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Abstract   

Advances in nanoscale science and engineering are offering unprecedented 

opportunities for enabling new and improving existing technologies beneficial to 

mankind and the environment. This prosperous outlook leads to a rapidly growing 

number of products utilizing nanotechnology and consequently to steeply increasing 

production volumes of engineered nanomaterials (ENM) and nanoparticles (ENPs). The 

inadvertent release of ENPs to the (aquatic) environment, therefore, seems inevitable. 

To assess the impact of the released ENPs on the aquatic fauna and flora, analytical 

techniques enabling their detection and quantifications are urgently needed. However, 

such analytical techniques are currently largely lacking. 

Laser induced breakdown detection (LIBD) is a method developed to measure 

the size and the particle number concentration of nanoparticles (NPs) in aqueous 

matrices. Although the possibilities of the LIBD have been demonstrated in many 

publications, several aspects have not been addressed, yet and are therefore the focus 

of this thesis. 

In the first part of this thesis the influence of the dispersion media on the LIBD 

signal response is investigated in detail. The particle size and the particle number 

concentration of suspensions can be extracted from recorded energy curves. We 

therefore recorded energy curves in the presence of six most commonly used 

dispersion agents (such as SDS, citrate and Triton X-114) at different concentrations 

and revealed a substantial increase of the background signal of the LIBD. Experiments 

conducted with suspensions containing PS-NPs (50 nm) demonstrated that the LIBD 

derived - size is less affected (< 20%) than the LIBD - derived number concentrations, 

which deviated by up to 300% depending on dispersion type and concentration. 

In the second part of this thesis the influence of different types (materials) of NPs 

on the LIBD signal is addressed. For this purpose, different types of nanoparticles 

(metallic (Ag, Au), sulfidic (Ag2S), carbon-based (MWCNTs), oxides (SiO2 and TiO2)) 

were measured with the LIBD and the recorded energy curves were compared to the 

energy curves for PS-NPs, which were used to calibrate the LIBD system. The energy 

curves for metallic NPs did not display the typical for PS-NPs sigmoidal shape, no clear 

concentration dependence was established as well. The energy curves for MWCNTs did 
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not reveal any possibility for further quantification. However, the energy curves 

recorded for oxidic NPs allowed the size and concentration determination. 

In the third part of the thesis, the LIBD system was coupled with Asymmetric 

Flow Field-Flow Fractionation (A4F) device. A4F is a well-established separation 

technique that is used to size-fractionate NPs and macromolecules. The A4F can be 

coupled to several detectors, such as Ultraviolet-Visible Spectroscopy (UV/VIS), Multi-

Angle Light Scattering (MALS), Dynamic Light Scattering (DLS), or Inductively Coupled 

Plasma Mass Spectrometry (ICP-MS), to obtain complementary information about 

suspended NPs. To evaluate the capabilities of a combined A4F-LIBD system, different 

types of NPs (PS and SiO2) and one type of protein (bovine serum albumin, BSA) in 

monomodal and polymodal suspensions were size-separated in the A4F and measured 

with the LIBD. The LIBD fractograms were compared to the fractograms obtained with 

MALS and UV/VIS detectors which were also coupled to the A4F. The LIBD was more 

sensitive towards smaller PS-NPs, whereas UV/VIS and MALS were not able to detect 

PS-NPs lower than 80 nm. The separation of SiO2-NPs was achieved in all detection 

systems, however, the sensitivity of LIBD was considerably lower compared to UV/VIS 

and MALS detectors. The first peak of BSA ( ~ 7 nm) was observed with UV/VIS, MALS 

and LIBD. After the adjustment of a measurement protocol the second peak ( ~ 11 nm) 

could be detected with LIBD.                        
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Zusammenfassung 

Nanotechnologie ist ein besonders interdisziplinäres Feld der Natur- und 

Ingenieurwissenschaften. Zahlreiche neue Produkte, die Nanotechnologie enthalten, 

versprechen, die Gesundheit zu fördern oder besonders umweltfreundlich zu sein. Die 

zunehmende Verwendung solcher Produkte, führt folglich auch zu steigenden 

Produktionsvolumen von Nanopartikeln (NP) und Nanomaterialien. Die 

unbeabsichtigte Freisetzung der NP in die aquatische Umwelt erscheint damit 

unumgänglich. Zur Bewertung der Auswirkungen von freigesetzten NP auf die 

aquatische Fauna und Flora, benötigt man spezielle analytische Techniken, die den 

Nachweis und die Quantifizierung der NP erlauben. Allerdings fehlen derzeit solche 

analytische Methoden weitgehend. 

Die Laser-induzierte Breakdown-Detektion (LIBD) ist eine Methode, die es 

ermöglicht, die Grösse und die Anzahlkonzentration von NP in wässriger Umgebung zu 

bestimmen. Obwohl die Möglichkeiten der LIBD bereits in zahlreichen Publikationen 

eruiert wurden, sind einige wichtige Aspekte der Messung von NP mittels LIBD bisher 

nicht genauer untersucht worden, und liegen daher im Fokus dieser Arbeit. 

Im ersten Teil dieser Arbeit wird der Einfluss des Dispersionsmediums auf den 

LIBD Signalverlauf detalliert untersucht. Die Partikelgrösse und Anzahlkonzentration 

der NP in der Suspension können aus den Energiekurven extrahiert werden. Die 

Energiekurven wurden in sechs der am häufigsten verwendeten Dispersionsmitteln 

(wie SDS, Zitrat und Triton X-114) und in unterschiedlichen Konzentrationen gemessen. 

Dabei konnte mit Hilfe von Polystyrene-NP (PS-NP, 50 nm) der Einfluss der Suspension 

auf das LIBD-Hintergrundssignal aufgedeckt werden. Die Versuche zeigten deutlich, 

dass die mittels LIBD abgeleitete Grösse relativ unabhängig von der verwendeten 

Suspension ist, während die gemessene Anzahlkonzentration um bis zu 300 % 

abweichen kann.  

Im zweiten Teil dieser Arbeit wird der Einfluss von verschiedenen NP auf das 

LIBD-Signal beleuchtet. Dafür wurden die Grösse und Konzentration von 

unterschiedlichen NP (metallische (Ag, Au), sulfidische (Ag2S), kohlenstoffhaltige 

(MWCNT), und oxidische (SiO2, TiO2)) mittels LIBD gemessen und die aufgezeichnete 

Kurven wurden mit den PS-NP Kurven verglichen, welche zur Kalibrierung des LIBD-
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Systems verwendet wurden. Für metallische NP konnte kein, für PS-NP typischer, 

sigmoidaler Fit durchgeführt werden und für die Konzentration wurde keine eindeutige 

Abhängigkeit festgestellt. Auch eine weitere Quantifizierung der von Energiekurven 

von MWCNT war nicht möglich. Für oxidische NP konnte eine Grössen- und 

Konzentrationsbestimmung mittels der aufgezeichneten Energiekurven erreicht 

werden.  

Im dritten und letzten Teil dieser Arbeit wurde das LIBD-System mit einer 

Asymmetrischen-Fluss-Feldflussfraktionierung (A4F) gekoppelt. Die A4F ist eine 

etablierte Trennmethode zur Grössenseparation von NP und Makromolekülen. Um 

zusätzliche Information über suspendierten NP zu erhalten, kann die A4F mit mehreren 

Detektoren gekoppelt werden, wie zum Beispiel mit einem UV/VIS-Detektor, einem 

Mehrwinkel-Lichtstreudetektor (MALS), einem Detektor für Dynamische Lichtstreuung 

(DLS) oder einem Induktiv Gekoppelten Plasma-Massenspektrometer (ICP-MS). Zur 

Bewertung der Leistungsfähigkeit des kombinierten A4F-LIBD-System wurden 

unterschiedliche Typen von NP (PS and SiO2) und ein Protein (Rinderserum Albumin, 

BSA) in monomodalen und polymodalen Suspensionen nach Grösse verteilt und mittels 

LIBD gemessen. Zur Validierung des Systems, wurden die LIBD-Fraktogramme mit 

jenen Fraktogrammen verglichen, die mittels MALS und UV/VIS, beide ebenfalls in 

Kopplung mit der A4F, bestimmt wurden. Es hat sich gezeigt, dass die Messung via 

LIBD besser für kleine PS-NP geeignet ist. Während PS-NP unter 80 nm mittels UV/VIS 

und MALS nicht bestimmt werden konnten, war dies via LIBD kein Problem. Die 

Trennung von SiO2-NP war mittels aller drei Detektoren möglich. Allerdings war hier 

die Empfindlichkeit des LIBD-Systems geringer als die UV/VIS und MALS Detektoren. 

Für BSA konnte der erste Peak (7 nm) mittels UV/VIS, MALS und LIBD gemessen 

werden. Mit dem LIBD-System war es allerdings auch möglich, nach Optimierung des 

Messprotokolls, den zweiten Peak (11 nm) zu detektieren. 
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1 Introduction 

1.1 Definition of nanoparticles, nanomaterials and necessity of their 

detection and characterization 

The recent miniaturization has revealed that material can have completely 

different properties at the nanoscale compared to their bulk size equivalents. The 

particles with a diameter between 1 to 100 nm are defined as nanoparticles (NPs). 

Three types of NPs can be distinguished: naturally occurring (eg. soot, ash), incidental 

(a result of an industrial process, e.g. diesel exhaust, coal combustion) and engineered 

nanoparticles (ENP) [1]. ENP are defined as particles with a diameter between 1 and 

100 nm which are specifically engineered to have additional functionalities. The 

superior properties (catalytic, photocatalytic, absorptional, optical, antibacterial, etc.) 

of ENP compared to respective bulk materials offer new applications in several 

industrial sectors and products, such as paints, drugs, cosmetics, semiconductors, 

catalysts and environmental technology.  

Despite the growing production rate of nanomaterials (include nanowires, 

nanofilms, nanotubes and nanoparticles), a thorough risk assessment of these 

materials is still hampered by the lack of analytical techniques to reliably detect and 

quantify ENP in complex (environmental) matrices. 

The advantages and limitations of frequently used analytical techniques (Table 1) 

to characterize NPs are briefly summarized below. 

  



 

 

 

Table 1. The summary of analytical techniques discussed in the Introduction 
Analytical technique Defined parameter Limits of detection Comments 
DLS Hydrodynamic diameter 5 nm, 10 - 1000 ppm Biased towards larger particle sizes 
NTA Size, number concentration 10 nm, 107-109 particles 

mL-1 
Dependence on the intensity of the scattered light 

EM (TEM, SEM) Size, elemental composition, 
shape 

< 0.1 nm for TEM 
1 nm for SEM 

Time consuming, statistically weak 

CLS Stoke's diameter, 
concentration based on light 
attenuation 

20 nm, 0.1-0.2 % (v/v) Dependence on size, particle shape causes different 
sedimentation rate 

LIBD Size, number concentration 10 nm, 106 particles mL-1 Strong material dependence, influence of dispersion agents 
on the data evaluation 

spICPMS Size, number concentration 10 nm for metals, tens of 
nm for oxides; 104 

particles mL-1 

Only one element can be analyzed in one run 

TRPS Size, concentration 50 nm, 105 particles·mL-1 Does not extent well into nanorange (50 nm) 
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Figure 3. Signals produced by the interaction of electrons with a condensed matter 

In the scanning electron microscope (SEM) (Figure 2) a finely focused electron 

probe is scanned over an area of interest and at every point the interaction of the 

primary electrons with the sample results in a variety of signals. This variety of signals 

is caused by elastic and inelastic scattering of electrons in the specimen. The scheme of 

effects produced by electron bombardment of a condensed matter is shown in Figure 

3. Based on the produced effect topographical information of the sample can be 

revealed. Backscattered electrons (BSE - elastically scattered electrons through more 

than 90°) and secondary electrons (SE - electrons ejected from the specimen by 

inelastic scattering) are used for image formation. The BSE intensity depends on the 

atomic number (Z) of the specimen and the corresponding image thus represents a 

material contrast. The SE are ejected from close to the surface of the sample and thus 

can be used to image the topography of the sample. 

STEM is commonly considered as a part of TEM, however in STEM the electron 

beam is focused into a fine probe, which is used for scanning over a sample. Based on 

that the STEM mode is similar the SEM. To obtain information about elemental 

composition of the sample, the energy of transmitted electrons (electron energy-loss 

spectrometry (EELS) and / or the emission of characteristic X-rays (energy dispersive X-

rays (EDX) can be used. The EELS is based on inelastic scattering processes where the 

energy spectrum of the electrons reflects different inelastic energy losses, which can 

be assigned with the presence and the concentration of individual elements. The 

energy lost in the specimen can be defined by difference between energy of primary 

electrons and the energy of electrons passing through the specimen. The EDX analysis 

is based on the detection of X-rays. When incident electron interacts with a specimen, 
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an electron from an inner-shell can be ejected. This vacancy can be filled with an 

electron from an outer-shell. During this process the surplus of energy can be emitted 

in the form of an X-ray. The measurement of the emitted X-rays can be used to derive 

the elemental composition of the investigated object.  

For SEM almost no sample preparation is required and the specimens need not 

be thin. In TEM, samples should be electron transparent and therefore thinner than a 

few 100 nm. The resolution of the TEM is currently at about 50 pm, and SEM can reach 

a resolution limit of around 0.7 nm [15]. 

1.2.3.2 Transmission Electron Microscope (TEM) 

In TEM the sample is irradiated with a parallel beam of electrons. Most of the 

electrons pass through a specimen without any scattering (transmitted electrons) and 

to detect the energy of the transmitted electrons the sample should therefore be 

electron transparent (typical thickness of TEM specimen is less than 100 nm). The TEM 

can be divided into three sections: 1) the illumination system contains an electron gun 

and a system of condenser lenses, which focuses an electron beam on the specimen 

and defines the beam diameter; 2) the specimen stage which determines the position 

of the specimen and its stability defines the spatial resolution of the image; 3) the 

imaging system which defines the magnification of the TEM image (or a diffraction 

pattern) and spatial resolution of the image as well (Figure 2) 

There are several imaging modes in TEM including bright-field, dark-field, 

diffraction contrast, and high resolution. The most common mode of operation is a 

bright mode. In this mode the thicker regions as well as the regions with the higher 

atomic number scatter/absorb electrons strongly and appear dark compared the 

thinner and lower atomic number regions which appear bright (so called mass-

thickness contrast).  

1.2.4 Centrifugal Liquid Sedimentation (CLS) 

Centrifugal sedimentation techniques are used for separation of particles below 

1 µm. The centrifugal instruments exist in two forms. In the disc centrifuge the rotation 

of the disc is used to separate the particles, in the cuvette photocentrifuge the disc is 

replaced with the rectangular cell containing a homogenous suspension. In CLS the 

difference between the incident light and light scattered by (nano)particles is 
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2 Aim of work 

Nanotechnology (NT), defined as the manufacturing, manipulation and 

modification of materials at the nanometer scale offers immense possibilities to meet 

future challenges in energy and water production and consumption. The building 

blocks of NT often are nanoparticles (NPs), defined as particles with a diameter 

between 1 and 100 nm. Despite the beneficial use of NT and NPs, their impacts on the 

aquatic ecosystems are still not fully understood. To a large extent, this is caused by 

the very limited availability of analytical techniques to reliably detect and quantify 

nanoscale particles in aqueous matrices. The laser-induced breakdown detection 

(LIBD) method is a very sensitive method to characterize NPs in the aqueous matrices. 

The method is based on the detection of a plasma, caused by the breakdown of the 

dielectric properties of NPs present in the focal volume of a pulsed laser beam. A 

breakdown process is initiated if a certain laser power density is exceeded and 

selectively occurs on NPs present in the focal volume of the laser (highest power 

density). Information about the particle number and concentration can be extracted 

from energy curves reflecting the relation between the laser energy, which is increased 

in a stepwise manner and the frequency of observed plasma events. Currently, only a 

few research laboratories are operating (custom built) LIBD systems and recently 

Cordouan [56] introduced the first commercial LIBD system.  

The aim of this work was to explore the potential of the LIBD technique as a 

rapid and sensitive NPs detection method. Fundamental aspects included evaluating 

the possibility of using other laser sources (e.g. femtosecond laser) which may be 

operated at substantially higher frequencies that would transfer into a dramatic 

reduction of the measurement time. Furthermore, also the feasibility of 

simultaneously collecting elemental information on a single particle level by analyzing 

the plasma emissions (Laser Induced Breakdown Spectroscopy (LIBS)) was addressed. 

More applied aspects included a rigorous investigation of the dependence of the LIBD 

signal on dissolved matrix constituents and on the composition of the NPs. The 

combination of both, material and matrix dependencies, eventually determine the 

suitability of the LIBD technique as a nanoparticle detection system in aqueous 

matrices. Due to the inherent challenges to extract particle size distributions from 

polydisperse / polymodal NP populations, the coupling of the LIBD with a particle size 
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fractionation device (flow field-flow fractionation) may offer very promising approach 

to deal with complex samples and was therefore evaluated. 
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3 Results 

3.1 Influence of dispersion agents on particle size and concentration 

determined by laser-induced breakdown detection 

N. Fedotova, R.Kaegi, J. Koch, D. Günther, 2015. Influence of dispersion agents on 

particle size and concentration determined by laser-induced breakdown detection, 

Journal Spectrochimica Acta Part B 103-104 (2015, 92-9). Reproduced from [57] with 

permission from the Royal Society of Chemistry. 

3.1.1 Introduction 

To monitor the release of nanoparticles (NPs) to the environment and to track 

engineered nanoparticles (ENPs) in technical and natural aquatic systems, sensitive 

methods are required to detect NPs down to the nanometer scale at trace 

concentrations in aqueous matrices. Laser-induced breakdown detection (LIBD), first 

described by [19] is an analytical technique, which allows the quantitative detection of 

NPs (diameter between 1 and 100 nm) in aqueous suspensions at trace concentrations 

(~ 105 particles mL-1 [23, 27]). The LIBD technique is based on the detection of 

individual plasma events selectively generated on suspended particles in a strong 

electric field of a pulsed and focused laser beam. A particle is turned into plasma if the 

power density of the optical radiation in the beam waist of the laser exceeds the 

threshold of the particle breakdown. Continuum optical emission prevails in the initial 

stages of the plasma evolution, followed by the characteristic line emission. The 

explosion-like expansion of the evaporating NP and the surrounding liquid results in 

the formation of a shock wave (i.e. acoustic emission). Individual plasma events can be 

detected using acoustic sensors [19, 20, 58], CCD cameras [25, 59], or by measuring 

the energy of the incident and the transmitted laser pulse [28]. The breakdown 

probability (BDP) is defined as the ratio of detected plasma events to the total number 

of laser pulses applied to the sample and depends on the size and on the 

concentration of NPs in suspension. Recording the BDP as a function of the laser pulse 

energy that is increased in a stepwise manner results in so-called energy curves. 

Several methods have been described to determine the size and the 

concentration of NPs in suspension from LIBD measurements. Based on a physical 
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model [22], algorithms were developed to calculate the average diameter and the 

concentration of NPs from the spatial distribution of plasma events recorded by a CCD 

camera ([59], [60]). Alternatively, the energy at which the first breakdowns occur 

(corresponding to the initial rise of the energy curve from the baseline) [28], [30] and 

the emission intensity distributions [61] were used to determine the size of NPs from 

LIBD measurements. Mixtures of different particle sizes in suspension were resolved by 

a two-dimensional optical imaging method [62] and based on a semi-empirical model 

particle size distributions were extracted from energy curves [31, 32]. Several studies 

demonstrated the potential of the LIBD method in very diverse fields of application 

[26, 35, 36, 63, 64]. The LIBD was used to determine colloid / NP concentration in 

ground water [30, 65], lake waters [32], and during different stages of the drinking 

water treatment [28, 66]. The formation and the stability of Th(IV) precipitates were 

derived from LIBD measurements [29, 60, 67] and the agglomeration of ZrO2 colloids 

was monitored with an LIBD [68]. Even the possibility to detect biocolloids using the 

LIBD technique was investigated [69]. Furthermore, the LIBD was combined with a flow 

field-flow fractionation device to study iron oxi/hydroxide colloids [37] and 

groundwater colloids (humic colloids in groundwater) [36]. 

To disperse colloids/NPs and to avoid agglomeration, different dispersants are 

commonly added to the working suspensions. For example, citrate is added to 

suspensions to stabilize silver (Ag) - and gold (Au) - NPs, sodium dodecyl sulfate (SDS) is 

used as a stabilizer for Ag-NPs [70] and bovine serum albumin (BSA) is recommended 

for the stabilization of titanium dioxide (TiO2) - NPs [71]. Sodium pyrophosphate was 

applied to disperse clay particles from soil extracts for subsequent size fractionation in 

a flow field-flow fractionation device [72]. However, despite the beneficial use of 

(various) dispersion agents, these substances may also affect LIBD measurements, 

which has not been assessed yet. 

The goal of this study was therefore to investigate whether and to what extent 

the dispersion agents influence the LIBD signal and the derived particle sizes and 

concentrations. For that purpose, we recorded energy curves of pure solutions and 

polystyrene (PS) - NPs suspensions both containing dispersants at different 

concentrations. To remove particles possibly resulting from impurities in the 

dispersants, working solutions were ultracentrifuged and measured with the LIBD 
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3.1.2.5 Size exclusion chromatography (SEC) - organic carbon 

detection (OCD) 

The mobile phase and the sample were introduced into the SEC column 

(Toyopearl TSK HW-50S) at a constant flow rate of 1 mL min-1 with a HPLC pump 

(Microstar K-120, Knauer, Berlin, Germany). All samples were filtered (0.45µm PES-

filter, Sartorius AG, Goettingen, Germany) prior to SEC analyses to remove larger, 

particulate contaminants that would negatively interfere with the elution profiles of 

the smaller constituents from the SEC column. After separation in the SEC column, the 

analytes were quantified using a non-dispersive UV detector (Siemens Ultramat 6E). 

The organic carbon was detected with an IR detector (fixed wavelength Detector K-

200, Knauer, Berlin, Germany). Based on the chromatographic separation of the 

sample caused by the different size and molecular weight (MW) of the individual 

constituents, the following fractions were quantified: biopolymers, humics and 

building blocks, low MW acids and neutrals [73]. The detection limit was 10 µg(C) L-1. 

 

3.1.3 Results and discussion  

3.1.3.1 LIBD and DLS measurements of dispersion agents dissolved in 

UHP water  

To investigate whether the LIBD signal was affected by the presence of 

dispersion agents, we recorded energy curves for 6 commonly used dispersion agents 

dissolved in UHP water at different concentrations (Table 1). The concentration range 

of the dispersion agents well covered the amounts of dispersion agents typically added 

to NP suspensions (Table A3). To minimize cross contamination, the measurement 

cuvettes were thoroughly rinsed 3 times between individual measurements and the 

concentration series were recorded starting with the lowest concentration. In addition, 

blank measurements were conducted at the beginning of each concentration series. 

Increasing the concentration of the dispersion agents consistently resulted in an 

increasing shift of the energy curves towards lower energies (Fig. 1). Even at the lowest 

concentrations of dispersion agents, the energy curves were markedly different from 

the energy curves recorded on UHP water only. Only at the highest concentrations, the 
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energy curves of Triton X-114 and of humic acid did not show the typical sigmoidal 

shape but remained at a rather low BDP. This unusual shape of the energy curve was 

most likely caused by intensive scattering of the laser light in the rather turbid 

suspensions. The DLS results for solutions spiked with Triton X-114, humic acid and 

gum arabic also showed an increase in the derived count rate at high concentrations 

(Table A4). This may be explained by the formation of micelles (critical micelle 

formation for Triton X-114 is 0.2 mM or 107 mg L-1 (Sigma-Aldrich specification, Sigma 

Aldrich, Buchs, Switzerland)) or larger organic molecules present in the solutions [74]. 

The high polydispersity indices (mostly larger than 0.3) and the low count rates of the 

DLS measurements for the other dispersant agents precluded the sound interpretation 

of the results (Table A4) but suggested the absence of particulate contaminants.  
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Table 1. Concentrations of the different dispersion agents spiked to UHP water at variable 
concentrations. Concentration values are rounded to one significant digit.  

Dispersion agent Molar mass 
(gmol-1) 

Concentration 
(mg L-1) 

Molar concentration 
(mM) 

Sodium dodecyl sulfate 
(SDS) 

288 5000 
500 
50 
5 

20 
2 
0.2 
0.02 

Citrate 
 

294 4000 
400 
40 
4 

10 
1 
0.1 
0.01 

Triton X 114 537* 10000 
1000 
100 
10 
1 
0.1 

20 
2 
0.2 
0.02 
0.002 
0.0002 

Sodium pyrophosphate 265.9 5000 
500 
50 
5 

20 
2 
0.2 
0.02 

Gum arabic 4·105 5000 
500 
50 
5 

0.01 
0.001 
0.0001 
0.00001 

Humic acid - 20 
2 
0.2 
0.02 

-** 

* This molar mass correspond to n = 7 (number of ethylene oxide group) in the general 
structural formula of Triton X-Series 

**The concentration of humic acid ranged from as low as 20 µg L-1 in groundwater to as high 
as 30 mg L-1 in surface water [75] 
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Figure 1. Energy curves recorded for SDS (A), citrate (B), Triton X-114 (C), sodium 
pyrophosphate (D), humic acid (E) and gum arabic (F) dissolved in UHP water at different 
concentrations. Sample numbers refer to the concentrations of the respective dispersion 
agents spiked to UHP water (given in mg L-1) 

 

3.1.3.3 LIBD measurements of dispersion agents dissolved in UHP 

water after ultracentrifugation 

The dispersion agents used in the experiments may contain trace amounts of 

particulate contaminations that were too low to be detected by DLS but still high 

enough to influence the LIBD measurements. Therefore, the gradual change of the 

energy curves observed with increasing concentrations of dispersion agents may be 

caused by the increasing particulate contamination introduced by the dispersion 

agents. To evaluate this hypothesis, we ultracentrifuged solutions spiked with different 

amounts of sodium pyrophosphate (5, 50, 500 and 5000 mg L-1) for 3 h at 150000 g. 

After completion, the supernatants were carefully removed from the ultracentrifuge 

vials and energy curves were recorded on the recovered supernatants.  
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A clear shift of the energy curves towards lower energies was observed after the 

ultracentrifugation treatment (Fig. 2) at all concentrations. However, also the blank 

samples showed the same behavior, suggesting that a contamination from the 

centrifuge vials may additionally influence LIBD signal and the resulting energy curves. 

We therefore repeated the ultracentrifugation treatment to evaluate whether it was 

possible to remove the contamination introduced by the ultracentrifugation vial by a 

second ultracentrifugation step. Thus, the supernatant of solutions containing 50 and 

5000 mg L-1 sodium pyrophosphate were collected into fresh vials, ultracentrifuged 

again using the same experimental conditions as before and energy curves were 

recorded on this 'second' supernatant (Fig. 3). 

 

 
 
Figure 2. Comparison of energy curves for UHP water solutions spiked with different 
amounts of sodium pyrophosphate. -p refers to pristine samples and -c refers to the 
supernatant of centrifuged samples. 
 

 
Figure 3. Energy curves of the supernatant of UHP-water spiked with 50 and 5000 mg L-1 of 
sodium pyrophosphate after the first (1st) and the second (2nd) ultracentrifugation step. 

 

A clear shift towards lower energies was observed between the energy curves 

recorded for the untreated sodium pyrophosphate spiked solutions and the solutions 

ultracentrifuged once. However, after the second centrifugation step, the energy 
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curves remained almost identical (Fig. 3). Consequently, the shift of the energy curves 

towards lower energies observed between the pristine and the centrifuged (first step) 

samples was caused by dissolved constituents, most likely leaking from the 

centrifugation vials. This hypothesis was further explored and confirmed using 

additional experiments in combination with SEC-OCD measurements conducted on 

selected samples (see Annex for a detailed discussion). 

3.1.3.4 LIBD measurements of suspensions containing NP and 

dispersion agents  

To evaluate whether and to what extent LIBD measurements and especially the 

calculated NP properties (e.g., size and concentration) are affected by the presence of 

dissolved dispersion agents, experiments were performed with suspensions containing 

both NPs and dispersion agents. Energy curves were recorded from suspensions 

containing 50 nm PS-NPs at 2·107 and 3.2·108 particles mL-1 dispersed in UHP water 

spiked with either sodium pyrophosphate or SDS (both at 5, 50, 500 and 5000 mg L-1) 

(Fig. 4 and Fig. S5). The energy curves of suspensions containing low (2·107 particles 

mL-1) amounts of PS-NPs were already affected by the presence of 5 mg L-1 sodium 

pyrophosphate (Fig. 4A). At low particle concentrations, an increasing slope of the 

energy curves was observed for suspensions spiked with increasing amounts of 

dispersion agents (Fig. 4A-D). At higher PS-NP concentrations (3.2·108 particles mL-1), 

the effect of the dispersion agent on the energy curve was not visible anymore and the 

energy curves were dominated by the PS-NPs. 

The size of the PS-NPs calculated from their energy curves using Eq. (2) are 

summarized in Table 2. Despite the clear change in the energy curves observed with 

increasing concentrations of dispersion agents, the size of the particles calculated from 

the LIBD measurements was rather constant and independent of the concentration of 

the dispersion agents. The deviation between the LIBD determined size and the 

certified size of the PS-NPs was mostly between 9 and 18%, relative. Only for sample 

containing the highest amount of SDS considerably larger particle sizes were obtained 

from LIBD measurements compared to the certified values. The difference in this case 

amounts to 45%. 







 

 
46/107 

3.1.4 Conclusion 

We investigated the extent to which LIBD energy curves and particle numbers 

and concentrations calculated thereof are affected by the presence of different 

dissolved matrix constituents (e.g. dispersing agents). An increasing shift of the energy 

curves towards lower energies was observed with increasing concentrations for all 

dispersing agents investigated. LIBD measurements conducted on pristine and 

ultracentrifuged suspensions spiked with dispersion agents confirmed that the 

observed effects on the energy curves were caused by dissolved constituent rather 

than by particulate impurities that may have been introduced by the dispersion agents. 

Furthermore, dissolved constituents leaking from pristine centrifugation vials, possibly 

low molecular weight neutrals identified by SEC-OCD analysis, caused an additional 

shift of the recorded energy curves towards lower energies. 

Energy curves recorded on suspensions containing low NP number 

concentrations (2·107particles mL-1) and spiked with different amounts of SDS and 

pyrophosphate were increasingly affected by the presence of increasing amounts of 

dispersing agents. At the highest spiking concentrations (5000 mg L-1) the calculated 

NP concentrations differed by 300 % from the expected values of the pristine NP 

suspensions. The calculated particle size, however, was rather insensitive to the 

amount of dispersing agents spiked to the NP suspensions, except for SDS at the 

highest concentrations (5000 mg L-1). At higher NP number concentrations (3·108 

particles mL-1) recorded LIBD curves became insensitive to the presence of dispersing 

agents and the difference between the calculated number concentrations of the 

pristine and the spiked NP suspensions were mostly within 20 %.  

Our results therefore suggest that dissolved dispersion agents affect LIBD 

measurements and corresponding energy curves especially at low particle number 

concentrations. The calculated size of the NPs is rather insensitive to the presence of 

dispersing agents and the LIBD technique can thus be used to determine the size of NP 

also in the presence of dissolved constituents. The calculated NP number 

concentrations, however, can substantially deviate from the expected value, 

eventually affecting the number concentration related detection limits of the LIBD 

technique. Although matrix matching (including composition of the liquid and solid 

phase, size and number of particles) will most likely never be possible, LIBD 
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experiments should be conducted using matrices relevant for the respective studies to 

explore matrix-dependent detection limits. 
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3.1.6 Annex 

Table A1. Experimental conditions for the DLS experiments. RI refers to the refractive index 
of the respective material. 

Laser system He-Ne laser at 573 nm, measured at 173° in 
triplicate with each having 5 runs 

Measurement Cell low volume cuvette 1.5 mL PS 

Medium settings 
Water, 25°C, viscosity 0.8872cP, RI = 1.33, 

Dielectric constant: 78.5 
 

Material settings Citrate RI = 1.445 
Gum arabic RI = 1.476 

SDS RI = 1.461 
Triton X 114 RI = 1.488 

Sodium pyrophosphate RI = 1.425 
Humic acid RI =1.33 

Absorption was 0.00 for all matrices 
 
Table A2. Comparison of the nominal (NIST traceable standards) particle sizes with the sizes 
derived from DLS measurements for different monomodal PS-NP suspensions. 

size (nominal), nm 
Concentration, 

particles mL-1 
size (DLS), nm 

21 ± 2 1012 28 ± 4 

46 ± 2 1011 53 ± 2 

81 ± 3 108 86 ± 1 

97 ± 3 108 111 ± 2 

 
Table A3. Typical concentrations of dispersion agents added to stabilize NP suspensions. 

Dispersion agent Concentration 

citrate 0.1 - 15 mM [76, 77]  

SDS 4 - 10 mM [70] 

Sodium pyrophosphate 0.5 - 5 mM [72, 78]  

Triton X 114 3 mM [79] 

Gum arabic 0.01 wt% [80] / 10 mg 
mL-1 [81]* 

Humic acid 2 - 8 mg L-1 [82] 

*Concentrations used for synthesis of Au and Ag-NPs 
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Figure A1. Size calibration curve derived from the Eth values. Eth values were calculated by 
applying the semi-empirical model [32] to the measured energy curves. 

 

 

Figure A2. Concentration calibration curve for 50 nm PS-NPs. The C values (concentration 
dependent parameter) were derived from energy curves by applying the semi-empirical 
model [32]. 

 
Contaminations leaking from the centrigugation tubes. 

The changes in energy curves observed for the blank samples (UHP water 

pristine and ultracentrifuged, Fig. 2) suggested that a contamination originating from 

the centrifugation tubes additionally affected the LIBD signal. To substantiate this 

hypothesis, we compared the energy curves measured for UHP water directly filled 

into the measurement cuvette with the energy curves recorded for UHP water that 

was stored for 24 h in pristine centrifugation vial. In addition, centrifugation vials were 

filled with 10 % HNO3 and HCl and sonicated in an ultrasonic bath for 15 minutes. 

Energy curves were recorded from UHP water stored in these acid-cleaned vials. Two 

different types of frequently used centrifugation vials were used (Greiner and TPP 

centrifuge tubes (Sigma-Aldrich, Switzerland)). The energy curves recorded from the 
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UHP water stored for 24 h in the centrifugation vials (TPP) as well as the energy curves 

from UHP water samples, stored in acid-treated centrifugation vials were shifted 

towards lower energy values when compared to the blank measurements (UHP water 

directly filled into the measurement cuvette) (Fig. A3). These results indicate that the 

shift in energy curves observed after the ultracentrifugation of the blank samples 

indeed resulted from dissolved contaminants leaking from the centrifugation vials into 

the experimental solutions. 

In order to identify the contamination originating from the centrifugation vials, 

UHP water stored for 24 h in pristine centrifugation vials was investigated using size 

exclusion chromatography (SEC) coupled to an organic carbon detector (OCD). 

The chromatograms revealed elevated concentrations of low molecular weight 

acids and low molecular weight neutrals (Fig. A4) in UHP water stored for 24 hours in 

TPP and Greiner centrifuge vials compared to the chromatograms recorded on UHP 

water directly filled into the measurement cuvettes. The increase in total organic 

carbon, dissolved organic carbon and low molecular weight neutrals (Table A5) 

resulting from the centrifugation vials may therefore explain the change in the energy 

curves observed for centrifuged and non-centrifuged blank samples. 

 

Figure A3. Comparison of energy curves of UHP water stored in different vials. UHP water: 
UHP water, directly filled into measurement. Rinsed: UHP water stored (24 h) in vials that 
were rinsed twice with UHP water; acid cleaned: UHP water stored (24 h) in acid-treated 
vials with HNO3 and HCl (each 10 %, 15 min sonication). Experiments were carried out in 
duplicates, at two different days. "*" corresponds to the second day of measurement. 
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Figure A4. Chromatograms obtained from SEC-OCD measurements: A - biopolymers, B - 
humics, C - building blocks, D - low molecular weight acids and humics, E - neutrals 

 

 

Figure A5. Energy curves of PS-NPs (2·107 and 3·108 particles mL-1) dispersed in different 
amounts of sodium dodecyl sulfate (SDS). Numbers at the end of the sample names (e.g. -5) 
correspond to the SDS concentration (mg L-1) spiked to the UHP water. The spiking 
concentrating of sodium pyrophosphate increases from 5 to 5000 mg L-1 from panel A to D. 
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3.2 Characterization of different types of nanoparticles using laser-induced 

breakdown detection  

3.2.1 Introduction 

Polystyrene nanoparticles (PS-NPs) are amongst the best characterized (size and 

number concentration) NPs and are thus frequently used to establish the figure of 

merit of a measurement system. However, other engineered NPs, including Ag and Au 

NPs, TiO2 and SiO2, CNTs are more of environmental concern and it is thus very 

important to assess the possibility to detect such NPs in aqueous matrices. In this work 

we measured PS-NPs of certain sizes and concentrations to calibrate our LIBD system. 

We applied a semi-empirical model to recorded energy curves that allowed extracting 

size and concentration of PS-NPs. To investigate the applicability of this model to other 

types of NPs we recorded energy curves for metallic NPs (Ag, Au), oxides (TiO2 and 

SiO2), carbon-based (MWCNTs) and sulfidic (Ag2S) NPs and applied the model to 

describe the energy curves. Results from the LIBD measurements were compared to 

the results obtained from complementary techniques, including DLS, TEM and ICPMS. 

3.2.2 Materials and Methods 

3.2.2.1 Nanoparticles  

PS-NPs (20, 50, 80 and 100 nm) were purchased from Thermo Fischer Scientific 

Particle Technology (USA). Au-NPs (20, 40, 60 and 100 nm (citrate stabilized) and 60 

nm (PEG stabilized) and Ag-NPs (20, 40, 70 and 100 nm (citrate stabilized)) were 

purchased from Nanocomposix (Ronson Court, San Diego, CA, USA). TiO2-NPs were 

purchased from MKNano (100 nm, Missisauga, Canada) and from Nanoamor (15 nm, 

Houston, TX, USA). SiO2-NPs (100 nm) were purchased from Corpuscular Inc (Cold 

Spring, NY, USA). Particle suspensions were stored at room temperature. MWCNTs 

were purchased from Cheap Tubes Inc. (Brattleboro, VT). Table 1 summarizes all NPs 

investigated in the study.  
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Table 1. Types of NPs characterized in the study 
 

Type of NPs Diameter, nm concentration Dispersion 
agent 

Additional 
methods 

Polystyrene PS 20, 50, 80, 100  2·107,4·107, 
8·107, 
1.6·108,3.2·108 
particles mL-1 

UHP water DLS 

Silver Ag 20, 40, 60, 100  2·107,4·107, 
8·107, 
1.6·108,3.2·108 
particles mL-1 

citrate DLS 

Gold Au 20, 40, 60, 100  
60 in PEG 

2·107,4·107, 
8·107, 
1.6·108,3.2·108 
particles mL-1 

citrate DLS 

Silver Sulfide 
Ag2S 

90  0.02 ppm, 0.2 
ppm 

10-5 M NaOH, 
adjusted to pH 9 

DLS, TEM 

Multi wall 
carbon 
nanotubes 
MWCNT 

Long - 20-30  
Short - 0.5-2  

20 mg mL-1 2% SDC / 0.05% 
NaNO3 

 

Titanium dioxide 
TiO2 

15 and 100  unknown - ICP-
MS 

NaOH, adjusted 
to 8-9 pH 

ICP-MS, DLS 

Silicon dioxide 
SiO2 

100 6·109 particles 
mL-1 

UHP water DLS 

 

3.2.2.2 Sample preparation 

Working suspensions of PS -, SiO2, Ag - and Au-NPs were prepared by dilution 

using ultrahigh purity (UHP) water (Milli-Q water, Millipore AG, Billerica, MA, USA) 

from the respective stock suspensions.  

Ag2S 

To synthesize Ag2S-NPs 50 mL 3.7 mM silver nitrate solution (AgNO3, Merck) was 

mixed with 50 mL 1.9 mM potassium hydrogen sulfide solution (NaSH, Alfa Aesar) 

using UHP water adjusted with 10-5 M NaOH to pH 9.0. Ag2S precipitated immediately 

and to disperse the particles the obtained suspension were sonicated for 20 min in an 

ultrasonic bath. The colloidal suspension remained stable over 4 months [83]. 

MWCNT 

2 types of MWCNTs were investigated - short (0.2-5 nm (length)) and long (20-30 

nm (length)) one. They were suspended in the 2 % sodium deoxycholate (SDC) and 

0.05% sodium azide (NaN3). All further dilutions were carried out using UHP water. 

TiO2-NPs 
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Procedure 1 

The colloidal stability of (TiO2)-NPs is amongst others dependent on the 

concentrations of the NPs and [84] reported that TiO2 suspensions (for 250 mg·mL-1) 

remained stable over a period of roughly half an hour. For our experiments, a 

concentration of 0.1 mg·mL-1 TiO2-NPs (100 nm) was prepared. The suspensions were 

stirred for 30 minutes using a magnetic stirrer, followed by a ultrasonic bath treatment 

for 60 minutes. Finally, an ultrasonic rod was used for 3 minutes.  

Procedure 2 

The isoelectric point of TiO2 is around 5.8 and thus, the stability of the TiO2 is 

strongly dependent on the pH at near neutral pH values. To obtain a stable TiO2 

suspension, we adjusted the pH to 8-9 by adding the appropriate amount of 1M NaOH 

and the preparation procedure was as follows: 15 minutes of high powered ultrasonic 

bath, 10 minutes of centrifugation for 100 nm and 20 minutes for 15 and 25 nm. After 

centrifugation the supernatant was removed, diluted using UHP water and measured 

using DLS and LIBD. 

3.2.2.3 Methods 

DLS 

The size of PS-, TiO2- and SiO2-NPs in suspension at different concentration levels 

were measured using dynamic light scattering (DLS, Zetasizer ZS nano, Malvern 

Instruments, UK). Experimental conditions for DLS are given in Table A1. The results 

obtained for all NPs are shown in Table A2. 

TEM 

TEM measurements were conducted on a STEM (HD 2700 Cs, Hitachi, Japan) 

operated at 200 kV. The particles were deposited on C-coated carbon grids (400 mesh, 

Plano GmbH, Germany) by on grid centrifugation as described in [85]. 

ICPMS 

Acid (HF) digested TiO2-NPs were diluted 1:50 using UHP water and Titanium was 

measured against a Scandium as an internal standard using an Agilent 7500c ICPMS 

apparatus.  

 

 





 

 
 57/107 

 
Figure 2. a, b-parameters for concentration determination 

 

Thus, the size of particle from an unknown sample can be extracted from the 

energy curve by using Eq.(1). Then, the parameters a, b, and C can be derived and the 

concentration of the sample can be calculated. However, it has to be stated that all the 

correlations presented in the Figure 1 and 2 are empirical and therefore have to be 

established separately for every individual LIBD system. 

3.2.3.2 Metallic NPs 

Ag-NPs 

The antibacterial property of Ag-NPs made it useful for many applications in our 

day-to-day life: Ag-NPs can be found in cleaning sprays, skin creams, sport clothing. 

The main pathways of the Ag-NPs into the environment, including aquatic systems, are 

related to the release of Ag-NPs from commercial clothing [86], sanitary waste. The 

release of Ag-NPs from an outdoor application has been recently investigated [87, 88]. 

Energy curves of Ag-NP suspensions covering size and concentration range from 

20 - 100 nm and 2·107 - 3·108 particles mL-1 were recorded (Figure 3). The energy 

curves did not show the typical sigmoidal shape as observed for the PS-NPs energy 

curves (Figure 3 A). Therefore, the semi-empirical model [31] used to extract Et values 

from energy curves of PS-NPs was not applicable for the Ag-NPs. Furthermore, no clear 

dependence of the slope of the energy curves on the concentration of the Ag-NPs was 

observed for 20 and 40 nm particles (Figure 3 A, B). 70 nm and 100 nm Ag-NPs (Figure 

3 C, D) show a dependence on the concentration, however, with increasing 

concentration absorption-scattering effects became more pronounced and affected 

the shape of the energy curves. Due to a similar ionization potential (7.5 eV for Ag and 

7.8 eV for PS [33]) the number of photons required to start a multi-photon ionization 
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process should be similar for both materials, however, the energy required to cause a 

breakdown in Ag-NPs is higher than for PS of the correspondent size. The observed 

behavior may be caused by the metallic nature of the Ag-NPs which have different 

absorption-scattering properties compared to PS-NPs. 

 
Figure 3. Ag-NPs: A - 20 nm, B - 40 nm, C - 70 nm, D - 100 nm 

 

Au-NPs 

The most probable way of Au-NPs exposure and proliferation into aquatic 

systems is related to the waste disposal of all application areas, where Au-NPs are 

being utilized. The Au-NPs can be widely used in medicine and therapy, biology and 

electronics, and catalysis [89]. However, production volumes are still very limited 

compared to other NPs, such as TiO2 or SiO2. 

Energy curves for Au-NPs were recorded for 20, 40, 60 and 100 nm in the 

concentration range from 2·107 - 3·108 particles mL-1 (Figure 4). As for Ag-NPs the 

energy curves did not show the typical sigmoidal shape as observed for the PS-NPs and 

also for the Au-NPs, no consistent change of the slope of the energy curves with 

increasing NP concentration was observed (Figure 4). Consequently, it was not possible 

adequately to describe the energy curves with the semi-empirical model. The energy 

curves recorded for 60 and 100 nm Au-NPs at higher concentrations (= 3·108 particle 

mL-1) did not reach BDP of one but remained at 0.7 (60nm) and 0.5 (100nm). A very 

comparable behavior of the energy curves recorded for Au-NPs (60 nm) stabilized in 

citrate or polyethylenglycol (PEG) was observed (Figure 4D). To exclude the influence 

of the dispersion media on NPs (in our case UHP water), Au-NPs were suspended in 

2mM citrate and the obtained energy curves (Figure 5) indicated that the stabilizing 

agent was not responsible for the unusual shape of the energy curves.  
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Figure 4. Au-NPs measured in 2 mM citrate and PEG: A- 20 nm, B - 40 nm, C - 60 m, D - 60 nm 
PEG, E - 100 nm 
 

 
Figure 5. 100 nm Au-NPs suspended using 2 mM citrate 
 

Behavior of metallic NPs affected by laser light 

The energy curves of Au- and Ag-NPs showed very similar shapes. The energy 

curves of both NP types i) did not display the sigmoidal shape, ii) did not exhibit a clear 

concentration dependence on the particle number concentrations and iii) considerably 

flattened at higher energies and larger particle sizes and concentrations and thus did 

not reach a BDP of one. Breakdowns events are recorded within a certain focus 

volume. However, the particles which are out of that volume can also absorb and 

scatter light of a laser beam. The flattening of the energy curves may be explained by 

an increased absorption-scattering of laser light on the metallic NPs. This is in line with 

the more intense color and scattering of the light that can be observed for Ag-NPs and 

Au-NPs at higher concentrations.  
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 The energy curves of both Au- and Ag-NPs do not show the sigmoidal shape as 

observed for the PS-NPs. Consequently, the theory developed for the evaluation of the 

energy curves cannot be transfer to metallic NPs. The application of the LIBD 

technique for metallic NPs thus seems to be rather limited.  

Ag2S-NPs 

Due to the high affinity between Ag and reduced sulfur (S2-), Ag2S is likely the 

dominant Ag species in urban water systems. The sulfidation of Ag-NPs occurs already 

in sewer systems [90] and reaches completeness during the wastewater treatment 

[91-93]. In biosolids, Ag2S was stable over extended periods of time [94]. Due to the 

limited solubility of Ag2S the sulfidation of Ag-NPs dramatically reduces its toxicity [95]. 

We recorded energy curves of 90 nm (Figure A1) Ag2S-NPs which were stabilized 

at pH = 9 (Figure 6) at three different concentrations (0.02, 0.2 and 2 ppm). In addition, 

the carrier liquid (NaOH, pH9) without Ag2S was measured separately. The lower part 

of the recorded energy curves was similar for the three Ag2S-NP suspensions and also 

for the carrier liquid (without Ag2S) suggesting that the constituents of the carrier 

liquid (e.g. Na) were dominating the BDP and thus the shape of the recorded energy 

curves. However, increasing the concentration of the Ag2S to (0.2 and 2 ppm) resulted 

in a flattening of the upper part of the energy curve and the BDP did not exceed 0.5. As 

already discussed for the metallic NPs, this unusual behavior may be caused by intense 

scattering of the laser light at elevated particle concentrations and laser energies. 

 
Figure 6. Ag2S-NPs energy curves 

MWCNTs 

MWCNTs are utilized in manufacturing sectors such as microelectronics, 

coatings, energy storage, environment and biotechnology [96]. Their production rates 

are currently increasing and, therefore, the release of MWCNTs to the aquatic systems 
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Figure 8. The series of CNT's dilutions. 

Oxides: 

TiO2 -NPs 

The release of TiO2-NPs into environment is inextricably associated with the 

tremendous increase of its production and use in many consumer products. Due to its 

white color and therefore very high refractive index, TiO2-NPs are widely used in 

paintings, coatings, tooth pastes, cosmetics, sunscreens, food products etc. [98]. 

However, the potential effect of TiO2-NPs on the environmental systems has to be 

further investigated [99].  

To check the stability of our 100 nm TiO2 suspension prepared as described in 

procedure 1, of the Materials and Methods section, wekrecorded energy curves on the 

same suspension several times within 3 hours (Figure 9). TiO2-NPs of nominally 15 nm 

(primary particle size) were measured with DLS, and the results indicated that the 

particles were agglomerated to from particles of around 400 nm diameter. 

Energy curves recorded from supernatants (procedure 2 in Materials and 

Methods) diluted 1 : 10 for both 100 nm and 15 nm TiO2-NPs are given in Figure 10. 

The observed energy curves for both sizes display the typical of sigmoidal shape and 

can be described with the Eq.(1) (Chapter 3.1). The ionization potentials for PS and 

TiO2-NPs are close to each other (PS 7.8 eV, TiO2 - 8.3 [100], and the threshold energy 

required to cause a breakdown for both types are comparable (around 23 µJ for both). 

An additional 5th term in eq. 1 increased the quality of the model fit to the measured 

TiO2 energy curve. The threshold energy for 15 nm TiO2-NPs is much higher than for 

100 nm (Figure 10) and could be explained by the immediate agglomeration of these 

particles. The DLS results obtained for 15 nm prove that as well (Table A3). 

The results of ICP-MS for TiO2 were under limit of detection and could not 

provide an information about concentration in the samples. 
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Figure 9. The stability of 100 nm TiO2-NPs in UHP water 

 
Figure 10. Supernatants of 100 and 15 nm TiO2-NPs. Both supernatants diluted 1 to 10. 

SiO2-NPs 

As all abovementioned NPs, SiO2-NPs can be used in many application fields 

(biomedicine, food production [101], energy) and in terms of production volumes, 

SiO2-NPs are clearly dominating over all NP types. However, there are limited studies 

on detection of SiO2-NPs in liquid matrices [102, 103]. 

Energy curves were recorded for 100 nm SiO2-NPs at concentrations of 5·107, 

1·108, 6·108 particles mL-1. The energy curves for the 100 nm SiO2-NPs showed the 

typical sigmoidal shape as observed for the PS-NPs (Figure 11) and thus the curve was 

adequately described using a model proposed by Walther (Eq. (1), Chapter 3.1). 

However, compared to the energy curves recorded for the PS-NPs, the energy curves 

of the SiO2-NPs are shifted towards higher laser energies (Eth for PS is 23 µJ and for 

SiO2 is 76 µJ). The semi-empirical model proposed by Walther [31] is based on the 

ionization energy of the respective material. The ionization energy of PS is 7.8 eV [33] 

and thus it requires 4 photons to ionize the materials and start plasma formation 

process. However, SiO2 has a high ionization potential (11.7 eV), and thus requires the 

absorption of 6 photons for the ionization and subsequent plasma formation [23, 33]. 
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3.2.5 Annex 

Table A1. Experimental conditions for the DLS experiments. 

Laser system He-Ne laser at 573 nm, measured at 173° in 
triplicate with each having 5 runs 

Measurement Cell low volume cuvette 1.5 mL PS 
Medium, settings Water, 25°C, viscosity 0.8872cP, RI 1.33, 

Dielectric constant 78.5 
 

Material Settings RI 
PS 1.59  
TiO2 2.554  
SiO2 1.458 
Ag 0.54 
Au 0.3 
Ag2S 2.2 
Absorption 0.00 

Table A2. Particle sizes of monomodal particle suspensions derived from DLS 
measurements. 

PS particles size, nm Concentration, particles mL-1 DLS measurements, nm 
21 ± 2 1012 28 ± 4 
46 ± 2 1011 53 ± 2 
81 ± 3 108 86 ± 1 
97 ± 3 108 111 ± 2 

Au particles size, nm Concentration, particles mL-1 DLS measurements, nm 
20 ± 5 6.2·1011 18.8 ± 0.4 
40 ± 4 7.7·1010 42.3 ± 0.8 
60 ± 4 2.3·109 62.6 ± 0.3 

60 ± 4(PEG) 2.3·109 84.5 ± 1.3 
100 ± 5 4.9·109 124 ± 3 

Ag particles size, nm Concentration, particles mL-1 DLS measurements, nm 
20 ± 3 4.55·1011 42 ± 1 
40 ± 4 5.69·1010 48.4 ± 0.1 
70 ± 4 1.06·1010 74 ± 1 

100 ± 8 3.64·109 96 ± 1 
Ag2S particles size, nm Concentration, ppm DLS measurements, nm 

90 nm 20  87 ± 1 
SiO2 particles size, nm Concentration, particles mL-1 DLS measurements, nm 

101.7 6.8·1010 122 ± 3 
TiO2 particles size, nm Concentration, particles mL-1 DLS measurements, nm 

100 nm Under LOD 155 ± 2 
15 nm Not detected 265 ± 15 

Table A3. Parameters a and b obtained for 20 - 100 nm PS-NPs. 

Size, nm Parameter a Parameter b 
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21 2.3·1011 2.6 
46 4.1·1010 2.1 
81 2.1·1010 1.9 
97 1.0 ·1010 1.6 

 

Figure A1. TEM image of Ag2S-NPs 
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3.3 Potential of asymmetric flow field-flow fractionation coupled to laser-

induced breakdown detection for nanoparticles and protein detection 

3.3.1 Introduction 

Recent advances in nanoscale science and engineering have led to a rapidly 

growing number of nano-enabled products [104] and consequently to a fast increase 

of production volumes of engineered nanomaterials (ENMs). A strong increase in the 

production volume of ENMs is forecasted over the next decade [105] and, thus, an 

increased release of engineered nanoparticles (ENPs) to the aquatic environment 

becomes likely. However, difficulties to detect nanoscale particles in aquatic media 

have hampered the development of a sound understanding of the impact, the 

behavior and (eco)toxic effects of ENP released to the environment [5, 106-108]. 

In order to separate nano- from non-nano materials, the European commission 

has recently issued a new definition [109] that relies on the measurement of number-

based particle size distributions which, however, is currently very challenging, if 

possible at all. 

The possibilities and drawbacks of available analytical techniques to detect 

nanoscale particles and also to record number-based particle size distributions have 

been reviewed by many authors [110-113]. Due to a simple sample preparation, short 

measurement time, straightforward operation of the instrument, dynamic light 

scattering (DLS) is the most frequently used technique today. However, the detection 

of small particles in the presence of larger ones is very challenging using DLS 

techniques [4, 114]. Ultraviolet-visible spectroscopy (UV/VIS) detector is also fast, easy 

in operation, does not require calibration, but for polymodal samples the quantitative 

information is hardly obtainable [115]. Most inductively coupled plasma mass 

spectrometry (ICPMS) instruments operated on spICPMS mode are equipped with 

sequential mass analyzers such as quadrupole filters or scanning sector fields and 

detect only one element at a time which may cause misleading results for example in 

the case of silver NPs, which occur more likely as sulfides than as metallic NPs [91] The 

drawback of detecting only single elements has recently been overcome by using 

MDG-Time-of-Flight (ToF)MS, which allows for simultaneous multi-element analysis of 

individual NP. Current size-related detection limits provided by the ToF-ICPMS are in 
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3.3.2 Materials and Methods 

3.3.2.1 Chemicals 

For the experiments polystyrene (PS) particles of 20, 50, 80 and 100 nm size 

were purchased from Thermo Fisher Scientific Particle Technology (USA). 25 nm Silica 

(SiO2)-NPs and bovine serum albumin (BSA) were purchased from Sigma-Aldrich 

(Buchs, Switzerland), 100 nm SiO2 were purchased from Corpuscular inc (Cold Spring, 

NY, USA). The suppliers of the chemicals used in the study as well as the list of the 

chemicals were as follows: Sodium chloride, Sodium dodecyl sulfate (SDS, Sigma 

Aldrich, Buchs, Switzerland), Potassium hydroxide, Sodium hydroxide, Sodium 

dihydrogen phosphate, Sodium azide (NaN3, Sigma Aldrich, Buchs, Switzerland), 

Sodium hydrogen phosphate dihydrate, (Merck, Dietikon, Switzerland). All NPs and 

BSA suspensions were prepared using Milli-Q water (Millipore, Zug, Switzerland) with 

addition of the selected chemicals required for the respective carrier solutions. All 

carrier solutions were prepared in Milli-Q water and filtered through 0.1 µm Durapore 

filters (Millipore) before use. All suspensions and dilutions (if required) were freshly 

prepared at the day of measurement. 

3.3.2.2 Asymmetric flow field-flow fractionation (A4F) 

3.3.2.2.1 Basics of A4F 

 
Figure 1. The working principle of separation channel 

The theory of A4F is connected with flow field-flow fractionation (FFFF), which was 

first introduced in 1976 by Giddings [127]. The fractionation is reached in the channel 

when the particles are in the laminar flow in the channel and interacting with an 

applied force F, perpendicular to the laminar carrier flow (Figure 1). In case of FFFF the 

channel consists of two walls permeable to the carrier flow. The membrane permeable 
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(HellmaSchweiz AG, Zumikon, Switzerland). The cell was fed with a constant flow of 0.5 

mL min-1. Individual breakdown events were detected by the energy ratio method (the 

formation of a plasma leads to a significantly decreased ratio between the transmitted 

and the incoming laser energy) [28].  

For the on-line detection of NP suspensions separated by A4F the laser of the 

LIBD was operated at a fixed energy. The energy of the laser was fixed at 95 µJ 

corresponding to a BDP < 0.01% for the energy curves recorded on the AF4 carrier 

solutions. This ensured that the recorded breakdown events in later A4F-LIBD 

experiments were caused by particles in the A4F effluent and not be background 

contributions. The LIBD was directly connected to the detector flow of the A4F. The 

flow rate was maintained at 0.5 ml min-1 throughout all measurements unless stated 

otherwise. All detectors were synchronized by their respective dead time. Acquired 

data were processed using Matlab (MathWorks, Natick, Massachusetts, USA). 

3.3.2.4 Zeta-potential 

The electrophoretic mobility of the particles in the carrier solutions was 

measured using a Zetasizer (Malvern Infors, Bottmingen, Switzerland) and the zeta-

potential of NPs was calculated using the Smoluchowski assumption. The 

electrophoretic mobilities were determined in triplicates for each sample, 10 

repetitions for each measurement. 

3.3.3 Results 

3.3.3.1 Optimization of an A4F-LIBD system 

Increasing amounts of dispersion agents lead to an increasingly high background 

signals (Chapter 3.1) limiting the working range of the LIBD. In addition, the 

composition of the carrier solution for the A4F system has to be adjusted to obtain 

optimal fractionation and retention conditions for the particles of interest. Therefore, 

the carrier solution used in a coupled A4F-LIBD system has to be suitable for A4F and 

should have a minimal influence on the LIBD signal. 

Selection and optimization of working conditions for the LIBD system 

To be able to detect NPs in the carrier solution, a clear difference between the 

background and the NPs containing suspensions should be observed in energy curves 
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recorded with the LIBD. To select an optimal carrier solution, we therefore recorded 

energy curves for a range of commonly used carrier solutions (Figure AI, Table A1). 

Based on the observed difference between the energy curves for Milli-Q water and the 

carrier solutions, best fitted carrier solutions for later A4F experiments were identified. 

To demonstrate the suitability of the selected carrier solution, energy curves for the 

carrier solutions were compared to the energy curves recorded for suspensions 

containing 100 nm SiO2-NPs (Figure 3). Figure 3 A, B demonstrates two examples of 

"non-optimal" carrier solutions - the energy curves for the carrier solution and the NPs 

are almost identical. The carrier solutions presented in Figure 3 C, D, E, F were 

considered for further experiments due to the clear difference observed between the 

energy curves of the blank solutions and the NP dispersed in the respective media. 

 
Figure 3. The influences of different carrier solutions on the LIBD signal 

Selection of a carrier solution for the combined A4F-LIBD system 

The selected carrier solution further has to be suitable for a proper NP 

separation, and we, therefore, tested 4 carrier solutions which were compatible with 

the LIBD system (Figure 4). The retention time of SiO2-NPs was determined based on 

the LIBD signal. The retention time for 100 nm SiO2-NPs in Milli-Q water and SDS was 

less than 20 minutes which was too short for the separation of a SiO2-NPs mixture. rg 

values of particles dispersed in carrier solutions were derived from MALS 

measurements. No significant difference was revealed between 100 nm SiO2-NPs in 

different carrier solutions suggesting that particle were well dispersed in all media 

(rg(H2O) = 34,7; rg(SDS) = 32; rg(NaCl/NaN3) = 31.2). The carrier solutions (NaCl/NaN3) 
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and (SDS/NaN3) resulted in sufficient for separation retention time and were thus 

selected for A4F-LIBD experiments. 

 
Figure 4. Difference in retention time observed for "optimal " carrier solutions in A4F-LIBD. 

3.3.3.2 SiO2, PS NPs and BSA measured in NaCl/NaN3 carrier solution 

using MALS, UV and LIBD detectors in-line 

PS-NPs are frequently used for A4F and LIBD calibration experiments. SiO2-NPs 

are difficult to characterize with the other available techniques [133]. Due to a small 

size of a monomer component of BSA, it is often used to normalize a MALS detector 

[134]. 

The applicability of LIBD to detect PS-NPs in different dispersion agent has been 

already demonstrated (Chapter 3.1). However, to assess the suitability of the LIBD 

system to detect SiO2-NPs, BSA and to compare the performance of the LIBD system to 

other detection methods (MALS and UV/VIS) energy curves were recorded for 25 nm 

(6.5·1011 particles mL-1) and 100 nm SiO2-NPs (6.5·1010 particles mL-1) and BSA (0.1 mg 

mL-1) (Figure A2). The LIBD signals for 25 and 100 nm SiO2 were in general agreement 

with the LIBD theory - the smaller particles (25 nm) need a higher laser energy to 

induce a breakdown than the larger particles (100 nm) of the same material. The fact 

that energy curves for SiO2-NPs, BSA were distinguishable from the background was a 

necessary prerequisite for further A4F-LIBD separation experiments. 
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PS-NPs detection 

Monomodal PS-NP suspensions (nominal diameters: 20, 50, 80 and 100 nm) 

were injected in the A4F at selected concentrations (Table A2) and fractionated using 

conditions given in Table 1. The detector flow was continuously monitored using an 

UV/VIS and MALS detector as well as the LIBD. (Figure 5, the results are shown for 

5·108 particles mL-1). All instruments detected 100 and 80 nm particles. The 50 nm 

particles were detected with the MALS only at the higher concentration (5·109 particle 

mL-1) and the UV/VIS was not sensitive enough to record 50 nm PS particles. LIBD was 

the only instrument that was capable of detecting 20 nm PS-NPs.  
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Figure 5. 20, 50, 80, 100 nm PS-NPs and mixture of PS-NPs measured with A4F-LIBD 

Natural colloids and also ENPs show a considerable polydispersity and may not 

be monomodal and are often present in low concentrations. Due to the inability of 

most analytical techniques to analyze polydisperse particle populations, a fractionation 

prior to the analysis is crucial. Therefore, we prepared the mixture of 20, 50 and 100 

nm PS-NPs at concentrations 5·107 particles mL-1 and measured it using A4F-LIBD 
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min respectively (both, in monomodal and multimodal suspensions). The retention 

times for 25 nm and 100 nm in polymodal suspension for SiO2-NPs were 17.8 and 23.2 

min, respectively and 26.4 min was the retention time 10 nm SiO2-NPs in monomodal 

suspension. Based on that observations: 1) the retention times for the 100 nm SiO2-

NPs were longer for monomodal compared to polymodal suspensions 2) the retention 

time of the 25 nm SiO2-NPs (Figure A8) remained constant in both polymodal and 

monomodal suspensions 3) the 20 nm PS (21 min) eluted later than 25 nm SiO2 (17.8 

min) and also the 100 nm PS-NPs eluted later than 100 nm SiO2-NPs (Figure 9). 

 
Figure 8. SiO2 and PS mixtures in SDS/NaN3 carrier solution 

 
Figure 9. The difference in retention times observed for PS and SiO2-NPs measured in 
NaCl/NaN3 

The fractogram of the 100nm SiO2-NPs recorded with the UV/VIS detector did 

not show the typical Gaussian shape but was skewed towards the left side (earlier 
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curves recorded in NaCl/NaN3 carrier solution demonstrated the possibility to detect 

25 nm SiO2-NPs. However, due to a dilution in a separation channel, the final 

concentration of SiO2-NPs was likely not any more distinguishable from the carrier 

solution. The increased background observed in 25 nm SiO2 fractogram (Figure A3) is 

also slightly visible in signal recorded with the UV/VIS/MALS detectors (it is reflected in 

a peak broadening but did not substantially affected the fractograms). TEM images 

recorded from fractions collected at two time intervals revealed the presence of 25 nm 

NPs in two fractions. Most probably when particles of one size were eluting from the 

system at a certain time they still remained further in the system but in less 

concentrations which were slightly observable (or not observable at all) by 

UV/VIS/MALS detectors, however affected the LIBD signals.  

The separation for BSA was still not optimal, as three peaks in A4F-MALS fractograms 

have been observed by Yohannes et al. [126]. However, the carrier solutions used by 

these authors (phosphate buffer, 0.9% NaCl) would certainly have had interfered with 

for LIBD detection. 

3.3.5 Conclusion 

We coupled MALS, UV/VIS and LIBD devices in-line to a A4F system and 

compared the performance of the three detectors regarding the PS, SiO2-NPs and BSA. 

Due to the different requirements of A4F and the LIBD systems we chose NaCl/NaN3 as 

a carrier solution for the A4F which allowed the separation of PS and SiO2-NPs in the 

A4F and only slightly interfered with the LIBD system.  

Our results revealed that the LIBD detector is considerably more sensitive 

towards smaller PS-NPs (< 80 nm) than the UV/VIS and the MALS detector. On the 

contrary, UV/VIS and the MALS detectors were more sensitive for SiO2-NPs. For BSA all 

three detectors showed comparable results. However, it has to be noted that the 

method used for separation of SiO2 and PS-NPs was not optimal for the separation of 

BSA and only one peak was identified with all three detectors. With this optimized 

fractionation protocol, the LIBD was able to reveal two peaks (concentration = 1 mg 

mL-1 in 500 µL).  

The results further revealed differences in retention times for NPs (SiO2) of one 

size, which were most probably caused by the overloading of the FFF channel and 
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particle-particle interactions in different carrier solutions. Furthermore, different 

retention times were observed for different particle types of the same size. Also this 

non-ideal behavior may be explained by particle-particle and membrane particle 

interactions. 
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3.3.6 Annex 

 
Figure A1. The energy curves for possible carrier solutions using LIBD 

 
Figure A2. Energy curves recorded for 25 nm, 100 nm SiO2 and BSA measured in the 
NaCl/NaN3 carrier solution 
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Figure A3. The concentration series for 25 nm SiO2 measured in NaCl/NaN3 
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Figure A4. Fractionation of the blank and 25nm SiO2 NP suspensions 

 

Figure A5. TEM pictures 
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Figure A6. SiO2 multimodal suspension  detected by A4F-LIBD system 
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Figure A7. Concentration series of BSA injected with the method applied for separation of 
PS- and SiO2-NPs and detected with MALS, UV/VIS and LIBD detectors. 
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Figure A8. The SiO2-NP fractograms measured in monomodal and multimodal suspensions in 
SDS/NaN3 carrier solution 

Table A1. The carrier solutions used in the experiments 

Carrier solution Concentration 
UHP Water  
NaOH 0.01 M 
KOH 0.01 M 
Phosphate Buffer Na2HPO4·2H2O + NaH2PO4·2H2O 

0.2M sodium phosphate, dibasic dihydrate 
(47.35 mL) + 0.2M sodium phosphate, 
monobasic, dihydrate (2.65 mL) were 
adjusted to pH = 8 

NaCl + NaN3 NaCl - 25µM, NaN3 - 0.02% 
SDS + NaN3 SDS - 0.5 ppm; NaN3 - 10 ppm 
NaCl + NaN3 NaCl - 25µM, NaN3 - 10 ppm 
SDS 5 ppm 
NaCl 25µM 
NaN3 100 ppm 

 

Table A2. The concentrations of PS-NPs injected into A4F-LIBD system. 

size 
concentration 20 nm 50 nm 80 nm 100 nm 

5·107 particles 
mL-1 

- + + + 

5·108 particles 
mL-1 

+ + + + 

5·109  particles 
mL-1 

+ + - - 
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4 Summary and Outlook 

The work was focused on an assessment of application of the LIBD technique as a 

versatile tool for the detection and quantification of NPs in aqueous systems. In a first 

study, the effect of various dispersion agents frequently used to stabilize NPs in 

dispersions on the LIBD signal was investigated. Results indicated a strong 

concentration and dispersion agent type effect on recorded energy curves. The plasma 

formation was associated with increasing concentrations of the dispersing agents 

spiked to UHQ water. Particulate contaminants which might be present in the 

dispersion agents were removed by ultracentrifugation. To assess the influence of the 

dissolved dispersion agents on the size and concentration of NPs, PS-NPs (50 nm) were 

spiked at two different concentrations (2·107particles mL-1 and 3·108 particles mL-1) to 

suspensions containing different amounts of SDS or sodium pyrophosphate. The 

particle size calculated from the LIBD measurements was comparable to the size 

obtained from LIBD measurements for 50 nm PS-NPs in the UHP (except for SDS at the 

highest concentration). The calculated particle concentration determined for samples 

containing dispersion agents or UHP water differed by up to 300 % at low 

concentration of PS-NPs (2·107particles mL-1) and remained within 20 % for high 

concentration of PS-NPs (3·108 particles mL-1). 

The results for this study revealed a substantial influence of the dissolved matrix 

constituents on the LIBD signal. The particle size calculated based on the LIBD 

measurements is rather insensitive to the presence of dissolved constituents and 

generally allows the calculation of the particle size of NPs in the presence of various 

dispersion media. The deviation in the calculated particle number concentrations 

caused by the presence of dissolved constituents, however, limits the general 

applicability of the LIBD system.  

In the second study, to influence of different types of NP on the LIBD signal 

investigated. A range of different particle types, including oxic-, metallic-, sulfidic-, and 

carbon based-NPs were investigated and if possible the respective energy curves were 

described with a published semi-empirical model. Due to absorption-scattering effects 

the shape of the energy curves for metallic nanoparticles (Ag, Au) did not show the 

classical sigmoidal shape, which made the extraction of the size and the concentration 

of metallic NPs impossible. For MWCNTs absorption effects were dominating and the 
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6 Abbreviations 

LIBD Laser Induced Breakdown Detection 

NTA Nanoparticle Tracking Analysis 

MALS Multi-Angle  Light scattering 

UV/VIS Ultraviolet-visible spectroscopy 

DLS Dynamic Light Scattering 

EM Electron Microscope 

TEM Transmission Electron Microscope 

SEM Scanning Electron Microscope 

spICPMS Single Particle Inductively Coupled Plasma Mass Spectrometry 

CLS Centrifugal Liquid Sedimentation  

spICPQMS Single Particle Inductively Coupled Plasma Quadrupole Mass  Spectrometry 

ICPTOFMS Inductively Coupled Plasma Time-of-Light Mass Spectrometry 

TRPS Tunable Resistive Pulse Sensing 

A4F Asymmetric Flow Field-Flow Fractionation 

NPs Nanoparticles 

ENP Engineered Nanoparticles  

NM Nanomaterial 

NT Nanotechnology 

SDS sodium dodecyl sulfate 

BSA bovine serum albumine 
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