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resumo 

 

 

A nanotecnolgia tem tido um impacto significativo em muitas áreas devido 

às peculiares propriedades dos nanomateriais (NM). O crescent uso de 

NM em diversos sectores da indústria veio aumentar a preocupação, a 

nível científico e legislativo, em desenvolver produtos mais benéficos mas 

com menor impacto ecológico. Uma das maiores limitações de ambos os 

sectores, científico e legislativo, é a capacidade de detectar e caracterizar 

NM. Diversas técnicas têm vindo a ser desenvolvidas durante as últimas 

décadas, mas a maioria apresenta limitações na capacidade de análise 

de NM em matrizes complexas. Geralmente é necessário combinar várias 

técnicas analíticas para obter dados satisfatórios. Neste estudo focamo-

nos em algumas dessas limitações. Com o uso de técnicas 

complementares foi possível desenvolver um método de detecção e 

caracterização de nanopartículas (NP) em matrizes complexas mais 

robusto e compreensivo. O foco foi dado ao desenvolvimento de métodos 

alternativos de detecção e caracterização de partículas de titânio em 

produtos comerciais, e de prata em ambiente marinho e organismos 

marinhos. Foi proposta a combinação de análises por AF4/UV-

Vis/MALS/DLS, após extracção por CO2 supercrítico, para detecção de 

NP de titânio em cremes solares. Este método poderá ser adaptado à 

caracterização de NP de titânio em águas recriacionais. A detecção de NP 

de prata em águas marinhas baseou-se na combinação das técnicas de 

AF4/UV-Vis/DLS, que poderão ser usadas, por exemplo, na avaliação do 

potencial tóxico de águas residuais em zonas costeiras. Propôs-se a 

determinação da concentração de NP por análise de ICP-MS no entanto 

recomendou-se o uso de TEM para identicação da sua forma. A 

caracterização de NP de prata mostrou-se limitada devido à instabilidade 

destes materiais em presença de elevada carga iónica e matéria orgânica 

dissolvida. Além disso, para estudos de internalização, propôs-se o uso 

do método desenvolvido para detecção e localização de NP de prata em 

células. O método, baseado em análise por TEM-EDX, foi optimizado para 

análise 3D de células intactas. Espera-se que este método se torne útil na 

avaliação dos mecanismos de acção de NP, visto permitir identificar 

interacções entre NP e elementos cellulares. 
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abstract 

 

Nanotechnology is having a significant impact in many application fields due 

to the peculiar properties of nanomaterials. The rapid uptake of 

nanotechnology innovation to products onto the market has stimulated 

scientific and regulatory activities aimed at maximizing the products benefits, 

while minimizing their potential adverse ecological impact. One of the key 

problems of both scientific and regulatory development is the detection and 

proper characterization of nanomaterials. Several techniques have been 

developed during the last decades, but most of them have shortcomings, 

especially when analysing nanomaterials in complex matrices. The 

combination of several techniques is usually required to obtain enough data 

to characterize a nanomaterial. 

In this work we addressed some of the limitations of existing methods. By 

using complementary techniques it was possible to develop more complete 

and robust methods for detection and characterization of silver and titanium 

dioxide nanoparticles in complex matrices. In particular, this research 

focused on the development of alternative approaches for detecting and 

characterizing titania nanoparticles in consumer products and silver 

nanoparticles in sea water and marine organisms. A combination of AF4/UV-

Vis/MALS/DLS analysis, after spCO2 extraction, was proposed for titania 

nanoparticle detection in sunscreen lotions but this method could be also 

adapted to characterize titania nanoparticles in recreational waters. Detection 

of silver nanoparticles in sea water was based on the combination of 

AF4/UV-Vis/DLS techniques, which could be used, for instance, to determine 

the toxic potential of waste water discharges in coastal areas. Determination 

of nanoparticles concentration was proposed by ICP-MS while TEM was 

recommended for shape determination. The characterization of silver 

nanoparticles was shown limited due to the instability of the material in the 

presence of high ionic strength and dissolved organic matter. Furthermore, 

detection and localization of silver nanoparticles in cells was developed as 

proxy for uptake studies. A method based on TEM-EDX analysis was 

optimized for whole cell imaging in 3D. This method showed the ability to 

identify nanoparticle interactions with cell elements and therefore is expected 

to become a useful tool in the mechanism of action research field. 
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1. General Introduction 

 

1.1. Nanomaterials  

 

Nanotechnology is having a significant impact in many fields due to their peculiar properties 

[2]; for example nanomaterials are currently used in many industrial fields and there are great 

expectations for their use as innovative medical diagnostics or improved materials. Currently 

nanomaterials are used in several consumer products, thus potentially coming into direct 

contact with the general public. This very fast translation of new materials and technology 

into products on the market has started scientific and regulatory activities, aimed at 

maximizing the benefits of products containing nanomaterials while minimizing their 

potential adverse effects on organisms and the environment. One of the problems facing the 

sector was the lack of an agreed definition of what constitute a nanomaterial. In this context, 

the European Commission has published in 2011 its recommendation on the definition of 

nanomaterials (Official Journal of the European Commission [3]).  

‘Nanomaterial’ means 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 point 2, fullerenes, graphene flakes and single wall carbon nanotubes 

with one or more external dimensions below 1 nm should be considered as nanomaterials.  

For the purposes of point 2, ‘particle’, ‘agglomerate’ and ‘aggregate’ are defined as follows:  

‘particle’ means a minute piece of matter with defined physical boundaries;  

‘agglomerate’ means a collection of weakly bound particles or aggregates where the 

resulting external surface area is similar to the sum of the surface areas of the individual 

components;  

‘aggregate’ means a particle comprising of strongly bound or fused particles.’. 
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At the moment there are efforts to harmonize this recommended definition with slightly 

different definitions that are already in place in the EU legislation, such as the cosmetic 

directive and the food information directive [4]. 

 

 

1.2. Legislation on Nanomaterials in the European Union 

 

At the moment there is no specific legislation covering nanotechnology or nanomaterials per 

se at the European Union level. There are however several regulations that explicitly cover 

some aspects of nanomaterial detection and characterization. Some of these regulations are 

already in place with legally binding obligation (Cosmetics Directive, Food Contact 

Materials, Food Information to Consumers, and Biocidal Products regulation). As for Plant 

Protection Products, nanomaterials are covered but there are no specific provisions. In other 

cases, such as the REACH regulation, nanoparticles are covered by the existing regulation 

and the practical implementations for nano-based chemicals are being discussed at the 

moment. 

In particular, for cosmetic products, according to EC Regulation 1223/2009 (Cosmetics 

Directive [4]) covering cosmetic products, producers of cosmetics are obliged to notify the 

Commission in case they want to use ingredients in nano-form in their products. There is the 

obligation to add information in the label on ingredients used in nano-form. The label on the 

cosmetic products could include indications such as “Titanium dioxide (nano)” for example in 

case the product contains titanium dioxide particles smaller than 100 nanometers. This 

regulation has been published before the “official” EC definition of nanomaterial and thus it 

uses a slightly different definition of what a nanomaterial is. Work is in progress at the 

technical and legislative level to reconcile the two definitions and harmonize them. 

 

1.2.1 Reach regulation 

 

The REACH regulation (1907/2006 [5]) addresses Registration of manufactured/imported 

substances (in volume larger than 1 tonne per year), the Evaluation of some registration 

dossiers, and the Authorisation for use of substances of very high concern. There are no 

provisions in REACH referring specially to nanomaterials, but REACH addresses chemical 
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substances, in whatever size, shape or physical state. Substances at the nano-scale are 

therefore covered by REACH and its provisions apply. Substances at the nano-scale 

manufactured, or imported, in volumes of ≥ 1 tonne per year have to be registered and 

information requirements increase with production volumes. At volumes bigger than 1t/year a 

Chemical Safety Report (CSR) has to be included in the registration.  The registration dossier 

for a nanomaterial needs to include all relevant information on that material, thus covering the 

properties, uses, effects and exposure related information as well as the classification and 

labelling and the safety assessment. Nanomaterials having specific properties may require a 

different classification and labelling compared to the bulk material. 

At the moment there is still some uncertainty about the specific characterization of 

nanomaterials that should be included in the registration dossier of chemicals in nano-form. 

 

 

1.3. Common uses  

 

Nanotechnology-based products are increasingly being available to consumers in different 

application areas as shown by Aitken and colleagues already in 2006 [2]. Paint, cosmetics, 

medicines, clothing or pastry, many are the offered products. For instance, Calzolai and 

colleagues have assembled a list of nanomaterials used in food industry [1]. Table 1 shows a 

short list of nanoparticles applications in various industry sectors. 

 

 

Table 1. Short list of metal and metal oxide uses in industry.  

 

Material Sector Use 

Titanium oxide Food White colouring agent (glaze) 

 Cosmetics Sun-blocker (sunscreen 

lotions and creams) 

 Energy Photocatalist (photovoltaic 

panels) [6] 

 Building Self-cleaning agent (cement 

finishing, paints) 
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Iron oxide Food Yellow, red and black 

colouring agent  

 Health Contrast agent (magnetic 

resonance imaging) [7] 

Metallic silver Packaging Labelling colour (food 

packaging) 

 Health Antimicrobial agent 

(bandages, medical devices) 

[8] 

 Clothing Antimicrobial agent 

(sportswear) [9, 10]  

 Remediation Antimicrobial agent (water 

purification, e.g. The 

Drinkable book™) [11] 

 Glass Yellow colour agent  

Metallic gold Food Colour agent 

 Cosmetics Aging treatment (creams) 

 Clothing Fabric technology (e.g. 

Nanofont™) 

 Glass Red colour agent 

Silicon dioxide Food Anticaking agent (powder 

formulations) 

 Clothing Water and stain repellent 

coating [12] 

 

 

The present study was based on the evaluation of titania and silver nanoparticles, reason for 

which only those will be commented from now on. The choice of the studied materials was 

based on its expected availability and impact in the aquatic environment, the physical 

availability of the materials for analysis and the fact that they represent two different 

challenges in terms of detection and characterization. 

 

https://en.wikipedia.org/wiki/Magnetic_resonance_imaging
https://en.wikipedia.org/wiki/Magnetic_resonance_imaging
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1.3.1 Titanium oxide nanoparticles 

 

Titanium dioxide (TiO2) is widely used in building, green energy and cosmetics industries. 

Self-cleaning products and photovoltaic cells are developed around the photocatalytic 

properties of titania. These applications use a broad size range of materials, not necessarily in 

the nano-range. Indeed, the use of titania nanoparticles as colouring agent in food and paint is 

based on the characteristic scattering of particles, bigger than 200 nm, in the visible (white) 

range. Sunscreen materials exploit the UV reflection capacity of the particles, using non-

photocatalytic particles. These particles can be coated with other materials such as silicon, 

decreasing skin reactivity or toxicity [13]. Titania-based sunscreens can also use materials 

bigger than 100 nm in its formulations but primary particles are frequently bellow 100 nm. 

Moreover, particles in the nano-range show high absorbance at the UV range and low 

scattering at the visible region. Consequently, the whitish finishing of the cream is reduced, 

which is appreciated by the consumer [13, 14].  

             

1.3.2 Silver nanoparticles 

 

One of the most interesting properties of silver is its antimicrobial activity, which was known 

and exploit already by the Phoenicians. In the 1880s silver was extensively used as preventive 

medicine, reducing gonorrheal ophthalmia disorders in newborns. This practice was 

maintained until antibiotics were discovered. Several other reports of silver use along the last 

six millennia are known, as summarized by Alexander [15]. Introduction of colloidal silver in 

the health sector started in the 1900s. Nowadays silver nanoparticles (AgNP) are widely used 

in consumer products due to their antimicrobial properties [16]. It is used on wound bandages 

to avoid wound infection [17]; on food packaging to increase  shelf life [18]; on sports clothes 

and socks to reduce the smell resulting from bacterial growth [9, 19] or on water purification 

systems to produce potable water [20]. The Drinkable Book™ is just one example of the 

many products developed for water purification, designed to fight potable water scarcity in 

underdeveloped countries. Rai and colleagues presented an exhaustive list of new applications 

of silver as antimicrobial agent [21]. The spread use of AgNP-containing products results on 

an estimated median worldwide production of around 55 tons per year [22]. 
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1.4. Characterization  

 

Detection of nanomaterials in samples or evaluation of engineered nanomaterials production 

requires characterization techniques. In this section a set of particle analysis methods, used in 

the current study, are presented.   

 

1.4.1 Asymmetric flow field-flow fractionation  

 

Asymmetric flow field-flow fractionation (AF4) is a one-phase chromatographic method used 

to separate materials by their relative size. As shown in figure 1, the separation is achieved by 

a combination of multi-directional forces. In principle, bigger the size of a particle, higher the 

impact of the separation field applied (cross-field). These results on a horizontal distribution 

of the samples where smaller particles are placed on the most central area of the chamber 

where the parabolic flow pushes them out the system earlier [23]. This is a non-informative 

separation method considering that it is not possible to follow the materials separation. 

Furthermore, materials recovery is dependent of the interactions with the membrane, both 

charge-dependent of physical (cross-flow force applied). Nevertheless, this method is quite 

useful as complement of other techniques since it allows the use of equipment, which cannot 

deal with polydispersed samples, in flow mode (i.e. hyphenated, connected to the out-put 

line). In fact, this technique is always hyphenated with other detectors, evaluating light 

scattering properties for instance, in order to follow the particles elution in real time.  
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Figure 1. Schematic view of an AF4 separation channel showing the effect of the 

combination of cross-flow, diffusion and parabolic flow on the separation and elution of the 

different particle sizes. 

 

1.4.2 Ultra violet to visible range spectroscopy 

 

Ultra violet to visible range spectroscopy (UV-Vis) is a simple technique for evaluation of 

material. In molecular biology for instance it is used to determine the purity of nucleic acids 

and infer about the presence of proteins in the sample. In nanotechnology field, it is broadly 

used for instance linked to the AF4 channel, to follow nanoparticle elution. In static mode, 

UV-Vis is used to follow nanoparticle synthesis and evaluate their stability. Metallic particles, 

such as silver or gold NP in the nano-range, show size dependent localized surface plasma 

resonance (LSPR) which can be used to estimate the size of the particle [24]. The sensitivity 

of this method also allows estimation of the relative concentration of the materials. Titania 

NP, on the other hand, have a maximum absorbance in the UV range, similarly to proteins, 

which cannot be used for size evaluation [14].  

 

1.4.3 Centrifugal liquid sedimentation 

 

Centrifugal liquid centrifugation (CLS) is the easiest method for analysis of polydispersed 

nanoparticle samples. The instrument is composed of a transparent disk and a detector set to 
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detect crossing particles at a fixed point. The disc is filled with a gradient of sucrose and the 

particles, injected at the centre of the disk, are pulled towards the outer edge by a centrifugal 

force (figure 2). Particles travel-velocity is mainly dependent on their mass and therefore 

density. At constant density, higher than the density of the sucrose, particle centrifugal 

velocity is related to the particle size [25]. The hydrodynamic size of a particle is calculated 

based on the velocity of migration in the gradient, at a fixed RI and density. The main 

limitation of this method is the density factor. Particles of unknown density such as 

aggregated particles or coated particles, give misleading measurements. For instance, organic 

coatings can decrease the overall density of the complex, decreasing the centrifugal velocity 

of the particle and therefore decreasing the reported size compared to the equivalent nude 

material [26]. 

 

 

 

Figure 2. Schematic representation of the CLS disk showing the injection point and the 

applied centrifugal force in the detector direction. The particles orientation represents the 

direct size dependency on centrifugal velocity. 
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1.4.4 Dynamic light scattering 

 

The quickest method for particle sizing is the dynamic light scattering (DLS). Based on 

materials RI and their back-scattering properties, this method is able to measure the 

hydrodynamic size of a material. The main limitation of this technique is the fact that it 

cannot deal with polydispersed samples [27]. Particles light scattering intensity depends on 

the particle radius by the sixth power [28, 29]. Accordingly, the presence of big particles, 

even at low number, will mask the signal of smaller ones [30]. Nevertheless, this instrument 

can be linked to a size exclusion equipment, such as AF4, working in (real-time) flow mode. 

Able to deal with diluted samples [31], the decreased concentration of a sample after AF4 

separation is, at a certain extent, not problematic.  

 

1.4.5 Multi-angle light scattering 

 

Multi-angle light scattering (MALS) is a technique broadly used in biochemistry. It allows the 

determination of the molecular weight materials, being useful for protein crystallography 

studies [32]. This is also one of the most used detectors to evaluate AF4 separation. In the 

field on nanotechnology, MALS as the power to retrieve a materials’ size distribution. Fitting 

the light scattering data of several angles into the most suitable model, one can retrieve the 

radius of gyration (RG) of a material. The radius of gyration gives an indication of the particle 

size (similarly to hydrodynamic size). If another technique is used to determine the 

hydrodynamic radius (RH), the radius of gyration can also be used to determine the shape 

factor (RG/RH) of the particle [33, 34]. The main constrain of this method for nanoparticle 

evaluation lays on the fact that the RG can only be calculated if there is an angular light 

scattering dependence. In fact small particles (usually near 10 nm) may not show such 

dependence, being called isotropic materials. Another type of isotropic materials are metallic 

colloids, like silver [35]. 

 

1.4.6 Transmission electron microscopy 

 

Electron microscopy is a comprehensive technique allowing acquisition of an interesting set 

of data and applicable to various types of samples. Electron microscopy allows evaluation of 
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geometric size and shape of particles, aggregation state and quantitative dispersion status of a 

sample. Transmission electron microscopy (TEM) can also be used to evaluation metals 

crystalline pattern. Inorganic samples can be directly spotted into support grids and imaged 

once dried. In the case of organic samples, such as microorganisms, the high-vacuum 

environment inside the instrument obliges to a more complex protocol. A complete 

dehydration of the sample is required, which may cause deformation of the cell if suitable 

protocols are not used. As for coated nanoparticles, TEM resolution allows imaging of hard 

materials only. Organic coating such as with proteins or organic matter cannot be sized. 

Sample dehydration invalidates the evaluation of the coating thickness and even mask their 

presence. Furthermore, those techniques are expensive and the sample preparation and 

imaging complexity are prohibitive for performance of numerous routine measurements. 

Nevertheless, it is the only method that allows shape and geometrical size evaluation of hard 

materials. It is also quite spread among toxicologists. Being a resourceful technique, 

adaptation of the instrument can allow imaging of resin embedded or cryo-preserved samples 

[36, 37]. It can use a broad set of sample supports depending on the data analysis 

requirements. For instance, it allows tri-dimensional evaluation of a sample. Furthermore, it 

can be coupled with chemical identification instruments to map the presence and distribution 

of elements in the sample [38].   

 

1.4.7 Energy dispersive X-ray spectroscopy  

 

Energy dispersive X-ray spectroscopy (EDX) is an interesting technique to analyse, or map, 

the chemical composition of a surface. Coupling EDX with electron microscopy covers the 

main limitation of the second, the identification of the analytes’ elemental composition. 

Briefly, the chemical determination is based on the detection of the x-ray emissions 

(measured in Volts) once the sample surface is bombarded with an electrons focused beam. 

The rastering of the beam allows clear mapping of several elements, simultaneously, in the 

analysed area. EDX is a destructive technique and therefore used as an end-point analysis. 

Chemical detection is dependent on the atomic number of the element and the sensitivity of 

the instrument. Some EDX systems are not able to detect elements with atomic number below 

10 although the theoretical limitation lies between 4 and 92 (information from Jeol Ltd.). 
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1.4.8 Single particle ion-coupled plasma mass spectrometry  

 

Ion-coupled plasma mass spectrometry (ICP-MS) is an ideal method for chemical 

identification of highly diluted samples. It is able to detect trace amounts of inorganic 

elements. For nanoparticle characterization, it is a useful but expensive technique. There are a 

set of standard material available for ICP-MS analysis which allow quantification of elements 

on their ionic form. Mass back calculation allows extrapolation of the bulk material 

concentration in the initial sample. The measurements accuracy is strongly dependent of 

sample pre-digestion [39], however studies on quantification of materials with no prior 

digestion shown interesting results [40]. The principle of this technique is based on the 

passage of a material by an inductive plasma cell were it is vaporized by an inert gas. The 

resulting ions are measured by mass spectrometry and the recorded average background to 

signal obtained is proportional to the concentration of the element in the sample. Operated in 

the ‘single particle’ mode (spICP-MS), which means at a reduced flow and using extremely 

high dilution factors, the technique allows the detection of individual nanoparticles. 

Theoretically, high dilution of nanoparticle-containing samples allows the passage of single 

particles in the nebulizer chamber (figure 3). In this situation, measurements are recorded in a 

time resolution ranging 10 to 20 milliseconds. The correspondent measured signal converted 

to mass will provide an indication of the particle size. This method can give information not 

only on the elemental composition of a nanomaterial but also on its size distribution. The 

sizing is however based on a theoretical shape. The accuracy of the measurements depends on 

full ionization of the nanoparticles and on optimization of dilution and flow, in order to have 

no coincident particles or particle fractions in the nebulizer chamber. As shown by Mitrano 

and colleagues, this technique allows evaluation of nanoparticle dissolution kinetics in 

complex systems, where chloride or organic matter are present, following the size variation in 

time and the changes on the ionic content of the sample [41]. 
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Figure 3. Schematic representation of the spICP-MS system showing ionization of single 

particles in the plasma cell and recorded peak signals. 

 

 

1.5. Comparison of characterization methods 

 

Each instrument has the potential to give a specific set of information and has certain 

limitation. Table 2 summarizes some of the available data on the above referred techniques. 

The suitability of the different techniques, with respect to several nanoparticle 

characterization parameters, was considered on an array of studies presented from Chapter I 

to Chapter VII.  
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Table 2. Summary of instruments informative potential and its limitations. 

 

Instrument Size  Shape Chemical 

composition 

Dispersion Requirements Limitation Data analysis Analysis cost Analysis time 

          

CLS Hydrodinamic 

diameter 

No No Yes Known RI and 

density 

Only spheric 

materials 

Easy Low Inversely 

dependent on size  

DLS Hydrodinamic 

diameter 

No No No Known RI Only spheric 

and 

monodispersed  

materials 

Easy Low Low 

MALS Radius of 

gyration 

Theoretical No Yes Angle 

dependent 

scattering 

RG only for 

anisotropic 

materials 

Difficult Low Medium 

UV-Vis Approximate 

size by 

calibration 

dependent 

 No Qualitative Optimized 

concentration 

Only materials 

with LSPR 

Easy Low Low 

AF4 No No No No Optimized 

carrier and 

membrane 

Charged 

materials, 

sizes over 200 

nm 

Easy Medium Medium 

ICP-MS No No Yes No Standards 

availability 

 Difficult High High 
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Instrument Size  Shape Chemical 

composition 

Dispersion Requirements Limitation Data analysis Analysis cost Analysis time 

spICP-MS Calculated 

from ion mass 

No Yes Yes Optimized 

particle flow 

and dilution 

 Difficult High High 

SEM Geometric 

size, 

bidimensional 

Real, 

bidimensional 

No Yes Sample 

preparation 

Non-organic 

materials 

Easy Medium Low 

TEM Geometric 

size 

Real Only based 

on 

crystalline 

structure 

pattern 

Yes Sample 

preparation 

Non-organic 

materials 

Easy High Medium 

EDX No No Yes No Atomic 

number from 4 

to 92 

Elements of  

atomic number 

below 10  

Easy Medium Medium 
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Another interesting aspect of techniques comparison was reported by Calzolai and colleagues 

and presented in table 3 [1]. For consideration, field flow fractionation and centrifugal particle 

sedimentation are directly comparable with asymmetric field flow-field fractionation and 

centrifugal liquid sedimentation, respectively. 

 

 

Table 3. Qualitative evaluation of the relative advantages and disadvantages of different 

techniques to measure the size of nanoparticles in the 1-100 nm size range. (adapted from [1]) 

 

 SEM TEM FFF CPS DLS spICP-

MS 

       

Minimum 

size 

++ +++ +++ + +++ + 

Dynamic 

range 

+++ ++ ++ +++ +++ ++ 

Accuracy 

of 

measure 

++ ++ + + + + 

Suitable 

for 

mixtures 

+ + ++ ++ - ++ 

In situ 

measure 

- - + + ++ ++ 

Easy of 

use 

- - + ++ ++ + 

Cost - - ++ ++ +++ + 

Notes: Different properties are evaluated as: excellent (+++), good (++), fair (+) and insufficient (-). 

CPS, centrifugal particle sedimentation; DLS, dynamic light-scattering; FFF, field flow fractionation; SEM, scanning electron microscopy; 

spICP-MS, single particle inductively coupled plasma mass spectrometry; TEM, transmission microscopy. 

 

Overall, the more accurate evaluation of particle size, morphology and distribution are based 

on electron microscopy. The main cons are the price and the difficulty on analysing organic 

materials. NP protein coating, for instance, is very difficult to detect with conventional EM 
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due to the low contrast of the organic protein layer. The simplest technique for size 

determination is DLS although it cannot be used with polydispersed samples, therefore, in 

such situations, CLS is the preferential technique. However, to reduce analysis costs and to 

fully characterize a material, we must combine different instruments. Since CLS is an end-

point analysis, it can be used only as indication, for instance in protocol optimization. 

Similarly, electron microscopy is reserved as complementary analytic system for when shape 

information is crucial or retrieved data must be confirmed. Consequently, AF4 is the elected 

method for analysis of polydispersed samples, allowing separation of the materials by size 

and hyphenation of other detectors, such as DLS, MALS, UV-Vis or even ICP-MS. 

 

 

1.6. Sample treatment strategies 

 

Matrix complexity and nanoparticles concentration are sometimes limiting direct analysis of 

samples. Analytic methods such as AF4, CLS or ICP-MS frequently require sample pre-

treatment. Fluidification of the matrix is often the main reason although it can also be used to 

avoid clogging the system tubing of altering the fluidic density, among others. Nevertheless, 

pre-treatment can also be adopted to reduce the complexity of the matrix. Chemical-based 

extraction is often chosen although it requires use of hazardous materials. Environmental 

friend alternatives are available, such as supercritical fluid extraction. In our study, 

supercritical CO2 extraction was attempted for matrix simplification. 

 

1.6.1 Supercritical CO2 extraction 

 

Supercritical fluid extraction is a method based on the use of a superfluid to remove polar 

components of a complex matrix. The use of carbon dioxide as superfluid is called 

supercritical CO2 (scCO2) extraction. This technique can be used either to remove compounds 

from a desired sample, e.g. to remove caffeine from coffee grains, or to extract desired 

compounds from a sample, e.g. to extract essential oils from herbs [42]. Cosmetic products 

are composed, among others, of fatty and non-polar compounds which exhibit a high 

solubility in CO2. This technique, in opposition to chemical based extraction protocols, is 

ecologically safer and simpler in preparation. For the extraction, pressure is increased in order 
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to allow diffusion of scCO2 in the sample, solubilizing non-polar and small compounds, 

maintaining the structure of the remaining material [43]. Extraction temperature can be 

controlled to optimize the process. By lowering the pressure bellow the critical threshold and 

the temperature to ambient conditions, the compounds are removed together with the CO2. 

For the purpose of our study, simplification of sunscreen lotion matrix was envisaged and 

therefore the remaining of the extraction was used, therefore we have used inverse scCO2 

extraction.  

 

 

1.7. Nanoparticles toxicity  

 

Nanotechnology has found application in many industrial sectors, increasing the number of 

industrial and commercial available products in the market. Consequently, the production 

tonnage of such materials continues increasing and the related waste amounts as well. 

Concern regarding its potential toxicological impact, in humans health and environment, are a 

natural consequence. Titania and silver NP were shown to affect the cell performance. 

Instability of nanoparticles in culture media is widely known although the toxicity of the 

materials is not necessarily reduced in such conditions. Photo-reactive capacity of TiO2 NP 

increase formation of reactive oxygen species, linked to oxidative stress and cell damage [44]. 

The impact of titania materials is not restricted to mammalian cell lines. Toxicity at the level 

of the phytoplanktonic community was also reported [45] although it is not consensual [46]. 

Potentiating hazardous effect of other toxics by TiO2 NP was equally reported [47]. Silver 

nanoparticles were also found to promote oxidative stress in cells in a size dependent manner 

[48] and to affect phytoplanktonic organisms, with consequent effect on higher trophic levels 

[49, 50]. Furthermore, AgNP are considered reservoirs of ionic silver (Ag+) able to 

continuously, and locally, release the silver toxic form, as is of consensus that the toxic form 

of silver is ionic [51]. Adsorption or uptake of nanoparticles would therefore potentiate the 

toxicity of the material. A broad list of Ag+ interactions with essential biological proteins and 

oligoelements are known. Among others, silver ions are known to bind to thiol or cysteine 

groups impairing protein function, such as in the case of glutathione [52, 53]; they can bind 

selenium [54], promoting selenium deficiency and affecting proteins with Se-Cysteine bounds 

[54-57]; and can also inhibits glucose oxidase [58], inhibiting the reduction of FAD to 

FADH2 and consequently blocking the respiratory chain. A general awareness grew within 
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the toxicologists community with regards to the limitations of ‘traditional’ tests, used for 

dissolved compounds, for evaluation of nanomaterials [59].  

 

 

1.8. NP disposal and environmental interactions  

 

Nanoparticles can enter the environment by diverse routes. Titania nanoparticles, used in 

cements, paints and other building materials can enter aquatic systems through leaching [60, 

61]. Others used in food industry end up in solid wastes and waste water treatment plants. 

Finally, cosmetic additives such as sunscreen creams can directly enter aquatic environments, 

result of recreational activities. Silver concentration in open ocean is in the range of 0.05 to 5 

ng/L [62, 63]. In coastal areas, dissolved silver concentrations may surpass 30 ng/L [62, 64]. 

These values may be expected to increase specially in coastal areas due to the increased 

exploitation of nanomaterial in diverse industrial sectors. Nanomaterials present in building or 

daily use products represent potential environmental hazards. Through products disposal or 

accidental leaching [60] and by different routes, NP are expected to enter the aquatic 

ecosystem. Several studies have analysed nanoparticle leaching and fate of nanomaterials in 

waste water treatment plants. Waste water treatment plants and soil are the first expected 

reservoirs as natural soil leaching and discharge of water treatment plants are likely to be the 

main routes for contamination of aquatic system. Indeed, silver NP leaching from soil is 

expected low since particles seem to strongly bound to the soil particles [65]. Retention, 

although lowering the expected concentration of silver in the aquatic system, can represent an 

increased risk for soil microbiota and lower invertebrates [66, 67]. Additionally, silver 

nanoparticles entering WWTP seem to be mostly complexed and precipitated, end-upping in 

the solid fraction [68]. Therefore the use of the sewage sludge for agriculture is conditioned. 

Silver materials entering the aquatic system will also suffer modifications. Many are the 

transformations and interactions known to particles. Light, temperature, ionic strength, 

oxygenation and presence of organic matter are some of the factors that can affect AgNP 

agglomeration, aggregation and oxidative release of silver ions, influencing AgNP toxic 

potential [69-72]. In the presence of chloride, and depending on its concentration, silver forms 

soluble (AgCl-) or insoluble species (AgCl3
2- and AgCl2

-) [73].  Furthermore, it reacts 

strongly with thiol groups and organic compounds found in the environment. Silver reaction 

with sulphur can attenuate its noxious environmental impact [16]. However, particles 
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degradation depends on the presence and power of stabilizer agents, which cover a broad 

range of materials from organic coatings, such as citrate, proteins or dissolved organic matter 

(DOM), to harder materials, such as PVP or silica shells.   

 

 

1.9. Effect of DOM  

 

Alginate and humic acid are two components of DOM, present in aquatic environments at 

variable concentrations, depending on factors such as algal bloom or soil leaching [74]. 

Alginic acid, also called alginate, is an anionic linear polysaccharide present in the cell walls 

of brown algae and used by some bacteria for biofilm formation.  Alginate has industrial 

interest being used as thickening agent in food products. Humic acid is one of the main 

components of organic matter in natural waters and is frequently used as model compound for 

the presence of DOM.  Natural humic acids are available as standards for scientific work. The 

advantage of these materials regards alginate is the increased complexity of the polymer 

(branched). In fact, many studies were done with both model polymers and for that reason 

were chosen for this study as well. Dissolved organic matter (DOM) is expected to play an 

important role on AgNP and titania NP behaviour in the environment being able to change the 

chemical properties of the nanoparticle surface. For example, it has been shown that humic 

acids, components of DOM, can alter AgNP size distribution [75], similarly to what happens 

with TiO2 NP [76]. Formation of DOM coating can reduce the oxidation rate of AgNP, and 

therefore their availability [77, 78] but it can also help the formation of non-bioavailable Ag2S 

species [79]. Furthermore, considering the impact of humic acids in the increased uptake of 

cadmium by algae, disregards their low availability [80], one can expect similar results on the 

impact of silver. Regarding titania NP, oxidation and light are not retained major impairing 

agents although increasing ionic strength and DOM concentration have strong aggregation 

effect [76, 81]. Disaggregation of TiO2 NP was also reported to be dependent on alginate 

concentration, affecting the availability of the potential hazard in freshwater systems [82].  

 

 

1.10. Cell uptake  
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Nanoparticle incorporation has been intensively studied. Besides animal [83, 84] and human 

cell lines [85] also organisms from other trophic levels have been evaluated. Fish [86, 87] 

nematodes [88] and algae [89-92] are just some examples. However the uptake routes are not 

always known and the mechanism of action of the materials is yet not clear. The peculiarity of 

nanoparticles properties and the complexity of their interaction within the biological 

environment difficult the use of routine evaluation methods however, further evaluation is 

required to fill the knowledge gaps. Development of alternative evaluation methods may be a 

key to retrieve additional information. 

 

1.11. Uptake evaluation 

 

Diatoms are eukaryotic unicellular microorganisms belonging to the phytoplankton 

community. These cosmopolitan organisms are responsible for 20% of the carbon fixation in 

the oceans. Furthermore, some species are quite sensitive to pollution and eutrophycation, 

reason for which was for long used as ecological indicator [93, 94].  Diatoms are also used to 

investigate the mechanism of toxicity of chemical pollutants at the molecular level [95]. 

Regarding their morphology, diatoms are very interesting as they present a silica outer shell 

which works as a natural biofilter, considering the presence of various nano-pores. The pore 

size is expected to allow the internalization of nanomaterials similarly to other pollutants. For 

their particular morphology, size and environmental relevance, T. pseudonana was chosen as 

model organism for the development of an alternative method for cell uptake evaluation.  

 

 

2. Aim of the study 

 

Considering the vast array of different ecotoxicological tests found in literature it is thus very 

difficult to compare results on the effect of nanoparticles on the environment. In addition, as 

addressed in the previous pages the existing methods to detect and characterize nanoparticles 

in the environment are still not ideal. Thus, the development of accurate and robust methods 

to detect nanoparticles in the environment is crucial to enable the assessment of the real 

impact of nanoparticles in the environment  
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The present study aimed to develop techniques for nanoparticle detection and characterization 

in complex matrices. Characterization of both TiO2 NP in consumer products and AgNP in 

sea water and marine organisms were addressed. Methods developed to detect titania NP in 

diluted sunscreen lotions where then adapted to measure the concentration of titania 

nanoparticles in recreational waters. Detection of AgNP in sea water could allow 

determination of toxic potential of waste water treatment plants discharges in coastal areas. 

Detection and localization of AgNP in cells is expected to improve the knowledge of NP 

mechanism of action, becoming an interesting tool for NP uptake studies. Therefore, the 

proposed approaches are expected to be transposed to ‘real’ environmental samples.  
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3.1. Abstract 

 

Titanium dioxide is an approved food additive (colour white, E171) and a cosmetic ingredient 

(pigment white 6) widely used in processed food and sunscreens. The European Commission 

recommended definition of “nanomaterials” is based on the determination of the number-

based particle size distribution (PSD) and thus a need for suitable and tailored methods, able 

to measure the PSD of titanium dioxide in complex matrices such as food and cosmetics, has 

arisen. In this work, two commercially available titanium dioxide ingredients for food and 

cosmetics (E171 and pigment white 6) were characterized by a battery of complementary 

techniques including Raman spectroscopy, Centrifugal Liquid Sedimentation (CLS), 

Asymmetric Flow-Field Flow Fractionation (AF4) hyphenated to Dynamic Light Scattering 

(DLS) and Transmission Electron Microscopy (TEM).  

The set of techniques used in this study outlines a tiered approach to the determination of the 

PSD of titanium dioxide products. Quicker screening techniques, such as CLS, can be used to 

explore and optimize sample preparation protocols. More complex options (AF4 with multi-

detectors and TEM) act as more general methods to obtain detailed PSD, while “identity” 

techniques, such as Inductively Coupled Plasma Mass Spectrometry and Raman, have firstly, 

confirmed the presence of titanium dioxide in the samples and secondly identified the 
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crystalline phase. The combination of CLS and AF4/DLS data allows the estimation of size 

and apparent density. In particular, both compounds analysed here were confirmed to be 

based on anatase; sample preparation parameters (sonication time and pH) influenced the 

particle size distributions. E171 and pigment white 6 showed a median diameter of around 

350 nm and 250 nm, respectively, while TEM shows the presence of primary particles smaller 

than 100 nm, together with large number of aggregates. The results highlight the difficulties 

in determining the PSD of titanium dioxide in particular in the presence of strongly bound 

aggregates that are not easily separated into primary particles with normal sample preparation 

methods. 

 

 

3.2. Introduction  

 

Titanium dioxide (TiO2) due to its UV light absorbing capacity, high refractive index and 

light scattering properties resulting in brilliant whiteness, is a widely used material in 

consumer products; it is the mostly used as a whitening pigment and it is commonly applied 

in a wide variety of products among which paints, inks, paper, toothpaste and ceramics; every 

year more than 4.5 million tons of TiO2 are produced worldwide [1]. TiO2 is authorized for 

use in the food industry where, under EU designation, it is identified as the additive E171 and 

commonly used as colorant [2] in processed food. TiO2 is also an authorized ingredient in 

cosmetics, where it is used either as colorant (known as pigment white 6), as an 

opacifier agent, or as an ultraviolet radiation filter. There has been evidence in the literature 

that part of the food-grade titanium dioxide particles are in nano-form [3, 4] and similar 

evidences exist for TiO2 used in cosmetic products [5-7]. Over 90 products containing nano-

titanium are listed on the Woodrow Wilson consumer product inventory [8].  

In 2011, the European Commission published its recommendation for the definition of the 

term nanomaterial: "Nanomaterial means 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” [9]. As yet, this definition has not been 

implemented into the food and cosmetic sector where currently a number of different 

definitions of what constitute a nanomaterial are in place (ex. EU Regulation 1169/2011 on 

the provision of food information to consumers and EU Regulation 1223/2009 on cosmetic 
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products). Nevertheless, the issue of greater harmonization of legislation by a more 

widespread adoption of a single definition continues to be under discussion and consequently 

there remains an urgent need to develop methods to determine the particle size distribution of 

challenging materials according to the EC recommendation. It has been already highlighted 

that the practical application of the EC recommended definition in legislation is still hindered 

by the lack of single analytical methods which can easily determine whether a material should 

or should not be classified as a nanomaterial under the terms of this definition [10]. At the 

moment, no single analytical method can completely satisfy the requirement of the definition, 

but a variety of methods exist which, in combination, offer the possibility of addressing the 

problem [11]. In addition, the analysis of nanomaterials in consumer products, poses a 

number of difficulties due to the complexity of most matrices and the fact that sample 

preparation can greatly alter the resulting particle size distributions [4, 12].  

In this work, two commercially available titanium dioxide ingredients, one intended for 

cosmetic products (white pigment 6) and the other for food products (E171) were analysed by 

means of various characterization techniques to determine the chemical identity and 

crystalline form, the variation of Zeta-potential with pH and the particle size distribution once 

dispersed in water. Centrifugal Liquid Sedimentation (CLS), Transmission Electron 

Microscopy (TEM), Raman Spectroscopy, Asymmetric Flow-Field Flow Fractionation 

(AFFF) on-line hyphenated to Dynamic Light Scattering (DLS) and off-line to Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) were used to provide complementary 

information on the samples. Results will be critically presented in light of their applicability 

to the current legislative situation.   

 

 

3.3. Materials and Methods 

 

Chemicals and Samples Description  

 

Two commercial product ingredients were analysed in this work: the first was a colorant 

indicated as Pigment White 6, titanium dioxide (CAS#13463-67-7) and sold for cosmetics 

application (from here on will be referred to as pigment white 6). The second was a titanium 

dioxide based ingredient intended as colorant for food (from now on addressed as E171) 

whose label declared it to contain as ingredients: E171, sucrose and maize starch.  HCl and 
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NaOH used were from Sigma Aldrich. Water was supplied from a Millipore Advantage 

System (Merck Millipore, © Merck KGaA, Darmstadt, Germany).  0.02% Novachem 

((Postnova Analytics, Germany) in ultrapure water was used as eluent for the AF4 with the 

eluent being ultrasonically degassed 10 minutes before use.  To produce reference spectra for 

the Raman spectroscopy, anatase nanopowder from Sigma Aldrich and rutile from Kronos (© 

KRONOS Worldwide, Inc., Dallas, TX, United States) were used. Stock solutions for ICP-

MS standard preparation were made from titanium at 1000 mg/L in H2O/0.24% F- (SpeX 

Certi-Prep, Assurance) and scandium in 2% nitric acid (Absolute, Inc.). 

 

3.3.1 Ultrasonication  

 

A Vial Tweeter (Hielsher) type sonicator was used to effectively disperse powder into 

homogenous suspensions. The use of conventional probe sonication was avoided as direct 

contact between the tip and the sample solution has been found to be a possible source of 

particle or titanium contamination. The vial tweeter was used at 0.5 on-off cycle time and 

75% power (amplitude) on 1 mL volumes in Eppendorf tubes. 

 

3.3.2 Zeta-potential and pH  

 

Zeta-potential was measured using a Zetasizer Nano-ZS instrument (Malvern Instruments 

Ltd, UK) with temperature control (25 ºC) and recorded in a DTS1060C disposable cell with 

an equilibration time of 120 sec. Forty runs per sample were acquired. Z-potential was 

measured in triplicate; measured electrophoretic mobilities were converted into Z-potential 

using Smoluchowski’s formula within the instrument software. A Smulochowski model with 

a F(Ka) of 1.5 was used. pH was measured before Z-potential measurement. 

  

3.3.3 Particle Size Distribution by CLS analysis 

 

A Disc Centrifuge (CLS) model DC24000UHR (CPS Instruments, EU) was used to size the 

dispersed particles.  The instrument was operated at a disc rotation speed of 22000 rpm using 

an aqueous sucrose gradient (8%-24% w/w) capped with dodecane and calibrated before each 

measurement using an aqueous reference solution of polyvinil chloride (PVC) spheres of 
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known diameter.  Gradient quality was daily checked by running 40 nm citrate stabilized 

silver nanoparticles as in house quality check.  

 

3.3.4 AF4, DLS and off-line ICP-MS 

An Asymmetric Flow-Field Flow Fractionation instrument (AF2000 MT Multiflow FFF, 

(Postnova Analytics, Germany) was used for size fractionation. A 350 µm channel-spacer was 

used (Postnova Analytics, Germany, Part No. Z-AF4-SPA-V-355). The carrier liquid was 

high purity water containing 0.02% vol of Novachem surfactant mix. The injection volume 

was 20 µL. An injection flow of 0.2 mL/min for 4 minutes was used; focus flow was 1.3 

mL/min; the applied starting cross flow was 0.5 mL/min, with a linear decay to 0 mL/min in 

30 minutes being applied.  Detector flow was 1 mL/min. This elution method was derived 

from the literature from an optimized method for food and cosmetic titanium dioxide particles 

[13].  A polyethersulfone (PES) membrane with 10 kDa MWCO was used instead of the 

Regenerated Cellulose in our study (Postnova AF2000 MF z-AF4-MEM-611-10, lot 

CF090512-214814). AF4 channel was coupled to a UV-VIS detector set at λ=300 nm 

(Postnova SPD-20AV). The liquid flow exiting the column was split between a DLS quartz 

flow cell (ZEN0023) and a fraction collector.  

Fractions (2 min/fraction) were collected in 2 mL plastic Eppendorf tubes, starting from 

minute 15. Collected fractions were analysed by an Agilent ICP-MS 7700x (Agilent 

Technologies, Santa Clara, USA) equipped with platinum sampling and skimmer cones, 

MicroMist quartz nebulizer and a quartz Scott spray chamber ICP-MS. An octopole reaction 

system (ORS) was used to reduce interferences on titanium, and He was used as collision gas 

at a flow of 4.3 mL/min on an octopole collision cell; ICP-MS standards were prepared in 

Novachem 0.02% to match matrix at the following concentrations of titanium 0, 0.1, 1, 10, 

100 and 200 µg/L. Scandium was used as an internal standard (ISTD) at a concentration of 

500 ppb in 1% nitric acid and it was added on line with a T piece before sample introduction 

into the nebulizer. Monitored signals included masses 46, 47, 48 and 49 for titanium and 45 

for scandium. ICP-MS was operated in spectrum mode with 5 replicates per sample and 3 

points peak pattern with 100 sweeps.  Integration time was 0.99 for scandium and 0.09 sec for 

titanium isotopes. Isotope 47 in gas mode using He as a collision gas, was used for 

quantification.  
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3.3.5 Preparation of samples for TEM analysis 

 

Samples of 1 mg/mL concentration were sonicated 15 minutes with a vial tweeter sonicator to 

avoid any possible contamination that could happen with a probe sonicator. A drop of sample 

was then added to positively charged grid made of silicon dioxide (Smart Grid, Nano plus 

grids NG01-051A, Dune Sciences Inc., USA) using an inverted grid-on-drop strategy in order 

to minimize aggregation artefacts during the drying process. In practice, the positively 

charged grid was placed on top of a 20 µL droplet of sample and incubated for 10 minutes. 

The excess of sample was removed by successive washing with MilliQ water. Water excess 

was carefully wiped with a tissue and grids were left to air-dry before analysis. Images were 

acquired using a JEOL JEM 2100 TEM microscope at 200 KeV.  

 

3.3.6 Raman Spectroscopy 

 

Raman analysis of the powder samples was performed without any pre-treatment, using a 

WiTec alpha300 confocal Raman microscope operating with a 532 nm laser source. Average 

spectra were generated by applying 10 times 0.1 s collection time and are presented without 

either smoothing or baseline subtraction. 

Results and Discussion  

 

 

3.4. Results and discussion 

 

3.4.1 Fast screening method for optimization of sample preparation 

 

Centrifugal liquid sedimentation (CLS) is a sedimentation technique able to provide particle 

size distribution (PSD) for particles in a 20-500 nm size range. It is based on the fact that 

most of the nanoparticles have a higher density from the liquid in which they are suspended 

and consequently a centrifugal force will tend to make them sediment [14].  Among 

centrifugation based techniques an alternative to CLS might have been represented by 

Analytical Ultracentrifugation (AUC), that allows the achievement of higher centrifugal force 

(>100,000g) that results in a quicker sedimentation time [15] nevertheless the higher price of 
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this instrumentation makes it less accessible and therefore less useful as a quick and cheap 

general screening technique. In CLS the suspending liquid is represented by a gradient of 

sucrose and the centrifugal force is induced by the acceleration of a rotor that tends to move 

the particles through a disc. The injection point of the sample is positioned in the centre of the 

rotating disc. Once particles are injected into the rotating gradient, they are subjected to a 

number of forces: i) the sedimentation force that drives the particles towards the edge of the 

rotating disk, which is proportional to particle mass. ii) buoyant force (governed by the 

Archimedes’ principle) and the iii) frictional force generated by the movement of the particles 

through the solvent and will act in opposite direction to the centrifugal force, impeding 

sedimentation.  In few microseconds the three mentioned forces come into balance and the 

nanoparticle achieves terminal velocity that is related to particle size and density. The velocity 

of the particle is measured and the Stokes equation is used to calculate the particle diameter 

given the assumption of a known density and spherical geometry [16].   

The instrument is calibrated using a known size calibration standard before each test. The 

concentration of particles at each size is determined by instantaneously measuring the 

turbidity of the fluid near the outside edge of the rotating disc using a laser light source 

(λ=405 nm). The conversion of instantaneous light attenuation into a corresponding mass of 

particles is done by treating the raw light attenuation data with a series of conversion factors 

taken from a pre-calculated data set referred to as the Qnet function by the instrument 

manufacturer. The Qnet function is described as being the effective light scattering cross 

section of a particle compared to its physical cross section and is calculated by the instrument 

software using a model based on the Mie theory of light scattering.  

To test the possibility to analyse the two samples by mean of CLS, a mother stock (0.5% w/v 

stock) of each of the material was prepared in water, by sonication. In both cases visual 

examination showed them to be easily dispersible in water. To ensure homogeneous sub-

sampling all stock solutions were vortexed thoroughly immediately before aliquoting to 

produce sub-samples for dilution. To determine suitable injection concentration for CLS 

analysis of the E171 a range of dilutions (1:10, 1:100, 1:1000) from the mother stock were 

analysed using a standard sample volume of 100 µL. It was verified that the peak position was 

independent of sample concentration in the tested range confirming the absence of streaming 

effects due to overloading of sample. After evaluation of these data a concentration of 0.05 

mg/mL (0.005% w/v) was selected as being the most suitable for further analysis on CLS. To 

test the effect of sonication, a samples of E171 (0.005% w/v) dispersed with increasing 

sonication time on a vial-tweeter (0.5 cycle 70% power) were analysed by CLS. Results are 
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presented in Figure 2.A. An increase of sonication time (keeping all other parameters 

constant) resulted into a gradual change of the weight based particle size distribution with the 

peak maximum shifting from about 360 nm down to 320 nm (from 0 up to 15 minutes of 

sonication). The shift of the peak maximum of the PSD with the increase of the sonication 

time is the likely result of a gradual break-up of large TiO2 agglomerates into small 

agglomerates possibly with the release of individual primary particles. Once the sample 

concentration and sonication time was selected (15 minutes vial tweeter sonication and 

concentration of 0.05 mg/mL) both samples, E171 and colorant white 6, were prepared and 

further analysed under the same conditions.  

Figure 1.B shows the CLS data for both samples, following a 15 minute vial-tweeter 

sonication. While both products have a wide PSD, E171 has a larger mean size than the other. 

Furthermore CLS shows negligible amount of particles below 100 nm even after 15 minutes 

of sonication (Figure 1.B).    

 

Figure 1. A) the effect of the dispersion procedure on E171 based product: an increase in 

sonication time causes a reduction of peak maximum for the weight based PSD measured on 
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CLS; B) a comparison of weight based PSD measured on CLS for pigment white 6 (red line) 

and E171 based product (blue line) at a concentration of 0.05 mg/mL of powder, sonicated for 

15 minutes.  

 

 

Dispersions in water of both samples were also measured at different pH, for which both 

Zeta-potential and PSD by CLS were determined. Initial pH (0.005% w/v %, after 15 minutes 

sonication) was found to be 5.5 and 5.9 for E171 and pigment white 6 respectively.  The pH 

of sample was modified by adding concentrate acid (HCl) or base (NaOH), a small aliquot of 

sample was taken at given values of pH, sonicated for 15 minutes and measured. Figure 2 

shows the Z-potential and CLS data. The data show that for both samples at pH higher than 5 

the Z-potential is strongly negative, while it is much less negative for pH < 4. The less 

negative Z-potential values in strong acidic conditions cause instability of the suspension 

leading to particle aggregation and agglomeration as indicated by the increase of the mean 

value of PSD.  

 

 

Figure 2. Zeta-potential and relative size (determined by CLS) variations for pigment white 6 

(A) and E171 based product (B) at different pH. Peak max variation is intended as the ratio 
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between the initial size determined by CLS at native pH UPW (exactly 243nm at pH 5.58. For 

pigment white 6, and 321nm at pH 5.53 for E171) and the size detected by CLS upon pH 

modification.  Complete PSD of pigment white 6, determined by CLS, at three different pH 

values (C). All measurements were performed at 0.005% wt /vol, after 15 minutes tweet 

sonication. 

 

 

CLS data could also provide a more quantitative sizing of the analysed samples but the 

determination of the accurate particle size distribution requires the knowledge of the density 

and geometry of the actual particles present in the sample. In general, the samples under 

analysis could form aggregates, have non-spherical forms, have different crystalline forms or 

be coated with different molecules. All these factors could affect the density of the material 

and thus give inaccurate values of the PSD determined by CLS. As shown in the Raman 

spectroscopy analysis paragraph, both analytes were mainly composed by the anatase form, 

allowing one possible source of error to be removed. This knowledge allowed the correction 

of the density to the one of anatase (3.78 g/cm3) instead of the rutile one (4.23 g/cm3) as a first 

approximation for the actual density of the material. The use of the rutile density in the 

evaluation of CLS data for two samples would have resulted in a PSD with significantly 

lower mode diameters than those shown in figure 1.B.   

The uncertainties due to the variable densities of aggregates (or functionalization of the 

particle surface or the presence of residues from the matrix, such as starch) is even more 

complex and can be only partially addressed by combining CLS measurements with other 

techniques that can provide an independent measure of the size of particles, such as 

AF4/DLS. 

 

3.4.2 General Methods for Assessing Particle Size Distribution 

 

While the analysis performed by CLS is valuable for performing a general screening of the 

two selected products, it is a non-specific method which cannot distinguish the type of 

particle being detected. In the case where it is necessary to simultaneously determine size and 

chemical nature of a material in dispersion an option is to use hyphenated confirmatory 

methods such as Field Flow Fractionation-DLS with additional off-line ICP-MS [17]. Among 

the broader family of Field Flow Fractionation techniques suitable the two most widely 

applied for nanoparticles separation are represented by Asymmetric Flow-Field Flow 
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Fractionation (AF4) and Sedimentation-Field Flow Fractionation (Sd-FFF), both Sd-FFF and 

AF4 were able to accurately size AgNP in the range 20−100 nm and deal with polydispersed 

samples [18]; AF4 has generally a smaller running time than Sd-FFF and was therefore 

preferred for the purpose of this study.  

 Dispersions of pigment white 6 and E171 products were prepared by dilution from fresh 

stock suspensions, sonicated 15 minutes according to conditions described before and 

immediately injected into the AF4/UV-Vis/DLS system. This set-up has the advantage of 

allowing the fractionation of particles by size, the UV-Vis detector (at 300 nm) allows a 

relatively quick and inexpensive (yet unspecific) detection of particles, while DLS allows on-

line sizing of the fractionated samples [15]. The application of an on-line sizing technique is 

highly recommended over either channel retention time vs. size calibration or solely retention 

theory of Field Flow Fractionation systems to check the quality of separation and to ensure 

the absence of deviations from expected retention times due to the presence of matrix in real-

case samples [19]. Finally, to add specificity to the system, key fractions were collected and 

further analysed by batch ICP-MS to confirm and quantify the titanium content. This 

approach opens a number of options to laboratories that do not have an in-house ICP-MS 

facility, since fractions can be collected and transported to the final analysis place, once their 

stability in dispersion is proved.  

The AF4 elution profile, as described in the method section, was derived on slight 

modification from literature [13]. The chosen eluent (Novachem 0.02%) has a pH of about 7.5 

and should therefore not result into particle agglomeration/aggregation. Collated results from 

all the detectors (UV-Vis, DLS and ICP-MS) are presented in Figure 4: for both products, the 

elution of fractionated particles started at around 15 minutes, as detectable on UV-Vis 

detector signal (black line) and from the ICP-MS determined content of Ti found in the 

specific fractions (green triangles).   The inclusion of the DLS in the hyphenated system 

allowed on-line measurement of the hydrodynamic diameter of the particles as they exit the 

separation channel. This approach appeared to be most reliable choice for particle sizing since 

channel calibration with particles of the same chemical nature of the analyte was not possible 

due to the lack of suitable reference materials. DLS data where filtered based on their count 

rate intensity eliminating points having a too low S/N ratio.  DLS data after fractionation 

show a peak maximum at about 400 nm for E171 and 230 nm for pigment white 6.  In both 

cases AF4/DLS/ICP-MS have produced very broad distributions that are compatible with the 

presence of large agglomerates/aggregates of titanium dioxide as indicated from CLS data 

(Figure 2). As already remarked, CLS is not able to identify the chemical composition of the 
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particles and therefore a more tailored approach was needed to verify the particles as being 

TiO2. ICP-MS chemical analysis of the fractions collected from the main eluted peak 

produced a profile of the titanium content (green triangles in Figure 3). The content of 

titanium in the fractions is visibly following the peak elution confirming that the particles are 

TiO2. As already mentioned, the bigger particles are probably aggregates and agglomerates, 

possibly characterized by having poorly defined non-spherical shapes. This variability in 

shape will impact negatively on the elution behaviour in AF4, the size determination with 

DLS and the mass to number conversion based on ICP-MS titanium content which requires 

calculations based on reliable assumptions about particle density and shape. Considering the 

possible level of error introduced by these limitations, it was not considered relevant to 

attempt to transform any of the presented data to number-based PSD. Titanium recovery was 

52% for E171 and 63% for pigment white 6 determined by comparing the titanium content 

found in the injected volume to the sum of all collected fractions by mean of ICP-MS. Both 

the AF4 fractions and as-dispersed samples were treated in the same way, therefore any 

possible artefact due to sample preparation (including incomplete ionization in the plasma) 

should be cancelled in this relative estimation; therefore a possible reason for this incomplete 

recovery is amenable to a large loss of un-fractionated material in the void peak and/or loss on 

the membrane during separation. It is evident from the fractrogram that in both cases, a 

significant void peak is present at about 5 minutes.  
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Figure 3. AF4 fractionation of pigment white 6 (A) and E171 (B): black line represents UV-

Vis signal acquired at 300 nm, normalized by its maximum intensity (refereed to the left 

axes), green triangles are based on titanium ICP-MS off-line analysis of key fractions and 

indicate the relative mass normalized to the sum of total mass in the fractions (referred to the 

left axes), circles are related to right axes and represent the hydrodynamic diameter measured 

by on-line DLS detector.  

 

 

TEM micrographs (Figure 4) show that both pigment white 6 and E171 are composed of both 

smaller single particles (of diameters mainly in the 100 nm size range) and larger aggregates. 

Two of these aggregates are shown in Figures 4.B and 4.D, for pigment white and E171, 

respectively. The data suggest that many of the apparently larger particles (>200 nm) detected 

by the non-specific DLS are in fact aggregates composed of tightly bound smaller particles. 

TEM data, especially regarding aggregates/agglomerates inspection, can be misleading due to 

formation of artefact during drying process. However the preparative technique used in this 

study, based on the inverted grid-on-a-drop strategy, is expected to diminish the possible 

formation of artefacts. In fact, the NP attachment to the grid is mainly based on charge 
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interaction and the excess of sample is washed away before drying. The use of positively 

charged grids placed above the sample for a short contact time, promotes a homogeneous 

binding of the particles.  

 

 

  

Figure 4. TEM micrographs of E171 (A and B) and pigment white 6 (C and D). 

 

 

3.4.3 Combining CLS and AF4/DLS data 

 

The separation of particles in CLS is a function of size, shape, and density and the 

determination of PSD in CLS critically depends on the exact knowledge of these parameters. 

By combining the size information obtained by AF4/DLS with the CLS data it is possible to 

obtain the apparent density of the samples and of the eventual aggregates present. Comparing 

the AF4/DLS size of 400 nm for E171 with the CLS mode diameter of 350 nm (obtained 

using the anatase density) indicates that the effective density of E171 particles is smaller than 

3.78 g/cm3 with a density value of around 3.5 g/cm3 being a more realistic estimate. This 

reduced density could be due to either the presence of organic coating of the TiO2 particles 

(starch) or to a fractal dimension of the aggregates smaller than 3. In fact, the coalescence 
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fractal sphere model (Sterling et al., 2005) predicts a lower density of aggregates for fractal 

dimensions smaller than 3. In contrast, for pigment white 6 the diameter obtained from CLS 

and AF4/DLS are very close (250 nm and 230 nm, respectively) suggesting that the density 

used in the CLS analysis is appropriate.  

 

3.4.4 Assessment of crystalline state with Raman spectroscopy 

 

Raman spectroscopy is a non-destructive technique that allows fast analysis of real samples, 

including titania, in complex matrices using extremely low sample volumes. In the case of 

titania, Raman spectroscopy allows detecting the chemical nature and crystalline structure 

directly on powders [20] and it has been successfully applied to the analysis of titania 

nanoparticles [21]. The identification of titania crystal structure is important in order to apply 

the correct physical characteristics (density, refractive index) of the particles in methods (like 

CLS) that require calculations based on these parameters. Moreover, titanium oxide particles 

with different crystal structure show different catalytic activity and biological interactions 

(through generation of free radicals). Anatase has higher photocatalytic activity [22] and 

usually higher degree of surface hydroxylation than rutile. Thus, evaluation of the crystal 

form provides additional information about the possible behaviour in a biological system 

contributing to the risk assessment [23]. 

Figure 5 shows the Raman spectra of pigment white 6 and E171, together with Raman spectra 

of rutile and anatase reference materials. The typical spectral fingerprint of anatase (peaks at 

145, 399, 516, 639 cm-1 Raman shift) can be clearly recognized in both products and the 

anatase reference sample. No trace of rutile (bottom line) or of organic components (typically 

expected to appear in the 2800-3000 cm-1 Raman shift range at the C-H stretching vibration 

region) was detected. The unequivocal identification of the crystalline form for the two 

products as anatase allows an assignment of appropriate density values for use in the CLS 

analysis of the uncoated, primary particles, at 3.78 g/cm3 (as opposed to 4.23 g/cm3 for rutile). 
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Figure 5. Raman spectra (from top to bottom) of pigment white 6 (red line), E171 product 

(blue line), anatase reference from Sigma Aldrich (green line) and rutile reference Kronos 

(black line) demonstrates that both products are based on anatase form of titanium dioxide. 

 

 

3.5. Conclusions  

 

In this study two commercially available titanium dioxide products used in the food and 

cosmetic sectors were analysed with a pool of complementary techniques.  

The set of techniques used in this study provide a general strategy for determination of the 

PSD of titanium dioxide products. Simpler and quicker screening techniques, such as CLS, 

can be used to screen and optimize sample preparation protocols. Vial sonication was used for 

sample preparation with the median value of the mass-based PSD being found to decrease 

with increasing sonication time up to 15 minutes. In particular, CLS was shown to be a simple 

and useful (although non-specific) screening technique for rapidly screening the influence of 

changes (such as pH and sonication time) in sample preparation protocols. CLS revealed, for 

both products, a wide particle size distribution having a peak maximum at over 200 nm. Both 

titanium dioxide products showed a negative Z-potential when dispersed in water. Upon 

sonication at acidic pH, detectable particle size increased along with increasing Z-potential, 
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towards 0 mV. More complex methods (AF4 with multi-detectors and TEM) provide 

confirmatory methods with more detailed PSD, while “identity” techniques, such as Raman 

and ICP-MS, gave the unequivocal evidence on the crystalline phase and presence of titania 

in the samples. The more complex AF4 with on-line DLS and off-line ICP-MS allowed in fact 

the identification of titanium dioxide particles with a particle size distribution comparable to 

that obtained by CLS. The evidence provided by TEM micrographs suggest the presence of 

particles in the 100 nm size range and of larger aggregates in the 200 nm to 300 nm size range 

formed by smaller primary particles. Both E171 and pigment white 6 were confirmed to be 

based on anatase according to Raman spectroscopy, thus giving direct evidence of both 

chemical identity and crystalline phase of the samples under investigation. In addition, the 

combination of data from CLS and AF4/DLS gives indication on both the size and density of 

the aggregates present in the samples. 

 

These results highlight the difficulties in determining the PSD of titanium dioxide in complex 

matrices and in particular the challenges associated in detecting the size of primary particles 

in the presence of strongly bound aggregates. The results also show how a combination of 

techniques and a tiered experimental approach can be applied in addressing this challenging 

problem. 
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4.1. Abstract 

 

Titanium dioxide (TiO2) nanoparticles are extensively used in commercial sunscreen lotions 

due to their properties of absorption of UV light and being relatively transparent in the visible 

light region. By combing a size separation technique (based on FFF) with a titanium specific 

quantification (based on ICP-MS) and size measurement (based on dynamic light scattering) 

we were able to measure the amount of titanium dioxide NP present in sunscreens. Our 

technique is flexible enough in making use either of direct coupling of FFF with ICP-MS, or 

by analysing FFF fraction in off-line mode. Our results show that the coupling of FFF with 

ICP-MS (and DLS) allows determining the nanoparticle size distribution in difficult matrices 

such as sunscreen lotions. This approach shows promising in light of the EU legislation for 

cosmetics which requires in the labelling of nanomaterials, i.e. particles in the size range of 1 

to 100 nm. 

 

 

4.2. Introduction 
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Nanotechnology-based products are increasingly being available to consumers in different 

application areas, ranging from paint and inks to food and medicines. In particular, titanium 

dioxide nanoparticles are used as additives in cement and paints to increase self-cleaning 

properties and in the cosmetics sector as ingredients able to block UVa and UVb radiation, 

while being transparent in the visible region. 

As a consequence sunscreen lotions that use titanium dioxide nanoparticles as UV blocker are 

less whitish than those using bulk titanium dioxide and they seem to be preferred by 

consumers:  titanium dioxide nanoparticles have thus found widespread use in the cosmetic 

sector [1]. 

 

The detection and quantification of nanoparticles is a complex issue due to the need to 

combine “classical” identification and quantification of the constituent material, with the 

accurate determination of the size of sub-micrometer objects, usually well below the optical 

diffraction limit. This task is rendered even more difficult when measuring engineered 

nanoparticles embedded in complex matrices (such as cosmetic sunscreens) that contains 

several other ingredients and could potentially contain also natural occurring nanoparticles.  

Nanotechnology-based products (and especially industry-based materials) usually contain 

nanosized objects with a wide heterogeneity of sizes and for their proper characterization it is 

necessary to measure the complete particle size distribution in the complex matrix. One of the 

opening issues in the field is related to the most relevant metrics that should be used to assess 

the effect of nanomaterials on biological systems and the environment. In this respect a quite 

common opinion is emerging that one of the main drivers of the interaction/toxicity is the 

total surface area [2, 3]. Thus, to be able to address this point the number size distribution of 

the particles is the most relevant property that should be determined. In the European Union 

the determination of the number particle size distribution is the main property that should be 

determined in order to classify a material as nanomaterial. This recommended definition of 

what constitute a nanomaterial is finding its way in the legislative process and, for example, 

has become mandatory in the case of cosmetic to report its presence in the product ingredients 

list as of June 2013 (EC Regulation 1223/2009 - Cosmetics Directive [4]). At the moment no 

single technique is able to provide an accurate nanoparticle size distribution, especially in 

complex matrices. In particular asymmetric flow field flow fractionation (AF4) is able to 

separate objects in the 1-300 nm size range, but usually it lacks the ability to specifically 

quantify the presence of inorganic materials at very low detection levels. Detection is done by 

UV which in the case of titania is based on an unspecific range (see figure S1). In this respect 
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ICP-MS provides a very high specificity and sensitivity to accurately measure titanium 

content.  

AF4 can be used to also determine the size of nanoparticles based on the exit time from the 

separation channel, but it requires the use of calibrants and it assumes that no interaction with 

the semipermeable membrane takes place [5].   Dynamic light scattering (DLS) can easily 

measure the size of objects in the 1nm to 1um range without the need of any calibration or 

calibrating standards, but it is not able to accurately measure the particle size distribution of 

samples containing particles of different sizes [6]. On the other hand, DLS is very well suited 

for measuring the size of monodispersed samples, such as those that have been previously 

size-separated by techniques such as AF4. 

In this work by combining AF4 separation with DLS on-line and ICP-MS detection we were 

able to determine and quantify the particle size distribution of titanium dioxide nanoparticles 

in a very complex matrix, such as sunscreen lotion. 

 

 

4.3. Materials and Methods 

 

4.3.1 Sample preparation 

 

The sunscreen lotion used in this study was prepared by AHAVA company. To evaluate the 

effect of the matrix components on the fractionation process, two samples were provided: i) 

control sample, a lotion lacking UV blockers and ii) P25 sample, a lotion with identical 

composition with the addition of  Aeroxide P25 titania nanoparticles (Evonik Industries). For 

AF4 analysis, fluidification of the samples is required. Lotions were dispersed in 0.5% 

TEGO® Care 450 (polyglyceryl-3 methylglucose distearate, Evonik Industries) at a final 

concentration of 5 mg/mL. Samples were homogenized by tweet sonication during 3 minutes 

at 70% amplitude and half cycle frequency, immediately before injection.  

 

4.3.2 Asymmetric Flow Field Fractionation and Dynamic Light Scattering 

size measurement 
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An AF4 system (Postnova Analytics) coupled to UV and DLS detectors was used for particle 

size separation, detection and size determination, respectively. The elution method used a 280 

mm long separation channel, with a 350 µm spacer and a 10 kDa cut off membrane of 

regenerated cellulose and a 50 µL injection loop were used. A solution of 0.01% Novachem 

(Postnova Analitics) in water, freshly prepared and degassed each day, was used as carrier. 

All samples were analysed under the following elution conditions: 0.5 mL/min injection flow; 

0.2 mL/min tip flow for 5 min; 1.3 mL/min focus flow; and a linear decrease of the cross flow 

from 1 to 0 mL/min over 30 minutes followed by 10 minutes of steady flow. The UV detector 

was set at 250 nm, considering the low specificity of the LSPR titania band. Fractions of 1 

mL, representing 2 minutes of elution, were individually collected for ICP-MS analysis (off-

line).  

 

4.3.3 ICP-MS analysis 

 

An Agilent 7700x ICP-MS system (Agilent Technologies, Santa Clara, USA) equipped with 

quartz nebulizer and a Scott spray chamber was used for the off-line determination of the 

content of titanium in collected fractions. The ICP-MS was operated in spectrum mode using 

a He octopole collision cell. Scandium was used as an internal standard. Key parameters used 

are shown in table 1. For off-line analysis of eluent fractions by ICP-MS each sample was 

spiked with a known quantity of scandium as an internal reference standard up to a final 

scandium concentration of 10µg/L. Calibrated was performed using appropriate ionic titanium 

standard diluted in the AF4 eluent. A 5 point calibration curve was generated using eluent 

solution with the addition of titanium standard at the following concentration: 0, 0.1, 1, 10, 

100 µg/L. Quantification of the titanium by the ICP-MS was based on the count ratio 47Ti / 

45Sc.  

 

 

Table 1. Parameters used for ICP-MS instrument in He mode. 

 

Parameter Details 

RF-Power 1550 w 
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Reflected- matching 1.80 V 

Sample Depth 8 mm  

Carrier Gas type Argon (99,999%) 

Carrier Gas  0.85 L/min 

Dilution Gas  0.30 L/min 

Cell He Flow 4.3 mL/min 

Cell Stabilization time  40 sec 

Nebuliser type 

Nebuliser flow rate  

MicroMist (quartz) 

 0.35 ml/min 

Spray Chamber Scott (quartz) 

Scan mode and Resolution Spectrum mode 

Integration Time 0.3 sec 

Monitored masses Titanium (47, 48)  

Scandium (45)  

 

 

For the on-line AF4/DLS/CP-MS set-up, the ICP-MS was connected to the AF4/DLS and 

operated in time resolved acquisition mode. The connection to the ICP-MS was realised after 

the DLS; the flow was regulated by the AF4 being set-up at 0.5 mL/min. The ICP-MS 

peristaltic pump was at 0.1 rpm, corresponding to a flow of 0.3 mL/min. The connection was 

realised via a T-connector that allowed the excess of carrier to go to waste. The peristaltic 

flow was monitored using a flow meter during each run. This experimental setup is still not 

very common and at the moment there is no commercially-available kit for a direct physical 

connection between the two instruments. To this end we have developed such a connection 

using off-the-shelf parts. In our setting we are using an additional three-way switching valve 

after the AF4 separation for the intensity calibration of the on-line ICP/MS detector and an 

additional reference standard for flow monitoring. Calibration was performed in a spectrum 

mode by mean of Ti standards in the range 1-100 ng Ti/mL. Scandium was added on line 

using the ICP-MS peristaltic pump before the nebuliser. 
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4.3.4 TEM imaging 

 

Aliquots of the eluted fractions were reserved for TEM analysis. For confirmation of 

nanoparticle presence, fractions where a maximum UV signal was detected were spotted in C-

Cu grids. Images were acquired using a JEOL JEM 2100 TEM microscope at 200 KeV. TEM 

images also gave an idea of the particles size and aggregation/agglomeration state. 

 

 

4.4. Results 

 

4.4.1 Experimental setup 

 

Lotions, with and without titania nanoparticles were sequentially analyzed by AF4/DLS/ICP-

MS. A first separation step performed in the AF4 instrument allowed the size separation of all 

sample components while the particle size determination was carried on by DLS in real-time. 

Finally, the identification and quantification of the particles material was performed by ICP-

MS. To compare the performance of the hyphenized quantification system, ICP-MS was used 

both on- and off-line. The process workflow is schematized in figure 1.  

 

 

Figure 1. Experimental setup showing the analytical protocol for characterization of 

nanoparticles in sunscreens. Sequentially, size separation, size measurement and chemical 

identification/quantification are performed by AF4, DLS and ICP-MS, respectively.  

 

 

4.4.2 AF4/DLS size measurement  
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P25 samples, were analysed by on-line AF4/UV-Vis/DLS. Figure 2.A represents the UV 

signal at 250 nm (sensitive to titanium dioxide nanoparticles): it shows an apparently bimodal 

distribution of the sample exiting the AF4 separation column with absorption peaks at 8 and 

16 minutes. Figure 2.B represents the corresponding DLS data, showing the intensity of the 

signal (counts per second), and the hydrodynamic diameter (Z-average). The data indicate that 

the sample contain a significant quantity of nanoparticles with a hydrodynamic diameter 

between 50 and 200 nm. Control samples were analysed using the same protocol (Figure 3). 

Analysis of both the UV-Vis and the DLS signals, indicate that the measurements with this 

simple sample preparation are not reproducible 

 

 

 

 

 

 

Figure 2. On-line AF4/UV-Vis/DLS analysis of the P25 sample, in duplicate. AF4 elutions 

were evaluated in real time by A) UV-Vis, showing the adsorption signal recorded at 250nm 

A 

P25 sample R2 (Z-average) 
P25 sample R2 (Intensity) P25 sample R1 (Intensity) 

P25 sample R1 (Z-average) 

B 
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and B) DLS, showing the particles diameter (Z-average in nm) and signal intensity (in counts 

per second).  

 

 

 

 

 

 

 

 

Figure 3. On-line AF4/UV-Vis/DLS analysis of the control sample, in duplicate. AF4 

elutions were evaluated in real time by A) UV-Vis, showing the adsorption signal recorded at 

250nm and B) DLS, showing the particles diameter (Z-average in nm) and signal intensity (in 

counts per second). 

 

 

A 

Control sample R2 (Z-average) 
Control sample R2 (Intensity) Control sample R1 (Intensity) 

Control sample R1 (Z-average) 

B 
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4.4.3  Off-line ICP-MS analysis 

 

Inconclusive AF4/DLS data was checked by additional particle identification and 

quantification methods. Off-line ICP-MS analysis of the collected fractions, both from control 

samples and from P25 samples was performed. ICP-MS analysis revealed the presence of 

titanium in the P25 sample fractions recovered from AF4 (Figure 4.A). Higher content was 

detected essentially where DLS particle size measurements were consistently more intense. A 

concentration of around 7µg/L was detected in the spiked sample (P25), while no signal was 

recorded for the control sample, as expected. The declared concentration of aeroxide P25 in 

the spiked sample was 1%. Considering that the cream was diluted 800 times before injection 

and that the NP were eluted with 20mL of solvent, we would expect to detect near 1.25 mg/L. 

However, the channel recovery was determined to be 53% (data not shown), meaning an 

expected concentration of 33 µg/L. Even considering the 40% sample loss between DLS and 

AF4, 19.8 µg/L recovery would be expected. In addition, previous tests showed that ICP-MS 

analysis of not digested titania NP samples have recoveries in the range of 50% (see 

“Quantification of total titanium content” section in SI). With such consideration, the detected 

concentration of 7 µg/L is close to the expected 9.9 µg/L concentration. 

A formulation identical to the sunscreen with no titania added (control sample) was also 

analysed (figure 4.B). Although DLS measurements revealed a particle size distribution of 

100 nm, in average, ICP-MS confirmed Ti absence in the sample fractions. Unfortunately 

DLS is not a reliable method for formulations containing fatty acids. The micelles formed 

during the sample preparation (i.e. sonication) are detectable by DLS even when the protocol 

is optimized for titania determination. Regardless of this size determination limits, online 

DLS data confirmed the presence of particles of increasing size as a function of exit time from 

the separation AF4 channel. This data is in agreement with those obtained with ICP-MS in 

off-line mode. 
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Figure 4. Analysis of eluted A) spiked sunscreen and B) blank cream by off-line ICP-MS. 

DLS data acquired on-line was aligned with ICP-MS data by elution time. 

 

 

TEM imaging 

 

TEM verification of the P25 sample fraction was performed in fractions were higher UV-Vis 

and DLS signal were recorded. Images revealed presence of variable sized agglomerates. 

Primary particle size was found to be around 20-30 nm. TEM data supports the limitation of 

both AF4/DLS and ICP-MS in determining the dispersion state of the sample. 

 

A 

B 
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Figure 5. TEM images of P25 sample fractions. 

 

 

Comparison of online / offline ICP-MS quantification 

 

Comparison of on-line and off-line ICP-MS analysis showed very satisfying. Similarly to the 

off-line ICP-MS analysis, on-line analysis revealed the presence of Ti in the same 

concentration range. It was remarkable to see the range of titanium content for the AF4-

separated nanoparticles showing a similar range, in on- and off-line mode, in the range 1.5 to 

7 µg/L.The absence of titanium in the blank is confirmed by the on-line approach as well as the presence of 

titanium dioxide in the spiked cream.  Recorded concentration also showed to be reproducible. It is 

interesting to notice that the noise of the measurement increases with elution time and therefore with size: since 

the particles are not digested, their size increases along with the elution time, the heterogeneous composition of 

the analysed fraction (solvent- TiO2 particles) is probably causing an increase of the noise after 40 minutes.  

The possibility to analyse the Ti content in real time and with no need for further sample 

manipulation decreases the overall analysis time, error and cost . The fact that the data is 

comparable also allows the samples to be shipped for analysis, in case an ICP-MS is not 

available in house. 
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Figure 6. Quantification of titanium in eluted samples by off-line (A and B) on-line (C) ICP-

MS analysis. 

 

 

4.5. Conclusions 

 

Cosmetics legislation raises the need for routine characterization methods although the 

evaluation of NP-containing creams is complex due to the complexity of its matrix.  

AF4/DLS assessment of NP in commercial products has been reported but we show the 

inaptitude of this method to analyse materials rich in fatty acids and with unspecific 

adsorption wavelengths. When non-metallic particles are evaluated, and therefore no specific 

LSPR exists, UV-Vis is clearly not a useful technique. Our results suggest that also DLS is 

not suited to address the challenge of measuring nanoparticles in fatty creams. Micelles 

formed during sample preparation show a strict size range near 100 nm which mimics real NP 

in non-spiked creams and misreports the size of real NP. The use of ICP-MS solved the 

problem of false-positive particle detection and sizing reported by DLS. Moreover, we show 

the robustness of the ICP-MS in quantifying titanium in on-line mode. Although ICP-MS 

analysis of non-digested samples has losses in the order of 50%, the sensitivity of the method 

is enough to quantify creams spiked with as little as 1% TiO2 NP.   

Several issues remain to be solved, such as how to move from the previous results to a 

number-based particle size distribution as requested by the EC definition. Another problem 

that needs to be addressed is the determination of the dispersion state of the sample (revealed 

here by TEM).  
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We believe that this can be addressed by additional size measurement techniques. Single 

particle ICP-MS is a feasible alternative for particle sizing, although it does not give 

information on sample dispersion. A simpler approach is the off-line analysis of size 

distribution by CLS. Furthermore, sample preparation method should be improved in order to 

mitigate micelle formation. 

 

 

4.6. Supporting information 

 

4.6.1 I – Absorbance behaviour of titania materials 

 

 

 

Figure S1. Comparison of the optical behaviour of ultrafine TiO2 and pigmentary TiO2.. 

(information from Kemira Pigments Oy) 

 

 

4.6.2 II - Quantification of total titanium content  

 

The standard procedure to measure the total content of titanium dioxide with ICP-MS 

involves the microwave digestion of the sample after incubation with a mixture of nitric acid, 

hydrogen peroxide, and hydrofluoric acid. To assess the performance of this quantification 

step we measured the recovery rates of a titanium dioxide nanoparticle sample (around 60 nm 

in size) spiked into two simple matrices (MilliQ water and MQ water with 0.02% SDS). 

The following figure shows the results of three replicates of digested and not-digested spiked 

samples. 
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Figure S2. Plot of Ti recovery percentages, determined by ICP-MS, of TiO2 NP dispersed in 

Milli Q water (MQ) or 2% SDS upon strong acidic digestion (digestion) or simple dilution 

(not digested). 

 

The data indicate that:  

Strong acidic and fluoride attack and digestion of Titanium increase the recovery rate.   

There is a risk of contamination and “memory-effect” in the digestion process, as the special 

Teflon-made vials (needed for the fluoride attack) are very expensive and very difficult to 

clean.  

We tried to develop an alternative digestion protocol using disposable tubes and milder 

digestion step on hot block. The light digestion protocol illustrated below allows the use of 

disposable tubes and avoids the risk of fraction contamination during preparation. It must be 

noticed that this risk is high due to the small concentration of the titanium in the fractions.  

 

Figure S3. Comparison of protocols for ICP-MS analysis. 

 

The comparison of the two methods (light and strong digestions) are given below and indicate 

that, while the strong digestion produced a recovery of 103% in SDS and 89% in water on 
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average, the light digestion recovery was below 50% and therefore does not represent a 

valuable alternative to microwave digestion since it is no better than simple dilution.   
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5.1. Abstract 

 

We demonstrate the use of inverse supercritical carbon dioxide (scCO2) extraction as a novel 

method of sample preparation for the analysis of complex nanoparticle-containing samples, in 

our case a model sunscreen agent with titanium dioxide nanoparticles. The sample was 

prepared for analysis in a simplified process using a lab scale supercritical fluid extraction 

system. The residual material was easily dispersed in an aqueous solution and analyzed by 

Asymmetrical Flow Field-Flow Fractionation (AF4) hyphenated with UV- and Multi-Angle 

Light Scattering detection. The obtained results allowed an unambiguous determination of the 

presence of nanoparticles within the sample, with almost no background from the matrix 

itself, and showed that the size distribution of the nanoparticles is essentially maintained. 
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These results are especially relevant in view of recently introduced regulatory requirements 

concerning the labelling of nanoparticle-containing products. The novel sample preparation 

method is potentially applicable to commercial sunscreens or other emulsion-based cosmetic 

products and has important ecological advantages over currently used sample preparation 

techniques involving organic solvents. 

Keywords: sample preparation; supercritical carbon dioxide; nanoparticle separation; inverse 

supercritical fluid extraction; field flow fractionation. 

 

 

5.2. Introduction  

 

Today, a growing number of consumer products make use of the unique physical and 

chemical properties of nanomaterials. As the number of such products increases, the ability to 

thoroughly characterize their properties and functionality becomes critical. In particular, the 

recent regulatory efforts concerning the labeling of nanoparticle-containing consumer 

products, e.g., the EU regulations on cosmetics [1] and food [2], call for the development of 

simple and robust sample preparation protocols enabling a reliable detection and 

quantification of nanoparticulate ingredients in complex matrices [3–5]. This problem is 

especially challenging in case of emulsion-based consumer products such as cosmetics, which 

often consist of complex multicomponent matrices [6]. Commercially available sunscreen 

formulations for example usually contain more than 20 ingredients with different functions 

and physicochemical properties. Moreover, such viscous samples cannot be directly injected 

into an analytical system, and need to be liquefied prior to analysis. Commonly applied 

sample preparation protocols include chemical treatments using organic solvents [7–11]. Such 

complex processes are both time-consuming and have a considerable environmental impact 

due to the extensive use of organic solvents of which many are ecologically harmful [12–14]. 

The generalization and simplification of sample preparation workflows, as well as the reduced 

usage of organic solvents, is therefore likely to have a significant impact on the utility of 

analyses of nanoparticle-containing samples.  

To this end, we herein report the use of inverse supercritical fluid extraction (inverse SFE) 

[14–18], a more ecological and simpler sample preparation method based on the use of 

supercritical fluids. For our application we selected supercritical carbon dioxide (scCO2), as 

many of the chemical excipients found in large numbers in emulsion-based cosmetic products 
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are of a fatty and non-polar nature and therefore exhibit a high solubility in CO2. Furthermore, 

scCO2 is chemically inert [18], nontoxic, nonflammable [19], and it is well-known for its 

application in SFE processes, where it is commonly used to extract small and/or non-polar 

molecules from natural materials under very mild conditions [20–23]. Besides the extraction 

of essential oils from herbs and spices [24,25], the most prominent application of SFE is the 

removal of caffeine from coffee beans [26,27]. The process has also been employed for the 

extraction and analysis of antioxidants, preservatives and sunscreen agents in cosmetics 

[28,29]. In these applications, however, the SFE is used to dissolve and extract the analyte 

from the matrix. In this work, inverse SFE is used as a sample treatment to simplify the 

matrix by removing unwanted components, thus keeping the target nanomaterials in the 

residual sample. Inverse SFE has also been studied for over twenty years. To date, it has 

primarily been used for the isolation of non-polar pharmaceutical formulations from polar 

analytes [14,16,17] and not for the pre-treatment of nanoparticle-containing samples. The 

minimal surface tension, low viscosities and gas-like diffusivities of scCO2 allow for 

thorough sample penetration whilst maintaining the structure of the residual material [14]. 

Once the sample treatment is completed, the CO2 is simply removed by lowering the pressure 

to below the critical threshold and returning to ambient conditions. The remaining material 

consists of the polar components (thickening agents) along with the nanoparticles that 

accordingly, can easily be rewet and subsequent dispersed in a direct manner. To demonstrate 

the potential utility of such a sample preparation process in the analysis of nanoparticle 

containing sunscreens, we integrated the scCO2 treatment with Asymmetrical Flow Field-

Flow Fractionation (AF4) hyphenated with UV and Multi-Angle Light Scattering (MALS) 

detection, and tested the method with a model sunscreen sample. The obtained findings were 

verified by Scanning Transmission Electron Microscopy (STEM) and Energy-Dispersive X-

ray (EDX) analysis. Although the method is demonstrated using a model sunscreen matrix, 

we expect it to be applicable to commercial sunscreens or other emulsion-based cosmetic 

products, which include fatty additives with a high solubility in scCO2.  

 

 

5.3. Materials and Methods 

 

5.3.1 Chemicals 
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5.3.1.1  Titanium dioxide nanoparticle samples 

 

A titanium dioxide (TiO2) -nanoparticle dispersion, AERODISP® W 740 X (40 % w/w, 

EVONIK Industries, Hanau, Germany) was diluted with ultrapure water (MilliQ, Billerica, 

USA). This was followed by addition of 0.2% (v/v) NovaChem (Postnova Analytics GmbH, 

Landsberg, Germany) to yield a final particle concentration of 0.2 mg / mL. NovaChem is a 

mixture of non-ionic and ionic detergents that helps to prevent particle agglomeration. Prior to 

analysis, the sample was placed in an ultrasonic bath (Sonorex Digital 10 P, Bandelin, Berlin, 

Germany) and sonicated at maximum power (320 W, 35 kHz) for 30 minutes to further 

reduce eventual particle agglomerates. 

 

5.3.1.2  Model sunscreens 

 

The novel sample preparation method was tested on two complex sunscreen model samples, 

one with and one without nanoparticles. The creams were produced separately, although both 

consisted of the following excipients: Avicel® PC611 (FMC Biopolymer, Brussels, Belgium), 

glycerin (Thai Oleochemicals Limited, Bangkok, Thailand), KELTROL® T (Bronson & 

Jacobs Pty Ltd, Villawood, NSW, Australia), potassium sorbate (APAC Chemical Corp., 

Arcadia, CA, USA) and ultrapure water (MilliQ, Billerica, USA) in the water phase and 

Antaron™ V216 (ISP Ltd., Tadworth, UK), Arlacel™ 165 (JEEN, Fairfield, NJ, USA), 

capric/caprilic triglycerine (HENKEL KGaA, Düsseldorf, Germany), cyclomethiocone 

(Momentive Amer Ind., Waterford, NY, USA), Emulsiphos® (Symrise, Holzminden, 

Germany), isostearyl isostearate (UNIQEMA Corp., New Castle, DE, USA), octyl palmitate 

(Eigenmann & Veronelli, Milano, Italy), stearyl alcohol (Temix International, Milano, Italy), 

TEGO® Care 450 (EVONIK Industries, Essen, Germany), Finsolv® TN (Innospec, 

Englewood, CO, USA) and tocopheryl acetate (BASF SE, Ludwigshafen, Germany) in the oil 

phase. Both phases were mixed independently for 15 minutes using a L4R Mixer (Silverson 

Machines Inc., East Longmeadow, MA, USA) at 6000 rpm before they were homogenized 

together for another 15 minutes using again the L4R at 6000 rpm. In the last step, Dow 

Corning® 1503 (Dow Corning Corporation, Midland, MI, USA), Euxyl® PE 9010 (Schülke 

& Mayr GmbH, Norderstedt, Germany) and 12.5 % w/w of a AERODISP® W 740 X TiO2 

nanoparticle dispersion (40% w/w, EVONIK Industries, Essen, Germany) were added to one 
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cream, resulting in a TiO2 particle concentration of 5.0 % w/w, a concentration typically 

found in commercial sunscreens [9,30]. In the blank cream, the AERODISP® nanoparticles 

were replaced with corresponding amounts of ultrapure water (MilliQ, Billerica, USA). Both 

creams were homogenized again for 5 minutes at 4000 rpm, before they were filled into tubes 

and stored at room temperature. 

 

5.3.2 Sample treatment 

 

5.3.2.1  Extraction equipment 

 

Extraction was performed using a lab scale supercritical fluid extraction system (Lab SFE 

100ml, Separex, Champigneulles, France). The system was equipped with a high-pressure 

CO2 pump, a pressure/flow regulating system, and a horizontally mounted 100 ml extraction 

vessel housed in a thermostated oven.  

 

5.3.2.2  Supercritical CO2 sample treatment 

 

The model sunscreen (Figure 1A) was placed on a Teflon cartridge surrounded by a stainless 

steel holder (Figure 1B). The Teflon part contained a small recess resulting in a cavity with 

dimensions of 60 x 10 x 0.2 mm. To ensure that a reproducible sample volume was assayed, 

excess sunscreen was removed each time using a spatula. The Teflon cartridge was then 

removed from its holder (Figure 1C) and placed in the extraction vessel (100 mL, Separex, 

Champigneulles, France). The sample was then subjected to a constant scCO2 flow of 100 

g/min for 30 minutes at 40° C and 131 bars. The optimum parameters were selected by 

performing a series of measurements with varying processing times, temperatures and 

pressures. Less aggressive conditions (such as shorter processing times, lower temperatures 

and lower pressures) resulted in reduced extraction efficiencies of the fatty components, 

leading to reduced solubility in water, whilst harsher conditions led to more extensive particle 

aggregation and reduced reproducibility.  The treated sample (Figure 1D) was then removed 

from the cartridge (Figure 1E) and dissolved in ultrapure water (MilliQ, Billerica, USA), to 

which 0.2% (v/v) NovaChem (Postnova Analytics GmbH, Landsberg am Lech, Germany) 
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was added until a concentration of less than 0.2 mg TiO2 (related to a recovery of 100%) per 

mL of solvent (Figure 1F). Sample dilution is necessary to prevent overloading effects, which 

cause peak shifts and further advanced particle aggregation. Extractions for both creams (with 

and without nanoparticles) were performed in triplicate. 

 

Figure 1. Model sunscreen at different stages before (A – C) and after (D – F) the 

supercritical CO2 treatment. Scale bars are 25 mm. (A) The cream after being freshly 

dispensed from the tube. (B) Cream after deposition on the Teflon cartridge, held within the 

stainless steel holder. Excess cream is removed with a spatula to ensure a reproducible sample 

amount. (C) Teflon cartridge after being removed from the holder. The left side shows the 

handle of the cartridge, while the right (slightly shinier) side is the untreated, deposited cream. 

(D) After being processed by supercritical CO2, the residual material has a darker, slightly 

beige color. (E) The sample is scraped off from the cartridge and stored in a plastic tube. (F) 

Before being processed by hyphenated AF4-UV-MALS, the residual material is re-dispersed 

in 0.2 % NovaChem solution. 

 

 

5.3.3 Multi-detector asymmetrical flow field-flow fractionation 

5.3.3.1  Instrumentation and carrier liquid 

 

Sunscreen samples were analyzed using a commercially available AF4 system (AF2000 MF, 

Postnova Analytics GmbH (PN), Landsberg am Lech, Germany) incorporating an 

autosampler (PN5300), channel thermostat (PN4020), UV (PN3211) and Multi-Angle Light 

Scattering MALS (PN3621, 21 angles) detectors. The storage temperature in the autosampler 
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was set to 4°C and the channel thermostat was set to 25°C. UV detection was performed at 

254 nm and the MALS detector provided the gyration radius of the particles exiting the AF4 

separation cartridge (calculated with random coil model). The eluent was prepared using 

filtrated ultrapure water (MilliQ, Billerica, USA), to which 0.2 % (v/v) filtered NovaChem 

(Postnova Analytics GmbH, Landsberg am Lech, Germany) was added. An analytical AF4 

cartridge (S-AF4-CHA-611) incorporating a 10 kDa regenerated cellulose membrane (Z-

AF4_MM-612-10KD) and a 350 µm thick Mylar spacer was used for all measurements and 

the injection volume was always set to 20 µl. Separations and analysis were performed in 

triplicates for each of the sample. In order to compensate the baseline drifts, the UV data was 

corrected by subtracting a blank run signal measured after an injection of pure eluent. Data 

acquisition and MALS calculations were performed using the AF2000 Control Unit software 

(Postnova Analytics GmbH, Landsberg am Lech, Germany) and further evaluations (such as 

curve normalization) were performed using OriginPro 2015 (OriginLab Corporation, USA).  

 

5.3.3.2  Elution profile 

An optimized focusing and elution method was developed to ensure reproducible analysis. 

The focusing step of the selected elution profile was commenced with a 7 minute long 

injection flow of 0.2 mL/min and with a cross-flow of 1.4 mL/min. After a 30 second long 

transition time, elution started with a constant cross-flow of 1.4 mL/min for an additional 5 

minutes, followed by an exponentially decreasing crossflow (exponent: 0.2), reaching a final 

value of 0.1 mL/min after 40 min, which was then maintained for 25 minutes. To ensure a 

stable signal, the detector flow rate was maintained at 0.5 mL/min, with the other flows 

adjusted accordingly. 

 

5.3.4 Recovery rate and limit of detection/quantification 

 

In addition to the size determination by MALS, quantitative data about the recovery of TiO2 

was gathered by measuring the area under the curve of the UV detector signal. With eight 

injections of different amounts of the pure AERODISP dispersion over 1.5 orders of 

magnitude, a value of 642.0 A.U. per µg TiO2 was determined (Intercept: 0.58 (SE: 1.20), 

Slope: 642.01 (SE: 9.89), adj. R2 of 0.998). To further focus on nanoparticulate TiO2 and 

particles in the smaller sub-micron regime, a time range of 15 to 50 minutes of elution time 

was selected, corresponding to particles having their radius of gyration roughly between 20 
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and 160 nm. For the pure AERODIPS dispersion only 89.4 ± 3.6% (n = 3) of its content was 

measured in that time frame. This results in an expected signal of 574.0 ± 23.2 A.U. for this 

time frame per injected µg of TiO2.  

To only measure the TiO2-related UV-absorption of our samples, a blank run with pure eluent 

was subtracted from the AERODISP run, whereas the separation of a nanoparticle-free 

sunscreen was subtracted from the runs with the nanoparticle-containing sunscreens. The 

recovery rate was then calculated based on the expected absorption corresponding to the 

amount of sunscreen originally deposited on the Teflon cartridge.  

Determination of the signal-to-noise (S/N-) ratio was performed by comparing measured 

signals from the nanoparticle-containing sunscreens with those of nanoparticle-free cream 

samples (blank eluent runs were subtracted from both) and establishing the minimum 

concentration at which the analyte can be reliably detected. To mainly focus on 

nanoparticulate TiO2, a fraction with an elution time between 15 and 35 minutes was selected, 

corresponding to particles having their radius of gyration roughly between 20 and 60 nm. A 

S/N-ratio of 3 is used for the limit of detection (LOD) and a S/N-ratio of 10 is used for the 

limit of quantification (LOQ).  

 

5.3.5 Electron Microscopy 

 

A droplet of sample was deposited on a copper grid covered by a thin carbon layer. The pure 

nanoparticle dispersion was then observed using a Transmission Electron Microscope 

(CM200 TEM, Philips, Eindhoven, The Netherlands). The scCO2 treated samples were 

further analyzed with a Scanning Electron Transmission Microscope (Talos F200X, FEI, 

Hillsboro, OR, USA) equipped with an X-FEG and a Super-X EDS system for spectroscopic 

mapping.  

 

 

5.4. Results and discussion 

 

5.4.1 Hyphenated AF4-UV-MALS measurement 
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Figure 2. Elugrams of the model sunscreens with and without nanoparticles. The black solid 

line reports the analysis of the re-suspension of the scCO2 treated sample with 5 % TiO2 

nanoparticles. A wide peak, indicating particles with a broad size distribution and hence 

eluting over an extended separation period, is evident. For the nanoparticle-free sample (black 

dotted line, also treated with scCO2), no significant signal is detected over the complete 

separation cycle.   

 

After sonication, the re-dispersed samples were directly injected into the AF4 system. As 

shown in Figure 2, the resulting UV curve allows an unambiguous distinction between the 

cream that contains nanoparticles (solid black line) and the nanoparticle-free sample (dotted 

black line). To investigate whether the sample preparation method induces a change in the 

size distribution of the nanoparticles, we compared the elugram and MALS data from a 

diluted dispersion of the pure AERODISP® nanoparticles to those obtained from the cream 

with nanoparticles after scCO2 treatment and resuspension. To remove possible matrix 

effects, the UV signal of the scCO2 treated blank cream was subtracted from that of the spiked 

cream. The resulting comparison (Error! Reference source not found.) shows that the 

original nanoparticle dispersion (dashed black line) elutes slightly earlier and with a narrower 

peak profile than the scCO2-treated counterparts (gray band). At peak-maximum of the UV 

curve, this corresponded to an increase in radius of gyration from 32.9 nm (SD: 0.3 nm) in the 

pure dispersion to 34.0 nm (SD: 1.2 nm) in the scCO2-treated model cream. Beside the slight 

shift of the UV peak, the main difference between the signal of the treated and the untreated 

nanoparticles are some large agglomerates with gyration radii in the range of several hundred 

nanometers (mainly between 40 and 60 minutes), that were observed in the scCO2-treated 

sample only. It is known that the presence of organic acids can diminish the suspension 

stability of TiO2 nanoparticles [31] and that such acids can be formed in the presence of water 

and scCO2 [32]. However, it is also possible that the agglomeration occurred during one of 
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the preceding steps in the sample life cycle (manufacturing/homogenization or storage) and is 

not necessarily due to the scCO2 sample treatment. The particle radii of gyration extracted 

from the MALS measurements of the three scCO2 treated samples are all within the red band 

in Error! Reference source not found. and, considering the expected measurement 

uncertainty, are consistent with the data from the pure AERODISP® nanoparticles (red 

dashed line). This confirms that the scCO2 treatment does not have a significant impact on the 

overall relationship between size and elution time, indicating that the interaction between the 

particles and the membrane/eluent has not been significantly altered.  

 

Figure 3. UV curves (black) and MALS measurements (red) of the pure nanoparticle 

dispersion and the scCO2 processed model sunscreen with nanoparticles. For both 

measurements, the dashed lines represent the data from pure AERODISP dispersion, whereas 

the data from triplicate measurements of the scCO2 treated samples are combined in a band. 

The UV signal of the AERODISP nanoparticle dispersion elutes slightly earlier and with a 

narrower peak profile than the scCO2-treated counterparts. Besides this, the main difference 

between the measurements is the presence of large agglomerates in the treated samples, 

having gyration radii in the range of several hundred nanometers (mainly between 40 and 60 

minutes). Such agglomerates might occur during the sample pre-treatment or during one of 

the preceding steps in the sample life cycle.  

 

 

5.4.2 Electron microscopy and particle analysis 

 

To confirm that the detected signal in the processed model sunscreen originates from titanium 

dioxide nanoparticles, a sample fraction (taken at the maximum of the UV-peak) was further 

investigated using Transmission Electron Microscopy (TEM). Figure 4A shows titanium 

dioxide nanoparticles from a diluted AERODISP® W 740 X TiO2 dispersion. The 
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nanoparticles have a distinct, particle-like morphology with a relatively broad size distribution 

consistent with the data obtained from MALS. The contrast between the particles and the 

amorphous carbon sample grid is strong and allows for easy imaging using classical TEM. 

The nanoparticles that remain after the scCO2 sample treatment however could not be imaged 

with classical TEM, likely due to remaining water-soluble cream-components significantly 

decreasing the overall contrast. Using an Energy-Dispersive X-ray (EDX) detector, we 

specifically mapped the sample for the spectroscopic signal of titanium (Figure 4B). Further 

mapping for the oxygen content resulted in an overlapping signal (Figure 4C), confirming the 

presence of TiO2. While the titanium mapping shows a distinctive particle boundary, the 

oxygen signal appears to be more diffuse, extending beyond the particles. This may partially 

originate from polar organic materials in the cream that remain after the scCO2 extraction 

process. However, the main contribution to this background signal in the oxygen map is 

caused by the thin carbon-layer of the TEM grid, which is slightly oxidizing under ambient air 

conditions. This is a known contamination that cannot be prevented in a simple manner. To 

retrieve the morphological form of the scCO2-treated particles, a High-Angle Annular Dark-

Field (HAADF) detector was used, which is especially sensitive towards elements with a high 

atomic number. Employing this detector with the Scanning Transmission Electron 

Microscope (STEM) for imaging, the particles could be imaged as shown in Figure 4D. An 

overlay of both EDX-maps and the HAADF-image (Figure 4E) therefore confirmed that the 

particles detected in the processed sunscreen are indeed titanium dioxide nanoparticles, and 

that their morphological structure is preserved throughout the analytical procedure.  

 

 

 

Figure 4. Transmission electron microscopy images of the untreated suspension (A) and 

STEM-EDX chemical mapping as well as HAADF images of the scCO2-treated TiO2 
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nanoparticles (B-E). Scale bars are 50 nm. (A) TEM micrograph of the diluted AERODISP 

dispersion, indicating a broad particle size distribution. The STEM-EDX maps show the 

elemental content of (B) titanium and (C) oxygen. (D) STEM image of the scCO2-treated 

nanoparticles, taken with a high-angle annular dark field (HAADF) detector. (E) Overlay of 

the STEM-EDX maps of oxygen and titanium with the STEM-HAADF image of the same 

section. The precise overlay clearly demonstrates that the nanoparticles are indeed titanium 

dioxide nanoparticles. The main contribution to the background signal in the oxygen map is 

caused by the thin carbon-layer of the TEM grid, which is slightly oxidizing under ambient air 

conditions.  

 

5.4.3 Recovery rate and limit of detection/quantification 

 

For the evaluation of the recovery rate, the eluting TiO2 of the three scCO2-treated samples 

with nanoparticles was quantified using the conditions described in the Experimental section. 

The percentage recovery based on the mass of cream deposited on the cartridge, the dilution 

of the sample during resuspension and the total injection amount at the separation, was 

calculated. Recoveries (n = 3) of the three samples were 51.2 ± 2.1 %, 48.0 ± 2 %, and 52.2 ± 

2.3 %, resulting in an overall recovery of 50.2 ± 4.2 %.This certainly leaves room for 

improvement, but is also significantly higher than what has been previously reported, e.g. for 

the extraction with organic solvents and tip sonication (8.14 – 21.47 % in case of Ref. [9]).  

The LOD for a single injection of 20 µl was found to be 0.6 µg of TiO2 (30 µg/mL), 

corresponding to a LOQ of 2.0 µg (0.1 mg/mL). The later approximately corresponds to a 

TiO2 content of 0.5% (w/w) in the original sunscreen. This limits are well below the TiO2 

concentrations typically used in commercial sunscreen samples [9,30].  

 

 

5.5. Conclusions 

 

Prior research has demonstrated a variety of different sample pre-treatment methods for 

sunscreens and other consumer products containing nanoparticles, which are used to prepare 

them for subsequent analysis of the nanoparticle characteristics. Regrettably, most of these 

techniques suffer from the need to involve several working steps, which may impact the 

accuracy of the nanoparticle analysis. Furthermore, these techniques use large amounts of 
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commonly aggressive and expensive chemicals, which have consequences for both operator 

safety and environmental sustainability. 

In this work, we have presented a sample preparation method based on an inverse 

supercritical fluid extraction treatment that can be executed in a simple manner, and where the 

safe and non-toxic properties of CO2 result in the elimination of ecological drawbacks, health 

hazards and associated disposal costs [14]. After treatment, the residual material can be easily 

re-dispersed in an aqueous solution and directly analyzed. Using AF4-UV-MALS, we 

confirmed the applicability of the scCO2 method for the analysis of multicomponent and fatty 

samples in order to determine their nanoparticle content. The measurements were verified by 

STEM and EDX analysis. The results demonstrated that the presence of nanoparticles in a 

model sunscreen can be precisely determined, that a good recovery rate of roughly 50% of the 

particles of interest can be achieved and that the size distribution of those nanoparticles is 

essentially maintained. Compared to the original nanoparticle dispersion, an increase in larger 

particles / agglomerates was observed in the scCO2-treated samples. This slight agglomeration 

might be caused by the sample treatment itself, but might also have occurred previously, e.g. 

during homogenization or storage. Overall, however, the size and morphology of the treated 

nanomaterials are found to be very similar to the original suspension, which is especially 

relevant in view of the recent regulatory requirements for nanoparticle containing cosmetics. 

Although the method is demonstrated using a model sunscreen matrix, we expect it to be 

applicable to commercial sunscreens or other emulsion-based cosmetic products. 
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6.1. Abstract 

 

The detection and quantification of nanoparticles is a complex issue due to the need to 

combine “classical” identification and quantification of the constituent material, with the 

accurate determination of the size of submicrometer objects, usually well below the optical 

diffraction limit. In this work, the authors show that one of the most used analytical methods 

for silver nanoparticles, asymmetric flow field-flow fractionation, can be strongly influenced 

by the presence of dissolved organic matter (such as alginate) and lead to potentially 

misleading results. The authors explain the anomalies in the separation process and show a 

very general way forward based on the combination of size separation and size measurement 

techniques. This combination of techniques results in more robust AF4-based methods for the 

sizing of silver nanoparticles in environmental conditions and could be generally applied to 

the sizing of nanoparticles in complex matrices. 
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6.2. Introduction  

 

Nanotechnology-based products are increasingly being available to consumers in different 

application areas, ranging from paint and inks to cosmetics and medicines. In particular, silver 

nanoparticles (AgNP) are used in consumer products due to their antimicrobial properties [1]. 

Products containing silver nanoparticles have been shown to release AgNP during their 

normal use [2,3] and ultimately end up in the environment. Nanoparticles can be difficult to 

characterize due to the need to both identify (and quantify) the constituent material(s) and to 

measure their size, usually well below the optical diffraction limit. Due to the increased 

relevance of nanotechnology-based products on the market, the European Commission has 

proposed a definition of what constitutes a “nanomaterial.” This definition is based on the 

determination of the number-based particle size distribution (PSD) [4]. The determination of 

the particle size distribution of nanometer sized objects is even more difficult when measuring 

engineered nanoparticles in complex matrices [5] and especially nanoparticles embedded in 

environmental matrices that may contain several other ingredients such as dissolved organic 

matter. 

Asymmetric flow field flow fractionation (AF4) is a separation technique which can 

fractionate liquid dispersed particles as a function of their size. The technique is widely 

used to in the separation and characterization of nanoparticles [6], especially in complex 

matrices such as environmental and biological matrices. In ideal cases, it is possible to 

obtain the particle size distribution of unknown samples by converting the AF4 retention time 

to size by either using the AF4 theory or by performing a size calibration with nanoparticle 

standards of known size [7,8] or to determine the PSD of AgNP commercial products in 

simple matrices [9].  

Alginic acid, also called algin or alginate, is an industrially relevant anionic polysaccharide 

which is commonly found in the cell walls of brown algae and in biofilms produced by some 

bacteria. This nonbranched molecule can be used as a model of dissolved environmental 

organic matter which is known to play a critical role in the behavior and environmental fate of 

AgNP [10]. 

As shown before [11], the behavior of AgNP in water is modified in the presence of dissolved 

organic matter such alginic acid and humic acid, another common component of dissolved 

organic matter in water. It was found that these two materials, although chemically distinct, 

produced similar changes in particle behavior. 
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In this work, we show that the presence of alginic acid a) can strongly influence the AF4 

separation of AgNP and lead to errors when attempting to size AgNP based on AF4 retention 

time. We address the origin of the phenomenon and we show a very general solution based on 

the combination of the AF4 separation with online size measurement. 

 

 

6.3. Experimental setup and methodology 

 

6.3.1 Reagents 

 

High purity sucrose and dodecane were used in centrifugal liquid sedimentation (CLS) 

analysis and ammonium carbonate and NaOH for preparation of the AF4 eluent. All these 

reagents were sourced from Sigma-Aldrich and were of analytical grade purity or better. Low 

viscosity alginate sodium salt (Sigma-Aldrich) was used as a model for dissolved organic 

matter. The alginate stock solutions used were freshly prepared daily in MilliQ water 

(Millipore Advantage System, Merck Millipore) without further purification. Citrate 

stabilized AgNPs with nominal size of 60 nm and concentration of 20 µg/mL were purchased 

from Sigma-Aldrich and stored away from light at 4 _C in airtight glass vials. 

 

6.3.2 Samples preparation 

 

Aliquots of the AgNP stock solution were diluted in MilliQ water from the nominal 

concentration of 20 µg/ml to a final concentration of either 0.5 µg/mL for AF4 analysis or 5 

µg/mL, for CLS measurements. For AgNPalginate complexed samples analysis, alginate was 

added to a solution containing 0.5 or 5 µg/mL AgNP, for CLS and AF4 analyses, 

respectively, at final concentrations ranging from 2 to 4 µg/mL. Alginate stock solution was 

prepared in MilliQ water at a concentration of 10 µg/mL and immediately mixed with the 

silver nanoparticles at concentrations ranging from 2 to 4 µg/mL. Mixtures were equilibrated 

at RT, with constant agitation for 1 h before analysis. 

 



 

78 

6.3.3 Instruments 

 

The size of the as-supplied AgNPs and their complexes with alginate were measured with 

dynamic light scattering (DLS) and CLS instruments.  

A Zetasizer model Nano-ZS instrument by Malvern was used to perform DLS particle size 

measurements. Batch DLS measurements were performed in PMMA disposable cuvettes 

using a backscatter reading angle (173˚) while measurements under flow conditions were 

done using a Hellma Quartz Suprasil 3mm flow-through cuvette adjusted to 3.90mm 

measurement position and attenuator of 11. The same instrument was used to measure the 

zeta potential of particle solution using disposable capillary cells. In all cases, the sample cell 

temperature was set to 25˚C.  

CLS measurements were performed with a disk centrifuge photosedimentometer 

DC2400UHR by CPS Instruments, Inc. The instrument was operated at 22 000 rpm and 

samples were injected into an 8%–24% sucrose gradient. 

 

6.3.4 Asymmetric flow field flow fractionation 

 

AF4 analysis was performed in an AF2000 MT Multiflow FFF system with an on-line UV-

Vis detector (Postnova Analytics). The chosen elution protocol was based on the method 

described by Geiss [7] for separation of different sized AgNP. The AF4 channel had a 280mm 

long separation channel, with a 350 µm spacer. A 10 kDa cut off membrane of regenerated 

cellulose and a 100 µL injection loop were used. Two types of elution buffer were used for 

AF4 analysis: low ionic strength solution of MQ water adjusted to pH 9.7 (50 µM NaOH) and 

higher ionic strength solutions containing various concentrations of ammonium carbonate 

(1–0.1mM) and pH 9.1. Elution buffers were freshly prepared in MilliQ water and degassed 

in an ultrasonic bath before use. All samples were analyzed under the following elution 

conditions: 0.5 mL/min injection flow; 0.2 mL/min tip flow for 5 min; 1.3 mL/min focus 

flow; and a linear decrease of the cross flow from 1 to 0.1 mL/min over 35 min. The UV 

detector wavelength was set to 430 nm, corresponding to the maximum of the surface 

plasmon resonance band for 60 nm AgNP. 
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6.4. Results and Discussion 

 

To assess the impact of environmentally relevant materials on the AF4 separation profile of 

AgNP, we have studied the separation of AgNP in the presence of alginic acid. Alginic acid 

(Fig.1) is an anionic polysaccharide formed by units of 1–4 linked b-D mannuronic acid and 

a-L gluconic acid with a pKa around 3.5 and thus negatively charged at neutral pH. It is 

widely present in water environment and has a key role in the formation of biofilms that 

protect algae and bacteria from adverse environmental conditions [12]. 

 

 

  

Figure 1. Chemical structure of alginate 

 

 

When citrate stabilized AgNP are mixed with low amounts of alginic acid, they form stable 

complexes with no sign of aggregation, as shown by the lack of any large aggregation peak in 

the DLS data measured in batch mode [Fig. 2(b)]. Figure 2(a) shows the CLS data for AgNP 

free and in the presence of increasing amounts of alginic acid.  
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Figure 2.  Characterization of AgNP-alginate complexes. (a) CLS spectra for 60nm AgNP, 

free (red), incubated with 2 µg/mL of alginic acid (green), and 4 µg/mL alginic acid (blue). 

(b) DLS data of the same samples. 

 

 

The CLS data shown in Fig. 2(a) report the detector signal intensity versus time needed for 

each sample to reach the detector under the influence of the centrifugal field. These raw data 

are usually converted to the “standard” intensity versus size plot [13] (shown in 

supplementary material, Fig. S1) [18], provided that the density of the sample is known. As it 

is evident from Fig. 2(a), the time needed for AgNP-alginate samples to reach the detector is 

longer than that of free AgNP. In addition, the CLS peaks of AgNP-alginate samples have a 

slightly wider distribution when compared to free AgNP. In centrifugal liquid sedimentation, 

the movement of particles inside the centrifugal field depends (in first approximation) on the 

particle size and density. Thus, the increased time needed to reach the detector for the AgNP-

alginate samples can be due to a decrease in the size and/or in the density of the particles. 

The dynamic light scattering measurements of the different samples are shown in Fig. 2(b) 

and Table S1 (supplementary material). The data indicate that the size of AgNPalginate 

samples are indistinguishable (in the experimental error typical of batch-mode DLS) from the 

free AgNP and there are no large aggregates. In fact, the DLS intensity size distribution is 

extremely sensitive to large particles and the presence of even 1% large agglomerates would 
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result in a clear peak in the DLS particle size distribution. We also measured the zeta (ζ) 

potential of the different samples to check if the addition of the alginic acid changed the 

stability of silver nanoparticles colloid suspension. The results (reported in Table S2, 

supplementary material) show that the f-potential of AgNP-alginate samples are highly 

negatively charged (-50 mV and -48 mV following the addition of 2 µg/mL and 4µg/mL of 

alginate, respectively), thus confirming the colloidal stability of the systems. 

The CLS data indicate the presence of an alginate layer around silver nanoparticles, thus 

forming AgNP-alginate complexes. In fact, the size of AgNP-alginate sample does not 

significantly change (AF4-DLS data of Fig. 4 suggest only a very small size increase) 

compared to free AgNP, while the layer of alginic acid (density 0.9976 g/mL) lowers the 

overall density of the AgNP-alginate complex. Thus, the lower density particles need longer 

time to reach the CLS detector [Fig. 2(a)]. 

Flow field flow fractionation can very efficiently separate complex mixtures of nanoparticles 

and the retention time from the AF4 separation channel can be used to estimate the size of the 

different components of polydispersed samples. Figure 3(a) shows the AF4 fractogram of a 

mixture of AgNP of 20, 40, 60, and 100 nm. The retention time (TR = Tpeak – Tvoid) of each 

particle is a funtion of the size of the particles as shown in figure S2 (supplementary 

material). Fitting of the experimental data with power function of the type Size = a x TR
b 

results in the following equation: 

 

Eq. 1: Size = 0.595 x TR1.637 

With a R2 of 0.992. Where TR is the retention time of each peak, and “Size” is the diameter of 

the particle. 

 

 

The AF4 separation of free AgNP 60 nm [figure 3(b), black curve] gives a retention time of 

16.9 min that, using Eq. 1, results in a measured size of 60.8 nm, well in agreement with 

expectations. Repeating the same separation for the AgNP-alginate gives a quite different 

AF4 fractogram [figure 3(b), red line]. Using Eq. 1 the measured retention time of  9.55 min 

translates to a size of 23.9 nm for the AgNP-alginate complex, which is much smaller than the 

size of 60 nm for the starting free AgNP.  
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Figure 3. AF4 separation of AgNP and AgNP-alginate complexes. The cross flow program 

used is reported as a dotted red line on the right scale. (a) Mixture of AgNP 20, 40, 60, 100 

nm. (b) AgNP 60 nm free (black) and AgNP – alginate sample with 5 µg/mL AgNP and 2 

µg/mL alginate (red).  

 

 

The smaller calculated size for AgNP-alginate complex could be due to AgNP oxidation and 

release of ionic silver with subsequent reduction in size (even if it seems unlikely) or to an 

anomalous AF4 separation process. In fact, there are reports in the literature that charge 

repulsive interaction of particles with one another and also with the AF4 semipermeable 

membrane lead to a decrease of the apparent hydrodynamic size [14]. 

An elegant and robust solution for the accurate measurement of the size of AgNP-alginate 

complex would be to couple the AF4 separation with an online size measurement technique. 

Two of the most used online systems for achieving this are multiangle light scattering 

(MALS) and DLS. Both techniques have advantages and disadvantages and when combined 

together, they also give additional information on the geometry of the particles (shape factor) 

in addition to their size [15]. In the case of silver nanoparticles only DLS can be used to 

sizing, as MALS does not give correct results in the case of plasmonic systems such as silver 

and gold nanoparticles. 
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Figure 4 shows the results of AF4-DLS measurement for free AgNP and AgNP-alginate 

complexes obtained by coupling the output from the AF4 system with a flow cell in the DLS 

instrument. The online measurement of the hydrodynamic diameter (Z-average, measured at 

the maximum intensity of the UV-Vis detector) gives a value of 71 nm for the AgNP-alginate 

complex [Fig. 4(b)] and 69 nm for free AgNP [Fig. 4(a)]. The increase in size from the free 

AgNP to the AgNP-alginate sample is in the experimental error of the AF4-DLS 

measurements. 

The results show that the size of the AgNP complex is much closer to the size of the free 

AgNP than the results obtained by using the AF4 exit time and suggest that the AF4 

separation is somehow distorted by charge repulsion forces.  

 

 

 

Figure 4. AF4-DLS fractograms of (a) AgNP free and (b) AgNP-alginate. The intensity of the 

detector at 430 nm is reported on the right hand scale and the Z-average of the particles on the 

left scale for the AgNP-alginate complex (500 ng/mL Ag : 2 µg/mL alginate), in red, and the 

free AgNP (500 ng/mL), in black. 
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The results show that the AF4-DLS measurements can provide the accurate size (and even the 

particle size distribution) for silver nanoparticles in complex with alginate without any major 

optimization in the experimental parameters used for the AF4 separation. This method does 

not require any calibration with well-defined size standards and is independent of the different 

electrostatic forces that can affect the AF4 separation process when the nanoparticles surface 

is modified by either chemical functionalization, attachment of ligands (as in the above case 

with formation of AgNP-alginate complexes), or coating of the AF4 membrane (for example, 

by some components of environmental matrices). The main limitation of the AF4-DLS 

method is related to the sensitivity of the DLS online detector. Due to the dependency of the 

DLS scattering intensity on the sixth power of the particle diameter, small particles tend to 

give quite lower intensities compared to larger ones, and thus, the size measurement with 

online DLS can become unreliable.  

To experimentally reduce the charge repulsion forces leading to the anomalous AF4 

separation, we repeated some of the AF4 measurements with different elution buffers. In fact, 

one of the most general approaches for reducing electrostatic forces between analytes and 

charged membranes is to increase the ionic strength by the addition of salts or buffers 

[8,16,17]. We have tested this by using different concentrations of ammonium carbonate, 

which provides both a basic pH between 8.5 and 9.0 and high ionic strength. Figure 5 shows 

the results of the AF4 separation of the AgNP-alginate sample in the presence of increasing 

concentrations of ammonium carbonate in the carrier solvent. As shown previously, with no 

ammonium carbonate in the solvent, AgNP-alginate complex exits much earlier (figure 5, 

blue trace) than expected (figure 5, free AgNP, cyan trace).  
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Figure 5. AF4 fractograms of AgNP free (cyan) and AgNP–alginate complexes with variable 

concentrations of ammonium carbonate: 0 (dark blue), 0.1mM (red), 0.2 mM (violet), 0.5 mM 

(orange), and 1 mM (green). 

 

 

 When some ionic buffer is added the retention time from the AF4 tends to be much closer to 

that obtained for free AgNP; with 0.2 mM carbonate buffer the retention time of free AgNP 

and AgNP-alginate samples are almost the same. Higher concentrations of carbonate lead to 

an increase of the retention time and probably cause also some additional loss of sample 

during the AF4 separation as shown by the reduced area of the AF4 peaks (figure 5, orange 

and green traces for 0.5 and 1 mM carbonate). 

 

 

6.5. Conclusions 

 

Flow field flow fractionation is a very powerful and flexible method to separate nanoparticles 

and it can be used to estimate the size of silver nanoparticles using calibration techniques with 

samples of known size. Our results show that this method has to be used with the great care 

when the calibrating nanoparticles have different surface properties. In fact, the formation of 

silver-NP–alginate complexes (in conditions mimicking environmentally relevant conditions) 

can lead to quite misleading results due to electrostatic repulsion forces. In particular, this is 

very important when silver nanoparticles form complexes with dissolved organic matter, such 

as alginic acid. Similar considerations will be probably also very important in the case of 
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AgNP functionalized with different ligands which may alter the surface properties of the 

particles which, in turn, modify the elution time by changing the interactions with the 

membrane.  

The coupling of AF4 with a sizing technique, such as DLS, provides a more general and 

robust method for the sizing of AgNP in environmental conditions, as we have shown for 

AgNP-alginate systems. The AF4-DLS method is quite general and easy to set up and should 

be possible to use it for different types of nanoparticles forming complexes with a wide range 

of molecules. 

 

6.6. Supplementary material 

 

 

Figure S1. “Standard” CLS data plotting showing the sample size distribution (as diameter) 

v.s signal intensity (plotted in relative weight). 

 

 

Table S1. Size determination (Z-average) of AgNP samples by dynamic light scattering with 

respective polydispersive index (PDI). 

 

Sample Z-average PDI 

AgNP free 69 0.13 

AgNP + 2ug/mL 

alginate 68 0.15 

AgNP + 4ug/mL 

alginate 68 0.14 

 

 



 

87 

 

Table S2. Zeta potential of the mixture AgNP-alginic acid, measured with a Malvern 

instrument. 

 

Sample ζ-potential (mV) 

AgNP free -50 

AgNP + 2µg/ml alginate -50 

AgNP + 3µg/ml alginate -50 

AgNP + 4µg/ml alginate -48 

4µg/ml alginate -11 
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Figure S2. Plot of nominal size v.s AF4 retention time for AgNP mixture of 20, 40, 60 and 

100 nm (black square bullets) and corresponding non-linear fitting (red line). Retention time 

for 60 nm AgNP free (blue triangle) and AgNP-alginate complex (green triangle) were plotted 

on top of the fitted data. 
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7.1. Abstract 

 

The use of nanotechnology-based products is constantly increasing and there are concerns 

about the fate and effect on the aquatic environment of antimicrobial products such as silver 

nanoparticles (AgNP). By combining different characterization techniques (asymmetric flow 

field-flow fractionation, single particle ICP-MS, UV-Vis) we show that it is possible to assess 

in detail the agglomeration process of AgNP in artificial seawater. In particular we show that 

the presence of alginate or humic acid differentially affects the kinetic of the agglomeration 

process. This study provides an experimental methodology for the in-depth analysis of the 

fate and behaviour of silver nanoparticles in the aquatic environment. 
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7.2. Introduction  

 

The production and use of nanotechnology-based products is constantly increasing in 

different market sectors. Silver nanoparticles (AgNP) are widely used nanomaterials due to 

the well-known antimicrobial properties of silver. Silver nanoparticles can be found in a 

variety of consumer products: from medical devices or wound bandages, to water purification 

systems, to socks and textiles. It is estimated that AgNP have a median worldwide production 

of around 55 tons per year [1]. 

The increased use of these products with antimicrobial properties and their poorly understood 

behaviour and toxicity may pose a threat to human health and environment. The potential 

impact of silver-containing products is a concern extensively debated in literature both in the 

field of human health [2, 3] and environment [4, 5]. Overall, direct exposure effects are only 

part of the potential nano-silver toxicity. In fact, during product use and end-of-life phase 

AgNP may be released into waste water systems and they could potentially reach the different 

aquatic environments. Several works have attempted to determine the stability of AgNP in 

natural systems. Kaegi's group [6], for instance, showed that AgNP are quickly converted to 

insoluble chemical forms (such as Ag2S) in waste water treatment plants. However, silver 

speciation depends also on the composition of the nanoparticles surface and not every 

environment will be as sulphur rich as water treatment plants; thus the persistence of AgNP in 

the aquatic environment and their potential impact must be taken into account. Light, 

temperature, ionic strength, oxygenation, total surface area and presence of organic matter are 

some of the factors that can affect both AgNP agglomeration, aggregation and oxidative 

release of Ag+ ions, influencing AgNP toxic potential [7-10].  

Dissolved organic matter (DOM) is expected to play an important role on AgNP behaviour in 

the environment as it could form a more or less stable corona around the nanoparticles, thus 

potentially changing the chemical properties of the nanoparticle surface. For example, it has 

been shown that AgNP size distribution can vary in the presence of humic substances [11]. In 

addition, alginate has been shown to influence nanoparticles agglomeration kinetics on a 

concentration-dependent manner [12]. Humic acid and alginate are two components of DOM, 

which can be present in the aquatic environment at variable concentrations depending on 

factors such as algal bloom  or anthropogenic impairment, due to soil leaching [13]. 

The availability of methods for the proper detection and measurement of NP is a key aspect 

for understanding the fate and behaviour of NP in the environment. Several techniques are 

available that can provide information on the physico-chemical characteristics of AgNP, but 
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nanoparticles need to be evaluated and analysed with extreme care [14-16]. In this study we 

focused on evaluating the behaviour of AgNP entering coastal water systems. In order to 

assess the behaviour of AgNP in the marine environment we have studied the agglomeration 

properties of AgNP in artificial seawater (ASW) in the presence of dissolved organic matter 

as a function of time. Changes related to size,  and AgNP stability in dispersion, were 

followed by UV-Vis spectroscopy, dynamic light scattering (DLS), centrifugal liquid 

sedimentation (CLS), asymmetric flow field flow fractionation (AF4), and single particle 

inductive coupled plasma mass spectrometry (spICP-MS). UV-Vis spectroscopy is used to 

evaluate the agglomeration process of metallic nanoparticles, such as AgNP, exploiting their 

specific surface plasmon resonance properties [17, 18]. DLS has been widely employed to 

assess the stability of colloidal systems in solution [19, 20] However, nanoparticle separation, 

by means of flow field-flow fractionation, and sizing by spICP-MS, have been shown to be 

the most sensitive techniques available for AgNP characterization [21]. By using a 

combination of those techniques we have shown that it is possible to accurately follow the 

agglomeration process of AgNP as a function of water salinity, temperature and the presence 

of organic matter.  

 

 

7.3. Materials and Methods 

 

7.3.1 Reagents 

 

Citrate stabilized silver nanoparticles (nominal size 60±4 nm and 0.02±5% mg/mL 

concentration) were purchased from Sigma-Aldrich. AgNP were handled under nitrogen flow, 

stored at 4°C and protected from exposure to natural light. NIST gold nanoparticles RM8013 

(with a declared TEM diameter of 56.0±0.5 nm and Au mass fraction of 51.86 ±0.64 µg/g) 

were used for the determination of transport efficiency into the plasma for spICP-MS as in 

[22]. Silver stock for ICP-MS was 1000 mg/L in 2% nitric acid (Absolute Standards, INC., 

Hamden USA). De-ionized ultrapure water (DI) from a Millipore Advantage system (Merck 

Millipore) was used in this study. Artificial seawater was prepared by dissolution of sea salts 

(Sigma-Aldrich) in de-ionized water. Sea salts are an artificial salt mixture resembling the 

composition of oceanic dissolved salts, with a chloride content of 19.3 g/L. Low viscosity 

sodium alginate from brown algae and humic acid sodium salt (Sigma-Aldrich) were used as 
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organic matter. Alginate and humic acid were freshly prepared before each experiment by 

dispersing them in ultrapure de-ionized water before mixing with the other components of the 

final samples, without further purification steps. Test samples were kept in closed vials. For 

CLS analysis, sucrose purchased from Sigma-Aldrich was used to prepare a sucrose gradient, 

capped with dodecane (CPS Instruments). 

 

 

7.3.2 Instruments 

 

For the kinetic study the following instruments were used: two spectrometers, model Thermo 

Nicolet Evolution 300 (Thermo Fisher Scientific, Inc.) and UV-1800 (Shimadzu Corp.); 

Malvern Zetasizer Nano-ZS (Malvern Instruments), and disc centrifuge photosedimentometer 

DC2400UHR (CPS Instruments). Long term incubated samples were analysed by an Agilent 

7700x Inductively Coupled Plasma-Mass Spectrometry and an AF2000 MT Multiflow FFF 

system with an on-line connected UV-Vis detector (Postnova Analytics). 

 

7.3.2.1 Incubations and kinetics studies 

 

AgNP were tested at a constant nominal concentration of 0.5 mg/L dispersed in ultrapure or in 

ASW, exposed to natural or artificial (13 hours light and 11 hours dark) light cycle and with 

constant shaking (100 rpm). Incubation was performed in parallel at 14ºC and room 

temperature, at close to zero ionic strength and with 3.2% w/v sea salts in de-ionized water. 

Finally, the presence of 2 mg/L alginate or humic acid (HA) in the system, with and without 

prior equilibration time, was tested. Equilibration consisted or incubation of AgNP with 

alginate or humic acid for 2 days in non-salty conditions prior to final dilution. 

Samples were collected at various time points during the incubation process for determination 

of: i) localised surface plasmon resonance (LSPR) band; ii) particles size distribution; and iii) 

particles average size and polydispersivity index. 

LSPR was determined based on the full absorption spectra, in the 300-700 nm wavelength 

range, by UV-Vis spectrometry. Quartz cuvettes were used to minimize unspecific signal. 

CLS gives information regarding the particle hydrodynamic radius, based on sample density. 

The instrument was operated at 22000prm and samples were injected into an 8-24% sucrose 

gradient. DLS measurements were performed at a backscatter angle of 173o in PMMA 
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cuvettes. UV-Vis spectroscopy data fitting was performed with Origin Pro 7.5 software and 

Visual MINTEQ (KTH, Sweden), an open source software, was used to evaluate the 

dissolution rate of silver species in both systems, at low and high ionic strength. 

After 2 days incubation, sample aliquots were taken for analysis by mean of  i) AF4/UV-Vis 

and ii) single particles ICP-MS for size evaluation.  

 

7.3.2.2 Asymmetric Flow Field Flow Fractionation 

 

Samples were analyzed on an AF4 system (Postnova Analytics) coupled to a UV detector, 

based on the method previously optimized for size fractionation of citrate stabilized AgNP 

from 20 up to100 nm described by Geiss [23], varying the injected volume in order to 

compensate for the low concentration. Briefly, a 280 mm long separation channel, with a 350 

µm spacer and a 10 kDa cut off membrane of regenerated cellulose and a 100 µL injection 

loop were used. The semipermeable membrane allows the flow of the solvent of the cross 

flow, while retaining particles. The selected pore size allows the particles separation by 

hydrodynamic size with minimal particles retention/loss. 

Degassed water, with pH adjusted to 9.7 by addition of NaOH, was used as carrier and freshly 

prepared each day. All samples were analysed under the following elution conditions: 0.5 

mL/min injection flow; 0.2 mL/min tip flow for 5 min; 1.3 mL/min focus flow; and a linear 

decrease of the cross flow from 1 to 0.1 mL/min over 35 min. The UV detector wavelength 

was set to 430 nm, corresponding to the maximum of the LSPR band for 60 nm AgNP. 

 

7.3.2.3 spICP-MS analysis 

 

Single particle ICP-MS is an application of ICP-MS that allows the sizing of silver 

nanoparticles generally bigger than 20nm. The methods used for spICP-MS analysis was 

described by RIKILT and details can be found in [24]. An ICP-MS equipped with a micromist 

nebuliser, a quartz Scott spray chamber, quartz torch and platinum cones was used. The ICP-

MS was operated in Time Resolved Analysis mode with integration time of 3 ms. The sample 

was introduced via a peristaltic pump, and the flow of sample introduction was monitored all 

along the run with a flow meter. Monitored signals were 107 for Ag and 197 for Au. A typical 

scan consisted of 18750 data points. Plasma transport efficiency was determined by using 60 

nm AuNP (RM8013) NIST at a concentration of 24 ng/L as described in [22]. ICP-MS was 
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tuned with our standard procedure; silver ionic calibration was run along with samples (6 

points in the range 0-1 µg/L) in single particle mode. Sample preparation, consisting of a 

number of serial dilutions in ultrapure water was undertaken gravimetrically. Intensity 

variations over the time were recorded and final data exported as counts per seconds versus 

time. Exported .csv files were processed using the available Single Particle Calculation Tool 

developed by RIKILT (http://www.wageningenur.nl/en/show/Single-Particle-Calculation-

tool.htm). Quality control calibration curve was run twice during the analysis and ultrapure 

water sample was run in between each sample in order to monitor the presence of memory 

effect and baseline drift. Moreover 60 nm AgNP citrate stabilised (Sigma Aldrich) were 

analysed every day to monitor sizing performance. Samples were analysed in duplicate.   

 

 

7.4. Results and Discussion  

 

Silver nanoparticles of a nominal size of 60 nm were preliminary characterized by TEM, 

CLS, DLS, UV-Vis spectroscopy and ICP-MS. The total silver concentration was 16.0 ± 0.4 

mg/L (as determined by ICP-MS) and indicates a lower total content of silver with respect to 

the declared value of 20 mg/L. The starting material was shown to be monodispersed, with a 

diameter of 53.4±6.6 nm (measured by CLS), a hydrodynamic diameter (measured by DLS) 

of 67 nm and polydispersivity index of 0.12, and a median diameter of 55 nm as measured by 

spICP-MS (see Figure 2.A). Compared to the producer measured diameter (by TEM) of 60 ±4 

nm, these results indicate that the results obtained from CLS and spICP-MS tend to slightly 

underestimate the size, while DLS tends to overestimate it. Discrepancies in the determined 

diameter by DLS and CLS are consistent with the inherent measurement principle of the two 

techniques and have been already reported and explained elsewhere (Cascio, Gilliland et al. 

2014). Further details are reported in Figure S1 and Table S1 of supplementary information.  

Overall, these results indicate that even if the four different techniques used different 

principles and measure somewhat different sizes (for example the hydrodynamic diameter in 

solution for DLS versus the diameter in vacuum for TEM) their results can be compared in 

the case of monodispersed nanoparticle samples.     

The stability of silver nanoparticles in the presence of dissolved organic matter (DOM) was 

first analysed in salt free water. To this end the model DOM alginate was mixed with AgNP 

and incubated for two days using temperature, photoperiod and temperature similar to those 
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used for culturing marine organisms (see materials and methods). Figure 1 shows the results 

of the AF4/UV-Vis separation and analysis for the free AgNP (Figure 1.A) and AgNP mixed 

with alginate at 2 mg/L concentration (Figure 1.B) at time zero and after two days of 

incubation in de-ionized water. 

The data shows that both free and alginate-complexed AgNP are very stable in de-ionized 

water over 2 days of incubation in environmental condition without formation of 

agglomerates or larger particles. In fact, the AF4 technique separates particles based on their 

size so an increase in size and/or the formation of larger agglomerates should increase the 

retention time from the separation channel. As shown in Figure 1.B the retention time of 

AgNP-alginate complexes (at both zero time and 2 days of incubation) is shorter than that of 

free AgNP. A shorter retention time would imply (under normal AF4 separation conditions) a 

smaller size for AgNP-alginate complexes. On the other hand, spICP-MS and CPS data 

(Figure 2) and DLS data (Figure 6), for free AgNP and AgNP-alginate samples in de-ionized 

water indicate that size distribution of the complex does not change compared to the free 

particles. This apparent paradox can be explained by a modified electrostatic interaction of the 

highly negatively charged AgNP-alginate complex with the semipermeable membrane (also 

negatively charged) of the AF4 separation cartridge due to the presence of alginate layer. 

Variation on retention times due to electrostatic repulsion has been recently demonstrated for 

PVP-stabilized silver nanoparticles [25].  

A clear evidence of alginate coating the AgNP can be seen in the measured Z-potential of the 

particles that changes from -59 mV for the AgNP to -69 mV for the AgNP-alginate sample 

(data not shown). This increase in negative charge indicates that the highly negatively-

charged alginate interacts with AgNP and could explain the reduction of AF4 retention time. 

In fact, the increased electrostatic repulsion between the negatively charged membrane and 

the highly negatively charged complex would lead to a reduction of the retention time. 

The data on the AF4 separation of AgNP-alginate at different incubation times (Figure 1.B) 

also suggest that the interaction of alginate with silver nanoparticles is a quite slow kinetic 

process and this effect should be taken into consideration in the experimental design. 
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Figure 1. UV-Vis signal of A) free AgNP and B) AgNP-alginate complex at time zero and 

after two days of incubation in de-ionized water (DI), acquired by AF4/UV-Vis analysis (UV-

Vis detector signal at 430 nm on left hand scale). Red dashed line represents the elution 

method used (applied cross-flow on the secondary y scale).   

 

 

Single particle ICP-MS is able to determine PSD of metallic nanoparticles based on number; 

Figure 2.A-B shows such measurements for free and complex AgNP after 2 days incubation 

in de-ionized water. SpICP-MS by its nature is able to essentially size only the metallic core 

of the AgNP-alginate complex and therefore it does not provide evidence of alterations of the 

size of AgNP in the presence of alginate. The data indicate that both samples are quite stable 

over 2 days of incubation with no difference between the free AgNP and the ones in complex 

with alginate; distributions had a median of 55 nm that fits quite well with the value of 52 nm 

of the CLS number-based distribution (Figure 2.C).  
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Figure 2. AgNP size distribution of A) free AgNP and B) AgNP-alginate complex after 2 

days incubation at 14°C in de-ionized water (DI), measured by spICP-MS. C) Particle 

distribution, by number, of free AgNP (red) and AgNP-alginate complex (green), 

corresponding to the data points of A and B, acquired by centrifugal liquid sedimentation. 

 

 

While the tested particles were very stable in de-ionized water, their stability in salt water 

could be quite different, where the high ionic strength could severely destabilize the colloidal 

system. To test stability and agglomeration behaviour of AgNP in salt water and the effect of 

alginate, AgNP samples were incubated in ASW with and without alginate over 2 days. In 

most of the tested conditions, AgNP could not be detected after two days of incubation in 

ASW. The direct mixture of the sample constituents or pre-incubating the particles with 

alginate has no effect on the measured signal.  

AgNP were detected only when mixed with alginate and kept at 14°C, as shown in Figure 

3.A. Even in this case (AgNP mixed with alginate, in ASW for 2 days at 14°C) the AF4 

elugram shows a weak peak exiting the separation channel at very low cross-flow rates, 

suggesting the presence of low amounts of AgNP that are much larger than the original ones. 

These initial results suggest that AgNP agglomerate and sediment in salt water and that the 

presence of alginate can help in stabilizing the colloidal system. Single particle ICP-MS 

analysis confirmed the presence of residual and polydispersed AgNP for the samples where 

AF4/UV-Vis signal was detectable (data not shown). Because of the precipitation process, the 

number of particles in dispersion decreased as compared to the original samples along with a 
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much wider particle size distribution ranging from 30 nm, up to 120 nm and with a median 

value of 58 nm.    

 

 

 

Figure 3. AF4-UV-Vis signal of free AgNP and AgNP-alginate samples incubated 2 days in 

ASW, either with pre-incubation (Pre-incub_ASW ) or without (AgNP-alginate_ASW ), at 

room temperature (RT) or at 14°C. Data were acquired by AF4/UV-Vis analysis. Red dashed 

line represents the cross flow elution profile used.   

 

 

To study in more detail the kinetic of the agglomeration process, we took advantage of the 

localised surface plasmon resonance of silver nanoparticles. AgNP have a characteristic band 

in the visible region in the 400-450 nm wavelength range, whose intensity and wavelength 

maximum is concentration and size dependent. A typical spectrum of 60 nm AgNP is shown 

in the supplementary information (Figure S2), while bigger particles would shift the band to 

longer wavelengths and the surface plasma resonance band would eventually disappear for 

particles larger than around 120 nm. The measurement of the UV-Vis spectra is much faster 

than a complete AF4 run and thus allows the early steps of the agglomeration process to be 

followed. Figure 4 shows that AgNP (either free or in the presence of alginate) are quite 

stable in de-ionized water (as already concluded from the initial experiments using AF4 

analysis after 2 days incubation, see Figure 1). On the contrary, AgNP in ASW tend to lose 

the LSPR band in just around 2 hours. In the case of AgNP in the presence of alginate there is 
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a reduction in the intensity of the LSPR band, but not a complete disappearance as in the case 

for free AgNP. This indicates that the presence of alginate slows down the 

agglomeration/precipitation process that takes place in ASW. Our data is in agreement with 

Delay's group study on AgNP destabilization process at increased ionic strength, where 

presence of NOM promoted NP coating and stabilization [26].  

 

 

 

Figure 4. Left panel shows UV-Vis data plotted as relative intensity at 430 nm versus 

incubation time of free AgNP and AgNP-alginate complexed samples incubated in de-ionized 

and ASW, at room temperature (RT). Time is plotted on a nonlinear scale.  Right panel shows 

a comparison of the UV-Vis spectra of free AgNP in ASW (left) and AgNP-alginate complex 

in ASW (right) over the 2 days, both at RT (top) and at 14°C (bottom).  

 

 

The initial data of the agglomeration process (in the time scale from 0 to 60 minutes were 

fitted to a single exponential decay model y = A1*e(-x/t1) + y0 (Figure 5) with R2 values of 0.96 

for both free AgNP and AgNP-alginate system, with t1 equal to 7±1 m-1 and 20±5 m-1, 

respectively. The data clearly show that the presence of alginate slows down the 

agglomeration of silver nanoparticles in salt water. The time constants obtained above will 

depend on the exact composition of the dispersing media, but they could be useful for 

comparing the relative stability of AgNP with different functionalization or coating dispersed 

in the same specific media.  
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Figure 5. A) Relative signal intensity variation with time, at 430 nm, of free AgNP (black) 

and AgNP-alginate complexed sample (red), incubated at room temperature in ASW. Dashed 

lines show the exponential fitting model applied.  

 

 

To obtain more detailed information on the changes in size of AgNP during the 

agglomeration/precipitation process DLS and spICP-MS can provide relatively fast 

nanoparticle size measurement. Figure 6 shows the Z-average diameter measured for different 

samples as a function of incubation time. Even if the data has to be treated carefully, due to 

the well-known inability of DLS to properly measure the particle size distribution of 

polydisperse samples in the presence of just a few percent of large particles [27] there is a 

clear general trend that indicated the increase presence of large AgNP in salt water. 

A more robust assessment of the particle size distribution in the early stage of the 

agglomeration process can be obtained by spICP-MS. Figure 6. C and D show the PSD 

obtained by spICP-MS for free AgNP and AgNP-alginate, respectively, in ASW after 10 

minutes of incubation. Without the protective effect of alginate, ASW cause the appearance of 

a second population centred at 75 nm, in addition to the main AgNP population at 55 nm. The 

spICP-MS measurement after 48 hours incubation showed a lower data quality with a reduced 

number of detectable peaks and a wider particle size distribution (data not shown). 
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Figure 6. A) Average NP diameter measured by DLS, plotted by incubation time. B) Particle 

distribution, by weight, of free AgNP (red) and AgNP-alginate complex (blue), acquired by 

CLS. Size distribution, obtained by spICP-MS, of C) free AgNP and D) AgNP-alginate 

incubated 10 minutes in ASW. 

 

     

Dissolved organic matter can contain different components in addition to alginate, in 

particular humic substances are one of the most common DOM in aquatic environments. As a 

proxy for this class of DOM, and for comparison with the AgNP-alginate complex, the effect 

of humic acid (HA) on AgNP behaviour in ASW was also tested by following the kinetics of 

agglomeration by UV-Vis spectroscopy and DLS. Figure 7 shows the UV-Vis and DLS data 

for AgNP in the presence of humic acid in deionized water and in ASW, together with data of 

free AgNP in ASW as control. The results show that AgNP-HA samples are relatively stable 

in deionized water, while in ASW both free AgNP and AgNP-HA complexes show 

significantly reduced LSPR of silver nanoparticles (Figure 7.A), with the largest decrease in 

intensity occurring for the free AgNP. Figure 7.B shows the fitting of UV-Vis intensities to a 

single exponential decay. The non-linear least square fitting analysis results in coefficients of 
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determination (R2) of 0.97 for free AgNP and 0.86 for the AgNP-humic acid system, with 

time constants equal to 12±2 m-1 and 30±11 m-1, respectively. These results show the 

qualitatively similar behaviour of this system compared to the AgNP-alginate system in 

ASW. The comparison of the time constants for the agglomeration process for the AgNP-

humic acid, 30 m-1, with that of 20 m-1 for the AgNP-alginate system suggest a slightly greater 

stabilization action of humic acid compared to alginate, in the initial part of the process.  

 

 

 

Figure 7. Agglomeration process of the AgNP-HA system. A) UV-Vis intensity of LSPR 

band at 430 nm vs. incubation time at room temperature of AgNP-HA in de-ionized water 

(blue), AgNP-HA in seawater (red) and free AgNP in seawater (black). Black and red lines 

show the exponential decay fitting model applied to free and complexed AgNP in ASW, 

respectively. C) Z-average values from DLS measurement of free and complexed AgNP in 

seawater (squares) and de-ionized water (circles) both at room temperature and at 14°C.  

 

 

The agglomeration of AgNP in ASW is confirmed by DLS measurements, shown in Figure 

7.C, independently of the incubation temperature. AgNP-HA complex in de-ionized water 

showed constant hydrodynamic diameters over the course of the experiment, in both 

temperature conditions. Samples in salty water showed increased Z-average values 

accompanied by increased polidispersivity values, indicative of agglomeration process. The 

data obtained by DLS for humic acid-containing samples is consistent with the data collected 

for alginate-containing samples. It is clear that such systems are complex and care should be 

taken in interpreting DLS data considering  its tendency to omit small particle size 

distributions due to a strong scattering signal from large [27]. 
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7.5. Conclusions 

 

In this study we have developed an experimental approach to study the agglomeration process 

of silver nanoparticles in water as a function of key environmental parameters, such as 

temperature, dissolved organic matter and salinity under realistic testing conditions of light 

cycle and agitation. The use of complementary techniques has allowed us to gain in-depth 

insights of the agglomeration process at different time scales. The use of the localised 

plasmon resonance band of AgNP allowed us to obtain information on the time-dependent 

destabilization of AgNP, while the use of spICP-MS, CLS and AF4 permitted the 

measurement of particle size distribution at longer incubation times. In particular, we have 

shown that in marine waters silver nanoparticle agglomerates quite quickly, while they are 

reasonably stable in de-ionized water. Thus the presence of dissolved organic matter stabilizes 

AgNP in marine water compared to free AgNP and in addition the DOM coating of the 

nanoparticles may change the interaction with living organisms. 

Natural systems are more complex than those studied here; in particular heteroaggregation 

processes, wide ranges of salinity, and variable amounts of DOM can influence the 

aggregation process of AgNP and thus their relative importance should be carefully evaluated. 

To this end, this study provides an experimental methodology for the in-depth analysis of the 

complex behaviour of silver nanoparticles and it will be important for the proper analysis of 

the fate of AgNP in the aquatic environment.  
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Silver nanoparticles (AgNP) were characterized in terms of size, dispersion and optical 

properties. AgNP size was determined by Centrifugal Liquid Sedimentation (CPS) and 

Dynamic Light Scattering (DLS), as explained on the manuscript. The dispersion 

(polydispersity index, PdI) was measured by DLS and the maximum absorption wavelength 

(λ) was determined by UV-Vis spectroscopy. Transmission Electron Microscopy (TEM) was 

used to visually evaluate AgNP characteristics (Fig S1). Nanoparticles were spotted on C-Cu 

grids and dried at 4°C before to analysis. Total silver concentration on the stock solution was 

measured by ICP-MS, after dilution in 1% nitric acid, revealing to be 20% less in mass.  ICP-

MS measurements were performed with an Agilent ICP-MS 7700x (Agilent Technologies, 

Santa Clara, USA) equipped with platinum sampling and skimmer cones, MicroMist quartz 

nebuliser and a quartz Scott spray chamber. Argon was used as carrier gas and He as a 

collision gas in a Octopole Reaction System (ORS). The ICP-MS was operated in full 

quantification mode. Rhodium in1% nitric acid was added on-line as internal standard 

(ISTD), via a t-tube mounted before the nebuliser pump. Monitored signals included masses 

107 and 109 for Ag and 103 for Rh, isotope 107 on collision cell mode was used for 

quantification. A total of 6 silver concentration standards (plus blank) were prepared in 2% 

nitric acid in the range 0.2-50 μg/L. Calibration curves were read twice during the run.  A 

total of five procedural blanks were analysed during the run. Table S1 summarizes 

characterization data both for size and mass. 

 

 

Table S1: List of tested nanoparticles and accessed information on size, dispersivity and 

wavelength for maximum absorbance. 

 

 

 

* Size based on TEM, declared by the supplier (Sigma-Aldrich); & median of the particle size distribution based on weight; ^ Zeta average; # 

Median of the particle size distribution based on number 
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Figure S1. TEM image of 60 nm AgNP citrate stabilized from Sigma. 
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Figure S2. UV-Vis spectra of 60 nm AgNP citrate stabilized from Sigma. 
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8.1. Abstract 

 

In the following article an electron/ion microscopy study will be presented which investigates 

the uptake of silver nanoparticles (AgNPs) by the marine diatom Thalassiosira pseudonana, a 

primary producer aquatic species. This organism has a characteristic silica exoskeleton that 

may represent a barrier for the uptake of some chemical pollutants, including nanoparticles 

(NPs), but that presents a technical challenge when attempting to use electron-microscopy 

(EM) methods to study NP uptake. Here we present a convenient method to detect the NPs 

interacting with the diatom cell. It is based on a fixation procedure involving critical point 

drying which, without prior slicing of the cell, allows its inspection using transmission 

electron microscopy. Employing a combination of electron and ion microscopy techniques to 

selectively cut the cell where the NPs were detected, we are able to demonstrate and visualize 

for the first time the presence of AgNPs inside the cell membrane. 
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8.2. Introduction 

 

Diatoms play a major role in the earth's carbon cycle fixing about 40% of the total carbon in 

oceans and serve as the base of the marine food chain [1]. They are ubiquitously distributed in 

all aquatic ecosystems and have been used for many years as ecological indicators [2]–[4]. 

More recently, diatoms have also been studied as non-model organisms to investigate the 

mechanism of toxicity of chemical pollutants at a molecular level [5]–[7]. Given the 

increasing relevance of engineered nanomaterials worldwide and their uncontrolled release 

into the environment there is a rapidly growing concern about the potential toxicological 

impact on many aquatic organisms including small autotrophs such as diatoms. Among the 

various classes of nanomaterials present in commercial products silver nanoparticles (AgNPs) 

represent one of the most commonly used due to their highly efficient antibacterial properties. 

Common examples of their use include biocidal additives, silver impregnated antibacterial 

materials, and disinfectants. Nanoparticle incorporation has been reported in various cell 

types such as algae [8], nematode [9], fish [10], [11] and human mesenchymal stem 

cells [12]although the uptake mechanisms and affected intracellular pathways are still under 

investigation. Previous research has suggested that the toxicity of AgNPs to microorganisms 

is due to the release of Ag ions into the media [13], [14]. In a recent study of time-dependent 

cellular growth, we reported how exposure to both AgNPs and silver nitrate (AgNO3) could 

inhibit the growth of diatoms and cyanobacteria. The data suggested that the toxicity for the 

biota was the result of a combination of effects from both the AgNPs and the released silver 

ions [15]. 

The unique morphology of diatoms with their silica outer shell represents a particular 

challenge for the study of AgNPs internalization. The marine diatom Thalassiosira 

pseudonana used in our studies is characterized by a cylindrical shell consisting of two valves 

joined by girdle bands-features which have been widely characterized by techniques like 

scanning electron microscopy (SEM) or atomic force microscopy (AFM) [16], [17]. The silica 

outer shell is assembled in an intricate three-dimensional pattern of nanopores leaving a 

considerable surface open for the interaction of the cell with its environment, including the 

transport of nutrients or even environmental pollutants. The diffusion of particles through the 

diatom outer shell has been shown to depend not only on the overall surface of the cell but 

also on the size of the pores and the tortuosity of the path [18]. Thus, the intricate three-

dimensional structure likely represents a natural filter for the flow of larger molecules and 

nanomaterials such as NPs. 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Falciatore1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Denys1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Rovira1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Carvalho1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Wang1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Miao1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Meyer1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Farkas1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Kwok1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Greulich1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Lok1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Xiu1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Burchardt1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hildebrand1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Losic1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Bhatta1
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A number of metal NPs have unique plasmon-resonant optical scattering properties that can 

be used to localize them inside microorganisms using optical microscopy [19]. The 

identification and localization of intracellular gold NPs has been possible with advanced 

methods such as Raman or hyperspectral confocal microscopy [20], [21]. The detection of the 

characteristic plasmonic signature of silver NPs in the diatom/AgNPs system provided 

indications that a similar situation may be occurring in this system [22]. Unfortunately, more 

precise localisation of NPs in cells is not possible by optical microscopy because of the 

fundamental limitations in resolution imposed by the wavelength of the incident light. 

Recently, study using a combination of optical and AFM methods showed the interaction of 

NPs with diatom cells [22]. They demonstrated evidence that nanometer scale structural 

changes to cell morphology can be induced by AgNPs and inferred the internalization of 

AgNPs into the cell following the observation of coagulation of the internal cell material. 

Unfortunately, the application of AFM is restricted to the study of the outer shell and thus the 

presence of NPs inside could not be visualized with submicron resolution. 

Transmission electron microscopy (TEM) has been employed to image the interaction of 

polydispersed AgNPs with the bacteria Ochromonas danica and Pseudomonas 

putida [8], [23]. This methodology involves the preparation of cell slices with a thickness of 

around 100 nm making the study of whole cell morphology difficult since consecutive 

sequences of microtome slices must be imaged if a complete tomography of the cell is to be 

achieved. SEM instrumentation, when compared to TEM, is generally simpler and more 

accessible and this has been widely employed to characterize the external morphology of 

diatoms [24], [25]. Furthermore, SEM in combination with X-ray spectroscopy can provide 

very good resolution of the morphology as well as the spatial distribution of the atomic 

elements in diatoms [26]. To target the inside of the diatom SEM can also be used in 

combination with ion-abrasion employing a focused ion beam (FIB) [24]. When suitably 

automated this method allows the 3D reconstruction of organic tissues with a good results in 

terms of depth versus resolution [27]. The principle problem of TEM microtome and FIB 3D 

reconstruction methods is that the processes of cell cutting is relatively slow and this is further 

compounded by the fact that the position of the NPs in a sample fixed with resins is a 

priori unknown, so finding the sections of interest occurs by trial and error or by a long 

systematic series of cuts. 

Recently, we have presented a convenient method of using electron and ion 

microscopy [28],[29] to study the interactions of metal NPs with cells grown in suspension. 

The method, based on cell preparation by critical point drying, was able to detect NPs down 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Sharand1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Shah1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Rocha1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Pletikapi1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Pletikapi1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Miao1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Fabrega1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hildebrand2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Tesson1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Abramson1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hildebrand2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Heymann1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Garca1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Sumbayev1
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to 5 nm in the cells and to distinguish between genuine uptake/internalization and mere 

interactions between the particles and the membrane surface. In our studies, we used this 

technique to investigate the internalization of the AgNPs in the marine diatom T. pseudonana. 

The original method was adapted to use diatoms as a way to adequately preserve the shape of 

the organism while, at the same time, ensuring the necessary transparency for the electron 

microscopy study in transmission mode. 

In our procedure the localisation of the NPs in the diatom was based on the comparison of the 

signals from the transmitted and scattered electrons. In this way the NPs which were detected 

in transmission but not with SEM mode were below the surface. To confirm their presence 

inside the cytoplasm of the diatoms we applied FIB milling to visualize inside the cell. The 

silver content of nanoparticles was verified in our experiments using electron dispersion X-

ray signal (EDX). To our knowledge this is the first time that it has been possible to show the 

presence of AgNPs actually inside the cytoplasm of the marine diatoms. 

 

 

8.3. Materials and Methods 

 

8.3.1 Materials 

 

All experiments were carried out using maltose-stabilized nanoparticles in an aqueous 

suspension. Chemicals used for diatom culture media were purchased from Sigma-Aldrich. 

Silver nitrate (AgNO3) (99.9%), ammonium hydroxide (5N in H2O), D-(+)-maltose 

monohydrate (98%), sodium borohydride (98%) were purchased from Sigma-Aldrich and 

used without any further purification. 

Synthesis of Silver Nanoparticles 

AgNPs were prepared via a modified Tollens process in which the complex cation 

[Ag(NH3)2]
+is reduced to form silver metal nanoparticles through chemical reduction by 

sugars as described previously [15]. The particle size distribution in the resulting AgNPs 

dispersion was analyzed by Centrifugal Liquid Sedimentation (CLS) [31] and Scanning 

Electron Microscopy (SEM). According to the particle number distribution, the sample was 

polydispersed with size distribution between 5 and 120 nm (data shown in supporting 

information). 

 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Burchardt1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Linsinger1
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8.3.2 Diatom Culture 

 

T. pseudonana (strain CCMP 1335) was purchased as axenic culture from the Provasoli-

Guillard National Center for Culture of Marine Phytoplankton (CCMP, West Boothbay 

Harbour, Maine, USA). Diatom cultures were kept in artificial sea water (ASW)-f/2 

medium [32], [33] at 14°C under a diurnal light cycle of 13 h light and 11 h darkness and 

continuous shaking at 100 rpm. Cell density and cell growth were calculated as published 

previously [34]. 

Exposure of Diatom Cultures to AgNPs 

In order to test the uptake of AgNPs, diatoms were exposed to silver nanoparticles at a 

concentration of 50 µM in ASW-f/2 medium. Diatom cells were cultured at an initial cell 

density of 0.75×106 cells/mL in 20 mL batch cultures. After 24 h, the nanoparticles were 

added to the culture just before the light cycle started and then incubated for 48 h. 

 

8.3.3 Sample preparation for electron microscopy 

 

The cell preparation for electron microscopy consisted in a standard, single cell chemical 

fixation [24], [35] followed by critical point drying. After incubation with AgNPs, 

20−50×106cells were harvested and fixed by adding glutaraldehyde at a concentration of 2.5% 

for 30 min at 4°C. The cells were pelleted and washed with distilled water. The cell pellet was 

then post-fixed with 2% OsO4 for 20 min, centrifuged and washed again with water. The 

OsO4 was used to fix the lipidic structures in the cell [36]. All the centrifugation steps were 

performed at 2500×g for 5 min. 

After cell fixation, a sequential solvent exchange was done using increasing concentrations of 

ethanol in water (25, 50, 75, 90 and 100%). After each solvent exchange, the cells were 

incubated for 5 min followed by centrifugation at 2500×g for 5 min. The final pellet was 

placed in a vial with a porous lid and CO2 critical point drying performed. Ethanol was 

exchanged by liquid CO2 at 5°C and 50 bar using several rinsing steps in an EMITEC critical 

point dryer. The pressure was increased in the closed volume, raising it to the critical point of 

CO2 by increasing the temperature. The pressure was then gradually decreased to ambient 

level over a period of one hour. The final product was a fine black powder containing the 

cells. Each of the samples was then transferred into individual grids of 300 µm mesh copper 

coated with graphite for support. 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Guillard1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Guillard2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Bopp1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hildebrand2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-University1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Bozzola1


 

114 

 

8.3.4 Scanning electron microscopy and EDX analysis 

 

A double beam scanning electron microscope FEI-NOVA 600i NANOLAB equipped with 

FIB and a gas injector (GIS) with platinum precursor was used for SEM analysis. The system 

was equipped with traditional secondary and in-lens detectors as well as X-ray analyser for 

Energy-Dispersive X-ray Spectroscopy sensitive to carbon and other higher atomic weight 

elements. A scanning transmission electron microscopy (STEM) detector was used for 

transmitted electrons. 

In order to study the cell-NPs interaction, the cells were firstly scanned in the transmission 

mode to detect AgNPs using 30 keV acceleration voltage (HV) which was the maximum 

possible in our scanning microscope. Although traditional TEM instrumentation provides 

acceleration voltages up to 300 keV in our case we compared STEM images at 30 keV with 

TEM images taken with a JEOL JEM 2100 TEM microscope at 200 keV (see Figure S3). As 

would be expected, the contrast and resolution of TEM images were superior to that of STEM 

but the main information necessary to detect AgNPs was equivalent. After identifying the 

position of the NPs, the surface of the cell was explored using low accelerating voltages (5 

keV) to avoid signals coming from deep intracellular structures. For those cells with 

insufficient electrical grounding (enough contact with the electrical conductive grid support), 

it was necessary to raise the energy to 25 keV to visualize the diatom surface, even though at 

this energy some signal from below the surface was observed. However, even when using an 

accelerating voltage of 25 keV the position of the surface bound NPs was recognizable using 

the SEM mode. 

In those cases when NPs detected in transmission mode could not be found at the surface, a 

search for NPs inside the cell was initiated in that region by performing a cut using focused 

ion beam (FIB) milling. Before starting the cut, the region of the cell containing the NPs was 

protected by depositing a metallic layer on top of the cell using Pt-GIS activated with the 

electron gun to avoid a curtain effect [37]. The rest of the milling procedure was made 

following the method already described in [28]. EDX image maps were treated using the open 

software program Image-J [38] for noise reduction using a Gaussian Spatial filter (see 

supplementary information). 

 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Drobne1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Garca1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Schneider1
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8.4. Results 

 

8.4.1 Surface analysis of Thalassiosira pseudonana exposed to AgNPs 

 

 

Figure 1. Scanning electron microscope images of the nanostructured pores in the shell of 

two diatoms corresponding to the control (A) and AgNPs exposed (B) samples respectively 

(scale bar common in both pictures). 

 

 

Diatom cells exposed to AgNPs were analyzed by SEM. Figure 1A shows a representative 

image of the diatom external frustule belonging to the control (sample incubated without NPs) 

using classical SEM imaging of electrons originating mostly from the first few nanometers at 

the diatom surface. The untreated diatom cells showed nanopores with an average diameter of 

20±3 nm (n = 81) while the larger pores in the valve (portulae) had an external diameter of 

72±19 nm (n = 10). The values are consistent with those reported previously by Hildebrand et 

al. 2006[16]. Figure 1B shows NPs attached to the surface of a diatom of the exposed sample. 

Agglomerated and dispersed AgNPs of different sizes were found on the surface of the valves 

and the girdle band (Figure 1B) with the latter being often associated with organic material. 

No noticeable morphological changes were detected in the size and shape of the diatoms 

when exposed to the AgNPs. Additionally, the pore sizes of the diatoms in both the untreated 

and exposed cells showed similar values. 

Figure 2 shows the silver NPs detection scheme. The NPs were detected at the surface using 

scattered and secondary electrons in SEM mode (Figure 2A). The cell was also inspected in 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g001
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hildebrand1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g001
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g001
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g002
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transmission mode with 30 keV (Figure 2B). The comparison of these two images shows 

where the NPs were localized. In the case of this cell, all the NPs found were at the surface. 

Transmission images like the one in Figure 2B allow us also to visualize the dimensions of 

the cytoplasm of the cell compared to the silica shell. We noticed a shrinkage of the cells of 

approximately 60% (estimation based on imaging shown in Figure S2), similar to other values 

in literature of cells treated with critical point drying [30]. The silver content of the NPs was 

further confirmed with EDX. Figure 2C shows the carbon (blue), silicon (yellow) and silver 

(red) maps, which correspond to the position of organic matter, the diatom shell and AgNPs 

respectively. 

 

 

 

Figure 2. Scanning electron microscope images of a diatom exposed to AgNPs using the 

signal from the surface (A) and in transmission (B).  (C) shows the EDX map of carbon 

(blue), silicon (yellow) and silver (red) of the area indicated by the dashed squares in (B) 

assigned to the organic part, the exoskeleton and AgNPs respectively (scale bar common to 

the pictures (A) and (B)).  

 

 

8.4.2 Uptake of AgNPs 

 

In order to study the fate of the NPs, we analyzed several diatom cells using the same 

approach described for the cell in Figure 2. Traditional SEM and STEM analyses of a 

representative diatom are shown in Figure 3 A and B, respectively. At low voltages (5 

keV,Figure 3A), the signal reveals the details from the surface of the diatom. AgNPs standing 

outside the valve are detected in this way while the membrane and internal compartments 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Gusnard1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
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were not visible. By contrast, using STEM at 30 keV it was possible to visualize the inner part 

of the diatom (Figure 3B) and screen the AgNPs in the cell that were not visible at the 

surface.Figures 3 C and D show an enlargement of the dashed area in Figures 3 A and B. 

These images were used for the localization of AgNPs. It was possible to assign the NPs to 

the diatom surface whenever the NPs were visible in both SEM and STEM images (e.g. see 

the blue arrow in Figures 3 C and D). However, some NPs were only visible in transmission 

mode (e.g. NPs pointed by the red arrow in Figure 3D) and were likely inside the diatom 

shell. These cells were selected as candidates for further analysis on NP uptake. 

 

 

Figure 3. Scanning electron microscope images of a second diatom exposed to AgNPs, using 

the signals from the surface (A) and in transmission (B). (C) and (D) show magnifications of 

the same area of the cell indicated with the dashed squares, where it is possible to detect NPs 

in the surface (i.e. blue arrow) or potential internalized particles (i.e. red arrow) (scale bars 

common to pictures (A), (B) and (C), (D) respectively).  

 

 

8.4.3 Intracellular analysis of AgNPs 

 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
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To confirm the uptake and the intracellular location of silver nanoparticles, a cross-cut was 

performed by milling into the cell in the region where the comparison between surface and 

transmission images indicated the presence of NPs inside the shell of the diatom. Figure 4 

illustrates a cut of the cell shown in Figure 3 done for intracellular inspection. The section 

was performed at the level of the cytoplasm. The platinum stripe, deposited to avoid the 

curtain effect during the milling process, can be seen in Figure 4A shadowed with 

blue. Figure 4B shows the section of the cell after the cut, while the enlargement of the 

cytoplasmic region is shown in Figure 4C. Some of the brighter spots localized in this picture 

reveal higher scattering cross sections that could indicate higher density atoms related to a 

silver content. Figures 4 D and E show the Ag and Os EDX maps respectively over the 

secondary electron signal obtained with the EDX detector. Since osmium had been used for 

cell fixation (see Material and Methods), the homogeneous distribution over the cytoplasm 

shown in Figure 4E was as expected. In contrast to this, the Ag distribution was 

heterogeneous (see Figure 4D), with certain areas being exceptionally dense, and matching 

the brighter areas in Figure 4C indicated by a red arrow. The EDX point spectra analysis in 

this region was compared to the background (red and blue squares in Figure 4D respectively) 

and plotted in Figure 4F. The elemental analysis of the cell by EDX showed signals for C, N, 

O, Si, Os, S and Cl from the cell as well as Cu, Al, Pt and Ga identified as contaminant 

signals likely coming from the supporting grid, the microscope chamber, the protection layer 

and deposited Ga atoms during the ion milling process, respectively. The homogeneous 

distribution of Os in the EDX maps confirmed the overall distribution and also indicates that 

no Os agglomerates were formed during the fixative process. By analyzing the SEM images 

of the section and the EDX data we can correlate the studied high-density clusters in Figure 

4C (pointed with the red arrow) to silver aggregates. 

 

 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#s2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
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Figure 4. Sequence of the cut and detection of Ag content in the section from the same cell 

shown in Figure 3. (A), the cell after the deposition of the Pt protective layer. (B), the cell 

after the cut; (C) an enlargement of the section of the cell with an enhanced contrast. (D) and 

(E), the Ag and Os EDX maps respectively over the Secondary Electron signal collected by 

the EDX detector. (F) EDX spectra from the background (blue) and the bright spots (red) 

corresponding to the blue and red square area shown in the panel (D). The bright spots are 

also marked by the red arrow in panel (C). 

 

 

These results could be reproduced in other cells (see Figures S5, S6). We performed different 

cuts in a total of 12 diatom cells. Bright spots inside the cytoplasm of the cell could be 

detected in seven of the cuts. These spots may be associated with Ag aggregates, although Ag 

EDX signal associated with them was detected only in five of the cells (a second example is 

shown in Figure S6). The emergence of bright spots without EDX signal could occur since the 

detection of X-rays is much less efficient than that of electrons, therefore there is a higher 

threshold for the detection of silver by EDX. In some cells we found neither Ag EDX signal 

nor bright spots corresponding to possible NPs, even when the comparison of the intact cell 

by SEM/STEM suggested that some of the NPs were located internally (e.g. in Figure S5H). 

The failure to detect Ag nanoparticles in the cuts may be partially explained either by the 

induced ion abrasion damage or by the displacement of the section due to charging effects. 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s005
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s006
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s006
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s005
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8.5. Discussion 

 

In this study, the intracellular uptake of AgNPs by the marine diatom Thalassiosira 

pseudonana was investigated by combining SEM/STEM/FIB. By correlating the surface and 

transmission signals, we demonstrate that it is possible to detect NPs that have crossed the 

outer silica shell and then, by using an ion beam to mill into the sample, we found evidence 

confirming the presence of internalized metal rich clusters. The Ag content of these clusters 

was demonstrated using EDX analysis. The combination of dual beam microscopy with EDX 

is a powerful strategy to analyze a precise smooth section [24], [39]. However, with the 

current SEM/FIB instrumentation, the FIB abrasion requires time-consuming processes to 

minimize damage in the organic material of the cell. Even using the method described here 

which minimizes the time for milling by allows the detection of regions of interest prior to the 

cut, we believe that SEM/FIB methods should be considered most suitable for studies on 

laboratory-cultured cells rather than for cells originating in the natural environment. In the 

latter case the concentration of AgNPs would general be much lower making its detection 

difficult. 

While this study has shown the presence of internalized Ag clusters, determining the 

mechanism by which they may reach the cell interior is a much more complex issue and 

requires careful consideration of many aspects of the behavior of silver nanomaterials. 

Metallic AgNPs may not be chemically stable under common environmental conditions and 

can be easily oxidized, particularly when exposed to sources of light or, alternatively, may 

complex with naturally occurring organic ligands such as humic or fulvic acids. Similarly, 

silver in the ionic state can also be reactive and can complex with organic molecules [40] such 

as proteins or even be reduced back to the metallic state by mild reducing agents. Reactions 

can occur between ionic silver and sulfides or chlorides resulting in the formation of low 

solubility products such as AgCl and Ag2S. In the case of AgCl the situation is further 

complicated as exposure to a high salinity environment may result in the formation of more 

soluble complex chlorides which can re-solubilize the Ag [15]. Many types of AgNPs are 

dependent on electrostatic repulsion for their colloidal stability and thus tend to aggregate in 

high ionic solutions such as seawater which effectively screens the charge on the particle 

leading to reduced repulsion and eventual coagulation due to van der Waals forces [41]. The 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hildebrand2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Heymann2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Levard1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Burchardt1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Stuart1
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AgNPs in our culture could be detected attached to the cell surface of T. pseudonana, on the 

valve and girdle band. While AgNPs in a monodispersed form were observed, aggregates or 

clusters of AgNPs were also very common. The nanoparticles found attached to the diatom 

cells had a broad range of sizes, including sizes smaller than the pore diameters of the outer 

shell. The cell wall in the centric diatom T. pseudonana may be permeable to small particles 

entering through the naturally existing pores. Nevertheless, the mobility of molecules inside a 

diatom pore is affected not only by the diameter of the outer opening but also by the pore 

geometry across the shell structure [18]. Studies performed by Yang et al. would suggest that 

the diatom surface topography helps the diatoms to sort and filter the particles [42]. It is thus 

not certain what the size exclusion limit is for the entry of nanoparticles in T. pseudonana. 

Another mechanism that would allow the crossing of the AgNPs through the cell wall was 

shown by Pletikapić and coauthors using atomic force microscopy [22]. The cell exoskeleton 

of diatoms is covered by an organic envelope essentially composed by polysaccharides and 

proteins [43], [44], [45]. AgNPs have shown high reactivity with these exopolymeric 

substances (EPS). Indeed the production of EPS is increased with the AgNPs 

exposure [46],[47]. Furthermore they showed that the mechanism of entrance of AgNPs 

through the cell wall of the marine diatoms C. fusiformis and C. closterium involved localized 

damage without disintegration of the cell wall. In our case, AgNPs also seemed to be 

preferentially associated with the organic content at the surface of the T. pseudonana although 

no damage was verified in the exoskeleton, AgNPs could potentially cross the shell barrier in 

a similar way to that in the study by Pletikapić and coauthors. 

After crossing the outer-shell in diatoms, NPs must also cross the cellular membrane to reach 

the cytoplasm and the intracellular compartments. In our paper we have demonstrated the 

presence of Ag clusters inside the cytoplasm. In a previous paper the toxic effect of AgNPs 

exposure to T. pseudonana could be explained by a combination of integral AgNPs and other 

silver containing species that were released in the artificial seawater [15]. The observation of 

intracellular nanoparticulate silver in the present study could thus explain the contribution of 

AgNPs to the observed toxicity by providing a localized source for the release of silver ions in 

close vicinity to the molecular targets. However, the SEM images and detection of silver by 

EDX only provide static temporal information on the presence of high density silver clusters 

inside the diatom cells but do not provide all the information about the mechanism of uptake 

or the nature of the internalized silver. In fact, our data could be explained by an uptake of 

small silver nanoparticles but it cannot be excluded that these-high density silver signals 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Bhatta1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Yang1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Pletikapi1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hecky1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Hamm1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Svetlii1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Miao2
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Navarro1
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078-Burchardt1
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could arise from an uptake of free silver that subsequently precipitates and aggregates inside 

the cells. 

In summary, we have shown a potentially attractive method for investigating the interaction 

of diatoms with AgNPs. We believe that its use in this study has begun to reveal more about 

the role of AgNPs in the toxicity of microorganisms and it shows a potential which could be 

exploited in further in-depth studies of their interaction with monodispersed AgNPs and ionic 

silver. 
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8.6. Supporting Information 

 

8.6.1 Particle analysis 

 

 

Figure S1. (A) SEM of the NPs used in the study. (B) Centrifuge Liquid Sedimentation 

analysis of the size of the AgNPs.  

 

 

Particles were analyzed using CLS and SEM. Particles' diameters resulted less than 120 nm. 

Below 30 nm CLS reaches its limit of sensitivity and we cannot exclude particles of smaller 

size. For this reason we considered our nanoparticles as polydispersed AgNPs. 

 

 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s001
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8.6.2 Control sample 

 

 

Figure S2. SEM images of one of the diatoms from the control sample using the signal from 

the surface (A) and in transmission (B) (common scale bar).  

 

 

The control sample was prepared in the same way described in materials and methods without 

the incubation with AgNPs. The shrinkage of the cells was calculated from STEM images 

in Figures 3B and S2B using the ratio of the volume of the shell and cell-membrane. The 

shape used to estimate both volumes was a cylinder (Lx2π(D/2)2), where L and D are the 

measured length and diameter of the diatom corresponding to the vertical and horizontal 

directions respectively in both pictures. 

 

8.6.3 TEM Comparison 

 

 

Figure S3. Transmission electron microscope (TEM) image performed with 200 keV HV.  

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s002
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s003
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Picture S3 shows a TEM image of a AgNP exposed diatom. The picture was made using a 

JEOL JEM 2100 TEM microscope at 200 keV (see Figure S3). We compared the STEM 

images at 30 keV with the ones at 200 keV from the TEM. The contrast and resolution of 

TEM images were superior to STEM, but the main information about the localization of NPs 

was equivalent. The higher contrast in TEM images allows a better recognition of organelles 

in the diatom. 

 

8.6.4 Image processing 

 

 

Figure S4. EDX Ag map before (A) and after (B) image processing using a Gaussian filter 

shown in the table S1.  

 

 

Images were processed using open software Image-J using the convolve command. 

 

Table S1. Kernel of the Spatial Gaussian filter used to deconvolve the EDX signal from Ag 

and Os inFigure 4. 

 

0 1 2 1 0 

1 3 5 3 1 

2 5 9 5 2 

1 3 5 3 1 

0 1 2 1 0 

(A) (B) 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s008
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
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8.6.5  Diatom FIB sections 

 

 

Figure S5. Electron microscope pictures of the total 12 cuts made in this study. Bright spots 

in the cytoplasm region of the section were found in a total of seven cases (A) to (G), while 

EDX signal associated with these spots were detected in five cases (A) to (E).  

 

 

We performed different cuts in a total of 12 diatom cells. Bright spots inside the cytoplasm of 

the cell, associated with high density clusters could be detected seven of the cuts, while Ag 

EDX signal associated with some of these spots was detected in five of them (a second 

detailed example is shown in Figure S6, while for the other cuts the raw data are summarized 

in S7).  

We attribute the fact that we see more bright spots than EDX signal to the higher cross section 

for electron-electron scattering than electron-X-rays scattering, and therefore there is a higher 

threshold for the detection of silver by EDX. In some cells no high density clusters or Ag 

EDX signal were visible inside the cell after the cut, even though the comparison of the intact 

cell by SEM/STEM suggested some of the NPs were not located at the surface. This could be 

partially explained by the introduction of damage by the ion abrasion, as evidenced by the 

detection of a curtain effect (the transport of material from the top of the cell). In these cases 

we did not detect neither silver nor the existence of high density spots. 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s005
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s006
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s007
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Figure S6. Sequence of the cut and detection of silver content into AgNP exposed 

diatom. (A) and (B) are scanning electron microscope images of the diatom incubated with 

AgNP using the signal from the surface and in transmission respectively (common scale bar). 

(C) shows the cell after the deposition of the Pt protective layer. (D) shows the cell after the 

cut while (E) shows an enlargement of the section of the cell with an enhanced contrast. (F) 

EDX spectra from the background (blue region in (E)) and from the bright spot marked with 

the red arrow in (E) are shown in blue and red respectively. 

 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s006
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Figure S7. Microscope pictures of figures S5 C to E where Ag signal was detected by EDX 

(left column). In the middle column, raw EDX data from AgNP regions and background 

corresponding to each image on the left column. (B) Red line represents the EDX taken from 

the area indicated in (A), while the green line is the background from an arbitrary position in 

the cell. (D) represents the data from one of the areas with Ag signal shown in the image (C), 

while (E) is the background from the same cell. (G) EDX data from different Ag regions are 

represented with the black, green and red lines while the background is represented with the 

blue line. Right column: detection of bright spots interpreted as AgNP without EDX signal. 

Examples of AgNP are pointed out with bright blue arrows.  

 

 

Detection of AgNP from figures S5 A and B are reported in details in figures 

4 and S6 respectively. 

 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0096078.s007
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s005
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s005
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone-0096078-g004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0096078#pone.0096078.s006
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9.1. Abstract 

 

Toxicological studies related to uptake are often complemented by electron microscopy 

techniques. The most promising methods available for tissue localization are based on sample 

slicing, multiplying the number of sections to analyze per sample. Although promising, the 

production of such data sets is demanding and time consuming. In this study, we present an 

alternative which allows whole cell imaging without the need for sectioning. Cells are 

prepared for microscopy through a standard critical point drying method and imaged by 

transmission electron microscopy (TEM)-based tomography, reducing the complexity of 

sample preparation and data acquisition. The proposed sample preparation procedure is 

compatible both for TEM and scanning electron microscopy (SEM) analysis. We show the 

possibility to evaluate the distribution of metals inside the cells. As proof of concept, we 

exposed unicellular algal cells to metallic and ionic forms of silver and used the 3D-models to 

localize it inside the cells. Silver complexes bounded to the cell wall and near the cell 

organelles were determined. 
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9.2. Introduction  

 

(Eco)toxicology is a high demanding field. Evaluation of endpoints is often based on imaging 

methods. Recently, the concern with introduction of nanomaterials in many consumer and 

health products has increased the call for (eco)toxicocogical analysis. Nanoparticle uptake is 

one of the many mechanisms which could lead to toxic effects. The search for clear and 

informative methods on the study of nanomaterials impact or mode of action (interaction with 

the membrane, uptake process, targeting, etc.) has turned nano-research towards microscopy-

based approaches, other than molecular techniques. The choices are however limited once 

screening for elements with size ranges below 100 nm. For instance, optical microscopy, with 

a maximum resolution of 200 nm, cannot be considered. Fluorescent microscopy, an 

interesting method regarding the study of cell modifications, has its application limited to 

fluorescent nanoparticle such as quantum dots. However, many relevant nanomaterials used 

in food, heath or cosmetic industries are metallic, such as gold, silver, titanium or zinc NP. 

Such particles have plasmon resonant optical scattering properties which allow its detection 

by specific techniques such Raman or hyperspectral confocal microscopy [1, 2]. Once again, 

there are limitations to those methods regarding cell-NP relative localization. Atomic force 

microscopy (AFM) poses as a good alternative for NP detection and imaging in cells, with 

high sensitivity regarding NP internalization analysis [3]. This method however is limited to 

surface interaction. Nanoparticles targeting or intracellular localization are therefore not 

possible. Finally, electron microscopy techniques are another option to consider. Classic 

scanning electron microscopy (SEM) imaging can be used on NP uptake studies. As shown 

before, it is possible to follow the internalization of AuNP by monocytes [4], although, 

similarly to AFM studies, SEM analysis per se is confined to surface analysis. The use of 

appropriate cell treatment and scanning transmission electron microscopy (STEM) however 

allows the inspection of the cell interior as well. Coupled with focus ion beam (FIB), cell 

milling is possible on grid, where a region of interest, or a NP, is found [5]. Though the 

advantages of a complete study such as STEM-FIB analysis are interesting, the resolution 

power of the STEM is considerably lower than classical TEM, curtain effect can occur during 

sample process spoiling the work, and the amount of time required for such study is 

considerably high. The use of resin embedding or cryopreservation techniques is often used 

due to the quality of the recorded data. TEM visualization of samples prepared by 

ultramicrotomy allows the screening of the overall cell and the exact localization of the NP, 

though this fractionating technique multiplies the amount of grids to image, becoming 
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extremely demanding and time consuming. When working with unicellular organisms, the use 

of sample fixation methods and critical point drying (CPD), is an alternative sample 

preparation method suitable to be used both for SEM and TEM analysis. Through this method 

cell lipids and proteins are chemically fixed with glureraldehyde and osmium tetroxide, 

respectively, the sample is dehydrated with ethanol and this is replaced by CO2, allowing the 

stability of the cell in vacuum conditions. The proposed sample imaging alternative, uses 

CPD treated samples to produce 3D tomography of single cells using TEM. TEM analysis has 

higher resolution and allows cell inspection with no need for sample fractionation. TEM-

tomography technique allows whole cell imaging, in few steps, and 3D modelling suitable for 

NP localization study. The tomography consists on the acquisition of static images at each 

settled angle which are feed to a modelling software that makes a mathematical reconstruction 

of the cell in three dimensions.  After tomography, EDX analysis can be performed at 

different angles to evaluate chemical distribution of several heavy elements in the sample (cell 

and surroundings). This approach was developed for micro-scale cells as microalgae. In this 

study we have used as model the marine diatom Thalassiosira pseudonana, chosen mainly 

due to its size and silica cell wall (shell). T. pseudonana is a unicellular organism of 4-5 µm in 

diameter [6]. The diatom shell consists on an intricate pattern of nanopores, working has a 

natural filter. The pores range from 20 to 70 nm in diameter [7] allowing the entrance of 

pollutants as NP. The rigidity and transparence of the shell helps imaging the cell content 

regardless cell content shrinkage or deformation, created upon sample preparation by critical 

point drying. On the context of this work, maltose stabilized AgNP were used to evaluate in 

cell distribution/localization. The toxicity of maltose stabilized AgNP over T. pseudonana has 

been previously reported [7]. 

 

 

9.3. Materials and Methods  

 

9.3.1 Reagents 

 

The silver nanoparticles were synthesized using maltose as stabilizer. Silver nitrate (AgNO3) 

(99.9%), ammonium hydroxide (5N in H2O); D-(+)-maltose monohydrate (98%) and sodium 

borohydride (98%), used for NP synthesis, were purchased from Sigma-Aldrich. Sea salts, 
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used to prepare diatom culture medium, were purchased from Sigma-Aldrich, and 

supplemental nutrients (F/2 medium kit) were purchased from the National Center for Marine 

Algae and Microbiota. 

 

9.3.2 Silver nanoparticles synthesis and characterization 

 

Silver nanoparticles were synthesized via a modified Tollens process, by chemically reducing 

the complex cation [Ag(NH3)2]
+ on maltose [8]. Freshly synthesized maltose-stabilized silver 

nanoparticles (mAgNP) were characterized by Centrifugal Liquid Sedimentation (CLS, figure 

S1). 

 

9.3.3 Cell culture 

 

An axenic culture of the diatom T. pseudonana (strain CCMP 1335) was purchased from the 

National Center for Marine Algae and Microbiota (NCMA, West Boothbay Harbour, Maine, 

USA). Cultures were maintained in 3.2% ASW-F/2 medium, at 14°C, under a diurnal light 

cycle of 13 h light and 11 h darkness and continuous shaking at 100 rpm. Cell density (n), in 

cells per milliliter, was calculated according to the following formula n = [(culture OD450nm) - 

(medium OD450nm) + 0.0002] / 0.00000006 [9]. 

 

9.3.4 Cell exposure 

 

Cultures of 106 cells/mL were exposed to 50 µM mAgNP or to 10 µM AgNO3 for 48 hours 

before harvesting. A culture lacking silver was prepared as negative control for uptake. 

Cultures of 20 mL were prepared in triplicate for each condition. Incubation started before 

diurnal light phase. 

 

9.3.5 Samples preparation for TEM imaging 

 

After incubation, 20-50 x106 cells were harvested and kept on ice. Cell pulls were 

immediately fixed with 2.5% gluteraldehyde and stained as published before [5]. Few 

exceptions were introduced: i) OsO4 concentration, used for lipid fixation, was reduced to 
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half; ii) all centrifugation steps were performed at 580x g for 5 min, to avoid cell damage and 

iii) after lipid fixation, washing steps were performed using MilliQ water. After dehydration, 

the ethanol content was replaced by liquid CO2, according to the CPD method. Sample 

powder was dispersed in few microliter of absolute ethanol, by gentle reflux, spotted into C-

Cu coated grids, and left to dry overnight at 4˚C. Grid spotting was also tested by friction of 

the grid over the sample powder with similar results in terms of cell shape, however this 

method revealed high incidence of big cell aggregates, not suitable for tomography-based 

analysis. 

 

9.3.6 Transmission electron microscopy and EDX analysis 

 

Images were acquired using a JEOL JEM 2100 TEM microscope at 200 KeV. The system 

was equipped with a Quantax EDS (Bruker) for EDX analysis, with element spectral 

resolution and sensitivity down to carbon. Grids were mounted on a high tilt holder (EM-

21311 HTR, JEOL) and TEM was fully aligned before sample screening. Once a single cell 

was found, far from the grid boarder, the optical path was assured to be aligned and a 

tomogram series was acquired with SerialEM software (Boulder Laboratory). Prior to image 

series acquisition, maximum allowed rotation is determined. High tilt holder allows rotation 

from -60º to 60º, and selected cells were imaged for at least 60º rotation amplitude. The 

software automatically corrects grid deviations, avoiding high shifting of the cell. One image 

was acquired at each rotational degree and autofocus was automatically applied at each two 

degrees. Afterwards, chemical mapping of the cells was performed with ESPRIT software 

(Bruker) for, at least, the neutral stage (zero angle). When sample degradation was not visible 

other chemical maps were acquired at higher tilt angels. Several elements were mapped 

simultaneously, including carbon, silicon, chlorine, silver and osmium. 

 

9.3.7 Image processing and 3D reconstruction 

 

Tomogram series were processed using IMOD 4.5 software for alignment and reconstruction 

of a 3D model of the cells. Gold beads were not added to the samples, consequently, the 

image alignment was performed using a fiducialless approach for single axis samples. Images 

are visually inspected before analysis. Images were the cell is covered or were the grid 

spacers are evident are discarded from analysis. Manual correction of outlier was performed 
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in order to optimize the calculated model. Final reconstruction consists on a set of 3D points 

calculated based on the alignment all feed images. Hereafter, a rotational model and a series 

of Y stacks were available. 

Cell model stacks were used for localization of the mapped elements in the cell.   

 

 

9.4. Results and discussion 

 

Maltose-stabilized AgNP were characterized by CLS revealing a monodispersed, according to 

the particle number distribution, with an average size of 14 nm (figure S1). Cell incorporation 

of mAgNP in T. pseudonana was previously described by Cesar and colleagues [5]. With a 

smaller size than the shell pores (20 to 72 nm), mAgNP were expected to be able to enter the 

diatom shell and interact with the cell membrane.  

After 48 hours incubation cells were harvested and prepared for TEM analysis. At first cells 

were washed in PBS to remove any excess of particles, reducing false positive results due to 

displacement of free particles. A first fixation step with gluteraldehyde was used to block the 

cell metabolism, keeping the proteic structure of the cell, whereas a second fixation with 

OsO4 was used to preserve the lipidic membranes. Secondary fixation was attempted with 1% 

and 2% osmium tetroxide showing no difference on the final results (data not shown). 

Substitution of water content by ethanol was performed in order to maximize CPD efficiency, 

as CO2 is not sufficiently miscible with water. The CPD removed the liquid content of the 

cell without major morphology losses, allowing the visualization of the whole cell with no 

need for further sample processing or tissue contrast improvements. Samples show good 

contrast and the detail of the shell structure and organelles content achieved is quite 

satisfactory. Disregarding the shrinkage of the organelles, common also to plant cells [10], we 

found CPD to be a successful preparation method. For diatoms, the sample preparation 

protocol, schematized in Figure 1, was found reproducible. Sample dispersion in 100% 

ethanol was attempted, for grid spotting, in comparison with physical attachment of the dry 

sample, by friction. Since samples were degassed in the sample holder, prior to mounting, the 

added ethanol evaporated with no hazardous effects to the sample or imaging process. In fact, 

cells dispersion on the grid was improved, with less cell aggregates visible. A good 

distribution of the cells in the grid is crucial for tomography since adjacent cells can cover the 

target cell at various tilt angles. Overlapped cells images can hardly be used for the model 

reconstruction. 
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Figure 1: Flow chart of the cell preparation procedure for EM analysis and TEM image of a 

cell exposed to 50 µM mAgNP, prepared accordingly. 

 

 

The viability of this sample preparation method for SEM analysis on other type of cells had 

been proved by our group on an uptake study, showing the interaction of AuNP with THP-1 

monocytes [4].  

Reconstructions were made from the alignment of an average of 120 images per cell, in 

average. The fiducialess alignment revealed to be feasible, however the use of reference 

particles (fiducials) is expected to decrease the process complexity. Commercialy available 

grids with pre-spotted AuNP are therefore recommended. In such situation, additional EDX 

mapping of Au would allow differentiation of the reference particles from the studied ones. 

Furthermore, the reconstruction software allows removing reference particles from the final 

model.   

Finalized cell models were clean and sharp enabling discrimination of the cell components as 

shown on figure 2. 

 

 

 

Figure 2: Capture of a computer tomography reconstruction of a cell exposed to AgNP. 
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With the reconstruction software, a full 3D model was produced and presented as a movie of 

the cell rotating on a central axis (see Movie S1). Moreover, the software allowed as well an 

inspection of the model stacks on the X/Y/Z axis.  

Due to the destructive nature of the EDX analysis, chemical maps were recorded after 

acquisition of tomographic images. The damaging effect of the electron beam on the analyzed 

region enables the acquisition of data on a maximum of 3 tilt angles. Figure 3 shows the 

overlapping of the EDX maps of silver, silicon and carbon with the TEM image in bring field. 

The overlapping revealed the presence of silver clusters in several areas around the shell but 

also revealed two areas possibly inside the cell. To clarify the localization of these clusters, an 

inspection of the Z stacks was performed and silver clusters were found to be inside the shell. 

One of the clusters was found at the same level as the nucleus, supporting the thesis that it 

was inside the cell membrane. The second cluster on the other hand was found closer to the 

shell. Since the mapping of phosphorous is not possible with the available instrumentation, 

cell membrane was not imaged. Consequently, we could confirm only the passage of the 

silver through the shell pores, but not its internalization. However, the region demarked with a 

circle in figure 3 (bottom left image) is located at the same Z-stack as the cell organelles and 

the EDX map shows evidences of carbon overlapping. Full Z-stack reconstruction can be seen 

in supplementary information (Movie S2). Mapping of additional elements could provide 

further information on the silver interactions.  
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Figure 3: Bright field STEM image of a cell exposed to 50µM AgNP (top left) and the 

overlapped EDX maps (top right) for silver (red), silicon (green) and carbon (pink). Silicon 

content refers to the shell and carbon represents organic matter i.e. cell organelles. Metallic 

silver, corresponding to silver complexes or nanoparticles, appears in red. Silver clusters (red 

circle and square) were localized within the cell as evidenced by the image stacks (bottom). 

Cluster evidenced with red square appears on a top stack of the cell (bottom right) while the 

one with a circle appears on an intermediate stack (bottom left), at the level of the organelles 

(nucleus and chloroplasts). 

 

 

Figure 4 reveals the presence of silver-chloride complexes. In marine samples, silver tends to 

complex with chloride [11], explaining the higher silver signal overlapping the material 

absorbed to the shell. Using this approach, interaction of silver with elements specific of a cell 

organelles can therefore be evaluated. For instance, it is known that iron is a key element on 

diatoms development and can be found in the frustule [12, 13]. Also manganese is mainly 

found in chloroplasts, being essential for superoxide dismutase activity and photoreaction II 

of photosynthesis [14, 15]. 
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Figure 4: Top left panel shows the overlapped bright field STEM image of a cell exposed to 

50µM AgNP and the EDX maps for silver (red) and chloride (yellow). The EDX signal for 

both silver and chloride is shown in bottom left panel. Top and bottom right panels show the 

recorded relative intensity signal of silver and chloride elements, respectively. 

 

 

Cells exposed to AgNO3 showed a faint signal for silver, spread along the cell, even at 

increased voltage (figure 5). EDX analysis is not compatible with ionic content evaluation 

allowing only the screening of the metallic fraction. EDX method can therefore discriminate 

only precipitated silver clusters. The complexation of silver ions with organic elements, such 

as sulphur, producing non soluble species [16], or the previously mentioned complexation 

with chloride, could explain the remaining faint signal in the cell region. 
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Figure 5: Bright field STEM image of a cell exposed to 10µM AgNO3 in two different 

angles, and overlapping signal for silver, (top and bottom panels, respectively). The EDX 

maps for silver are shown in red and its relative intensity is presented on the right panels.  

 

 

9.5. Conclusion 

 

Regardless of the EM availability on research laboratories, this is certainly a technique of 

common use on the nano-(eco)toxicology field. Here we propose a straight forward method 

for uptake analysis that can partially replace the need for complex sample post-processing 

techniques based on sample slicing or milling. Moreover, it produces samples stable enough 

to be stored for few weeks, or to be shipped to other labs were instrumentation (TEM-EDX) is 

available. The sample preparation method used is also compatible with SEM imaging [5]. We 

demonstrate method feasibility for evaluation of complexed silver forms and its distribution 

within whole micro-scale cells. The major advantage of this process is the possibility to 

evaluate intracellular localization for heavy elements in whole cells. In addition, the chemical 
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data acquired can be used to discriminate the 3D model regions, enriching the model 

informative power [13]. Morover, chemical maps recorded at different tilt angles are expected 

to reduce uncertainty in cell regions discrimination. 
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9.6. Supplementary information      

 

9.6.1 I – Characterization of AgNP 
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Figure S1. Nanoparticles size distribution, by weight, analyzed by CLS. 

 

 

The graph above shows the size distribution of the produced maltose-stabilized AgNP, 

acquired by CLS. The adsorption to size conversion assumes a particle density equal to bare 

silver. The data reports a narrow size distribution with a single peak at 14 nm. 
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9.6.2 II – Tridimensional reconstruction model 

 

Movies S1 and S2 show the reconstruction model of a diatom cell exposed to AgNP. The 

tridimensional model (Mocie S1) was reconstructed based on a pull of 120 images recorded at 

every ±1 degree. Movie S2 refers to the Z-stack reconstruction of the same cell presented on 

Movie S1.    

 

 

Movie S1 Tridimensional reconstitution of a diatom exposed to AgNP. (see file in the 

annexed CD room) 

 

Movie S2 Z-stack reconstitution of a diatom exposed to AgNP. (see file in the annexed CD 

room) 
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10. General discussion and conclusions  

Nanotechnology has become an appreciated tool in many industrial sectors. The use 

of nanomaterials has spread in number and functional application in the last 

decades. Consequently, a concern regarding its potential (eco)toxicological impact 

has grown. Furthermore, it raised the need to legislate the use of nanomaterials 

especially in products released to the end costumer, such as cosmetics or food. Both 

areas, scientific research and policy, grew the need to develop methods able to 

detect and characterize nanomaterials. Several methods have been developed and 

adapted to the evaluation of nanoparticles during the last decades, although none 

has yet been proved comprehensive. The combination of several techniques is 

usually used to retrieve enough data to characterize a material. Many presented 

approaches are optimized based on dispersions of nanoparticles in simple solvents. 

The transposition of such studies to real samples, were the complexity of the 

matrices are extremely high, is usually not straightforward. Not only a full 

characterization is required but it must be robust enough to overcome the expected 

particle modifications, such as particle surface coating which affects particle-particle 

and particle-surfaces interactions. In this work we tried to grasp this issue using 

different techniques which can complete themselves toward a more trustable and 

complete characterization of nanoparticles in complex matrices. Two different types 

of nanomaterials were evaluated, titania and silver nanoparticles. Both materials are 

expected to enter the aquatic ecosystem at the life endpoint of the nanoparticle-

containing products or simply by nanoparticle leaching from the referred products. 

Several studies have analysed nanoparticle leaching and fate of nanomaterials in 

waste water treatment plants [68]. Waste water treatment plants and soil are the first 

expected reservoirs although natural soil leaching and discharge of water treatment 

plants are likely to be the main routes for contamination of aquatic system.  

As commented before, the broad use of titania nanoparticles in several industrial 

sector augmented the probability of detection of engineered particles in the 

environment. In this study we focused on detection of titania NP in sunscreen lotion, 

following an exhaustive method setup using cosmetic and food additives. The use of 

sun protection is increasing from year to year subsequent to cancer prevention 

actions, increased access to information and adoption of healthier habits. In this 

scenario there is a direct entry route of NP in the ecosystem. In fact, the initial 
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sample treatment used for analysis consisted in few more than the dilution of the 

sunscreen lotion in an aqueous solution, as expected in recreational areas. On 

Chapter I we showed an exhaustive characterization of additive titania 

nanomaterials, namely pigment 6 white, used in cosmetics, and food additive E171. 

Pigment 6 white is a coated non photocatalitic material dispersible in deionised 

water. E171 is a food additive, sold in a starch mixture, also dispersible in water. 

Determination of material type was performed by Raman spectroscopy, evaluation of 

particle stability at various pH values was performed based on Z-potential and 

sample dispersion protocol was optimized. CLS was used to qualitatively evaluation 

the particle size distribution with respect to the different sample treatments. Real 

evaluation of particle size by CLS is possible only when particle density is known. In 

complex matrices nanoparticles interact with the matrix components which can affect 

the particle density, compared to bare materials, by promoting particle aggregation or 

agglomeration, or simply by coating the nanoparticles surface. To overcome this 

limitation, samples were analysed by AF4/UV-Vis/DLS. UV-Vis was used to follow 

the elution process but it must be remarked that titania absorbance, in the 250-300 

nm range, is non-specific. DLS cannot deal with polydispersed material but AF4 

allows the elution of the particles based on size. AF4 sample fractions were also 

collected and analysed by ICP-MS to confirm the presence of titanium in the sample 

and to quantify it. Total Ti concentration detected in each fraction supported the 

particle size distribution found both by DLS and CLS, revealing the presence of 

aggregated or agglomerated material. This study set the basis for TiO2 NP analysis in 

sunscreen lotion. A similar approach was presented in Chapter II, were lotions were 

dispersed in aqueous solution and sonicated before injection into an AF4/UV-

Vis/DLS hyphenated system. The lotion used in this study was spiked with non-

coated titania nanoparticles. As previously tested by our group in commercial 

sunscreen lotions, the particle coating used in sunscreens does not affect 

nanoparticles characterization based on AF4, UV-Vis, DLS and ICP-MS analysis 

(data not shown). The matrix content was indeed the only variable to be considered, 

influencing the sample dispersion strategy (Dr. Claudia Cascio personal 

communication). The formulation prepared by AHAVA for this study showed to be 

easily dispersible in aqueous solution. Tego care 450 is a surfactant used in the 

formulation of lotions. Therefore it was used to facilitate the dispersion of the lotion-

containing nanomaterials. Contrary of what shown in Chaper 1, UV-Vis and DLS 
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revealed not suitable for detection and size determination of such materials on fatty 

matrices. In fact both systems reported false positive reads when lotion not spiked 

with titania NP was analysed. The unspecificity of the UV-Vis signal was already 

expected, as proteins absorb at the same wavelength range. The results of DLS 

analysis however were surprising. Sizing of materials of 100 nm, in average, was 

reported for both spiked and non-spiked lotions. Considering the use of sonication, to 

optimize particle dispersion, and the presence of fatty components in the lotion 

matrix, we presume that the signal comes from micelles formed during sample 

preparation. To overcome the difficulties of analysis of lotion samples, ICP-MS was 

also used, allowing confirmation of Ti presence in the sample and determination of its 

concentration. In this study we made another advance, showing the possibility to use 

ICP-MS for Ti quantification on non-digested samples also in flow-mode, hyphenating 

the system as an end-detector to the AF4/UV-Vis/DLS chain. The fact that ICP-MS is 

an expensive and not broadly available technique required the adoption of alternative 

methods. Inverse supercritical CO2 extraction was tested as alternative sample 

preparation method for the same lotions in Chapter III. Supercritical CO2 extraction 

as a way to remove lipids from lipidic formulations have been patented already in 

1984 [96]. In our work it proved very useful in evaluating TiO2 NP by AF4/UV-

Vis/MALS techniques. The simplification of the sunscreen lotion matrix allowed direct 

dispersion of the extract in deionised water and reduced the background signal 

recorded by UV-Vis. In fact, the reduction of the background noise allowed not only 

the use of UV-Vis as an alternative size determination method, the MALS. MALS 

analysis of anisotropic materials, like the spiked TiO2 NP, allows not only the 

determination of its molecular weight, as usually used in protein evaluation, but also 

the determination of its radius of gyration. This last value can be used to calculate the 

average particle size of the eluted particles based on a fitting model. Although 

particles shape cannot be accessed by MALS, the shape factor can be calculate 

based on the radius of gyration considering the hydrodynamic radius is known [33, 

97]. The simplified matrix is expected to translate in accurate DLS measurements by 

removing the micelle formation problem. The hydrodynamic size is not available for 

this sample and thus it is not possible to determine the shape factor. However, the 

MALS data were best fitted with the “random-coil” model, suggesting the presence of 

non-spherical particles. The presence of non-spherical particles is also shown in the 

TEM images acquired later. Regarding sample stability trough the scCO2 extraction 
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process, data was not conclusive. The effects on particle aggregation were not fully 

evaluated, however TEM analysis revealed aggregation on the non-treated lotion as 

well. It is therefore not excluded that the recorded particle aggregation comes from 

the instability of the material in the lotion matrix. Overall, the methods described in 

the first 3 chapters are likely to be suitable for evaluation of titania NP in 

environmental samples even at lower concentrations. The characterization potential 

achievable by combination of inverse scCO2, DLS and MALS is expected to be 

enough for evaluation of commercial products as legally required. It is also relevant 

for evaluation of material used in toxicological studies however, attention must be 

paid to possible modifications of the material over time. As mentioned by Al-Kattan 

and colleagues, evaluation of pristine NP toxicity may not give enough information on 

ecological impact of the material due to the modified characteristics of the leached 

materials compared to the primary additive form [98]. 

In the case of silver-based nanomaterials the picture is different. After introduction of 

digital cameras, the disposal of silver nitrate waste products decreased exponentially, 

decreasing consequently its ecological impact. However, the antimicrobial properties 

of silver are being exploited to a greater extent. Nanoparticulated silver was shown to 

be a reservoir of silver ions of slow release and therefore its use increased in the 

health sector. Additionally, it has applications in the textile industry. Environmental 

release of silver forms may have decreased but is still a reality. Moreover, most of 

the new silver-containing products are directed to the general public, poorly aware of 

the potential impact of misuse and disposal of such products for the ecosystems and 

for public health [60, 99, 100]. Detection of silver in the environment and evaluation 

of its toxic potential is extremely important. Silver nanoparticles can be silver ion 

reservoirs, therefore toxic agents, also in the environment depending of the 

modifications they suffer. Their potential toxicity may affect not only the 

bacterioplankton in aquatic ecosystems but possibly also other organisms at the 

lower trophic levels, creating unbalance. It is known that AgNP can impair cell growth 

also in phytoplanktonic species such as diatoms and chlorophytes [89, 91] although 

comparison of studies is usually not possible due to the lack of information regarding 

nanoparticles properties [101]. For the detection of silver nanoparticles in 

environmental-like conditions we used two different approaches: i) characterization of 

nanoparticles in natural organic matrices and ii) evaluation of AgNP behaviour in 

marine systems. We have attempted a similar approach to what was used for titania 

http://pubs.acs.org/author/Al-Kattan%2C+Ahmed
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NP characterization in the evaluation of AgNP. Combination of AF4, UV-Vis, DLS 

and ICP-MS were evaluated with AgNP dispersion. The first approach, presented on 

Chapter IV, was to determine the capacity of the AF4 system in characterization of 

low concentrations of silver nanoparticles coated with organic compounds. Alginate 

was chosen to mimic presence of organic matter in the system due to its molecular 

simplicity. Separation of AgNP was obtained by AF4, starting from a previous work 

reported in literature [102]. In the case of metallic particles, there is one advantage 

on the particle detection area: metallic particles have specific LSPR which allows it’s 

detection by UV-Vis. Spectroscopic analysis of metallic nanoparticles allows 

determination of size and concentration of a metallic particle based on its absorption 

wavelength, as shown for gold nanomaterials [103]. Spectroscopic-based evaluation 

of AgNP follows the same rule, indeed it is usually used to follow the synthesis of 

silver nanomaterials [104]. Silver nanoparticles have a specific LSPR between 400 

and 500 nm, depending on size. On the other hand, MALS analysis is limited to the 

detection (and molecular weight determination) since silver nanoparticles do not 

show angular dependence of the scattered light. Verification of the AF4 separation 

suitability with bare AgNP showed size dependent elution time. Characterization of 

AgNP-alginate coated materials was attempted, showing variation of the elution time 

of bare versus coated particles of same core size. Approximate nanoparticle size 

determination based on AF4 retention time is possible for particles of same nature 

however, the presence of organic materials changes the membrane-particle 

interaction decreasing the retention time and thus underestimating the particle size. 

Charge screening was attempted by adding ammonium carbonate. We indeed 

optimized the elution in terms of retention time however the recovery was 

compromised. In fact, the increase of ionic strength is known to influence the 

separation of nanomaterial by field-flow fractionation [105]. DLS analysis in flow-

mode was performed near the limit of sensitivity nevertheless, we showed that it is an 

interesting resource for size determination. Membrane coating with alginate excess 

present in the injected sample cannot be ruled out. To evaluate this variable samples 

should have been somehow washed although, could represent loss or modification of 

the material. Considering the limited sensitivity of the AF4/DLS system showed in this 

work we consider that it should not be a useful approach for detection in 

environmental samples. The simplicity of the analysis allows detection and 

quantification of AgNP in organic matrices in less than an hour. Validated the 
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AF4/UV-Vis/DLS approach, another study was conducted with the same material 

(AgNP-alginate) in high ionic strength conditions, mimicking marine environments 

(presented in Chapter V). The experiment was performed at the same conditions one 

would cultivate a marine organism, with constant mixing and temperature and 

exposed to a fixed light:dark regime. Unlike AgNP dispersed in deionised water, the 

AF4/UV-Vis signal for AgNP incubated in water at 3.2% salinity is undetectable after 

two days, even if organic matter is present in the system. In fact, AgNP behaviour in 

high ionic strength conditions was evaluated in a shorter time frame by UV-Vis 

revealing complete aggregation of the material. Bare particles were found to 

completely loss their LSPR signal at 430 nm after 30 minutes, in opposition to the 

two hours recorded for AgNP-alginate complexes, consequence of particle 

aggregation. DLS analysis, although not suitable for polydispersed materials, gives a 

clear qualitative indication of the presence of bigger particles or aggregates. The 

recorded Z-averages higher than 100 nm from the first time point, considering a 

primary particle size of 60 nm, reveals the immediate initiation of the aggregation 

process once NP enter in contact with chloride. Similar results were found when 

AgNP were complexed with humic acids, a component of the organic matter of higher 

molecular complexity.  CLS analysis of the complexed nanomaterials after 10 

minutes incubation in salty water revealed an extremely low signal close to the limit 

of detection of the system. AgNP-alginate complexes showed a maximum signal 

near 60 nm while bare particles showed a slightly lower signal and higher size (with 

maximum signal around 70 nm). CLS results were confirmed by spICP-MS where 

presence of particles near 55 nm, for bare material, and bimodal distribution near 55 

and 75 nm, for complexed material, were detected. After two days incubation the 

signal was not detectable for either materials. Aggregates were not revealed in these 

techniques however detection range was set up to 200 nm. This study revealed that 

NP exposure to extreme conditions for long periods can hardly be evaluated by any 

of the proposed methods. However, organic matter was found to have a protective 

effect over AgNP, to a certain extent. Considering the simplicity of our model system, 

further studies in environmental samples must be performed to evaluate the 

application of such tools for detection of silver nanomaterials in real samples. 

In general, characterization of AgNP in natural-mimicking waters as proven of scares 

outcome considering its low stability and high interactivity with organic compounds. 

The informative power (and sensitivity) of the presented techniques regards the 
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toxicologic impact of the materials is considerably low. Legislation regarding nano-

wastes and its impact in the environment is not available. Up to now, only detection 

of pollutant metals for evaluation of water status is regulated [106]. The need for 

AgNP quantification is therefore irrelevant. On the other hand, as a toxic compound, 

its impact in the ecosystem is of high relevance. Therefore, a different approach was 

taken in the study of these materials. Electron microscopy is retained the most 

reliable technique for nano-characterization and is broadly used in (eco)toxicology. 

Consequently, it was chosen as prevalent method for AgNP detection and 

characterization in biological samples. In Chapter VI we present a proof of concept 

for AgNP evaluation in single cells. High concentration of AgNP was used for cell 

exposure in order to increase the probability to find cells with incorporated particles. 

The study consisted of SEM-FIB detection and characterization of AgNP interacting 

with diatom cells. Diatoms were used as model organism due to their size and 

structural characteristics (rigid outer shell composed of different size and shape 

nano-pores). We have combined SEM imaging with STEM mode to evaluate the 

relative position of the nanoparticles with regard to the cell. SEM imaging consists of 

a scan of the sample surface revealing the cell morphology. In this mode it is 

possible to image NP adsorbed to the outer diatom shell. The STEM mode works 

similarly to TEM imaging. By applying higher voltage it is possible to image the cell 

interior. In this mode imaged nanoparticles can be either in- or outside the cell. 

Nanoparticles which were plausible to be inside the cell were further analysed by 

milling. Using the focused ion beam the cell was ‘sliced’ in situ. The relative position 

of the material can then be confirmed and EDX analysis can confirm their chemical 

composition. SEM-FIB analysis was proven viable although technically demanding 

and time consuming. EDX showed quite promising for identification of materials 

inside the cell and consequent detection of toxicants in non-ionic forms. The 

drawbacks of FIB milling, namely possible sample displacement and curtain effect, 

invite for development of alternative methods. In Chapter VII we present an 

alternative method for evaluation of nanoparticles interacting with microorganisms. 

Using the same model organism and exposure conditions as presented on Chapter 

VI we evaluated the flexibility of the preparative method for TEM-based analysis. 

Furthermore we tested the feasibility of uptake evaluation on whole cells. Our results 

showed that the classic fixation with glutaraldehyde and osmium tetroxide followed 

by critical point drying are suitable for preparation of diatom cells for both SEM and 
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TEM analysis without further treatment. In this particular study cells spotted in 

carbon-cupper grids were placed on a high tilt specimen holder. This holder allows 

the rotation of the grid in two senses, around a fixed axis, to a total of 120 degrees. 

Images acquired at every degree were used to reconstruct a tri-dimensional model of 

the cell. Unlike SEM-FIB analysis, 3D-TEM analysis do not require post processing 

since transmission-based analysis allow evaluation of several focus planes 

(throughout the cell) without slicing. Additional information retrieved by EDX mapping 

of selected chemical elements allows discrimination of the image components. De 

Jonge and colleagues have previously shown the application of EDX coupled with 3D 

tomography to study diatom cells, differentiating components such as outer shell, 

cytoplasmatic membrane or organelles based on their main elemental constituents 

[38]. The innovative part of our work was the ability to differentiate between 

nanoparticles absorbed or internalized and to infer their relative position. 

Furthermore, by controlling the co-localization of different elements we could obtain 

information on the modification of nanoparticles in a cell environment. For example, 

chloride and silver co-localize mainly in the clusters adsorbed to the outer shell 

pointing to the presence of AgCl forms, derived from oxidation of the pristine 

material. Overall, we have shown a sample preparation method suitable for TEM and 

SEM analysis and a procedure suitable for silver nanoparticle localization in whole 

cells. Moreover, the presented method is not limited to the study of diatoms as, 

theoretically, any microorganism can be processed in similar way. Also, the 

nanomaterial of interest can differ, being only limited to the discriminative capacity of 

the EDX and the chemical composition of the cell. For instance, the evaluation of 

silica nanoparticles in the chosen model organism (diatom) would not be possible 

since the organism outer shell is of the same material. Additionally, we were able to 

detect cell-interacting AgNP at exposure concentrations of 10 µM (data not shown).  

We think that the proposed TEM-EDX tomography method, although complex, can 

help evaluating AgNP-cell interactions such as the surface area uptake dependency. 

We believe such work contribute to unveil the AgNP mechanism of action and could 

be applicable to evaluation of natural samples, assuming a detectable silver 

concentration is present. 
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