+ in the lungs of rats exposed to both CuO-PEI 

and CuO-ASC resulted slightly lower than those obtained for pristine (moving from 51 mg/Kg 

for pristine to 39 mg/Kg for functionalized CuO ENMs). Furthermore, a correlation between 

dose and copper bioaccumulation was observed for all the samples investigated.  

 

 
 

 
 

Graph 3 Bioaccumulation and biodistribution in different organs are reported, A) CuO PEI 1.7 mg/m3, B) CuO PEI 17 mg/m3, 
C) CuO ASC 2.2 mg/m3, D) CuO ASC 20 mg/m3. Values located away from the diagonal shows bioaccumulation 
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In Graph 3 the complete screening of the organs analyzed is reported; for all organs after 22 

days, the Cu2+ value found in the tissue is comparable with the control value. Values 

distributed along the diagonal indicate no bioaccumulation, while values located away from 

the diagonal indicated organs subject to bioaccumulation.  

3.1.3 Conclusion 

From this study emerge that, as reported by Goosen et al. (2016)1 in CuO STIS, both CuO ASC 

and CuO PEI show an initial increment in lung’s copper concentration (c.a 15 mg/Kg for low 

flow and 40 mg/Kg for high flow) followed by a total “cleaning” of the organs. Moreover, it 

resulted clear that the main target organs involved in these processes are the lungs for the 

direct contact with the aerosol, and liver and kidneys for the detoxification process. The 

constant concentration of Cu2+ in the brain suggested, according to the data present in the 

literature, that blood-brain barrier is preventing its accumulation in this organ.5 
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3.2) Toxicity of Copper oxide and basic copper carbonate nanoparticles after short-term oral 

exposure in rats (d) 

In this section a part of the paper “Toxicity of Copper oxide and basic copper carbonate 

nanoparticles after short-term oral exposure in rats“ published on the journal Nanotoxicology 

is reported; In summary, has been evaluated the toxicity in Short Term Oral Exposure (STOS) 

studies between CuO and Cu2CO3(OH)2 after 1 and 21 days of oral administration is compared. 

These tests are useful to understand the relative toxicity of Cu2CO3(OH)2 used in fungi wood 

protection. 

Authors: De Jong W.H., De Rijk E., Bonetto A., Wohlleben W., Stone V., Brunelli A., Badetti E., 

Marcomini A., Gosensn I., Cassee F. 

3.2.1 Introduction 

Materials such as wood need to be protected against degradation induced by fungi, bacteria 

and insects in order to prolong their use duration. Copper (Cu) is the most widely used 

fungicide for treating wood in contact with the soil, with no satisfactory alternative available 

since it is the only biocide that shows significant effects against soft rot fungi and other soil 

borne fungi. Cu is compulsory for in-ground timber structures (use class 4 i.e. timber treated 

to make it suitable to be used in direct soil or water contact) and is a preferred antimicrobial 

wood preservative due to its minimal effect on mammals, including humans even if it shows 

a relatively high toxicity against aquatic communities. 6,7 Application occurs via impregnation 

techniques under high pressure and via non-pressure techniques like brushing, spraying and 

coat-cutting.7 Solid copper carbonate (Cu2CO3(OH)2)  needs to be micronized by milling to 

generate particle sizes able to penetrate depths in the order of centimetres into the wood 

during pressure treatment. The resulting size distributions of micronized copper formulations 

contain a considerable fraction of nanoparticles. Woods impregnated with micronized Cu 

release any other Cu species than ions. At equal Cu loading per cubic meter of wood, form and 

rate of release are comparable to wood impregnated with molecular Cu−amine but slightly 

more stable throughout aging; this finding was attributed to the transformations during the 

wood use.8 In comparison to solutions of Aqueous Copper amine (ACA) treated woods, the 

micronized copper treated woods feature a lower corrosive potential, a natural wood colour, 

and at least the same effectiveness of protection against fungal decomposition.6,7,9–11 

However, the use of nanoparticle-containing copper formulations has led to concerns 

regarding their safety in general 12–15 and specifically by hand-to-mouth transfer during 

installation or use of wooden installations.11 To the best of our knowledge, there are no 

publication on oral toxicity of micronized Cu2CO3(OH)2, whereas the oral toxicity of Cu ions is 

extremely well known with an acceptable drinking water standard of 1.3 mg/L.16 Potential 

transformation between particulate and ionic forms of copper is likely, because leaching 

                                                           
d My contribution in this paper is related to the quantification of Copper in biological tissues, in 

particular biodistribution and bioaccumulation have been evaluated by using ICP-MS. I was also 

involved in the data treatment and in the optimization of the analysis methods.    
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studies indicated that the very acidic stomach fluids extract exclusively Cu ions from wood 

treated with micronized copper.17,18  

Results from in vivo studies indicate that lung inflammation / toxicity after inhalation of copper 

oxide nanoparticles (CuO ENMs) resolved over 3 weeks1 indicating a rapid recovery and very 

little if any Cu was left in the body of these animals. In addition, systemic organ toxicity was 

observed after repeated intraperitoneal administration of copper oxide nanoparticles.19 For 

copper nanoparticles in vivo toxicity was reported in mice and rats after oral administration.20–

23 The aim of this study was to compare the toxicity of CuO ENMs and Cu2CO3(OH)2 ENMs 

following short term repeated oral exposure.   

3.2.2 Materials and Methods 

3.2.2.1 Test material 

CuO nanoparticles (CuO-ENMs) were obtained as a black powder from PlasmaChem, GmbH 

(Berlin, Germany). The crystalline material exhibited a size of 15-20 nm, a specific surface area 

of 47 m2/g as assessed by the Brunauer–Emmett–Teller (BET) method and a density of 6.3 

g/cm3 according to the manufacturer’s datasheet. The particles were crystalline with a density 

little below bulk (6.3 g/cm3). An extensive characterization is presented in Pantano et al. 

(2018).8 Cu2CO3(OH)2 ENMs were obtained as an aqueous dispersion from BASF SE, 

identification number LP 17206 (30% Cu), lot nr VM3041, best before date 05.02.2017. 

3.2.2.2 CuO ENMs and Cu2CO3(OH)2 ENMs dispersions 

CuO ENM powder and Cu2CO3(OH)2 ENM suspensions were dispersed (CuO ENM) or further 

diluted (Cu2CO3(OH)2 ENM) in Milli-Q water before sonication for 16 minutes in a waterbath 

(Elmasonic S100) at room temperature to optimize dispersion quality. Before each 

administration the nanoparticle dispersion was evaluated by CPS Disc Centrifuge™ (CPS 

Instruments Europe, Oosterhout, The Netherlands) to determine nanoparticle size and size 

distribution. Both the CuO ENM and the Cu2CO3(OH)2 ENM dispersions remained stable up to 

24 and 72 hours, respectively, after preparation of the dispersion. 

3.2.2.3 Dissolution of CuO ENM and Cu2CO3(OH)2 ENMs 

A dynamic flow-through system (Wohlleben et al. 2017) was used to determine the dissolution 

rate of both CuO ENM and Cu2CO3(OH)2 ENM far from equilibrium. The solid mass of 1mg of 

Cu (that is 1.25 mg of CuO powder or 3.47 mg of the Cu2CO3(OH)2 suspension), was weighed 

onto a membrane (cellulose triacetate, Sartorius Stedim Biotech GmbH, Goettingen, 

Germany: 47 mm diameter, 5 kDa pore size), topped by another identical membrane, and 

enclosed in flow-through cells. Two complex buffers with standardized composition were used 

to mimic the stomach and intestine conditions at 37 ± 0.5 °C, all values in mM.24 For the 

stomach conditions, the buffer was pH 1.6 and consisted of: sodium taurocholate 0.08 mM; 

lecithin 0.02 μM; pepsin 0.1 mg/mL and sodium chloride 34.2 mM. For the intestine 

conditions, the buffer was pH 5.8 and consisted of Fed-State Simulated Intestinal Fluid 

(FeSSIF):25 Sodium taurocholate 10 mM, lecithin 2 mM, maleic acid 55.02 mM, sodium 
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hydroxide 81.65 mM, sodium chloride 125.5 mM, glyceryl monocholate 5 mM and sodium 

oleate 0.8 mM. 

The eluates were determined by inductively coupled plasma-optical emission spectrometry 

(ICP-OES, Agilent 5100). After the experiment the remaining solids were rinsed off the 

membrane by particle-free water (Milli-Q). The resulting suspension was then pelleted onto a 

TEM grid held at the bottom of a centrifuge vial within 1h, then dried, so that the remaining 

solids morphology could be inspected without interference from drying artifacts of bile salts, 

which are removed by this preparation. The remaining solids were analyzed by 200 keV bright-

field TEM (Tecnai G2-F20ST or Tecnai Osiris, FEI Company, Hillsboro, USA). 

3.2.2.4 Experimental design  

Male specific pathogen free rats (RjHan:WI,) aged 8-9 weeks were obtained from Janvier Labs 

(Le Genest-Saint-Isle, Saint Berthevin , France). The animals were treated via oral gavage for 5 

days (days 1 to 5). The ENMs were administered by oral gavage using a bulb tipped gavage 

needle attached to a syringe. Each treatment was administered as 0.1 mL per 20 g (1 mL per 

200 g). For both CuO ENMs and Cu2CO3(OH)2 ENMs, each dose group consisted of 8 animals 

of which 4 were sacrificed at day 6 (1 day after the last treatment) and 4 were sacrificed at 

day 26 (21 days after the last treatment). The day 26 time point was included in order to 

evaluate recovery, possible persistence of effects or progression of effects induced by the 

ENMs. See Supplementary Table 1 for the experimental design of the study. 

Assuming that the CuO ENMs would be largely dissolved in the acid environment of the 

stomach a starting dose of CuO ENMs was selected based on the literature for dissolved 

CuSO4. The no-observed-adverse-effect-level (NOAEL) for CuSO4 was reported to be 16.3 

mg/Kg b.w. (ECHA 2008). A pilot study was conducted with 2 animals with a dose of 64 mg/Kg 

b.w. (day 1-5 daily). Based upon observations from the pilot study, the doses administered in 

the subsequent study were: vehicle control, 1, 2, 4, 8, 16, and 32 mg/Kg b.w. CuO ENMs. These 

doses were selected to be below and above the reported NOAEL for CuSO4.26 In an additional 

study one group of animals (n=4) was treated with a high dose of 512 mg/Kg b.w.  

For Cu2CO3(OH)2 ENMs a pilot study according to OECD TG 425 was performed to determine 

the starting dose in the 5 days oral gavage toxicity study.27 One animal was treated orally with 

a single dose of Cu2CO3(OH)2-ENM. If no toxicity was observed the dose was increased in the 

next animal until a toxic response was noted. When a single animal showed a toxic response 

an additional 4 animals were administered with the same dose. The highest dose chosen for 

Cu2CO3(OH)2 ENM was 128 mg/Kg b.w. Cu2CO3(OH)2 ENMs were administered via gavage in 

the 5 days oral study as vehicle control, 4, 8, 16, 32, 64 and 128 mg/Kg b.w. 

3.2.2.5 Histopathology 

At day 6 and day 26 animals were killed by exsanguination from the abdominal aorta during 

anaesthesia by isoflurane (3.5% in oxygen) inhalation. General macroscopic post mortem 

examinations were performed on all animals. At the time of necropsy, the following tissues 
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and organs were collected and fixed in 4% neutral buffered formaldehyde (10% formalin): 

heart, lung, thymus, liver, spleen, kidney, testes, brain, mesenteric lymph node, adrenal 

glands, pancreas, prostate, seminal vesicles, epididymis, thyroid gland, skeletal muscle -

quadriceps, stomach, duodenum, jejunum, ileum, Peyer’s patches, cecum, colon, rectum, skin, 

popliteal lymph node, femur with bone marrow, and peripheral nerve. 

Microscopic examination of routinely prepared hematoxylin-eosin stained paraffin sections 

was performed on heart, lungs, thymus, stomach, duodenum, jejunum, ileum, Peyer’s 

patches, cecum, colon, rectum, liver, spleen, mesenteric lymph nodes, kidneys, adrenal 

glands, brain, testis (unilateral), and femur with bone marrow. Microscopy was performed on 

all control groups and 32, 64 and 512 mg/Kg b.w. CuO ENMs treated animals and for 64 and 

128 mg/Kg b.w. Cu2CO3(OH)2 ENMs treated animals. 

The animal data and macroscopic findings were manually entered into the computer system 

PathData®. Histopathological changes of examined sections were described according to 

distribution, severity and morphological character. 

3.2.2.6 Cu2+ determination in organs 

The acid mixture used for organ sample digestion included HNO3 (trace select ultra 69%, 

Sigma-Aldrich <0.5µg/Kg), and H2O2 (trace select ultra 30%, Sigma-Aldrich <0.05µg/Kg), in a 

2:1 ratio. The microwave system ETHOS 1600 (Milestone S.r.l., Sorisole, Italy) was used to 

digest the samples, following a dedicated heating program (1 minute 250 watt, 1 minute 0 

Watt, 5 minutes 250 Watt, 3 minutes 400 Watt, and 3 minutes 600 Watt). Afterwards, the 

samples were allowed to cool down for 30 minutes at room temperature. The obtained 

solutions were transferred in PTFE tubes and diluted to 25 mL with MilliQ water. For 

determination of the Cu content an aliquot of each sample solution was properly diluted and 

analyzed by inductively coupled plasma mass spectrometry equipped with single channel 

Universal Cell (sp-ICP-MS NexION 350D, Perkin Elmer). Isotope 65Cu was selected to quantify 

Cu because of the less polyatomic interferences (e.g. 40Ar23Na) than isotope 63Cu. Moreover, 

to decrease interferences Kinetic Energy Discrimination (KED) was employed, using He as 

collision gas. Samples were quantified by external calibration method using a multi-point 

curve (blank and 10 points over the concentration range from 0.5 µg/L to 5000 µg/L). Yttrium 

at 5 µg/L was used as internal standard.2 

Potential contamination from the laboratory was controlled by adding at least one reagent 

blank during each digestion session. The limit of detection and the limit of quantification were 

calculated for each sample, set as the average of blanks + 3 standard deviation and as the 

average of blanks + 10 SD, respectively. In order to verify the accuracy and repeatability of the 

method, 6 aliquots of the Standard Reference Material (SRM) bovine liver (NIST 1577c, 

National Institute of Standards and Technology, Gaithersburg, Maryland, USA) were analysed 

every 10 samples.3 The average Cu concentration detected in the SRM was 277 ± 5 mg/Kg, in 

satisfactory agreement with the reference value (262 ± 2 mg/Kg). Average blank values, LOD 

and LOQ were calculated by considering both the reagent and the control blanks. Detected 
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LOD and LOQ value were 20 ng/L and 68 ng/L, respectively. Copper concentration in tissues 

and organs from rats exposed to CuO ENMs and Cu2CO3(OH)2 ENMs, are expressed on a dry 

weight basis, 

3.2.3 Results 

3.2.3.1 Particle Dissolution and Transformation 

CuO ENM and Cu2CO3(OH)2 ENM dissolve completely under stomach conditions at pH1.6 

within 72h (Figure 2). During that time, the ion-resolved dissolution rate was very similar for 

both materials with 50% dissolved after about 16h for both materials. As this time is longer 

than the residence time in the stomach, we tested independently the dissolution under pH5.8 

intestine conditions. Here we observed that the dissolution is incomplete, although 

transformation of the particles is clearly observed in the TEM (Figure 1f): the primary particles 

shrink, but agglomerate at the same time to large structures. The time to 50% dissolution is 

20h for micronized copper carbonate (Cu2CO3(OH)2 ENMs) but 50h for CuO ENMs. Adding to 

this interesting difference, we observed that dissolution occurs at much lower rates in the 

simple GI-tract simulant medium with the NaNO3 buffer at pH5.3 compared to the complex 

GI-tract simulant FeSSIF-V2 (pH 5.8) . Thus, the dissolution in the intestine is not only pH driven 

but is likely to be accelerated by the bile salts and other physiological substances, in complete 

analogy to the interactions observed under environmental dissolution and transformation of 

Cu ENMs.28,29 The dissolution kinetics of the ENMs in stomach fluid simulant is presented in 

Figure 2. Dissolution in gastro-intestinal fluid simulant and simple medium is shown in 

Supplementary Figures 2 and 3. Transformation of the CuO ENM and Cu2CO3(OH)2 ENM is 

shown in Figure 1. 
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Figure 1 Morphology of pristine and transformed ENMs by transmission electron microscopy (TEM): Cu2CO3(OH)2 ENMs (top 
row = a,b,c) and CuO NPs (bottom row = d, e, f) before (a,d) and after dissolution testing at 37°C in pH1.6 stomach simulant 
(b,e) and independently in pH5.8 FeSSIF-V2 middle intestine simulant (c,f.). EDXS finds no Cu content in the b,e structures. 

 

Figure 2 Dissolution of Cu2CO3(OH)2 ENMs (blue) and CuO ENMs (orange) during flow-through testing at 37°C with pH 1.6 
stomach simulant. Quantification of ions by ICP-OES. 

3.2.3.2 General observations 

CuO ENM:  During the study no signs of toxicity were noted and there were no premature 

deaths in the study. There was no reduction in body and organ weights for CuO ENMs treated 

animals (Supplementary Tables 2A and 2B). No treatment related findings were observed at 

the macroscopic observation at autopsy. Due to the lack of effects observed at doses up to 32 

mg/Kg b.w. also a high dose of 512 mg/Kg b.w. was tested. The 512 mg/Kg b.w. dose induced 

slight weight loss in one animal after two days of treatment and diarrhoea after three 

administrations. After four administrations two animals showed diarrhoea.  

Cu2CO3(OH)2 ENM: Repeated oral administration of a dose of 128 mg/Kg b.w. Cu2CO3(OH)2 

ENMs induced severe toxic responses in the animals as indicated by the behavior of the 

animals, including frequent washing and piloerection. Therefore, the animals scheduled for 

autopsy after a recovery period at day 21 after treatment were autopsied prematurely at days 

6 and 7, respectively 24h and 48h after the last (day 5) treatment. A decrease in organ weight 

was observed for heart, liver, spleen, and thymus whereas the adrenal glands showed an 

increase in weight (Figure 3, Supplementary Table 2C). The most severe decrease in organ 

weight was noted for the spleen and thymus, respectively with approximately 45% and 70%. 

For doses up to 64 mg/Kg b.w. body and organ weight determined at day 26 after a three week 

recovery period showed no changes compared to the vehicle treated animals  (Supplementary 

Table 2D). 
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Figure 3 Body and organ weight (g) in male rats at after 5 days consecutive oral administration of Cu2CO3(OH)2 ENMs - At 
day 6/7 (24/48 hours after the last administration). The number of animals per group is 4 (n=4). Two groups of dose group 
of 128 mg/Kg b.w. are presented for autopsy at days 6/7 after treatment. For one group (blocked column) an unscheduled 

autopsy was done of in view of poor condition of the animals intended for recovery. Significant differences compared to 
vehicle treated animals. *p<0.05, **P<0.01 (ANOVA). 

3.2.3.3 Histopathology 

CuO ENM: There were no test item-related microscopic observations in the initial dose 

response study at the highest dose of 64 mg/Kg b.w. of CuO ENMs evaluated (data not shown). 

All of the recorded microscopic findings were within the range of background histopathology 

encountered in rats of this age and strain. For animals treated with a dose of 512 mg/Kg b.w. 

CuO ENMs and evaluated at day 6 alterations were observed in the histopathology of stomach, 

liver, and bone marrow. In the stomach an increased incidence and severity of submucosal 

glandular inflammation with eosinophilic granulocytes was observed. The liver exhibited slight 

Kupffer cell hypertrophy/hyperplasia, inflammation composed of mixed inflammatory cells, 

hepatocellular hypertrophy, hepatocellular necrosis and single cell necrosis (above the 

background level of minimal). 

Cu2CO3(OH)2 ENM: Test item-related microscopic findings were observed in a number of 

organs examined after treatment with 64 or 128 mg/Kg b.w. Cu2CO3(OH)2 ENMs. After five 

day oral administration of Cu2CO3(OH)2 ENMs in the stomach an increased incidence and 

severity of submucosal glandular inflammation with eosinophilic granulocytes was observed 

on day 6 (Figure 4) which was still present in some animals after the 3 week recovery period. 

In other parts of the GI-tract effects were only seen at the dose of 128 mg/Kg b.w. Ulceration 

was observed in the cecum, colon and rectum.   
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Figure 4 Presence of  inflammation (arrows) in the submucosa of the stomach in a rat treated with a dose of 64 mg/Kg b.w. 
of Cu2CO3(OH)2 NP for 5 consecutive days. Autopsy at day 6, 1 day after the last Cu2CO3(OH)2 NP administration. Left 

overview, right detail of inflammatory cells (arrows) 

Figure 5 shows ulceration of colon after 5 days treatment with 128 mg/Kg b.w. Cu2CO3(OH)2 

ENMs. Other lesions observed in the GI-tract were apoptosis (duodenum, ileum and cecum) 

and edema (colon, rectum). 

 

Figure 5 Presence of ulceration of colon mucosa (arrows, figure on the right) of rat treated with 128 mg/Kg b.w. of 
Cu2CO3(OH)2 ENMs for 5 consecutive days. Note severe inflammation and loss of colon epithelium above inflammation. 
Autopsy at day 6, 1 day after the last Cu2CO3(OH)2 ENMs administration.  Left colon of vehicle treated control animal. 

In the liver inflammation composed of mixed inflammatory cells (Figure 6) occurred at day 6 

in rats treated at 64 mg/Kg and at 128 mg/Kg. In animals treated at 64 mg/Kg and 128 mg/Kg 

occurred hepatocellular necrosis, single cell necrosis, increased mitosis, liver and Kupffer cell 

hypertrophy.  

 

Figure 6 Presence of toxic effects in the  liver. Top left, liver of vehicle control treated animal. Top right  presence of  
inflammation(arrows) and vacuolisation (asterisks) of liver parenchyma cells. Bottom single cell necrosis of liver cells (arrows). 
Autopsy at day 7, 2 days after the last Cu2CO3(OH)2 ENMs administration. Animal  treated with 128 mg/Kg b.w. of Cu2CO3(OH)2 

ENMs for 5 consecutive days (days 1-5). 



73 

 

3.2.3.4 Organ burden 

CuO ENM: At 32 and 64 mg/Kg b.w. the liver (p<0.05) and at 64 mg/Kg b.w. the mesenteric 

lymph node (MLN) (p<0.001) exhibited an increase in Cu content (Table 3). At day 6 one day 

after the last administration there is an increase in Cu level only the mesenteric lymph node 

for the doses of 64 mg/Kg b.w., and in the liver for the doses of 32 and 64 mg/Kg b.w. The 

dose of 512 mg/Kg b.w. that was not administered in the dose response study but at later in 

time,  shows an increased Cu level in liver, lung, kidney, spleen, thymus and mesenteric lymph 

node when compared to non-treated control animals of the dose response study. At day 26 

the increased levels of Cu in liver and also kidney were returned to levels equivalent to the 

control animals. 

Table 3 Cu2+ in organs of male rats after 5 days consecutive oral administration of CuO ENMs a) Cu2+ content in organs (µg/g 
tissue) at day 6 and day 26 after oral administration on 5 consecutive days (days 1-5) with CuO NPs. Results are presented as 
mean ± SD, n=4 unless otherwise indicated within brackets. ND, not done. Significant differences compared to vehicle 
treated animals. *<0.05, ***<0.001 students t-test, one sided. 

 
Day 6 Day 26 

Dose (mg/Kg) 0 32 64 512 0 32 

Organ 
      

Liver 13±0.4a 42±16* 75±4 914±541 14±3 12±1.5 

Lung 6±1 6±1 5 (2) 70±69 7±0.2 6±1.3 

Kidney 41±6 62±14 64 (1) 76±42 62±9 52±4 (3) 

Spleen 6±0.4 6±0.3 6±1 (2) 10±5 6±0.6 5±1 

Thymus 4±0.3 5±1 (3) 8±4 (2) 10±7 5±1 5±2 

MLN 5±1 8±2 (3) 10±0.3 (2)*** 26±11 4±2 5±2 

Testis 11±0.3 11±0.1 11±0.3 (2) 12±1 12±1 11±1 

Brain cortex 9±0.1 9±0.5 ND 10±1 10±3 9±0.4 

 

Cu2CO3(OH)2 ENM: Cu content of tissues after 5 consecutive days of Cu2CO3(OH)2 ENMs oral 

administration is presented in Table 4. At the lower dose investigated (64 mg/Kg b.w.) an 

increase in Cu content was noted in liver, kidney, testes, brain and thymus only. For the 

highest dose (128 mg/Kg b.w.) increases in Cu content were observed in all organs evaluated. 

At day 26 the increased levels of Cu in liver, thymus and kidney for the dose of 64 mg/Kg b.w. 

were returned to background levels whereas for the liver and testes they were still increased 

(p<0.05 and p<0.01, respectively), although the increase was limited compared to day 6.  
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Table 4 Cu in organs of male rats after 5 days consecutive oral administration of Cu2CO3(OH)2 ENMs. a) Dose of 128 mg/Kg 
b.w. Cu2CO3(OH)2 ENMs determination at days 6 and day 7 after start of experiment. Animals received Cu2CO3(OH)2 ENMs 
by oral administration at days 1 –5. Recovery animals were taken out of the study in view of poor condition (day 7 being day 
2 after last Cu2CO3(OH)2 ENMs administration). b) Cu2+ content in organs (µg/g tissue) at day 6 and day 26 after oral 
administration on 5 consecutive days (days 1-5) with Cu2CO3(OH)2 NPs. Results are presented as mean ± SD, n=4 unless 
otherwise indicated within brackets. Significant differences compared to vehicle treated animals. *<0.05, **<0.01, 
***<0.001 students t-test, one sided. 

 
Day 6 Day 26 

Dose 
(mg/Kg) 

0 64 128 0 64 

Organ 
     

Liver 13±0.5b 451±58*** 1399±307*** 13±1 29±9* 

Lung 8±0.4 9±3 259±335 (8)* 7±0.3 7±06 

Kidney 29±6 55±13 810±369 (8)*** 36±17 28±4 

Spleen 5±0.2 6±0.6 35±26 (7)* 5±0.2 5±0.3 

Thymus 4±0.5 6±0.6*** 29±20 (8)*** 3±0.3 3±0.4 

MLN 6±1 7±1 48±23 (8)** 6±3 6±2 

Testis 11±0.3 12±0.2* 15±0.3 (8)** 11±0.2 13±1** 

Brain cortex 9±0.2 10±0.4* 11±1 (8)*** 9±0.5 10±7 

 

3.2.4 Discussion 

We investigated the potential toxicity of two Cu-nanoformulations used for the preservation 

of wood products in a repeated dose oral toxicity study. Our results show that both CuO ENMs 

and Cu2CO3(OH)2 ENMs exhibited approximately 50% dissolution at 16 h of incubation in 

stomach fluid simulant. During flow through conditions, which are more realistic of the strong 

dilution in the stomach environment, approximately 50% dissolution was reached at 24 h. 

Emptying of the stomach in rats may be reached within 6h,30 suggesting that part of the oral 

dose will reach the intestines in particulate nanoform. Imaging of the particles after 

dissolution under intestinal conditions with a pH5.8 suggested morphological changes such as 

shrinking and agglomeration. This data would suggest that it is relevant to consider the 

possible toxicological effects of both the Cu2+ ions and the nanoparticles. The Cu2CO3(OH)2 

ENMs showed similar dissolution characteristics to CuO ENMs in simulated stomach 

conditions, but Cu2CO3(OH)2 ENMs dissolved faster in simulated intestine conditions. 

Based on the dissolution experiments, we speculate that if any particles last the fast and pH-

driven dissolution in the stomach passage, they would transform and Cu2CO3(OH)2 ENMs 

would shed Cu2+ ions earlier or more during intestine passage than CuO ENMs. A more 

sophisticated protocol would be to use sequential buffers 31 and/or simulated full diets.32  One 

might even imagine to combine flow-through-testing (for ease of retrieving transformed 

ENMs, for fast time resolution on ions) with sequential buffers (for added physiological 

realism), but that was beyond scope of the present investigation. Although we tested at low 

concentration and out of equilibrium, saturation may have suppressed dissolution rates below 

the in vivo rates. Investigating the release of Cu2+ ions from wood treated with Cu2CO3(OH)2 

ENMs, revealed more than 80% dissolution after 1h at room temperature in a simple glycine 
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simulant with pH1.5,18 and only slightly longer times were suggested under environmental 

unsaturated conditions.33,34 So, the use of Cu-nanomaterial as a wood preservative will result 

in both human and environmental exposure to Cu2+ ions which can be considered responsible 

for the induced toxic effects.  

In terms of biodistribution, the treatment doses below 512 mg/Kg b.w. CuO ENMs resulted in 

a detectable increase in the Cu content of the liver only, while at the high 512 mg/Kg b.w. dose 

increased copper levels were observed in all evaluated organs (Table 1). The partial dissolution 

in the stomach might explain why the doses of CuO ENMs up to 32 mg/Kg b.w. had limited 

toxic impacts compared to the reported toxicity of soluble Cu formulations such as CuSO4 

(NOAEL of 16.3 mg/Kg).26 The high dose of 512 mg/Kg b.w. CuO ENMs induced 

histopathological alterations in stomach, liver and bone marrow. In view of the solubility and 

dissolution characteristics of Cu nanomaterials also the Cu ion may play an important role for 

the Cu nanomaterial toxicity.   

Cu2CO3(OH)2 ENMs were more toxic than CuO ENMs when compared on the basis of a dose in 

mg/Kg b.w. Animals dosed with 128 mg/Kg b.w. showed after five days of repeated dosing 

overt signs of toxicity leading to a preliminary removal of the dose group intended for the 

recovery period from the study. Both haematology and clinical chemistry indicated toxic 

effects at the 64 and 128 mg/Kg b.w. doses. Treatment with Cu2CO3(OH)2 ENM also induced 

inflammation in the stomach, apoptosis in duodenum, ileum, and cecum, and ulceration in 

the large intestines (cecum, colon, rectum). In the liver inflammation, apoptosis, necrosis, and 

hypertrophy as potential repair of the liver damage were observed. In addition kidney 

degeneration/regeneration and necrosis was observed. There was a marked lymphoid 

atrophy after the five day oral treatment with Cu2CO3(OH)2 ENM in spleen and thymus 

accompanied by an increase in myeloid activity in the bone marrow. After oral Cu2CO3(OH)2 

ENMs treatment increased Cu levels could be detected in almost all organs investigated (liver, 

lung, kidney, spleen, thymus, mesenteric lymph node, testes, brain). For CuO ENMs 

histopathology was only performed on animals with the high extra dose of 512 mg/Kg b.w. In 

these animals in the stomach, liver and bone marrow similar pathological lesions were 

observed as for the Cu2CO3(OH)2 ENMs induced lesions, although lymphoid depletion in spleen 

and thymus was absent. Overall, the pathology in terms of organ damage in the GI-tract, 

kidney and the lymphoid organs (spleen, thymus) was more severe for Cu2CO3(OH)2 ENM 

compared to CuO ENM administration. 

Cu2+ accounts for about 80% of the CuO mass, about 60% in Cu2CO3(OH)2 and about 40% in 

CuSO4. Dissolution of the ENMs in the stomach environment was about 50%, with a faster rate 

of Cu2+ ions dissolution from the remaining Cu2CO3(OH)2 particles in intestine, whereas for 

CuSO4 dissolution was complete already in stomach conditions. None of the ENMs showed 

significant transformation to other particulate species, such that a potential toxic effect via 

newly formed particles is improbable. Based on this mass and solubility data, a certain mass 

dose for both CuO ENMs and Cu2CO3(OH)2 ENMs would be associated with a similar amount 

of Cu2+ ion release as that from CuSO4 in the stomach (i.e. about 40% Cu mass for CuO ENMs, 
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30% Cu mass for Cu2CO3(OH)2 ENMs, and about 40% Cu mass for CuSO4, considering 50% 

dissolution for CuO ENMs and Cu2CO3(OH)2 ENMs and 100% dissolution for CuSO4). 

Cu2CO3(OH)2 ENMs would have higher toxicity  via ions originating in the intestine in view of 

its high dissolution in simulant intestinal fluids. 

Privalova et al. (2014)19 using intraperitoneal administration of CuO ENMs (diameter 20 nm) 

in rats for three times a week applying 19 injections up to a total dose of approximately 10 

mg/Kg b.w. mainly described induction of kidney lesions. In contrast to that study, we did not 

observe histopathological lesions in kidney and spleen by CuO ENMs but did note lesions in 

stomach, liver and bone marrow after 5 days repeated oral administration of 512 mg/Kg b.w. 

In view of the very fast dissolution of the CuO ENMs used by Privalova et al. (2014)19 it might 

be assumed that Cu ions are responsible for the observed toxicity. In this respect our results 

on Cu2CO3(OH)2 ENMs show a more widespread organ toxicity including severe cellular 

depletion of spleen and thymus, and kidney lesions which might be related to the more 

complete dissolution in the GI-tract and the resulting higher internal Cu2+ ion dose at organ 

level. 

Toxicity of CuO ENMs presumably due to the release of Cu2+ ions, was previously 

demonstrated in in vitro cellular toxicity tests for various lung derived cells such as A549 cells, 

16-HBE cells, and BEAS-2B cells.35–38 CuO ENMs were found to be more toxic compared to 

microCuO particles (CuO-MP) and CuCl2 when comparing doses as mass per mL in the cell 

culture medium.37 The toxic effect was explained by a much higher Cu content in the cell 

(cellular cytoplasm and nucleus) after exposure to the CuO ENMs compared to CuO MP and 

CuCl2 followed by intracellular Cu2+ ion release. Both for Ag ENMs and CuO ENMs a higher 

cellular content of metal (Ag+ and Cu2+) ions was observed in A549 and BEAS-2B cells 

compared with exposure to Ag+ and Cu2+ ions in the form of AgNO3 or CuCl2, respectively. 39 

Our data also identified that the immune system may also be severely affected by the Cu2+ 

ions released from the Cu containing nanomaterials as shown by the severe lymphoid cell 

depletion in spleen and thymus. This may have consequences for the functionality of the 

immune system as was recently demonstrated by us for silver nanoparticles.40,41 In view of the 

potential high migration to the spleen the immune system maybe a target for nanomaterial 

toxicity and needs consideration for a more a more specific toxicity evaluation.42,43 So, an 

evaluation of the immune system function exposed to Cu2CO3(OH)2 ENMs may be warranted.   

3.2.5 Conclusion 

In conclusion, we observed a marked difference in the severity of the pathological lesions in 

various organs (e.g. GI-tract, kidney, spleen, and thymus) between CuO ENMs and 

Cu2CO3(OH)2 ENMs after oral exposure comparing dose effects in our rat study. For 

Cu2CO3(OH)2 ENMs body weight and severe organ weight loss was observed. In spleen and 

thymus the severe weight loss was accompanied  by lymphoid depletion that warrants further 

immunotoxicological evaluation. However, for risk assessment the Bench Mark Dose (BMD) 

with a 5% deviation of the vehicle control, is surprisingly similar for the serum liver enzyme 
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AST as a first indication for liver toxicity, being 26.2 mg/Kg for CuO ENMs and 30.8 mg/Kg for 

Cu2CO3(OH)2 ENMs, respectively. These data may be useful for deriving an acceptable daily 

intake for these toxic wood preservatives which may then be used for a risk assessment 

including exposure scenarios. 
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3.3) Open issues 

In both STOS and STIS, the copper burden in organs is measured as total Cu2+, without any 

information regarding the physical form (ionic or particle). As it is reported, Cu-ENMs undergo 

to a dissolution process in biological media, that means that the Cu2+ can be present in the 

tissues as ionic copper and/or in nanoform. This information will be useful to understand the 

mechanisms involved in the inflammation process and consequent detoxification. Moreover, 

additional information on size distribution and their spatial location within the cells can help 

to understand the transport dynamics from the blood vessel towards biological targets, and 

as consequence the efficiency of the biological barrier. It has to be remarked that information 

on biological barriers and transport mechanisms inside biological tissues is extremely 

important in the field of nanotoxicology, nanomedicine and in the development of new Cu-

ENMs modified by following the principles of safe by design. For this reason, the application 

of advance techniques for the detection and quantification of ENMs in these complex matrices 

should be considered in future studies.  
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Chapter 4 

Detection of CuO and Cu2CO3(OH)2 nanoparticles in rats after short-

term oral exposure (e) 

In Chapter 3 has been discussed the toxicological results related to the oral exposure of CuO 

and Cu2CO3(OH)2 in rats. It has been reported that the oral administration of Cu2CO3(OH)2  to 

rats, lead to a severe reduction in body weight and organs weight loss, in comparison to CuO 

administration. Moreover, histopathological analysis shows that the assumption of Cu-ENMs 

lead to a substantial liver and lymphatic tissue damage, showing also high copper 

bioaccumulation. 

In this chapter, is reported an “on-preparation” manuscript focused on the detection of Cu-

ENMs in rat tissues, with the aim to provide more information on the fate of Cu-ENMs in 

biological matrices. In particular Transmission Electron Microscopy (TEM) and single particle 

Inductive Coupled Plasma Mass Spectrometry (sp-ICP-MS) were used with the aim to detect 

and quantify CuO and Cu2CO3(OH)2 nanoparticles Cu-ENMs in rat organs. Liver was the organ 

selected as it contains for both nanoparticles (NPs) exposure, the highest total copper 

concentrations (~1 g/Kg). Tissues were processed for 4h at 37°C by an enzymatic digestion in 

order to be analysed by sp-ICP-MS. In addition, both liver samples and the suspension 

obtained after the enzymatic digestion were analysed by TEM. The resulting images showed 

in all cases a large number of NPs with a smaller size (~ 8 nm in liver thin layer and ~10 nm 

after the enzymatic digestion) compared to that of pristine particles (12 nm for CuO, and 40 

nm for Cu2CO3(OH)2). The decrease in size of NPs present in liver thin layer can confirm the 

dissolution process hypothesized by De Jong et al. (2018).1 After the enzymatic digestion 

particles seem increased in size, in reality by a deep analysis of size distributions determined 

by TEM, it results that small NPs dissolved faster, leaving in the sample prevalently larger 

particles and aggregates. Unfortunately, the dissolution process has led to NPs with 

dimensions that are close to or below the detection limits of the sp-ICP-MS, making therefore 

difficult their detection. Only a partial quantification was then achieved by using this 

technique, since shrunk primary particles could not be detected but only agglomerates with 

dimensions greater than 13 nm. 

Authors: Bonetto A., Badetti E., Ambrosi E., De Jong W.H., Marcomini A. 

4.1) Introduction 

Copper-based systems are widely used as antimicrobial agent for protecting wood in contact 

with soil against the degradation induced by fungi, bacteria and insects. They are applied via 

impregnation under high-pressure techniques or by brushing, spraying and coat-cutting 

techniques. Although these compounds show a relatively high toxicity towards aquatic 

communities, 2,3 they cause minimal effect on mammals, including humans, and no efficacy 

                                                           
e This work is mainly developed by myself, starting from the problem formulation, the sp-ICP-MS analysis, the 
processing of the results, up to the drafting of the manuscript 
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alternative biocide are available on the market. Recently, Cu-ENMs have been also largely 

considered since their nano-size allow to better penetrate into the wood, especially during 

the pressure treatments, leading to material which showed better performances with respect 

to the corresponding bulk material (solutions of ACA). 

Once applied on the wood to be preserved, these nano-based materials can be released 

together with the copper ionic fraction, and they can be accidentally ingested by a possible 

transfer occurring from hand to mouth. Concern on human health is therefore associated both 

to the application (occupational hazard) and post-application phase (hazard related to the use 

of treated wooden installations). However, while the oral toxicity of Cu ions is extremely well 

known,4 to the best of our knowledge, only few studies on Cu-ENMs are available.1 For this 

reason, the development of analytical techniques for characterize and quantify Cu-ENMs in 

biological tissues is highly desirable as it can help to better elucidate the potential risk for 

humans associated with Nanoparticles (NPs) exposure.5  

Electron microscopy techniques are commonly used to characterize ENMs into cells and 

tissues after an appropriate treatment of the samples, giving information about their fate and 

uptake 6 but not on their quantification. The analytical approaches currently available to 

quantify NPs in biological tissues are involving separation techniques such as hydrodynamic 

chromatography and field flow fractionation combined with detectors like Multiple Angle 

Light Scattering and inductive coupled plasma mass spectrometry.7–10 A limitation to these 

approaches can be the detection limit of these combined techniques which can often require 

a pre-treatment of the sample (e.g. concentration of the analyte) before the instrumental 

analysis. Other approaches for the detection of ENMs from biological tissues combine 

conventional or single particle ICP-MS (sp-ICP-MS) with tissue extraction. Gray et al. (2013)11 

for example, investigated silver and gold ENMs from ground beef via sp-ICP-MS after an 

alkaline digestion of the tissues (using tetramethylammonium hydroxide) spiked with the 

desired NPs. The method was then verified in actual conditions by exposing to ENMs both 

Daphnia magna and Lumbriculus variegatus. Silver nanoparticles in chicken meat (spiked) 

were investigated by Loeschner et al. (2013) 12 by performing an enzymolysis of the tissues 

with Proteinase K, followed by asymmetric flow field flow fractionation with detection by 

conventional or single particle ICP-MS. Shortly after, Peters et al. published a similar approach 

for the sizing and quantitative determination of nano-silver in chicken meat by using an 

enzymatic digestion of the sample material as Loeschner et at. (2013),12 but in this case the 

digest was analysed directly by sp-ICP-MS after a simple dilution. A comparison between the 

use of alkaline or enzymatic sample pre-treatment for characterization of ENMs in biological 

tissues prior to characterization by sp-ICP-MS was then performed for the detection of gold 

NPs in animal tissue6,13 and of silver NPs in human tissue.14 These studies show that the 

alkaline digestion is probably restricted to NPs that do not degrade and can be stabilized in 

such alkaline conditions, and that the enzymatic digestion can lead to the presence of 

hydrolysed sample residues which can reduce the number of detected NPs by sp-ICP-MS. As 

it can be understood from these results, the selection of the most suitable digestion process 

depends from the nature of the NPs to be analysed.  
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In a recent work reported by some of us, the potential toxicity of two Cu-based nanoparticles 

in a short term repeated oral exposure was investigated.1 Male rats were fed by gavage with 

different concentrations (from 32 to 512 mg/Kg) of CuO and Cu2CO3(OH)2  NPs for several days, 

and the distribution of total copper in the different organs tissue samples was determined by 

ICP-MS, after total digestion in HNO3/H2O2. The presence of Cu still in the nanoform was only 

hypothesized, since it was not the scope of the study, by considering the results from 

dissolution and transformation studies performed in stomach and intestinal simulant fluids. 

From these studies emerge that both ENMs exhibited approximately 50% dissolution at 16h 

of incubation in stomach fluid simulant and considering the flow through conditions, and the 

time needed to empty the stomach (6h), it was supposed that part of the oral dose should 

reach the intestines and then the other organs in particulate nanoform. In this context, the 

aim of this work was to detect the presence of still undissolved NPs in liver samples for 

confirming the hypothesis of our previous study, and to investigate their transformations in 

terms of size and shape. Moreover, it has been attempted to quantify them by sp-ICP-MS by 

following the analytical methodologies already reported in the literature for other metals, 

performing a pre-treatment of the samples through an enzymatic digestion.12,13,15 It has to be 

remarked that the studies conducted so far are always considering NPs such as Au or Ag, which 

present a highest stability than the Cu-ENMs investigated in this study. In addition, in all the 

cases NPs are spiked into the meat tissue samples to be analysed so that processes such as 

the digestion as well as the migration towards the different organs is never considered. 

4.2) Materials and Methods 

4.2.1 Materials 

CuO nanoparticles (CuO-NPs) were obtained from PlasmaChem (Berlin, Germany) as a black 

powder. According to the manufacturer’s datasheet, CuO-NPs exhibited a primary size of 15-

20 nm, a specific surface area of 47 m2/g determined by Brunauer-Emmett-Teller (BET) 

method and a density of 6.3 g/cm3. Further characterization is reported in Pantano et al 

(2018). 16 

Cu2CO3(OH)2 NPs were obtained from BASF SE as aqueous dispersion. Identification number 

LP 17206 (30% Cu), lot nr VM3041, best before date 05.02.2017. A more extensive 

characterization is reported in De Jong et al.1 FE-SEM images of CuO and Cu2CO3(OH)2 NPs 

previously dispersed in ethanol are reported in Figure 1.  

Gold NPs as reference material for sp-ICP-MS were purchased from Sigma-Aldrich and consists 

in two suspension of spherical gold NPs with a diameter of 50 and 100 nm having a particle 

concentration of 3.5*1010 and 3.8*109 respectively, stabilized in citrate buffer. Gold and 

Copper pure single-element as ionic standard (1000 µg/L) were obtained from Perkin-Elmer 

(for trace analysis).  

The mixture used for organ sample enzymatic digestion included Proteinase K from 

Tritirachium album (lyophilized powder ≥ 30 units/mg), Triton X-100 solution (BioUltra, 10% 

in water), calcium acetate hydrate (ReagentPlus 99%) and tris buffer Trizma base 

(traceSELECT) from Sigma-Aldrich (St. Louis, MO, USA). The acid mixture used for organ sample 
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digestion included HNO3 (trace select ultra 69%, Sigma-Aldrich <0.5µg/Kg), and H2O2 (trace 

select ultra 30%, Sigma-Aldrich <0.05µg/Kg). MilliQ water used for sample dilution was 

obtained from a Millipore Milli-Q-Plus ultrapure water system (Amsterdam, The Netherlands). 

Bovine liver (NIST 1577c, National Institute of Standards and Technology, Gaithersburg, 

Maryland, USA) was used as standard reference material. 

4.2.2 Biological materials 

Livers of rats after oral exposure tests derived from FP-7 SUN project and the experimental 

design (short-term exposure to CuO and Cu2CO3(OH)2 NPs) is fully described in Jong et al 

(2018)1. Briefly, Cu-ENMs were administrated by oral gavage to male rats of 8-9 weeks old in 

the concentration range from 32-512 mg/Kg b.w. for CuO-NPs and 64-128 mg/Kg b.w. for 

Cu2CO3(OH)2  NPs. Rats were sacrificed at day 6 (1 day after the last treatment) and at day 26 

(21 days after the last treatment). Day 26 was chosen to evaluate recovery and possible 

persistence of effects or progression of effects induced by NPs. 

4.2.3 Enzymatic digestion 

According to Peters et al (2014 Anal Bioanal Chem) the digestion buffer was prepared by 

mixing 10 mmol of Trizma, 1% of TritonX-100 and 1 mmol of calcium acetate hydrate. 3 ml of 

digestion buffer were added to an aliquot of freeze and dry homogenized sample (~150mg) in 

a 12 ml PE test tube. The sample was vortexed and homogenized with an ultrasonic probe 

(UP-200S Hielscher Ultrasonics GmbH, Germany) in an ice bath, delivering a power of 200 W 

for 5 min using a pulsed 80% mode. Proteinase K (~0.1 units/mg) was then added to the 

mixture, which was incubated for 3 hours at 37 °C.  

4.2.4 sp-ICP-MS analysis  

The samples digested with the enzymatic buffer were diluted 1:10000 in MilliQ water and 

analysed by an inductively coupled plasma mass spectrometry equipped with double channel 

Universal Cell (sp-ICP-MS NexION 350D, Perkin Elmer).  

According to the particle size method, the Transport Efficiency (TE) was determined by the 

Software Syngistix-Nano (Perkin Elmer) through two calibration curves. The first calibration 

curve was performed for ionic Au standards by determining the average of 197Au signal 

reference Au NPs (50 and 100 nm), relating 197Au signal intensity (maximum of the intensity 

distribution peak) to the particle mass. For the analysis, it was set a Dwell time of 100 µs and 

an acquisition time of 60 seconds. 

Considering the primary size of the Cu-ENMs used in this study, isotope 63Cu was selected to 

reach the low DLS of 15 nm for CuO and 18 nm for Cu2CO3(OH)2. The copper mass was 

quantified using a multi-point curve in the concentration range from 0.5 to 20 µg/L.  

4.2.5 Ultrafiltration experiment 

Pristine CuO and Cu2CO3(OH)2 has been subjected to the enzymatic digestion described above. 

After 3 hours at 37 °C, 500 µL of the mixture was transferred into ultrafiltration vials (Millipore 
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Amicon Ultra 2, Ultracel 3, cut-off 3K Dalton) and centrifuged for 30 minutes at 12000 rpm. 

After centrifugation, 100 µL of the filtrated solution was diluted and directly analysed by ICP-

MS. For comparison, an aliquot of the enzymatic digested mixture has been mineralized as 

described below and analysed by ICP-MS. 

4.2.6 Acidic Digestion 

Samples digested with the enzymatic buffer were then mineralized in a mixture of HNO3 and 

H2O2 (in a 2:1 ratio). A microwave system (Discovery SD, CEM) was used to mineralize an 

aliquot (1ml) of the enzymatic digested samples. The heating program used for the acid 

digestion has been: TMAX = 175°C, Ramp Time = 5 min, Hold Time = 4 min, Power = 300 W. 

The obtained solutions were transferred in PE tubes and diluted to 15 mL with MilliQ water. 

4.2.7 ICP-MS analysis 

An aliquot of each sample solution was properly diluted and analysed by inductively coupled 

plasma mass spectrometry equipped with double channel Universal Cell (sp-ICP-MS NexION 

350D, Perkin Elmer). For the quantification of Copper, isotope 63Cu was selected because more 

abundant than isotope 65Cu (69.15 vs 30.85%). In order to remove the polyatomic interference 

in the mass 63Cu (e.g. 40Ar23Na), the analysis was performed in KED mode as He as carrier gas. 

Samples were quantified by external calibration method using a multi-point curve (blank and 

10 points over the concentration range 0.5 µg/L to 500 µg/L). Yttrium at 5 µg/L was used as 

internal standard.17 ICP-MS parameter are reported in Table 1. 

 
Table 1 ICP-MS parameters 

Component Parameter Type/Value/Mode 

Nebulizer Meinhard quartz microconcentric 

Spry Chamber Quartz cyclonic 

Triple Cone Interface Material Nickel/Aluminum 

Plasma Gas Flow 18 L/min 

Auxiliary Gas Flow 1.2 L/min 

Nebulizer Gas Flow 0.96 L/min 

Sample Uptake Rate 200-250 uL/min 

RF Power 1600 W 

Collision Gas flow (Helium) 4.4 ml/min 

 

Potential contamination from the laboratory was controlled by adding at least one reagent 

blank during each digestion session. 

In order to verify the accuracy and repeatability of the method, 3 aliquots of the standard 

reference material Bovine liver NIST 1577c (National Institute of Standard and Technology) 

were analysed.18  
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4.2.8 Microscope Analysis 

Fate and uptake of Cu-ENMs into tissues were investigated by a Tecnai G2 (FEI) Transmission 

Electron Microscope operating at 100 kV and the images were captured with a Veleta 

(Olympus Soft Imaging System) digital camera.  

Tissues digested using Proteinase K were directly analyzed by placing one drop of the mixture 

(about 25µL) on 400 mesh holey film grid which was dried at air before the measurement.  

For the analysis of ENMs embedded in liver and kidneys samples, small tissue fragments 

(about 1 mm3) were fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4 

overnight), at 4°C, post fixed in osmium tetroxide 1% in 0.1M sodium cacodylate buffer for 1 

hour at 4° and embedded in an Epon-Araldite mixture. Semithin sections were stained with 

toluidine blue. Ultrathin sections (60-70 nm) were obtained with an Ultrotome V (LKB) 

ultramicrotome and placed on 400 mesh holey film grid for the measurement. When needed 

samples were counterstained with uranyl acetate and lead citrate. 

4.3) Results and Discussion 

4.3.1 TEM and SEM analysis 

CuO and Cu2CO3(OH)2 ENMs were analysed by SEM (Figure 1). As already reported for these 

materials,1 CuO ENMs present spherical particles with diameters of around 15-20 nm while 

Cu2CO3(OH)2 ENMs shows particles with irregular shapes, with a mean size of 40 nm. The 

shapes of the latter are related to the micronization of solid copper carbonate by milling, 

performed to obtain the desired fraction of nano-sized particles.  

 

Figure 1 a) TEM images of pristine CuO ENMs, b) SEM images of pristine CuO ENMs and c) TEM images of pristine 
Cu2CO3(OH)2 ENMs, d) SEM images of pristine Cu2CO3(OH)2 ENMs. 

These pristine materials were both used within SUN FP7 project, by the Institute for Public 

Health and the Environment, for conducting a short-term oral toxicity study.1 In detail, male 

rats were fed by gavage for 5 consecutive days and the autopsy was done on day 1 and 21 

after the last oral administration. The doses administrated ranged from1 to 512 mg/Kg body 
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weight for CuO ENMs and from 4 to 128 mg/Kg for Cu2CO3(OH)2 ENMs. Liver was found to 

contain a highest concentration of copper than the other organs examined, as determined by 

ICP-MS analysis (~ 1 g/Kg). In this study, two samples of liver taken from rats fed with 

512mg/Kg of CuO and 128 mg/Kg of Cu2CO3(OH)2 ENMs respectively, were analysed by TEM. 

Images from semithin sections of liver are reported in Figure 2 and 3. As expected from our 

previous study, a large number of NPs were detected in both cases.  

Surprisingly, these particles showed similar size and shape. In detail, spherical NPs with a most 

frequency size of 7.6 nm (mean size of 9.1 ± 11 nm) were detected for the liver of rats fed with 

CuO (Figure 2) while 7.4 nm were founded for Cu2CO3(OH)2  NPs (mean size of 7.4 ± 2.3 nm) 

(Figure 6). In both samples analysed, some groups of NPs arranged in circular shapes of around 

100 nm were detected. This could be ascribed to the inclusion of NPs in some 

organelle/vesicle, even if we have no certainty from the experimental point of view.  

 

Figure 2 TEM images of liver tissues (semithin section) from one of the rats fed with 512 mg/Kg of CuO ENMs for 5 days. 

 

Figure 3 TEM images of liver tissues (semithin section) from one of the rats fed with 128 mg/Kg of Cu2CO3(OH)2 ENMs for 5 
days 
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A semithin section of liver of one of the rats fed with Cu2CO3(OH)2 ENMs was then 

counterstained with uranyl acetate and lead citrate for investigating also the biological part of 

the samples. Some TEM images are reported in Figure 4 and as it can be observed, after colour 

contrasting, it results quite difficult to distinguish ENMs from the cellular structure. NPs with 

the same size of those detected without contrasting are present within the mitochondria, 

however it is not clear how these particles are distributed in other zones of the tissue.  

 

Figure 4 TEM images of liver tissues (semithin section) from one of the rats fed with 128 mg/Kg of Cu2CO3(OH)2 ENMs for 5 
days, after counterstained with uranyl acetate and lead citrate 

The samples were then pre-treated for sp-ICP-MS analysis by an enzymatic digestion, in the 

attempt to quantify ENMs in rat’s liver. As reported in the literature,15 liver samples were 

digested in an enzymatic buffer after 3 hours at 37°C. A drop of each of these mixtures was 

analyzed by TEM, the images obtained are reported in Figure 4 and 5. As expected, the 

detected sizes are smaller than those observed for the same sample liver analysed before the 

enzymatic digestion. In detail, particles with a most frequency size of 5 nm (mean size of 10.6 

± 8.6 nm) were detected for rats fed with CuO ENMs and 8.9 nm for Cu2CO3(OH)2  ENMs (mean 

size of 10.8 ± 5.4 nm). Size distributions of both ENMs, before and after the enzymatic 

digestion, were obtained by considering at list 1000 particles for each of the sample 

investigated (Figure 5 and 6). 

 

Figure 5 TEM images of liver tissues from rats fed with 512 mg/Kg of CuO ENMs for 5 days after digestion with Proteinase K 
(3 hours at 37°C) 
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Figure 6 TEM images of liver tissues from rats fed with 128 mg/Kg of Cu2CO3(OH)2 ENMs for 5 days after digestion with 
Proteinase K (3 hours at 37°C) 

4.3.2 Possible transformations 

A detailed analysis of the particle size distribution determined by TEM, combined with sp-ICP-

MS results, has allowed us to hypotheses, by describing the experimental data obtained, the 

possible transformations occurring to Cu-ENMs in in-vivo samples. A schematic of the 

different steps is reported below (Scheme 1).   

 

Scheme 1 Schematic of possible Cu-ENMs transformations and analytical techniques employed. 
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4.3.3 Dissolution process and liver uptake 

Both pristine CuO and Cu2CO3(OH)2 ENMs are composed by primary particles and aggregates 

(Figure 1). As reported by De Jong et al. (2018),1 dissolution studies in stomach and intestinal 

simulant fluid indicate as these ENMs are subjected to partial dissolution under these 

conditions. This phenomenon should be accompanied by shrinking of particles, where primary 

particles are expected to dissolve faster than aggregates (highest surface area to volume 

ratio). Considering these experimental evidences, it is expected that once the Cu-ENMs are 

ingested by rats, dissolution among other transformation processes may occur, and a certain 

fraction will be excreted by the organism. In particular, a part of the resulting ionic fraction as 

well as particles with a certain size, especially big aggregates (already present in the pristine 

or formed during the digestive process), are probably excreted by the organism. As reported 

by Shang et el. (2014)19 NPs size play a key role in the internalization processes, and it is 

expected that within organs the internalization mechanisms act as a sort of sieve where only 

particles with a certain size will be easily uptake. The size exclusion mechanism can be 

somehow confirmed by TEM images reported in Figures 2 and 3, in which only particles of 

around 9 and 7 nm for CuO and Cu2CO3(OH)2 ENMs respectively, are encountered within liver 

tissues.  

4.3.4 Enzymatic digestion and characterization of digested samples  

The liver samples were then treated by enzymatic digestion, this pre-treatment procedure 

should lead to samples which can be directly analysed by sp-ICP-MS without altering the 

intrinsic characteristics of NPs too much. To confirm the efficacy of the enzymatic digestion 

already reported in the literature for other metallic NPs,13,15 a deep characterization of the 

ENMs embedded in the digested mixture was performed. A drop of these mixtures was 

deposited on grids and they were directly analysed by TEM (Figure 5 for CuO ENMs and Figure 

6 for Cu2CO3(OH)2). As observed by TEM images, the digested livers show particles with similar 

sizes for both the ENMs investigated. For rats fed with CuO, ENMs detected showed a most 

frequency diameter of ~ 5 nm (mean size 10.6 ± 8.6), while in the case of Cu2CO3(OH)2, ~ 9 nm 

(mean size 10.8 ± 5.4 nm) were obtained. Although by considering NPs mean sizes it seems 

that their dimensions have increased after the enzymatic digestion, by comparing the size 

distribution graphs reported in Figure 7, it appears clear from both the most frequency size 

and the data distribution, that a dissolution process has occurred. In detail, for CuO ENMs the 

most frequency size is shifted towards a smaller diameter and this clearly indicates partial 

dissolution of the NPs. In the case of Cu2CO3(OH)2 ENMs, the increased NPs mean size 

observed by TEM can be explain by the faster dissolution of smallest NPs with respect to 

aggregates, which probably need more time to get dissolved.  
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Figure 7 Distribution size of a) CuO NPs in liver after resin embedding b) CuO NPs in liver after enzymatic digestion, c) 
Cu2CO3(OH)2 NPs in liver after resin embedding d) Cu2CO3(OH)2 NPs in liver after enzymatic digestion 

To gather more information on the dissolution of both CuO and Cu2CO3(OH)2 ENMs under 

digestion conditions, both pristine materials have been treated with the same enzymatic 

digestion buffer used for the tissue’s digestion: after 3 h at 37°C the samples were ultra-filtrate 

and dissolved Cu2+ was quantified by ICP-MS. As is reported in Table 2, copper oxide showed 

a dissolution of 37% while copper carbonate NPs are totally dissolved under these 

experimental conditions, because of the presence of the enzyme. It has to be considered that 

when these Cu-ENMs are embedded in tissues, they are probably covered by a shell of 

proteins and biomolecules that are limiting the dissolution phenomenon. On the contrary, 

when pristine Cu-ENMs are directly dispersed in the digestion buffer, the dissolution occurred 

fastest due to the lack of the shielding effect. This can explain why Cu2CO3(OH)2 ENMs are still 

present in TEM images (Figure 5-6) after the enzymatic digestion. 

Table 2 Percentage of dissolution of Cu2CO3(OH)2 and CuO in MilliQ water and digestion buffer 

 ENMs MillQ water (%) Digestion buffer (%) 

CuO  1,9 ± 0,3 37 ± 4 

Cu2CO3(OH)2 0,99 ± 0,09 102 ± 5 

 

4.3.5 sp-ICP-MS 

The size detection limits (DLS) for CuO and Cu2CO3(OH)2 ENMs by sp-ICP-MS were estimated 

of 13nm and 18 nm respectively. Considering the sizes of pristine materials, both NPs are in 

the range of detection of the instrument or slightly below it. However, after ingestion and 
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uptake in liver, as well as after the enzymatic digestion, these particles went below the DLS 

and this is obviously affecting the mass balance calculation. Unfortunately, this means that by 

sp-ICP-MS, only particles and aggregates over these DLS can be detected and quantified. 

Taking into account these considerations and aware that TEM images showed the presence of 

agglomerates over this size limit, sp-ICP-MS was used to screen their presence in liver of rats 

dosed with different Cu-ENMs concentrations. In detail, we analysed livers of rats fed with 32, 

64 and 512 mg/Kg for CuO and sacrificed at day 6, and liver of rats dosed with 32 mg/Kg and 

scarified 26 days after the last oral administration. For Cu2CO3(OH)2 ENMs, liver of rats dosed 

with 64 and 128 mg/Kg were investigated after 6 days from the last administration, as well as 

64 mg/Kg at day 26. The overall data obtained by sp-ICP-MS are reported in Table 3, together 

with the total copper determined by ICP-MS after an acidic digestion. 

Table 3 Total copper determined by ICP-MS after an acidic digestion, particle concentration, and the most frequent size both 
determined by sp-ICP-MS 

Analyte 
Dose/Autopsy 

(mg/day) 
Cu2+ 

(mg/Kg) 
Particle Concentration 

(parts*105/mg) 
Most Frequent 

Size (nm) 

CuO 

512/5 757 2294 19 

32/6 36 42 19 

64/7 78 152 24 

32/26 13 4 17 

Cu2CO3(OH)2 

64/5 367 1758 23 

128/5 1231 3133 29 

64/26 42 415 23 

 

 

Figure 8 sp-ICP-MS size distribution for A) CuO 512/5, B) Cu2CO3(OH)2 128/5 

Data from sp-ICP-MS analysis of the digested mixtures revealed the presence of Cu-ENMs in 

all the samples investigated, except for rats dosed with 32 mg/Kg of CuO and scarified 26 days 

after the last administration, in which no significant size distribution was measured. This 

confirms, as already reported by De Jong et al. (2018)1, that this doses of CuO ENMs is totally 

excreted by rats after 26 days. Moreover, from these data emerged that to high value of ionic 

copper concentration (measured after the acidic digestion) always corresponds a high particle 

concentration value. Finally, the samples analysed showed an average most frequency size of 
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around 20 nm for CuO and 25 nm Cu2CO3(OH)2 ENMs (Table 3). Two examples of the 

nanoparticles size distribution determined by sp-ICP-MS are reported in Figure 8, and the DLs 

of the instrument for the two materials investigated is shown (~ 15 nm for CuO ENMs, and ~ 

19 nm for Cu2CO3(OH)2 ENMs). Unfortunately, these results indicate that by sp-ICP-MS, all the 

information concerning particles below the DLS is missed This approach can be therefore 

useful only for a qualitative characterization of the samples, as it allows to detect only the 

particle/aggregates over the instrumental DLS.  

4.4) Conclusions 

In conclusion, from this work emerges that CuO and Cu2CO3(OH)2 NPs used to feed rats in the 

short-term oral study conducted by Wim et al. are, in liver tissues, still in the nanoform 1 day 

after the last oral administration. To the best of our knowledge, this is the first time in which 

copper-based NPs are detected in organs of rats exposed to these nanomaterials, and an 

attempt to understand the transformations to which they are subjected have been herein 

reported. Unfortunately, the dissolution processes occurring within rat’s organism, as well as 

the enzymatic digestion of the tissues, has led to NPs with sizes below the LODSIZE of sp-ICP-

MS and it was possible to quantify only the aggregates with sizes over this limit of detection 

values. The quantification of nanomaterials in the nanoform, in particular of those kinetically 

unstable, remains therefore a challenge for researchers. The toxicological effects of 

nanomaterials in fact, are always associated to the exposure doses expressed in mass units 

(as for bulk materials) instead of particle number. The specific surface area is only poorly 

considered. As already reported in the literature,20 this information could be helpful to better 

interpret the results from nanotoxicology studies, especially with respect to dose/effect 

relationship. 
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5) Conclusion 

The thesis work on Cu-ENMs behaviour in environmental media, and on their effects and 

biodistribution in organisms after toxicological testing, provided important information for the 

interpretation of nano-bio/eco interactions and to establish the basis for safer copper-based 

products design and use. 

The thesis results have shown that many variables may influence particle transformation, 

especially when dissolution phenomena are involved. Since dissolution is a multi-parameter 

transformation also affected by particles diameter, the results obtained demonstrated that 

pH plays a key role in Cu-based ENMs dissolution, with respect to other water and biological 

variables (e.g. ionic strength, DNOM, proteins). However, since ENMs are subjected to 

continuous transformations, it is not only important to consider the chemical properties of 

the media in which they are dispersed, but also the nanoparticles concentration. The latter in 

fact is crucial to interpret all the processes involved, i.e. dissolution, agglomeration and 

sedimentation phenomena.  

Regarding the biological interactions, the investigation carried out during the thesis showed 

that the short-term inhalation/oral exposure tests of Cu-based ENMs on rats led to severe 

pathological lesions in various organs, related to a high bioaccumulation and to a targeted 

biodistribution (lungs for inhalation tests and liver and kidneys for the oral exposure test). 

After 3 weeks from the last exposure to the Cu-ENMs, the copper concentration in the rats’ 

organs was found to return to ordinary values, but the pathological lesions remain visible. 

Additional information on Cu-based ENMs size distribution and their spatial location within 

the biological tissues, helped to understand the transport dynamics from the blood vessel 

towards biological targets, and to understand the inflammation and detoxification processes 

involved. These results can be very important in the field of nanotoxicology for Cu-based 

ENMs, and they can also be applied in nanomedicine and for the development of new safer 

Cu-based ENMs products. 

To date, studying the transformations of ENMs in real environmental samples still represent 

an analytical challenge, mainly because of high background levels and low ENMs 

concentration, which is complicated also by the fact that the conventional instrumental 

techniques does not allow to reach appropriate detection/quantification levels. In the case of 

biological samples, the intrinsic instability of the starting materials and/or the sample pre-

treatment can drastically change the original characteristics of the ENMs under study thus 

introducing significant analytical bias.  

 



 

 

 

 

 

ANNEX I 

 

 

 

Colloidal characterization of CuO nanoparticles in 

biological and environmental media 



rsc.li/es-nano

ISSN 2051-8153

 Environmental 
 Science
Nano 

PAPER

Simona Ortelli et al.

Colloidal characterization of CuO nanoparticles in biological and 
environmental media

Volume 4 Number 6 June 2017 Pages 1201–1420



Environmental
Science
Nano

PAPER

Cite this: Environ. Sci.: Nano, 2017,

4, 1264

Received 24th November 2016,

Accepted 21st March 2017

DOI: 10.1039/c6en00601a

rsc.li/es-nano

Colloidal characterization of CuO nanoparticles in
biological and environmental media†

Simona Ortelli,a Anna Luisa Costa, *a Magda Blosi,a Andrea Brunelli,b

Elena Badetti,b Alessandro Bonetto,b Danail Hristozovb and Antonio Marcominib

The relationships between the physicochemical properties of engineered nanomaterials (ENMs) and their

adverse health and environmental effects are still unclear. In order to understand key nano-bio/eco inter-

actions and to convert this knowledge into “Safety by Design” (SbyD) strategies, it is essential to study the

colloidal properties of ENMs in nanoĲeco)toxicology-relevant media. In the frame of such a SbyD approach,

this paper investigates the dispersion stability of copper oxide NPs surface-modified by means of four sta-

bilizing agents, namely, [polyethylenimine (PEI), sodium ascorbate (ASC), sodium citrate (CIT), and poly-

vinylpyrrolidone (PVP)], which were used to achieve positive (PEI), negative (ASC, CIT), and neutral (PVP)

surface charging of the NPs. The effects of these four stabilizers on the CuO NPs' physicochemical proper-

ties were investigated in different biological and environmental media by combining dynamic and electro-

phoretic light scattering (DLS and ELS), centrifugal separation analysis (CSA) and inductively coupled plasma

optical emission spectroscopy (ICP-OES). The results showed improved dispersion stability for CuO-CIT,

CuO-ASC, and CuO-PEI in both Milli-Q and phosphate buffered saline (PBS) as compared to pristine CuO

and CuO-PVP. The increased ionic strength of artificial fresh (AFW) and marine (AMW) waters strongly

destabilized all the CuO NP suspensions, except for CuO-PEI dispersed in AFW. The presence of proteins

and amino acids in the test media had a strong influence on the colloidal stability of all the dispersions.

Characterization of colloidal properties and ion release rates in (eco)toxicological testing media will help to

correlate some of these properties with (eco)toxicological responses, thus enabling prediction of the be-

havior of NPs in real environments.

1. Introduction

There are already many engineered nanomaterials (ENMs) on

the market, and their number continues to increase. These

materials are optimized with respect to a variety of properties

(e.g. size, morphology, purity, and surface coating) that en-

ables their application in different consumer products

(nanodb.dk). This enormous complexity of nanoforms has

made the analysis of their environmental health and safety

implications impossible without highly demanding case-by-

case testing, which poses a huge problem to the regulation of

their risks.1–3 It is widely accepted by regulators, industries,

and scientists, that grouping and read-across can address

this issue, as these are useful approaches to reducing costs

and enhancing the efficiency of testing for risk assessment

and safer product design.4,5 In order to develop such ap-

proaches for ENMs, it is essential to gain fundamental under-

standing of which intrinsic and extrinsic (and combinations

thereof) structural and physicochemical characteristics of

ENMs dispersed in environmental or biological media, or em-

bedded in product matrices, affect their release, uptake,

1264 | Environ. Sci.: Nano, 2017, 4, 1264–1272 This journal is © The Royal Society of Chemistry 2017
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Environmental significance

The relationships between the physicochemical properties of engineered nanomaterials (ENMs) and their adverse health and environmental effects are still

unclear. In order to understand key nano-bio/eco interactions and to convert this knowledge into design criteria for the development of “Safety by Design”

(SbyD) strategies, it is essential to study the colloidal properties of ENMs in media relevant for nanoĲeco)toxicology. An accurate measurement of such

properties allows the prediction of ENM release, uptake, biokinetics and toxicity and represents a key step for grouping and read-across in a risk assess-

ment and management framework.
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biokinetics, and toxicity. This involves the investigation of

key interactions at the interface between ENMs and environ-

mental or biological media,6 which depend on both the phys-

icochemical properties of ENMs and the characteristics of the

surrounding media.7,8 Therefore, any testing strategies for

the purpose of risk assessment and safer product design

should also consider the interactions between ENMs and

other compounds present in a medium, regardless of

whether they are biological (e.g. proteins and amino acids) or

environmental (e.g. natural organic matter or extracellular

polymeric substances). Many studies investigated such

interactions,9–12 focusing on core intrinsic properties (i.e.

chemical composition, size, shape, coating), shell evolution

(i.e. agglomeration/aggregation, charge, corona formation) in

testing and life-cycle media,13,14 and specific reactivity (i.e. po-

tential generation of reactive oxygen species (ROS) or release

of toxic metal ions). Most of these studies concluded that

ENMs should be considered as dynamic entities that undergo

chemical and physical transformations once embedded in

product matrices and exposed to environmental and biologi-

cal stressors.15,16

This study focuses on the physicochemical characteriza-

tion of copper oxide nanoparticles (CuO NPs), performed in

the frame of the EU FP7 SUN project, in order to support the

interpretation of (eco)toxicological data from in vivo and

in vitro testing. In fact, the exposure route by which these

contaminants enter an organism after contact, can strongly

depend on ENM dispersion stability (i.e. NPs that quickly set-

tle from the water column can increase the interaction with

benthic species).17

Nanoscale CuO was chosen as a case study because it is

widely used, owing to its antibacterial properties, in wood

preservation, paints and textiles.18–20 Timber preservation ap-

plications include outdoor residential decking, gardening,

fencing, and playground equipment. Specifically, the SUN

case study involves CuO-based paint, which, in addition to

wood preservation, also provides aesthetic functionality to

softwood cladding. Pristine CuO NPs were mixed with an

acrylic base to produce the paint according to a specified

composition. The fixation mechanism of this formulation in-

volves reaction of the cupric ion with carboxylic and phenolic

groups from cellulose, hemicellulose and lignin. This leads

to the homogenous distribution of the ions in the wood cells,

including penetration through cell wall voids. Once the wood

is saturated, the remaining copper precipitates as basic cop-

per carbonate and can be released into the environment

through leaching, which leads to exposure of ecosystems and

humans.

This may pose health and environmental risks as CuO is

considered a toxic substance.21,22 In order to prevent those,

we modified the surface of the CuO NPs by a “Safety by De-

sign” (SbyD) approach.
23–27 Surface modification involved the

attachment of four non-hazardous modifying agents to ob-

tain different surface charges [negative for sodium citrate

(CIT) and sodium ascorbate (ASC), positive for branched poly-

ethylenimine (PEI), neutral for polyvinylpyrrolidone (PVP)].

Key properties (i.e. colloidal stability including surface charge

and ion release) of pristine and modified CuO NPs were in-

vestigated in Milli-Q water, phosphate buffered saline (PBS),

and biological and environmental media. We studied their

evolution at increasing levels of complexity of the embedding

matrices (from distilled water to biological fluids) to under-

stand how the intrinsic identity of the NPs is affected by the

extrinsic characteristics of the media (i.e. pH, ionic strength,

presence of biomolecules). The obtained results are highly

relevant for hypothesizing key nano-bio/eco interactions in

relation to modes of toxicological action in order to derive

criteria and guiding principles for grouping and read-across.

2. Materials and methods
2.1 Materials

Commercial CuO nanopowder (average particle diameter: 12

± 4 nm) was provided by PlasmaChem GmbH (Germany).

Minimum Essential Medium (MEM), Dulbecco's Modified Ea-

gle Medium (DMEM – high glucose), fetal bovine serum

(FBS) and penicillin/streptomycin (Pen–Strep) were purchased

from Life Technologies Corporation (Carlsbad, USA).

Dulbecco's phosphate buffered saline (PBS), sodium citrate

(CIT), sodium ascorbate (ASC), polyvinylpyrrolidone (PVP –

MW 29000), branched polyethylenimine (PEI – solution 50%

in H2O) and nitric acid 70% (redistilled, 99.99% trace metal

basis) were purchased from Sigma-Aldrich. Artificial fresh wa-

ter (AFW) and artificial marine water (AMW) were prepared

according to standardized protocols.28,29 All inorganic salts

were of analytical grade and purchased from Sigma-Aldrich

(St. Louis, MI, USA).

2.2 Methods

A CuO pristine stock suspension at a concentration of 10 g

L−1 of Cu (1 wt%) was prepared by dispersing CuO powder in

PBS (total phosphate concentration: 0.05 M, pH = 7.4).

Starting from the stock suspension, modified CuO disper-

sions were prepared by adding 10 wt% modifying agents (i.e.

CIT, ASC, PEI and PVP) (Fig. 1) with respect to the total

amount of copper oxide. This amount was estimated by titrat-

ing the pristine CuO NPs while adding the stabilizers by

means of an electroacoustic technique (Acoustosizer, Colloi-

dal Dynamics, USA) (see the ESI†). As a result, for each kind

of stabilizer, we observed that an amount of 10 wt% guaran-

tees a complete covering on CuO NPs. Both the pristine and

modified stock suspensions were mixed via ball milling (BM)

with 3 mm zirconia spheres over 95 h. Five different stock

suspensions were thus obtained: pristine (CuO-pristine), so-

dium citrate-modified (CuO-CIT), sodium ascorbate-modified

(CuO-ASC), polyethylenimine-modified (CuO-PEI), and

polyvinylpyrrolidone-modified (CuO-PVP) CuO nanoparticles.

Colloidal characterization was performed using diluted

CuO stock suspensions (Cu content 100 mg L−1) mixed

with: diluted PBS (1 : 10 dilution to reach the same ionic

strength (16 mM) as those of the biological media tested);

“complete” DMEM and MEM (i.e. either MEM or DMEM to

Environmental Science: Nano Paper
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which 10% v/v FBS and 1% v/v Pen–Strep were added), and

AFW and AMW (simulating media usually used for ecotoxico-

logical testing; ionic strength of 2 and 630 mM, respectively).

The compositions of all the media are reported in the ESI.†

2.3 Characterization

Morphological characterization of pristine CuO NPs was

performed by scanning transmission electron microscopy

(STEM) analysis using a field emission-scanning electron

microscopy (FE-SEM) instrument (Carl Zeiss Sigma NTS

Gmbh, Oberkochen, DE). One drop of the CuO NP suspen-

sion (100 mg L−1) diluted in Milli-Q water was deposited on a

film-coated copper grid and then dried in air. Image analysis

was performed on more than 50 particles to estimate the par-

ticle size distribution. The hydrodynamic diameter (dDLS) was

determined by dynamic light scattering (DLS) measurements,

performed using a Zetasizer nano ZSP (model ZEN5600,

Malvern Instruments, UK). Zeta potential (ζ-potELS) measure-

ments were performed by electrophoretic light scattering

(ELS). The Smoluchowski equation was applied to convert the

electrophoretic mobility to zeta potential. pH measurements

were carried out in diluted (100 mg L−1) suspensions after 24

hours to allow colloidal stabilization. Sedimentation velocity

data of the colloidal dispersions were obtained from centrifu-

gal separation analysis (CSA), using the multi-wavelength dis-

persion analyzer LUMiSizer 651® based on STEP™ technol-

ogy (space-and-time-resolved extinction profiles), according to

ISO/TR 13097:2013. The separation of different components

in the dispersions, performed by CSA, was accelerated by ap-

plying relative centrifugal force (RCF), which accelerates set-

tling of materials up to 2325 times compared to gravity set-

tling. Sedimentation velocity data were calculated from the

percent transmittance values at 470 nm, measured over time

at three different positions (115, 120 and 125 mm far from

the rotor) along the longitudinal axis of the cuvette. The sedi-

mentation velocity at unit gravity was then extrapolated after

verifying the linear correlation between RCF and sedimenta-

tion velocity at the selected RCF (2325).

Copper ion release was calculated as the ratio between the

dissolved copper ions and the total copper oxide present in

suspension. The quantification of copper ions dissolved in

each medium was performed by centrifuging 15 mL of each

working stock suspension at 5000 rpm and a spin time of 30

min, using an ultra-centrifugal filter (UCF) unit (Amicon Ul-

tra-15, 10 kDa, Millipore). The filtered solution (10 mL) was

analyzed by inductively coupled plasma optical emission

spectrometry using an ICP-OES 5100 – vertical dual view ap-

paratus (Agilent Technologies, Santa Clara, CA, USA). The to-

tal copper was quantified in each diluted suspension, which

was previously treated with 2 mL of ultrapure HNO3 to ensure

complete digestion. According to the experimental conditions

typical of toxicological and ecotoxicological testing, the ion

release experiments were performed at 37 °C after 24 h in

biological media and at 25 °C in Milli-Q, PBS, and environ-

mental media. The results from DLS, ELS, LUMiSizer and

ICP-OES were reported as the average of three independent

measurements.

3. Results and discussion

The morphological characterization of pristine CuO NPs by

STEM analysis showed the presence of spherical and mono-

dispersed CuO NPs (Fig. 2). The magnified image (Fig. 2b)

highlights the presence of well dispersed NPs with a primary

nanoparticle average diameter of 12 ± 8 nm, consistent with

supplier specifications. As expected, some agglomerated NPs

have also been detected (Fig. 2a and c).

Colloidal stability, which has been reported in the litera-

ture as strongly affecting the outcome of toxicological

tests,30–33 was investigated by measuring the hydrodynamic

size, ζ-potential, and sedimentation velocity of both pristine

and modified CuO NPs. The influence of the modifying

agents on the CuO NP stability and agglomeration when

Fig. 1 Schematic representation of the SbyD strategy applied: introduction of modifying agents (i.e. CIT, ASC, PEI and PVP) by self-assembling.
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dispersed in different biological and environmental media

was assessed. The DLS results for pristine and modified CuO

NPs diluted in Milli-Q water, PBS, MEM, DMEM, AFW and

AMW are reported in Table 1.

Data collected in Milli-Q water confirmed the expected ef-

fect of surface modifier addition. An improvement of the col-

loidal dispersion with respect to the pristine one was ob-

served for samples coated by ionic agents (negative CIT and

ASC, positive PEI), with a significant decrease of the average

hydrodynamic diameter. On the other hand, neutral PVP did

not significantly improve the dispersion of CuO NPs. The

long aliphatic chains probably force NP aggregation by deple-

tion flocculation.34 In comparison with Milli-Q water, data

collected in PBS showed an increase of the hydrodynamic di-

ameter for CuO-pristine as well as for CuO-ASC and CuO-

PVP. This is correlated to aggregation phenomena and justi-

fied by the increase of ionic strength due to the salt content

in Dulbecco's phosphate buffered saline (PBS) medium. It

was previously reported that dissolved salts screen the charge

on the NP surface, reducing electrostatic repulsion.35 How-

ever, CuO-CIT and CuO-PEI modified samples were not af-

fected by the presence of salts in solution, showing hydrody-

namic size values comparable with those measured in Milli-Q

water. From DLS measurements, CuO-PEI resulted in the best

dispersed system in both Milli-Q water and in a higher ionic

strength medium (PBS). A possible explanation could be re-

lated to the electrosteric action of polyethylenimine.36 Results

indicate that ascorbate and citrate salts improve only the re-

pulsive potential due to the negative charge transferred to

the particle surface, while PEI provides both electrostatic

(due to its positive charge) and steric contributions, due to

PEI's polymeric structure.

All DLS data collected in MEM and DMEM cell culture me-

dia showed very similar values. The biological components

(amino acids and proteins) of the milieu seem to strongly

level the hydrodynamic size data regardless of the stabilizers

used. However, in the case of the samples dispersed in AFW

and AMW, an increase of the hydrodynamic diameters was

observed for both the pristine and modified NPs. Salts pres-

ent in environmental media, in particular divalent cations

(e.g. CaĲII) and MgĲII)), can be adsorbed onto the nanoparticle

surface and induce particle agglomeration. This phenomenon

was already observed in AFW, whose ionic strength is ten

times lower than that of AMW. Agglomeration in AFW seems

Table 1 Hydrodynamic diameters (nm) of pristine and modified CuO samples dispersed in different media: Milli-Q water, PBS, MEM, DMEM, AFW and

AMW

Hydrodynamic diameter (nm)

Milli-Q PBS MEM DMEM AFW AMW

CuO-pristine 1093 ± 50 2756 ± 347 47 ± 6 55 ± 16 1663 ± 210 1281 ± 393
CuO-CIT 368 ± 10 271 ± 43 89 ± 5 37 ± 2 1050 ± 16 1062 ± 159
CuO-ASC 122 ± 1.4 1314 ± 525 52 ± 4 73 ± 21 1293 ± 278 1234 ± 25
CuO-PEI 247 ± 14 209 ± 16 46 ± 4 45 ± 14 675 ± 199 1281 ± 168
CuO-PVP 797 ± 84 2765 ± 432 44 ± 2 53 ± 25 1159 ± 256 1661 ± 580

Fig. 2 STEM images (a and c) and magnified image (b) of pristine CuO NPs in Milli-Q water (100 mg L−1).

Environmental Science: Nano Paper
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to be prevented only by PEI, which loses its efficacy in AMW,

i.e. at the highest ionic strength.6

ζ-potential represents another important parameter di-

rectly affecting colloidal stability and interaction of NPs with

the surrounding medium.12,37 Basically, the charge is often

quantified in terms of ζ-potential which depends on the mi-

lieu in which the NPs are dispersed and is therefore strongly

correlated to the pH.38 ζ-potentials of biological media were

measured at around pH 8, and values of −9.9 ± 0.2 mV and

−10.6 ± 0.3 mV were obtained for MEM and DMEM, respec-

tively. The results collected for the pristine and modified

samples are listed in Table 2.

Pristine CuO NPs diluted in Milli-Q water had a negative

ζ-potential, despite the positive value expected for copper ox-

ide and, more generally, for basic metal oxides dispersed in

water.39,40 The reversal of the CuO pristine surface charge

sign is due to the presence of phosphate ions (PO4
3−) used in

the sample preparation, which are specifically adsorbed onto

the CuO NPs surface (Fig. 3a). The key role of phosphate ad-

sorption has already been reported in the literature.35,40 The

modified samples diluted in Milli-Q water showed values co-

herent with the charge carried by the stabilizers, confirming

the preferred interaction of CuO NPs with the aforemen-

tioned modifiers over that with phosphate ions (Fig. 3b). As

expected, the addition of a neutral PVP coating did not mod-

ify the ζ-potential of the pristine samples. An increase of

ionic strength induced colloidal destabilization in PBS, as

confirmed by both the increased agglomeration rate (Table 1)

and ζ-pot decrease (Table 2). The ζ-pot values of CuO-pristine

and CuO-PVP are close to zero, indicating proximity to the

isoelectric point (pHIEP). The correlation between the NP size

and ζ-potential results confirmed that DLS coupled with ELS

represents an effective tool for colloidal stability evaluation.

In DMEM and MEM, the ζ-potential data level off at the value

measured for the biological media without NPs (negative

ζ-pot, around −10 mV, see Table 2 and Fig. 3c). This can be

in agreement with the protein-corona theory, in which NPs

are probably covered by proteins upon contact with a biologi-

cal medium.40,41 As a result, amino acids and proteins

seemed to overwhelm the effects of surface-modifying agents

in driving colloidal stability.

On the other hand, particles dispersed in AFW showed

ζ-pot values similar to those in PBS, while a slight increase

was observed when the stabilization was driven by polymers.

According to the media preparation specifications, the ionic

strengths of AFW and PBS were comparable. Positive ζ-pot

values were detected for all the samples dispersed in AMW

(Fig. 3d). As already described in the literature, inorganic di-

valent cations seem to get adsorbed onto the NP surface, and

to control the electrical double layer formation.6

A hypothetical scheme on how the different coatings (i.e.

phosphate ions, modifiers, divalent cations, amino acids and

proteins) affect, in terms of aggregation and surface charge,

the colloidal stability of pristine and CuO-modified NPs, is

reported in Fig. 3.

Colloidal stability was also investigated through CSA by

means of a LUMiSizer, calculating the sedimentation velocity

of the CuO NPs previously dispersed at 100 mg L−1 in MQ,

PBS, MEM, DMEM, AFW and AMW. Fig. 4 shows the average

sedimentation velocity data for pristine and modified CuO

NPs dispersed in the six different media selected, highlight-

ing a correlation with the hydrodynamic diameter deter-

mined by DLS (Table 1) for almost all the samples investi-

gated. The main differences observed could be ascribed to

the principles on which the techniques employed are based.

The sedimentation velocity distributions are shown in Fig. 5.

In general, it was confirmed that the modifying agents im-

proved the colloidal stability of the dispersions, preventing or

decreasing the formation of CuO aggregates with respect to

pristine CuO NPs. In particular, for Milli-Q and PBS media,

the sedimentation velocity distribution decreased for all the

modified suspensions compared to pristine CuO NPs. The

sedimentation velocity rate in these two aqueous media

followed the same trend observed for the hydrodynamic di-

ameter data in Milli-Q (Table 1), in which pristine and CuO-

PVP suspensions are less stable than CuO-CIT, followed by

CuO-PEI and CuO-ASC. The correlation between the

LUMiSizer and DLS data was also noticed for CuO-pristine

and CuO-PVP dispersed in PBS, showing both the highest

sedimentation velocity values and agglomeration rates. Sur-

prisingly, the CuO-ASC dispersion displayed the lowest sedi-

mentation velocity values in PBS, but a high average hydrody-

namic diameter (>1 μm). Taking into account the two

different biological media, the results from LUM and DLS

suggest that proteins and amino acids enhance the stability

rate of the dispersions, both for pristine as well as for modi-

fied CuO. The only exception is represented by the slightly

higher sedimentation velocity values of CuO-PEI than those

of the other dispersions. However, more precise analysis of

the sedimentation rates can be achieved by considering

LUMiSizer numerical data through their quartiles, using a

box plot as a graphical descriptive statistic (Fig. 5).

Table 2 ζ-potentials (mV) of pristine and modified CuO samples dispersed in different media: Milli-Q water, PBS, DMEM, MEM, AFW and AMW

ζ-pot (mV)

Milli-Q (pH = 6.5) PBS (pH = 7.4) MEM (pH = 7.9) DMEM (pH = 8.2) AFW (pH = 8.1) AMW (pH = 8.1)

CuO-pristine −9.1 ± 0.4 −2.3 ± 2.1 −10.1 ± 0.5 −8.2 ± 0.4 −3.5 ± 0.4 +7.6 ± 0.4
CuO-CIT −18.0 ± 0.3 −3.4 ± 1.2 −10.5 ± 0.2 −9.7 ± 0.6 −3.6 ± 0.4 +4.5 ± 0.7
CuO-ASC −17.4 ± 0.3 −8.1 ± 0.1 −9.5 ± 0.2 −9.2 ± 0.2 −8.1 ± 0.4 +2.7 ± 0.6
CuO-PEI +28.3 ± 0.7 +13.8 ± 0.1 −10.5 ± 0.9 −10.1 ± 0.7 +20.9 ± 0.9 +10.1 ± 1.1
CuO-PVP −8.1 ± 2.3 −0.9 ± 0.7 −10.1 ± 0.4 −9.4 ± 0.8 +1.6 ± 0.3 +6.5 ± 1.5
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Knowledge of the degree of dispersion (spread), the skewness

in the data and the outliers allow the obtainment of more ac-

curate information on the colloidal stability of the different

dispersions with respect to the DLS data previously obtained.

For example, CuO-ASC, despite the high hydrodynamic diam-

eter detected by DLS in PBS, shows a very narrow distribution

of data (due to the homogeneity of the NPs) and in general

the best suspension stability in all the media analyzed. Fi-

nally, NPs dispersed in environmental media fit the same

ranking determined by DLS. An increase in instability was

shown for all the samples in both AFW and AMW, except for

CuO-PEI, which showed higher stability in AFW in agreement

with hydrodynamic size and ζ-pot values (see Tables 1 and 2).

Ion release data, determined using the dissolved ionic

copper to total copper ratio obtained by means of ultra-

centrifugation followed by ICP-OES analysis, are presented in

Table 3. As can be observed from the data collected in MEM

and DMEM, the dissolution greatly increased in both biologi-

cal media compared to values in Milli-Q, PBS, AFW and AMW

media. Taking into account the dissolution experiments for

all the dispersions performed in DMEM, the Cudissolved/

CuOtotal ratio reached values between 65 and 69% after 24 h.

As for the dissolution experiments in MEM, the dissolution

grade was slightly lower compared with that in DMEM, rang-

ing from 34 to 59% after 24 h. One of the reasons for the

high dissolution of CuO NPs in the biological media can be

Fig. 4 Average sedimentation velocity data for pristine and modified CuO NPs dispersed in Milli-Q, PBS, MEM, DMEM, AFW and AMW.

Fig. 3 Hypothetical scheme of the interactions between CuO NPs and different coatings.
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ascribed to the chelating effect of amino acids and pro-

teins.42,43 Taking into account the different compositions of

the tested media, the generally low CuO NPs solubility rate

observed in both Milli-Q and PBS (dissolution below 3%) as

well as in AFW and AMW (dissolution below 8%) further con-

firms the primary role of protein components in promoting

dissolution. Among all the media, the extent of CuO NP dis-

solution was at its highest in DMEM because glucose, amino

acids and the vitamin content are approximately fourfold

those in MEM.

In the case of the media without amino acids and proteins

(Milli-Q, PBS, AFW and AMW), it was observed that the

highest dissolution rates were found for the CuO-CIT and

CuO-PEI dispersions. This confirms that the particle dissolu-

tion behavior depends on the CuO NP characteristics as well

as on the chemical composition of the medium surrounding

the NPs, unless the features of the medium do not prevail in

the complete system.44 Furthermore, in support of this, size-

dependent solubility is shown in the samples dispersed in

Milli-Q and PBS. A low aggregation rate corresponds to a high

solubility (CuO-CIT and CuO-PEI). On the other hand, sam-

ples that were found to be more aggregated (CuO-pristine,

CuO-PVP and CuO-ASC) displayed very low values of the

Cudissolved/CuOtotal weight ratio (%).

4. Conclusions

Four different non-hazardous modifying agents, namely, so-

dium citrate (CIT), sodium ascorbate (ASC), polyethylenimine

(PEI) and polyvinylpyrrolidone (PVP), were added to CuO NP

suspensions to promote the in situ coating of particles within

a SbyD approach. Comprehensive colloidal characterization

was performed to study the evolution of pristine and modi-

fied CuO NP properties with increasing complexity of the se-

lected media, from Milli-Q water to biological and environ-

mental fluids. The good agreement among NP size, ζ-pot,

sedimentation velocity and dissolution results confirmed that

light scattering techniques combined with ICP-OES represent

an effective tool for the assessment of NPs' risk-relevant prop-

erties, providing useful information for reading-across hazard

Table 3 Cudissolved/CuOtotal weight ratio (%) of pristine and modified CuO samples dispersed in different media after 24 h at 25 °C (in Milli-Q, PBS and

environmental media) and at 37 °C (in biological media)

Cudissolved/CuOtotal weight ratio (%)

Milli-Q (rsd%) PBS (rsd%) MEM (rsd%) DMEM (rsd%) AFW (rsd%) AMW (rsd%)

CuO-pristine 0.2 (1.1) <0.3 (0.1) 60 (0.7) 67 (0.5) 0.3 (5.5) 0.3 (5.8)
CuO-CIT 2 (0.5) 1.8 (0.4) 55 (0.5) 69 (1.0) 2.1 (0.7) 2.4 (0.6)
CuO-ASC 2 (0.5) <0.3 (0.1) 48 (0.3) 65 (0.4) 0.7 (0.7) 0.7 (1.1)
CuO-PEI 2.8 (0.6) 2.5 (0.6) 34 (0.4) 67 (0.5) 6.3 (0.9) 7.4 (0.5)
CuO-PVP 0.2 (1.0) <0.3 (0.1) 43 (0.3) 66 (1.3) 0.1 (2.8) 0.1 (1.6)

Fig. 5 Sedimentation velocity distribution of pristine and modified CuO NPs dispersed in a) Milli-Q, b) MEM, c) DMEM, d) PBS e) AFW and f) AMW.
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and exposure potentials. The overall results clearly show that

the four modifying agents strongly affect CuO NP dispersion

stability only in media with ionic strength <16 mM and in

the absence of biological components, i.e. Milli-Q, PBS and

AFW. However, amino acid- and protein-rich media such as

MEM and DMEM, and high-ionic-strength media containing

divalent cations from inorganic salts, like AMW, totally con-

trol colloidal stability regardless of the coating agent

employed.

The obtained results contribute to the understanding of

the interactions between NPs and media components such as

amino acids, proteins, divalent cations and phosphates. We

expect that these results will facilitate the interpretation of

(eco)toxicological data and will contribute to our knowledge

of key nano-bio/eco interactions and modes of action as the

basis to establish criteria and guiding principles for grouping

and read-across for the purposes of risk assessment and safer

product design.
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Abstract 

 

Copper oxide nanoparticles (CuO NPs) and copper carbonate nanoparticles (Cu2CO3(OH)2 NPs) have 

applications as antimicrobial agents and wood preservatives, with possible oral ingestion via hand to mouth 

transfer. For both Cu-nanoparticles a short-term oral toxicity study was conducted in rats by oral gavage for five 

consecutive days followed by autopsy on day 1 and day 21 after the last oral administration. For CuO NPs doses 

ranging from 1 to 512 mg/kg body weight were administered, and  indications of toxicity were observed 

including increased (at the 512 mg/kg b.w. dose) white blood cell (WBC) and red blood cell (RBC) parameters, 

and clinical chemistry markers indicative of liver damage (increased alanine aminotransferase (ALT) and lactate 

dehydrogenase (LDH)). Histopathology revealed alterations in bone marrow, stomach and liver consisting of 

inflammation, ulceration and degeneration. 

Cu2CO3(OH)2 NPs, administered in doses ranging from 4 to 128 mg/kg body weight, induced an increase in 

WBCs indicating some inflammatory response, whereas clinical chemistry parameters (increase in AST, ALT) 

indicated liver damage. Histopathology occurred at low doses in the stomach and liver and at high doses in liver, 

stomach, intestines, spleen, thymus, kidneys, and bone marrow. In spleen and thymus lymphoid depletion was 

noted that warrants further immunotoxicological evaluation. Dissolution and transformation studies in stomach 

and intestinal simulant fluids indicate partial dissolution of the NPs in the stomach followed by shrinking of the 

primary particles and agglomeration to large structures under intestinal conditions, but the NPs eventually 

dissolve completely. So, both copper ions and the particulate nanoforms should be considered as cause for the 

observed toxicity. 

Regarding organ damage for Cu2CO3(OH)2 NPs  more severe histopathology was observed compared to CuO 

NPs administration. For risk assessment the bench mark dose (BMD) with a 5% deviation of the vehicle control, 

is surprisingly similar for the serum liver enzyme AST as indication for liver toxicity, being 26.2 mg/kg for CuO 

NPs and 30.8 mg/kg for Cu2CO3(OH)2 NPs, respectively.  
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Introduction 

Materials such as wood need to be protected against degradation induced by fungi, bacteria and insects in order 

to prolong their use duration. Copper (Cu) is the most widely used fungicide for treating wood in contact with 

the soil, with no satisfactory alternative available since it is the only biocide that shows significant effects against 

soft rot fungi and other soil borne fungi. Cu is compulsory for in-ground timber structures (use class 4 i.e. timber 

treated to make it suitable to be used in direct soil or water contact) and is a preferred antimicrobial wood 

preservative due to its minimal effect on mammals, including humans even if it shows a relatively high toxicity 

against aquatic communities (Freeman et al. 2008; Lebow et al. 2005). Application occurs via impregnation 

techniques under high pressure and via non-pressure techniques like brushing, spraying and coat-cutting (Lebow 

et al. 2005). Solid copper carbonate (Cu2CO3(OH)2)  needs to be micronized by milling to generate particle sizes 

able to penetrate depths in the order of centimetres into the wood during pressure treatment. The resulting size 

distributions of micronized copper formulations contain a considerable fraction of nanoparticles. Woods 

impregnated with micronized Cu release any other Cu species than ions. At equal Cu loading per cubic meter of 

wood, form and rate of release are comparable to wood impregnated with molecular Cu−amine but slightly more 

stable throughout aging; this finding was attributed to the transformations during the wood use (Pantano et al. 

2018). In comparison to solutions of aqueous copper amine (ACA) treated woods, the micronized copper treated 

woods feature a lower corrosive potential, a natural wood colour, and at least the same effectiveness of 

protection against fungal decomposition (Lebow et al. 2005; Freeman et al. 2008; Cookson et al. 2010; Akhtari 

et al. 2013; Platten et al. 2014;). However, the use of nanoparticle-containing copper formulations has led to 

concerns regarding their safety in general (Clausen 2007; Evans et al. 2008, Kartal et al. 2009; Civardi et al. 

2016) and specifically by hand-to-mouth transfer during installation or use of wooden installations.(Platten et al. 

2016). To the best of our knowledge, there are no publication on oral toxicity of micronized Cu2CO3(OH)2, 

whereas the oral toxicity of Cu ions is extremely well known with an acceptable drinking water standard of 1.3 

mg/L (ATSDR, 2013). Potential transformation between particulate and ionic forms of copper is likely, because 

leaching studies indicated that the very acidic stomach fluids extract exclusively Cu ions from wood treated with 

micronized copper (Wang et al. 2013; Santiago-Rodríguez et al. 2015) .  

Results from in vivo studies indicate that lung inflammation / toxicity after inhalation of copper oxide 

nanoparticles (CuO NPs) resolved over 3 weeks (Gosens et al. 2016) indicating a rapid recovery and very little if 

any Cu was left in the body of these animals. In addition, systemic organ toxicity was observed after repeated 

intraperitoneal administration of copper oxide nanoparticles (Privalova et al. 2014). For copper nanoparticles in 

vivo toxicity was reported in mice and rats after oral administration (Chen et al. 2006; Lei et al. 2008; Sarkar et 

al. 2011; Liao and Liu. 2012) . 

The aim of this study was to compare the toxicity of CuO NPs and Cu2CO3(OH)2 NPs following short term 

repeated oral exposure and to determine the low end of the Bench Mark Dose (BMDlow) for this short term 

exposure duration.   
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Materials and Methods 

Test material. 

CuO nanoparticles (CuO-NPs) were obtained as a black powder from PlasmaChem, GmbH (Berlin, Germany). 

The crystalline material exhibited a size of 15-20 nm, a specific surface area of 47 m2/g as assessed by the 

Brunauer–Emmett–Teller (BET) method and a density of 6.3 g/cm3 according to the manufacturer’s datasheet. 

The particles were crystalline with a density little below bulk (6.3 g/cm3). An extensive characterization is 

presented in Pantano et al (2018). Cu2CO3(OH)2 NPs were obtained as an aqueous dispersion from BASF SE, 

identification number LP 17206 (30% Cu), lot nr VM3041, best before date 05.02.2017. Figure 1a-b show a 

representative example of CuO nanoparticles in water (Gosens et al. 2016) and Cu2CO3(OH)2 NPs in water .  

CuO NP and Cu2CO3(OH)2 NP dispersions 

CuO NP powder and Cu2CO3(OH)2 NP suspensions were dispersed (CuO NP) or further diluted (Cu2CO3(OH)2 

NP) in Milli-Q water before sonication for 16 minutes in a waterbath (Elmasonic S100) at room temperature to 

optimize dispersion quality. Before each administration the nanoparticle dispersion was evaluated by CPS Disc 

Centrifuge™ (CPS Instruments Europe, Oosterhout, The Netherlands) to determine nanoparticle size and size 

distribution. Both the CuO NP and the Cu2CO3(OH)2 NP dispersions remained stable up to 24 and 72 hours, 

respectively, after preparation of the dispersion. Representative results are presented in Supplementary Figure 1. 

Dissolution of CuO NP and Cu2CO3(OH)2 NP 

A dynamic flow-through system (Wohlleben et al. 2017) was used to determine the dissolution rate of both CuO 

NP and Cu2CO3(OH)2 NP far from equilibrium. The solid mass of 1mg of Cu (that is 1.25 mg of CuO powder or 

3.47 mg of the Cu2CO3(OH)2 suspension), was weighed onto a membrane (cellulose triacetate, Sartorius Stedim 

Biotech GmbH, Goettingen, Germany: 47 mm diameter, 5 kDa pore size), topped by another identical 

membrane, and enclosed in flow-through cells. Two complex buffers with standardized composition were used 

to mimic the stomach and intestine conditions at 37 ± 0.5 °C, all values in mM: (Marques et al. 2011). For the 

stomach conditions, the buffer was pH 1.6 and consisted of: sodium taurocholate 0.08 mM; lecithin 0.02 μM; 

pepsin 0.1 mg/mL and sodium chloride 34.2 mM. For the intestine conditions, the buffer was pH 5.8 and 

consisted of Fed-State Simulated Intestinal Fluid (FeSSIF) (Jantratid et al. 2008): Sodium taurocholate 10 mM, 

lecithin 2 mM, maleic acid 55.02 mM, sodium hydroxide 81.65 mM, sodium chloride 125.5 mM, glyceryl 

monocholate 5 mM and sodium oleate 0.8 mM. 

The eluates were determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent 

5100). After the experiment the remaining solids were rinsed off the membrane by particle-free water (Milli-Q). 

The resulting suspension was then pelleted onto a TEM grid held at the bottom of a centrifuge vial within 1h, 

then dried, so that the remaining solids morphology could be inspected without interference from drying artifacts 

of bile salts, which are removed by this preparation. The remaining solids were analyzed by 200 keV bright-field 

TEM (Tecnai G2-F20ST or Tecnai Osiris, FEI Company, Hillsboro, USA). 

Experimental design.  

Male specific pathogen free rats (RjHan:WI,) aged 8-9 weeks were obtained from Janvier Labs (Le Genest-

Saint-Isle, Saint Berthevin , France). The animals were treated via oral gavage for 5 days (days 1 to 5). The NPs 

were administered by oral gavage using a bulb tipped gavage needle attached to a syringe. Each treatment was 

administered as 0.1 mL per 20 g (1 mL per 200 g). For both CuO NPs and Cu2CO3(OH)2 NPs, each dose group 

consisted of 8 animals of which 4 were sacrificed at day 6 (1 day after the last treatment) and 4 were sacrificed at 
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day 26 (21 days after the last treatment). The day 26 time point was included in order to evaluate recovery, 

possible persistence of effects or progression of effects induced by the NPs. See Supplementary Table 1 for the 

experimental design of the study. 

Assuming that the CuO NPs would be largely dissolved in the acid environment of the stomach a starting dose of 

CuO NPs was selected based on the literature for dissolved CuSO4. The no-observed-adverse-effect-level 

(NOAEL) for CuSO4 was reported to be 16.3 mg/kg b.w. (ECHA 2008). A pilot study was conducted with 2 

animals with a dose of 64 mg/kg b.w. (day 1-5 daily). Based upon observations from the pilot study, the doses 

administered in the subsequent study were: vehicle control, 1, 2, 4, 8, 16, and 32 mg/kg b.w. CuO NPs. These 

doses were selected to be below and above the reported NOAEL for CuSO4 (Hébert 1993). In an additional study 

one group of animals (n=4) was treated with a high dose of 512 mg/kg b.w.  

For Cu2CO3(OH)2 NPs a pilot study according to OECD TG 425 was performed to determine the starting dose in 

the 5 days oral gavage toxicity study (OECD 2008). One animal was treated orally with a single dose of 

Cu2CO3(OH)2-NP. If no toxicity was observed the dose was increased in the next animal until a toxic response 

was noted. When a single animal showed a toxic response an additional 4 animals were administered with the 

same dose. The highest dose chosen for Cu2CO3(OH)2 NP was 128 mg/kg b.w. Cu2CO3(OH)2 NPs were 

administered via gavage in the 5 days oral study as vehicle control, 4, 8, 16, 32, 64 and 128 mg/kg b.w. 

Histopathology 

At day 6 and day 26 animals were killed by exsanguination from the abdominal aorta during anaesthesia by 

isoflurane (3.5% in oxygen) inhalation. General macroscopic post mortem examinations were performed on all 

animals. At the time of necropsy, the following tissues and organs were collected and fixed in 4% neutral 

buffered formaldehyde (10% formalin): heart, lung, thymus, liver, spleen, kidney, testes, brain, mesenteric 

lymph node, adrenal glands, pancreas, prostate, seminal vesicles, epididymis, thyroid gland, skeletal muscle -

quadriceps, stomach, duodenum, jejunum, ileum, Peyer’s patches, cecum, colon, rectum, skin, popliteal lymph 

node, femur with bone marrow, and peripheral nerve. 

Microscopic examination of routinely prepared hematoxylin-eosin stained paraffin sections was performed on 

heart, lungs, thymus, stomach, duodenum, jejunum, ileum, Peyer’s patches, cecum, colon, rectum, liver, spleen, 

mesenteric lymph nodes, kidneys, adrenal glands, brain, testis (unilateral), and femur with bone marrow. 

Microscopy was performed on all control groups and 32, 64 and 512 mg/kg b.w. CuO NPs treated animals and 

for 64 and 128 mg/kg b.w. Cu2CO3(OH)2 NPs treated animals. 

The animal data and macroscopic findings were manually entered into the computer system PathData®. 

Histopathological changes of examined sections were described according to distribution, severity and 

morphological character. Severity scores for histopathology were assigned as follows: 

Present, Finding present, grading not scored; Grade 1, Minimal/very few/very small size; Grade 2, 

Slight/few/small size; Grade 3, Moderate/moderate number/moderate size; Grade 4, Marked/many/large size; 

Grade 5, Massive/extensive number/extensive size; N.A.D. No Abnormality Detected. 

Haematology 

On day 6 and day 26 blood was collected in EDTA-coated tubes. Haematological parameters included WBC 

count, RBC count, haemoglobin (Hb), heaematocrit (Ht), mean corpuscular volume (MCV), mean corpuscular 

haemoglobin (MCHC), and platelet (PLT) count. All haematology parameters in the blood samples were 

determined in an Advia 120 Hematology Analyzer (Siemens Health Care, Germany) according to the 
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manufacturer’s instructions. In addition, blood smears were prepared for visual evaluation depending on the 

results obtained with the haematology analyser. 

Bone marrow  

Bone marrow cells were collected by flushing 4 ml Impuls Cytometer Fluid through the left femur. The 

concentration of nucleated cells was determined in a Coulter Counter. 

Clinical chemistry  

After collection of blood serum and storage at -20 oC the following parameters were determined: albumin 

(ALB), alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-

glutamyl transpeptidase (GGT), amylase (AMY), creatinin kinase (CK), lactate dehydrogenase (LDH), sodium 

(Na), potassium (K), glucose (GLU), urea, creatinin (CRE), cholesterol (CHOL) and total protein (TP). All 

clinical chemistry parameters in the serum samples were determined in an automatic analyser Unicel DxC 800 

Synchron Clinical Systems (Beckman Coulter Nederland B.V., Woerden, The Netherlands).  

Cu determination in organs 

The acid mixture used for organ sample digestion included HNO3 (trace select ultra 69%, Sigma-Aldrich 

<0.5µg/Kg), and H2O2 (trace select ultra 30%, Sigma-Aldrich <0.05µg/Kg), in a 2:1 ratio. The microwave 

system ETHOS 1600 (Milestone S.r.l., Sorisole, Italy) was used to digest the samples, following a dedicated 

heating program (1 minute 250 watt, 1 minute 0 Watt, 5 minutes 250 Watt, 3 minutes 400 Watt, and 3 minutes 

600 Watt). Afterwards, the samples were allowed to cool down for 30 minutes at room temperature. The 

obtained solutions were transferred in PTFE tubes and diluted to 25 mL with MilliQ water. For determination of 

the Cu content an aliquot of each sample solution was properly diluted and analyzed by inductively coupled 

plasma mass spectrometry equipped with single channel Universal Cell (sp-ICP-MS NexION 350XXD, Perkin 

Elmer). Isotope 65Cu was selected to quantify Cu because of the less polyatomic interferences (e.g. 40Ar23Na) 

than isotope 63Cu. Moreover, to decrease interferences Kinetic energy discrimination (KED) was employed, 

using He as collision gas. Samples were quantified by external calibration method using a multi-point curve 

(blank and 10 points over the concentration range from 0.5 µg/L to 5000 µg/L). Yttrium at 5 µg/L was used as 

internal standard. 

Potential contamination from the laboratory was controlled by adding at least one reagent blank during each 

digestion session. The limit of detection (LOD) and the limit of quantification (LOQ) were calculated for each 

sample, set as the average of blanks + 3 standard deviation (SD) and as the average of blanks + 10 SD, 

respectively. In order to verify the accuracy and repeatability of the method, 6 aliquots of the standard reference 

material (SRM) bovine liver (NIST 1577c, National Institute of Standards and Technology, Gaithersburg, 

Maryland, USA) were analysed every 10 samples. The average Cu concentration detected in the SRM was 277 ± 

5 mg/kg, in satisfactory agreement with the reference value (262 ± 2 mg/kg). Average blank values, LOD and 

LOQ were calculated by considering both the reagent and the control blanks. Detected LOD and LOQ value 

were 20 ng/L and 68 ng/L, respectively. Copper concentration in tissues and organs from rats exposed to CuO 

NPs and Cu2CO3(OH)2 NPs, are expressed on a dry weight basis, 

Statistical analysis 

Effects of the CuO NPs and Cu2CO3(OH)2 NPs on various parameters in the orally exposed animals were 

initially compared with vehicle control animals using ANVOA  for dose-response evaluation and a one sided 

Student’s T-test for group differences. Further dose response analysis was performed with Bench Mark Dose 
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(BMD) evaluation using PROAST (version 60.1, www.rivm.nl/proast). Dose–response models were fitted to the 

data and a benchmark response (BMR) was defined. The 90%-confidence interval was derived from the fitted 

model as previously described (De Jong et al., 2013, Gosens et al., 2015), resulting in a lower and upper limit 

(BMDlow at 5% and BMDhigh at 95%, respectively) of the associated benchmark dose. The BMR or critical 

effect size (CES) for general and specific toxicity endpoints was chosen at 5% deviation of the control values, In 

this study consensus default BMR values were used as proposed by the European Food Safety Authority (EFSA 

2009). 

 

Results 

 

Particle Dissolution and Transformation 

CuO NP and Cu2CO3(OH)2 NP dissolve completely under stomach conditions at pH1.6 within 72h (Figure 2). 

During that time, the ion-resolved dissolution rate was very similar for both materials with 50% dissolved after 

about 16h for both materials. As this time is longer than the residence time in the stomach, we tested 

independently the dissolution under pH5.8 intestine conditions. Here we observed that the dissolution is 

incomplete, although transformation of the particles is clearly observed in the TEM (Figure 1f): the primary 

particles shrink, but agglomerate at the same time to large structures. The time to 50% dissolution is 20h for 

micronized copper carbonate (Cu2CO3(OH)2 NPs) but 50h for CuO NPs. Adding to this interesting difference, 

we observed that dissolution occurs at much lower rates in the simple GI-tract simulant medium with the NaNO3 

buffer at pH5.3 compared to the complex GI-tract simulant FeSSIF-V2 (pH 5.8) . Thus, the dissolution in the 

intestine is not only pH driven but is likely to be accelerated by the bile salts and other physiological substances, 

in complete analogy to the interactions observed under environmental dissolution and transformation of Cu NPs 

(Adeley et al. 2014; Keller et al. 2017). The dissolution kinetics of the NPs in stomach fluid simulant is 

presented in Figure 2. Dissolution in gastro-intestinal fluid simulant and simple medium is shown in 

Supplementary Figures 2 and 3. Transformation of the CuO NP and Cu2CO3(OH)2 NP is shown in Figure 1. 

 
General observations 

CuO NP:  During the study no signs of toxicity were noted and there were no premature deaths in the study. 

There was no reduction in body and organ weights for CuO NPs treated animals (Supplementary Tables 2A and 

2B). No treatment related findings were observed at the macroscopic observation at autopsy. Due to the lack of 

effects observed at doses up to 32 mg/kg b.w. also a high dose of 512 mg/kg b.w. was tested. The 512 mg/kg 

b.w. dose induced slight weight loss in one animal after two days of treatment and diarrhoea after three 

administrations. After four administrations two animals showed diarrhoea.  

 

Cu2CO3(OH)2 NP: Repeated oral administration of a dose of 128 mg/kg b.w. Cu2CO3(OH)2 NPs induced severe 

toxic responses in the animals as indicated by the behaviour of the animals, including frequent washing and 

piloerection. Therefore, the animals scheduled for autopsy after a recovery period at day 21 after treatment were 

autopsied prematurely at days 6 and 7, respectively 24h and 48h after the last (day 5) treatment. A decrease in 

organ weight was observed for heart, liver, spleen, and thymus whereas the adrenal glands showed an increase in 

weight (Figure 3, Supplementary Table 2C). The most severe decrease in organ weight was noted for the spleen 
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and thymus, respectively with approximately 45% and 70%. For doses up to 64 mg/kg b.w. body and organ 

weight determined at day 26 after a three week recovery period showed no changes compared to the vehicle 

treated animals  (Supplementary Table 2D). 

 

Haematology and Clinical chemistry  

CuO NP: Haematology: An overview of haematological parameters as determined on day 6 that were affected by 

the 5 day oral administration of CuO NPs nanoparticles is presented in Figure 4, whereas the extended set of 

haematology parameters are presented in Supplementary Table 3A. At day 6 one day after the five day treatment 

the total WBC count was decreased at doses of 32 and 64 mg/kg b.w. whereas in increase was present at the dose 

of 512 mg/kg b.w. (Figure 4). In addition, in the animals treated with 64 mg/kg b.w. CuO NPs some red blood 

cell parameters (number of red blood cells, haemoglobin content, and haematocrit) were decreased. At day 21 

after the five day treatment (day 26) all white and red blood cell parameters were similar to control vehicle 

treated animals for the doses evaluated up to 32 mg/kg b.w. (Supplementary Table 3B).  

At day 6, one day after the five day treatment with CuO NPs there was no treatment related effect in the 

cellularity of the bone marrow (Supplementary Table 4).  

CuO NP: Clinical chemistry: At day 6 alterations in the level of alkaline phosphatase (ALP) and aspartate 

aminotransferase (AST) enzymes indicated the presence of liver toxicity (Figure 5). At the highest dose of 512 

mg/kg b.w. lactate dehydrogenase (LDH) levels were also increased indicating cell and organ damage. All 

clinical chemistry data are presented in Supplementary Table 5A. At day 26 only the ALP was significantly 

(p<0.05) decreased at the 2 mg/kg b.w. dose (Supplementary Table 5B). Animals treated with 512 mg/kg 

showed similar alterations in clinical chemistry (low level of alkaline phosphatase, high level of AST and high 

level of LDH thus supporting the data of the dose response study (Supplementary Table 5A). There was no 

treatment related effect in the cellularity of the bone marrow after treatment with CuO  NPs (Supplementary 

Table 4). 

 

Cu2CO3(OH)2 NP: Haematology. Alterations in haematological parameters after five day oral administration of 

Cu2CO3(OH)2-NPs are presented in Figure 6, whereas the extended set of haematology parameters are presented 

in Supplementary Table 3C and 3D. At day 6 an increase in WBC was present for doses of 64 mg/kg b.w., which 

increase in WBC was due to an increase in lymphocytes. At 128 mg/kg b.w. the increase in WBC was mainly 

due to an increase in neutrophilic granulocytes. The decrease in relative number of lymphocytes can be attributed 

to the increase in neutrophilic granulocytes. The absolute number of lymphocytes was not affected by the 

Cu2CO3(OH)2 NPs treatment at the dose of 128 mg/kg b.w. Data for day 26 are shown in Supplementary Table 

3D. At day 26 no alterations in haematological parameters were observed compared to vehicle treated animals 

for the highest dose investigated (64 mg/kg b.w.).  

There was no treatment related effect in the cellularity of the bone marrow after treatment with Cu2CO3(OH)2 NP 

(Supplementary Table 4). However, microscopic evaluation of the bone marrow after treatment with 128 mg/kg 

b.w. indicated a significant shift from erythroid cells into myeloid cells (p<0.01, P<0.001) that was confirmed by 

histopathology (Figure 7, Supplementary Table 4). 

Cu2CO3(OH)2 NP: Clinical chemistry.  For Cu2CO3(OH)2 NPs at day 6 ALP was decreased while AST, ALT, 

and LDH were increased (Figure 8). All clinical chemistry data are presented in Supplementary Tables 5C and 
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5D. The observed enzyme alterations in the blood indicate both liver and organ toxicity. In addition, free fatty 

acids, creatinine, iron and potassium levels in blood were increased. At day 26 only some incidental alterations 

were observed in clinical chemistry parameters and most parameters were back to levels similar to control 

vehicle treated animals, while those that did show an alteration did not show a dose response effect 

(Supplementary Table 5). 

 

Histopathology 

CuO NP: There were no test item-related microscopic observations in the initial dose response study at the 

highest dose of 64 mg/kg b.w. of CuO NPs evaluated (data not shown). All of the recorded microscopic findings 

were within the range of background histopathology encountered in rats of this age and strain. For animals 

treated with a dose of 512 mg/kg b.w. CuO NPs and evaluated at day 6 alterations were observed in the 

histopathology of stomach, liver, and bone marrow (Supplementary Table 6). In the stomach an increased 

incidence and severity of submucosal glandular inflammation with eosinophilic granulocytes was observed. The 

liver exhibited slight Kupffer cell hypertrophy/hyperplasia, inflammation composed of mixed inflammatory 

cells, hepatocellular hypertrophy, hepatocellular necrosis and single cell necrosis (above the background level of 

minimal). Bone marrow changes included slight increased myeloid elements and decreased erythroid elements. 

 

Cu2CO3(OH)2 NP: Test item-related microscopic findings were observed in a number of organs examined after 

treatment with 64 or 128 mg/kg b.w. Cu2CO3(OH)2 NPs. An overview of the all data is presented in 

Supplementary Table 6. After five day oral administration of Cu2CO3(OH)2 NPs in the stomach an increased 

incidence and severity of submucosal glandular inflammation with eosinophilic granulocyteswas observed on 

day 6 (Figure 9) which was still present in some animals after the 3 week recovery period (Supplementary Table 

6). In other parts of the GI-tract effects were only seen at the dose of 128 mg/kg b.w. Ulceration was observed in 

the cecum, colon and rectum (Supplementary Table 6).  Figure 10 shows ulceration of colon after 5 days 

treatment with 128 mg/kg b.w. Cu2CO3(OH)2 NPs. Other lesions observed in the GI-tract were apoptosis 

(duodenum, ileum and cecum) and edema (colon, rectum).  

In the liver inflammation composed of mixed inflammatory cells (Figure 11) occurred at day 6 in rats treated at 

64 mg/kg and at 128 mg/kg. In animals treated at 64 mg/kg and 128 mg/kg occurred hepatocellular necrosis, 

single cell necrosis (Figure 11), increased mitosis, liver and Kupffer cell hypertrophy. In the kidneys at 128 

mg/kg dose effects were observed including tubular necrosis, hyaline casts in the tubules, and tubular 

degeneration/regeneration (Supplementary Table 6). 

Cu2CO3(OH)2 NPs at 128 mg/kg b.w. induced severe lymphoid atrophy in the spleen (Figure 12) and thymus 

(Figure 12). In the bone marrow an increase in myeloid activity and decrease in erythroid activity was observed  

at 128 mg/kg treatment as already indicated by the evaluation of bone marrow cell populations (Figure 7 above, 

Supplementary Figure 4).  

In the testes a moderate degeneration of germ cells (including slight multinucleated giant cells) and marked 

spermatid retention was observed at 128 mg/kg dose. Also at this dose decreased fluid was observed in the 

seminal vesicles of 8 out of 8 animals (Supplementary Table 6).  

After the recovery period of 21 days at day 26 only in the stomach the submucosal glandular inflammation with 

eosinophilic granulocytes remained, whereas other histopathological alterations in the other organs were not 
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observed at the dose of 64 mg/kg b.w., the highest dose investigated after the recovery period (Supplementary 

Table 6). 

 

Organ burden 

CuO NP: At 32 and 64 mg/kg b.w. the liver (p<0.05) and at 64 mg/kg b.w. the mesenteric lymph node (MLN) 

(p<0.001) exhibited an increase in Cu content (Table 1A). At day 6 one day after the last administration there is 

an increase in Cu level only the mesenteric lymph node for the doses of 64 mg/kg b.w., and in the liver for the 

doses of 32 and 64 mg/kg b.w. The dose of 512 mg/kg b.w. that was not administered in the dose response study 

but at later in time,  shows an increased Cu level in liver, lung, kidney, spleen, thymus and mesenteric lymph 

node when compared to non-treated control animals of the dose response study. At day 26 the increased levels of 

Cu in liver and also kidney were returned to levels equivalent to the control animals. 

 

Cu2CO3(OH)2 NP: Cu content of tissues after 5 consecutive days of Cu2CO3(OH)2 NPs oral administration is 

presented in Table 1B. At the lower dose investigated (64 mg/kg b.w.) an increase in Cu content was noted in 

liver, kidney, testes, brain and thymus only. For the highest dose (128 mg/kg b.w.) increases in Cu content were 

observed in all organs evaluated. At day 26 the increased levels of Cu in liver, thymus and kidney for the dose of 

64 mg/kg b.w. were returned to background levels whereas for the liver and testes they were still increased 

(p<0.05 and p<0.01, respectively), although the increase was limited compared to day 6.  

 

Dose-response modelling 

Tables 2 and 3 show a further statistical evaluation of the outcomes of the oral CuO NPs and Cu2CO3(OH)2 NPs 

studies, respectively, by using the bench mark dose (BMD) approach with a 5% deviation of levels in vehicle 

control treated animals as bench mark. This analysis shows that for the liver enzyme AST and the red blood cell 

parameters (RBC, Hb, Ht) an effect could be demonstrated showing a 5% deviation from controls both for CuO 

NPs and Cu2CO3(OH)2 NPs. Histopathology confirmed the liver toxicity at high doses. The complete BMD 

analysis is presented in Supplementary Table 7 and 8 for CuO NPs and Cu2CO3(OH)2 NPs, respectively. 

The lowest BMD for an effect of Cu2CO3(OH)2 NPs is the effect on the liver enzyme AST with a dose of 30.8 

mg/kg directly followed by the effect on liver weight (BMD 32.2 mg/kg b.w.)(Table 3). The accompanying 

BMDlow being the lower end of the 90% confidence interval that might be used for risk assessment is 18.8 

mg/kg for an AST effect and 9.5 mg/kg b.w. for the liver weight effect. 

 

Discussion 

 

We investigated the potential toxicity of two Cu-nanoformulations used for the preservation of wood products in 

a repeated dose oral toxicity study. Our results show that both CuO NPs and Cu2CO3(OH)2 NPs exhibited 

approximately 50% dissolution at 16 h of incubation in stomach fluid simulant. During flow through conditions, 

which are more realistic of the strong dilution in the stomach environment, approximately 50% dissolution was 

reached at 24 h. Emptying of the stomach in rats may be reached within 6h (Qualls-Creekmore et al. 2010), 

suggesting that part of the oral dose will reach the intestines in particulate nanoform. Imaging of the particles 

after dissolution under intestinal conditions with a pH5.8 suggested morphological changes such as shrinking 
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and agglomeration. This data would suggest that it is relevant to consider the possible toxicological effects of 

both the Cu ions and the nanoparticles. The Cu2CO3(OH)2 NPs showed similar dissolution characteristics to CuO 

NPs in simulated stomach conditions, but Cu2CO3(OH)2 NPs dissolved faster in simulated intestine conditions. 

Based on the dissolution experiments, we speculate that if any particles last the fast and pH-driven dissolution in 

the stomach passage, they would transform and Cu2CO3(OH)2 NPs would shed Cu ions earlier or more during 

intestine passage than CuO NPs. A more sophisticated protocol would be to use sequential buffers  (Bove et al. 

2017) and/or simulated full diets (DeLoid et al. 2017).  One might even imagine to combine flow-through-testing 

(for ease of retrieving transformed NPs, for fast time resolution on ions) with sequential buffers (for added 

physiological realism), but that was beyond scope of the present investigation. Although we tested at low 

concentration and out of equilibrium, saturation may have suppressed dissolution rates below the in vivo rates. 

Investigating the release of Cu ions from wood treated with Cu2CO3(OH)2 NPs, revealed more than 80% 

dissolution after 1h at room temperature in a simple glycine simulant with pH1.5 (Santiago-Rodríguez et al. 

2015), and only slightly longer times were suggested under environmental unsaturated conditions.(Kent and 

Vikesland 2016; Vencalek et al. 2016). So, the use of Cu-nanomaterial as a wood preservative will result in both 

human and environmental exposure to Cu ions which can be considered responsible for the induced toxic effects.  

 

In terms of biodistribution, the treatment doses below 512 mg/kg b.w. CuO NPs resulted in a detectable increase 

in the Cu content of the liver only, while at the high 512 mg/kg b.w. dose increased Cu levels were observed in 

all evaluated organs (Table 1). The partial dissolution in the stomach might explain why the doses of CuO NPs 

up to 32 mg/kg b.w. had limited toxic impacts compared to the reported toxicity of soluble Cu formulations such 

as CuSO4 (NOAEL of 16.3 mg/kg (Hébert 1993)). The high dose of 512 mg/kg b.w. CuO NPs induced 

histopathological alterations in stomach, liver and bone marrow. These alterations in the liver were accompanied 

by an increase of liver enzymes (ALT, AST) and WBC in the blood.  Also for doses of CuO NPs not showing 

clear toxicity some alterations were noted for ALP and AST in serum as markers for liver damage. The 

histopathological observations in animals treated with 512 mg/kg b.w. concur with the clinical chemistry 

observations. However, such clinical chemistry effects were observed at lower doses (up to 64 mg/kg b.w. CuO 

NPs) for which histopathological alterations were not evaluated. So, when we consider liver toxicity liver 

enzyme levels in serum might be used as first indicators for adverse effects of nanomaterials. 

 

The dose response effects for various toxicity indicators were further evaluated by using the BMD approach. The 

benchmark itself that was used, was a 5% alteration compared to the vehicle control, as suggested by EFSA 

(EFSA 2009). The BMDlow of 16.1 and 18.8 mg/kg b.w. for serum AST alteration induced by CuO NPs and 

Cu2CO3(OH)2 NPs, respectively, is surprisingly similar to the NOAEL for CuSO4. For CuSO4 the Cu ion is 

likely the main toxicant. In view of the solubility and dissolution characteristics of Cu nanomaterials also the Cu 

ion may play an important role for the Cu nanomaterial toxicity. The derived BMD uses as lower end of the 

confidence interval a 5% deviation from vehicle treated controls that would normally not be detected in an 

experiment. This might explain why the BMDlow is at the same order of magnitude as the NOAEL of  CuSO4. 

     

Cu2CO3(OH)2 NPs were more toxic than CuO NPs when compared on the basis of a dose in mg/kg b.w. Animals 

dosed with 128 mg/kg b.w. showed after five days of repeated dosing overt signs of toxicity leading to a 
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preliminary removal of the dose group intended for the recovery period from the study. Both haematology and 

clinical chemistry indicated toxic effects at the 64 and 128 mg/kg  b.w. doses. Similar to the high dose CuO NPs 

clinical chemistry results, the Cu2CO3(OH)2 NPs increased levels of AST and ALT indicating liver toxicity, 

while LDH increases indicated cellular damage in general. Treatment with Cu2CO3(OH)2 NP also induced 

inflammation in the stomach, apoptosis in duodenum, ileum, and cecum, and ulceration in the large intestines 

(cecum, colon, rectum). In the liver inflammation, apoptosis, necrosis, and hypertrophy as potential repair of the 

liver damage were observed. In addition kidney degeneration/regeneration and necrosis was observed. There was 

a marked lymphoid atrophy after the five day oral treatment with Cu2CO3(OH)2 NP in spleen and thymus 

accompanied by an increase in myeloid activity in the bone marrow. In the spleen both T (periarteriolar 

lymphoid sheat, PALS) and B cell areas (follicles) were affected. After oral Cu2CO3(OH)2 NPs treatment 

increased Cu levels could be detected in almost all organs investigated (liver, lung, kidney, spleen, thymus, 

mesenteric lymph node, testes, brain). Using a 5% deviation of control animals the lowest realistic BMD of 30.8 

mg/kg (BMDlow of 18.8 mg/kg and a BMDhigh of 42.9 mg/kg)  was observed for an increase of serum AST. 

For CuO NPs histopathology was only performed on animals with the high extra dose of 512 mg/kg b.w. In these 

animals in the stomach, liver and bone marrow similar pathological lesions were observed as for the 

Cu2CO3(OH)2 NPs induced lesions, although lymphoid depletion in spleen and thymus was absent. Overall, the 

pathology in terms of organ damage in the GI-tract, kidney and the lymphoid organs (spleen, thymus) was more 

severe for Cu2CO3(OH)2 NP compared to CuO NP administration. 

 

Cu accounts for about 80% of the CuO mass, about 60% in Cu2CO3(OH)2 and about 40% in CuSO4. Dissolution 

of the NPs in the stomach environment was about 50%, with a faster rate of Cu ions dissolution from the 

remaining Cu2CO3(OH)2 particles in intestine, whereas for CuSO4 dissolution was complete already in stomach 

conditions. None of the NPs showed significant transformation to other particulate species, such that a potential 

toxic effect via newly formed particles is improbable. Based on this mass and solubility data, a certain mass dose 

for both CuO NPs and Cu2CO3(OH)2 NPs would be associated with a similar amount of Cu ion release as that 

from CuSO4 in the stomach (i.e. about 40% Cu mass for CuO NPs, 30% Cu mass for Cu2CO3(OH)2 NPs, and 

about 40% Cu mass for CuSO4, considering 50% dissolution for CuO NPs and Cu2CO3(OH)2 NPs and 100% 

dissolution for CuSO4). Cu2CO3(OH)2 NPs would have higher toxicity  via ions originating in the intestine in 

view of its high dissolution in simulant intestinal fluids. 

 

Privalova et al. (2014) using intraperitoneal administration of CuO NPs (diameter 20 nm) in rats for three times a 

week applying 19 injections up to a total dose of approximately 10 mg/kg b.w. mainly described induction of 

kidney lesions. In contrast to that study, we did not observe histopathological lesions in kidney and spleen by 

CuO NPs but did note lesions in stomach, liver and bone marrow after 5 days repeated oral administration of 512 

mg/kg b.w. In view of the very fast dissolution of the CuO NPs used by Privalova et al. (2014) it might be 

assumed that Cu ions are responsible for the observed toxicity. In this respect our results on Cu2CO3(OH)2 NPs 

show a more widespread organ toxicity including severe cellular depletion of spleen and thymus, and kidney 

lesions which might be related to the more complete dissolution in the GI-tract and the resulting higher internal 

Cu ion dose at organ level. 
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Toxicity of CuO NPs presumably due to the release of Cu ions, was previously demonstrated in in vitro cellular 

toxicity tests for various lung derived cells such as A549 cells, 16-HBE cells,and BEAS-2B cells (Cho et al., 

2013, Jing et al., 2015, Strauch et al., 2017, Ude et al. 2017). CuO NPs were found to be more toxic compared to 

microCuO particles (CuO-MP) and CuCl2 when comparing doses as mass per mL in the cell culture medium 

(Strauch et al., 2017). The toxic effect was explained by a much higher Cu content in the cell (cellular cytoplasm 

and nucleus) after exposure to the CuO NPs compared to CuO MP and CuCl2 followed by intracellular Cu ion 

release. Both for Ag NPs and CuO NPs a higher cellular content of metal (Ag and Cu) ions was observed in 

A549 and BEAS-2B cells compared with exposure to Ag and Cu ions in the form of AgNO3 or CuCl2, 

respectively (Cronholm et al., 2013)  

 

Our data also identified that the immune system may also be severely affected by the Cu ions released from the 

Cu containing nanomaterials as shown by the severe lymphoid cell depletion in spleen and thymus. This may 

have consequences for the functionality of the immune system as was recently demonstrated by us for silver 

nanoparticles (De Jong et al. 2013, Vandebriel et al. 2014). In view of the potential high migration to the spleen 

the immune system maybe a target for nanomaterial toxicity and needs consideration for a more a more specific 

toxicity evaluation  (Dobrovolskaia et al. 2016, Dusinska et al. 2017). So, an evaluation of the immune system 

function exposed to Cu2CO3(OH)2 NPs may be warranted.   

 

In conclusion, we observed a marked difference in the severity of the pathological lesions in various organs (e.g. 

GI-tract, kidney, spleen, and thymus) between CuO NPs and Cu2CO3(OH)2 NPs after oral exposure comparing 

dose effects in our rat study. For Cu2CO3(OH)2 NPs body weight and severe organ weight loss was observed. In 

spleen and thymus the severe weight loss was accompanied  by lymphoid depletion that warrants further 

immunotoxicological evaluation. However, for risk assessment the BMD with a 5% deviation of the vehicle 

control, is surprisingly similar for the serum liver enzyme AST as a first indication for liver toxicity, being 26.2 

mg/kg for CuO NPs and 30.8 mg/kg for Cu2CO3(OH)2 NPs, respectively. These data may be useful for deriving 

an acceptable daily intake for these toxic wood preservatives which may then be used for a risk assessment 

including exposure scenarios. 
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Table 1A. Cu in organs of male rats after 5 days consecutive oral administration of CuO NPs. 

 

Day 6          Day 26 

Dose (mg/kg)  0  32  64 512  0 32 

 

Organ 

 

Liver    13±0.4a 42±16*  75±4 914±541 14±3 12±1.5 

       (2)* 

Lung      6±1    6±1  5  70±69  7±0.2 6±1.3 

       (1) 

Kidney    41±6  62±14  64 76±42  62±9 52±4 
(1)     (3)  

Spleen     6±0.4    6±0.3  6±1 10±5  6±0.6 5±1 

       (2) 

Thymus    4±0.3    5±1 (3) 8±4  10±7  5±1 5±2 

       (3)  (2) 

MLNb     5±1    8±2  10±0.3 26±11  4±2 5±2 

       (2)*** 

Testis   11±0.3  11±0.1  11±0.3 12±1  12±1 11±1 

       (2) 

Brain cortex    9±0.1    9±0.5  ND 10±1  10±3 9±0.4 
a)Cu content in organs (µg/g tissue) at day 6 and day 26 after oral administration on 5 consecutive days (days 1-

5) with CuO NPs. Results are presented as mean ± SD, n=4 unless otherwise indicated within brackets.  

ND, not done. .Significant differences compared to vehicle treated animals. *<0.05, ***<0.001 students t-test, 

one sided.  

b)MLM, mesenteric lymph node. 

  



Table 1B. Cu in organs of male rats after 5 days consecutive oral administration of Cu2CO3(OH)2 

NPs. 

 

Day 6          Day 26 

Dose (mg/kg)  0  64  128a   0 64 

 

Organ 

 

Liver     13±0.5b 451±58*** 1399±307***  13±1 29±9* 

       

Lung      8±0.4     9±3  259±335  7±0.3 7±06 

       (8)* 

Kidney    29±6    55±13 810±369  36±17 28±4 

       (3)*  (8)***    

Spleen     5±0.2     6±0.6 35±26   5±0.2 5±0.3 

       (7)*   

Thymus    4±0.5     6±0.6***  29±20    3±0.3 3±0.4 

       (8)*** 

MLNc     6±1     7±1  48±23   6±3 6±2 

       (8)** 

Testis   11±0.3   12±0.2* 15±0.3   11±0.2 13±1** 

       (8)** 

Brain cortex  9±0.2   10±0.4* 11±1   9±0.5 10±7 

       (8)*** 

a)Dose of 128 mg/kg b.w. Cu2CO3(OH)2 NP determination at days 6 and day 7 after start of experiment. 

Animals received Cu2CO3(OH)2 NP by oral administration at days 1 –5. Recovery animals were taken out of the 

study in view of poor condition (day 7 being day 2 after last Cu2CO3(OH)2 NP administration). 

b)Cu content in organs (µg/g tissue) at day 6 and day 26 after oral administration on 5 consecutive days (days 1-

5) with Cu2CO3(OH)2 NPs. Results are presented as mean ± SD, n=4 unless otherwise indicated within brackets.  

Significant differences compared to vehicle treated animals. *<0.05, **<0.01, ***<0.001 students t-test, one 

sided. 

c)MLN, mesenteric lymph node.  

 

  



Table 2  Bench mark dose calculations for toxic effects after oral CuO NPs exposure for 

5 consecutive days. 

Parameter   BMDa  BMDlow BMDhigh Ratio    

          

 

RBC   35.7  23.8  115.7  4.9 

 

Hgb   32.9  24    81.5  3.4 

 

Hct   33.2  28.8  132  4.6 

 

AST   26.2  16.1    27  1.7 

a)BMD (bench mark dose)  is presented in mg/kg of orally administered CuO NPs for 5 consecutive days. 

BMD using the PROAST program for calculations of the BMD. BMDlow and BMDhigh indicate the lower and 

upper end of the 90% confidence interval. The ratio calculated between the BMDlow and BMDhigh gives an 

indication of the size range of the confidence  interval and the reliability of the data. BMD was set at 5% 

deviation of control vehicle treated animals. 

 
 

  



Table 3  Bench mark dose calculations for toxic effects after oral Cu2CO3(OH)2 NPs 

exposure for 5 consecutive days.  

Day 6-7  BMDa  BMDlow BMDhigh Ratio   

Parameter          

Body weight    92.7  43.7  153.9  3.5 

 

Liver weight    32.2    9.5    75.5  7.9  

 

Thymus weight   69.1  43.1    97.2  2.3   

 

Spleen weight    89.7  50.2    99.9  2.0   

 

AST     30.8  18.8    42.9  2.3 

 

ALP05b    91.5  65.6    95.6  1.5 

 

ALP10     98.4  75.2  102.8  1.4 

 

Fe   101.5  34.9  122.7  3.5 

 

Uric acid    90.5  36.1    93.7  2.6 

  

SHP     95.1  77.6  100.8  1.3 

 

RBC   108.6  70.8  112.5  1.6 

 

Hgb   100.5  67.7  115.1  1.7 

 

Hct   113.1  74.6  117.2  1.6 

 

Lymph rel    94.4  65.2    97.9  1.5 

 

Lymf Absol    99.7  45.4  106.1  2.3 

 

LDP05     61.8  32.2    91.1  2.8 

 

LDP10     70.3  41.2    97.9  2.4 

 

Day 26 

 

AST   45.8  33.6  57.0  1.7 
a)BMD is presented in mg/kg of orally administered Cu2CO3(OH)2 NPs for 5 consecutive days. 

b)ALP05. The figure 05  indicates a change due to treatment compared to control levels with more than 5%. 

ALP10. Similarly for a change of more than 10%. 

BMD using the PROAST program for calculations of the BMD. BMDlow and BMDhigh indicate the lower and 

upper end of the 90% confidence interval. The ratio calculated between the BMDlow and BMDhigh gives an 

indication of the size range of the confidence  interval and the reliability of the data. BMD was set at 5% 

deviation of control vehicle treated animals. 

 
 

 

 

 



 
 

 

 

Figure 1. Morphology of pristine and transformed NPs by transmission electron microscopy (TEM): 

Cu2CO3(OH)2 NPs (top row = a,b,c) and CuO NPs (bottom row = d, e, f) before (a,b) and after dissolution testing 

at 37°C in pH1.6 stomach simulant (b,e) and independently in pH5.8 FeSSIF-V2 middle intestine simulant (c,f.). 

EDXS finds no Cu content in the b,e structures. 

 

 



 
 

 

 

Figure 2: Dissolution of Cu2CO3(OH)2 NPs (blue) and CuO NPs (orange) during flow-through testing at 37°C 

with pH1.6 stomach simulant. Quantification of ions by ICP-OES. 

 

  



 
 
Figure 3. Body and organ weight (g) in male rats at after 5 days consecutive oral administration of Cu2CO3(OH)2 

NPs - At day 6/7 (24/48 hours after the last administration). The number of animals per group is 4 (n=4). Two 

groups of dose group of 128 mg/kg b.w. are presented for autopsy at days 6/7 after treatment. For one group 

(blocked column) an unscheduled autopsy was done of in view of poor condition of the animals intended for 

recovery. Significant differences compared to vehicle treated animals. *p<0.05, **P<0.01 (ANOVA). 

An extended set of body weight data are presented in Supplementary Table 2C and 2D. 

 

  



 
 

 

 

 

Figure 4 Haematology in male rats after 5 days consecutive oral administration of CuO NPs - At day 6 

(24 hours after the last administration). Animals with dose 512 mg/kg as extra group were treated without 

concurrent  contempary control. Significant differences with vehicle treated animals was determined by ANOVA 

for the dose response study followed by one sided students t-test between groups. * P<0.05, ** p<0.01, *** 

p<0.01. An extended set of haematology parameters are presented in Supplementary Tables 3A and 3B. 

 

 



 
 

Figure 5 Clinical chemistry in male rats after 5 days consecutive oral administration of CuO NPs - At 

day 6 (24 hours after the last administration). 
ALP, alkaline phosphatase, ALT, alanine aminotransferase; AST, aspartate aminotransferase; Fe, iron; GGT, 

gamma glutamyltransferase; GLU, glucose; LDH, lactate dehydrogenase; SHP, plasmatic thiol groups; TBAX, 

total bile acids.  

Number of animals n=4. For the dose of 64 mg/kg in the pilot study two (n=2) animals were evaluated. 

Significant differences compared to vehicle treated animals.  *p<0.05 compared to vehicle control  (ANOVA), 

**p<001 compared to vehicle control (ANOVA). 

 Animals with dose 512 mg/kg as extra group were treated without concurrent  contempary control. 

An extended set of clinical chemistry parameters are presented in Supplementary Tables 5A and 5B. 

 

 



 
 

 
 

 

Figure 6 Haematology  in male rats after 5 days consecutive oral administration of Cu2CO3(OH)2 NPs 

- At day 6 (24 hours after the last administration). 
The number of animals per group is 4 (n=4) For some animal blood was not available for evaluation.  



Unscheduled autopsy of dose group of 128 mg/kg at days 6/7 after treatment in view of poor condition of the 

animals (n=3). 

Significant differences compared to vehicle treated animals.One sided students t-test, * P<0.05, ** p<0.01, *** 

p<0.01.An  extended set of haematology parameters are presented in Supplementary Tables 3C and 3D. 

 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Abundant presence of myeloid cells in bone marrow cell population at day 6 (24 hours after last 

treatment). Left vehicle control (day 6), right animal treated with 128 mg/kg Cu2CO3(OH)2 NPs for 5 

consecutive days (day 1-5), day 7.  * Myeloid progenitor cells, # erythroid progenitor cells. Magnification x400. 
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Figure 8. Clinical chemistry in male rats after 5 days consecutive oral administration of Cu2CO3(OH)2 

NPs  - At day 6 (24 hours after the last administration). 
ALB, albumin; ALP, alkaline phosphatase, ALT, alanine aminotransferase; AST, aspartate aminotransferase; 

BAP, biological anto-oxidant potential; Ca, calcium; Cl, chloride; ; CHOL, cholesterol; CRE, creatinine; Fe, 

iron; GGT, gamma glutamyltransferase; GLU, glucose; K, potassium; LDH, lactate dehydrogenase; Na, sodium; 

ROM, reactive oxygen metabolites; SHP, plasmatic thiol groups; TBAX, total bile acids; TBIL, total bilirubin; 

TG, triglycerides;  TP, total protein; TTT, total thiols.  DL, detection limit.  

Number of animals n=4. . 

Unscheduled autopsy of dose group of 128 mg/kg at days 6/7 after treatment in view of poor condition of the 

animals. 

Significant differences compared to vehicle treated animals. *p<0.05 compared to vehicle control  (ANOVA), 

**p<.001 compared to vehicle control (ANOVA). 

An extended set of  clinical chemistry parameters are presented in Supplementary Tables 5C and 5D. 



 
 

 

 

 

Figure 9 Presence of  inflammation (arrows) in the submucosa of the stomach in a rat treated with a dose of 64 

mg/kg b.w. of Cu2CO3(OH)2 NP for 5 consecutive days. Autopsy at day 6, 1 day after the last Cu2CO3(OH)2 NP 

administration. Left overview, right detail of inflammatory cells (arrows). 

 

 

 
 
Figure 10 Presence of ulceration of colon mucosa (arrows, figure on the right) of rat treated with 128 mg/kg b.w. 

of Cu2CO3(OH)2 NPs for 5 consecutive days. Note severe inflammation and loss of colon epithelium above 

inflammation. Autopsy at day 6, 1 day after the last Cu2CO3(OH)2 NP administration.  Left colon of vehicle 

treated control animal. 

  



 
 
Figure 11 Presence of toxic effects in the  liver. Top left, liver of vehicle control treated animal. Top right  

presence of  inflammation(arrows) and vacuolisation (asterisks) of liver parenchyma cells. Bottom single cell 

necrosis of liver cells (arrows). Autopsy at day 7, 2 days after the last Cu2CO3(OH)2 NP administration. Animal  

treated with 128 mg/kg b.w. of Cu2CO3(OH)2 NPs for 5 consecutive days (days 1-5). 

  



 
Figure 12 Presence of toxic effects in the  spleen. Left histology of normal spleen of control animal. Note 

extensive presence of  lymphocytes (white pulp) (asterisks). Right lymphoid atrophy as shown by the depletion 

of lymphocytes (white pulp) (asterisks). Day 6 rat treated with Cu2CO3(OH)2 NPs 128 mg/kg  b.w. for 5 

consecutive days (days 1-5). 

 

 
Figure 13 Effects on thymus. Left histology of normal thymus of control animal. Note extensive presence of  

lymphocytes in cortex (asterisks) and medulla (xxxx). Right lymphoid atrophy as shown by the low number of 

lymphocytes present resulting in a disappearance of demarkation between cortex and medulla. Day 6 rat treated 

with Cu2CO3(OH)2 NPs 128 mg/kg for 5 consecutive days (days 1-5). 
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