
INTERNATIONAL DOCTORAL
SCHOOL OF THE USC

Iria
Rujido Santos

PhD Thesis

Assessment of metal nanoparticles 
and total metal content in textile 
products and cosmetics

Santiago de Compostela, 2022

Doctoral Programme in Chemical Science and Technology





TESE DE DOUTORAMENTO

ASSESSMENT OF METAL 

NANOPARTICLES AND TOTAL 

METAL CONTENT IN TEXTILE 

PRODUCTS AND COSMETICS  

Iria Rujido Santos 

ESCOLA DE DOUTORAMENTO INTERNACIONAL DA UNIVERSIDADE DE SANTIAGO DE COMPOSTELA 

PROGRAMA DE DOUTORAMENTO EN CIENCIA E TECNOLOXÍA QUÍMICA 

SANTIAGO DE COMPOSTELA  

2022





DECLARACIÓN DO AUTOR/A DA TESE 

Dna. Iria Rujido Santos 

Título da tesis: Assessment of metal nanoparticles and total metal content in textile products and 
cosmetics 

Presento a miña tese, seguindo o procedemento axeitado ao Regulamento, e declaro que:  

1) A tese abarca os resultados da elaboración do meu traballo.

2) De ser o caso, na tese faise referencia ás colaboracións que tivo este traballo.

3) Confirmo que a  tese non  incorre en ningún  tipo de plaxio doutros autores nin de  traballos

presentados por min para a obtención doutros títulos.

4) A tese é a versión definitiva presentada para a súa defensa e coincide a versión impresa coa

presentada en formato electrónico.

E comprométome a presentar o Compromiso Documental de Supervisión no caso de que o orixinal 
non estea na Escola. 

En Santiago de Compostela, 12 de maio de 2022. 





AUTORIZACIÓN DO DIRECTOR / TITOR DA TESE 

Assessment of metal nanoparticles and total metal content in textile products and cosmetics 

D. Antonio Moreda Piñeiro

Dª María del Carmen Barciela Alonso

INFORMAN: 

Que a presente tese, correspóndese co traballo realizado por Dna. Iria Rujido Santos, baixo a miña 

dirección/titorización, e autorizo a súa presentación, considerando que reúne os requisitos 

esixidos no Regulamento de Estudos de Doutoramento da USC, e que como director desta 

non incorre nas causas de abstención establecidas na Lei 40/2015. 

De acordo co indicado no Regulamento de Estudos de Doutoramento, declara tamén que a presente 

tese de doutoramento é idónea para ser defendida en base á modalidade de Monográfica con 

reprodución de publicacións, nos que a participación da doutoranda foi decisiva para a súa 

elaboración e as publicacións se axustan ao Plan de Investigación. 

En Santiago de Compostela, 12 de maio de 2022 





ACKNOWLEDGEMENTS 





Después de cinco años se termina esta etapa me gustaría darle las gracias a todas las 
personas que me ha apoyado a lo largo de este camino.  

A mi director de tesis, Antonio. Me has ayudado desde el día que fui a hablar contigo por 
un problema administrativo que había tenido con las prácticas del máster, y sin pensarlo me 
ofreciste la posibilidad de hacer las prácticas en el grupo GETEE, comenzando así mi aventura 
en el mundo de la investigación. El optimismo que desprendes hace que las cosas sean más 
fáciles cuando uno se desespera después de experimentos fallidos y muchas horas midiendo 
con spICP-MS. Gracias por transmitirme tus conocimientos y estar siempre disponible 
buscando siempre un hueco entre las mil cosas que tenías pendientes por hacer.  

A mi tutora, Maricarmen, por supervisar mi tesis durante estos años y guiarme durante esta 
etapa. Gracias por tu calidad humana y por preocuparte siempre por todos mis problemas. Me 
gustaría también agradecerte tus consejos en esta última etapa de la tesis los cuales fueron de 
gran ayuda. 

A mis compañeros del grupo GETEE, con los que he compartido tantas horas. Me gustaría 
agradecer a Paloma toda la ayuda que me ha ofrecido a lo largo de estos años y a Pilar 
permitirme ser parte del grupo de investigación. Gracias a Manolo por animarnos siempre los 
cafés con un toque de humor y por los apuntes de prácticas, a Elena por preocuparte por mi 
estado de ánimo, a Raquel por las mil fotos que nos has hecho en congresos/eventos o en el 
laboratorio y a Miguel por nuestras charlas en los “coffee breaks”.  

A Juanjo y Ana por todo el apoyo que me habéis dado en esta última etapa de escritura de 
la tesis y os deseo mucha suerte en los próximos meses/años, respectivamente. Cristian también 
te deseo suerte en esta recta final. Gracias también a mis excompañeros (Lucía, Arlene, Blanca, 
Anis, Vane, Pili...) por las experiencias vividas con vosotros. 

A Thilini y a Kolita por todos los momentos que hemos disfrutado juntos. Sois unas 
personas maravillosas y os merecéis todo lo bueno que os pueda pasar. Os echo mucho de 
menos.  

A Ala, gracias por todo. Eres una de las mejores personas que he conocido y aunque somos 
muy diferentes, en el fondo muuuuuuuuy en el fondo sabes que te considero un buen amigo. 
Echo de menos hacernos fotos en el laboratorio haciendo el tonto, ir a molestarte a tu mesa y 
nuestros cafés después de comer. Gracias por haber estado a mi lado en momentos complicados 
de mi vida y por traerme comida al laboratorio cuando estaba encerrada peleándome con mis 
nanopartículas y single. 

A Eva e Bea, gracias por estar ahí, por todo lo vivido y lo que nos queda… 

A Vero, gracias por nuestros audios infinitos y por nuestras comidas en el local social. 

A todos los compañeros del Departamento de Química Analítica, Nutrición y 
Bromatología, y en particular a todos los miembros del LIDSA, a Mari y a Mónica por todas 
las conversaciones en el pasillo y comidas prepandemia.  



 

A Marta Lores por haberme descubierto mi pasión por la Química Analítica en las clases 
de Química Analítica III y por haber sido una maravillosa directora de proyecto de fin de 
carrera. 

A Heidi por darme la oportunidad de hacer una estancia en LGC y hacer que me sintiera 
como en casa desde el primer día.  

A Estela e Isabel por toda la ayuda durante la estancia, tanto a nivel profesional como 
personal. Gracias por las cervezas, los paseos de domingo y por conseguir que no me sintiera 
sola en medio del caos en el que estaba sumida cuando me fui de estancia. De verdad, sin 
vosotras no habría sido lo mismo. Gracias también a Pablo por aguantarme. 

A los miembros (y exmiembros) del Inorganic Team del LGC por los “baking days” y los 
momentos compartidos. 

A Brenda por compartir conmigo tus conocimientos y ayudarme con mis experimentos.    

A Laura Sarmiento, Laura Vázquez, Marlene, Tamara y Ana por seguir a mi lado después 
de haber terminado la carrera. 

A todos mis familiares y amigos por acompañarme día a día en todos mis proyectos 
personales y profesionales.  

A Ramón por ser mi compañero de vida. Gracias por estar a mi lado siempre, entenderme 
(aunque a veces es complicado) y hacerme feliz.  

A mis padres por todos los valores y principios que me han inculcado desde pequeña. En 
especial, me gustaría darle las gracias a mi madre por haberme ayudado y apoyado siempre. 
Esta tesis te la dedico a ti…“Oxalá aquí, bótoche de menos mamá!”.  



Á miña nai 





FUNDING 

- Xunta de Galicia and European Social Fund (FSE): Iria Rujido Santos´ pre-doctoral
grant ED481A-2018/127.

- Development of a Strategic Grouping in Materials-AEMAT (grant ED431E2018/08).
- Xunta de Galicia (Grupo de Referencia Competitiva, grant number ED431C2018/19).
- Ministerio de Economía, Industria y Competitividad (project INNOVANANO, reference

RT2018-099222-B-100).





INDEX 





Index 

INDEX 

ABBREVIATIONS ............................................................................................................................................ i 

ABSTRACT ...................................................................................................................................................... vii 

I. INTRODUCTION ......................................................................................................................................... 1 

I.1 DETERMINATION OF TRACE ELEMENTS IN COSMETICS AND TEXTILES ................................. 3 
I.1.1 Total metal content in cosmetics ................................................................................ 3 
I.1.2 Total metal content in textiles .................................................................................... 4 

I.2 ASSESSMENT OF INORGANIC NANOPARTICLES IN TEXTILE PRODUCTS AND COSMETICS....... 5 
I.2.1 Introduction to nanotechnology ................................................................................. 5 
I.2.2 Inorganic NPs under study ......................................................................................... 6 
I.2.3 Properties and applications of analysed NPs.............................................................. 6 

I.2.3.1 AgNPs ................................................................................................................. 6 
I.2.3.2 TiO2NPs and ZnONPs ......................................................................................... 7 
I.2.3.3 Applications of inorganic NPs in cosmetics ....................................................... 8 
I.2.3.4 Applications of inorganic NPs in fabrics ............................................................ 9 

I.2.4 Toxicological risks of inorganic NPs ....................................................................... 10 
I.2.4.1 Penetration of NPs into the skin ........................................................................ 10 
I.2.4.2 Viability of human skin cells under exposure to NPs ....................................... 11 

I.2.5 Determination of inorganic NPs in cosmetics and textile products ......................... 12 
I.2.5.1 Analysis of inorganic NPs in cosmetics ............................................................ 12 
I.2.5.2 Analysis of inorganic NPs in textile products ................................................... 13 
I.2.5.3 spICP-MS: a powerful technique for the analysis of inorganic NPs ................. 18 

REFERENCES .......................................................................................................................... 21 
II. OBJECTIVES ............................................................................................................................................. 37 

III. METHODOLOGY ................................................................................................................................... 41 

IV. RESULTS AND DISCUSSION ............................................................................................................. 45 

PART A. DETERMINATION OF TOTAL METAL CONTENT IN MOISTURISERS AND 
TEXTILES......................................................................................................................................................... 47 

CHAPTER 1. QUANTIFICATION OF METALS IN MOISTURISING CREAMS USING 
MICROWAVE-ASSISTED ACID DIGESTION AND ICP-MS ........................................................ 49 

1.1 ABSTRACT ....................................................................................................................... 51 
1.2 INTRODUCTION ................................................................................................................ 51 
1.3 MATERIAL AND METHODS ................................................................................................ 52 



IRIA RUJIDO SANTOS 

 
 

1.3.1 Instrumentation ....................................................................................................... 52 
1.3.2 Reagents .................................................................................................................. 53 
1.3.3 Samples ................................................................................................................... 53 
1.3.4 Microwave-assisted acid digestion ......................................................................... 53 
1.3.5 Quantification of metals by ICP-MS ...................................................................... 53 
1.3.6 Validation ................................................................................................................ 54 

1.4 RESULTS AND DISCUSSION .............................................................................................. 55 
1.5 CONCLUSIONS ................................................................................................................. 61 
SUPPLEMENTARY INFORMATION ........................................................................................... 63 
REFERENCES ......................................................................................................................... 69 

CHAPTER 2. METAL CONTENT IN TEXTILE AND (NANO)TEXTILE 
PRODUCTS ................................................................................................................................................... 71 

2.1 ABSTRACT ....................................................................................................................... 73 
2.2 INTRODUCTION ................................................................................................................ 73 
2.3 MATERIALS AND METHODS ............................................................................................. 74 

2.3.1 Instrumentation ....................................................................................................... 74 
2.3.2 Samples ................................................................................................................... 75 
2.3.3 Reagents .................................................................................................................. 75 
2.3.4 Microwave-assisted acid digestion ......................................................................... 76 
2.3.5 Total metal determination by ICP-MS .................................................................... 76 

2.4 RESULTS .......................................................................................................................... 77 
2.4.1 Microwave-assisted acid digestion ......................................................................... 77 
2.4.2 Limit of detection, precision, and analytical recovery assays ................................. 77 
2.4.3 Metal content in the analysed textiles ..................................................................... 78 

2.5 DISCUSSION ..................................................................................................................... 82 
2.5.1 Metals used in the dyeing process ........................................................................... 82 
2.5.2 Metals used in the bleaching process ...................................................................... 83 
2.5.3 Metallic NPs in the textile industry......................................................................... 83 
2.5.4 Other uses of metals in the textile industry ............................................................. 83 

2.6 CONCLUSIONS ................................................................................................................. 84 
REFERENCES ......................................................................................................................... 85 

PART B. DETERMINATION OF INORGANIC NPs IN MOISTURISERS AND 
TEXTILES ...................................................................................................................................................... 91 

CHAPTER 3. SILVER NANOPARTICLES ASSESSMENT IN MOISTURISING 
CREAMS BY ULTRASOUND-ASSISSTED EXTRACTION FOLLOWED BY spICP-MS
 .............................................................................................................................................................................. 93 

3.1 ABSTRACT ....................................................................................................................... 95 



Index 

3.2 INTRODUCTION ................................................................................................................ 95 
3.3 EXPERIMENTAL ................................................................................................................ 97 

3.3.1 Instrumentation ........................................................................................................ 97 
3.3.2 Reagents .................................................................................................................. 97 
3.3.3 Moisturising cream samples .................................................................................... 97 
3.3.4 Microwave-assisted acid digestion of moisturising creams .................................... 98 
3.3.5 Ultrasound probe-assisted AgNPs extraction from moisturising creams ................ 98 
3.3.6 Total Ag determination in digests from moisturising creams by ICP-MS .............. 99 
3.3.7 Assessment of AgNPs in moisturising creams by spICP-MS ................................. 99 
3.3.8 Ultrasound water-bath oxidative treatment of methanol extracts from moisturising 
creams for SEM/TEM analysis ...................................................................................... 100 
3.3.9 SEM/TEM analysis ............................................................................................... 101 

3.4 RESULTS ........................................................................................................................ 101 
3.4.1 Selection of extraction/solubilisation solvent ........................................................ 101 
3.4.2 Optimisation of sample pre-treatment method ...................................................... 101 

3.4.2.2 Ultrasound time .............................................................................................. 102 
3.4.2.3 Methanol volume ............................................................................................ 102 
3.4.2.4 Continuous/discontinuous ultrasonication ...................................................... 102 

3.4.3 AgNPs stability ...................................................................................................... 104 
3.4.4 Analytical performances ........................................................................................ 104 

3.4.4.1 Calibration, limit of detection and limit of quantification .............................. 104 
3.4.4.2 Precision and analytical recovery ................................................................... 104 

3.4.5 Application ............................................................................................................ 105 
3.5 CONCLUSIONS ................................................................................................................ 108 
SUPPLEMENTARY INFORMATION ......................................................................................... 109 
REFERENCES ........................................................................................................................ 113 

CHAPTER 4. spICP-MS ASSESSMENT OF ZnONPs AND TiO2NPs IN MOISTURISERS 
AFTER A TIP SONICATION SAMPLE PRE-TREATMENT .......................................................117 

4.1 ABSTRACT ..................................................................................................................... 119 
4.2 INTRODUCTION .............................................................................................................. 119 
4.3 MATERIALS AND METHODS ............................................................................................ 120 

4.3.1 Instrumentation ...................................................................................................... 120 
4.3.2 Reagents ................................................................................................................ 121 
4.3.3 Cosmetic samples .................................................................................................. 121 
4.3.4 Microwave-assisted acid digestion procedure for total Ti and Zn determination . 121 
4.3.5 Ultrasound-assisted TiO2NPs and ZnONPs extraction procedure ........................ 121 



IRIA RUJIDO SANTOS 

 
 

4.3.6 Total Ti and Zn determination by ICP-MS ........................................................... 122 
4.3.7 TiO2NPs and ZnONPs determination by spICP-MS ............................................ 122 
4.3.8 Analysis of extracts from moisturisers by transmission electron microscopy ...... 123 

4.4 RESULTS AND DISCUSSION ............................................................................................ 123 
4.4.1 Study of interferences for Ti and Zn determination by ICP-MS .......................... 123 
4.4.2 Extraction of nanoparticles from moisturisers ...................................................... 125 

4.4.2.1 Selection of extractant solvent and sonication mode ..................................... 125 
4.4.2.2 Selection of tip sonication conditions ............................................................ 126 
4.4.2.3 Optimisation of the volume of acetone .......................................................... 126 

4.4.3 Analytical performances for TiO2NPs and ZnONPs determination by spICP-MS . 127 
4.4.4 Application ............................................................................................................ 128 

4.5 CONCLUSIONS ............................................................................................................... 134 
SUPPLEMENTARY INFORMATION ......................................................................................... 135 
REFERENCES ....................................................................................................................... 137 

CHAPTER 5. spICP-MS CHARACTERISATION OF SILVER NANOPARTICLES 
RELEASED FROM TEXTILE PRODUCTS ....................................................................................... 141 

5.1 ABSTRACT .................................................................................................................... 143 
5.2 INTRODUCTION .............................................................................................................. 143 
5.3 MATERIALS AND METHODS ........................................................................................... 144 

5.3.1 Instrumentation ..................................................................................................... 144 
5.3.2 Reagents ................................................................................................................ 145 
5.3.3 Textile samples ..................................................................................................... 145 
5.3.4 Microwave-assisted acid digestion of textile samples .......................................... 146 
5.3.5 Total Ag determination by ICP-MS ...................................................................... 146 
5.3.6 AgNPs isolation from textiles ............................................................................... 147 
5.3.7 AgNPs determination/characterisation by spICP-MS........................................... 147 
5.3.8 AgNPs determination/characterisation by HRTEM-EDX .................................... 148 

5.4 RESULTS ........................................................................................................................ 148 
5.4.1 Preliminary studies: Selection of the extraction solvent and the extraction technique
 ........................................................................................................................................ 148 
5.4.2 Mechanical shaking parameters ............................................................................ 149 

5.4.2.1 Shaking time .................................................................................................. 150 
5.4.2.2 Temperature ................................................................................................... 150 
5.4.2.3 Shaking speed ................................................................................................ 150 

5.4.3. AgNPs stability studies ........................................................................................ 151 
5.4.3.1 AgNPs stability during filtration (0.22 µm and 0.45 µm filters) ................... 151 



Index 

5.4.3.2 AgNPs stability during centrifugation ............................................................ 152 
5.4.3.3 AgNPs stability during shaking and filtration (5 µm filters) .......................... 152 

5.4.4 Validation .............................................................................................................. 153 
5.4.5 Application ............................................................................................................ 154 
5.4.6 Consecutive extraction cycles from fabrics ........................................................... 158 

5.5 CONCLUSIONS ................................................................................................................ 158 
REFERENCES ........................................................................................................................ 159 

V. CONCLUSIONS .......................................................................................................................................163 

ANNEX I. RESUMO ....................................................................................................................................167 

ANNEX II. LIST OF PUBLICATIONS ..................................................................................................175 

ANNEX III. PERMISSIONS ......................................................................................................................179 





ABBREVIATIONS 





Abbreviations 

iii 

ABBREVIATIONS 

A 

AF4: Asymmetric Flow Field-Flow Fractionation  
AF4-ICP-MS: Asymmetric Flow Field-Flow Fractionation–Inductively Coupled Plasma Mass 
Spectrometry 
AF4-MALS-ICP-MS: Asymmetric Flow Field-Flow Fractionation–Multi Angle Light 
Scattering–Inductively Coupled Plasma Mass Spectrometry 
AF4-UV-ICP-OES: Asymmetric Flow Field-Flow Fractionation–UltraViolet spectroscopy– 
Inductively Coupled Plasma Optical Emission Spectrometry 
AFM: Atomic Force Microscopy  
AgClNPs: silver chloride nanoparticles  
AgNPs: silver nanoparticles  
Ag2SNPs: silver sulphide nanoparticles  
AuNPs: gold nanoparticles  

C  

CE: Capillary Electrophoresis 
CuONPs: copper oxide NPs  
CVAAS: Cold Vapour Atomic Absorption Spectrometry 

D 

DLLME: Dispersive Liquid-Liquid MicroExtraction  
DLS: Dynamic Light Scattering  
DOT: DiOctylTin  
DRC: Dynamic Reaction Cell 

E 

EDX: Energy-Dispersive X-ray spectroscopy 

F 

FAAS: Flame Atomic Absorption Spectrometry 
FFF: Field-Flow Fractionation 



IRIA RUJIDO SANTOS 

 
iv 

G 

GFAAS: Graphite Furnace Atomic Absorption Spectrometry  

H 

HDC: HydroDynamic Chromatography  
HG-ICP-MS: Hydride Generation Inductively Coupled Plasma Mass Spectrometry  
HRTEM: High Resolution Transmission Electron Microscopy  
 
I 

ICP-MS: Inductively Coupled Plasma Mass Spectrometry 
ICP-OES: Inductively Coupled Plasma Optical Emission Spectrometry 
ISO: International Organisation for Standardisation 

L 

LA-ICP-MS: Laser Ablation Inductively Coupled Plasma Mass Spectrometry 
LIBS: Laser-Induced Breakdown Spectroscopy  
LOD: Limit Of Detection  
LOQ: Limit Of Quantification 

LSPR: Localised Surface Plasmon Resonance  

M 

MALS: Multi Angle Light Scattering  
m/z: mass-to-charge ratio 

N 

NAA: Neutron Activation Analysis  
NMs: nanomaterials  
NPs: nanoparticles  

P 

PDMS: PolyDiMethylSiloxane (dimethicone) 
PET: PolyEthylene Terephthalate  

 

 



Abbreviations 

v 

R 

ROS: Reactive Oxygen Species  
RP-HPLC: Reversed Phase High Performance Liquid Chromatography  
rpm: revolutions per minute 
RPq: Rejection Parameter q (adjusts the radiofrequency voltage applied to the reaction cell 
quadrupole) 
RSD: Relative Standard Deviation  

S 

SdFFF-ICP-MS: Sedimentation Field-Flow Fractionation–Inductively Coupled Plasma Mass 
Spectrometry 
SDS: Sodium Dodecyl Sulphate  
SEC: Size Exclusion Chromatography 
SEM: Scanning Electron Microscopy   
SiO2NPs: silica nanoparticles  
SPE: Solid-Phase Extraction  
SPF: Sun Protection Factor 
spICP-MS: single particle Inductively Coupled Plasma Mass Spectrometry  
SS-HR-CS-GFAAS: direct Solid Sampling High Resolution Continuum Source Graphite 
Furnace Atomic Absorption Spectrometry  
STD: STanDard mode (no gas in the collision/cell reaction) 
STM: Scanning Tunnelling Microscopy 

T 

TE: Transport Efficiency  
TEM: Transmission Electron Microscopy 
TiO2NPs: titanium dioxide nanoparticles   
TMAH: TetraMethyl Ammonium Hydroxide  
ToF-SIMS: Time-of-Flight Secondary Ion Mass Spectrometry  

U 

UPF: Ultraviolet Protection Factor 
UV: UltraViolet 



IRIA RUJIDO SANTOS 

 
vi 

X 

XANES: X-ray Absorption Near Edge Structure spectroscopy 

XAS: X-ray Absorption Spectroscopy 
XPS: X-ray Photoelectron Spectroscopy 
XRD: X-Ray Diffraction spectroscopy 
XRF: X-Ray Fluorescence spectroscopy 

Z 

ZnONPs: zinc oxide nanoparticles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ABSTRACT 





Abstract 

ix 

ABSTRACT 

The first part of this doctoral thesis focuses on the determination of the total metal content in 
cosmetics and fabrics due to several metals cause skin lesions and allergic reactions. 
Furthermore, metals can penetrate through the skin, induce dermal cytotoxicity, and even reach 
the bloodstream and accumulate in several organs and tissues at long-term exposures. So, the 
presence of metals in cosmetics and fabrics is regulated by the European Regulations 1223/2009 
and 1907/2006, respectively. 
Metals can be found in personal care products and fabrics due to accidental contamination 
and/or intentional addition. In the cosmetic industry, metals are used as pigments (mainly in 
make-up products), inorganic ultraviolet filters, skin conditioning agents, biocides, emulsion 
stabilisers, humectants, and opacifiers, among others. 
On the other hand, metals are added to fabrics mostly as dyestuffs (metal-complex dyes and 
pigments), whereas other metals like antimony can appear in fabrics as impurities because of 
the manufacturing process. Antimony is widely found in polyester fabrics on account of its use 
as a catalyst in the fabrication of polyethylene terephthalate (PET) which is the most commonly 
used polyester in the textile industry. 
Recently, the cosmetic and textile industries have incorporated the use of inorganic 
nanoparticles (NPs) to obtain products with new functionalities, increasing thus the interest of 
consumers. According to the Nanodatabase inventory, silver nanoparticles (AgNPs), titanium 
dioxide nanoparticles (TiO2NPs), and zinc oxide nanoparticles (ZnONPs) are the most used 
inorganic NPs in manufactured products. In addition, based on the information obtained by this 
inventory, the main human exposure pathway to these inorganic NPs is the dermal contact. So, 
the second part of this thesis project focuses on the characterisation of AgNPs, TiO2NPs, and 
ZnONPs in daily used products which are in direct contact with the skin, such as moisturisers 
and fabrics. 
These NPs have antibacterial properties, so they are added to cosmetics and textiles as biocidal 
agents, thus avoiding the deterioration of products as well as possible health risks derived from 
their use or application. In addition to antibacterial properties, AgNPs also have anti-inflammatory 
properties and are useful in the manufacture of cosmetic products for the treatment of skin lesions 
caused by diseases such as psoriasis, dermatitis, and acne. 
On the other hand, TiO2NPs and ZnONPs offered ultraviolet shielding since they are 
semiconductor compounds. Due to this property, TiO2NPs, and more recently, ZnONPs are 
widely used in the fabrication of cosmetics and textiles with sun protection factor (SPF) due to 
ultraviolet radiation exposure generates sunburn, photoaging, immunosuppression, and even 
carcinogenesis, among other toxic effects. In the cosmetic industry, the use of inorganic 
sunscreens is booming because TiO2NPs and ZnONPs do not produce allergic reactions and are 
photostable, unlike organic filters. However, reactive oxygen species (ROS) [˙O2-,˙OH, and 
H2O2] are formed on the surface of TiO2NPs and ZnONPs under ultraviolet radiation. Due to 
ROS can induce toxicity in dermal cells, TiO2NPs and ZnONPs used in cosmetics are 
commonly coated with alumina, aluminium hydroxide, and silica to decrease their 
photocatalytic activity. The European Regulation 1223/2009 controls the presence of NPs in 
cosmetic products. NPs addition to cosmetic products shall be notified to European 
Commission six months prior to the commercialisation of modified cosmetics. All the 



IRIA RUJIDO SANTOS 

 
x 

ingredients in nano form must be indicated in the list of ingredients followed by the word 
“nano” in parenthesis. The Regulation 1223/2009 allows the use of TiO2NPs and ZnONPs as 
ultraviolet filters, as long as they do not exceed the allowed maximum concentration (25% w/w) 
and have the physical and chemical properties established by this regulation. 
Regarding the textile industry, the photocatalytic activity of TiO2NPs and ZnONPs avoids the 
discolouration, yellowing, and strength reduction of fibres caused by ultraviolet radiation. 
These NPs allow the fabrication of self-cleaning textiles because of the organic matter 
degradation by the ROS generation under ultraviolet radiation. Furthermore, AgNPs, TiO2NPs, 
and ZnONPs are also added to fabrics to obtain water-repellent and antistatic properties, 
among other applications. Nevertheless, the presence of NPs in textile products is not regulated 
yet. It is important to determine inorganic NPs in fabrics because they can be released during 
textile wearing, being a possible risk for humans. NPs can penetrate through the skin due to 
their small size. Several studies have shown that AgNPs penetrate beyond the stratum corneum 
(outermost layer of skin and responsible for the barrier function), reaching the deepest layers 
of the skin, while TiO2NPs and ZnONPs do not. The penetration of NPs can be affected by the 
health condition of the skin, increasing in the case of damaged skin.  
Nevertheless, standardised methodologies for the determination of NPs in manufactured 
products are not yet available. The development of reliable methodologies for the assessment 
of physical and chemical properties of NPs (e.g., size, shape, crystal structure, and coating), as 
well as NPs concentration (mass and number) is therefore required. The existence of 
nanometrological strategies is very important in the analysis of cosmetic products in order to 
verify compliance with the Regulation 1223/2009. 
The critical step in the determination of NPs in complex matrices is the sample pre-treatment, 
which must guarantee the stability of these analytes. Organic solvents and surfactants were 
widely used as extractants of inorganic NPs from cosmetics. Furthermore, several authors used 
a defatting previous step with hexane. Regarding cosmetic analysis, TiO2NPs and ZnONPs 
were mainly quantified in cosmetic products by hyphenation of field-flow fractionation and 
spectrometric techniques. Nevertheless, the main limitation of these hybrid instrumentations is 
the long-time consumption. Lately, the use of single particle detection mode inductively 
coupled plasma mass spectrometry (spICP-MS) in the routine assessment of NPs in cosmetics 
was proposed by several authors because of its short time of analysis, selectivity (differentiate 
between dissolved and nanoparticulate analyte), and the information provided (number 
concentration and size distribution).  
In the case of textile products, the majority of available studies simulated the release of NPs from 
fabrics during home laundering, but detergents affect the integrity of NPs, forming new species 
such as silver chloride nanoparticles and silver sulphide nanoparticles. In addition, detergents 
that contain oxidising compounds induce the dissolution of NPs. Other investigations carried out 
the incubation of nanotextiles with artificial sweat or water. Analytical techniques used for the 
analysis of leachates from textiles were spectrometric plasma-based techniques such as ICP-MS 
and inductively coupled plasma optical emission spectrometry (ICP-OES).  
These background studies have been considered in the development of methodologies for the 
assessment of inorganic NPs in moisturising creams and textile products. 
This Doctoral thesis is divided into five chapters: quantification of metals in moisturising creams 
using microwave-assisted acid digestion and ICP-MS (chapter 1), metal content in textile and 
(nano)textile products (chapter 2), silver nanoparticles assessment in moisturising creams by 
ultrasound-assisted extraction followed by spICP-MS (chapter 3), spICP-MS assessment of 
ZnONPs and TiO2NPs in moisturisers after a tip sonication sample pre-treatment (chapter 4), 
and spICP-MS characterisation of silver nanoparticles released from textile products (chapter 5).  
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PART A: DETERMINATION OF TOTAL METAL CONTENT IN MOISTURISERS AND TEXTILES 

Chapter 1. Quantification of metals in moisturising creams using microwave-assisted  acid 
digestion and ICP-MS 
Moisturising creams (0.2000 g) have been digested (microwave-assisted acid digestion) using 
3.0 mL of 69% nitric acid, 1.0 mL of 33% hydrogen peroxide, and 4.0 mL of ultrapure water 
prior to total metal content assessment by ICP-MS. 
ICP-MS analysis has been found to be accurate and precise (analytical recoveries in the range 
of 91–110% and relative standard deviations below 5%). Furthermore, the obtained limits of 
quantification (LOQs) ranged from 0.00770 (beryllium) to 3.37 µg g-1  (aluminium). 
The developed procedure was applied to fourteen moisturising creams and banned metals 
(European Regulation 1223/2009) such as lead, mercury, cadmium, chromium, and beryllium 
were quantified in several moisturisers. In addition, nickel, cobalt, and chromium (allergenic 
metals) were also found in some studied moisturising creams.  

Chapter 2. Metal content in textile and (nano)textile products 
Microwave-assisted acid digestion was used for fabric decomposition (0.2000 g) using 8.0 mL 
of 69% nitric acid, 0.5 mL of 33% hydrogen peroxide, 0.5 mL of 37% hydrochloric acid, and 
1.0 mL of 40% hydrofluoric acid prior to ICP-MS analysis.  
The accuracy of ICP-MS determination has been evaluated by recovery assays at several levels 
of concentration, and the obtained values varied between 90 and 107%, showing that the ICP-MS 
was accurate. In addition, the relative standard deviations of eleven measurements of the same 
diluted acid digest were within the range of 1–3% for all the analysed analytes, which proved that 
the quantification using this analytical technique was precise. Limits of quantification (LOQs) 
varied from 0.00427 (beryllium) and 6.33 µg g−1 (titanium). The high value of the experimental 
LOQ for titanium was due to the high dilution required for its analysis. 
Commonly metals used in metal-complex dyes (chromium, copper, cobalt, nickel, and iron) or 
present in pigments (barium, zinc, titanium) were found in several studied fabrics. 
Several metals used in catalyst processes during the manufacturing of textile products were also 
quantified in the textiles studied. As an example, iron and manganese complexes were present 
in some clothing products and their presence can be due to these compounds are used in the 
bleaching process of textile fibres and, as a consequence, they may remain in the final fabrics 
as an impurity. Antimony was also present at high concentrations (up to 218 µg g−1) in polyester 
fabrics as an impurity attributed to the use of antimony compounds as a catalyst in the 
manufacture of polyethylene terephthalate (most common polyester used in textile products). 
The high concentration of titanium in the studied textiles (156–6223 µg g−1) can be due to 
titanium is widely used in the textile industry as a whitening colourant (Ti and TiO2) and a 
delustering agent (TiO2).  
Latterly, the addition of inorganic NPs is a common practice in the textile industry to obtain 
fabrics with new functionalities. Zinc, titanium, or silver were quantified in nanotextiles with SPF 
(contained ZnONPs or TiO2NPs) and antibacterial properties (“nanofinishing” with AgNPs).  
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PART B: DETERMINATION OF INORGANIC NPS IN MOISTURISERS AND TEXTILES 
  
Chapter 3. Silver nanoparticles assessment in moisturising creams by ultrasound-assisted 
extraction followed by spICP-MS 
Silver nanoparticles have been isolated from moisturisers by ultrasound-assisted extraction 
(15 cycles of ultrasound treatment for 59 s plus relaxing stage for 59 s applying a 60% of 
amplitude) using methanol (20 mL) as extractant solvent before spICP-MS determination.  
AgNPs commercial standards have been subjected to the developed extraction procedure to 
evaluate their stability. spICP-MS results proved that AgNPs were stable during the 
ultrasonication process (invariable AgNPs concentrations and sizes compared with untreated 
standards). 
The calibration used for the assessment of AgNPs sizes by spICP-MS has been carried out by 
ionic silver standards matched with methanol (matrix effect). In addition, the limits of detection 
and quantification (LOD and LOQ) obtained were 2.48×105 and 8.25×105 AgNPs g-1, 
respectively. The calculated theoretical LOD in size was in the range of 4.5–13.0 nm. 
The precision of the whole methodology (ultrasound-assisted extraction and spICP-MS 
analysis) has been evaluated based on the relative standard deviation (RSD) of eleven 
methanolic extracts from the same moisturiser. RSDs values were 5% (AgNPs concentration), 
11% (AgNPs most frequent size), and 7% (AgNPs mean size), showing that the whole 
procedure was precise. 
The spICP-MS measurements were also accurate (the analytical recoveries obtained were 
117±14% for 20 nm AgNPs, 90±1% for 40 nm AgNPs, and 109±2% for 60 nm AgNPs). 
Three moisturising creams prescribed for atopic dermatitis which contained silver (previous 
ICP-MS quantification of total silver after microwave-assisted acid digestion) were subjected 
to the developed methodology. spICP-MS results showed AgNPs concentrations from 
1.83×107 to 6.46×109 AgNPs g-1, and AgNPs mean sizes in the range of 35–91 nm. The total 
silver content in digested extracts assessed by ICP-MS (1.4–2352 µg g-1) proved that silver 
extraction from studied moisturisers was quantitative. Furthermore, the content of nano-silver 
in these moisturisers varied between 0.24 and 1.1% of the total silver concentration.  
TEM and SEM-EDX analysis also confirmed the presence of AgNPs in extracts from 
moisturising creams after an ultrasound water-bath oxidative procedure with hydrogen 
peroxide to remove organic matter. 
 
Chapter 4. spICP-MS assessment of ZnONPs and TiO2NPs in moisturisers after a tip 
sonication sample pre-treatment 
The developed methodology was based on the tip sonication of moisturising creams with SPF in an 
organic solvent [40 mL of acetone, 40% amplitude, and 5 min using a discontinuous mode (59 s of 
relaxing afterwards 59 s tip sonication)] followed by spICP-MS assessment of isolated ZnONPs 
and TiO2NPs.  
Titanium can be quantified without being interfered by calcium (48Ca isobaric interference in 
a standard mode, no gas) by using ammonia as a reaction gas (RPq=0.2) in instruments with 
dynamic reaction cell (DRC) technology. Titanium has been successfully quantified by 
monitoring the 48Ti14NH(14NH3)4+ adduct (m/z ratio of 131) using an ammonia flow rate of 
1.0 mL min-1. 
In addition, the quantification of zinc in a standard mode (no gas in the collision/reaction cell) 
can be hindered due to 64Zn and 66Zn isotopes are interfered by polyatomic titanium species 
(48Ti16O+ and 50Ti16O+, respectively). Nevertheless, the sensitivity for zinc in DRC mode was 
found to be very low and there was an interference in the quantification of zinc (monitoring of 
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zinc adducts with m/z 115 and 117) generated by titanium even at low levels of the interference 
(5 µg L-1 of Ti) using the optimal ammonia conditions obtained for zinc (2.0 mL min-1 of 
ammonia, and RPq value of 0.2). Finally, a study of interferences proved that zinc quantification 
(monitoring of m/z ratio of 66) by ICP-MS can be carried out in a standard mode in samples 
(extracts or digested samples) containing up to 500 µg L-1 of titanium.  
In addition, suspensions containing both TiO2NPs (50 nm) and ZnONPs (50–80 nm) were 
analysed by spICP-MS to evaluate the possible interference of TiO2NPs in the determination of 
ZnONPs (66Zn isotope, standard mode). The analytical recovery of ZnONPs in the suspensions 
that contained both NPs was 99±10%, proving that there was not an interference using these 
operational conditions. 
Regarding spICP-MS analysis, the theoretical LODs in size were in the ranges of  29–35 nm 
(ZnONPs) and 28–33 nm (TiO2NPs), whereas the instrumental LODs and LOQs were 
1.15×103 and 3.82×103 ZnONPs mL-1, and 1.35×103 and 4.50×103  TiO2NPs mL-1, 
respectively.   
Analytical recovery percentages of 119±3 % and 102±12% were achieved for TiO2NPs (50 nm) 
and ZnONPs (50–80 nm) suspensions, respectively, which proved that the spICP-MS 
measurements were accurate. 
The precision of the whole developed procedure was evaluated by the RSD of eleven extracts 
prepared using the optimal extraction conditions. RSDs values below 10% were obtained for 
both TiO2NPs and ZnONPs number concentrations and sizes, demonstrating that the proposed 
methodology was repeatable. 
The validated methodology was applied to several moisturising creams. The extraction 
efficiencies were in the ranges of 52–81% and 23–104% for zinc and titanium, respectively. 
The low extraction efficiencies obtained in two samples can be justified because they contain 
high content of inorganic ingredients (e.g., alumina and mica) which can hinder the extraction. 
Particle number concentrations were found to be in the range of 2.37×1011–5.34×1012 ZnONPs g-1 
and 3.32×1011–1.50×1013 TiO2NPs g-1, and mean sizes varied within the 86–175 nm (ZnONPs) and 
84–145 nm (TiO2NPs) ranges. 
The percentages of NPs in the analysed moisturisers were up to 2.0% (w/w) for TiO2NPs [0.2–2.0%] 
and 2.5% (w/w) for ZnONPs [0.4–2.5%]. 
Finally, extracts from moisturisers were concentrated and cleaned (Amicon® Ultra-0.5 
centrifugal filter devices), and analysed by HRTEM-EDX, which confirmed the presence of 
both ZnONPs and TiO2NPs in samples. 

Chapter 5. spICP-MS characterisation of silver nanoparticles released from textile products 
spICP-MS has been selected as the analytical instrumentation technique for the determination 
of AgNPs released from fabrics (nanosilver textiles) because of its low limits of detection and 
the information provided on nanoparticle concentration and size distribution.  
AgNPs have been extracted with ultrapure water (10 mL) under orbital-horizontal mechanical 
shaking (100 rpm, 20°C, 30 min) from textiles (0.4000 g) prior to spICP-MS analysis. After 
extraction, the leachates from fabrics must be filtered using 5 µm syringe filters to remove textile 
fluffs. The stability of AgNPs was verified under the extraction and filtration procedures.  
The experimental LODs and LOQs obtained were 4.59×104 and 1.53×105 AgNPs g-1, 
respectively, while the theoretical LOD value in size was found in the range of 9.8–11.6 nm. 
Analytical recovery assays using 20 nm, 40 nm, and 60 nm AgNPs standards varied between 
102 and 113%, which proved the accuracy of spICP-MS determination. RSDs of the spICP-MS 
analysis of eleven extracts prepared under the optimised conditions were 14% (AgNPs 
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concentration) and 6% (AgNPs mean size), indicating that the whole method (extraction and 
measurement) was repeatable.  
The validated methodology was applied to seven commercial textile products modified with 
silver additives or AgNPs. All the nanosilver fabrics leached quantifiable contents of AgNPs 
(2.68×105–1.91×108 AgNPs g-1). Furthermore, two out of four textiles modified with silver 
additives also released AgNPs (2.54×106±1.92×105 and 2.59×107±3.35×106). The mean sizes 
of AgNPs in the studied fabrics ranged from 22±2 nm to 40±1 nm. 
The presence of AgNPs in one extract from the fabric with the highest AgNPs number 
concentration was also confirmed by HRTEM-EDX analysis after its clean-up procedure using 
Amicon® Ultra-0.5 centrifugal filter devices. 
However, the percentages of nanosilver leached in aqueous extracts calculated as the ratio 
between the silver mass concentration estimated from AgNPs number concentration (spICP-MS) 
and the total silver concentration (microwave-assisted acid digestion followed by ICP-MS) were 
very low, varying from 0.001 to 0.2%. On the other hand, the percentage of total silver released 
ranged between 0.3 and 9%, which indicated that the extraction was not quantitative (as in other 
previously published studies).  
Finally, the fabric which exhibited the lowest extraction efficiency was subjected to several 
consecutive extractions using the same extraction conditions (30 min, 20°C, and 100 rpm). The 
number of extracted AgNPs was higher when consecutive cycles were carried out. This fact 
could be explained due to AgNPs are strongly integrated into the fibres and are slowly released 
during textile washing. 
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I. INTRODUCTION

I.1 DETERMINATION OF TRACE ELEMENTS IN COSMETICS AND TEXTILES

Metals can be present in textiles and cosmetics due to contamination (manufacturing and
storage procedures) and/or intentional addition by manufacturers. The addition of metals
provides and/or enhances a specific property to manufactured products which can increase
consumer interest and boost sales. Nevertheless, metals released from fabrics and cosmetics
can be absorbed through the skin and even accumulate in several tissues and organs. In addition,
several metals such as nickel are important skin allergens [1].
On the other hand, the release of metals from fabrics during domestic laundering may pose an
environmental risk [2].

I.1.1 Total metal content in cosmetics
In Europe, metal compounds authorised in cosmetics are listed in the Annexes III, IV, V,

and VI of the Regulation 1223/2009 (“list of substances which cosmetic products must not 
contain except subject to the restrictions laid down”, “list of colourants allowed in cosmetic 
products”, “list of preservatives allowed in cosmetic products”, and “list of UV filters allowed 
in cosmetic products”, respectively) [3]. 

Moreover, the Regulation 1223/2009 prohibits antimony, beryllium, arsenic, cadmium, 
lead, thallium, zirconium, tellurium, mercury, and their compounds in cosmetic products. 
Various strontium compounds (lactate, nitrate, and polycarboxylate), and several compounds 
of potassium, sodium, cobalt, molybdenum, and tin are also not allowed. Furthermore, the 
addition of barium salts, gold salts, chromium, chromic acid and its salts, nickel and several 
nickel compounds, divanadium pentaoxide, and indium phosphide to cosmetics is banned. 

Nevertheless, according to the Article 17 of the European Regulation 1223/2009, “the non-
intended presence of a small quantity of a prohibited substance, stemming from impurities of 
natural or synthetic ingredients, the manufacturing process, storage, migration from packaging, 
which is technically unavoidable in good manufacturing practice, shall be permitted”. However, 
the maximum concentration allowed as an impurity is not indicated in this regulation. 

There are some exceptions to the mentioned prohibitions. Phenylmercuric salts (as 
preservatives in eye products up to 0.007% of Hg), barium sulphides (in depilatories, 6% as 
sulphur), barium colourants listed in the Annex IV, gold (as a colourant, code E175, and purity 
of 90% or higher [4]), and aluminium zirconium chloride hydroxide complexes and aluminium 
zirconium chloride hydroxide glycine complexes (in antiperspirants and 5.4% of zirconium as 
maximum concentration) can be added to cosmetic items (Regulation 1223/2009). 

Mineral pigments used as colouring agents are the main source of metallic elements in 
cosmetics, so most studies focus on the analysis of cosmetics used for make-up [5,6]. 
Nevertheless, research investigations about the analysis of metal elements in daily used 
personal care products (e.g., moisturisers and body lotions) are scant [7–12]. 

X-ray fluorescence (XRF) [13,14], laser-induced breakdown spectroscopy (LIBS) [15],
direct solid sampling high resolution continuum source graphite furnace atomic absorption 
spectrometry (SS-HR-CS-GFAAS) [16–18], and neutron activation analysis (NAA) [19] have 
been used for direct analysis of cosmetics without sample pre-treatment steps, but the 
implementation of these techniques in routine analysis is hampered owing to sample 
heterogeneity and issues attributed to calibration procedures [6].   
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On the other hand, wet digestion with concentrated acids using microwave or conventional 
heating has been the most common sample pre-treatment of cosmetic samples. In wet digestion 
procedures, oxidising agents (nitric acid, sulphuric acid, and hydrogen peroxide) oxidise the 
organic matter and complexing acids (hydrochloric acid and hydrofluoric acid) solubilise 
elements associated with the insoluble inorganic fraction, such as lead, cadmium, titanium 
dioxide and/or silicates, among others [20,21]. The addition of complexing agents is required 
to achieve the complete digestion of cosmetics with high content of inorganic pigments like 
lipsticks, eye shadows, and sunscreens. Mixtures of HNO3/H2O2 [22], H2SO4/H2O2 [23], 
HNO3/H2O2/HF [24] or HNO3/HCl/HF [25] have been used for wet digestion of cosmetics. 

Dry ashing followed by solubilisation of ash (commonly under acidic conditions) is also 
an effective method for sample preparation of cosmetics rich in wax and oils [26].   

Alkaline solubilisation using tetramethyl ammonium hydroxide (TMAH) [27] and 
cosmetic solubilisation by sample emulsification procedures [28] are further proposed as 
cosmetic pre-treatment procedures prior to elemental analysis.  

Several authors also suggested the use of solid-phase extraction (SPE) [29] and dispersive 
liquid-liquid microextraction (DLLME) [30] after cosmetic pre-treatment (e.g., acid digestion 
and dry ashing) for the separation and preconcentration of analytes before their analysis. 

After sample pre-treatment, atomic spectrometric techniques such as flame atomic 
absorption spectrometry (FAAS) [31], graphite furnace atomic absorption spectrometry 
(GFAAS) [24], inductively coupled plasma optical emission spectrometry (ICP-OES) [25], and 
inductively coupled plasma mass spectrometry (ICP-MS) [20,31] have been used for total metal 
quantification in various types of cosmetic samples (e.g., lipsticks, eye shadows, sunscreens). 
Cold vapour atomic absorption spectrometry (CVAAS) has been used for mercury 
determination in facial skin creams [22]. Hydride generation-ICP-MS (HG-ICP-MS) and 
electrothermal vaporisation-ICP-MS quantify elements such as As, Cd, Sb, Hg, and Pb in nail 
polish [32].  
 

I.1.2 Total metal content in textiles  
The main application of metals in the textile industry is their use as dyestuffs. Metal-complex 

dyes are synthetised by the coordination of several acid dyes and transition metal ions. The use of 
metal-complex dyes improves the wash fastness of coloured textile products. Metal is chelated in 
the dye structure before (premetallised dye) or during the dyeing procedure (mordant dye). 
Mordant dyes are produced directly on the textile fibres using three different approaches. In the 
pre-mordanting procedure, the fibres are firstly treated with the metal and then with the dye. The 
dye and the metal can also be concurrently added in the same bath (meta-mordanting process). 
Another possibility is the post-mordanting procedure where the metal is applied to the dyed fibres. 
Metals such as copper, cobalt, nickel, chromium, iron, aluminium, and tin (or their salts) are used 
in the synthesis of metal-complex dyes [33]. Barium chloride and barium acetate are also used as 
mordants in the textile industry [34]. 

Furthermore, fabrics can be coloured by the addition of pigments. Titanium dioxide, 
lithopone (mixture of barium sulphate and zinc sulphide), lead white (complex salt of lead 
which contains both carbonate and hydroxide ions), zinc oxide, and zinc sulphate pigments 
provide white colours. Coloured metallic pigments are cadmium pigments, chromium (III) 
pigments, lead chromate, and bismuth vanadate, among others [35]. 

Antimony is commonly found in polyester fibres as a contaminant due to its use as a 
catalyst in the manufacturing of polyethylene terephthalate (PET) which is the most common 
type of polyester used in fabrics [36]. In addition, antimony compounds (Sb2O3) enhance  the 
flame retardant activity of halogen compounds [37]. Complexes of zirconium or titanium are 
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added to textile fibres to obtain flame retardant properties (Zirpro process) [38], and zinc and 
molybdenum compounds (zinc borate, zinc stannate, or ammonium molybdates) are effective 
smoke suppressant agents [39].  

Textile products can also be contaminated with iron or manganese owing to their usage as 
catalysts in the bleaching process of textile products [40]. 

Recently, the presence of metals in textile fibres can be due to their modification with 
inorganic NPs to obtain fabrics with novel properties.  

In Europe, the content of several metals in textile products is regulated by the 
Regulation 1907/2006 [41]. The maximum concentration of lead, cadmium, chromium (VI), 
and arsenic (and their compounds) in textiles is 1 µg g−1. Furthermore, the impregnation of 
yarns with mercury compounds is forbidden and the content of dioctyltin (DOT) in fabrics 
that are in direct contact with the skin shall not exceed 1000 µg g−1. 

Few studies have been reported in the literature for the determination of total metal contents 
in textile samples. ICP-OES and ICP-MS are the most commonly used techniques for total 
element determination in acid digested textile products. Microwave-assisted acid digestion using 
nitric acid [42–45], or mixtures of nitric acid and hydrogen peroxide [46] have been used for the 
digestion of fabrics. Nevertheless, the addition of hydrofluoric acid is necessary to achieve the 
complete digestion of textiles that contain silicon dioxide or titanium dioxide particles [47,48]. 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has been used 
by Gallo et al. (2009) [42] for elemental analysis of cotton fabrics. This technique allows the 
direct analysis of textile products without previous digestion/solution steps, reducing thus the 
time of analysis, costs, and exposure to hazardous chemicals.  

I.2 ASSESSMENT OF INORGANIC NANOPARTICLES IN TEXTILE PRODUCTS AND COSMETICS

I.2.1 Introduction to nanotechnology
Owing to the development of nanotechnology, it has been necessary to establish definitions

for new concepts such as nanomaterial and nanoparticle. In 2011, the European Commission 
recommended defining a “nanomaterial” as “a natural, incidental, or manufactured material 
containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 
50% or more of the particles in the number size distribution, one or more external dimensions 
is in the size range 1 nm–100 nm. In specific cases and where warranted by concerns for the 
environment, health, safety or competitiveness the number size distribution threshold of 50% 
may be replaced by a threshold between 1 and 50%” [49]. Alternative definitions of 
nanomaterials established by other regulatory institutions worldwide were listed by Boverhof 
and co-workers [50]. 

Furthermore, the international organisation for standardisation (ISO) defined a 
“nanomaterial” as a “material with any external dimension at the nanoscale or with internal 
structure or surface structure at the nanoscale”, and “nanoparticle” as a “nano-object with all 
three external dimensions in the nanoscale” (nanoscale ranges from 1 to 100 nm) [50]. 

The physical and chemical properties of nanoparticles (NPs) are different from those 
provided by bulk particles, thus NPs have novel applications in various industrial sectors and 
manufactured products like cosmetics, paints, textiles, food products (food packaging, 
colourants, and additives), electronic devices, medical material (sanitary items and drugs), and 
so on [51. Nowadays, nanotechnology is booming owing to its high economic impact. Despite 
their interesting properties, the potential risk of exposure to NPs is not clear yet due to toxicity 
studies are scarce. The development of reliable methods for the assessment of NPs in 
manufactured products is therefore needed.  
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I.2.2 Inorganic NPs under study 
According to the Nanodatabase inventory [52], silver nanoparticles (AgNPs), titanium 

dioxide nanoparticles (TiO2NPs), and zinc oxide nanoparticles (ZnONPs) are among the most 
widely used inorganic NPs in manufactured products (Figure I.1a). The number of products 
modified with these NPs has increased swiftly (2.8 times for AgNPs, 4.7 times for TiO2NPs, 
and 2.6 times for ZnONPs during the period 2012–2021, Figure I.1b).  

According to the Nanodatabase inventory [52], the main route of exposure to these NPs is 
dermal contact (Figure I.1c). Thus, a part of this thesis focuses on the characterisation and 
quantification of AgNPs, TiO2NPs, and ZnONPs in products which are in direct and prolonged 
contact with the skin, such as cosmetics (moisturising creams) and textile products.  

 

Figure I.1. Number of consumer products modified with inorganic NPs currently inventoried (a). Evolution 
of the number of manufactured products with AgNPs, TiO2NPs and ZnONPs over the last years (b). Possible 

routes of exposure to AgNPs, TiO2NPs, and ZnONPs (c). [52] 

 
I.2.3 Properties and applications of analysed NPs 

 
I.2.3.1 AgNPs 
Drug resistance of several strains of bacteria has been an issue of concern in recent 

years [53]. A promising alternative is the use of AgNPs to treat infections owing to their 
antibacterial activity against both Gram-negative and Gram-positive bacteria. Several 
researchers have shown that Gram-positive bacteria are most resistant to AgNPs [54,55], which 
is probably because of their cell wall structure [56]. The physical and chemical properties of 
AgNPs determine their efficacy against bacteria. AgNPs with high specific surface area exhibit 
greater antibacterial activity [57]. Coating [58] and surface charge of AgNPs [59] also influence 
their antibacterial effect.  

The mechanism of AgNPs antimicrobial activity is not entirely clear. Several studies 
proved that AgNPs can form pits on the bacterial envelope, leading to leakage of cellular 
components and subsequent cell death [59,60]. AgNPs can also bind to bacterial proteins and 
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decrease or even inhibit their activity [61,62]. As a result, AgNPs origin depletion on the 
activity of respiratory chain enzymes [63] and damage the bacterial cytoskeleton [64]. AgNPs 
can also induce damage in the bacterial DNA, and even cause its condensation [63]. 

Moreover, the damage to bacterial biomolecules such as membrane lipids, proteins, and 
DNA may be attributed to the oxidative stress caused by reactive oxygen species (ROS). Several 
studies have demonstrated the formation of ROS after bacterial exposure to AgNPs [62]. 

On the other hand, several authors proposed an antibacterial mechanism for AgNPs 
based on the action of Ag+ ions released from AgNPs. Silver ions can also induce the same 
cytotoxic effects as those generated by AgNPs to bacteria (bacterial membrane damage, 
interaction with proteins and enzymes, ROS generation, and DNA alterations, among others) 
[65]. In conclusion, the antibacterial activity of AgNPs may originate from an ion-only 
mechanism, particle-only mechanism, or combined ion-particle mechanism [66]. 

Due to their antibacterial properties, AgNPs are widely used in several fields such as 
the environmental sector (water and air disinfection), the medical sector (medical devices, 
treatment of hospital-acquired infections, and wound healing), the textile industry, food 
packaging, and animal husbandry [67]. In addition to their antibacterial properties, AgNPs can 
be a promising agent in medicine (treatment of diseases caused by fungal or viruses, cancer 
therapies [68,69], and contrast agents [70,71]). AgNPs are also used in sensors [72], removal 
of pollutants [73], and colouring of materials (plasmonic properties) [74]. 

I.2.3.2 TiO2NPs and ZnONPs
TiO2 and ZnO are semiconductors, thus after their light irradiation (absorption of a

photon with energy greater or equal to its band gap), an electron jumps from the valence band to 
the empty conduction band, originating an electron-hole pair. Bands gaps are 3.20 eV for anatase, 
3.02 eV for rutile, 2.96 eV for brookite (polymorphs of TiO2), and 3.37 eV for ZnO [75]. These 
large band gaps cause TiO2NPs and ZnONPs are only triggered when exposed to ultraviolet (UV) 
light [75,76]. The generated electron-hole pairs form ROS [75,76], such as ˙O2-, ˙OH, and H2O2 
from oxygen-containing species (O2, H2O, and OH-, respectively) [Figure I.2].  

 The photoactivity depends on the crystal structure. Natural polymorphs of TiO2 are 
anatase, rutile, and brookite, but anatase exhibits a higher photocatalytic activity [77]. 
Photoactivity also relies on crystalline size, specific surface area, and porous structure [78–80]. 
Therefore, the photoactivity of TiO2NPs and ZnONPs is greater than their bulk materials owing 
to their large surface areas (there is a proportional relationship between surface area and 
photoactivity [79,81]). Moreover, photoactivity depends on nanoarchitecture [82,83]. Recently, 
TiO2NPs and ZnONPs have been doped with metals or other compounds to reduce their band 
gap, extending the light absorption in the visible region and improving their photocatalytic 
properties [84,85]. 

Furthermore, TiO2NPs and ZnONPs can be used as biocidal agents and the 
antibacterial activity depends on their particle size and concentration [86–88]. The antibacterial 
activity of TiO2NPs is mainly caused by their photoactivity due to non-existent [89,90] or low 
[91,92] bacterial inhibition under dark conditions. However, ZnONPs exhibit antibacterial 
activity even in absence of light [93,94], though irradiated ZnONPs possess greater 
antimicrobial properties [94]. Antibacterial mechanisms of TiO2NPs and ZnONPs are still not 
clear, as well as in the case of AgNPs. TiO2NPs and ZnONPs attach to bacteria [93] and cause 
alterations of morphology and damage to the bacterial envelope, leading to internalisation of 
NPs and leakage of intracellular components [95,96], which provoke cell death. The main 
mechanism of antibacterial activity is that irradiated ZnONPs and TiO2NPs generate ROS 
[97,98] which damage lipids (cellular membrane), proteins, and DNA [99,100]. 
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Several studies have shown that the antibacterial activity of ZnONPs is attributed to Zn2+ 
ions (formed from ZnONPs dissolution) [101,102], which could explain the bacterial inhibition 
caused by ZnONPs under dark conditions. The dissolution of ZnONPs depends on the chemistry 
of the medium and the physical and chemical properties of ZnONPs like shape, particle size, 
porosity, and concentration [103]. 

TiO2NPs and ZnONPs are used as inorganic UV filters in the cosmetic [104] and 
textile industries [105,106], and have applications in the electronics field, like in the fabrication 
of sensors [107,108], solar cells [109,110], and light emission devices [111,112]. They are 
promising agents for the photocatalytic degradation of pollutants [113,114] and also exhibit 
self-cleaning activity [115,116]. TiO2NPs and ZnONPs can also be used in the medical field as 
antiviral and antifungal agents [75,117,118], and as photosensitisers and sonosensitisers (cancer 
treatment) [119,120]. These NPs are further useful in bioimaging and drug delivery. 

On the other hand, the additive E171, which contains ≅ 10–40% of TiO2NPs [121], is 
widely used in food and medicinal products as a whitening and opacifying agent. However, the 
commercialisation of foodstuffs containing E171 will be banned as of 07 August 2022 [122]. 

 

 
Figure I.2. ROS formation after irradiation of TiO2NPs or ZnONPs 

 
I.2.3.3 Applications of inorganic NPs in cosmetics 
According to the Nanodatabase inventory, 54 cosmetic items with TiO2NPs, 6 with 

TiO2NPs and ZnONPs, 6 with only ZnONPs, and 11 with AgNPs are available in the European 
market [123]. 

TiO2NPs and ZnONPs are increasingly used in the cosmetics industry because they 
are effective UV blockers. TiO2NPs and ZnONPs of about 50–100 nm add to cosmetics better 
transparency and UV protective properties than larger particles [124]. In addition, these NPs 
are photostable and do not generate allergic reactions (contrary to organic UV filters) [125]. 

Nevertheless, TiO2NPs and ZnONPs generate cytotoxic ROS under UV radiation. 
Thus, TiO2NPs and ZnONPs used in cosmetic formulations are usually coated with alumina, 
aluminium hydroxide, or silica to reduce their photocatalytic activity. Furthermore, an 
additional external layer with stearic acid, dimethicone (polydimethylsiloxane, PDMS), or 
simethicone (mixture of polydimethylsiloxane and silica gel) improves the dispersion of NPs 
in the cosmetic formulation [126]. Coating of NPs also prevents their agglomeration and 
dissolution (agglomeration is more relevant for TiO2NPs and dissolution for ZnONPs). 

ZnONPs can also act as preservatives in cosmetics [127] and are useful in the 
manufacture of cosmeceuticals for treating cutaneous infections [128] due to their antifungal 
and antibacterial properties. 
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AgNPs also avoid microbial spoilage that can affect the quality of cosmetic products. 
In addition, creams and ointments with AgNPs are useful to treat psoriasis lesions [129] and 
acne [130,131] due to the antibacterial and anti-inflammatory activity of these NPs. 

According to the European Regulation 1223/2009 [3], the commercialisation of 
cosmetics modified with NPs must be noticed to the Commission six months prior to their 
introduction into the market. The list of ingredients shall specify all ingredients that are present 
in the form of nanomaterials. The word 'nano' in parentheses must appear after the names of 
such substances. The authorised NPs shall not be used in applications that may lead to exposure 
by inhalation. TiO2NPs and ZnONPs are allowed UV filters in cosmetic products as long as 
they have the physical and chemical characteristics indicated by the European Committee. 
Purity, shape, specific surface area, coating, and size of TiO2NPs and ZnONPs are regulated 
criteria. In addition, the allowed crystalline structures are wurtzite (ZnONPs) and rutile or rutile 
with up to 5% anatase (TiO2NPs). The solubility of ZnONPs shall not exceed 50 mg L-1, and 
TiO2NPs must be photostable in the final formulation. The maximum allowed concentration 
for both TiO2NPs and ZnONPs in cosmetics is 25% w/w. If bulk and nano TiO2 or ZnO are 
used in cosmetic formulations, the sum of compounds must not exceed the established limits.  

I.2.3.4 Applications of inorganic NPs in fabrics
Scouring is an important textile pre-treatment which consists of the removal of natural

impurities (e.g, wax, fat, oil, gum, and dust) before bleaching and dyeing processes. Despite the 
initial process of scouring, colouring matter remains in fibres, causing yellowing and browning. 
Thus, another step called bleaching is necessary to remove these impurities and produce whiter 
textiles with a minimal impact on the strength of fibres. TiO2NPs or ZnONPs can be used in these 
first steps of textile manufacturing. Thus, ROS formed on the surface of TiO2NPs or ZnONPs 
under light irradiation degrade impurities and organic matter. These NPs are hence effective 
“nanophotoscouring” and “nanophotobleaching” agents [132,133]. 

Textile modification with NPs during the chemical finishing step is known as 
“nanofinishing”. The addition of NPs allows the manufacture of products with new properties 
such as water repellence, wrinkle resistance, anti-static activity, UV blocking action, bacterial 
inhibition, flame retardancy, and self-cleaning, among others [134,135].   

Hydrophobicity is important in the case of fibres such as cotton and cellulose which are 
absorbent and quickly soiled by liquids owing to the abundance of hydroxyl groups on their 
surface [136,137]. Hydrophobic fabrics are obtained by the immobilisation of inorganic NPs to 
increase the surface roughness followed by a chemical modification to decrease the surface 
energy. The surface modification is usually performed by the addition of a silane (non-fluorinated 
alkyl silane or fluoro silane) or fluorochemicals. Silica nanoparticles (SiO2NPs) [138], TiO2NPs 
[139], ZnONPs [140], and AgNPs [141] can be used in the manufacture of water-repellent 
textiles. 

Photoprotective clothing prevent the sun's dangerous rays from reaching human skin 
and causing health risks. Furthermore, UV radiation can origin yellowing, discolouration, and 
strength reduction of fibres [142]. Ultraviolet protection factor (UPF) is a parameter to evaluate 
the UV protection level of garments and was first established by Australian/New Zealand 
standard AS/NZS 4399 in 1996 [143]. Thus, fabrics can be classified according to their UPF 
values: 15 to 24 (good protection), 25 to 39 (very good protection), and 40 to 50 (excellent 
protection). As an example, an UPF of 50 indicates that only 1/50 of the UV radiation can 
penetrate through the textile product and reach the skin. This means that 98% of UV light is 
blocked when wearing a garment with UPF 50 [144]. 
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UV-shielding cotton [145,146], wool [146,147], polyester [148], silk [149], and 
bamboo [150] fabrics are manufactured by the addition of TiO2NPs and ZnONPs since they can 
absorb and scatter UV radiation. Both absorption and scattering processes are dependent on the 
size of NPs. Thus, UV absorption is greater at lower particle sizes and UV scattering at larger 
sizes (scattering causes white colours) [151].  

On the other hand, textile products are in constant contact with the skin and hence 
create an excellent environment for the adhesion of skin bacteria that may be transferred from 
the human skin to fabrics through direct contact or sweat migration [152]. Bacteria proliferate 
in fabrics under appropriate conditions (high humidity and adequate temperature) and originate 
unpleasant odours [153].  Furthermore, natural fibres such as cotton, wool, and silk are also 
rapidly impaired by bacteria, originating loss of strength, discolouration, and even damage to 
the molecular structure of fibres. Although most synthetic textiles are resistant to 
biodeterioration, several chemicals used for textile processing and/or finishing are prone to 
microbial attack [154]. The addition of biocidal NPs to textiles prevents microbial spoilage in 
these manufactured products. Antibacterial fabrics are obtained by the modification of fibres with 
AgNPs [155], gold nanoparticles (AuNPs) [156], ZnONPs [157], TiO2NPs [158], and copper 
oxide NPs (CuONPs) [159]. An important example is the addition of these biocidal NPs to 
hospital textiles to avoid the transmission of diseases to patients or hospital staff [160]. 

Another application of “nanofinishing” is the manufacture of self-cleaning garments 
by chemical modification with TiO2NPs and ZnONPs. Under UV radiation, these NPs remove 
stains due to the degradation of organic matter to CO2 and H2O by the ROS generated [158,161]. 

The introduction of AgNPs [74,162] and AuNPs [163] into textile fibres allows the 
fabrication of colourful fabrics owing to their localised surface plasmon resonance (LSPR). 
The colour of modified textiles is dependent on the size and shape of NPs. 

Inorganic NPs are also used for the manufacture of wrinkle-resistant fabrics. As an 
example, alcohol groups on adjacent cellulose chains are partially cross-linked to maintain the 
chains fixed, thus diminishing the potential shrink of cotton fibres [164]. NPs can be used as 
photocatalysts (TiO2NPs) or cross-linking agents (AgNPs, ZnONPs, TiO2NPs, copper/CuONPs) 
during the cross-linking process [165].  

In addition, AgNPs [166], TiO2NPs [158], and ZnONPs [167] impart antistatic 
properties to fabrics. These particles dissipate the static electricity of textile fibres due to their 
conductivity. Antistatic activity is very important in the specific case of synthetic fibres which 
have a high static charge. 

Finally, metallic NPs such as SiO2, TiO2, ZnO, and aluminium oxide hydroxide NPs 
are used in flame-retardant textile finishes [168]. 

 
I.2.4 Toxicological risks of inorganic NPs  
Interactions of NPs and human skin during textile wearing or cosmetic application must be 

considered due to their possible toxicological effect. Available studies focus on the penetration 
of NPs into the skin and the viability of human skin cells under exposure to NPs. 

  
I.2.4.1 Penetration of NPs into the skin 
The skin is the largest organ of the human body and represents 10% of the total body 

mass and is composed of three layers: epidermis, dermis, and hypodermis [169].  
The epidermis is divided into stratum corneum and viable epidermis. The stratum 

corneum is the outermost layer of the skin, and it is responsible for the skin´s barrier function. 
Adequate hydration of the stratum corneum (water content of 20–50%) is necessary to preserve 
its integrity and its function as a protective barrier [170]. 
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The viable epidermis is a non-vascular multilayer composed of stratum lucidum, 
stratum granulosum, stratum spinosum, and stratum basale (in contact with the dermis). These 
layers are established in accordance with the level of keratinisation of the cells. Thus, the 
keratinocytes of the inner epidermis undergo a process of keratinisation during their migration 
to the outer layers, which leads to differentiated and dead cells (filled mainly with keratin and 
keratin-protein complexes). So, the stratum corneum is formed of dead cells called corneocytes 
which are surrounded by a lipid matrix [170,171]. 

The dermis is mainly composed of collagen and elastin fibres. Regarding its cellular 
composition, fibroblasts (main cell type), mast cells, and melanocytes are present in this layer. 
Sweat glands, sebaceous glands, and hair follicles are originated in the dermis. Besides, the 
skin´s blood supply takes place in this layer.  

The innermost layer of skin is the hypodermis which is formed of fat cells that are 
linked to the dermis through collagen and elastin fibres. The hypodermis attaches the skin to 
the muscles and reinforces the neuronal and vascular system of the skin [169]. 

Regarding the mechanism of the penetration,  NPs can pass through the stratum 
corneum (defensive barrier) by two possible pathways. NPs can penetrate via transappendageal 
route (through hair follicles and sweat glands) or transepidermal route [intercellular lipid route 
(through lipid channels) or transcellular route (through corneocytes and lipids)] [169,170]. 

Applying a cosmetic formulation by massaging can increase the penetration of NPs 
through the skin due to the increase in local temperature that causes the fluidisation of the tails 
of intercorneocyte lipids of the stratum corneum [170].  

In vivo, ex vivo, or in vitro approaches using human and porcine skin have been carried 
out to study skin penetration of NPs. Porcine skin is an adequate model to study human skin 
penetration due to its similar absorption rates and thickness [172]. 

Most of the studies have shown that AgNPs penetrate through the stratum corneum 
(defensive function) and reach deeper skin layers (viable epidermis and dermis) [173,174]. 
Moreover, Larese et al. (2009) [175] demonstrated that silver skin penetration was higher in 
damaged skin than in intact skin. 

On the other hand, several studies on the percutaneous penetration of TiO2NPs and 
ZnONPs have shown that these NPs do not penetrate beyond the stratum corneum of the 
skin [176,177]. 

In the study carried out by Holmes et al. (2016) [178], ZnONPs did not penetrate 
beyond the stratum corneum after topical application of any of the sunscreen formulations tested. 
Nevertheless, there was an enhancement of zinc ion fluorescence signal in both the stratum 
corneum and the epidermis after the application of ZnONPs in a pH 6 aqueous vehicle (similar 
pH of the human skin surface). This increased signal was attributed to the dissolution of ZnONPs 
at pH 6, so zinc ions could reach deeper skin layers and subsequently the circulatory system and 
urine, being a risk for human health.  

Percutaneous penetration of ZnONPs can be affected by skin health as demonstrated 
by Leite-Silva et al. (2016) [179]. These authors concluded that bare and coated 
(triethoxycaprylylsilane) ZnONPs do not cross stratum corneum in human healthy skin but 
reach the epidermis in human barrier-impaired skin. This study also showed that skin occlusion 
does not increase the penetration of these ZnONPs. 

I.2.4.2 Viability of human skin cells under exposure to NPs
Toxic effects of NPs on dermal cells should be considered in the case of NPs that can

penetrate through the stratum corneum. Cytotoxicity depends on the type of NPs, the size of 
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NPs, the core of NPs, the concentration of NPs, the dermal cell type, the assay used, and the 
exposure time to NPs.  

Regarding the size, smaller NPs usually exhibit greater cytotoxicity. Nevertheless, in 
the study carried out by Pan et al. (2009) [180], larger TiO2NPs are more cytotoxic to human 
dermal fibroblasts due to their crystallographic structure (anatase particles are more deadly for 
the studied cells than rutile ones). The toxicity of NPs also depends on the coating of NPs [181], 
the type of dermal cell used [182], exposure time [183,184], and the assay performed [185]. 

 
I.2.5 Determination of inorganic NPs in cosmetics and textile products 

 
I.2.5.1 Analysis of inorganic NPs in cosmetics 
Standardised methodologies must be developed and validated for the assessment of 

NPs (size and particle concentration) in cosmetics to ensure law enforcement (European 
Regulation 1223/2009 [3]). Most investigations have focused on the analysis of TiO2NPs and 
ZnONPs in cosmetic samples, especially in sunscreens, due to their widespread use and 
regulation. Dynamic light scattering (DLS) [23,186,187], transmission electron microscopy 
coupled to energy-dispersive X-ray spectroscopy (TEM-EDX) [23,188–192], cryogenic TEM-
EDX (imaging of frozen samples) [23], scanning electron microscopy coupled to energy-
dispersive X-ray spectroscopy (SEM-EDX) [188,191,193], atomic force microscopy (AFM) 
[189], and X-ray diffraction (XRD) [189,190,192,193] techniques determine the physical and 
chemical properties such as hydrodynamic diameter, morphology, crystalline structure, and/or 
size of TiO2NPs and ZnONPs in cosmetic products.  

Regarding quantitative methodologies, Benítez-Martínez et al. (2016) [194] proposed a 
simple and rapid methodology for quantification of TiO2NPs in sunscreens using N-doped 
graphene quantum dots. TiO2NPs were extracted by liquid-liquid extraction and then analysed by 
fluorescence spectroscopy (TiO2NPs induce a quenching effect on the fluorescence of the 
quantum dots used). 

SS-HR-CS-GFAAS was also proposed by García-Mesa et al. (2021) [195] as a valid 
technique for the quantification of zinc species (Zn2+ and ZnONPs) in cosmetic samples. 

Most studies have focused on the hyphenation of field-flow fractionation techniques (FFF) 
and spectrometry to determine both concentration and size distribution of NPs. Sedimentation field-
flow fractionation–inductively coupled plasma mass spectrometry (SdFFF-ICP-MS) [196], and 
asymmetrical flow field-flow fractionation (AF4) coupled to plasma-based techniques (AF4-UV-
ICP-OES [197], AF4-ICP-MS [198,199], and AF4-MALS-ICP-MS [186,200]) have been used for 
the quantification of TiO2NPs and ZnONPs in cosmetic samples. The main drawback of these 
hybrid techniques is the long analysis time. However, an important advantage is that they can 
determine the coating of separated NPs due to the multi-detection capabilities of spectrometry 
[200]. The coating of NPs can also be assessed by time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) [23] and electron microscopy coupled to EDX [193]. 

Recently, spICP-MS has been proposed as a suitable technique for the routine analysis 
of inorganic NPs in cosmetic samples because of its simplicity and short analysis time. 
Furthermore, NPs can be quantified by spICP-MS without a previous separation step. This 
technique provides information about number concentration and sizes of TiO2NPs and ZnONPs 
in cosmetic products [186,187,192,200,201]. 

However, the critical step in the determination of NPs in complex matrices is the 
sample pre-treatment, which must guarantee the stability of the NPs present in the samples. 
Several authors diluted commercial sunscreens containing TiO2NPs and ZnONPs with ethanol 
[189,190,193] or a mixture of ultrapure water/methanol (1:1) [188] before electron microscopy 
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analysis. Furthermore, centrifugation of sunscreens using chloroform [193], methanol [191], or 
several organic solvents of different polarities [192] has been performed prior to electron 
microscopy analysis to remove the organic matrix of cosmetics, which hinders the 
characterisation of NPs. 

Defatting with hexane has also been proposed for organic component removal before 
the assessment of TiO2NPs and ZnONPs in cosmetics. Hexane was added to a portion of the 
sample, and then the mixture was shaken, sonicated, and allowed to settle. After settling, 
centrifugation was performed and the supernatant, which contained undesirable organic 
compounds, was removed. Finally, the solid residue was resuspended in ultrapure water 
[196,199] or in a mixture of water and hexane (19.5/0.5 or 20/0.5) [186,187,198]. Nischwitz et 
al. (2012) [198] proved that the hexane added to the precipitate formed after the defatting step 
aids NPs disaggregation. Furthermore, these authors proved that the addition of hexane to the 
precipitate formed enhances the extraction efficiency of TiO2NPs. The percentage of extracted 
Ti ranged from 64% to 79% for aqueous extracts, while greater extraction efficiencies (68% to 
110%) were achieved when 2.5% (v/v) hexane was used in the redispersion of the precipitate. 
Lower extraction efficiencies in aqueous extracts were due to the adsorption of TiO2NPs on the 
tube walls [198]. Nevertheless, the use of hexane can dissolve the dimethicone (PDMS) coating 
of NPs, especially when a sonication procedure is used [23]. 

Water/methanol/hexane mixture using 2/2/2 [194] or 20/20/10 [197] proportions were also 
used for NPs extraction. However, a low percentage of extracted TiO2NPs [7.83–21.47% (w/w) 
range] was reported by Contado et al. (2008) [197]. 

Several studies have proposed the dispersion of sunscreens in 1% sodium dodecyl 
sulphate (SDS) [187] or 1% Triton X-100 [192,200,201] aqueous solutions to obtain usually 
0.1% (w/v) suspensions. The resultant suspensions have been sonicated and diluted with 
ultrapure water before their analysis by AF4-MALS-ICP-MS or spICP-MS. 

De la Calle et al. (2017) [187] obtained different values for the number of particles and 
sizes of TiO2NPs measured by spICP-MS, depending on the extraction procedure used 
(defatting with hexane or dispersion in SDS). This difference could be due to the poor solubility 
of cosmetics in the SDS solution, the solubilisation of NPs in hexane, or the loss of NPs during 
the filtration step [the authors filtered (0.45µm) the resuspended precipitate after defatting with 
hexane]. On the other hand, the particle sizes obtained by spICP-MS of cosmetic suspensions 
in SDS were in most cases larger than those of defatted samples. This finding could be 
explained by the matrix effect of SDS. SDS-induced negatively charged droplets can attract 
cations, resulting in an enrichment of the analyte in aerosol droplets and thus larger TiO2 particle 
sizes after ionisation were obtained. Furthermore, the authors suggested that the smaller sizes 
of TiO2NPs in defatted cosmetics could be due to a suppression of the analyte signal caused by 
the organic solvent. 

I.2.5.2 Analysis of inorganic NPs in textile products
Several studies reported in the literature focus on the leachate of AgNPs and TiO2NPs

from textiles. The release of NPs from textiles depends on the composition of the washing 
medium, the conditions of washing, and the methodology used for the incorporation of NPs 
(surface coating or integration of NPs into fibres). Most of these studies have simulated a 
washing process in households. The interest of these studies is that the NPs can be released 
during the washing procedure and discharged into waste-water treatment plants, occasioning 
environmental hazards [202]. 

However, NPs can be affected by detergents, as reported by Mitrano et al. (2015) [203] 
who studied the effect of different commercial detergents on the suspensions of silver standards 
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under simulated washing procedures. Five detergents were purchased from a local store (grocery) 
and two industrial detergents from a company. The selected detergents had different ionic 
composition, oxidant concentration, and physical form (powder or liquid). AgNPs (100 nm, citrate-
coated) and AgNO3 standards were added to the washing solutions (detergents diluted with 
ultrapure water) and analysed by spICP-MS and TEM-EDX to evaluate the stability of these silver 
standards under washing. AgNPs were formed after the addition of AgNO3 in all powder detergents 
(grocery and industrial). After the addition of AgNPs into two grocery powder detergents which 
contained peroxide (all-purpose and oxi powder detergents), STEM-EDX images confirmed that 
some AgNPs were damaged. In addition, spICP-MS measurements demonstrated that the particle 
distribution shifted to smaller sizes. On the other hand, the industrial liquid detergent promoted the 
highest dissolution of AgNPs (only a few particles remained in the washing solution). AgNPs were 
also damaged in the industrial powder detergent, but to a less extent (increase in the number of 
smaller particles). 

Some studies reported in the literature have also proved changes in metal speciation after 
washing fabrics with detergents (Table I.1). In the study carried out by Mitrano et al. (2014) [47], 
AgNPs were formed after the addition of an AgNO3 standard (1100 μg L-1) into the laundering 
liquid used (2.3% of silver was quantified in the nanoparticulate fraction, 10 kDa–100 nm). Silver 
chloride nanoparticles (AgClNPs) and/or silver sulphide nanoparticles (Ag2SNPs) were also 
found in washing liquids [47,204] and on the surface of washed textiles [205,206]. 

The rate of release is greater in textiles modified with NPs on the surface of the fibres 
than in the case of textiles with NPs embedded in the fibres [47]. In addition, silver release from 
textiles during washing procedures with detergents is affected by the coating of AgNPs [206]. 
This behaviour can be explained by the electrostatic interaction of the capping agent and the 
binder used for fixing the NPs to textile products.   

In several studies, the extraction of NPs from textiles using detergents was not 
quantitative and the total silver released from fabrics was lower than 40% [47,204,207]. 
Nevertheless, the extraction percentages of extracted titanium reported by Windler et al. (2012) 
[208] were even lower. In this study, total titanium released (one washing/rinsing cycle) from
textiles was in the range of 0.01–0.06%, except for one sample which leached a percentage
corresponding to the 3.4% of total titanium.

Other investigations have focused on the release of NPs from textiles by incubation 
in artificial sweat solutions (alkaline and acidic sweat). After incubation, the extracted metals 
in solutions were quantified by ICP-MS [209,210], ICP-OES [211], GFAAS [212], and 
spICP-MS [210]. The speciation of the metal released from fabrics depends on the pH of the 
medium. The main silver species found in sweat solutions were dissolved silver [210] and 
AgClNPs [211] (due to the high content of chloride). On the other hand, titanium was mostly 
found as particulate in sweat solutions [211]. 

Finally, other authors proposed the extraction of NPs from textiles using ultrapure 
water to minimise the possible alterations in the released species. In the study performed by 
Spielman-Sun et al. (2018) [209], fabric swatches (4 cm2) were incubated at 37 ºC in 20 mL 
of ultrapure water for 60 min. The percentage of total silver released from textiles was 
quantified by ICP-MS and varied between 10 and 30%.  

Benn et al. (2008) [213] washed different commercial socks modified with AgNPs in 
ultrapure water. The socks were agitated in 500 mL of ultrapure water at 50 rpm for either 1 h 
or 24 h. Silver was determined in the aqueous extracts by ICP-OES. The results obtained 
showed that two samples were still leaching significant content of silver after four cycles of 
consecutive 24-h washings. The authors also found that the amount of dissolved silver in 
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extracts from one sample increased after three consecutive 1-h washing cycles. This could 
indicate the dissolution of AgNPs after prolonged exposure to water. 

Mackevika et al. (2018) [48] also carried out the extraction of TiO2NPs from textile 
products by shaking them with water. 400 cm2 of a fabric was introduced into a polyethylene 
bottle containing 200 mL of ultrapure water. The sample was bath sonicated for 15 min to 
facilitate the start of the extraction and then was subjected to shaking for 24 h (150 movements 
per min). According to spICP-MS results, synthetic textiles released higher contents of 
TiO2NPs. However, less than 1% of total titanium content in fabrics was released as TiO2NPs, 
which meant that titanium was present as larger particles or strongly bound to fibres. 
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I.2.5.3 spICP-MS: a powerful technique for the analysis of inorganic NPs 
Recently, the analysis of inorganic NPs using spICP-MS has been widely studied. This 

technique provides information on the chemical composition, particle concentration, and 
particle size. Thus, spICP-MS allows the detection and quantification of NPs and the dissolved 
form in complex matrices without a prior separation step at concentration levels of ng L-1. 

Degueldre et al. (2006) [215] outlined theoretical aspects of spICP-MS, which were 
recently discussed by Laborda et al. (2014,2016) [216,217].  

spICP-MS analysis is based on the different behaviour of ionic and nanoparticulate 
species of the analyte in the plasma (Figure I.3). Ionic forms of analyte are distributed uniformly 
in the solution and in the aerosol droplets. As a result, the mass of the element entering the plasma 
per unit time and reaching the detector as ions can be considered constant, generating a stable 
signal during the acquisition time. On the other hand, the element is not homogeneously distributed 
and is only present in a small fraction of aerosol droplets after the nebulisation of a suspension of 
NPs. Each NP is vaporised, atomised, and ionised, forming a pack of ions with a duration in the 
detector of about 300–500 microseconds (µs). Thus, if an adequate diluted suspension of NPs is 
introduced into the plasma, the cloud of ions formed from each single particle can be detected as 
events (transient signals or pulses) [217]. 

In addition to the concentration requirement, it is necessary to work with sufficiently 
high data acquisition frequencies (≥104 Hz which corresponds with reading times of ≤100 µs) 
to record the transient signal generated by each individual NP. However, packs of ions are 
detected as pulses using lower frequencies [217].  

Using the correct dilution factors and acquisition frequencies, each detected event 
corresponds to a single particle. Thus, the number of events detected (NP) during an acquisition 
time (t) is directly proportional to the number concentration of particles (CP) [Equation I.1]: 

 
N୔ ൌ 	Qୱୟ୫	η୬ୣୠ	t	C୔	ሺ۳ܙ. ۷.૚ሻ  

 
where Qsam is the sample introduction flow rate and ηneb is the nebulisation efficiency.  

Furthermore, the intensity of each event (IP) is directly related to the mass of element 
per particle (mP) [Equation I.2]: 

 
I୔ ൌ 	K୍େ୔୑ୗ	K୑	m୔	ሺ۳ܙ. ۷.૛ሻ   

 
where KICPMS is the detection efficiency (ratio of the number of ions detected and the 

number of atoms introduced), while KM is related to the element measured and is calculated by 
the ratio ANAV/MM (A is the atomic abundance of the isotope analysed, NAV the Avogadro´s 
number, and MM  the atomic mass of the element). 

For a homogeneous, solid, and spherical particle, the Equation I.2 can be re-written 
as Equation I.3: 

 
 I୔ ൌ

ଵ

଺
	π	ρ	f୔	K୍େ୔୑ୗ	K୑	dଷ	ሺ۳ܙ. ۷.૜ሻ  

   
where ρ is the particle density, fP the mass fraction of the element in the particle, and 

d the particle diameter.  
The particle number concentration, the mass of analyte per particle, and the diameter 

of the particles are therefore calculated using the Equations I.1, I.2 and I.3, respectively [217]. 
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Figure I.3. spICP-MS signals generated by dissolved analyte (A) and nanoparticles (B). Adapted with 
permission from Witzler et al. (2016) [218] (Copyright © 2016, American Chemical Society) 
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II. OBJECTIVES 
 
The determination of the total metal content in cosmetics and textiles is investigated since several 
metals cause skin allergies and can even be toxic to humans. Furthermore, the presence of metal 
compounds in cosmetic products and fabrics is regulated by the European Regulations 
1223/2009 and 1907/2006, respectively. 
 
Moreover, the continuous increase of fabrics and cosmetics modified with inorganic NPs 
requires the development of nanometrological platforms for the characterisation (size, shape, 
and composition) and quantification of NPs in these complex matrices. The determination of 
NPs in products in direct and long-term contact with the skin is necessary because studies on 
their toxicity are scarce. In addition, the assessment of inorganic NPs in cosmetic products must 
be carried out to ensure law enforcement (Regulation 1223/2009). 
 
The specific objectives of this Doctoral Thesis are: 
 
- Developing microwave-assisted acid digestion procedures for the determination of total 

metal content in moisturisers and textiles by ICP-MS. 
 

- Optimising ultrasound-assisted methodologies to carry out the extraction of inorganic NPs 
from moisturising creams using organic solvents as extractants before their quantification 
by spICP-MS. 

 
- Evaluating the release of inorganic NPs from fabrics by mechanical shaking in ultrapure 

water under controlled temperature conditions (sample pre-treatment) and spICP-MS 
(assessment of NPs). 

 
- Developing sample pre-treatments to preconcentrate and clean extracts from moisturisers 

and fabrics prior to their characterisation by electron microscopic techniques for the 
qualitative characterisation of NPs (comparative purposes). 
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III. METHODOLOGY 

 
This Doctoral thesis is divided into five chapters:  

Chapter 1. Quantification of metals in moisturising creams using microwave-assisted  acid 
digestion and ICP-MS 
A microwave-assisted acid digestion procedure using a mixture of nitric acid and hydrogen 
peroxide was used for the sample pre-treatment of moisturisers prior to their total metal content 
by ICP-MS.  
 
Chapter 2. Metal content in textile and (nano)textile products 
Metal quantification in textiles and textiles modified with inorganic NPs was carried out by 
ICP-MS after their microwave-assisted acid digestion. The presence of inorganic compounds 
(mainly titanium and silica) in textile fibres hinders the complete decomposition of several 
samples. A mixture of oxidising agents (nitric acid and hydrogen peroxide) and complexing 
agents (hydrochloric acid and hydrofluoric acid) was used to completely digest the studied 
fabrics.  
 
Chapter 3. Silver nanoparticles assessment in moisturising creams by ultrasound-assisted 
extraction followed by spICP-MS 
An ultrasound-assisted extraction method has been developed for the determination of AgNPs 
in moisturisers prescribed for atopic dermatitis. Factors affecting the extraction process such as 
type of extractant, energy (amplitude of ultrasonic probe), time, volume of extractant, and 
ultrasonication mode (continuous or discontinuous ultrasonication) were evaluated and 
optimised. The extracts from moisturisers were analysed by spICP-MS for the determination of 
AgNPs concentration (mass and number concentrations), AgNPs size distribution (mode and 
mean sizes), and ionic silver content. Extracts from studied creams were also analysed by 
electron microscopy (SEM-EDX and TEM) after a clean-up procedure based on an ultrasound 
water-bath oxidative treatment with hydrogen peroxide for comparative purposes. 
Moisturisers and extracts were also acid digested using microwave energy to assess their total 
silver content by ICP-MS. 
 
Chapter 4. spICP-MS assessment of ZnONPs and TiO2NPs in moisturisers after a tip 
sonication sample pre-treatment 
The proposed methodology was based on the ultrasound-assisted extraction of TiO2NPs and 
ZnONPs from moisturising creams using acetone as a solvent prior to spICP-MS assessment 
(size distribution, NPs concentration, and ionic content). spICP-MS results were compared with 
total content in the extracts and in the acid digests. HRTEM-EDX analysis of extracts was also 
carried out for NPs characterisation.  
 
 
 
 
 
 



IRIA RUJIDO SANTOS 

 
44 

Chapter 5. spICP-MS characterisation of silver nanoparticles released from textile products 
AgNPs have been released from fabrics by mechanical shaking under controlled temperature 
using ultrapure water as an extractant. spICP-MS has been used for AgNPs determination in 
the aqueous extracts from textiles owing to its low detection limits (ng L-1) and information 
provided on nanoparticle concentration and size distribution. HRTEM-EDX also confirmed the 
presence of AgNPs in aqueous extracts from textiles. 
Microwave-assisted acid digestion of fabrics was also carried out, followed by ICP-MS analysis 
to determine the total silver content. 
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CHAPTER 1. QUANTIFICATION OF METALS 
IN MOISTURISING CREAMS USING  

MICROWAVE-ASSISTED ACID  
DIGESTION AND ICP-MS 

 
1.1 ABSTRACT 
Metals are present in cosmetics owing to a deliberated addition by manufacturers, contamination 
of raw materials, and/or contamination during their manufacture or storage. The metal content 
of cosmetics is regulated by the European Commission (Regulation 1223/2009). Moisturisers 
have been digested (microwave-assisted acid digestion) and analysed by inductively coupled 
plasma mass spectrometry (ICP-MS) for metal assessment. The ICP-MS measurement was 
successfully validated (RSDs lower than 5% and analytical recoveries within the 91–110% 
range). The proposed methodology was applied to several moisturising creams to assess their 
total metal content. Banned metals in cosmetics like beryllium, cadmium, mercury, and lead 
were quantified in several studied moisturisers. Furthermore, nickel, chromium, and cobalt 
(potential skin allergens) were also found in the analysed creams.  
 
1.2 INTRODUCTION 
The colouration of cosmetics can be achieved by the addition of compounds based on metals 
such as antimony, cadmium, and chromium [1]. Whitening colours, which are preferable in 
moisturising creams, are obtained by adding aluminium, silver, zinc oxide, and titanium 
dioxide powders, among others [2]. Moreover, metals modify the surface appearance of 
cosmetics, providing metal brightness (copper, brass, silver, gold, and aluminium powders), 
pearled glitter (bismuth oxychloride and mica), or dullness (titanium dioxide) [3]. Inorganic 
mercury species, like ammoniated mercury, are added to skin lightening creams due to their 
ability to inhibit the formation of melanin by competing with copper in the enzyme tyrosinase. 
On the other hand, organic mercury species (phenyl and thiomersal mercury salts) are used to 
preserve cosmetics [1]. 
Table S1.1 (Supplementary Information) summarises the properties provided by metal-based 
compounds to moisturising creams. This table is an adaptation from the European 
Commission's inventory of ingredients in cosmetics [4], and it has been prepared considering 
the metal compounds allowed by the Regulation 1223/2009 on cosmetic products [5] and the 
type of matrix under study (moisturisers). 
Nevertheless, metals in cosmetics can penetrate the skin, reaching its deepest layers or even the 
bloodstream. Thus, metals can be distributed throughout the body and accumulated in several 
organs and tissues. This risk is enhanced considering the daily use and the prolonged exposure 
to cosmetic products. 
Several studies have demonstrated metal percutaneous penetration and skin lesions caused by 
metals. Long-term exposure to arsenic has been reported to produce skin lesions such as 
hyperpigmentation, hyperkeratosis, and basal and squamous cell carcinomas [6,7]. Beryllium 
salts cause dermal hypersensitivity resulting in dermatitis or even ulcers [8,9], and gold salts are 
skin allergens [10]. Nickel, cobalt, and chromium also cause contact allergies and in vitro 
experiments have shown that these chemicals can penetrate through the skin [11,12].  



IRIA RUJIDO SANTOS 

 
52 

Thallium salts, typically used in depilatory products in the 1920s, are now forbidden in cosmetic 
formulations since these salts cause alopecia, in addition to poisoning symptoms like 
gastrointestinal disorders, nervous system damage, cardiac diseases, hallucinations, and 
delirium [13]. Chronic topical exposure to mercury salts leads to bluish/blackish pigmentation 
of the skin, contact dermatitis, erythroderma, purpura, gingivostomatitis, and acrodynia (the 
latter disease is common in children) [14]. Zirconium salts can be used in antiperspirants, but 
their use has been demonstrated to cause granulomas [15]. Compounds of lead and barium are 
able to penetrate through the skin [16,17], and cadmium causes oxidative stress and DNA 
damage in the HaCaT cell line (immortalised non-tumoral human keratinocytes) [18]. Bluish-
black skin discolouration, scaling and itching of the skin, and inhibition of sweat secretion can 
be induced by tellurium exposure [19]. Studies on the dermal toxicity of vanadium in humans 
are not available, but pentavalent vanadium (the most toxic vanadium form) has been shown to 
accumulate in the lungs and can be distributed throughout the body, causing diseases or even 
poisoning human organs [20]. 
Because of these possible hazardous effects, the presence of metals in cosmetic products is 
regulated by the Regulation 1223/2009 in Europe [5]. This regulation bans antimony, arsenic, 
beryllium, cadmium, lead, tellurium, thallium, zirconium, mercury, and their compounds in 
cosmetic products. In addition, the use of barium salts, gold salts, various strontium 
compounds (lactate, nitrate, and polycarboxylate), chromium, divanadium pentaoxide, indium 
phosphide, nickel and a lot of nickel compounds, and several compounds of potassium, 
sodium, cobalt, molybdenum, and tin are not allowed. There are several exceptions to the 
aforementioned prohibitions, barium sulphides (depilatories, 6% as sulphur), barium 
colourants listed in the Annex IV, phenylmercuric salts (as preservatives in eye products up to 
0.007% Hg), aluminium zirconium chloride hydroxide complexes (antiperspirants products 
and 5.4% of zirconium as maximum concentration), and gold (colouring purposes, code: E175; 
purity: 90% or higher [5,21]) can be added to cosmetics. Metal compounds allowed in cosmetic 
products are listed in the Annexes III, IV, V, and VI of the Regulation 1223/2009 (“list of 
substances which cosmetic products must not contain except subject to the restrictions laid 
down”, “list of colourants allowed in cosmetic products”, “list of preservatives allowed in 
cosmetic products”, and “list of UV filters allowed in cosmetic products”, respectively) [5]. 
According to the literature, most trace metal analyses in cosmetic matrices focus on coloured 
make-up products since a lot of pigments contain metal compounds. However, studies about 
the presence of metals in daily used personal care items, like moisturising creams, are scarce 
[22–29]. Therefore, this study deals with a simple methodology for metal quantification in 
moisturisers using microwave-assisted acid digestion followed by inductively coupled plasma 
mass spectrometry (ICP-MS). 
 
1.3 MATERIAL AND METHODS 
 

1.3.1 Instrumentation 
An analytical balance ML 204T (Mettler Toledo, Colombus, OH, USA) was used for 

weighing reagents and samples. An ETHOS PLUS microwave lab-station (Milestone, Sorisole, 
Italy) was used for microwave-assisted acid digestion of moisturisers. Quantification of metals 
was carried out using a NexION® 300X ICP-MS (Perkin Elmer, Waltham, MA, USA) equipped 
with a SeaFastSC2 DX autosampler (Elemental Scientific, Omaha, NB, USA). Nebulisation 
was carried out by a Meinhard® nebuliser and a cyclonic spray chamber thermostated by a 
Peltier refrigerator.  
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1.3.2 Reagents 
69% Nitric acid (Hiperpur) and 33% hydrogen peroxide were from Panreac (Barcelona, 

Spain). Memory Test 1 Solution (1000 mg L-1 Al, Ca, Fe, K, Mg, Na and 20 mg L-1Ag, As, Ba, 
Be, Cd, Co, Cr, Cu, Mn, Ni, Pb, Se, Tl, V, Zn), NexIon Setup Solution (10 μg L-1 of U, Pb, Mg, 
Li, In, Fe, Ce, Be), and individual standards of Sn, Ge, Rh, and In (1000 mg L-1 each) were 
supplied by Perkin Elmer. Standards of 1000 mg L-1 B, Li, Mo, and Sb were purchased from 
Merck (Darmstadt, Germany). Y and Hg (1000 mg L-1 each) were from Panreac and Scharlau 
(Barcelona, Spain), respectively. Ultrapure water (18 MΩcm) was collected from a Milli-Q® 
water purification system (Millipore, Bedford, MA, USA). 

 
1.3.3 Samples  
The composition of analysed moisturisers is shown in Table S1.2 (Supplementary 

Information). These cosmetic samples were purchased from online stores (creams coded as C1, 
C2, C4, and C5) and from local shops in Santiago de Compostela, Spain (moisturiser C3 was 
bought in a pharmacy and coded creams from C6 to C14 in cosmetic shops). Before sampling, 
the upper part of the creams was removed (due to their possible oxidation) and they were 
homogenised with a plastic spatula. Samples were sealed and kept at 4°C. 

 
1.3.4 Microwave-assisted acid digestion  
Moisturising creams (0.2000 g) were placed into a Teflon digestion vessel (100 mL), and 

3.0 mL of 69% nitric acid, 1.0 mL of 33% hydrogen peroxide, and 4.0 mL of ultrapure water 
were then added. The samples were then digested using the microwave operating conditions 
shown in Table 1.1. 

Moisturisers were digested in triplicate and one blank was carried out for each set of 
digestions. Once digestion was completed, samples and blanks were made up to 25 mL with 
ultrapure water. 

Table 1.1. Operating conditions for microwave-assisted acid digestion of moisturising creams 

Time (min) Temperature (°C) 

0–2 Room temperature–90 

2–7 90–140 

7–12 140–200 

12–27 200 

 
1.3.5 Quantification of metals by ICP-MS 
A solution containing 1 µg L-1 of Be, Ce, Fe, ln, Li, Mg, Pb, and U was used for daily 

adjustment of ICP-MS parameters (torch position, nebulisation flow, and quadrupole voltages) 
to enhance the sensitivity. 

Acid digests were ten-fold diluted with ultrapure water prior to ICP-MS analyses, except 
for samples coded as C1 and C2, which were five thousand times diluted for zinc assessment 
and twenty times for the remaining metals. 

Table 1.2 shows the ICP-MS parameters used for metal determination, where a longer 
dwell time (200 ms instead 50 ms) was used for arsenic assessment due to its low sensitivity. 

Standard addition calibration was performed to avoid matrix effects. The calibration covered 
the linear range of 0–100 µg L-1, except for aluminium and iron (0–5000 µg L-1). Polyatomic 
interferences were minimised using helium as a collision cell gas (variable helium flow rates were 
used depending on the analyte, Table 1.2). 
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Germanium, yttrium, rhodium, and indium were used as internal standards (10 µg L-1 in 
1% HNO3). Internal standards were added to standards and samples using a T-shaped plastic 
connector before their introduction into the nebuliser.  

Table 1.2. ICP-MS parameters for metal determination in moisturisers 

Operating parameters 

Radiofrequency power (W) 1600 

Plasma gas flow (L min-1) 16

Auxiliary gas flow (L min-1) 1.2

Nebulisation gas flow (L min-1) 0.9 – 1.1 

Collision cell gas  He 

Acquisition parameters 

Replicates 3

Sweeps / Reading 20 

Dwell time per amu (ms) 50 (200 for As) 

Integration time (ms) 1000 (4000 for As) 

  Monitored ions (m/z) 

1.0 mL min-1 He 
7Li, 9Be, 55Mn, 63Cu, 98Mo, 107Ag, 

111Cd, 138Ba, 202Hg, 208Pb 

4.0 mL min-1 He 
27Al, 51V, 53Cr, 57Fe, 59Co, 60Ni, 

66Zn, 75As, 118Sn, 121Sb 

Internal standards 74Ge, 89Y, 103Rh, 115In 

1.3.6 Validation  
Limit of detection (LOD) and limit of quantification (LOQ) were calculated in terms of 

3σ/m and 10σ/m criteria, respectively [σ is the standard deviation of eleven measurements of a 
blank (1% nitric acid) by ICP-MS, and m is the slope of the standard addition calibration). The 
LODs and LOQs for the studied metals are listed in Table 1.3. The lowest LOQ was obtained 
for beryllium (0.00770 µg g-1) and the highest was for aluminium (3.37 µg g-1).  

The precision of ICP-MS determinations was assessed by the relative standard deviation 
(RSD) of eleven measurements of an acid digest from a moisturising cream. RSDs of the 
concentrations in the digested creams are shown in Table 1.3. The calculated RSDs values were 
in the range of 1–4% which demonstrated the high precision of ICP-MS assessment. 

Due to the lack of certified reference materials, the accuracy of ICP-MS analyses was 
evaluated by analytical recovery assays after spiking acid digests at several concentration levels 
(Table 1.3). Analytical recoveries at each spiked concentration level were calculated for all 
analytes after eleven ICP-MS measurements, and the obtained values (91–110%) verified the 
accuracy of ICP-MS quantification. 
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Table 1.3. Methodology validation 

Analytical recoveries  

LODmethod 
(µg g-1) 

LOQmethod 
(µg g-1) µg L-1 added Mean value 

(%) RSD (%) 

Li 0.00932 0.0311 0.25, 0.50,1.0 107 ± 3 3 

Be 0.00231 0.00770 0.25, 0.50,1.0 106 ± 4 1 

Al 1.01 3.37 12.5, 25.0, 50.0 100 ± 6 3 

V  0.00602 0.0201 0.25, 0.50,1.0 105 ± 4 3 

Cr  0.0266 0.0887 0.25, 0.50,1.0 110 ± 5 3 

Mn 0.00623 0.0208 0.25, 0.50,1.0 106 ± 5 1 

Fe 0.171 0.571 12.5, 25.0, 50.0 105 ± 4 3 

Co 0.00249 0.00829 0.25, 0.50,1.0 106 ± 3 2 

Ni 0.0323 0.108 0.50, 1.0 91 ± 3 3 

Cu  0.0220 0.0734 0.50, 1.0 105 ± 4 1 

Zn 0.0594 0.198 25.0, 50.0 109 ± 4 2 

As 0.0235 0.0785 0.25, 0.50, 1.0 104 ± 4 3 

Mo 0.00271 0.00905 0.25, 0.50, 1.0 108 ± 6 1 

Ag 0.0102 0.0339 0.25, 0.50, 1.0 96 ± 2 2 

Cd 0.00663 0.0221 0.25, 0.50, 1.0 99 ± 4 2 

Sn 0.00757 0.0252 0.25, 0.50, 1.0 102 ± 6 2 

Sb 0.0230 0.0765 0.25, 0.50, 1.0 93 ± 5 4 

Ba 0.0152 0.0505 0.25, 0.50, 1.0 104 ± 5 1 

Hg 0.0265 0.0885 1.0, 5.0, 10 102 ± 2 3 

Pb 0.00866 0.0289 0.25, 0.50,1.0 105 ± 4 2 

1.4 RESULTS AND DISCUSSION 
Table 1.4 shows the concentrations of metals found in the analysed moisturisers. As mentioned 
before, compounds or salts of arsenic, antimony, beryllium, cadmium, lead, and mercury are not 
allowed in cosmetic samples in the European Community [5]. Nevertheless, quantifiable amounts 
of some of these forbidden metals were found in some moisturising creams. Beryllium was 
present in samples coded as C1 and C2 (0.00809±0.000838 and 0.0825±0.00455 µg g-1, 
respectively). Cream C2 was the only sample which contains cadmium (0.0745±0.00958 µg g-1). 
Lead was quantified in four moisturisers (C1, C2, C6, and C7), and the concentrations ranged 
between 0.0342 and 0.437 µg g-1. In addition, moisturising creams coded as C2, C3, C4, and C10 
were found to contain mercury (within the range of 0.0990–0.180 µg g-1). On the other hand, 
arsenic and antimony were not detected in any studied cosmetic sample. 
Besides, nickel (and a vast number of nickel compounds), chromium, and several cobalt 
compounds are not allowed due to their allergenic potential. However, chromium was 
quantified in three creams (codes C2, C3, and C10), cobalt in two (codes C2 and C3), and nickel 
in six samples (codes C2, C4, C5, C6, C11, and C12), and the concentration ranges were 
0.0934–0.303 µg g-1, 0.0178–0.134 µg g-1, and 0.164–0.559 µg g-1 for Cr, Co, and Ni, 
respectively. 
Aluminium and aluminium compounds provide whitening colours, and functions like skin 
conditioning, emulsion stabilising, opacifying, and viscosity controlling, as is indicated in 
Table S1.1. Creams C13 and C14 were found to contain relatively similar aluminium content 



IRIA RUJIDO SANTOS 

56 

(5.10±0.0212 and 7.47±0.162 µg g-1, respectively), while it was quantified at higher levels in 
samples C2 (2176±257.7 µg g-1) and C8 (31.3±1.72 µg g-1). 
The European Commission allows the use of zinc oxide and zinc stearate as whitening colourants, 
as well as zinc oxide (bulk and nanoparticulate forms) as an UV filter. The maximum 
concentration of zinc oxide is 25% (w/w), also in the case of combining bulk and nano form [5]. 
Furthermore, a high number of zinc compounds is used to achieve properties such as skin 
protecting, skin conditioning, antimicrobial, and opacifying, among others (Table S1.1), but the 
maximum concentration of several of these zinc compounds is regulated as in the case of zinc 
peroxide (4.0% of H2O2, present or released, in skin products) and several water-soluble zinc salts 
(acetate, chloride, gluconate, and glutamate not exceeding the 1% as zinc) [5. 
Nine of the fourteen studied samples contain zinc, and samples C1 and C2 were found to contain 
very high zinc concentrations (73479±3017 and 25455±1601 µg g-1, respectively). Zinc 
concentrations in the remaining moisturisers varied from 1.83 to 41.2 µg g-1. 
Several manganese compounds are added to cosmetics to obtain skin conditioning and 
moisturising properties (Table S1.1). The results show that twelve moisturisers contained 
manganese in their formulations within the range of 0.0245–0.0836 µg g-1, except for cream C2 
which showed a higher concentration (10.7±0.959 µg g-1).  
Several lithium compounds (lithium nickel dioxide, cobalt lithium nickel oxide, and lithium 
perfluorooctane sulfonate) are banned in the European Community [5]. Creams coded as C2, 
C12, and C14 contained lithium in their formulations. In particular, the concentration of lithium 
in the moisturiser C2 (8.35±0.904 µg g-1) was much higher than in the other two samples. 
Divanadium pentaoxide and nickel divanadium hexaoxide were the only banned vanadium species 
[5], and vanadium was solely quantified in moisturising cream C2 (0.173±0.0173 µg g-1). 
Copper was quantified in eleven samples and its concentration was below 1.00 µg g-1, except 
for creams C1 and C2 (5.00±0.694 and 2.55±0.256 µg g-1, respectively). The high number of 
moisturisers with copper can be attributed to the use of copper compounds that provide 
properties as skin conditioners, skin protectors, and humectants (Table S1.1).  
Iron was found in six samples (C2, C3, C10, C11, C13, and C14), and its concentration varied 
between 0.699 and 1.62 µg g-1, excluding sample C2 which contained the highest 
concentration (4933±292.2 µg g-1).  
Silver can be used as a whitening colourant, antimicrobial agent, preservative, and bulking material 
(Table S1.1). The use of silver chloride as a preservative in cosmetics is restricted, and the 
maximum allowed concentration is 0.004% (as AgCl) or 20% AgCl (w/w) if it is deposited on 
titanium dioxide [5]. Silver content in the studied creams varied between 0.0408 and 1.18 µg g-1, 
with the exception of samples C3 (2329±262.0 µg g-1) and C5 (31.1±3.81 µg g-1). In other studies 
included in this thesis, it was demonstrated that moisturising creams C3, C4, and C5 contained 
silver nanoparticles (AgNPs) [30]. Despite the European Regulation 1223/2009 states that 
cosmetic products containing nanomaterials have to be notified to the Commission and they must 
be clearly indicated in the list of ingredients (names of such ingredients followed by the word 
‘nano’ in brackets) [5], there was no indication about the presence of AgNPs in the list of 
ingredients of moisturisers C3, C4, and C5. 
Moisturising creams C3 and C11 were the only creams with molybdenum (0.0162±0.00244 and 
0.191±0.00957 µg g-1, respectively). The unique molybdenum compound listed in the inventory 
of ingredients of cosmetic products elaborated by the European Commission is molybdenum 
aspartate which has skin conditioning properties [4]. 
There are several stannous compounds banned by the European Commission which are dibutyltin 
hydrogen borate, nickel stannate, dibutyltin dichloride (DBTC), dimethyltin dichloride, tributyltin 
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compounds, and dibutyltin dilaurate [5]. Creams coded as C2, C3, C8, C12, and C13 were found 
to contain tin, and the maximum concentration was 0.483±0.0147 µg g-1 (sample C2). 
Barium species allowed in cosmetics are barium sulphate (whitening colourant, CI 77120) and 
other coloured barium pigments (CI 10316, CI 12085, CI 15510, CI 15580, CI 15630, CI 15850, 
CI 15865, CI 15985, CI 16255, CI 17200, CI 19140, CI 42051, CI 45370, CI 45380, CI 45410, 
and CI 45430) [5]. Barium was quantified in five samples (C1, C2, C3, C10, and C12), and its 
concentrations were lower than 0.700 µg g-1, except for moisturiser C2 which contained 
4.84±0.384 µg g-1 of barium. 
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1.5 CONCLUSIONS  
All the studied metals, except molybdenum, antimony, and arsenic were found in moisturising 
cream C2. Thus, the selling of this cream, which was purchased from an online store, is not legal 
in Europe since it contained banned metals such as beryllium, cadmium, mercury, and lead [5]. 
Furthermore, cream C2 showed quantifiable contents of nickel, cobalt, and chromium which are 
also banned owing to their allergenic effect on the skin. Similarly, moisturisers C1, C3, C4, C6, 
C7, and C10 do not comply with the European Regulation 1223/2009 due to the presence of lead 
(C6 and C7), beryllium and lead (C1), chromium and mercury (C10), and mercury (C3 and C4). 
Moisturisers C5, C11, and C12 probably do not comply with the regulation since nickel and 
many nickel salts (potential allergens) are banned in cosmetic products. Regarding barium, its 
allowed species [barium sulphate (CI 77120) and other barium pigments] were not listed in the 
ingredients of creams C1, C2, C3, C10, and C12, so the presence of barium in these samples was 
neither justified nor allowed. Moisturising creams labelled as C3, C4, and C5 contained Ag (as 
AgNPs according to published studies) but AgNPs presence was not indicated in the list of 
ingredients, in breach of the European cosmetic regulation. 
To conclude, moisturising creams coded as C1, C2, C3, C4, C5, C6, C7, C10, C11, and C12 do 
not comply with the Regulation 1223/2009 on cosmetic products, and the only moisturiser that 
fulfils the stated regulation is the sample coded as C9. Furthermore, speciation studies are 
necessary in the case of samples C8 and C13 (tin speciation) and C14 (lithium speciation) to 
ensure compliance with the Regulation 1223/2009 (several lithium and stannous compounds 
are banned by the European Commission). 
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SUPPLEMENTARY INFORMATION 

Table S1.1. Functions of the studied metals in formulations of moisturising creams (adaptation from the 
European Commission's inventory of ingredients in cosmetic products [4] and considering the metal 

compounds allowed by the Regulation 1223/2009 on cosmetic products [5]) 

Compound Function

ALUMINIUM

Aluminium capryloyl hydrolysed collagen Skin conditioning  

Aluminium undecylenoyl collagen aminoacids Skin conditioning 

Alumina Opacifying/viscosity controlling

Aluminium behenate Opacifying/viscosity controlling 

Aluminium silicate Opacifying/absorbent 

Aluminium caprylate Emulsion stabilising/opacifying/viscosity controlling 

Aluminium dilinoleate Emulsion stabilising/opacifying/viscosity controlling 

Aluminium dimyristate Emulsion stabilising/opacifying/viscosity controlling 

Aluminium distearate and aluminium 
tristearate 

Emulsion stabilising/opacifying/viscosity 
controlling/emollient 

Aluminium isostearate Emulsion stabilising/opacifying/viscosity controlling 

Aluminium isostearates/laurates/palmitates Emulsion stabilising/opacifying/viscosity controlling 

Aluminium isostearates/myristates Emulsion stabilising/opacifying/viscosity controlling 

Aluminium isostearates/palmitates Emulsion stabilising/opacifying/viscosity controlling 

Aluminium isostearates/stearates Emulsion stabilising/opacifying/viscosity controlling 

Aluminium myristates/palmitates Emulsion stabilising/opacifying/viscosity controlling 

Aluminium methionate Viscosity controlling 

Aluminium starch octenylsuccinate Viscosity controlling/absorbent

Aluminium hydroxide Viscosity controlling/emollient/humectant 

Aluminium butoxide Emulsion stabilising 

Aluminium myristate Emulsion stabilising 

Aluminium dicetyl phosphate Emulsion stabilising 

Aluminium/magnesium hydroxide stearate Emulsion stabilising

Aluminium lanolate Emulsifying/surfactant 

Aluminium hydrogenated tallow glutamate Surfactant 

Aluminium acetate Antimicrobial 

Aluminium benzoate Antimicrobial 

Aluminium diacetate Antimicrobial 

Aluminium formate Antimicrobial 

Aluminium phenolsulphonate Antimicrobial 

Aluminium glycinate Buffering 

Aluminium lactate Buffering/astringent 

Aluminium PCA Astringent 

Aluminium bromohydrate Astringent 

Aluminium chloride Astringent 
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Table S1.1. (continued) 

Compound Function

Aluminium chlorohydrate Astringent 

Aluminium chlorohydrex PEG Astringent 

Aluminium chlorohydrex PG Astringent 

Aluminium dichlorohydrate Astringent 

Aluminium dichlorohydrex PEG Astringent 

Aluminium dichlorohydrex PG Astringent 

Aluminium sesquichlorohydrate Astringent 

Aluminium sesquichlorohydrex PEG Astringent 

Aluminium sesquichlorohydrex PG Astringent 

Aluminium citrate Astringent 

Aluminium Colourant (CI 77000, E 173, white) 

Aluminium hydroxide sulphate Colourant (CI 77002, white) 

Natural hydrated aluminium silicate, 
(Al2O3.2SiO2.2H2O) Colourant (CI 77004, white) 

Aluminium stearate Colourant (white) 

BARIUM

Barium sulphate Opacifying, colourant (CI 77120, white) 

COBALT

Cobalt titanium oxide Skin conditioning 

COPPER

Alanine/histidine/lysine polypeptide copper HCl Skin conditioning 

Copper sulphate Skin conditioning 

Cupric acetate Skin conditioning 

Saccharomyces/copper ferment Skin conditioning 

Copper acetylmethionate Skin conditioning/moisturising 

Copper aspartate Skin conditioning/skin protecting 

Copper gluconate Skin conditioning/skin protecting 

Copper acetyl tyrosinate methylsilanol Humectant 

Copper PCA Humectant 

Copper PCA methylsilanol Humectant 

Copper usnate Antimicrobial 

Disodium cupric citrate Stabilising 

Disodium EDTA-copper Chelating/astringent 

IRON

Ferric citrate Skin conditioning 

Ferrous aspartate Skin conditioning 

Ferrous glucoheptonate Skin conditioning

Saccharomyces/iron ferment Skin conditioning 

Ferric chloride Astringent 
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Table S1.1. (continued) 

Compound Function

Ferric glycerophosphate Astringent 

Ferrous sulphate Astringent 

Iron hydroxide Stabilising 

LITHIUM

Lithium gluconate Skin conditioning 

Dilithium oxalate Chelating 

Lithium magnesium silicate Binding/viscosity controlling/bulking 

Lithium magnesium sodium silicate Viscosity controlling/bulking 

Lithium oxidised polyethylene Film forming/viscosity controlling 

Lithium stearate Opacifying/viscosity controlling/binding 

NICKEL

Nickel gluconate Humectant 

MANGANESE

Manganese acetylmethionate Skin conditioning 

Manganese aspartate Skin conditioning 

Manganese chloride Skin conditioning 

Manganese gluconate Skin conditioning 

Saccharomyces/manganese ferment Skin conditioning 

Manganese glycerophosphate Astringent 

Manganese PCA Humectant/skin conditioning/moisturising 

MOLYBDENUM

Molybdenum aspartate Skin conditioning 

SILVER 

Silver chloride Antimicrobial 

Silver acetylmethionate Antimicrobial 

Silver borosilicate Antimicrobial 

Silver sulphate Antimicrobial 

Silver magnesium aluminium phosphate Bulking 

Silver Colourant (CI 77820, E174, white) 

TIN

Sodium stannate Viscosity controlling/stabilising 

Tin oxide Viscosity controlling/opacifying 

Stannous chloride Reducing 

ZINC 

Zinc oxide UV filter, colourant (CI 77947, white) 

Zinc oxide (nanoparticulate) UV filter 

Zinc stearate Colourant (white) 

Lactobacillus/zinc ferment Skin protecting 

Porphyridium/zinc ferment Skin protecting 

Saccharomyces/zinc ferment Skin conditioning 
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Table S1.1. (continued) 

Compound Function

Zinc acetylmethionate Skin conditioning 

Zinc aspartate Skin conditioning 

Zinc DNA Skin conditioning 

Zinc glucoheptonate Skin conditioning 

Zinc gluconate Skin conditioning 

Zinc glutamate Skin conditioning 

Zinc hydrolysed collagen Skin conditioning 

Zinc yeast derivative Skin conditioning 

Zinc pentadecene tricarboxylate Skin conditioning/surfactant 

Zinc PCA Skin conditioning/humectant 

Zinc laurate Opacifying/viscosity controlling 

Zinc myristate Opacifying/viscosity controlling 

Zinc neodecanoate Opacifying/viscosity controlling 

Zinc acetate Antimicrobial 

Zinc sulphate Antimicrobial 

Zinc undecylenate Antimicrobial/opacifying 

Zinc dibutyldithiocarbamate Antimicrobial/antioxidant 

Zinc phenolsulphonate Antimicrobial/astringent 

Zinc borosilicate Bulking  

Zinc carbonate Opacifying 

Zinc ricinoleate Opacifying 

Zinc rosinate Opacifying/viscosity controlling 

Zinc formaldehyde sulphoxylate Reducing 
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Table S1.2. Ingredients of analysed moisturising creams 

Code Ingredients 

C1 

Water, Cyclopentasiloxane, PEG-10 Dimethicone, Methicone, Isododecane, Propane-diol, 
Caprylic/Capric Triglycerides, Isodecyl Neopenta-noate, Dimethicone/bis Isobutyl PPG-20 
Crosspolymer, Octyldodecyl Stearyl Citrate Crosspolymer, Tapioca Starch, Polymethylsilsesquioxane, 
Glycerin, Isostearic Acid, Polyhydroxystearic Acid, Dimethicone, Isododecane, Phenoxyl-thanol, 
Benzoic Acid,  Ethylhexylglycerin, Glycereth-2 Cocoate, Dicaprylyl ether, Dehydroxanthan Gum, 
Carthamus Tinctorius (Safflower) Seed Oil, Melanin, Phytosteryl, Octyldodecyl Lauroyl Glutamate, 
Sodium Hyaluronate Acid, Trimethylated Silica Gel, Tocopheryl Acetate, Dipotassium Glycyrrhizinate, 
Porphyridium cruentum, Eucalyptus Globulus Leaf Extract, Zingiber Officinale Root Extract, Gaultheria 
Procumbens Leaf Extract, Avena Sativa Kernel Extract, Allantoin, Ceramide 3, Zinc oxide (9%), 
Octinoxate (7.5%). 

C2 

Water, Cyclopentasiloxane, Caprylyl Methicone, Ethylhexyl Palmitate, Dimethicone, Lauryl PEG-8 
Dimethicone, Neopentyl Glycol Diheptanoate, Polymethylsilsesquioxane, PEG-12 Dimethicone, PPG-20 
Crosspolymer, Titanium dioxide, Glycerin, Dimethicone Crosspolymer, Tribehenin, Dimethicone, Vinyl 
Dimethicone Crosspolymer, Algae Extract, Hydroxycapric Acid, Hydroxycaprylic Acid, Hydroxycinnamic 
Acid, Teprenone, Tetrahexyldecyl Ascorbate, Tocopheryl Acetate, Alumina, Butylene Glycol, Calcium 
Aluminum Borosilicate, Caprylic/Capric Triglyceride, Disodium EDTA, Iron Oxides, PEG-4, Silica, 
Synthetic Fluorphlogopite, Tin Oxide, Triethoxycaprylylsilane, Xantan Gum, Caprylyl Glycol, Hexylene 
Glycol, Phenoxyethanol, Titanium dioxide (5.4%), Zinc oxide (2.96%). 

C3 

Water, Alcohol Denat, C12-15 Alkyl Benzoate, Oenothera Biennis Oil, Simmondsia Chinensis Seed Oil, 
Isopropyl myristate, Glycerin, Polyglyceryl-3-Methylglucose Distearate, Cetyl Alcohol, Tocopheryl 
Acetate, Hydrogenated Coco-Glycerides, Cetyl Palmitate, Octyldodecanol, Silver, Cardiospermum 
Halicacabum Flower/Leaf/Vine Extract, Echium Platagineum Seed Oil, Helianthus Annus Seed Oil 
Unsaponificables, Xanthan Gum, Pentaerythrityl Tetra-di-t-butyl Hydroxyhydrocinnamate 

C4 Water, Petrolatum, Propylene Glycol, Caprilic/Capric Triglyceride, PEG-20-Glyceryl Stearate, Cetyl 
Alcohol, Hydrogenated Palm Glycerides, Silver. 

C5 

Water, Caprylic/Capric Triglyceride, Sorbitol, Pentylene Glycol, Glyceryl Stearate, Cetyl Alcohol, 
Dicaprylyl Ether, Polyglyceryl-3 Methylglucose Distearate, Ginkgo Biloba Leaf Extract, Chamomilla 
Recutita Flower Extract, Propylene Glycol, Prunus Amygdalus Dulcis Oil, Tocopherol, Panthenol, Silver, 
Simmondsia Chinensis Seed Oil, Oenothera Biennis Seed Oil, Glycerin, Cera Alba, Xathan Gum. 

C6 

Water, Caprylic/Capric Triglyceride, Glycerin, Olea Europaea (Olive) Fruit Oil, Isostearyl Isostearate, 
1,2-Hexanediol, Cetearyl Alcohol, Panthenol, Butyrospermum Parkii (Shea) Butter, Niacinamide, 
Glyceryl Stearate Citrate, Alpha-Glucan Oligosaccharide, Limnanthes Alba Seed Oil, Hydrogenated 
Lecithin, Hippophae Rhamnoides (Sea Buckthorn) Fruit Extract, Tocopheryl Acetate, Xanthan Gum, 
Sclerotium Gum, Squalane, Tetrasodium Glutamate Diacetate, Ceramide 3, Citric Acid, Rosmarinus 
Officinalis (Rosemary) Leaf Extract. 

C7 

Water, Glycerin, Niacinamide, Dimethicone, Paraffinum Liquidum,  Caprylic/Capric Triglyceride, 
Brassica Campestris Oleifera Oil, Dimethiconol, Sodium Hydroxide, Ammonium  Polyacryldimethyl 
Taurate, Disodium EDTA, Caprylyl Glycol, Xanthan Gum, C10-30 Alkyl Acrylate Crosspolymer, 
Butyrospermum Parkii Butter, Phenoxyethanol. 

C8 

Water, Glycerin, Ethylhexyl Salicylate, Butyl Methoxydibenzoylmethane, Alcohol Denat, Cetearyl 
Alcohol, Dibutyl Adipate, Hydrogenated Coco-Glycerides, Phenylbenzimidazole Sulfonic Acid, 
Methylpropanediol, C12-15 Alkyl Benzoate, Aluminum Starch Octenylsuccinate, Arginine HCl, Bis-
Ethyhexyloxyphenol Methoxyphenyl Triazine, Magnolia Officinalis Bark Extract, Pimpinella Anisum 
Fruit Extract, Sodium Hyaluronate, Methyl Methacrylate Cross-polymer, Carbomer, Sodium Stearoyl 
Glutamate, Sodium Chloride, Silica Dimethyl Silylate, Dimethicone, Trisodium EDTA, 1,2-Hexanediol, 
Phenoxyethanol, Parfum. 

C9 

Water, Glycerin, Tribehenin PEG-20 Esters, Caprylic/Capric Triglyceride, Propanediol, Isostearyl 
Isostearate, Cyclopentasiloxane, Lecithin, Cyclohexasiloxane, Ammonium Acryloyldimethyltaurate/vp 
Copolymer, Nicotiana Benthamiana Hexapeptide 40 sh-polypeptide 2, Nicotiana Benthamiana 
Hexapeptide-40 sh-Oligopeptide-1, Nicotiana Benthamiana Hexapeptide-40 sh-Polypeptide-5, 
Nicotiana Benthamiana sh-Polypeptide-15 Hexapeptide-40, Alcohol, BHA, BHT, Biotin, Caprylyl Glycol, 
Carbomer, Citric Acid, Coco-Glucoside, Dimethyl Mea, Dipotassium Phosphate, Disodium EDTA, DL-
Alfa Tocopherol Acetato, Ethylhexylglycerin, Glaucine, Glycine Soya Protein, Hydrochloric Acid, 
Hydrolysed Rice Bran Protein, Hydrolysed Sodium Hyaluronate, Lactic Acid, Methylsilanol 
Mannuronate, Nicotiana Benthamiana sh-Oligopeptide-2, Nicotiana Benthamiana sh-Polypeptide-45, 
Nicotiana Benthamiana sh-Polypeptide-7, Parfum, PEG-40 Hydrogenated Castor Oil, Phenoxyethanol, 
Pistacia Lentiscus Gum, Polysorbate 20, Potassium Phosphate, Potassium Sorbate, Retinal, Retinol, 
Retinyl Palmitate, Sodium Benzoate, Sodium Chloride, Sodium Cholate, Sodium Citrate, Sodium 
Dextran Sulphate, Sorbic Acid, Superoxide Dismutase, Tocopherol, Triethanolamine, Tromethamine, 
Xanthan Gum. 
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Table S1.2. (continued) 

Code Ingredients 

C10 

Water, Propylene Glycol, Lecithin, Alcohol, PEG/PPG-20/6 Dimethicone, Polymethyl Methacrylate, 
PEG-40 Hydrogenated Castor Oil, 4-Butylresorcinol, Azelaic Acid, Retinol, Ascorbyl Glucoside, Niacin, 
Undecylenoyl Phenylalanine, Glycyrrhetinic  Acid, Diacetyl Boldine, Phenoxyethanol, Citronellyl 
Methylcrotonate, Sodium Cholate, Parfum, Carbomer, Xanthan Gum, Triethanolamine, Tocopheryl 
Acetate, Polysorbate 20, BHT, Ethylhexylglycerin, Sodium Hydroxide, Caprylic/Capric Triglyceride, 
Sodium Chloride, BHA, Hydrochloric Acid. 

C11 

Water, Isostearyl Neopentanoate, Glycerin, Octyldodecanol, Propylene Glycol, Pentylene Glycol, 
Acrylamide, Sodium Acryloyldimethyltaurate Copolymer, Cetearyl Alcohol, Glycine Soya Oil, 
Triethanolamine,  Isohexadecane, Sodium Hyaluronate, Retinol, Retinyl Linoleate, Adenosine, 
Capryloyl Salycylic Acid, Caprylyl Glycol, Polysorbate 80, Phenoxyethanol, Parfum. 

C12 

Water, Glycerin, Dibutyl Adipate, C12-15 Alkyl Benzoate, Cetearyl Alcohol, Dicaprylyl Carbonate, Sodium 
Acrylate/Sodium Acryloydimethyl Taurate Copolymer, Polyisobutene, Ethylhexyl Triazone, 
Phenoxyethanol, Panthenol, Cyclopentasiloxane, Tocopheryl Acetate, Disodium EDTA, Diethylamino 
Hydroxybenzoyl Hexyl Benzoate, Ethylparaben, Methylparaben, Bis-ethylhexyloxyphenol Methoxyphenyl 
Triazine, Parfum, Dimethicone, Sodium Hydroxide, Allantoin, Benzoic Acid, Acrylates/C10-30 Alkyl 
Acrylate Crosspolymer, Caprylyl/Capryl Glucoside, Dehydroacetic Acid, Pyrus Malus Fruit Extract, 
Panicum Miliaceum Extract, Chlorella Vulgaris/Lupinus Albus Protein Ferment, Pectin, Tocopherol, 
Tannic Acid, CI 42051, Potassium Sorbate, Sodium Sulphate. 

C13 

Water, Sesamum Indicum Seed Oil, Glycerin, Decyl Oleate, Glyceryl Stearate Citrate, Cetearyl Alcohol, 
Butyrospermum Parkii Butter, Prunus Amygdalus Dulcis Oil, Sorbitol, Panthenol, Vitis Vinifera Seed Oil, 
Phenoxyethanol, Parfum, Carbomer, Sodium Lactate, Sodium PCA, Disodium EDTA, Ethylhexylglycerin, 
Potassium Sorbate, Sodium Hydroxide, Sodium Hyaluronate, Alcohol, Soluble Collagen, Caprylic/Capric 
Triglyceride, Sodium Benzoate, Pantolactone, Ascorbyl Palmitate, Citric Acid, Fructose, Glycine, Inositol, 
Lactic Acid, Niacinamide, Urea, Ascorbic Acid. 

C14 

Water, Caprylic/Capric Triglyceride, Cocoglycerides, Isopropyl Myristate, Hydroxypropyl Starch 
Phosphate, Candelilla/Jojoba/Rice Bran Polyglyceryl-3 Esters, Glyceryl Stearate, Cetyl Alcohol, 
Cetearyl Alcohol, Lactic Acid, Sodium Stearoyl Lactylate, Sodium Levulinate, Xanthan Gum, Sodium 
Hydroxide, Citrus Aurantium Amara Peel Oil, Sodium Benzoate, Limonene. 



IV. Results and discussion/Chapter 1

69 

REFERENCES

[1] B. Bocca, A. Pino, A. Alimonti, G. Forte, Toxic metals contained in cosmetics: A status
report, Regul. Toxicol. Pharmacol. 68 (2014) 447–467, DOI: 10.1016/j.yrtph.2014.02.003.
[2] M.F. Mesko, D.L.R. Novo, V.C. Costa, A.S. Henn, E.M.M. Flores, Toxic and potentially
toxic elements determination in cosmetics used for make-up: A critical review,
Anal. Chim. Acta 1098 (2020) 1–26, DOI: 10.1016/j.aca.2019.11.046.
[3] M.G. Volpe, M. Nazzaro, R. Coppola, F. Rapuano, R.P. Aquino, Determination and
assessments of selected heavy metals in eye shadow cosmetics from China, Italy, and USA,
Microchem. J. 101 (2012) 65–69, DOI: 10.1016/j.microc.2011.10.008.
[4] Commission Decision of 9 February 2006 amending Decision 96/335/EC establishing an
inventory and a common nomenclature of ingredients employed in cosmetic products
(2006/257/EC), Official Journal of the European Union, L97 (05 April 2006) 1–528.
[5] Regulation (EC) N° 1223/2009 of the European Parliament and of the Council of 30 November
2009 on cosmetic products, Official Journal of the European Union, L342 (01 March 2022) 1–392.
[6] Q. Zeng, A. Zhang, Assessing potential mechanisms of arsenic-induced skin lesions and
cancers: Human and in vitro evidence, Environ. Pollut. 260 (2020) 113919, DOI:
10.1016/j.envpol.2020.113919.
[7] Y. Sun, J. Pi, X. Wang, E.J. Tokar, J. Liu, M.P. Waalkes, Aberrant cytokeratin expression
during arsenic-induced acquired malignant phenotype in human HaCaT keratinocytes
consistent with epidermal carcinogenesis, Toxicology 262 (2009) 162–170, DOI:
10.1016/j.tox.2009.06.003.
[8] J.M. Berlin, J.S. Taylor, J.E. Sigel, W.F. Bergfeld, R.A. Dweik, Beryllium dermatitis, J.
Am. Acad. Dermatol. 49 (2003) 939–941, DOI: 10.1016/S0190-9622(03)01555-X.
[9] G.H. Curtis, Cutaneous hypersensitivity due to beryllium. A Study of Thirteen Cases. Arch.
Derm. Syphilol. 64 (1951) 470–482, DOI: 10.1001/archderm.1951.01570100087014.
[10] B. Björkner, M. Bruze, H. Möller, High frequency of contact allergy to gold sodium
thiosulfate. An indication of gold allergy?, Contact Dermatitis 30 (1994) 144–151, DOI:
10.1111/j.1600-0536.1994.tb00695.x.
[11] F. Larese, A. Gianpietro, M. Venier, G. Maina, N. Renzi, In vitro percutaneous absorption
of metal compounds, Toxicol. Lett. 170 (2007) 49–56, DOI: 10.1016/j.toxlet.2007.02.009.
[12] F. Larese Filon, F. D’Agostin, M. Crosera, G. Adami, M. Bovenzi, G. Maina, In vitro
percutaneous absorption of chromium powder and the effect of skin cleanser, Toxicol. Vitro 22
(2008) 1562–1567, DOI: 10.1016/j.tiv.2008.06.006.
[13] S. Galván-Arzate, A. Santamaría, Thallium toxicity, Toxicol. Lett. 99 (1998) 1–13, DOI:
10.1016/S0378-4274(98)00126-X.
[14] D.E. Engler, Mercury “bleaching” creams, J. Am. Acad. Dermatol. 52 (2005) 1113–1114,
DOI: 10.1016/j.jaad.2005.01.136.
[15] O. Braun-Falco, G. Plewig, H.H. Wolff, W.H.C. Burgdorf, Granulomatous Diseases, in
Dermatology, Springer, Heidelberg, Germany (2000) 1379–1400, DOI: 10.1007/978-3-642-
97931-6_50.
[16] J.L. Stauber, T.M. Florence, B.L. Gulson, L.S. Dale, Percutaneous absorption of inorganic
lead compounds, Sci. Total Environ. 145 (1994) 55–70, DOI: 10.1016/0048-9697(94)90297-6.



IRIA RUJIDO SANTOS 

70 

[17] H.A. Aziz, M.F. Ghazali, Y.T. Hung, L.K. Wang, Toxicity, Source, and Control of Barium
in the Environment, in J.P. Chen, L.K. Wang, M.H.S. Wang, Y.T. Hung, N.K. Shammas (Eds.),
Remediation of Heavy Metals in the Environment, CRC Press, Boca Raton, FL, USA (2016)
463–482, DOI: 10.1201/9781315374536.
[18] Y. Nzengue, R. Steiman, C. Garrel, E. Lefèbvre, P. Guiraud, Oxidative stress and DNA
damage induced by cadmium in the human keratinocyte HaCaT cell line: Role of glutathione in
the resistance to cadmium, Toxicology 243 (2008) 193–206, DOI: 10.1016/j.tox.2007.10.005.
[19] E.S. Blackadder, W.G. Manderson, Occupational absorption of tellurium: a report of two
cases, Br. J. Ind. Med. 32 (1975) 59–61, DOI: 10.1136/oem.32.1.59.
[20] WHO, World Health Organization, Vanadium Pentoxide and Other Inorganic Vanadium
Compounds, Geneva (2001).
[21] Commission Directive 95/45/EC of 26 July 1995 laying down specific purity criteria concerning
colours for use in foodstuffs, Official Journal of the European Union, L226 (22 September 1995) 1–45.
[22] B. Bocca, G. Forte, F. Petrucci, A. Cristaudo, Levels of nickel and other potentially
allergenic metals in Ni-tested commercial body creams, J. Pharm. Biomed. Anal. 44 (2007)
1197–1202, DOI: 10.1016/j.jpba.2007.04.031.
[23] Z. Grosser, L. Davidowski, L. Thompson, The Determination of Metals in Cosmetics,
Perkin Elmer Appl. Note (2011) 1–6.
[24] C.E.R. de Paula, G.F.B. Cruz, C.M.S.P. Rezende, R.J. Cassella, Determination of Cr and
Mn in moisturizing creams by graphite furnace atomic absorption spectrometry through direct
introduction of the samples in the form of emulsions, Microchem. J. 127 (2016) 1–6, DOI:
10.1016/j.microc.2016.01.017.
[25] C.M.A. Iwegbue, F.I. Bassey, G.O. Tesi, S.O. Onyeloni, G. Obi, B.S. Martincigh, Safety
evaluation of metal exposure from commonly used moisturizing and skin-lightening creams in
Nigeria, Regul. Toxicol. Pharmacol. 71 (2015) 484–490, DOI: 10.1016/j.yrtph.2015.01.015.
[26] Y. Gao, Z. Shi, Q. Zong, P. Wu, J. Su, R. Liu, Direct determination of mercury in cosmetic
samples by isotope dilution inductively coupled plasma mass spectrometry after dissolution
with formic acid, Anal. Chim. Acta 812 (2014) 6–11, DOI: 10.1016/j.aca.2014.01.002.
[27] W.N. Chen, S.J. Jiang, Y.L. Chen, A.C. Sahayam, Slurry sampling flow injection chemical
vapor generation inductively coupled plasma mass spectrometry for the determination of trace
Ge, As, Cd, Sb, Hg and Bi in cosmetic lotions, Anal. Chim. Acta 860 (2015) 8–14, DOI:
10.1016/j.aca.2015.01.011.
[28] X. Jia, Y. Han, C. Wei, T. Duan, H. Chen, Speciation of mercury in liquid cosmetic
samples by ionic liquid based dispersive liquid–liquid microextraction combined with high-
performance liquid chromatography-inductively coupled plasma mass spectrometry, J. Anal.
At. Spectrom. 26 (2011) 1380–1386, DOI: 10.1039/C0JA00121J.
[29] L. Sneyers, L. Verheyen, P. Vermaercke, M. Bruggeman, Trace element determination in
beauty products by k0-instrumental neutron activation analysis, J. Radioanal. Nucl. Chem. 281
(2009) 259–263, DOI: 10.1007/s10967-009-0105-8.
[30] I. Rujido-Santos, L. Naveiro-Seijo, P. Herbello-Hermelo, M.C. Barciela-Alonso, P.
Bermejo-Barrera, A. Moreda-Piñeiro, Silver nanoparticles assessment in moisturizing creams
by ultrasound assisted extraction followed by sp-ICP-MS, Talanta 197 (2019) 530–538, DOI:
10.1016/j.talanta.2019.01.068.



CHAPTER 2. METAL CONTENT IN TEXTILE  
AND (NANO)TEXTILE PRODUCTS





IV. Results and discussion/Chapter 2

73 

CHAPTER 2. METAL CONTENT IN TEXTILE  
AND (NANO)TEXTILE PRODUCTS* 

*The results from this chapter have already been published as Iria Rujido-Santos, Paloma
Herbello-Hermelo, María Carmen Barciela-Alonso, Pilar Bermejo-Barrera, and Antonio
Moreda-Piñeiro, Metal Content in Textile and (Nano)Textile Products, Int. J. Environ. Res.
Public Health 19 (2022) 944, DOI: 10.3390/ijerph19020944.

Group of Trace Element, Spectroscopy, and Speciation (GETEE), Institute of Materials 
iMATUS. Department of Analytical Chemistry, Nutrition, and Bromatology. Faculty of 
Chemistry. Universidade de Santiago de Compostela. Avenida das Ciencias, s/n 15782, 
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2.1 ABSTRACT 
Metals, metallic compounds, and, recently, metallic nanoparticles appear in textiles due to 
impurities from raw materials, contamination during the manufacturing process, and/or their 
deliberate addition. However, the presence of lead, cadmium, chromium (VI), arsenic, 
mercury, and dioctyltin in textile products is regulated in Europe (Regulation 1907/2006). 
Metal determination in fabrics was performed by inductively coupled plasma mass 
spectrometry (ICP-MS) after microwave-assisted acid digestion. The ICP-MS procedure has 
been successfully validated; relative standard deviations were up to 3% and analytical 
recoveries were within the 90–107% range. The developed method was applied to several 
commercial textiles, and special attention has been focused on textiles with “nanofinishing” 
(fabrics prepared with metallic nanoparticles for providing certain functionalities). Arsenic 
content (in textile T4) and lead content (in subsamples T1-1, T1-2, and T3-3) were found to 
exceed the maximum limits established by the European Regulation 1907/2006. Although 
impregnation of yarns with mercury compounds is not allowed, mercury was quantified in 
fabrics T1-2, T5, and T6. Further speciation studies for determining hexavalent chromium 
species in sample T9 are necessary (hexavalent chromium is the only species of chromium 
regulated). Some textile products commercialised in Europe included in this study do not 
comply with European Regulation 1907/2006. 

2.2 INTRODUCTION 
Textile products can be contaminated with metals during both production and storage. 
Manufacturers also add intentionally metals or metallic compounds to textile products to 
achieve or improve specific functionalities. As example, approximately 80% of leathers are 
chrome-tanned [1,2], while vanadium, chromium, barium, lead, copper, cobalt, and nickel are 
used in textile dyeing [3,4], and iron and manganese are used in bleaching processes [5,6]. In 
addition, antimony compounds have been demonstrated to enhance the flame retardant 
properties of halogen compounds [7,8]. Similarly, titanium can be present in some textile 
products after the Zirpro process with hexafluorotitanate salts for achieving fire-resistant 
textiles [8,9]. Furthermore, antimony can be an impurity in polyethylene terephthalate (PET) 
fibres since antimony compounds are used as catalysts in PET manufacture [10].  
Currently, the textile industry pays great attention to the possibilities of using metallic 
nanoparticles (NPs) to improve the manufacture of fibres and to obtain fabrics with new or 
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improved properties [11]. A new category has, therefore, been added to textile finishing, called 
“nanofinishing” [12]. The use of titanium dioxide nanoparticles (TiO2NPs) is an example of 
“nanofinishing” to improve the existing textile manufacturing procedures, specifically the 
scouring and bleaching processes of fibres (“nanoscouring” and “nanobleaching”). The 
photocatalytic activity of TiO2NPs leads to a fast degradation (oxidation by the photo-generated 
oxidant radicals •OH, RO•, and RO2• formed on the surface of TiO2NPs under irradiation of 
light) of natural impurities and pigments in fabrics [13,14]. 
New functionalities in textiles which incorporate metallic NPs include self-cleaning 
characteristics (ZnONPs and TiO2NPs) [15,16], hydrophobicity (SiO2NPs and ZnONPs) 
[11,17,18], antibacterial properties (AgNPs, CuONPs, ZnONPs, and TiO2NPs) [11,19,20], UV 
blocking activity (TiO2NPs, ZnONPs, CeO2NPs, and Al2O3NPs) [11,21], and electromagnetic 
wave shielding (Cu-, Ni-, Fe-, and Co-based NPs) [21], among others. 
Information about the composition of fibres is mandatory (European Regulation 1007/2011) 
[22], and the content of several metals is restricted in textile products in Europe. Maximum 
legal concentration of lead, cadmium, chromium (VI), and arsenic (and their compounds) 
in fabrics is 1 µg g−1, except for leather articles coming into contact with skin where 
chromium (VI) content shall not exceed the level of 3 µg g−1. Dioctyltin (DOT) in textile 
products which are in direct contact with the skin cannot exceed 1000 µg g−1. In addition, 
impregnation of yarns with mercury compounds is not allowed [23]. On the other hand, the 
European Commission (2009/567/EC) establishes the ecological criteria for the award of 
the Community Ecolabel for textile products [24]. 
Metals can be released from textile products and can permeate through the skin, reach the 
bloodstream, and accumulate in several organs or tissues. Counter ion, bond type, valence, 
pH [25], and dermal health [26] affect the percutaneous absorption of metals. Moreover, 
recent studies reported possible penetration of metallic NPs through skin, which may pose a 
risk to human health [27,28]. Besides the potential risk of metals and metallic NPs for 
humans, the presence of metallic NPs in textiles could imply a risk to the environment since 
several studies have pointed out their release from fabrics during the laundry [29–34]. 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and total reflection 
X-ray fluorescence spectrometry (TXRF) [35,36] allow for fabric analysis without sample
decomposition. On the other hand, other methods including ICP-MS and inductively coupled
plasma optical emission spectrometry (ICP-OES) [35,37–41] require the application of acid
digestion processes for multi-element determinations. Nitric acid has been commonly used in
the decomposition of fabrics by microwave-assisted acid digestion [35,37–40] and convective
(heating block) digestion [41]. The reported methods demonstrated the ability to digest
efficiently common textiles based on cotton, wool, silk, polyester, flax, and hemp [35,38,39,41]
but not for new fabrics which contain metallic NPs. Thus, more drastic conditions for
microwave-assisted acid digestion (sample pre-treatment) and ICP-MS (analytes
determination) have been proposed as a reliable method for multi-element assessment in textile
products including new fabrics such those based on metallic NPs.

2.3 MATERIALS AND METHODS 

2.3.1 Instrumentation 
Samples and reagents were weighed using an analytical balance ML 204T (Mettler Toledo, 

Columbus, OH, USA). The microwave-assisted acid digestion was performed in 100 mL closed 
Teflon vessels using an ETHOS PLUS microwave lab-station (Milestone, Sorisole, Italy). The 
total metal content was assessed using a NexION® 300X ICP-MS (Perkin Elmer, Waltham, 
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MA, USA) equipped with a SeaFast SC2 DX autosampler (Elemental Scientific, Omaha, NB, 
USA). The nebulisation system consisted of a Meinhard® nebuliser and a cyclonic spray 
chamber thermostated by a Peltier refrigerator. 

2.3.2 Samples 
Type and composition of the studied clothing are listed in Table 2.1. The table also shows 

the number of subsamples for some textiles, as some of them were visually different (made of 
different fibres). 

The textile products studied were bought from online marketplaces except for sample T6 
(men’s cycling culotte) and sample T9 (compression socks with silver ions for diabetic people) 
which were purchased from a local shop and a pharmacy, respectively. All studied garments 
were manufactured in Europe, except T1, T2, and T3 (textile products fabricated in Bangladesh 
by the same company). 

Each garment subsample was cut in pieces (5×5 mm approximately) with ceramic scissors 
and stored in plastic bags at room temperature in the dark. 

Table 2.1. Type of item, number of subsamples, and composition of studied textiles 

Code Subsamples Type Manufacturing Composition  

T1 T1-1; T1-2 Long sleeve shirt Bangladesh 
70% Viscose, 30% Cotton;  
with SOLARSHIELD ZnO®  

(UPF Index: 40+) 

T2 T2-1; T2-2; T2-3 Long sleeve shirt Bangladesh 
65% Polyester, 35% Cotton; 

with SOLARSHIELD ZnO® 
(UPF Index: 40+) 

T3 T3-1; T3-2; T3-3 Long sleeve shirt Bangladesh 
65% Polyester, 35% Cotton; 

with SOLARSHIELD ZnO®  
(UPF Index: 40+) 

T4 -- (a) Socks  Unknown 
(Europe)  

80% Cotton, 13% Polyamide, 
5% Silver, 2% Elastane 

T5 -- (a)  Men’s T-shirt Spain 100% Polyester with silver ions 

T6 -- (a)  Men´s cycling 
culotte Romania 82% Polyester, 18% Elastane; product  

treated with silver chloride (biocide) 

T7 -- (a) Children´s T-shirt Germany 50% Cotton, 50% Cellulose (ModalSun) 
(UPF Index: 30) 

T8 -- (a)  Children´s T-shirt Germany 46% Cotton, 46% Cellulose (ModalSun),   
8% Elastane (UPF Index: 50+) 

T9 -- (a)  Socks Spain 
66% Polyamide, 10% Polyamide  
with silver ions, 24% Elastane 

T10 -- (a)  Headband Czech Republic 
60% Cotton, 32% Polyester  

(Nanosilver®), 8% Elastane (Lycra®) 

T11 -- (a)  Women´s underwear Czech Republic 
52% Polyester (COOLMAX®),  
48% Polyester (Nanosilver®)  

T12 -- (a) Men´s underwear Czech Republic 60% Cotton, 32% Polyester  
(Nanosilver®), 8% Elastane (Lycra®) 

T13 -- (a) Men´s undershirt Czech Republic 52% Polyester (COOLMAX®), 44% Polyester 
(Nanosilver®), 4% Elastane (Lycra®) 

T14 T14-1; T14-2; T14-3 Socks Czech Republic 
55% Cotton, 30% Polyester  

(Nanosilver®), 15% Elastane (Lycra®) 
(a) Only one subsample.

2.3.3 Reagents
18 MΩcm ultrapure water was collected from a Milli-Q® water purification system 

(Millipore, Bedford, MA, USA). 69% Nitric acid (Hiperpur), 33% hydrogen peroxide, 37% 
hydrochloric acid, and 40% hydrofluoric acid were supplied by Panreac (Barcelona, Spain). 
NexIon Setup Solution (10 μg L−1 of U, Pb, Mg, Li, In, Fe, Ce, and Be) and Memory Test 1 
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Solution (1000 mg L−1 of Al, Ca, Fe, K, Mg, Na and 20 mg L−1 of Ag, As, Ba, Be, Cd, Co, Cr, 
Cu, Mn, Ni, Pb, Se, Tl, V, Zn) were purchased from Perkin Elmer. Standards of Ti, Sn, Ge, Rh, 
and In (1000 mg L−1 each) were also from Perkin Elmer. Standards of B, Li, Mo, and Sb (1000 
mg L−1 each) were supplied by Merck (Darmstadt, Germany). Y and Hg (1000 mg L−1 each) 
were purchased from Panreac (Barcelona, Spain) and Scharlau (Barcelona, Spain), respectively. 

2.3.4 Microwave-assisted acid digestion 
Clothing samples (0.2000 g) were placed into PTFE digestion vessels and 8.0 mL of 69% 

nitric acid, 0.5 mL of 33% hydrogen peroxide, 0.5 mL of 37% hydrochloric acid, and 1.0 mL 
of 40% hydrofluoric acid were added. Operating conditions of the microwave-assisted acid 
digestion procedure are detailed in Table 2.2. Digested samples and blanks were made up to 
25 mL with ultrapure water. The samples were digested in triplicate and one blank was 
performed at least for each set of digestions. 

Table 2.2. Operating conditions of microwave-assisted acid digestion of textiles 

Time (min) Temperature (°C) 

0–2 Room temperature–150 

2–7 150 

7–9 150–170 

9–19 170 

19–20 170–200 

20–40 200 

2.3.5 Total metal determination by ICP-MS 
Daily adjustment of ICP-MS parameters such as torch position, quadrupole voltages, and 

nebulisation flow was performed to maximise the sensitivity. This adjustment was carried out 
before the measurement of samples and using a solution of Be, Ce, Fe, In, Li, Mg, Pb, and U 
(1 µg L−1). Operating and acquisition parameters of ICP-MS, as well as monitored ions, are 
listed in Table 2.3. Due to the low sensitivity of arsenic, a longer dwell time (200 ms) than 
that used for the other elements (50 ms) was selected. Polyatomic interferences were 
minimised using helium as a collision gas (either 1.0 mL min−1 or 4.0 mL min−1 flow rate 
depending on the monitored ion, Table 2.3). A solution containing 10 µg L−1 of internal 
standards (Ge, Y, Rh, and In) in 1% nitric acid was mixed with standards and samples by a 
T-shaped plastic piece before their introduction into the nebuliser.

Digested textiles were diluted 10-fold with ultrapure water before analysis except for Zn
determination in T1, T2, and T3 samples (and their respective subsamples), and for Ti 
assessment in all samples (200-fold dilution). Multi-elemental standard addition calibration 
was performed to avoid matrix effects. The standard addition calibration covered the range of 
0–100 µg L−1, except for the quantification of aluminium and iron (range of 0–5000 µg L−1). 
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Table 2.3. ICP-MS conditions for metal assessment in digested clothing samples 

Operating Parameters 

Radiofrequency power (W) 1600 

Plasma gas flow (L min−1) 16

Auxiliary gas flow (L min−1) 1.2

Nebulisation gas flow (L min−1) 0.9–1.1

Collision cell gas  He 

Acquisition Parameters 

Replicates 3

Sweeps/Reading 20

Dwell time per amu (ms) 50 (200 for As) 

Integration time (ms) 1000 (4000 for As) 

Monitored Ions (m/z) 

1.0 mL min−1 He 7Li, 9Be, 55Mn, 63Cu, 98Mo, 107Ag, 111Cd, 138Ba, 202Hg, 208Pb 

4.0 mL min−1 He 49Ti, 51V, 53Cr, 57Fe, 59Co, 60Ni, 66Zn, 75As, 118Sn, 121Sb 

Internal standards 74Ge, 89Y, 103Rh, 115In 

2.4 RESULTS 

2.4.1 Microwave-assisted acid digestion 
Since nitric acid has been found adequate to decompose textiles based on cotton, wool, 

polyester, flax, and hemp [35,38,39,41], a mixture of 69% nitric acid and 33% hydrogen peroxide 
was firstly used for microwave-assisted acid digestion of (nano)textiles (Table 2.1). However, fine 
white particles were observed in all digests, which impairs precision of the ICP-MS measurements. 
Therefore, other mineral acids such as hydrochloric acid and hydrofluoric acid were tested, and 
clear acid digests were obtained when using small volumes of both acids (0.5 and 1.0 mL of 
hydrochloric acid and hydrofluoric, respectively). Finally, a mixture of nitric acid/hydrogen 
peroxide/hydrochloric acid/hydrofluoric acid (8:0.5:0.5:1, volume ratio) was selected, and the 
microwave operating conditions are listed in Table 2.2. 

2.4.2 Limit of detection, precision, and analytical recovery assays 
The 3σ/m and 10σ/m criteria were applied to calculate the limit of detection (LOD) and the 

limit of quantification (LOQ), respectively. Using these criteria, σ is the standard deviation of 
eleven measurements of a blank (1% nitric acid) by ICP-MS, and m is the slope of the standard 
addition calibration. The LODs and LOQs of developed method referred to the textile sample 
mass are shown in Table 2.4. LOQs ranged between 0.00427 (beryllium) and 6.33 µg g−1

(titanium). The high LOQ value for titanium was attributed to the high dilution required (1:200) 
for its analysis. 

The precision of ICP-MS determinations for each element was evaluated by the relative 
standard deviation (RSD) of eleven measurements of an acid digest. RSDs for metal 
concentrations were within the range of 1–3% (Table 2.4), showing good precision for ICP-MS 
quantification. 

The accuracy of ICP-MS assessments was based on the analytical recovery approach at several 
concentration levels by spiking acid digests at the selected metal concentrations (Table 2.4). Each 
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spiked digest was analysed eleven times and analytical recoveries ranging from 90 to 107% were 
obtained (Table 2.4), which implies accurate ICP-MS determinations. 

Table 2.4. Methodology validation 

LODmethod 
(µg g−1) 

LOQmethod 
(µg g−1) 

(Concentration)added  
(µg L−1)  

Analytical  
recovery (%) 

RSD (%) 

Li 0.00324 0.0108 0.25, 0.50, 1.0 90 ± 3 1 

Be 0.00128 0.00427 0.25, 0.50, 1.0 103 ± 6 2 

Ti 1.90 6.33 1.0, 5.0, 10 92 ± 6 1 

V  0.00322 0.0107 0.25, 0.50, 1.0 97 ± 4 2 

Cr  0.0176 0.0588 0.25, 0.50, 1.0 95 ± 6 3 

Mn 0.00236 0.00788 0.50, 1.0, 5.0 91 ± 5 1 

Fe 0.136 0.455 12.5, 25.0, 50.0 91 ± 6 1 

Co 0.00151 0.00505 0.25, 0.50, 1.0 96 ± 4 1 

Ni 0.0107 0.0356 0.25, 0.50, 1.0 97 ± 5 2 

Cu  0.00977 0.0326 5.0, 10, 25 97 ± 2 1 

Zn 0.138 0.459 1.0, 5.0, 10 96 ± 4 1 

As 0.0143 0.0476 0.25, 0.50, 1.0 94 ± 6 2 

Mo 0.00249 0.00829 0.25, 0.50, 1.0 99 ± 3 1 

Ag 0.0119 0.0397 25, 50 106 ± 4 1 

Cd 0.00383 0.0128 0.25, 0.50, 1.0 101 ± 3 1 

Sn 0.0101 0.0335 1.0, 5.0, 10 104 ± 4 1 

Sb 0.0134 0.0447 10, 25, 50 95 ± 3 3 

Ba 0.00567 0.0189 1.0, 5.0, 10 101 ± 4 1 

Hg 0.0240 0.0800 1.0, 5.0, 10 107 ± 6 2 

Pb 0.00479 0.0160 0.25, 0.50, 1.0 99 ± 2 1 

2.4.3 Metal content in the analysed textiles 
Metal content in the studied textile products assessed by ICP-MS after a microwave-

assisted acid digestion is shown in Table 2.5.  
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2.5 DISCUSSION 
Despite the fact that the fabrics were manufactured in several European countries and some of them 
(T1, T2, and T3) in Bangladesh, most of the metal levels were found to be similar in all textile 
samples. The presence of some metals can be directly related to their use (or their compounds´ usage) 
during fabrics production and/or functionalisation. However, some metals such as beryllium, 
mercury, and cadmium were detected at trace levels in some samples even though they have not 
been reported to have a specific role in the textile industry. Beryllium (concentrations lower than 
0.0300 µg g−1), mercury (concentrations between 0.0818 and 0.375 µg g−1), and cadmium 
(concentrations from 0.103 to 0.319 µg g−1) were found, and their presence in some garments could 
imply contamination during the manufacturing, storage and/or selling of textiles. Beryllium 
concentrations in the analysed samples were lower than those reported by Rezyć et al. [38] in samples 
processed in the Croatian textile industry. 
The presence of other metals in textiles can be related to their use in some stages of the production. 
This is the case of lithium (concentrations within the range of 0.109–0.699 µg g−1) since lithium 
grease is one of the most widely used lubricants in industry worldwide, and the use of lithium 
grease in mechanical devices during the manufacturing of garments could contaminate textiles 
with this metal. 

2.5.1 Metals used in the dyeing process 
The presence of metals in textiles can be directly related to the dyeing process. That is the 

case of vanadium, since vanadium compounds are used as catalysts in the production of aniline 
black dye (CI 50440) [42,43]. Vanadium was detected in most of samples, and the range of 
concentrations was 0.0160–0.256 µg g−1 where samples made of black fibres showed the 
highest vanadium content [T4 (0.123±0.0167 µg g−1), T6 (0.256±0.0294 µg g−1), and T9 
(0.143±0.0000797 µg g−1)]. Another example is chromium, because several chromium-based 
dyes, such as chrome complexes with salicylic acid-based dyes (Mordant Yellow 1 and Mordant 
Yellow 5) give rise to mainly yellow and orange colours. In addition, Mordant Red 7, Mordant 
Red 19, Mordant Black 3, Mordant Black 9, Mordant Black 11, and Mordant Blue 13 dyestuffs, 
obtained by chroming aryl azo compounds, are also used in the textile industry [3,44]. 
Chromium was, therefore, quantified in all samples, except T1-1, and chromium concentration 
was within the range of 0.156–1.03 µg g−1, except in textile coded as T9, which showed a very 
high chromium content (974±6.01 µg g−1). Except for this sample (T9), similar concentrations 
were obtained by Menezes et al. [37] in textile samples produced in Brazil and China. 

In addition, barium sulphate (whitening colourant) and barium pigments can be used in the 
textile industry. Most of the analysed samples were found to contain barium, such as textiles 
T2-3 (53.9±4.82 µg g−1) and T13 (0.758±0.117 µg g−1) that contained the highest and lowest 
concentrations, respectively. Similarly, lead white and lead chromate pigments are also used in 
the textile industry [45]. Lead concentrations varied between 0.165 and 1.39 µg g−1. 

Other metals such as copper, cobalt, and nickel are also used during the dyeing process as 
mordants [3]. This is the case of cobalt and nickel chlorides, as well as copper (I, II) sulphates 
[46]. These elements were in the studied samples at the concentration ranges as follows: cobalt 
from 0.00561 to 3.21 µg g−1, nickel between 0.0383 and 0.341 µg g−1, and copper in the range 
of 0.361–41.1 µg g−1. The concentrations of these elements were lower than those previously 
reported in the literature [37–39]. Similarly, stannous chloride is also used as a mordant in 
dyeing procedures [46], and certain organotin species have been reported as biocides in textile 
products [47]. Sixteen studied samples were found to contain tin which ranged from 0.0556 to 
0.255 µg g−1, except for textile T4 (5.34±0.199 µg g−1) and textile T9 (1.26±0.0630 µg g−1). 
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2.5.2 Metals used in the bleaching process 
Iron can be used to form metal-complex dyes [3,46,48] but it is also used as a catalyst in 

the bleaching process [5,6] (hydrophobic components removal guarantees an optimum further 
dyeing). All studied textile samples have been found to contain iron, and textile T4 was the one 
with the highest level (57.1±3.67 µg g−1). Furthermore, the presence of manganese in textiles 
is also related to the bleaching stage since several manganese complexes are used as catalysts 
to enhance this process [6]. Regarding manganese, textile samples coded as T6 and T4 showed 
the highest concentrations (85.1±3.76 and 25.0±1.10 µg g−1, respectively). The concentration 
of manganese in the remaining samples was in the range of 0.171–7.20 µg g−1. 

2.5.3 Metallic NPs in the textile industry 
Titanium dioxide is broadly used as delustering agent in synthetic fibres to reduce the lustre 

and transparency of yarns [49]. Furthermore, hexafluorotitanate salts [8,9,50] and TiO2NPs [51,52] 
can be used to achieve anti-flammable textiles. Besides, TiO2NPs provide self-cleaning [16,53–56], 
ultraviolet protection [56,57], and antibacterial activity [56–58] to fabrics. In addition, titanium and 
titanium dioxide (bulk and nanoparticulate) are whitening colourants. In general, titanium 
concentrations in the studied textiles ranged between 156 (T1-2) and 6223 (T6) µg g−1. 

Samples coded as T7 and T8 were purchased from the same manufacturer (e-market) who 
specified that TiO2NPs were added to these textile products (children’s T-shirt) to obtain 
protection against ultraviolet radiation (Table 2.1). It was found that titanium concentrations 
were 2590±20 and 2949±67 µg g−1 for T7 and T8, respectively. 

The manufacturers of the remaining samples did not specify the addition of titanium, which 
could mean that titanium was used to enhance fire retardation or opacity of fibres. Moreover, 
titanium could be present in these samples since they contain totally or partially white fibres 
(bulk titanium dioxide and TiO2NPs provide brightness and opacifying characteristics). 
Samples T10, T11, T12, T13, and T14 (T14-1, T14-2, and T14-3) were all-white clothes. 
Sample T6 was the sample with highest concentration of titanium, and it was half white and 
half black (one colour in each side of the piece of garment). In addition, titanium was present 
in T1-2, T2-2, T2-3, T3-2, and T3-3 which were subsamples that contain white fibres mixed 
with coloured fibres. 

Regarding zinc, textiles coded as T1, T2, and T3 were purchased from the same 
manufacturer who specified that these garments contained ZnONPs (Table 2.1) to provide UV 
protection [59]. Therefore, these textiles showed very high zinc concentrations, ranging from 
280 to 873 µg g−1. Zinc content in the remaining textiles was slightly lower than those levels 
found in samples T1 to T3, varying between 0.668 and 5.68 µg g−1. 

Finally, several manufacturers of the studied textiles have specified the presence of silver 
ions or AgNPs in the garments since silver compounds offer biocide properties to the textiles 
[60]. In accordance with textile compositions given by the manufacturers, silver ions were 
present in the samples T4, T5, T6, and T9, whereas AgNPs were added to textiles T10, T11, 
T12, T13, and T14 (T14-1, T14-2, and T14-3) (Table 2.1). Silver concentrations in the above-
mentioned samples ranged between 0.436 (T11) and 31.2 µg g−1 (T5). In addition, another two 
samples (T1-1 and T2-1) were found to contain silver, although silver ions/NPs were not listed in 
the textile composition. 

2.5.4 Other uses of metals in the textile industry 
The presence of metals such as molybdenum and antimony is related to their use in flame 

retardant formulations [7,8,61]. Molybdenum was quantified in twelve samples at concentrations 
lower than 0.600 µg g−1. The levels of Mo in the samples were lower than those reported by 
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Rezyć et al. [38] whose found Mo concentrations between 0.04 and 9.93 µg g−1 in textile 
samples. However, antimony was present at high concentrations (0.301 to 218 µg g−1). As 
previously commented, high antimony concentrations in polyester fibres can be due to its use in 
the fabrication of polyethylene terephthalate (the most common type of polyester used in 
garments) [10]. A direct relationship was found between the presence of antimony and the 
percentage of polyester in the samples, and samples with higher polyester percentages than 50% 
(Table 2.1) were those with the highest antimony levels (higher than 100 µg g−1, samples T2-2, 
T2-3, T3-2, T3-3, T5, T6, T11, and T13). 

Arsenic compounds are effective insecticides and herbicides and the use of organoarsenicals is 
a common practice to control weeds in cotton fields and as defoliants of cotton plants [62]. Arsenic 
was, therefore, found in six cotton-based textile samples (T2-3, T3-2, T3-3, T4, T14-1, and T14-3) 
and in one non-cotton-based fabric (T11) (Table 2.1). The concentration of arsenic in the studied 
textiles varied between 0.0556 and 0.250 µg g−1, except for sample T4 (15.8±0.920 µg g−1), where 
high arsenic levels could be associated with high cotton percentage (80%) in the garment. 

2.6 CONCLUSIONS 
A microwave-assisted acid digestion procedure using a mixture of nitric acid, hydrogen 
peroxide, hydrochloric acid, and hydrofluoric acid has found adequate for decomposing a vast 
variety of textiles and (nano)textiles. ICP-MS multi-element determinations were found to be 
accurate (analytical recoveries within the range of 90–107%) and precise (RSDs varied between 
1 and 3%). 
The content of cadmium, lead, chromium (VI), arsenic, mercury, and dioctyltin in fabrics is 
regulated in Europe (Regulation 1907/2006). The concentration of arsenic found in textile T4 
(15.8±0.920 µg g−1) exceeded the maximum legal concentration of arsenic in textile products 
manufactured in Europe (1 µg g−1). Subsamples T1-1, T1-2, and T3-3 showed concentrations 
of lead which were close to the maximum legal limit or over it, 1 µg g−1 (1.04±0.0584, 
1.20±0.179, and 1.39±0.0751 µg g−1, respectively). Impregnation of yarns with mercury 
compounds is not allowed, but mercury was found in fabrics T1-2 (0.375±0.0462 µg g−1), T5 
(0.0818±0.00544 µg g−1), and T6 (0.157±0.00597 µg g−1). 
On the other hand, speciation studies are necessary in the analysis of chromium. Hexavalent 
chromium is the only chromium species regulated in textile products, and its maximum 
allowable concentration is 1 µg g−1. Total concentrations of chromium in textiles T4 and T6 
were just in the maximum legal limit of hexavalent chromium, whereas sample T9 was over it 
(974±6.01 µg g−1). 
Regarding metals such as silver, titanium, and zinc, which are mainly added as NPs (AgNPs, 
TiO2NPs, and ZnONPs) in functionalised (nano)textiles, high levels have been found in some 
garments which were reported to contain NPs by the manufacturers. Further studies would be 
welcome in order to characterise the particle size distribution as well as the release of these 
metallic NPs under conventional washing (laundry) conditions.  
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CHAPTER 3. SILVER NANOPARTICLES  
ASSESSMENT IN MOISTURISING CREAMS  
BY ULTRASOUND-ASSISTED  EXTRACTION  

FOLLOWED BY spICP-MS* 

*The results from this chapter have already been published as Iria Rujido-Santos, Lucía
Naveiro-Seijo, Paloma Herbello-Hermelo, María Carmen Barciela-Alonso, Pilar Bermejo-
Barrera, and Antonio Moreda-Piñeiro, Silver nanoparticles assessment in moisturizing creams
by ultrasound assisted extraction followed by sp-ICP-MS, Talanta 197 (2019) 530–538, DOI:
10.1016/j.talanta.2019.01.068.

Group of Trace Element, Spectroscopy, and Speciation (GETEE), Strategic Grouping in 
Materials (AEMAT). Department of Analytical Chemistry, Nutrition, and Bromatology. 
Faculty of Chemistry. Universidade de Santiago de Compostela. Avenida das Ciencias, s/n 
15782, Santiago de Compostela. Spain. 

3.1 ABSTRACT 
Advances on nanometrology require reliable sample pre-treatment methods for extracting/isolating 
nanoparticles from complex samples. The current development deals with a discontinuous 
ultrasonication method (60% amplitude, 15 cycles of ultrasound treatment for 59 s plus relaxing 
stage for 59 s, 20 mL of methanol) for a fast and quantitative extraction of silver nanoparticles 
(AgNPs) from moisturising creams. Possibilities offered by modern inductively coupled plasma 
mass spectrometry (ICP-MS), which allows ‘single particle’ assessment (spICP-MS) have been used 
for AgNPs assessment (AgNPs concentration and Ag size distribution). The relative standard 
deviation (RSD) of the overall procedure (AgNPs concentration in eleven extracts from a same 
cream) was found to be 5%; whereas, the analytical recovery for spiking experiments with AgNPs 
of 20, 40, and 60 nm was found to be within the 90–109% range. The limit of quantification in 
AgNPs concentration was established at 8.25×105 AgNPs g-1, whereas the limit of detection in size 
was found to be within the 5–13 nm range (several equations were used for the calculation). Finally, 
moisturising creams prescribed for atopic dermatitis and also regular moisturising creams were 
analysed for total Ag, and for AgNPs characterisation (AgNPs concentration and AgNPs size 
distribution) by spICP-MS. Electronic microscopy was also used for comparative (qualitative) 
purposes. 

3.2 INTRODUCTION 
The first scientific publication on nanomaterials (NMs) dates back to the 1950s. However, the 
production and use of NMs has increased drastically in recent years [1]. Based on the existing 
European Commission recommendation of nanomaterial definition, a nanomaterial can be 
described as a natural, incidental or manufactured material which contains at least 50% of 
particles with one or more dimensions between 1 and 100 nm [2]. This definition is also 
encompassed in the specific European Commission regarding cosmetic products monitoring [3]. 
NMs can be classified according to parameters such as chemical structure (organic or inorganic 
NMs), source (natural or engineered NMs), size, and application, among other criteria [4,5]. 
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Physical and chemical properties of NMs are different from those found in bulk material. The 
high specific surface exhibited by NMs is responsible for their high reactivity and their potential 
use as catalysts [6]. Differences from bulk materials are also found in mechanical (hardness and 
elasticity) and optical properties of NMs [5,7], the latter attributed to electronic confinement, 
which changes light absorption properties due to plasmon resonance. Plasmon resonance occurs 
when electromagnetic radiation impacts on a metal nanoparticle that causes the oscillation of 
the free conduction electrons with the same frequency of the incidental field [8]. In addition, 
electron confinement also makes certain metallic nanoparticles such as quantum dots (QDs) 
exhibit fluorescent properties [7]. 
The innovative properties of NMs make them appealing materials for a large number of 
applications: food industry (additives and food packaging), coatings, explosives, electronics 
(fuel cells, batteries, light sources), catalysts, bioremediation, paints, cosmetics, textiles [5], 
medicine (diagnosis, imaging [9], and drug delivery [10]), and wastewater treatment [11]. Silver 
nanoparticles (AgNPs) are among the most widely used nanoparticles in several sectors of 
industry mainly because of their antiseptic properties against bacteria, [12] fungi [13], and 
viruses [14], making them useful in foodstuffs, food packaging, nutritional supplements, textiles, 
medical products and devices (breathing masks, catheters, bandages), personal care products, 
disinfectants, coatings for refrigerators, detergents, air cleaners, among others [15–17]. 
According to the “The Nanodatabase” [18] and the European Union Observatory of 
Nanomaterials (EUON) [19] inventories, there are currently 3035 consumer products containing 
NPs available in the European market, and 379 products are modified with AgNPs. 
The modification of cosmetics with NPs must be reported to the European Commission six 
months prior to being placed on the market (Article 16, EC/1223/2009 [3]). According to this 
regulation, the use of AgNPs in cosmetics is forbidden. Elemental silver (E174) used as 
colourant, and silver chloride, combined with titanium dioxide, used as preservative [maximum 
concentration of 0.004% (w/w)], are the allowed silver species (Annex IV and Annex V, 
EC/1223/2009 [3]). There are, however, creams in which the presence of AgNPs is allowed, and 
they are prescribed as medicaments for treating bacterial infections in atopic dermatitis [20]. 
Total silver determination in moisturising creams is therefore not enough to verify the absence 
of AgNPs since ionic silver is allowed to be present in cosmetics [3]. Reliable methodologies 
for AgNPs assessment (AgNPs concentration and size distribution) in cosmetics are needed for 
verifying if the products comply with the regulation.  
Electron microscopy (scanning and transmission electron microscopy, SEM and TEM), atomic 
force microscopy (AFM), scanning tunnelling microscopy (STM), dynamic light scattering 
(DLS), and X-ray spectroscopy (X-ray absorption, X-ray fluorescence, X-ray diffraction, and 
X-ray photoelectron spectroscopy, XAS, XRF, XRD, and XPS) provide qualitative
information (physical properties and chemical composition) of NPs [5]. However, quantitative
information can only be assessed with techniques such as inductively coupled plasma mass
spectrometry (ICP-MS), graphite furnace atomic absorption spectroscopy (GFAAS), and
inductively coupled plasma optical emission spectroscopy (ICP-OES) [5]. Nevertheless, these
techniques do not distinguish between dissolved species and nanoparticles of a certain metal.
Metallic speciation can be achieved by coupling these detectors with separation techniques
such as asymmetric flow field-flow fractionation (AF4), size exclusion chromatography
(SEC), hydrodynamic chromatography (HDC), reversed phase high performance liquid
chromatography (RP-HPLC), and capillary electrophoresis (CE) [5]. Single particle
inductively coupled plasma mass spectrometry (spICP-MS) is a promising technique for
analysing complex samples that contain NPs without a previous separation step. The
theoretical basis of spICP-MS was outlined by Deguelde et al. [21–25], and recently reviewed
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by Laborda et al. [26]. Single particle-ICP-MS provides metallic NP size distributions and 
information about NP concentration [27]. The possibilities of spICP-MS using modern 
instrumentation allowing short dwell times for data acquisition (lower than 100 µs) [28] have 
been investigated in the current work for AgNPs assessment in moisturising creams. Special 
attention has focused on performing a reliable and fast sample pre-treatment for AgNPs 
isolation, guaranteeing the integrity of the targets. 

3.3 EXPERIMENTAL 

3.3.1 Instrumentation 
An Inductively Coupled Plasma Mass Spectrometry NexION® 300X model (Perkin Elmer, 

Waltham, MA, USA) equipped with a Meinhard® nebuliser and a cyclonic spray chamber, and a 
SeaFast SC2 DX autosampler (Elemental Scientific, Omaha, NB, USA) was used for total Ag 
determination. The same instrument was also used for AgNPs assessment using the SyngistixTM 
Nano Application software version 1.1. A VCX 130 model ultrasonic probe (net power output of 
130W and frequency of 20 kHz) from Vibra-CellTM (Sonics & Materials Inc., Newtown, CT, 
USA) was used for achieving a rapid extraction of AgNPs from cosmetic samples. An Ethos Plus 
microwave lab-station (Milestone, Sorisole, Italy) with 100 mL closed Teflon vessels and Teflon 
covers, HTC adapter plate and HTC safety springs (Milestone) was used for assisting the acid 
digestion procedure of moisturising creams. A JSM 6400 scanning electron microscope (SEM) 
and a JEM 1010 transmission electron microscope (TEM) from JEOL (Tokyo, Japan) were used 
for comparative purposes (SEM/TEM images and microanalysis). A Nevir 6223MG domestic 
microwave oven (Madrid, Spain), programmable for time and a maximum microwave power of 
700 W, was used for methanol extract acid digestion in laboratory-made poly(tetrafluorethylene) 
(PTFE) bombs hermetically sealed (low-pressure acid digestion). A Raypa UCI–150 ultrasonic 
cleaner water-bath (ultrasound frequencies of 17 and 35 kHz, 325 W) from R. Espinar S.L. 
(Barcelona, Spain) was used for assisting extract oxidation before SEM/TEM analysis. 

3.3.2 Reagents 
Ultrapure water of 18 MΩcm resistivity was obtained from a Milli-Q® water purification 

system (Millipore, Bedford, MA, USA). Certified reference material NIST 8013 of gold 
nanoparticles of 60 nm nominal diameter was purchased from National Institute of Standards 
and Technology (Gaithersburg, MD, USA). Certified reference materials of silver 
nanoparticles of 20 nm (0.02 g L-1, 4.5×1014 NPs L-1), 40 nm (0.02 g L-1, 5.7×1013 NPs L-1), 
and 60 nm (0.02 g L-1, 1.7×1013 NPs L-1) nominal diameters in aqueous (sodium citrate buffer) 
were supplied by Sigma-Aldrich (San Louis, MO, USA). 99.5% Glycerol was also from Sigma 
Aldrich. Methanol (Chromasolv LC-MS) and isopropanol were supplied by Riedel-de Haën 
(Seelze, Germany) and Merck (Darmstadt, Germany), respectively. Nitric acid (Hiperpur, 
69%), and 33% hydrogen peroxide were from Panreac (Barcelona, Spain). NexIon Setup 
Solution (10 μg L-1 of Be, Ce, Fe, In, Li, Mg, Pb, and U in 1% HNO3), and NexION Setup 
Solution (1 μgL-1 of Be, Ce, Fe, In, Li, Mg, Pb, and U in 1% HNO3) were purchased from 
Perkin Elmer. Rhodium internal standard (1000 mg L-1 in 5% HNO3) and Ag stock standard 
solution (1000 mg L-1 in 0.5 M HNO3) were from Merck.  

3.3.3 Moisturising cream samples 
Samples used in the current study consist of three creams prescribed for atopic dermatitis 

(coded as MC1, MC2, and MC3), one of them bought in a pharmacy, and two purchased online. 
The remaining samples (coded as MC4 to MC13) were moisturising creams purchased from 
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local shops in Santiago de Compostela. Composition of samples regarding base compounds 
was quite similar in all of them, and water, glycerine and/or glycerine derivatives, and seed oils 
were present (concentrations were not available in the labels). However, other several organic 
compounds were quite different in the analysed samples. The three creams prescribed for atopic 
dermatitis listed the presence of silver in the composition, although there was not information 
regarding the nature (nano and/or bulk) of silver. 

To avoid errors derived from possible AgNPs oxidation and/or degradation, and as 
previously recommended when determining TiO2NPs in sunscreens [29], the upper surface of 
the cream was removed before each sampling stage (before each opening of the bottle or jar). 
In addition, samples were hermetically sealed and kept at 4°C after they were opened. 

3.3.4 Microwave-assisted acid digestion of moisturising creams 
Moisturising creams (approximately 0.2000 g) were weighed into a PTFE digestion vessel, 

and 4.0 mL of ultrapure water, 3.0 mL of 69% nitric acid, and 1.0 mL of 33% hydrogen peroxide 
were added to each vessel. The digested cosmetic samples (microwave operating conditions 
can be found in Table 3.1) were diluted to 25 mL with ultrapure water. Each cream sample was 
subjected to the microwave-assisted acid digestion process in triplicate, and at least two blanks 
were prepared in each microwave-assisted acid digestion set. 

Similarly, microwave-assisted acid digestion (use of a domestic microwave oven and 
low-pressure reactors) was applied to the methanolic extracts obtained from moisturising 
creams after applying the proposed ultrasound-assisted extraction procedure (verification if 
the extractions of AgNPs were quantitative). In this case, volumes of 0.5 mL of the methanolic 
extracts were mixed with 1.0 mL of 69% nitric acid, and 0.5 mL of 33% hydrogen peroxide, 
and subjected to microwave treatment (300 W) in six cycles of 1 min of irradiation plus 5 min 
of cooling. The digests were further diluted to 5 mL with ultrapure water before ICP-MS 
determination. 

Table 3.1. Microwave-assisted acid digestion program  

Moisturising cream samples 

Step Time (min) Temperature (°C) Power (W) 

1 0–2 Room temperature–90 1000

2 2–7 90–140 1000

3 7–12 140–200 1000

4 12–27 200 1000

3.3.5 Ultrasound probe-assisted AgNPs extraction from moisturising creams 
Approximately 0.1000 g of sample was mixed with 20 mL of methanol into 50 mL plastic 

tubes. The tubes were then placed in an ice-bath, and ultrasonication (power of the sonicator 
set at 60% amplitude) was performed for 15 min using discontinuous sonication (15 cycles of 
ultrasound treatment for 59 s plus a relaxing stage for 59 s). After AgNPs extraction/sample 
solubilisation, the extracts were kept in amber glass bottles at 4°C. Samples (or each set of 
experiments) were performed in triplicate, and two different blanks were performed for each 
set of samples and extraction conditions. The proposed sample pre-treatment was found 
efficient (clear extracts) for most creams under study, except for sample coded as MC3, which 
required a centrifugation stage for insoluble residue removal. 
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3.3.6 Total Ag determination in digests from moisturising creams by ICP-MS 
Acid digests from moisturising creams were diluted (1:10 dilution) with ultrapure water 

before ICP-MS determination. The adjustment of the torch position, the nebulisation flow, the 
optic lens, and the quadrupole voltages were performed before measurements. Determinations 
(107Ag m/z ratio) were carried out by using the standard addition method covering Ag 
concentrations within the 0–200 µg L-1 range, and 103Rh (10 µg L-1) was used as an internal 
standard. The helium flux in the collision cell was 1.0 mL min-1 for minimising the polyatomic 
interferences. Other ICP-MS operating conditions are listed in Table 3.2. 

The limit of detection (LOD) and limit of quantification (LOQ) were calculated based on the 
3σ/10σ criteria (σ is the standard deviation of eleven measurements of a blank), using the standard 
addition slope to obtain LOD/LOQ as Ag concentrations. Values were 0.019 and 0.063 µg g-1 for 
LOD and LOQ, respectively. 

Table 3.2. ICP-MS operating conditions for total Ag determination in acid digests and methanolic extract 
digests from moisturising creams 

Operating ICP-MS conditions 

Radiofrequency power 1600 W 

Gas flows  

Nebulisation 0.84 L min-1 

Auxiliary 1.2 L min-1 

Plasma 16 L min-1 

KED Cell gas A (He) 1.0 mL min-1 

m/z ratio 
Ag 106.905

Rh (internal standard) 102.906 

3.3.7 Assessment of AgNPs in moisturising creams by spICP-MS 
Instrumental ICP-MS parameters were adjusted using a tuning solution containing 10 µg L-1 

of silver together with Be, Ce, Fe, In, Li, Mg, Pb, and U (1 µg L-1). The flow rate and the transport 
efficiency (TE%) were further calculated, the latter automatically given by the SyngistixTM Nano 
Application software after introducing an Au (60 nm) suspension of 518 ng L-1 particle number 
concentration (prepared from NIST 8013). TE% calculation was based on the particle frequency 
method developed by Pace et al. [30], by measuring the pulse frequency of a nanoparticle 
suspension, and knowing previously the particle number concentration of the suspension and the 
sample flow rate. Valid values of TE% were within the 2–3% range. 

A dissolved (ionic) silver aqueous calibration within the 0–20 μg L-1 range was performed 
using standard solutions. As pointed out by Pace et al. [30], aqueous calibration for assessing 
metallic NPs can be used when TE% and the sample flow rate are previously known. 
Methanolic extracts were 1:40 diluted with 1.0% (w/v) glycerol, and solutions were subjected 
to ultrasound energy (ultrasound water-bath, 45 kHz, 120 W) for 5 min before spICP-MS 
measurements (operating conditions summarised in Table 3.3). 
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Table 3.3. spICP-MS operating conditions for AgNPs determination 
in methanolic extracts from moisturising creams

Operating ICP-MS conditions 
Radiofrequency power 1600 W 

Gas flows  
Nebulisation 0.87 L min-1 
Auxiliary 1.2 L min-1 
Plasma 16 L min-1 

Operating parameters regarding single particle measurements 
Analyte Ag
m/z ratio 106.905 
Density 10.49  g cm-3 
Mass fraction 100% 
Ionisation efficiency 100% 
Sample flow rate 0.45–0.49 mL min-1 
Dwell time 100 µs 
Sampling time 100 s 
Mode Standard
Cell gas  0 mL min-1 
RPa 0
RPq 0.5
Number of scanning 1 
Number of readings 1000000 
Replicates 3

3.3.8 Ultrasound water-bath oxidative treatment of methanol extracts from 
moisturising creams for SEM/TEM analysis 
Co-extracted organic matter from moisturising cream samples was removed/diminished by 

applying a digestion procedure with hydrogen peroxide. The procedure consisted of treating 4.0 
mL of methanolic extracts from moisturising creams with 0.3 mL aliquots of 33%(v/v) 
hydrogen peroxide under ultrasounds (ultrasound water-bath) for 15 min. The procedure was 
repeated eight times by adding fresh 33% (w/v) hydrogen peroxide (0.3 mL) each time. Clean 
extracts were then subjected to SEM/TEM analysis. 

Because of this treatment could change the particle size distribution of extracted AgNPs, 
studies regarding the effect of hydrogen peroxide and ultrasounds were carried out by 
subjecting AgNPs solutions (40 nm AgNPs, 2.5 µg L-1 as Ag) and methanolic extracts from 
a moisturising cream (MC3) to the proposed procedure in triplicate. Solutions before and after 
hydrogen peroxide treatment were further analysed by spICP-MS. AgNPs size distribution 
(mean size and most frequent size), as well as AgNPs concentration (AgNPs per mL), and 
ionic Ag concentrations, are displayed in Supplementary Information. Results (Figure S3.1, 
Supplementary Information) have shown similar AgNPs concentrations and mean size for 
treated and untreated moisturisers, although ionic Ag increased slightly in methanolic extracts 
after the oxidative process (from 1.7±0.06 µg L-1 in untreated samples to 2.4±0.48 µg L-1 in 
treated samples). Regarding 40 nm AgNPs standards, similar AgNPs mean sizes were 
observed for untreated and treated aqueous standards. However, ultrasound-hydrogen 
peroxide oxidation implied a slight reduction (approximately 12%) of AgNPs concentration 
(from 1.5×109±2.7×108 AgNPs mL-1 in untreated samples to 9.4×108±8.7×107 AgNPs mL-1 
in treated samples). 

Although the AgNPs concentration has been found to change, the proposed ultrasound/ 
hydrogen peroxide treatment for organic matter removal has been needed for obtaining clean 
extracts for SEM/TEM analysis. These image-based techniques have been found to be useful for 
verifying the presence and nature of NPs in the methanolic extracts from moisturisers under study. 
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3.3.9 SEM/TEM analysis 
Regarding SEM, a drop (10 µL) of clean methanol extracts was deposited onto a carbon-

coated copper grid, wicked using filter paper, and air-dried at room temperature. Particle sizes 
and shapes were analysed at acceleration voltage of 200 kV, dwell time of 5 µs, and 
magnifications of 10×103 to 35×103. Elemental compositions were determined by energy-
dispersive X-ray spectroscopy (EDX). 

Similarly, methanol drops (10 µL) was deposited on carbon-coated grids and allowed to 
dry at room temperature before TEM-EDX assessment (operating voltage of 80 kV). 

3.4 RESULTS 

3.4.1 Selection of extraction/solubilisation solvent 
Preliminary experiments were performed to select the best solvent for the treatment of 

moisturising cream samples. Water [29,31] and organic solvents such as methanol [32], ethanol 
[31,33], hexane [29,34], and chloroform [31] have been proposed for TiO2NPs extraction from 
sunscreens. Some procedures involve ultrasonication [29], although most developments are 
based on mechanical shaking and/or sonication [34] and direct dilution [33]. The extracts were 
found to be adequate for TiO2NPs assessment by microscopy-based techniques [31–33] and 
also by AF4 [29,34]. 

First attempts consisted of using methanol as a solvent, and mechanical stirring and 
sonication in a water-bath for assisting the extraction process. However, turbid extracts were 
obtained, even using treatment times of 60 min, which meant the use of a further centrifugation 
stage. Quite less turbid extracts were obtained when using the ultrasound probe as an assistance 
method. 

Therefore, the use of ultrasonication was fully studied for AgNPs extraction in creams 
by testing methanol, and also water and isopropanol as solvents. The best preliminary results 
were obtained when using methanol. Water did not allow an efficient sample solubilisation, 
and a centrifugation step was needed to remove insoluble residues. Regarding methanol and 
isopropanol, preliminary experiments in duplicate showed measured AgNPs concentrations 
of 6.20×107±1.43x106 and 4.74×106±2.23x106 AgNPs g-1 in extracts, respectively. In addition 
to the slightly higher AgNPs concentrations extracted when using methanol, most of organic 
compounds present in the samples were conveniently dissolved with this solvent (isopropanol 
led to turbid extracts). Moreover, high ionic (dissolved) silver concentrations and worse 
repeatability were obtained when using isopropanol. Methanol was therefore chosen for 
further optimisation. 

3.4.2 Optimisation of sample pre-treatment method 
Ultrasonication variables [amplitude of ultrasonic probe, ultrasonication time, and 

ultrasound operation mode (continuous or pulses mode)], and the extractant (methanol) volume 
were optimised by performing experiments in triplicate from 0.1000 g aliquots of a cream 
sample (cream sample code as MC1). For all cases, extracts were further diluted (1:40) with 
1% (w/v) glycerol before spICP-MS measurements. Two blanks were performed for each set 
of operating conditions. 

3.4.2.1 Amplitude 
By fixing a methanol volume of 40 mL and an ultrasonication time of 10 min, several 

subsamples were subjected to continuous ultrasonication at amplitudes of 20%, 30%, 40%, 
50%, and 60% of the ultrasonic probe (130 W power and 20 kHz frequency). Results (size 
distributions in Figure S3.2, Supplementary Information) show that most of AgNPs in MC1 
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exhibit sizes smaller than 100 nm. AgNPs size distribution was found to be similar when using 
the highest ultrasonication amplitudes, and mean sizes of 52±7, 64±2, and 57±5 nm were 
measured for 40, 50 and 60%, respectively (Figure S3.2 and Figure 3.1a). Most frequent sizes 
were also smaller when using low ultrasound amplitudes (14±4 and 24±8 for amplitudes of 20 
and 30%, respectively, versus 39±6 nm, 30±2, and 34±3 nm for amplitudes of 40, 50, and 60%, 
respectively). In addition, better performance (higher amount of extracted AgNPs, Figure 3.2a) 
was obtained at the highest amplitudes (50 and 60%) of the ultrasound probe. Ionic (dissolved) 
Ag was found to be negligible in all experiments. An amplitude of 60% was therefore selected 
as the most convenient value for further experiments. 

3.4.2.2 Ultrasound time 
Ultrasonication (continuous mode) times of 5, 10, 15, and 20 min were investigated 

by fixing the amplitude at 60%, and using 40 mL of methanol as an extractant. AgNPs 
concentrations are plotted in Figure 3.2b, which shows that the best extraction was obtained 
when using ultrasonication times higher than 10 min. Moreover, and as shown in Figure 3.1b, 
ultrasonication time did not affect AgNPs size distribution, and the most frequent sizes (and 
also mean sizes) were similar under different ultrasonication times. Invariable size distribution 
was verified by applying an ANOVA test (confidence interval of 95%, data not given) after 
observing that the standard deviations were statistically significantly similar to the Cochran C 
test for variance comparison (also at 95% confidence interval). Regarding ionic Ag, negligible 
concentrations were detected at ultrasonication times of 5 and 10 min; whereas, concentrations 
lower than 1.0 µg L-1 were observed when increasing the extraction time. Based on the theory 
of counting and sizing NPs by spICP-MS [30], a low dissolved silver concentration in the 
extracts is required for removing any contribution from the dissolved species to the total AgNPs 
pulse signal. The dissolved silver concentrations measured are lower than 5.0 µg L-1, which is 
the maximum dissolved metal concentration specified by the manufacturer so that SyngistixTM 
Nano software could perform an adequate counting/sizing performance (efficient dissolved 
metal subtraction). Therefore, an ultrasonication time of 15 min was finally selected.  

3.4.2.3 Methanol volume 
Continuous ultrasonication (60% amplitude and 15 min) was tested by using several 

methanol volumes (10 mL, 20 mL, 30 mL, and 40 mL). Figure 3.2c shows that the highest AgNPs 
concentrations were achieved when using methanol volumes higher than 20 mL. In addition, the 
most frequent sizes (and also mean sizes) were found to be statistically significant similar 
(ANOVA, 95% confidence interval, data not given) for all the methanol volumes tested (data in 
Figure 3.1c). Ionic Ag was found to be lower than 5.0 µg L-1 (within the 0.7–1.8 µg L-1 range) in 
all experiments, which means an efficient counting/sizing performance. Therefore, a methanol 
volume of 20 mL was finally selected. 

3.4.2.4 Continuous/discontinuous ultrasonication 
Ultrasonication mode (continuous or discontinuous/pulses) was finally tested. After 

fixing the remaining parameters at the optimised/selected values, continuous ultrasonication 
(15 min), and pulses ultrasonication (15 cycles of ultrasound treatment for 59 s plus relaxing 
stage for 59 s) were applied. Figure 3.2d shows an increase on the concentration of extracted 
AgNPs under discontinuous ultrasonication. Regarding AgNPs size distribution, mean sizes as 
well as most frequent sizes were similar under both ultrasonication modes (Figure 3.1d). 
Finally, dissolved Ag concentrations were found to be similar under both ultrasonication modes 
and lower than 5.0 µg L-1. Discontinuous (pulses) ultrasonication was finally selected. 
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Figure 3.1. Effects of amplitude (a), ultrasonication time (b), methanol volume (c), and  
ultrasonication mode (d) on AgNPs most frequent size (bars) and mean size (dots) 

Figure 3.2. Effects of amplitude (a), ultrasonication time (b), methanol volume (c), and  
ultrasonication mode (d) on AgNPs concentration 
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3.4.3 AgNPs stability 
A series of AgNPs standards of 40 nm were subjected to the optimised extraction procedure 

in triplicate before spICP-MS determination (each extract measured also in triplicate, n=9). The 
same AgNPs standards (three 40 nm AgNPs standards) were directly analysed by spICP-MS in 
triplicate (n=9) for comparison purposes. A mean diameter of 41±1 nm (most frequent size of 
35±1 nm) was obtained when analysing 40 nm AgNPs standards subjected to the proposed 
procedure. These values were quite similar to those obtained when directly analysing the same 
40 nm AgNPs standards (mean diameter of 40±0.5 nm, and most frequent size of 35±0.5 nm). 
These findings show that AgNPs were stable during the ultrasonication process.  

3.4.4 Analytical performances 

3.4.4.1 Calibration, limit of detection and limit of quantification 
Calibration has been performed by using aqueous Ag standards and Ag standards 

matched with methanol [1:40 dilution in 1% (w/v) glycerol], both at 1, 5, 10, 15, and 20 µg L-1. 
Slopes of both calibrations (3.75±0.46 and 5.34±0.095 L µg-1 cps-1 for aqueous and matched 
calibrations, respectively, n=5) were found to be statistically different [ANOVA test for means 
comparison (p-value of 0.001< 0.005), 95% confidence interval]. Matrix effect has been found 
to be present, and methanol [1:40 dilution in 1% (w/v) glycerol] matched calibration was 
selected for AgNPs assessment in methanolic extracts from moisturising creams. 

Regarding AgNPs concentration, the limit of detection (LOD) and the limit of 
quantification (LOQ) were obtained by preparing and measuring by spICP-MS eleven blanks (20 
mL of methanol subjected to the ultrasound-assisted solubilisation procedure, and 1:40 diluted 
with 1% (w/v) glycerol). Three times (LOD) or ten times (LOQ) the standard deviation (n=11) of 
the measurements were divided by the mean slope of the calibration graph. The calculated LOD 
and LOQ, referring to the moisturising cream sample and expressed as AgNPs g-1 were 2.48×105 
and 8.25×105, respectively. 

The limit of detection for AgNPs size has been calculated according to Lee et al. [35] 
and Donovan et al. [36] (three times and/or five times criteria) as follows: 

 

where 3σDI (or 5σDI) is three or five times the standard deviation of counts of ultrapure water 
blanks, R is the sensitivity of the detector (slope of the calibration curve of ionic standard 
solutions) for the measured element (Ag), fa is the mass fraction of analysed metallic element 
in the nanoparticles, and ρ is the density of the AgNPs. 

The LOD in size was 4.5 nm using the 3σ criteria; whereas, the application of 5σ 
criteria gave a LOD size of 5.3 nm. Calculated values were quite similar than those obtained by 
applying the blank value method and the dissolved calibration method as described by Witzler 
et al. [37], 11.8 and 13.0 nm, respectively. 

3.4.4.2 Precision and analytical recovery 
The precision of the whole procedure (sample pre-treatment and spICP-MS 

measurement) has been established through the relative standard deviation (RSD) after 
preparing eleven methanolic extracts from a moisturising cream sample (ultrasonication using 
the optimal extraction conditions), and measuring each methanolic extract three times. 
Regarding AgNPs concentration, RSD obtained was 5% (AgNPs concentrations of 
2.34×109±1.28×108 AgNPs g-1). The RSD values for AgNPs size were 11% (most frequent 

݊݅݉ܦ ൌ ඨ
6 ൈ ܫܦߪ3

R	 ൈ ݂ܽ 	ൈ ρ ൈ 	π
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size: 39±4 nm) and 7% (mean size: 78±9 nm). Results show that the proposed methodology 
was repeatable. 

Because of the absence of certified reference materials for AgNPs (size distribution and 
concentration), the accuracy of the spICP-MS measurement was assessed through analytical 
recovery assays. Analytical recovery values were calculated after performing spICP-MS 
measurements of spiked and unspiked methanolic extracts from a moisturising cream sample, and 
also by measuring the AgNPs solution used for spiking experiments. Therefore, methanolic 
extracts from a single sample spiked with AgNPs of 20, 40, and 60 nm [three extracts for each 
AgNPs size, spiking concentrations of 5.63×1010, 7.13×109, 8.50×108 (as AgNPs) for 20, 40, and 
60 nm, respectively] were analysed by spICP-MS. In addition, unspiked extracts, and AgNPs (20, 
40, and 60 nm) solutions, used for performing the spiking experiments, were also analysed. After 
all measurements (each solution was measured in triplicate), the AgNPs concentrations found in 
the unspiked extracts were subtracted from the AgNPs concentrations found in the spiked extracts 
for assessing the “AgNPs concentration found”. Analytical recovery was assessed by dividing the 
“AgNPs concentration found” by the mean AgNPs concentrations found in the aqueous AgNPs 
solution used for spiking (“AgNPs added”) and multiplying by 100. The analytical recoveries 
obtained (n=9) were 117±14% for 20 nm AgNPs, 90±1% for 40 nm AgNPs, and 109±2% for 60 
nm AgNPs. These values show that the spICP-MS technique was accurate. 

3.4.5 Application 
Thirteen moisturising creams were subjected in triplicate to microwave-assisted acid 

digestion and ICP-MS analysis for assessing total Ag contents. Total Ag concentrations higher 
than the LOQ of the method were only obtained for moisturising creams prescribed for atopic 
dermatitis (samples denoted as MC1, MC2, and MC3 in Table 3.4). Total Ag content in sample 
MC1 was quite higher than the total Ag contents in the other two creams for atopic dermatitis. 
This sample was bought in a pharmacy and give information regarding the presence of ‘micro 
silver’ in the composition. However, total silver concentration is not given by the manufacturer. 
Although the presence of Ag is shown in the composition of samples MC2 and MC3, the total 
Ag contents were quite smaller than in MC1. Other ten moisturising creams (cosmetics) 
included in the study showed total Ag contents below than the LOD of the method.  

Samples containing detectable total Ag contents were subjected to the ultrasound-assisted 
solubilisation method following by spICP-MS measurement (dilutions varied from 1:10 for 
MC2 and MC3 to 1:40 for MC1). Table 3.4 also lists the obtained AgNPs concentrations as 
well as  mean sizes and most frequent sizes. MC1 showed the highest AgNPs concentration; 
whereas AgNPs levels in MC2 and MC3 were low. AgNPs size distribution was also quite 
different in the analysed samples, and mean particles sizes varied from 35±5 nm in MC2 to 
91±4 nm in MC1. 

Figure 3.3 shows the AgNPs size distributions for each sample (the histograms indicate 
that AgNPs size distribution follow a lognormal distribution [38]). The high frequencies of 
AgNPs of small size are in good agreement with data from signal frequency distributions 
(Figure 3.3), which means that the highest frequencies were obtained for small intensities 
(small intensities derived from AgNPs of small sizes). 

Total Ag contents were also assessed in methanolic extracts from samples MC1, MC2, 
and MC3 by ICP-MS to verify that the extraction/solubilisation process was quantitative. 
The methanolic extracts were subjected to the microwave-assisted acid digestion method as 
described in section 3.3.4, and further analysed by ICP-MS after acid digest dilution. Total 
Ag concentrations found after the optimised ultrasound-assisted procedure are listed in 
Table 3.4. Total Ag concentrations in moisturising creams after microwave-assisted acid 
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digestion and ultrasound-assisted methanolic extraction were not statistically significant 
different at a confidence interval of 95% (ANOVA, data not given). It can therefore be 
concluded that the proposed extraction procedure is quantitative. 

Considering the number of AgNPs per gram and the size distributions in each sample 
(Table 3.4), an estimative calculation was performed to know the amount (concentration) of 
silver derived from the isolated AgNPs. These calculations assume a density of 10.49 g cm-3 
for each AgNP, as well as that all AgNPs exhibit a spherical shape (solid spheres). Results 
(expressed as µg g-1) are also listed in Table 3.4, and it can be seen that the amount of nano 
silver in the creams under study is quite small, approximately 1.1% of the total Ag concentration 
in creams MC1, and lower than 1.0% in creams MC2 and MC3. These findings imply the 
presence of bulk silver (ionic silver) as a major Ag component in these samples. 

Finally, extracts from moisturising creams containing AgNPs were also analysed by TEM 
and SEM-EDX for comparative purposes after an ultrasound water-bath oxidative procedure 
with hydrogen peroxide (section 3.3.8). TEM images (Figure 3.4) of moisturising creams show 
the presence of AgNPs with sizes ranging from 19 to 30 nm in MC1, and around 30 nm in MC2. 
AgNPs were quite disperse in these extracts, and MC1 showed a higher number of AgNPs. 
Regarding MC3, AgNPs sizes ranged from 30 to 45 nm, although AgNPs agglomeration was 
found in all the TEM images taken. This could be attributed to the presence of organic matter 
in the extracts that acts as a binder (not removed organic matter is also observed in TEM images 
from extracts from MC1 and MC2).   

A SEM image and EDX microanalysis of several NPs in extracts from MC1 are given in 
Figure S3.3 (Supplementary Information). As shown in EDX spectra, NPs are composed of 
Ag (76.5 and 60.99% in the selected spots). EDX analysis also reveals the presence of C 
(19.58 and 32.66% in the selected spots) which confirms the presence of organic matter 
around the AgNPs. 

Table 3.4. Total Ag contents, AgNPs concentration, and AgNPs size distribution in creams  
prescribed for atopic dermatitis 

AgNPs size
distribution c 

[Ag] 
µg g-1 a 

[Ag] 
µg g-1 b 

[Ag] 
µg g-1 c,d 

Nano Ag 
percentage % e AgNPs g-1 c Mean 

size nm 
Range 

size nm 

MC1 2329 ± 262 2352 ± 82 26.7 ± 2.1 1.15 6.46×109 ± 5.02×108 91 ± 4 17–211 

MC2 1.1 ± 0.1 1.4 ± 0.1 0.0043 ± 0.0007 0.39 1.83×107 ± 2.77×106 35 ± 5 14–168 

MC3 31 ± 4 29 ± 1 0.074 ± 0.0055 0.24 9.62×107 ± 7.62×106 52 ± 5 19–177 

(a) microwave-assisted acid digestion procedure and ICP-MS; (b) ultrasound-assisted methanol extraction and
ICP-MS; (c) ultrasound-assisted methanol extraction and spICP-MS; (d) Ag concentration derived from AgNPs;
(e) Ag percentage as nano silver
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Figure 3.3. AgNPs size distribution and signal (intensity) frequency distribution in 
moisturising cream samples 
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Figure 3.4. TEM images of treated methanolic extracts from moisturising cream MC1 

3.5 CONCLUSIONS 
A reliable and simple sample pre-treatment method, based on using ultrasonication and 
methanol as an extractant followed by spICP-MS has been proposed for AgNPs assessment 
(concentrations and size distribution) in moisturising creams. The high sensitivity inherent to 
ICP-MS combined with fast acquisition (low dwell times) in modern ICP-MS instrumentation 
have allowed the determination of AgNPs of small size (smaller than 40 nm) in complex 
samples such as moisturising creams. spICP-MS measurements have been demonstrated to be 
accurate and precise in AgNPs concentration and AgNPs size distribution. Only moisturising 
creams prescribed for atopic dermatitis were found to contain AgNPs (AgNPs concentrations 
from 1.83×107 to 6.46×109 AgNPs g-1, and AgNPs most frequent size within the 19–26 nm 
range). 
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SUPPLEMENTARY INFORMATION 

Figure S3.1. AgNPs concentration, AgNPs mean size, and dissolved Ag concentration in 
AgNPs (40 nm) standards and extracts from moisturising cream MC3 before and after  

hydrogen peroxide ultrasound-assisted oxidation 
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Figure S3.2. AgNPs size distribution in a methanolic extract from moisturising cream MC1 
after ultrasound treatment at different ultrasound amplitudes 
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Figure S3.3. SEM images and EDX microanalysis of a treated methanolic extract 
from moisturising cream sample MC1 
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CHAPTER 4. spICP-MS ASSESSMENT OF ZnONPs  
AND TiO2NPs IN MOISTURISERS  

AFTER A TIP SONICATION  
SAMPLE PRE-TREATMENT 

4.1 ABSTRACT 
The use of zinc oxide nanoparticles (ZnONPs) and titanium dioxide nanoparticles (TiO2NPs) 
in cosmetic formulations to obtain protection against the sun’s UV radiation has become a 
common practice owing to their high photostability and the absence of allergic reactions 
induced by these nanoparticles. The manufacturing of cosmetics modified with nanoparticles 
has been regulated in Europe since 2009. Nevertheless, methodologies for sample pre-treatment 
and characterisation (quantification and size assessment) of nanoparticles from complex 
matrices are scarce and still in development. 
The proposed methodology was based on the tip sonication of moisturisers in an organic solvent 
[40 mL of acetone, 40% amplitude, 5 min, and discontinuous mode (59 s of relaxing after 59 s 
tip sonication)] followed by spICP-MS, which provides information about concentration and size 
of the NPs. The whole methodology was repeatable (RSDs lower than 10% for size and 
concentration values of ZnONPs and TiO2NPs) and accurate (analytical recoveries of 102±12% 
and 119±3% for ZnONPs and TiO2NPs standards, respectively).  
The overall procedure was applied to several commercial moisturisers with sun protection 
factor. spICP-MS results were compared with the total content of analyte in the extracts and in 
the acid digested samples. Finally, transmission electron microscopy coupled to energy-
dispersive X-ray spectroscopy analysis of extracts from moisturising creams was carried out as 
comparative (qualitative) assessment. 

4.2 INTRODUCTION 
Skin exposure to UV radiation causes erythema (sunburn), immunosuppression, premature 
photoaging, and carcinogenesis, among other toxic effects [1–3]. Due to the carcinogenic 
properties of UV rays, the use of UV filters in the cosmetic industry is a common practice. 
There are twenty-nine UV filters allowed in the European Union, and only two of them are 
inorganic UV filters (zinc oxide and titanium dioxide, both in bulk and nanoparticulate forms) 
[4]. Inorganic filters reflect and scatter UV rays, while organic filters absorb them [5,6].  
The use of TiO2NPs and ZnONPs in cosmetic formulations has recently increased because these 
filters do not generate allergic skin reactions and offer a broader UV protection range than that 
obtained from organic UV filters [7–10]. Nevertheless, inorganic filters pose the disadvantage 
of reactive oxygen species (ROS) generation under UV light irradiation [10,11], but this 
drawback can be overcome by coating the surface of inorganic nanoparticles with chemicals 
such as alumina, silica and poly (methyl methacrylate) [5,12]. 
ZnONPs also have antimicrobial properties [13,14], so they can be used as UV filters and 
preservatives in cosmetic lotions, thus diminishing production costs.  
According to the European regulation of cosmetic products, the maximum legal concentration 
of ZnONPs and TiO2NPs in ready-to-use preparations is 25% (w/w), with the exception that 
they cannot be used in those applications that endanger the safety of the user by inhalation. The 
European Commission regulates the physical and chemical properties (purity, size distribution 
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and coating) of ZnONPs and TiO2NPs used in cosmetic products. In addition, water solubility 
of ZnONPs added to cosmetics is also regulated (EU 2016/621 [15], EU 2016/1143 [16] and 
EU 2019/1857 amendments [17]). 
The manufacturing of cosmetic products modified with TiO2NPs and ZnONPs is in continuous 
growth. Nevertheless, the analytical techniques available for the assessment of NPs in complex 
samples are scarce. Thus, the development of nanometrological strategies is necessary for 
ensuring compliance with established legislation. Transmission electron microscopy (TEM) is 
the most often used technique for qualitative analysis of ZnONPs and/or TiO2NPs in cosmetic 
products [12,18–20]. TEM provides information on the size of NPs and, if it is combined with 
energy-dispersive X-ray spectroscopy, on the chemical NPs composition. Regarding 
quantitative analysis, inorganic UV blockers in cosmetic products can be assessed by field-flow 
fractionation (FFF) techniques hyphenated to inductively coupled plasma–mass spectrometry 
(ICP-MS) [21–24]. Field-flow fractionation separates NPs according to their size, which are 
later identified and quantified by ICP-MS. Nevertheless, these hyphenated techniques require 
tedious optimisation of FFF separation and long analysis time, which reduces their use in 
routine analysis. 
Several studies have focused on single particle inductively coupled mass spectrometry 
(spICP-MS) for the determination of metallic NPs since this technique provides information 
about NPs concentration and size distribution without previous separation of the dissolved 
metallic analyte (and other chemicals) from the sample´s matrix [25,26]. Recent studies 
reported in the literature used spICP-MS for TiO2NPs and ZnONPs determination in water 
samples [27–31], plants [32], sunscreens and cosmetics [18,19,33,34], food packaging 
materials [35], food products [19,36,37], and textile products [38].   
This study aims to develop an analytical method for the determination of TiO2NPs and ZnONPs 
in moisturising creams by spICP-MS.  

4.3 MATERIALS AND METHODS 

4.3.1 Instrumentation 
Weighing of samples was done using an ML 204T model analytical balance (Mettler 

Toledo, Columbus, OH, USA). Acid digestion of samples was performed in an ETHOS PLUS 
microwave lab-station with 100 mL closed Teflon vessels, HTC safety springs and HTC adapter 
plates (Milestone, Sorisole, Italy). A VCX 130 ultrasonic probe (net power output of 130W and 
frequency of 20 kHz) supplied by Vibra-CellTM (Sonics & Materials Inc., Newtown, CT, USA) 
was used for performing the extraction of ZnONPs and TiO2NPs from moisturising creams. A 
Raypa UCI-150 model Ultrasonic Cleaner (R. Espinar S.L, Barcelona, Spain) and a vortex 
D91126 Reax Top (Heidolph, Schwabach, Germany) were used for the homogenisation of 
samples and extracts.   

Total Ti and Zn determination was carried out using a NexION® 2000C ICP-MS (Perkin 
Elmer) equipped also with a Meinhard® nebuliser and a cyclonic spray chamber thermostated 
by a Peltier cooler. TiO2NPs and ZnONPs were determined by spICP-MS using the SyngistixTM 
Nano Application software version 2.5. 

Clean-up of cosmetic extracts was performed using Amicon® Ultra-0.5 Centrifugal Filter 
Devices (Merck, Darmstadt, Germany) and a Laborcentrifugen 2K15 centrifuge (Sigma, 
Osterode, Germany). A HRTEM Zeiss Libra 200FE (Oberkochen, Germany) was used for 
qualitative analysis of NPs in extracts. 
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4.3.2 Reagents 
Methanol (≥99.8%), acetonitrile (≥99.9%), and 2–propanol (isopropanol, ≥99.8%) were 

supplied by Merck. 99.5% (w/v) Acetone, 69% (w/v) Hiperpur nitric acid, and 33% (w/v) hydrogen 
peroxide were purchased from Panreac (Barcelona, Spain). Hydrofluoric acid (TraceSELECT™, 
47–51%) was from Fluka™ (Charlotte, NC, USA). Ultrapure water (18 MΩcm resistivity) was 
obtained from a Milli-Q® water purification system (Millipore, Bedford, MA, USA). NexION Setup 
Solution (10 μg L-1 of Be, In, Ce, U, Pb, Mg, Li, and Fe in 1% HNO3), germanium internal standard 
(10 mg L-1, 0.16% F-) and titanium standard (1000 mg L-1, 0.24% F-) were supplied by Perkin 
Elmer. Zn standard, 1000 mg L-1 in 0.5 mol L-1 HNO3, was from Merck. Certified reference material 
of 50 nm Ultra Uniform Gold Nanospheres coated by PEG carboxyl (9.89×106 particles per mL) 
was from Perkin Elmer. ZnONPs in ethanol dispersion (40% (w/w), 50–80nm) and TiO2NPs in 
ethanol dispersion (15% (w/w), 50 nm) were purchased from US Research Nanomaterials Inc. 
(Houston, TX, USA). 

4.3.3 Cosmetic samples 
Four moisturising creams with sun protection factor (SPF) of 30 (sample C1), 50+ (sample C2), 

and 50 (samples C3 and C4) were purchased from online stores. According to the specifications of 
the manufacturers, ZnONPs were present in all formulations, whereas only creams C1, C2, and C3 
contained TiO2NPs. Other ingredients of the studied moisturisers are shown in Table S4.1 
(Supplementary Information). 

To prevent cosmetic oxidation (possible modification of NPs), bottles of moisturisers were 
hermetically sealed and stored at 4 ºC before analysis. The upper surface layer of the cream was 
removed before sample weighing. 

4.3.4 Microwave-assisted acid digestion procedure for total Ti and Zn determination 
A mass of 0.1000 g of moisturiser cream was weighed into a PTFE vessel where 2.5 mL 

of 69% nitric acid, 2.5 mL of 33% hydrogen peroxide, 0.5 mL of hydrofluoric acid, and 2.5 mL 
of ultrapure water were added. Closed vessels were subjected to the microwave temperature 
program consisting of four steps. In this program, the temperature was first increased linearly 
from room temperature to 90ºC with increasing the power up to 1000 W for 2 min. The 
temperature was then increased to 140ºC at 1000 W in 5 min, followed by the third increase in 
temperature up to 180ºC in 5 min. Finally, this temperature was maintained for 30 min. The 
samples were digested in triplicate and at least one blank was performed for each digestion set. 
Finally, samples and blanks were diluted to 25 mL with ultrapure water. Hydrofluoric acid was 
required to achieve the complete digestion of titanium and silicon present in the cosmetic 
formulations studied (Table S4.1, Supplementary Information). 

4.3.5 Ultrasound-assisted TiO2NPs and ZnONPs extraction procedure  
A mass of sample (0.2000 g) was introduced into a polyethylene tube and 40 mL of acetone 

was added. The mixture was homogenised by vortexing for 2 min and sonicated, using an 
ultrasonic probe, at 40% amplitude for 5 min in pulse mode (59 s relaxing period followed by 
59 s tip sonication period). During the sonication, the sample was placed into an ice bath to 
avoid sample heating and possible damage to nanoparticles. Samples were prepared in triplicate 
with at least two blanks for each set of experiments. Finally, the extracts were sonicated in an 
ultrasonic bath (35kHz, for 5 min) before their dilution and analysis to avoid NPs 
agglomeration.   
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4.3.6 Total Ti and Zn determination by ICP-MS 
Total contents of titanium and zinc were determined in acid digested samples by ICP-MS. 

The digested samples were diluted with ultrapure water before the analysis using the dilution 
factors listed in Table S4.2. The instrumental conditions used for titanium and zinc determination 
by ICP-MS are summarised in Table 4.1.  Zinc assessment was performed in standard mode by 
monitoring the 66Zn isotope (m/z ratio of 66) and using germanium (22.5 µg L-1) as an internal 
standard. Titanium was quantified using the DRC mode (1.0 mL min-1 ammonia) by monitoring 
the 48Ti14NH(14NH3)4+ adduct (mass shift mode, m/z ratio of 131). The standard addition 
calibration (0–10 µg L-1) was carried out for the determination of both analytes to avoid possible 
matrix effects.  

The limit of detection (LOD) and limit of quantification (LOQ) for total zinc and titanium 
contents were estimated using the 3σ/m and 10σ/m criteria, where σ is the standard deviation of 
eleven measurements of a blank of digestion by ICP-MS, and m is the slope of the standard 
addition calibration. Instrumental LODs and LOQs were 0.03 and 0.11 µg L-1 for zinc 
quantification, and 0.04 and 0.14 µg L-1 for titanium determination, respectively. 

Table 4.1. Instrumental conditions of ICP-MS 

ICP-MS INSTRUMENTAL CONDITIONS 

Sample flow rate 0.39 – 0.43 mL min-1 

Nebulisation system Meinhard nebuliser, cyclonic spray chamber 

Plasma parameters 

RF Power = 1600 W 
Plasma gas flow = 15 L min-1 

Auxiliary gas flow = 1.2 L min-1 
Nebuliser gas flow = 1.10–1.20 L min-1 

Analyte Zn Ti

m/z 65.926 130.905 (Xenon)

Mode Standard (STD) 
mode  

Dynamic reaction  
cell (DRC) mode 

Cell gas flow 0 1.0 mL min-1 (NH3) 

SYNGISTIX NANO APP  

Software version 2.5 

Dwell time 100 µs 100 µs 

Acquisition time 60 s 60 s 

Number of scanning 1 1 

Density 5.61 g cm-3 4.23 g cm-3 

Mass fraction 80.34% 60% 

Ionisation efficiency 100% 100% 

4.3.7 TiO2NPs and ZnONPs determination by spICP-MS 
Operating conditions for the analysis of TiO2NPs and ZnONPs are listed in Table 4.1. Data 

acquisition/treatment was performed using the SyngistixTM Nano Application software and 
parameters such as the sample flow rate and the transport efficiency are required before the 
analysis. The sample flow rate was calculated considering the mass of water introduced into the 
nebulisation system per minute. Transport efficiency (TE) was automatically calculated by 
SyngistixTM nano Application after measuring a suspension of 50 nm AuNPs certified material 
prepared in ultrapure water (1.0×105 particles mL-1, particle frequency method [39]). Sample flow 
rate within the 0.39–0.43 mL min-1 range and TE values of 6.0±1% were assessed.  
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TiO2NPs and ZnONPs analysis by spICP-MS were carried using aqueous calibrations of 
titanium and zinc in a concentration range from 0 to 5 µg L-1.  

4.3.8 Analysis of extracts from moisturisers by transmission electron microscopy 
Cosmetic extracts were also measured by high resolution transmission electron microscopy 

coupled to energy-dispersive X-ray spectroscopy (HRTEM-EDX). Using this technique, the 
analysis requires a clean-up/pre-concentration step before analysis. The clean-up procedure 
consisted of filtration with Amicon® Ultra-0.5 centrifugal filter devices. Therefore, 500 µL 
aliquot of the diluted extracts (acetone damages filters) were ultracentrifuged at 14,000 g and 
4°C for 20 min, leading to an extract volume of approximately 17 µL. The pre-concentrated 
extracts were further cleaned by adding 500 µL of ultrapure water to the filter and performing 
a new ultracentrifugation step (14,000 g, 4°C, 20 min). This cleaning step was repeated eleven 
times. A final cleaning step (same ultracentrifugation rate and temperature, but for 10 min) was 
performed to allow the collection of a clean extract of approximately 23 µL. After cleaning-up 
steps, filter devices were placed upside down in a clean microcentrifuge tube, and centrifugation 
at 1,000 g for 2 min was carried out to transfer the concentrated extract from the filter device 
to the collecting tube. This procedure was also applied to aqueous suspensions of ZnONPs 
(50–80 nm) and TiO2NPs (50 nm) to ensure that NPs are not lost during the treatment.  

Finally, 10 µL of the concentrated and clean extract was placed on a copper grid and allowed 
to air-dry at room temperature before HRTEM-EDX analysis. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Study of interferences for Ti and Zn determination by ICP-MS 
The main interferences that could affect the determination of zinc and titanium by ICP-MS 

are listed in Table 4.2 [40,41]. The isobaric interference with calcium (48Ca isotope) prevents 
the quantification of titanium by monitoring the most abundant ion (48Ti isotope, 74% 
abundance). Nevertheless, titanium can be quantified free of 48Ca isobaric interference by using 
ammonia as a reaction gas (RPq=0.2) in instruments with dynamic reaction cell (DRC) 
technology. By setting the ammonia flow rate at 1.0 mL min-1, titanium can be successfully 
quantified by monitoring the 48Ti14NH(14NH3)4+ adduct (m/z ratio of 131) [42,43]. 

Several polyatomic species from sulphur, titanium, phosphorous, calcium, and argon can 
interfere in zinc quantification by ICP-MS when using the m/z ratio of 64 (Table 4.2). In 
addition, there is an isobaric interference with nickel (64Ni) under these operational conditions 
that can affect the analytical signal. Therefore, the effect of these interferences on the 
determination of Zn must be investigated. The use of ammonia as a reactive gas in DRC 
technology with the NexION® 2000C ICP-MS was tested (some scarce reports can be found 
regarding the use of ammonia as a reaction gas for dissolved zinc assessment [44,45]). 

Mass scans (within the m/z 40–150 range) of an aqueous zinc standard (5 µg L-1 in 1% HNO3) 
were performed in standard (STD) mode and DRC mode with ammonia (10% NH3 in He, several 
flow rates and RPq values using the on-mass and mass-shift approaches). The best results using the 
DRC mode were obtained using 2.0 mL min-1 of ammonia and a RPq value of 0.2 (Table 4.3). 
However, the sensitivity for zinc was found to be very low and there was an interference in the 
determination of zinc (monitoring of zinc adducts with m/z 115 and 117) generated by titanium 
even at low levels of the interference (5 µg L-1 of Ti) using these ammonia conditions. Thus, the 
use of ammonia as reactive gas in the determination of zinc was discarded.  
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Table 4.2. Interferences in the determination of zinc and titanium by ICP-MS 

Isotope Abundance 
(%) 

Isobaric 
interferences Polyatomic interferences 

46Ti 7.99 46Ca 32S14N+, 14N16O2
+, 15N2

16O+ 

47Ti 7.32 -- 
32S14N1H+, 30Si16O1H+, 32S15N+, 33S14N+, 15N16O2

+, 
14N16O2

1H+, 12C35Cl+, 31P16O+ 

48Ti 73.98 48Ca 
32S16O+, 34S14N+, 33S15N+, 14N16O18O+, 14N17N2

+, 12C4
+, 

36Ar12C+ 

49Ti 5.46 -- 

32S17O+, 32S16O1H+, 35Cl14N+, 34S15N+, 33S16O+, 
14N17O2

1H+,14N35Cl+, 36Ar13C+, 36Ar12C1H+, 12C37Cl+, 
31P18O+ 

50Ti 5.25 50V, 50Cr 
32S18O+, 32S17O1H+, 36Ar14N+, 35Cl15N+, 36S14N+, 
33S17O+, 34S16O+, 1H14N35Cl+, 34S15O1H+ 

64Zn 48.89 64Ni 
32S16O2

+, 48Ti16O+, 31P16O2
1H+, 48Ca16O+, 32S2

+, 
31P16O17O+, 34S16O2

+, 36Ar14N2
+

66Zn 27.81 --
50Ti16O+, 34S16O2

+, 33S16O2
1H+, 32S16O18O+, 32S17O2

+, 
33S16O17O+, 32S34S+, 33S2

+

67Zn 4.11 --
35Cl16O2

+, 33S34S+, 34S16O2
1H+, 32S16O18O1H+, 33S34S+, 

34S16O17O+, 33S16O18O+, 32S17O18O+, 33S17O2
+, 35Cl16O2

+ 

68Zn 18.57 --
36S16O2

+, 34S16O18O+, 40Ar14N2
+, 35Cl16O17O+, 34S2

+, 
36Ar32S+, 34S17O2

+, 33S17O18O+, 32S18O2
+, 32S36S+ 

70Zn 0.62 70Ge 

35Cl35Cl+, 40Ar14N16O+, 35Cl17O18O+, 37Cl16O17O+, 
34S18O2

+, 36S16O18O+, 36S17O2
+, 34S36S+, 36Ar34S+, 

38Ar32S+ 

Table 4.3. Effect of ammonia on ICP-MS signal intensity, isotopes ratios and bias of the studied zinc isotopes 

STD mode (no gas) 

m/z Mean intensity 
(counts) Isotope ratio Bias (%) 

64 34741
0.59 a 3

66 20614

DRC mode (2.0 mL min-1 NH3, RPq=0.2) 

m/z Mean intensity 
(counts) Isotope ratio Bias (%) 

64 1012
0.64 a 11

66 645

98 131
0.60 b 5

100 79

115 2599
0.60 c 5

117 1562

Isotope’s ratio: ratio of intensities a 66/64; b 100/98;  
c 117/115 
m/z 98: 64Zn(14NH3)2

+; m/z 100: 66Zn(14NH3)2
+ 

m/z 115: 64Zn(14NH3)3
+; m/z 117: 66Zn(14NH3)3

+ 

On the other hand, using STD mode, 64Zn and 66Zn isotopes are interfered by polyatomic 
titanium species such as 48Ti16O+ and 50Ti16O+, respectively (Table 4.2). Therefore, a study to 
evaluate the level of interference of Ti in Zn (m/z 64 and 66) determination has been carried 
out. The experiment was performed with several solutions containing 1 µg L-1 of zinc in 1% 
HNO3 and increasing titanium concentrations (5, 10, 25, 50, 100, 250, 500, and 1000 µg L-1). 
Results showed that titanium concentrations higher than 100 µg L-1 interfere in Zn 
determination when m/z 64 was monitored (analytical recovery of 153%). However, analytical 
recoveries using the 66Zn isotope were 90, 86, 86, 90, 92, 111, 122, and 164% for titanium 
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concentrations of 5, 10, 25, 50, 100, 250, 500, and 1000 µg L-1, respectively. This means that 
zinc quantification (m/z ratio of 66) can be performed in a standard mode in samples (extracts 
or digested samples) containing up to 500 µg L-1 of titanium. 

Furthermore, suspensions containing both 10 µg L-1 TiO2NPs (50 nm) and 2 µg L-1ZnONPs 
(50–80 nm) were measured by spICP-MS to evaluate the possible interference of TiO2NPs in the 
assessment of ZnONPs (66Zn isotope, STD mode). The particle number concentration of these 
suspensions was compared with control suspensions containing only ZnONPs (2.0 µg L-1), and 
the analytical recovery of ZnONPs in the suspensions that contained both NPs was 99±10%. The 
mean size of ZnONPs in the suspension was 59±6 nm (spICP-MS experimental value) which 
was in accordance with the manufacturer’s specifications.  

Considering the results obtained in this study, Zn was analysed in the samples using STD 
mode by monitoring the m/z 66 and Ti using DRC mode (using ammonia) at m/z 131.  

4.4.2 Extraction of nanoparticles from moisturisers 
A study has been developed for ZnONPs extraction from moisturisers. The influence of 

parameters such as type and volume of extractant and sonication mode, in the extraction 
procedure, has been evaluated.   

4.4.2.1 Selection of extractant solvent and sonication mode 
Surfactant aqueous solutions, mainly Triton X-100 (0.1–1% concentration range) 

[18,20,34] and 1% sodium dodecyl sulphate [33], have been proposed by several researchers as 
extractants for the isolation of TiO2NPs and ZnONPs from sunscreens. Nevertheless, Philippe 
et al. [20] have reported poor NPs dispersion in surfactant solutions in some cases. On other 
occasions, a defatting step with hexane before sunscreen dispersion has also been proposed 
[19–24,33,46], and hexane has been reported to aid TiO2NPs disaggregation [23]. Other authors 
have outlined the use of organic solvents or organic solvent/water mixtures as extractants for 
NPs isolation from cosmetics [23,47]. 

Our preliminary study on the extraction of ZnONPs from moisturisers was carried out 
by testing several organic solvents miscible with water (methanol, acetonitrile, acetone, and 
isopropanol) as extractants. The experiments were based on subjecting a mixture of 0.2000 g 
of the moisturiser coded as C4 and 20 mL of the organic extractant to ultrasound (water-bath 
sonication, 35 kHz, 30 min). The extracts obtained using the different solvents were diluted 
with water and analysed by spICP-MS. Results showed that the concentration of ZnONPs was 
lower than the limit of detection of the spICP-MS method when using methanol, acetonitrile, 
and isopropanol as solvents. However, extracts performed in acetone showed detectable 
ZnONPs concentrations, therefore, acetone was selected as the most suitable solvent. 

Regarding the technique for cosmetic sample dispersion, shaking [20], water-bath 
sonication [18,19,22,23,33,34,46] and tip sonication [23,47] procedures have been described in 
the literature. Ultrasonic energy was selected in our study to improve extraction efficiency. 
Therefore, experiments were carried out, using 0.2000 g of sample and 20 mL of acetone as 
solvent extractant, and using bath sonication (35 kHz, 30 min) and tip sonication (60% 
amplitude, 10 min). Experiments were carried out in triplicate in both sonication modes and 
blanks of extraction were also prepared. The results obtained showed that concentrations of 
ZnONPs per gram of cream were 180 times higher when using the tip sonication procedure than 
those obtained after water-bath sonication. Furthermore, the ZnONPs size distribution was 
found to be similar using both sonication modes. Therefore, tip sonication was selected for 
further studies. 
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4.4.2.2 Selection of tip sonication conditions 
The effect of the amplitude (20, 40, 60, and 80%) of the tip sonication was studied by 

fixing the amount of sample (0.2000 g of moisturiser C4) and the volume of acetone (20 mL). 
The extraction procedure was performed by sonication in continuous mode for 10 min. ZnONPs 
concentrations in the extracts are shown in Figure 4.1a, which implies an inefficient 
extraction/dispersion when using the lowest amplitude (20%). The number of 
extracted/dispersed ZnONPs was found to increase at higher amplitudes, but the use of 
amplitudes of 60 and 80% led to lower ZnONPs concentration than those found at 40%. The 
values of ionic zinc in the diluted extracts were 0.56±0.044, 0.69±0.028 and 1.4±0.15 µg L-1 
for tip sonication amplitude of 40%, 60%, and 80%, respectively. Therefore, the decrease of 
the ZnONPs concentration at higher amplitudes could be attributed to ZnONPs dissolution. 
Considering these results, 40% amplitude of tip sonication was selected as the optimum value. 

After fixing the amplitude at 40%, a set of experiments was carried out under the same 
conditions as those shown above, but varying the extraction time (5, 10, 15, and 20 min). As 
shown in Figure 4.1b, the highest ZnONPs concentration was achieved when performing the 
tip sonication for 5 min. The decrease of ZnONPs concentration at higher times could be 
attributed to the dissolution of nanoparticles.   

Regarding the tip sonication mode (continuous/discontinuous sonication), Figure 4.1c 
shows that a discontinuous mode (five cycles of 59 s of tip sonication followed by 59 s of 
relaxing, total pre-treatment time of 10 min) provided higher extraction of ZnONPs compared 
to a continuous mode (tip sonication for 5 min). A discontinuous sonication mode was therefore 
selected. 

4.4.2.3 Optimisation of the volume of acetone 
After the selection of the sonication conditions, experiments have been carried out 

to study the influence of the extractant volume on the NPs extraction. The study was 
performed using a sample mass of 0.2000 g and volumes of acetone of 10, 20, 30, and 40 mL. 
The experiments were carried out in triplicate for each acetone volume. The results obtained 
are shown in Figure 4.1d. It can be seen that the extraction of ZnONPs was enhanced with 
increasing acetone volume, and a volume of 40 mL was finally selected. 
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Figure 4.1. Effect of ultrasonication amplitude (a), time (b), and mode (c); and acetone volume (d) 
on the extraction of ZnONPs from moisturisers based on tip sonication using acetone 

as extractant solvent before spICP-MS assessment 

4.4.3 Analytical performances for TiO2NPs and ZnONPs determination by spICP-MS 
Although the extraction method was optimised for ZnONPs, the proposed methodology was 

validated for ZnONPs and TiO2NPs assessments to evaluate the possible quantitative co-extraction 
of both NPs.  

The limit of detection (LOD) and the limit of quantification (LOQ) of ZnONPs and 
TiO2NPs number concentrations were calculated through the 3σ/m and 10σ/m criteria. Three 
times or ten times the standard deviation (LOD or LOQ, respectively) of eleven measurements 
of the blanks of extraction were divided by the slope of the ionic calibration (m). The 
instrumental LODs and LOQs were 1.15×103 and 3.82×103 ZnONPs mL-1; and 1.35×103 and 
4.50×103  TiO2NPs mL-1, respectively.  

The LOD in size was obtained by the 3σ and 5σ criteria proposed by Lee et al. [48]. LODs 
for ZnONPs determination were 29 nm (3σ criterion) and 35 nm (5σ criterion). In the case of 
TiO2NPs the LODs were 28 and 33 nm for the 3σ and 5σ criterion, respectively. 

The precision of the overall method (including the extraction and spICP-MS analysis) was 
evaluated through repeatability after preparing eleven extracts from a moisturiser (moisturiser C3 
containing TiO2NPs and ZnONPs). The extracts were diluted with ultrapure water (Table S4.2, 
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ZnONPs g-1 of moisturiser, and 3% for determination of the mean size of ZnONPs were obtained. 
Regarding TiO2NPs, RSD value of 5% was obtained for both number concentration (per gram of 
cream) and mean size. These results indicated that the developed methodology was repeatable for 
the quantification of ZnONPs and TiO2NPs in moisturisers. 

The accuracy of the spICP-MS measurements was assessed by the analytical recovery 
approach. Extracts from sample C3 were spiked with a concentration of 2.0 µg L-1  ZnONPs 
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ZnONPs/TiO2NPs suspensions used for spiking (control standards) were prepared in triplicate 
and measured by spICP-MS in triplicate. The "NPs concentration found" was calculated as the 
subtraction between the concentration of the spiked extracts and the concentration of the 
unspiked extracts. The analytical recoveries were assessed as the ratio between the "NPs 
concentration found" and the NPs concentration of the suspensions used for carrying out the 
spiking procedures (experimental value). Recovery percentages of 119±3 % and 102±12% were 
obtained for TiO2NPs (50 nm) and ZnONPs (50-80 nm) suspensions, respectively. These results 
demonstrated that the spICP-MS quantification of ZnONPs and TiO2NPs was accurate. 

4.4.4 Application 
The proposed methodology was applied for the determination of TiO2NPs and ZnONPs in 

commercial moisturisers with SPF (ingredients listed in Table S4.1, Supplementary 
Information). Total zinc and titanium concentrations found in the samples (microwave-assisted 
acid digestion and dilution according to Table S4.2, Supplementary Information) are listed in 
Table 4.4. Zinc concentrations were found to be within the 26.37–109.1 mg g-1 range (creams 
C1 and C2 containing the lowest and the highest zinc concentrations, respectively); whereas 
titanium concentrations varied from 15.67 to 35.59 mg g-1 (moisturisers C1 and C3 containing 
the lowest and the highest titanium concentrations, respectively). 

Cosmetic extracts prepared by the developed extraction procedure were also diluted with 
ultrapure water (Table S4.2, Supplementary Information) and analysed by ICP-MS (assessment 
of total titanium and total zinc in the extract) and by spICP-MS (TiO2NPs and ZnONPs 
quantification). Total titanium and zinc concentrations in the extracts, and TiO2NPs and 
ZnONPs concentrations, are also listed in Table 4.4. 

The comparison between total concentrations in acid digests and extracts obtained by ICP-
MS shows that extraction efficiencies were 52% (C1), 53% (C2), 64% (C3) and 81% (C4) for 
zinc, and 23% (C1), 40% (C2) and 104% (C3) for titanium. Regarding these results, quantitative 
extractions were only obtained for the moisturisers coded as C3 (titanium) and C4 (zinc). The 
low extraction efficiencies obtained for creams C1 and C2 could be justified by the precipitation 
of solid particles at the bottom of the extract that appeared after several hours of performing the 
extraction. This fact could be due to the presence of inorganic ingredients such as iron oxides, 
mica, synthetic fluorphlogopite (synthetic mica), tin oxide (cream C1) and alumina (both C1 
and C2) [cosmetic formulations are listed in the Table S4.1, Supplementary Information]. The 
higher content in inorganic compounds of cream C1 could also explain why this moisturiser 
exhibited the lowest extraction efficiencies. On the other hand, the low extraction rate of zinc 
in moisturiser C3 could be due to the presence of silica which can hinder the extraction. 
Nevertheless, the extraction of titanium from cream C3 was quantitative. This finding could 
indicate a different interaction of zinc and titanium with silica particles in this sample. 

Regarding spICP-MS analysis, the particle number concentration of ZnONPs was within the 
2.37×1011–5.34×1012 ZnONPs g-1 range (moisturising creams C1 and C3, respectively). On the other 
hand, concentrations of TiO2NPs varied from 3.32×1011 (cream C1) to 1.50×1013 TiO2NPs g-1 (cream 
C3). Furthermore, spICP-MS provided information about the size distribution of extracted NPs 
(Table 4.4). ZnONPs showed the smallest mean size of 86±1 nm in sample C4, and the largest mean 
size of 175±5 nm in sample C1. Mean sizes of TiO2NPs varied within the 84–145 nm range. Size 
distributions of TiO2NPs and ZnONPs in the moisturiser coded as C3 can be seen as histograms in 
Figure 4.2. 

Particle number concentration can be transformed into mass concentration assuming 
spherical shape and solid nature of NPs (mean size of NPs was used to carry out these 
calculations). Estimated mass concentrations of NPs obtained are also shown in Table 4.4. It must 
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be mentioned that the sum of these estimated mass concentration and the ionic concentration 
(provided by the Syngistix Nano Application) in the studied samples usually agree with the total 
concentration measured in the extract by ICP-MS (Table 4.4). The estimated mass concentrations 
of the extracted NPs were up to 2.5% (w/w) for ZnONPs [0.4% (C1), 1.8% (C2), 2.5% (C3) and 
0.8% (C4)], and up to 2.0%(w/w) for TiO2NPs [0.2% (C1), 0.6% (C2) and 2.0% (C3)], values 
lower than the maximum concentration of ZnONPs and TiO2NPs in ready-to-use preparations 
[25% (w/w)] set by the European regulation [15–17].  

Finally, HRTEM images and energy-dispersive X-ray spectrums confirmed the presence 
of both ZnONPs and TiO2NPs in the extracts prepared from moisturising creams coded as C2 
and C3 (Figure 4.3 and Figure 4.4, respectively). Nevertheless, the size assessment of these 
NPs was not carried out because most of them were agglomerated on the copper grids. 
Standards of ZnONPs and TiO2NPs were also analysed by HRTEM-EDX (Figure 4.5), which 
verified that the proposed clean-up procedure guarantees the NPs integrity.  

Figure 4.2. Signal distribution (a,c) and size distribution histograms (b,d)  
of ZnONPs and TiO2NPs in extracts from moisturiser C3 
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4.5 CONCLUSIONS 
Tip sonication using acetone as an extractant before spICP-MS analysis has been found to be 
advantageous for isolating ZnONPs and TiO2NPs from complex samples such as moisturisers. 
The extraction efficiency was found to be highly dependent on the formulations’ components. 
Particle number concentrations were within the 2.37×1011–4.43×1012 ZnONPs g-1 and 
3.32×1011–1.50×1013 TiO2NPs g-1 ranges. The mean sizes varied from 86 to 175 nm for 
ZnONPs, and within the 84–145 nm range for TiO2NPs. The presence of ZnONPs and 
TiO2NPs in the extracts from moisturisers was also confirmed by HRTEM-EDX analysis. 
spICP-MS is an useful technique for ZnONPs and TiO2NPs assessment in moisturisers, but 
further improvements on sample pre-treatment are required to ensure quantitative extractions 
without the influence of the sample’s matrix. 
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SUPPLEMENTARY INFORMATION 

Table S4.1. Ingredients of analysed moisturising creams 

Code Ingredients 

C1 

Water, Cyclopentasiloxane, Caprylyl Methicone, Ethylhexyl Palmitate, Dimethicone, Lauryl 
PEG-8 Dimethicone, Neopentyl Glycol Diheptanoate, Polymethylsilsesquioxane, PEG-12 
Dimethicone, PPG-20 Crosspolymer, Titanium dioxide, Glycerin, Dimethicone Crosspolymer, 
Tribehenin, Dimethicone/Vinyl Dimethicone Crosspolymer, Algae Extract, Hydroxycapric Acid, 
Hydroxycaprylic Acid, Hydroxycinnamic Acid, Teprenone, Tetrahexyldecyl Ascorbate, 
Tocopheryl Acetate, Alumina, Butylene Glycol, Calcium Aluminum Borosilicate, 
Caprylic/Capric Triglyceride, Disodium EDTA, Iron Oxides, Mica, PEG-4, Silica, Synthetic 
Fluorphlogopite, Tin Oxide, Triethoxycaprylylsilane, Xantan Gum, Caprylyl Glycol, Hexylene 
Glycol, Phenoxyethanol, Titanium Dioxide (nanoparticulated, 5.40%), Zinc Oxide 
(nanoparticulated, 2.96%). 

C2  

Zinc Oxide (nano), Avene Thermal Spring Water, Titanium Dioxide (nano), 
Cococaprylate/Caprate, Isocetyl Stearoyl Stearate, Isopropyl Palmitate, Isodecyl 
Neopentanoate, Isododecane, Isohexadecane, PTFE, Triethylhexanoin, Dicaprylyl Ether, PEG-
30 Dipolyhydroxystearate, Alumina, Stearic Acid, Caprylyl Glycol, PEG-45/Dodecyl Glycol 
Copolymer, Silica, Benzoic Acid, Caprylic/Capric Triglyceride, Disodium EDTA, 
Disteardimonium Hectorite, Glyceryl Behenate, Glyceryl Dibehenate, Heliantus Annuus Seed 
Oil, Pentaerythrityl Tetra-Di-T-Butyl Hydroxyhydrocinnamate, Polyamide-3, Sodium Chloride, 
Tocopherol, Tocopheryl Glucoside, Tribehenin, Triethoxycaprylylsilane, Water. 

C3  

Water, Titanium Dioxide (nano), Diethylhexyl Carbonate, Propylene Glycol 
Dicaprylate/Dicaprate, Zinc Oxide (nano), Dibutyl Adipate, Dicaprylyl Carbonate, Alcohol 
Denat, Dimethicone, Butylene Glycol, Trimethylpentanediol/Adipic Acid/Glycerin 
Crosspolymer, PEG-30 Dipolyhydroxystearate, Silica, Polyglyceryl-6 Polyricinoleate, Butyloctyl 
Salicylate, Allantoin, Sodium Hyaluronate, Polyglyceryl-2 Isostearate, Panthenol, Tocopheryl 
Acetate, Magnesium Sulphate, Phenylpropanol, Disteardimonium Hectorite, Propanediol, 
Caprylyl Glycol, Triethoxycaprylylsilane, Glyceryl Stearate, PEG-8, Dimethicone Crosspolymer, 
Tocopherol, Ascorbyl Palmitate, Ascorbic Acid, Citric Acid. 

C4 

Water, Cyclopentasiloxane, PEG-10 Dimethicone, Methicone, Isododecane, Propane-diol, 
Caprylic/Capric Triglycerides, Isodecyl Neopenta-noate, Dimethicone/bis Isobutyl PPG-20 
Crosspolymer, Octyldodecyl Stearyl Citrate Crosspolymer, Tapioca Starch, 
Polymethylsilsesquioxane, Glycerin, Isostearic Acid, Polyhydroxystearic Acid, Dimethicone, 
Isododecane, Phenoxyl-thanol, Benzoic Acid,  Ethylhexylglycerin, Glycereth-2 Cocoate, 
Dicaprylyl ether, Dehydroxanthan Gum, Carthamus Tinctorius (Safflower) Seed Oil, Melanin, 
Phytosteryl, Octyldodecyl Lauroyl Glutamate, Sodium Hyaluronate Acid, Trimethylated Silica 
Gel, Tocopheryl Acetate, Dipotassium Glycyrrhizinate, Porphyridium cruentum, Eucalyptus 
Globulus Leaf Extract, Zingiber Officinale Root Extract, Gaultheria Procumbens Leaf Extract, 
Avena Sativa Kernel Extract, Allantoin, Ceramide 3, Zinc Oxide (9%), Octinoxate (7.5%). 

Table S4.2. Dilution factors used for ICP-MS and spICP-MS analyses of acid digests and extracts from moisturisers 
(dilution with ultrapure water) 

Digests (ICP-MS analysis) Extracts (ICP-MS/spICP-MS analysis) 

Zn Ti Zn total/ZnONPs Ti total/TiO2NPs 

C1 1:100,000 1:460,000 1: 24,000 1: 24,000 

C2 1:420,000 1:475,000 1: 100,000 1: 60,000 

C3 1:350,000 1:475,000 1: 300,000 1: 1,300,000 

C4 1:230,000 -- (a) 1: 300,000 -- (a) 
(a) Not measured
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CHAPTER 5. spICP-MS CHARACTERISATION  
OF SILVER NANOPARTICLES RELEASED  

FROM TEXTILE PRODUCTS 

5.1 ABSTRACT 
The low detection limits and information regarding the concentration and size distribution of 
nanoparticles provided by single particle inductively coupled plasma mass spectrometry (100 µs 
dwell time) has been useful for assessing silver nanoparticles in textiles (nanosilver textiles). 
Silver nanoparticles have been first extracted with ultrapure water (10 mL) under orbital-
horizontal shaking (100 rpm, 20°C) for 30 min. Silver nanoparticles have been found to be stable 
(silver nanoparticle concentration and size distribution) under optimised extraction conditions. 
The developed method has shown excellent analytical performance. The limit of quantification 
for silver nanoparticles concentration was set at 1.53×105 silver nanoparticles per gram of textile 
and the limit of detection in size at 12 nm. The repeatability of the overall procedure was 14% 
(silver nanoparticles concentration) and 6% (mean silver nanoparticle size). Similarly, 
analytical recovery assays using standard silver nanoparticles of 20, 40, and 60 nm led to 
recoveries within the 102–113% range. The method has finally been applied to several 
nanosilver textile products commercialised in local stores and in the electronic market. 
In addition, the application of consecutive extraction cycles to assess the silver release pattern 
from nanosilver fabrics has also been evaluated.  

5.2 INTRODUCTION 
Silver species such as metallic silver, silver sulfadiazine, and silver nitrate have been used since 
centuries for treating bacterial infections, wounds, and burns [1]. Similarly, silver nanoparticles 
(AgNPs) also exhibit antibacterial activity, and they are widely used as an alternative to 
antibiotics [2]. AgNPs also have antifungal [3] and antiviral [4] properties, which make them 
useful in several industrial sectors such as medicine or agriculture. 
AgNPs are promising compounds used in the medical industry for manufacturing wound 
dressings for ulcers and burns, bone cement, catheters, hand gels, and surgical drains [5] due to 
their antibacterial properties. Furthermore, AgNPs are also useful in anticancer treatments [6] 
and as contrast agents [7]. 
In addition, AgNPs are used in water filtration [8], food packaging [9], cosmetics [10], 
appliances [11], paints [12], and textiles [13] because of their bacterial inhibition. On the other 
hand, AgNPs also offer excellent properties for catalysis [14] and can be useful in the 
fabrication of electronic devices [15]. 
Regarding the textile industry, fibres are modified with AgNPs mainly to obtain fabrics with 
antibacterial properties [16,17]. Humidity, appropriate temperature, sweat, skin dead cells, and 
finishing agents of textiles enhance bacterial growth on the textile surface [18]. Bacteria can 
discolour fibres, generate bad odour, and even deteriorate textiles [19]. The growth of bacteria 
in textiles can also be a risk to human health due to their possible propagation between textile 
products and human skin. This risk is minimised by textile modification with AgNPs. 
Furthermore, AgNPs can be used to dye fibres such as wool [20], cotton [21], silk [22], and 
viscose [23 based on AgNPs localised surface plasmon resonance (LSPR). The colour of 
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fabrics is dependent on the shape and size of AgNPs. Thus, AgNPs can replace synthetic azo 
dyes (carcinogenic agents) which are the most used dyes in the textile industry [24. 
Several immobilisation procedures by chemical modification of textiles with AgNPs have been 
described, mainly grouped as ex situ and in situ treatments. Ex situ treatments imply the textile 
to be soaked in an AgNPs suspension; whereas, in situ approaches require a first silver salt 
integration in the textile yarns and a further in situ formation of AgNPs using a reducing agent. 
In both cases, stabilising agents are used to prevent AgNPs aggregation [25. 
The main drawback of textile modification with AgNPs is the lack of stability of the 
nanoparticles in the fibres, so AgNPs are released during fabric washing. Certain organic 
polymers, used as linkers between AgNPs and the fibre surface, have been proposed to enhance 
AgNPs durability in textile products [19. 
AgNPs could be a serious risk to humans due to the possible penetration of these particles 
through the skin. Kraelinga et al. [26 performed in vitro experiments to test the penetration of 
coated AgNPs into human skin. These authors have concluded that less than 10% of the silver 
dose can be absorbed by the skin, and this small amount was located mostly in the stratum 
corneum of the epidermis, which is responsible for the protective function of the skin. However, 
detectable concentrations were also found in the deepest layers of skin (dermis). In addition, 
some in vitro findings suggest that AgNPs penetration into human damaged skin is higher than 
into healthy skin [27.  
Research regarding the presence AgNPs on textiles is therefore needed. The available analytical 
methodology is scarce and the literature deals with experiments that simulate the AgNPs 
lixiviation from textiles during home laundering [28–33]. Electron microscopy coupled to 
energy-dispersive X-ray spectroscopy (EDX) was used in several published studies for 
analysing the washing solutions of fabrics (AgNPs determination/characterisation) [28,29,33]. 
On the other hand, total silver released from textile products was assessed by inductively 
coupled plasma mass spectrometry (ICP-MS) or inductively coupled plasma optical emission 
spectrometry (ICP-OES) after acid digestion of washing solutions or washed textiles [28–33]. 
Furthermore, X-ray absorption near edge structure spectroscopy (XANES) was used for the 
direct analysis of textile solid samples (unwashed and/or washed) [30,33]. Recently, ICP-MS 
operating in the so-called ‘single particle’ mode (spICP-MS) has also been used by Mitrano et 
al. [33] for AgNPs assessment in the simulated laundry washing wastes.  
The aim of the current work has been the development of reliable analytical procedures for the 
assessment of AgNPs released from fabrics (extraction and characterisation). Sample pre-
treatment strategies based on mechanical lixiviation have been investigated for AgNPs isolation 
from textiles; whereas, spICP-MS has been used for providing information about AgNPs 
concentration and size distribution.  

5.3 MATERIALS AND METHODS 

5.3.1 Instrumentation 
A NexION® 300X ICP-MS (Perkin Elmer, Waltham, MA, USA) with a nebulisation 

system composed of a Meinhard® nebuliser and a cyclonic spray chamber thermostated by a 
Peltier refrigerator was used to analyse digested fabrics (total Ag content) and 
determine/characterise AgNPs in the aqueous extracts. A SeaFast SC2 DX autosampler 
(Elemental Scientific, Omaha, NB, USA) was used to introduce digested samples in the ICP-
MS when assessing total Ag contents. A SyngistixTM Nano Application software version 1.1 
was used to perform AgNPs determination (concentration and size distribution). A HRTEM 
Zeiss Libra 200FE (Oberkochen, Germany) coupled to EDX spectroscopy was used for the 
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characterisation of AgNPs in aqueous extracts from fabrics for comparative purposes. An 
analytical balance ML 204T (Mettler Toledo, Colombus, OH, USA) was used for weighing 
reagents and samples. A Boxcult temperature-controlled incubation chamber (Stuart Scientific, 
Surrey, UK) equipped with a Rotabit orbital-rocking platform shaker (J.P. Selecta, Barcelona, 
Spain) was used to carry out the mechanical extraction of AgNPs. A VibraCell VCx 130 
ultrasound probe from Sonics (Newtown, CT, USA) was used to assist AgNPs extraction from 
textiles. A Laborcentrifugen 2K15 centrifuge (Sigma, Osterode, Germany) was used for the 
removal of fluffs in textile aqueous extracts. A Raypa UCI-150 Ultrasonic Cleaner (R. Espinar 
S.L, Barcelona, Spain) with programmable temperature and time was used to sonicate the
extracts and avoid AgNPs agglomeration. An ETHOS PLUS microwave lab-station (Milestone,
Sorisole, Italy) with 100 mL closed Teflon vessels and Teflon covers was used to perform acid
digestion of textile samples.

5.3.2 Reagents 
Ultrapure water (18 MΩcm resistivity) was obtained from a Milli-Q® water purification 

system (Millipore, Bedford, MA, USA). 37% hydrochloric acid, 69% Hiperpur nitric acid, 33% 
hydrogen peroxide, and ethanol were from Panreac (Barcelona, Spain). 48% hydrofluoric acid 
was supplied by BDH (Poole, United Kingdom). Glycerol (99.5%), D-lactose monohydrate 
(99.5%), and 1-butyl-3-methylimidazolium bromide (BMIMBr)>97% were purchased from 
Sigma Aldrich (San Louis, MO, USA). NexIon Setup Solution (10 μg L-1 of U, Pb, Mg, Li, In, 
Fe, Ce, and Be in 1% HNO3) was from Perkin Elmer. Silver (1000 mg L-1 in 0.5 M HNO3) and 
rhodium (1000 mg L-1 in 5% HNO3) stock standard solutions were supplied by Merck 
(Darmstadt, Germany). 0.02 g L-1AgNPs standards (aqueous suspensions with sodium citrate 
as a stabiliser) of 60 nm, 40 nm, and 20 nm were purchased from Sigma-Aldrich and 
NanoComposix (San Diego, CA, USA). The reference material RM 8013 of gold nanoparticles 
(aqueous suspension with citrate as a stabiliser) of 60 nm nominal diameter was supplied by 
National Institute of Standards and Technology (Gaithersburg, MD, USA). Other consumables 
were cellulose acetate 0.22 µm and 0.45 μm syringe filters (Labbox Labware S.L., Barcelona, 
Spain), Minisart® NML surfactant-free cellulose acetate 5 µm syringe filters (Sartorius, 
Goettingen, Germany), and 10 mL sterile disposable syringes (Dispomed, Gelnhausen, 
Germany). 

5.3.3 Textile samples 
Samples analysed in the current study consisted of T-shirts (two samples), socks (three 

samples), underwear (one sample), and sportswear (one sample), as shown in Table 5.1. 
Textiles coded as T1 (men´s cycling culotte) and T3 (socks) were bought in local stores in 
Santiago de Compostela (Spain); whereas, the remaining textiles were purchased in the online 
market. According to the manufacturer's specifications, studied textiles contain silver (Table 
5.1). A visual examination of textiles showed that two of them (T1 and T6) were made of fibres 
with different appearances. In these cases, fabrics were divided into several subsamples (Table 
5.1). Each textile subsample was cut into small pieces (5×5 mm) with ceramic scissors, and 
textile pieces were kept in plastic bags at room temperature and protected from light. 
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Table 5.1. Brief description of analysed textiles 

Sample Subsamples Type Composition 

T1 T1-1 
T1-2 

Cycling 
sportswear 

82% polyester, 18% elastane 
(product containing silver) 

T2 - Socks 80% cotton, 13% polyamide, 5% 
silver, 2% elastane 

T3 - Socks 66% polyamide, 24% elastane, 
10% polyamide with silver 

T4 - Men’s T-shirt 100% polyester with silver 

T5 - Men´s T-shirt 
52% Coolmax® (polyester), 

44% Nanosilver® (polyester), 
4% Lycra® (elastane) 

T6 T6-1 
T6-2 Socks 55% cotton, 30% Nanosilver® 

(polyester), 15% Lycra® (elastane) 

T7 - Men´s
underwear

60% cotton, 32% Nanosilver® 
(polyester), 8% Lycra® (elastane) 

- Only one subsample

5.3.4 Microwave-assisted acid digestion of textile samples 
Clothing pieces (0.2000g) were placed into PTFE digestion vessels, and 8.0 mL of 69% 

nitric acid, 0.5 mL of 37% hydrochloric acid, 0.5 mL of 33% hydrogen peroxide, and 1.0 mL 
of 48% hydrofluoric acid were added. Each vessel was closed and subjected to microwave 
irradiation (using the microwave temperature program shown in Table 5.2). The digestion 
procedure was performed in triplicate for each sample (or subsamples according to Table 5.1), 
and at least one blank was prepared in each digestion set. Finally, acid digests were diluted to 
25 mL with ultrapure water and kept in polyethylene sealed bottles at room temperature. 

Table 5.2. Microwave temperature program for acid digestion of textiles 

Time (min) Temperature (°C) 

0 – 2 Room temperature - 150 

2 – 7 150 

7 – 9 150 – 170 

9 – 19 170 

19 – 20 170 – 200 

20 – 40 200 

5.3.5 Total Ag determination by ICP-MS 
Acid digests from textiles were diluted with ultrapure water before their ICP-MS analysis. 

The adjustment of the ICP-MS parameters (nebulisation gas flow, torch position, optical lens, 
and quadrupole voltages) was daily performed. The m/z ratio monitored was 107Ag, and 103Rh 
(10 µg L-1) was used as an internal standard. The addition standard calibration (0–100 µg L-1

range) was used to make up for matrix effects. Polyatomic interferences were reduced by 
introducing a helium flux (1.0 mL min-1) in the collision cell. All operating conditions used for 
ICP-MS assessment are listed in Table 5.3. The limit of detection (LOD) and the limit of 
quantification (LOQ) were calculated by the 3σ/m and 10σ/m criteria, respectively, where σ is 
the standard deviation of eleven measurements of a blank and m is the slope of the standard 
addition calibration. LOD and LOQ values of 0.0063 and 0.0208 µgAg g-1 were obtained, 
respectively.  
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Table 5.3. ICP-MS and spICP-MS instrumental parameters for total silver and AgNPs determination 

ICP-MS operating conditions for total Ag assessment 

Plasma gas flow (L min-1) 16

Auxiliary gas flow (L min-1) 1.2

Nebulisation gas flow (L min-1) 0.9 – 1.1 

Radiofrequency power (W) 1600 

Collision gas (He) cell (mL min-1) 1.0

Analyte  Ag (m/z 106.905) 

Internal standard Rh (m/z 102.906) 

spICP-MS operating conditions and SYNGISTIXTM NANO 
application parameters for AgNPs assessment 

Plasma gas flow (L min-1) 16

Auxiliary gas flow (L min-1) 1.2

Nebulisation gas flow (L min-1) 0.85 – 0.90  

Radiofrequency power (W) 1600  

Sample flow rate (mL min-1) 0.40 – 0.45  

Analyte Ag (m/z 106.905) 

Mode Standard

Density (g cm-3) 10.49

Mass fraction (%) 100 

Ionisation efficiency (%) 100 

Dwell time (µs) 100 

Sampling time (s) 100 

Number of scanning 1 

Number of readings 1000000 

5.3.6 AgNPs isolation from textiles 
AgNPs isolation from textiles was performed by mixing 0.4000 g of textile pieces with 10 mL 

of ultrapure water into a plastic tube, followed by mechanical extraction at controlled temperature 
(20°C) for 30 min at 100 revolutions per minute (rpm) orbital-horizontal shaking. The procedure 
was carried out in triplicate for each sample, and two blanks were performed at least for each 
extraction condition. Several aqueous extracts required their dilution prior to their measurement 
by spICP-MS. Extracts were sonicated for 1 min before their dilution and analysis to avoid AgNPs 
agglomeration. 

Furthermore, consecutive extractions from one studied fabric were performed to evaluate 
the AgNPs release pattern from textiles. Therefore, 0.4000 g of textile T5 was subjected to six 
extraction cycles using the optimised extraction conditions (10 mL of water, 30 min, 20°C, and 
100 rpm). The extracts were filtered (5 µm filter) and analysed by spICP-MS. 

5.3.7 AgNPs determination/characterisation by spICP-MS 
Aqueous extracts containing AgNPs were analysed by spICP-MS. AgNPs extracts were 

sonicated for 5 min at 35 kHz before their dilution and measurement to avoid nanoparticle 
agglomeration. ICP-MS adjustment and the assessment of sample introduction flow rate were 
daily performed. Transport efficiency (TE%) determination (particle frequency method 
described by Pace et al. [34]) by using AuNPs aqueous suspension (particle concentration of 



IRIA RUJIDO SANTOS 

148 

518 ng L-1 and 60 nm nominal diameter) was also daily carried out before spICP-MS 
(SyngistixTM Nano Application software). Obtained TE% values were close to 5%. An ionic 
silver aqueous calibration (0–5 µg L-1) was performed for the AgNPs particle size distribution 
assessment; whereas, the NPs concentration was calculated by the frequency of NPs events 
[34,35]. Table 5.3 shows spICP-MS instrumental conditions used for AgNPs determination. 

5.3.8 AgNPs determination/characterisation by HRTEM-EDX   
An aqueous extract from fabric T6-1 (only one extraction cycle, 20°C, 30 min, and 100 rpm) 

was also analysed by high resolution transmission electron microscopy coupled to energy-
dispersive X-ray spectroscopy (HRTEM-EDX) for comparative purposes. Due to the limit of 
detection of HRTEM-EDX (mg L-1), a preliminary sample preconcentration step was therefore 
required. Preconcentration (and also clean-up) of the aqueous extract was carried out using an 
Amicon® Ultra-0.5 centrifugal filter device. 500 µL aliquot of the aqueous extract (textile T6-1) 
was introduced in an Amicon device and ultracentrifuged at 14,000 g and 4°C for 20 min, which 
led an extract volume of approximately 17 µL. The pre-concentrated extracts were further 
cleaned by adding 500 µL of ultrapure water to the filter and performing a new 
ultracentrifugation step (14,000 g, 4°C, and 20 min). This cleaning step with water was repeated 
five times. The final cleaning step was performed using the same ultracentrifugation rate and 
temperature, but for 10 min to allow the collection of a sample´s volume of approximately 23 
µL. After the cleaning steps, the filter device was placed upside down in a clean microcentrifuge 
tube, and centrifugation at 1,000 g for 2 min was performed to transfer the concentrated and 
clean extract from the filter device to the collecting tube prior to analysis by HRTEM-EDX. 

5.4 RESULTS 

5.4.1 Preliminary studies: Selection of the extraction solvent and the extraction 
technique  

Studies on the release of nanoparticles from fabrics have focused on the simulation of home 
laundering as a way to assess the possible presence of nanomaterials in wastewaters and thus 
in the environment. Nevertheless, changes in the speciation of silver species released during 
textile washing procedure with detergents were proved by several authors. Mitrano et al. [28] 
demonstrated that AgNPs were formed after the addition of an AgNO3 standard into the 
washing solution used. AgNPs were also formed as a consequence of the laboratory washing 
procedure in the study carried out by Lombi et al. [30]. In addition, characterisation studies by 
electron microscopy coupled to EDX confirmed the formation of silver chloride nanoparticles 
(AgClNPs) and/or silver sulphide nanoparticles (Ag2SNPs) [28,29] in washing solutions 
containing detergents. XANES analysis of fabrics also proved the formation of AgClNPs and/or 
Ag2SNPs on the textile surface of washed fabrics [30,33].  

Furthermore, detergents with oxidising agents induced damage to AgNPs, size distribution 
alterations, and dissolution of AgNPs [33,36]. So, detergents were not considered in our study 
due to the numerous modifications or damages they can cause to AgNPs integrity.  

Solvents such as water, and aqueous solutions of glycerol, lactose, and BMIMBr (1.0% w/v) 
were therefore evaluated as potential extractants. Few articles used water as an extractant of 
metallic NPs from fabrics [32,37–40]. The remaining solvents were selected due to several 
published articles demonstrated that ionic liquids, poly-alcohols, and carbohydrates are 
stabilising agents of NPs, which can prevent their agglomeration [41–43].  

Ultrasonication (60% of amplitude and continuous mode for 15 min) was used for assisting 
the extraction (0.4000 g of textile and 10 mL of solvent) before spICP-MS assessment. Test 
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tubes were placed into an ice bath during extraction to avoid sample´s heating which could 
damage AgNPs. Number concentrations of AgNPs extracted are shown in Figure 5.1a for 
experiments in triplicate and after subtracting values derived from solvent blanks analysis. 
Results (Figure 5.1b) showed that extracted AgNPs in BMIMBr exhibited larger size 
distribution than those observed for the other tested solvents, which implies that BMIMBr 
enhanced AgNPs agglomeration. Water, glycerol, and lactose solutions led to AgNPs size 
distributions in which the average size and the most frequent size were quite similar. In addition, 
as shown in Figure 5.1a, higher extraction efficiencies (higher AgNPs concentration) have been 
obtained when using water as an extracting solution. However, high relative standard deviations 
(within the 16–44% range) have been found when assessing AgNPs concentrations with all 
extracting solutions. This may occur as a consequence of the wrapping of textile pieces around 
the tip of the ultrasonic probe, which hindered the extraction and even could damage the tip.  

Extraction assistance by mechanical shaking was therefore tested and compared with 
ultrasonication assistance in order to improve repeatability (n=3). Ultrasonication conditions 
were the same as those used in the first experiments, and mechanical shaking consisted of 
orbital-horizontal shaking at 190 rpm and room temperature for 12 h (0.4000 g of textile and 
10 mL of solvent). Aqueous extracts and blanks were measured in triplicate by spICP-MS. 
AgNPs concentration, expressed as number of AgNPs per gram, was found to be higher when 
applying mechanical shaking (10 times higher as shown in Figure 5.1c). Figure 5.1d shows 
that nanoparticle size distributions were similar. Mechanical shaking under controlled 
temperature using water as an extractant has been therefore selected for further experiments.  

Figure 5.1. Effect of the extraction solvent (continuous ultrasound extraction at 60% amplitude for 15 min) 
on AgNPs concentration (a) and size distribution (b); and effect of ultrasound assistance (water as a solvent, 
continuous ultrasound extraction at 60% amplitude for 15 min) and mechanical shaking (water as a solvent, 

shaking speed at 190 rpm for 12 h) on AgNPs concentration (c) and size distribution (d) 

5.4.2 Mechanical shaking parameters 
Parameters such as shaking time, temperature, and shaking speed were optimised. All 

extraction sets were performed in triplicate using 0.4000g of a textile sample coded as T1-1. 
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Two blanks were prepared for each extracting condition. Finally, the aqueous extracts were 
analysed in triplicate by spICP-MS.  

5.4.2.1 Shaking time 
Several textile subsamples were stirred using 10 mL of water at 190 rpm and room 

temperature for times within the range 0.5–18 h. Results (Figure 5.2a) show that there were re-
adsorption and/or interaction of the release AgNPs with the textile pieces and other extracted 
compounds when using large shaking times since the highest AgNPs concentrations were 
achieved after extraction for short times (from 30 min to 2 h). Another possibility of this 
behaviour could be due to AgNPs dissolution at longer extraction times (a slight enhancement 
of ionic contents at longer times was observed, data not shown). AgNPs size distribution has 
been found to be quite similar for all extracting times (mean sizes from 22 to 26 nm) as also 
shown in Figure 5.2a. In conclusion, a shaking time of 30 min was chosen for further 
experiments.   

5.4.2.2 Temperature 
The effect of temperature on the AgNPs release was tested by fixing the extractant 

volume at 10 mL, the orbital-horizontal shaking speed at 190 rpm, and the time at 30 min. 
Figure 5.2b shows that temperature did not affect AgNPs release from textiles, and AgNPs 
concentrations were quite similar (ANOVA test, 95% confidence interval) when varying the 
temperature within the 20–50°C range. Similar conclusions can be attained regarding the size 
distribution of the extracted AgNPs, which mean sizes were quite similar under all tested 
temperatures. A temperature of 20°C was therefore selected for further experiments. 

5.4.2.3 Shaking speed 
Several orbital-horizontal shaking speeds (50, 100, 190, and 240 rpm) were 

evaluated by applying the selected shaking temperature and time, and using 10 mL of water 
as an extractant. Results (Figure 5.2c) show a slight increase in the extracted AgNPs at high 
shaking speeds (100, 190, and 240 rpm). Regarding AgNPs size distributions, mean sizes 
when using high shaking speed were also found to be similar, which allows the selection of 
100 rpm as an adequate operating value. 



IV. Results and discussion/Chapter 5

151 

Figure 5.2. Effect of  mechanical shaking time (a), temperature (b), and shaking speed (c) on  
the AgNPs concentration [mean sizes (AgNPs size distribution) are listed onto the top of the bars] 

5.4.3. AgNPs stability studies 

5.4.3.1 AgNPs stability during filtration (0.22 µm and 0.45 µm filters) 
After extraction, some aqueous extracts could contain fluffs from clothing pieces, and 

attempts based on filtration (mixed cellulose ester syringe filters, 0.22 µm and 0.45 µm) for 
fluffs removal before spICP-MS were carried out. Aliquots from an aqueous extract from a 
textile sample (sample coded as T1-1 in Table 5.1), as well as AgNPs (40 and 60 nm) 
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standards, were directly analysed by spICP-MS (unfiltered assays), and also after filtration 
(0.22 and 0.45 µm). Results have shown that AgNPs are partially lost during filtration of textile 
aqueous extracts, mainly when using 0.22 µm syringe filters (1.67×107±7.90×105 AgNPs g-1 
in comparison to 2.00×107±1.47×106 AgNPs g-1 after 0.45 µm filtration, and 
2.26×108±5.10×106AgNPs g-1 for unfiltered extracts). Therefore, measured AgNPs 
concentrations were 14 (0.22 µg filters) and 11 (0.45 µm filters) times lower after filtration. 
Similar results were obtained when using 40 nm AgNPs standards (AgNPs concentrations 
were 15 and 12 times lower after 0.22 µm and 0.45 µm filtration, respectively). AgNPs loss 
was found to be more important for AgNPs of larger size, and experiments carried out using 
60 nm AgNPs showed that the AgNPs concentrations were 47 times (0.22 µm filtration) and 
37 times (0.45 µm filtration) lower than for unfiltered 60 nm AgNPs standards. The obtained 
results suggest that the loss of AgNPs during filtration depends on the particle size distribution. 
Hence, filtration using 0.22 and 0.45 µm filters for fluffs removal is not recommended. 

5.4.3.2 AgNPs stability during centrifugation 
Experiments based on centrifugation were tested to achieve the elimination of fluffs in 

textile extracts. AgNPs suspensions (20, 40, and 60 nm) were centrifuged (3900 rpm, 4°C, and 
10 min) in triplicate. Untreated (control) and centrifuged AgNPs were analysed by spICP-MS 
(n=3). The AgNPs concentrations (n=9) obtained are shown in Figure 5.3. An ANOVA test 
(95% confidence interval) elucidated that 20 nm AgNPs concentrations were statistically 
significant similar [2.61×1012±4.14×1011 and 2.37×1012±4.02×1011 NPs L-1 for control and 
centrifuged 20 nm AgNPs standards, respectively]. Nevertheless, there were statistically 
significant differences between untreated and centrifuged standards when AgNPs with larger 
nominal diameters were used (40 and 60 nm). The loss of AgNPs during centrifugation 
increased with increasing AgNPs diameter (Figure 5.3). Therefore, centrifugation is not 
advised as a methodology to remove fluffs in textile extracts. 

Figure 5.3. Effect of centrifugation (3900 rpm, 4°C, and 10 min) 
on particle concentration of AgNPs standards (Sigma-Aldrich) 

5.4.3.3 AgNPs stability during shaking and filtration (5 µm filters) 
Another attempt to remove fluffs was the filtration of AgNPs suspensions using 

syringe filters with a larger pore size (5 µm). AgNPs suspensions (20, 40, and 60 nm) were 
subjected in triplicate to mechanical shaking (30 min, 20°C, and 100 rpm) followed by 5 µm 
filtration, and spICP-MS assessment to test their stability under the whole proposed 
methodology. The same AgNPs standard solutions were also analysed without any treatment 
(control AgNPs), and the spICP-MS measurements were carried out in triplicate. 
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AgNPs concentrations (n=9) for treated and untreated AgNPs are shown in Table 5.4. 
Results concluded that shaking and filtration (5 µm filters) of AgNPs suspensions did not cause 
the loss of nanoparticles. In addition, AgNPs size distributions were not altered (the AgNPs 
mean sizes were 22±1, 38±1, and 60±2 nm). Hence, AgNPs were stable using the proposed 
extraction methodology and filtration (5 µm) of AgNPs suspensions for the removal of fluffs 
in aqueous extracts from textiles. 

Table 5.4. Effect of mechanical shaking (30 min, 20 °C, and 100 rpm) and filtration (syringe filters with 5 
µm pore size) on AgNPs concentration of 20, 40, and 60 nm AgNPs standards (NanoComposix) 

AgNPs concentration (AgNPs L-1) 

20 nm 40 nm 60 nm 

Control 8.75×1013 ± 4.01×1012 3.98×1012 ± 6.95×1010 4.66×1012 ± 4.00×1011 

Shaking+filtration 8.88×1013 ± 2.95×1012 4.32×1012 ± 4.58×1010 4.92×1012 ± 4.43×1011 

5.4.4 Validation 
The limit of detection (LOD) and the limit of quantification (LOQ) of spICP-MS analysis 

were calculated in accordance with the 3σ/m and 10σ/m criteria, respectively, where σ is the 
standard deviation of the measurements of eleven blanks (10 mL of ultrapure water subjected 
to the optimised extraction procedure) by spICP-MS, and m is the mean slope of the ionic Ag 
calibration (calibration within the 0–5 µg L-1 range). Experimental LODs and LOQs were 
4.59×104 AgNPs g-1 and 1.53×105 AgNPs g-1, respectively,  after considering the sample pre-
treatment used. 

Furthermore, the LOD in size was calculated by applying the 3σ (or 5σ) criterion outlined by 
Lee et al. [44. The calculated values were 9.8 and 11.6 nm for 3σ and 5σ criteria, respectively.   

The precision of the developed procedure (sample pre-treatment and spICP-MS 
assessment) was expressed through the relative standard deviation (RSD) after subjecting a 
textile sample (sample coded as T6-1) to the proposed procedure eleven times. The eleven 
extracts were further analysed by spICP-MS in triplicate, and the found AgNPs concentration 
(mean±standard deviation) was 1.91×108±2.71×107 AgNPs g-1, which implies a RSD value of 
14%. Regarding AgNPs size distribution, mean size of 23±1 nm (RSD value of 6%) was 
obtained. Consequently, the methodology has been therefore to be precise.  

The accuracy of spICP-MS measurements was tested by analytical recovery assays. Three 
aliquots from the same extract from a textile sample containing AgNPs were spiked with AgNPs 
standards of several nominal diameters (20, 40, or 60 nm). The spiked extracts as well as 
unspiked extracts (three replicates), and the AgNPs suspensions used for spiking (suspensions 
at the same AgNPs concentration as those used for spiking experiments) were measured by 
spICP-MS in triplicate. Therefore, the assay implied nine measurements of each solution 
(unspiked extracts, extracts spiked with AgNPs of different nominal sizes, and AgNPs solutions 
of different nominal sizes). Analytical recoveries were calculated as the ratio (×100) of the 
difference between the AgNPs concentrations of spiked and unspiked extracts, and the 
concentrations of AgNPs standards used for spiking. Results have shown good accuracy for the 
spICP-MS measurements because analytical recoveries were close to 100% for all AgNPs sizes 
(113±5, 102±6, and 106±2 for 20, 40, and 60 nm AgNPs standards, respectively). 
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5.4.5 Application 
The proposed method was applied to seven textiles, three of them (samples coded as T5, 

T6, and T7) were commercialised as textiles containing nanosilver, and the remaining textiles 
(T1, T2, T3, and T4) as products containing silver. Subsamples (T1-2, and T6-1 and T6-2) were 
considered from textiles T1 (cycling sportswear) and T6 (socks) because of the different 
appearance of fibres. All samples were analysed for total silver (microwave-assisted acid 
digestion and ICP-MS measurement) and for AgNPs determinations (proposed extraction 
procedure followed by spICP-MS). Table 5.5 lists the total silver concentrations determined in 
textile samples (microwave-assisted acid digestion and ICP-MS measurement) as well as 
AgNPs concentrations and ionic silver concentrations in aqueous extracts (proposed extraction 
procedure and spICP-MS analysis); whereas data regarding AgNPs size distribution are given 
in Figures 5.4 (a-b). Table 5.5 also shows the silver concentration (and the silver percentage) 
derived from the assessed AgNPs considering the mean AgNPs concentrations and the mean 
AgNPs sizes obtained. Assumptions such as the spherical shape and solid nature of all AgNPs 
have been considered for these theoretical calculations. 

Total Ag concentrations varied from 1.3±0.1 (T7) to 10±0.4 (T5) for textiles commercialised 
as containing nanosilver; whereas, total Ag contents varied from 1.7±0.3 (T1-2) to 36±4 (T4) for 
textiles reported as containing silver. 

In general, AgNPs concentrations in nanosilver textiles are slightly higher than those found 
in textiles commercialised as containing silver, although the latter has also shown the presence 
of AgNPs. Regarding size distribution [Figures 5.4(a-b)], mean sizes varied from 22±2 nm 
(T5) to 40±1 nm (T6-2), and were quite close to the most frequent size, which suggests AgNPs 
size distribution is nearly a normal distribution.  

Silver concentrations in textiles derived from the assessed AgNPs (AgNPs concentration 
and size distribution, considering a spherical shape and solid nature of all AgNPs) were found 
to be within the 0.0210–13.2 ng g-1 (ngsilver gfabric-1) range [Table 5.5]. Percentages of nanosilver 
released in aqueous extracts (percentage of silver derived from extracted AgNPs referred to the 
total Ag concentration assessed by microwave-assisted acid digestion and ICP-MS) were 
therefore very low, ranging from 0.001% (T5) to 0.2% (T6-1). 

Total silver released was calculated by the addition of ionic silver concentrations and 
nanosilver concentrations (in mass units) obtained by spICP-MS analysis. Percentage of total 
silver released varied between 0.3% (fabric T5) and 9% (fabric T6-1) [Table 5.5]. Similar results 
were obtained by Benn et al. [38], who reported that two studied socks released less than 1% of 
their total silver into water after four washing cycles (agitation at 50 rpm for 24 h). In addition, 
Nam et al. [40] proved that 90% of total silver remained in cotton fabrics functionalised with 
AgNPs after ten laundering cycles (laboratory washing machine, 40ºC, 40 rpm, and 45 min).  

Furthermore, AgNPs presence in an aqueous extract (fabric T6-1) was confirmed by 
HRTEM  images and energy-dispersive X-ray spectra shown in Figure 5.5. Sample T6-1 was 
selected for its characterisation by electron microscopy owing to it was the extract with the 
highest concentration of AgNPs released during one washing cycle (Table 5.5). 
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Figure 5.4 (a). Size distribution of AgNPs in textiles containing silver obtained by spICP-MS 

Figure 5.4 (b). Size distribution of AgNPs in textiles containing nanosilver obtained by spICP-MS 
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5.4.6 Consecutive extraction cycles from fabrics	
Due to the low percentages of silver released in the aqueous extracts from studied fabrics, 

consecutive extractions were performed using the developed methodology for AgNPs 
extraction from fabric T5, which released the lowest percentages of nanosilver (0.001%) and 
total silver (0.3%) of the textiles studied. Six extraction cycles using the optimal extraction 
conditions (10 mL of water, 30 min, 20°C, and 100 rpm) were performed, and each consecutive 
extraction was carried out in triplicate, and two blanks were performed for each condition. 
Figure 5.6 shows the particle number concentrations of AgNPs measured by spICP-MS in 
aqueous extracts from textile T5 after subjecting six consecutive extractions. Results indicated 
a progressive enhancement of extracted AgNPs from fabric T5 with increasing extraction cycle 
number. This release pattern can be attributed to the fact that AgNPs were strongly integrated 
into the fibres and their release occurred slowly over several extraction cycles. In this way, 
Mitrano et al. [28] previously demonstrated that the release rate of AgNPs is lower in fabrics in 
which NPs are embedded in the fibres than in fabrics modified with NPs on the surface. 

Figure 5.6. Particle number concentrations of AgNPs in aqueous leachates from fabric T5 after subjecting 
six consecutive extraction cycles using the optimised extraction conditions  

(the letter “E” followed by a number denotes the extraction number) 

5.5 CONCLUSIONS 
Mechanical shaking (orbital-horizontal shaking) using ultrapure water as an extractant has been 
studied as a simple methodology to isolate AgNPs from textile products. spICP-MS operating 
with a dwell time of 100 µs has offered a rapid analysis for AgNPs quantification (number of 
AgNPs) and characterisation (AgNPs size distribution) in the aqueous extracts from fabrics. 
The developed methodology has been successfully validated and applied to several textiles. 
However, low percentages of AgNPs were found in the aqueous extracts. Percentages of 
nanosilver released from studied fabrics varied from 0.001 to 0.2%, and AgNPs mean sizes 
were found to be within the 22–40 nm range. HRTEM-EDX analysis also confirmed the 
presence of AgNPs in the extracts.  
Furthermore, six consecutive extraction cycles (using the optimised conditions) were applied 
to the fabric with the lowest silver extraction efficiency. The concentration of AgNPs in the 
extracts increased steadily as the number of extraction cycles increased. This behaviour could 
be explained by the fact that AgNPs were well-integrated into fibres. 
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V. CONCLUSIONS

PART A: DETERMINATION OF TOTAL METAL CONTENT IN MOISTURISERS AND TEXTILES 

Chapter 1. Quantification of metals in moisturising creams using microwave-assisted  acid 
digestion and ICP-MS 
A mixture of HNO3 and H2O2 has been found adequate to digest regular moisturising creams 
using microwave energy. Acid digests of moisturisers were analysed by ICP-MS and results 
showed that ten moisturisers did not comply with the European Regulation 1223/2009 since 
containing forbidden metals. Furthermore, speciation studies are necessary for three studied 
creams (tin speciation for two samples and lithium speciation for one sample) to ensure law 
enforcement. It can only be assured that only one out of fourteen moisturising creams studied 
fulfilled the European regulation on cosmetic products. 

Chapter 2. Metal content in textile and (nano)textile products 
The use of complexing agents (HCl and HF) has been found necessary to achieve the complete 
digestion of textile fibres due to the presence of inorganic NPs and the high titanium contents 
in the studied fabrics.  
Total metal content in textiles has been assessed after microwave-assisted acid digestion 
(HNO3, H2O2, HF, and HCl) followed by ICP-MS determination. The comparison between the 
obtained concentrations and the European Regulation 1907/2006 proved that the concentration 
of lead and arsenic exceeded the maximum allowable concentration in several textile products 
(1.0 µg g-1). In addition, mercury, which is forbidden in fabrics, was found in three samples. 
On the other hand, the speciation of chromium in one textile sample is necessary to determine 
the concentration of chromium (VI) and, therefore, its compliance with the stated regulation 
(the maximum concentration of hexavalent chromium in textiles is set at 1.0 µg g-1). 

PART B: DETERMINATION OF INORGANIC NPS IN MOISTURISERS AND TEXTILES 

Chapter 3. Silver nanoparticles assessment in moisturising creams by ultrasound-assisted 
extraction followed by spICP-MS 
AgNPs have been successfully isolated (quantitative extraction) from moisturising creams 
prescribed for atopic dermatitis by ultrasound assistance using methanol as an extractant. The 
quantitative extraction of AgNPs in these moisturising creams was possible owing to the absence 
of mineral components in the formulation (only components such as water, glycerine, glycerine 
derivates, seed oils, and several organic compounds). Methanolic extracts analysed by spICP-MS 
showed that AgNPs concentrations were within the 1.83×107–6.46×109 AgNPs g-1 range, and 
AgNPs mean sizes between 35 and 91 nm. 
TEM and SEM-EDX analyses also confirmed the presence of AgNPs in the methanolic extracts 
from the moisturisers studied.   
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Chapter 4. spICP-MS assessment of ZnONPs and TiO2NPs in moisturisers after a tip 
sonication sample pre-treatment 
Acetone was found to be a suitable hydrophilic organic solvent capable of solubilising several 
moisturising creams with sun protection properties. ZnONPs and TiO2NPs were assessed in 
moisturisers using a simple and rapid method based on tip sonication extraction using acetone 
before spICP-MS analysis.   
Nevertheless, the extraction efficiency was highly dependent on the ingredients of the cosmetic 
formulation and, in several cases, the extraction was non-quantitative (presence of mineral 
components such as mica and silica). Further improvements in sample pre-treatment are 
therefore required to avoid the effect of the cosmetic matrix on the extraction process. 
Particle number concentrations found in cosmetic extracts varied within the 
2.37×1011–5.34×1012 ZnONPs g-1 and 3.32×1011–1.50×1013 TiO2NPs g-1 ranges. In addition, 
mean sizes were found in the ranges of 86–175 nm (ZnONPs) and 84–145 nm (TiO2NPs). 
In addition, the presence of ZnONPs and TiO2NPs in extracts from moisturisers was confirmed 
by HRTEM-EDX analysis. 

Chapter 5. spICP-MS characterisation of silver nanoparticles released from textile products 
AgNPs have been extracted from fabrics by a simple procedure based on orbital-horizontal 
shaking under controlled temperature using water as an extractant (10 mL of water, 100 rpm, 
20 ºC, and 30 min) before spICP-MS determination. 
All studied nanosilver textiles released quantifiable AgNPs contents (2.68×105–1.91×108 AgNPs g-1). 
In addition, two out of four textiles modified with silver additives also leached AgNPs 
(2.54×106±1.92×105 and 2.59×107±3.35×106 AgNPs g-1). The mean sizes of AgNPs in textile 
extracts were found within the 22–40 nm range. The presence of AgNPs in extracts was also 
confirmed by HRTEM-EDX analysis. 
Nevertheless, the percentage of total silver released from fabrics was very low (0.3–9%) so the 
extraction was not quantitative, and AgNPs were found to be leached after successive extractions 
under the optimised conditions. These findings meant that AgNPs were well-integrated into 
fibres and released slowly from fabrics. More drastic conditions for the extraction, but 
guaranteeing the integrity of the AgNPs (easily ionised NPs) are needed. 
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ANNEX I. RESUMO 

A primeira parte desta tese doutoral centrouse na determinación do contido metálico total en 
cosméticos e produtos téxtiles debido a que varios metais orixinan lesións cutáneas e reaccións 
alérxicas. Ademais, os metais poden penetrar a través da pel, inducir toxicidade nas células 
dérmicas, e mesmo chegar ao torrente sanguíneo e acumularse en órganos e tecidos despois da 
exposición a longo prazo. Debido a isto, a presenza de metais en cosméticos e téxtiles está 
controlada polos Regulamentos Europeos 1223/2009 e 1907/2006, respectivamente. 
Os metais poden estar presentes en produtos de coidado persoal e téxtiles debido a unha 
contaminación accidental e/ou a unha adición intencionada. Na industria cosmética, os metais 
empréganse como pigmentos (principalmente en produtos de maquillaxe), filtros ultravioleta 
inorgánicos, axentes acondicionadores da pel, biocidas, estabilizadores de emulsións, 
humectantes, opacificantes, entre outros. 
Doutra banda, os metais engádense aos tecidos principalmente como colorantes (tintes de 
complexos metálicos e pigmentos), mentres que outros metais poden aparecer nos tecidos como 
impurezas debido ao proceso de fabricación. Por exemplo, o antimonio atópase nos téxtiles 
formados por poliéster debido ao seu uso como catalizador na fabricación de tereftalato de 
polietileno (PET), o cal é o poliéster máis utilizado na industria téxtil. 
Recentemente, a industria cosmética e téxtil incorporou o uso de nanopartículas inorgánicas 
(NPs) para obter produtos con novas funcionalidades, aumentando así o interese dos 
consumidores.  
Segundo o inventario Nanodatabase, as nanopartículas de prata (AgNPs), as nanopartículas de 
dióxido de titanio (TiO2NPs) e as nanopartículas de óxido de zinc (ZnONPs) son as NP 
inorgánicas máis utilizadas nos produtos manufacturados. Ademais, a partir da información 
obtida mediante este inventario, a principal vía de exposición dos seres humanos a estas NPs 
inorgánicas é o contacto dérmico. Así, a segunda parte deste proxecto de tese céntrase na 
caracterización de AgNPs, TiO2NPs e ZnONPs en produtos de uso diario que están en contacto 
directo coa pel, como son cremas hidratantes e os produtos téxtiles. 
Estas NPs teñen propiedades antibacterianas, polo que son engadidas a cosméticos e téxtiles 
como axentes biocidas, evitando así a deterioración dos produtos así como posibles riscos para 
a saúde derivados do seu uso ou aplicación. Ademais das propiedades antibacterianas, as 
AgNPs tamén teñen propiedades antiinflamatorias polo que son útiles na fabricación de 
produtos cosméticos para o tratamento de lesións cutáneas orixinadas por enfermidades tales 
como a psoriasis, a dermatitis e o acne. 
Doutra banda, as TiO2NPs and ZnONPs ofrecen protección ultravioleta debido a que son 
compostos semiconductores. Debido a esta propiedade, as TiO2NPs, e mais recentemente, as 
ZnONPs son amplamente empregadas na fabricación de cosméticos e téxtiles con factor de 
protección solar (SPF) debido a que a exposición á radiación ultravioleta orixina queimaduras, 
fotoenvellecemento, inmunosupresión e incluso carcinoxénese, entre outros efectos tóxicos. Na 
industria cosmética, o uso de cremas solares inorgánicas está en auxe debido a que as TiO2NPs e 
as ZnONPs non producen reacción alérxicas e son fotoestables, ao contrario ca os filtros 
orgánicos. Non obstante, na superficie das TiO2NPs e das ZnONPs fórmanse especies reactivas 
de osíxeno (ROS) [˙O2-,˙OH e H2O2] baixo a radiación ultravioleta. Debido a que as ROS poden 
inducir toxicidade nas células dérmicas, as TiO2NPs e as ZnONPs que se empregan en cosméticos 
están normalmente recubertas con alumina, hidróxido de aluminio e silica para diminuír a súa 
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actividade fotocatalítica. A Regulación Europea 1223/2009 controla a presenza de NPs en 
produtos cosméticos. A adición de NPs a produtos cosméticos debe ser notificada a Comisión 
Europea seis meses antes da comercialización de produtos modificados. Todos os ingredientes 
que se atopen na forma nano deben ser indicados claramente na lista de ingredientes seguidos da 
palabra “nano” en paréntesis. A Regulación 1223/2009 permite o uso das TiO2NPs e das ZnONPs 
como filtros ultravioletas, sempre que non excedan a concentración máxima permitida (25% w/w) 
e teñan as propiedades físicas e químicas establecidas por esta regulación. 
En canto a industria téxtil, a actividade fotocatalítica das TiO2NPs e das ZnONPs evita a 
decoloración, a formación de cores amarelentos e unha redución da resistencia das fibras 
xerados pola radiación ultravioleta. Estas NPs son útiles na fabricación de roupa antimanchas 
pola degradación da materia orgánica debido a xeración de ROS baixo a radiación ultravioleta. 
Ademais, as AgNPs, as TiO2NPs e as ZnONPs tamén se engaden as prendas para obter 
propiedades hidrófobas e antiestáticas, entre outras aplicacións. Porén, a presenza de NPs en 
produtos téxtiles aínda non está regulada. É importante determinar as NPs inorgánicas en 
téxtiles debido a que poden ser liberadas durante o seu uso, podendo ser un risco para os 
humanos. As NPs poden penetrar a través da pel debido ao seu pequeño tamaño. Diversos 
estudos demostraron que as AgNPs poden penetrar máis alá do stratum corneum (capa máis 
externa da pel e responsable da función de barreira), alcanzando as capas máis profundas da 
pel, mentres que as TiO2NPs e as ZnONPs non o fan. A penetración das NPs pode verse afectada 
polo estado de saúde da pel, incrementándose no caso da pel danada. 
Sen embargo, aínda non están dispoñibles metodoloxías estandarizadas para a determinación 
de NPs en produtos manufacturados. Polo tanto é necesario o  desenvolvemento de 
metodoloxías fiables para a avaliación das propiedades físicas e químicas das NPs (por 
exemplo, tamaño, forma, estructura cristalina e recubrimento), así como a concentración das 
NPs (masa e número). A existencia de estratexias nanometrolóxicas é moi importante na análise 
de produtos cosméticos para asegurar que se cumpre a Regulación 1223/2009. 
A etapa crítica na determinación das NPs nas mostras complexas é a etapa de pretratamento da 
mostra, a cal debe garantir a estabilidade destes analitos. Os disolventes orgánicos e os 
surfactantes son empregados frecuentemente como extractantes de NPs inorgánicas presentes 
en cosméticos. Ademais, varios autores usaron unha etapa previa de desgrasado con hexano. 
En canto á análise de cosméticos, as TiO2NPs e as ZnONPs contidas en cosméticos foron 
cuantificadas maioritariamente mediante o acoplamento de técnicas de fraccionamiento de 
fluxo de campo e técnicas espectrométricas. Porén, a principal limitación destas técnicas 
híbridas é o largo tempo de análise. Nos últimos anos, varios autores propuxeron o uso da 
espectrometría de masas con plasma de acoplamento inductivo empregando un modo de 
detección individualizada de partículas (spICP-MS) para a análise de rutina de mostras 
cosméticas. Esta técnica presenta vantaxes tales como o corto tempo de análise, a selectividade 
(diferencia entre o analito disolto e o analito en forma nanoparticulada), e a información 
proporcionada (concentración en número e distribución en tamaño). 
No caso dos produtos téxtiles, a maioría dos estudos dispoñibles simulan a liberación das NPs 
desde os tecidos durante o lavado da roupa na casa, pero os deterxentes afectan á integridade 
das NPs, formando novas especies tales como as nanopartículas de cloruro de prata e as 
nanopartículas de sulfuro de prata. Ademais, os deterxentes que conteñen compostos oxidantes 
inducen a disolución das NPs. Outros estudos levaron a cabo a incubación dos téxtiles con sudor 
artificial ou auga. A espectrometría de masas con plasma de acoplamento inductivo (ICP-MS) 
e a espectrometría de emisión óptica con plasma de acoplamento inductivo (ICP-OES) foron as 
técnicas analíticas empregadas para a análise dos lixiviados téxtiles.  
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Estos estudos previos foron tidos en conta á hora de desenvolver metodoloxías para a avaliación 
das NPs inorgánicas en cremas hidratantes e produtos téxtiles. 
Esta tese doutoral está dividida en cinco capítulos: cuantificación de metais en cremas 
hidratantes empregando dixestión ácida asistida por microondas e ICP-MS (capítulo 1), contido 
metálico en produtos téxtiles e (nano)téxtiles (capítulo 2), avaliación de nanopartículas de prata 
en cremas hidratantes mediante unha extracción asistida por ultrasóns seguida de spICP-MS 
(capítulo 3), avaliación mediante spICP-MS de ZnONPs e TiO2NPs en cremas hidratantes 
despois dun pretratamento de mostra empregando sonda de ultrasóns (capítulo 4) e 
caracterización mediante spICP-MS das nanopartículas de prata liberadas a partir de produtos 
téxtiles (capítulo 5). 

PARTE A: DETERMINACIÓN DO CONTIDO METÁLICO TOTAL EN CREMAS HIDRATANTES E

PRODUTOS TÉXTILES 

Capítulo 1. Cuantificación de metais en cremas hidratantes empregando dixestión ácida 
asistida por microondas e ICP-MS 
As cremas hidratantes (0.2000 g) foron dixeridas (dixestión ácida asistida por microondas) 
empregando 3.0 mL de ácido nítrico 69%, 1.0 mL de peróxido de hidróxeno 33% e 4.0 mL de 
auga ultrapura antes da avaliación do contido metálico total mediante ICP-MS. 
A análise mediante ICP-MS foi exacta e precisa (as recuperacións analíticas estaban no rango 
de 91–110% e as desviación estándar relativas foron inferiores ao 5%). Ademais, os límites de 
cuantificación obtidos (LOQs) variaron entre 0.00770 (berilio) e 3.37 µg g-1  (aluminio). 
O método desenvolto foi aplicado a catorce cremas hidratantes. Varios metais prohibidos pola 
Regulación Europea 1223/2009 tales como chumbo, mercurio, cadmio, cromio e berilio foron 
cuantificados en varias cremas hidratantes. Ademais, niquel, cobalto e cromio (orixinan 
alerxias) tamén se atoparon en varias cremas estudadas.  

Capítulo 2. Contido metálico en produtos téxtiles e (nano)téxtiles 
A dixestión ácida asistida por microondas foi usada para a descomposición dos produtos 
téxtiles (0.2000 g) empregando 8.0 mL de ácido nítrico 69%, 0.5 mL de peróxido de 
hidróxeno 33%, 0.5 mL de ácido clorhídrico 37% e 1.0 mL de ácido fluorhídrico 40% antes 
da análise mediante ICP-MS.  
A exactitude da determinación empregando ICP-MS foi avaliada mediante ensaios da 
recuperación analítica a diferentes niveles de concentración e os valores obtido variaron entre 
90 e 107%, mostrando que as análises con ICP-MS eran exactos. Ademais, as desviacións 
estándar relativas de once medidas do mesmo dixerido ácido diluído estaban dentro do rango 
1–3% para todos os analitos analizados, o que demostrou que a cuantificación empregando esta 
técnica analítica foi precisa. Os límites de cuantificación (LOQs) variaron entre 0.00427 (berilio) 
e 6.33 µg g−1 (titanio). O alto valor experimental para o LOQ do titanio foi debido a alta dilución 
que necesitou para a súa análise. 
Metais empregados frecuentemente en tintes de complexos metálicos (cromio, cobre, cobalto, 
niquel e ferro) ou presentes en pigmentos  (bario, zinc, titanio) foron atopados en varios téxtiles 
estudados. 
Metais usados en procesos catalíticos durante o proceso de fabricación dos produtos téxtiles 
tamén foron cuantificados nos téxtiles analizados. Como un exemplo, o ferro e complexos de 
manganeso estaban presentes en varios tecidos e a súa presenza pode ser debida a que estos 
compostos son usados en procesos de branquemento das fibras téxtiles e, como consecuencia, 
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poden permanecer nas fibras como unha impureza. O antimonio tamén se atopou a altas 
concentracións (hasta 218 µg g−1) en téxtiles formados por poliéster como unha impureza 
debido ao uso de compostos de antimonio como catalizadores na fabricación do tereftalato de 
polietileno (tipo de poliéster máis empregado en produtos téxtiles).  
A alta concentración de titanio nos téxtiles estudados (156–6223 µg g−1) pode ser debida a que 
o titanio é amplamente utilizado na industria téxtil como un colorante branqueador (Ti e TiO2)
e un axente delustrante (TiO2).
Ultimamente, a adición de NPs inorgánicas é unha práctica común na industria téxtil para obter
tecidos con novas funcionalidades. Zinc, titanio ou prata foron cuantificados en nanotéxtiles
con factor de protección solar (contiñan ZnONPs ou TiO2NPs) e con propiedades
antibacterianas (contiñan AgNPs).

PARTE B: DETERMINACIÓN DE NPS INORGÁNICAS EN CREMAS HIDRATANTES E TÉXTILES 

Capítulo 3. Avaliación de nanopartículas de prata en cremas hidratantes mediante unha 
extracción asistida por ultrasóns seguida de spICP-MS 
As nanopartículas de prata foron extraídas das cremas hidratantes empregando unha extracción 
asistida por ultrasóns (15 ciclos de tratamento con ultrasóns durante 59 s, seguidos de unha 
etapa de relaxación de 59 s, aplicando un 60% de amplitude) empregando metanol (20 mL) 
como extractante antes da determinación mediante spICP-MS.  
Estándares de AgNPs comerciais foron sometidos ao proceso desenvolto para avaliar a súa 
estabilidade. Os resultados das medidas de spICP-MS demostraron que as AgNPs foron estables 
durante o proceso de ultrasonicación (as concentración e tamaños das AgNPs non variaban en 
comparación cos estándares que non foran sometidos ao tratamento).  
A calibración usada para a avaliación dos tamaños das AgNPs mediante spICP-MS foi levada 
a cabo mediante estándares iónicos de prata en metanol (dilución 1:40) debido ao efecto matriz. 
Ademais, os límites de detección e cuantificación (LOD e LOQ) obtidos foron 2.48×105 and 
8.25×105 AgNPs g-1, respectivamente. O LOD teórico calculado en tamaño estaba no rango de 
4.5–13.0 nm. 
A precisión da metodoloxía completa (extracción asistida por ultrasóns e análise mediante 
spICP-MS) foi avaliada en base a desviación estándar relativa (RSD) de once extractos 
metanólicos preparados a partir da mesma crema. Os valores de RSDs foron 5% (concentración 
das AgNPs), 11% (tamaño máis frecuente das AgNPs) e 7% (tamaño medio das AgNPs), 
demostrando que a metodoloxía era precisa. 
As medidas de spICP-MS tamén foron exactas (as recuperacións analíticas obtidas foron 
117±14% para AgNPs de 20 nm, 90±1% para AgNPs de 40 nm, and 109±2% para AgNPs de 
60 nm). 
Tres cremas hidratantes prescritas para tratar a dermatitis atópica e que contiñan prata 
(cuantificación previa mediante ICP-MS do contido total de prata despois da dixestión ácida 
asistida por microondas) foron sometidas á metodoloxía proposta. Os resultados de spICP-MS 
mostraron concentracións de AgNPs de 1.83×107 a 6.46×109 AgNPs g-1, e tamaños medios 
das AgNPs no rango de 35–91 nm. O contido de prata total nos extractos dixeridos 
determinado mediante ICP-MS (1.4–2352 µg g-1) confirmou que a extracción da prata foi 
cuantitativa no caso das cremas estudadas. Ademais, o contido de nano-prata nestas cremas 
variou entre 0.24 e 1.1% da concentración total de prata.   
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As análises mediante TEM and SEM-EDX confirmaron a presenza de AgNPs nos extractos das 
cremas hidratantes despois dun tratamento oxidativo empregando peróxido de hidróxeno e 
ultrasóns (baño de ultrasóns) para eliminar a materia orgánica. 

Capítulo 4. Avaliación mediante spICP-MS de ZnONPs e TiO2NPs en cremas hidratantes 
despois dun pretratamento de mostra empregando sonda de ultrasóns 
A metodoloxía desenvolta baseouse na sonicación empregando unha sonda de ultrasóns en un 
disolvente orgánico [40 mL de acetona, amplitude do 40% e 5 minutos usando un modo 
descontinuo (59 s de relaxación despois de 59 s de sonicación)] seguido da avaliación das 
TiO2NPs e ZnONPs extraídas mediante spICP-MS. 
O titanio pode ser cuantificado sin ser interferido polo calcio (interferencia isobárica con 48Ca) 
mediante o uso do amoníaco como gas de reacción (RPq=0.2) en instrumentos coa tecnoloxía 
da celda de reacción dinámica (DRC). O titanio foi cuantificado mediante a monitorización do 
aducto 48Ti14NH(14NH3)4+ (m/z=131) empregando un fluxo de amoníaco de 1.0 mL min-1. 
A cuantificación do zinc no modo estándar (sin gas na celda de colisión/reacción) pode verse 
obstaculizado debido a que os isótopos 64Zn e 66Zn están interferidos por especies poliatómicas 
de titanio (48Ti16O+ e 50Ti16O+, respectivamente). Porén, a sensibilidade para o zinc no modo 
DRC foi moi baixa e había unha interferencia na cuantificación do zinc (monitorización dos 
aductos de zinc con m/z 115 e 117) xerada polo titanio incluso a niveles baixos da interferencia 
(5 µg L-1 of Ti) usando as condición de amoníaco óptimas obtidas para o zinc (2.0 mL min-1 de 
amoníaco e un valor de RPq de 0.2). 
Finalmente, un estudo de interferencias demostrou que a cuantificación do zinc (monitorización 
de m/z=66) mediante ICP-MS pode levarse a cabo usando o modo estándar en mostras 
(extractos e cremas dixeridas) que conteñan hasta 500 µg L-1 de titanio. 
Ademais, suspensións que contiñan TiO2NPs (50 nm) e ZnONPs (50–80 nm) foron analizadas 
mediante spICP-MS para así avaliar a posible interferencia das TiO2NPs na determinación das 
ZnONPs (isótopo 66Zn, modo estándar). A recuperación analítica das ZnONPs nas suspensións 
que contiñan ambas NPs foi 99±10%, demostrando que non había interferencia usando esas 
condicións instrumentais. 
En canto a análise mediante spICP-MS, os LODs teóricos en tamaño estiveron nos rangos de 
29–35 nm (ZnONPs) e 28–33 nm (TiO2NPs), mentres que os LODs e LOQs instrumentais foron 
1.15×103 e 3.82×103 ZnONPs mL-1; 1.35×103 e 4.50×103 TiO2NPs mL-1, respectivamente.   
As porcentaxes de recuperación analítica obtidos foron 119±3 % e 102±12% para as 
suspensións de TiO2NPs (50 nm) e ZnONPs (50–80 nm), respectivamente, o que demostrou 
que as medidas mediante spICP-MS foron exactas. 
A precisión de todo o método (extracción e medida) foi avaliada mediante a RSD de once 
extractos preparados usando as condicións óptimas de extracción. Os valores das RSDs para as 
concentración e tamaños das TiO2NPs e das ZnONPs foron inferiores ao 10%, demostrando 
que a metodoloxía proposta foi repetible. 
O método validado foi aplicado a varias cremas hidratantes con factor de protección solar. As 
eficiencias de extracción estiveron nos rangos de 52–81% e 23–104% para o zinc e o titanio, 
respectivamente. As baixas eficiencias de extracción obtidas para dúas mostras pode 
xustificarse debido a que conteñen un alto contido de ingredientes inorgánicos (como por 
exemplo alumina e mica), os cales poden dificultar a extracción.  
As concentracións de partículas obtidas estiveron nos rangos de 2.37×1011–5.34×1012 ZnONPs g-1 
e 3.32×1011–1.50×1013 TiO2NPs g-1, e os tamaños medios variaron nos rangos de 86–175 nm 
(ZnONPs) e 84–145 nm (TiO2NPs). 
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As porcentaxes de NPs nas cremas analizadas chegaron ata o 2.0% (w/w) no caso das TiO2NPs 
[0.2–2.0%] e ata o 2.5% (w/w) no caso das ZnONPs [0.4–2.5%]. 
Finalmente, os extractos cosméticos foron concentrados e limpados (dispositivos de filtración 
centrífuga Amicon® Ultra-0.5) e analizados mediante HRTEM-EDX, que confirmou a 
presencia de TiO2NPs e ZnONPs nas mostras. 

Capítulo 5. Caracterización mediante spICP-MS das nanopartículas de prata liberadas a 
partir de produtos téxtiles 
A técnica spICP-MS foi seleccionada como a instrumentación analítica usada para a 
determinación das AgNPs liberadas de téxtiles debido aos seus baixos límites de detección e á 
información que proporciona sobre a concentración e a distribución de tamaño das NPs. 
As AgNPs foron extraídas dos téxtiles (0.4000 g) empregando auga ultrapura (10 mL) usando 
axitación mecánica orbital-horizontal (100 rpm, 20°C, 30 min) antes da análise mediante 
spICP-MS. Despois da extracción, os extractos deben ser filtrados empregando filtros de 
xeringa (5 µm) para eliminar as pelusas desprendidas polos téxtiles. A estabilidade das AgNPs 
durante os procesos de extracción e filtración foi comprobada. 
Os LODs e LOQs experimentais obtidos foron 4.59×104 e 1.53×105 AgNPs g-1, respectivamente, 
mentres que o LOD teórico en tamaño estivo no rango de 9.8–11.6 nm. Os ensaios da 
recuperación analítica usando estándares de AgNPs de 20 nm, 40 nm e 60 nm variaron entre 
102 e 113%, o que demostrou a exactitude da determinación mediante sp-ICP-MS. As RSDs 
das medidas realizadas mediante spICP-MS de once extractos preparados usando as condicións 
óptimas foron 14% (concentración das AgNPs) e 6% (tamaño medio das AgNPs), indicando que 
a metodoloxía (extracción e medida) foi repetible.  
A metodoloxía validada foi aplicada a sete téxtiles modicados con aditivos que conteñen prata 
ou AgNPs. Todos os tecidos modificados con AgNPs liberaron contidos cuantificables de 
partículas (2.68×105–1.91×108 AgNPs g-1). Ademais, dous téxtiles modificados con aditivos 
con prata tamén liberaron AgNPs (2.54×106±1.92×105 e 2.59×107±3.35×106). Os tamaños 
medios das AgNPs nas mostras estudadas variaron entre 22±2 nm e 40±1 nm. 
A presenza de AgNPs nun extracto da mostra que presentaba a concentración máis alta (medida 
mediante sp-ICP-MS) foi confirmada mediante a análise con HRTEM-EDX despois da 
concentración e limpeza do extracto (dispositivos de filtración centrífuga Amicon® Ultra-0.5). 
As porcentaxes das AgNPs liberadas nos extractos acuosos calculados como o cociente entre a 
concentración en masa de prata estimada a partir da concentración en número das AgNPs 
(spICP-MS) e a concentración total de prata no textil (dixestión ácida asistida por microondas 
seguida da análise mediante ICP-MS) foron moi baixos, variando entre 0.001 e 0.2%. Doutra 
banda, a porcentaxe de prata total liberada dos téxtiles variou entre 0.3 e 9%, o que indica que 
a extracción non foi cuantitativa (ao igual que en otros artículos previamente publicados por 
outros autores). 
Finalmente, o textil que exhibía a porcentaxe de extracción máis baixo foi sometido a varios 
ciclos consecutivos de extracción empregando as mesmas condicións de extracción (30 min, 
20°C, and 100 rpm). O número de AgNPs extraídas foi maior cando se realizaron ciclos 
consecutivos de extracción. Isto pode ser debido a que as AgNPs están fortemente integradas 
nas fibras e vanse liberando lentamente durante o lavado do téxtil. 
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CHAPTER 3 (IV. RESULTS AND DISCUSSION): 



This doctoral thesis focuses on the determination of the total 
metal content in cosmetics and textile products to verify their 
compliance with the European Regulations 1223/2009 and 
1907/2006, respectively. The methodologies developed are 
based on microwave-assisted acid digestion of samples followed 
by inductively coupled plasma mass spectrometry (ICP-MS).

Moreover, strategies for assessing nanoparticles (NPs) in 
cosmetics and fabrics have also been developed. Inorganic NPs 
are isolated by ultrasound-assisted extraction (AgNPs, TiO₂NPs, 
and ZnONPs in moisturisers) or by orbital-horizontal 
shaking (AgNPs in textiles). Extracts from moisturising creams 
and fabrics are analysed by ICP-MS in single particle mode 
(spICP-MS) for determining the concentration and the size 
distribution of the isolated NPs.
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