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Abstract 

The use of nanomaterials (NMs) has been rapidly increasing in recent years, and 

this is reflected in their large-scale use for cosmetic applications. For example, it 

is expected that silica nanoparticles will reach a global market size of 5 trillion 

USD by 2025.  Amorphous silica nanoparticles ( aSiNPs)  are widely used to 

enhance the effectiveness, texture and shelf-life of various commercial cosmetics 

and act as an anti- caking agent and an absorbent to release active compounds 

over time in a range of cosmetic formulations (e. g.  foundation, lipsticks, and 

blushes) .  However, widespread use of cosmetics with aSiNPs increases 

exposure and may induce effects on human health and the environment that are 

not yet known. 

The EU Cosmetics Regulation (EC No 122/ 2009)  requires that NMs present in 

cosmetics need to be explicitly authorised.  Additionally, the physicochemical 

characterisation of cosmetics is addressed under the International Organisation 

for Standardization of nanomaterials ( ISO/ TR13014 ( 2012) )  and the United 

States Food and Drugs Administration (FDA-2011-D-0489). However, confidence 

of nanomaterial characterisation is still lacking data because of their unique 

physical, chemical features, and an inability of instruments to measure and 

manipulate the nanomaterials.  Due to different strengths and limitations of each 

technique, a combination method is used to increase reliable and reproducible in 

characterisation of nanomaterials. An interdisciplinary characterisation approach 

therefore is used to define in aspects ranging from physicochemical to potential 

biological effects in this study.  The main characteristics of eight unmodified 



 

 
 

commercial cosmetics were performed by several techniques, such as XRD, 

XPS, XANES and EXAFS that showed the presence of NMs such as silica, 

titanium dioxide, iron oxide, and mica.  Besides, XRD and XPS can provide both 

composition and semi-quantitative data. Their complex formulations, aggregation 

and multimodal particle content limited the evaluation of primary particle size by 

SAXS.  DLS could identify the particle size of the particles contained in these 

samples, although it was not possible to assess the relative proportion of silica. 

Also, five standards of Synthetic Amorphous Silica nanomaterials ( SASs) , 

requested from Joint Research Centre (JRC) were characterised and compared 

their properties with the previous data. Most of the standard SASs were in larger 

size than nanoparticles, one of the critical changes related to the mechanisms of 

aggregation during a water removal process, a freeze-drying process and thermal 

process.  This is a reason why synthetic amorphous silica nanoparticles were 

synthesised and then applied on the reconstructed human skin models in order 

to assess their toxicity. 

A sol- gel method was performed to synthesise monodisperse amorphous silica 

nanoparticles. Subsequently, routine laboratory methods and synchrotron-based 

techniques were carried out to fully characterise the properties of the synthetic 

silica.  The protocol successfully produced ultrafine ( sub-10nm)  silica particles 

with high purity and % yield.  Besides, the particles were found to be stable in 

ultrapure water and their synthesis could be scaled up to allow effective large-

scale production.  For technique details, various typical nanomaterials, such as 

colloidal dispersions and powders, leaded to determine the analysis technique 

uses.  DLS ( scattering technique)  and TEM (diffraction technique)  have been 



 

 
 

commonly used to determine the particle size and size distribution of 

nanoparticles. STEM and SAXS are specialized in this context, SAXS, Thailand 

and Germany have found a much broadened range of information presenting two 

population of particle sizes and a shape of particles with weak ordering 

arrangement, but cannot be presented in STEM images.  ICP- OES provided 

information on the concentration of Si.  There is the limitation to detect nitrogen 

which presented in the synthetic procedure. It is desirable to use FT-IR and XPS 

to extent evaluate the functional group and the surface chemistry.  As the further 

information using FT- IR and XPS methods, the presence of NH group and 

elemental composition, such as C, N, O and Si can evaluate the purity of final 

colloidal dispersion of aSiNPs.  However, the use of one or many of analytical 

characterisation methods is enough when providing reliable information of a 

specific parameter (e.g. size, structure, elemental composition). Their properties 

are relevant to the assessment of potential environmental and human exposure 

and risks from the smallest size range of nanoparticles; this work can thus 

contribute towards future safer product design and development of fate models 

in nano regulation. 

Most cytotoxicity literature to date has focused on inhalation and oral routes of 

exposure.  Skin absorption of such nanoparticles, potential uptake and cellular 

response, especially in the context of cosmetics, remain poorly investigated. This 

thesis presents data on (i) skin irritation of lab-synthesised aSiNPs, designed to 

mimic ultra- small nanoparticles that may be found in commercial cosmetics, ( ii) 

testing of these particles when topically applied to a reconstructed human 

epidermis ( RhE) , following OECD guideline no.  439, and ( iii)  histological 



 

 
 

observations of the exposed skin and immune-mediated responses by ELISA-

interleukin1-alpha. To understand the integrity of the skin barrier, a full-thickness 

human skin (Day 11)  model was applied to evaluate the penetration ability of 

aSiNPs.  The significance of such potential penetration is that the use of silica 

nanomaterials in cosmetics may induce a toxic effect if skin penetration occurs 

and the particles translocate to the bloodstream or internal organs. 

The results indicated aSiNPs as a non- irritant and both MTT and ELISA assays 

were in general agreements.  Histological examination showed tissue 

differentiation and proliferation, with few keratinocytes without a nucleus. XANES 

and XRF were used to explore the extent of skin penetration in the D11 tissues. 

The results further showed that the aSiNPs penetrated the outermost skin and 

reached the deeper skin layer but did not localize underneath the dermis. XANES 

showed that Ca2+  in the epidermis and dermis layers may interact with aSiNPs 

on the surface and transform their chemical, environment, leading to the 

reduction of oxidation state from +4 to - 2 and potential formation of calcium di-

silicide. Additionally, XPS showed the binding energy of silicon was shifted toward 

lower energy which related to the presence of silanol groups (Si-OH)  and alkyl 

groups (Si-O-C)  on the aSiNP surface.  The silanol groups induce membrane 

destabilization and lead to NPs surface interactions with the surrounding-

biological environment ( e. g.  phospholipid, glycoproteins, lipoproteins, 

electrolytes, ions). XRF showed evidence of the increased capacity of aSiNPs to 

penetrate skin and gain access to deeper layer of the human skin. Although this 

may be desirable for more effective action of cosmetics, it might also result in far 

greater uptake of substances that exert adverse health effects. 
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Chapter 1 Introduction 

1.1 Overview 

The global cosmetics marketplace was worth approximately GBP 431 billion 

(USD 532 billion)  in 2017 and is expected to reach GBP 651. 40 billion (USD 

805. 61 billion)  by 2023 (Orbis Research, 2018) .  The global market share is 

highest for Europe and North America but expanding into other global 

marketplaces also (Grandview Research, 2017) .  Raj et al.  (Raj et al. , 2012) 

reported on the top 10 cosmetic manufacturing companies and the number of 

nano- related patents filed since 2000 throughout 2008 (as shown in Figure 

1.1). 

 

Figure 1.1: The number of nano-related patents held by the top 10 

companies manufacturing cosmetics (Nanocolors, 2009). 
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Nanomaterials (NMs) such as titanium dioxide, carbon black and silicon dioxide 

are used extensively in a wide range of cosmetic products.  While innovations 

are introduced to activate the unique nanoscale- related properties, there may 

also be unintended consequences, that need to be considered in parallel.  For 

example, in the case of nanotechnology enabled cosmetics, NMs enhance 

cosmetics’ properties, i.e. appearance, performance, physical stability whereas 

drawbacks of their use are that they can be (or perceived to be)  harmful to 

humans and the environment.  With their increasingly widespread use, human 

exposure will certainly increase with likely further impact on the environment, 

necessitating investigation into their potential toxicity ( Juliano and Magrini, 

2017). 

Use of nanomaterials in various products, such as plastics ( composites) , 

concrete, electronics, medicines, personal care products and cosmetics is now 

common, and many such products are already in the market.  This fact 

development is the result of the special properties introduced to the products, 

or because they enable more efficient use of resources given their increased 

surface to volume ratio (Borm et al., 2006). However, despite their advantages, 

NMs have also been reported to show adverse effects on skin, by in vitro, in 

vivo, and ex vivo studies (Gamer, Leibold and Van Ravenzwaay, 2006; Filipe 

et al. , 2009; Barillet et al. , 2010; Labouta, Liu, et al. , 2011; Goldstein et al. , 

2014; Zhu et al. , 2014; Adib et al. , 2016; Raju et al. , 2018) .  Cosmetics 

manufacturers are now required to provide specific data relevant not only to the 

health and safety of cosmetics, but also to the raw materials and to include 

other technical information in accordance with EU legislation (The European 

Commission, 2014). 
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2231 consumer products claim to contain NMs in the European consumer 

market (Foss Hansen et al. , 2016) , in particular, cosmetics and personal care 

products.  The principle nanomaterials used in cosmetics are silver, fullerene, 

gold, alumina, titanium, copper, platinum and silica (Raj et al., 2012; EU, 2016). 

One of the most abundant NMs in cosmetics manufacturing is amorphous silica 

nanoparticles ( aSiNPs) , which are silicon dioxide nanoparticles and its 

agglomerates where the size of the primary particles are between 1 and 100 

nm ( Dekkers et al. , 2013) .  Silica in amorphous form existing in nature is 

generally non-toxic to human, by contrast crystalline forms, such as quartz and 

cristobalite, are toxic and linked to a human lung cancer, 

( https: / / www. cancer. gov/ about- cancer/ causes-

prevention/risk/substances/crystalline-silica). 

According to Grandview Research (2017), demand for silica nanoparticles has 

increased since 2014 and is expected to continue increasing in the U.S. market, 

( see Figure 1. 2) .  P type silica has been used by the construction and 

commercial building sectors, while S type can be applied as high content filler 

material for several applications, such as cosmetics, healthcare and medicine 

manufacturing.  Additionally, Type III has been used in rubber and food 

manufacturing. 

https://www.cancer.gov/about-cancer/causes-prevention/risk/substances/crystalline-silica
https://www.cancer.gov/about-cancer/causes-prevention/risk/substances/crystalline-silica
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Figure 1.2: U.S. nanosilica market volume, by product, 2014 – 2025 (kilo-

tons); P type, S type, and Type III (Source: Grandview Research, 2017) 

Synthetic aSiNPs exist in different forms and have been produced by various 

methods (more information in section 1.5) in several million tons for decades 

(Vance et al., 2015). For example, it is being used as an emulsifier in cosmetic 

powders because of its excellent dispersibility and its ability to enhance 

rheological properties, enhancing cosmetic appearance, texture and shelf life 

and enabling high pigment levels in cosmetics. Silica nanoparticles are also 

synergistic and compatible with other ingredients used in cosmetics (Nafisi and 

Maibach, 2015) allowing ease of formulation. 

Only a few studies are currently available that have investigated the safety 

aspects of silica nanoparticles (SiNPs) despite their widespread use in products 

(Froggett et al., 2014). For example, size-related cell penetration of SiNPs has 

been reported along with generation of free radicals and reactive oxygen 

species (ROS) (Nel et al., 2006; Nabeshi et al., 2010; Krug and Wick, 2011; 

Park et al., 2013; Liang et al., 2014; Ryu et al., 2014). Additionally, aSiNPs with 

positive surface charge can enhance the mechanism of skin penetration 
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(Rancan et al., 2012); similar effects have been seen with gold nanoparticles 

(Hao et al., 2017). However, SiNPs with strong negative charge have been 

reported to be more toxic to skin cells than SiNPs with weak negative charge 

(Quignard et al., 2012; Park et al., 2013; Ryu et al., 2014). It has been found 

that 20 nm aSiNPs can decrease toxicity of 2,4-dinitrofluorobenzene, which 

induces contact hypersensitivity (Palmer et al., 2019), whereas 70 nm aSiNPs 

when topically applied at high doses of 125 μg/ear/day showed minimal effects 

on the healthy skin of mice (Matsuo et al., 2016). 

The relative lack of information on the safety of aSiNPs and the often conflicting 

evidence in the nanotoxicity literature is a major limitation to the development 

of cosmetics products containing NPs, and highlights a need for standardised 

toxicity testing to allow direct comparison of study results.  Indeed, the 

advantages and drawbacks of synthetic aSiNPs are still unknown due to the 

limited physicochemical characterization provided in most studies of the toxicity 

or environmental fate and mechanisms of interaction of aSiNPs with cells. 

Previous research of the physicochemical characteristics of aSiNPs with 

different properties, i. e.  size, shape, surface charge and zeta potential are 

contradictive, as mentioned above, demonstrating a need for these data to be 

discussed extensively and for additional work on assessing relevant properties 

to be carried out, to enable grouping for risk assessment to be performed. 

Advancements in physicochemical characterisation of nanoparticles enhance 

knowledge on their reactivity and toxicity variations and support greater 

accuracy of health risk assessments for cells and organisms ( including 

humans) .  The cytotoxic effect is often due to NP characteristics, such as 

morphology, size, shape, surface area and surface charge.  The correlation of 
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cytotoxic effect and particle size has been studied as mentioned above, small 

size of amorphous silica showed higher cytotoxicity of in vitro experiment for 

nonphagocytic cells ( Lin et al. , 2006; He et al. , 2009; Al-Rawi, Diabaté and 

Weiss, 2011) .  On the other hand, in a study of phagocytic cells silica 

microparticles induce higher cell damage than to NPs ( Chong et al. , 2005; 

Morishige et al. , 2010). NPs may cause damage or bind to the cell membrane  

and this may be followed by production of reactive oxygen species (ROS) ,  

increase of intracellular Ca2+  levels, decrease of cell viability and interference 

with mitochondria metabolism (Badawy et al., 2011). Surface area (along with 

roughness and porosity) and surface charge also influence generation of ROS 

and binding sites for receptors.  For example, surface charge- dependent 

increased toxicity of silver nanomaterials (Ag-NM) to gram positive bacteria has 

been reported for positively charged Ag-branched polyethyleneimine NMs (10 

nm) compared to negatively charged Ag-citrate NMs (10 nm) (Badawy et al. , 

2011). 

1.2 Nanotechnology and Nanomaterials 

Nanotechnology deals with nanoscale discoveries, including the development 

of nanosized-materials and has immense potential in various aspects of life. 

The term nanomaterial has been defined by the European Commission since 

October 2011, 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.” 



 

7 

 

“ In specific cases and where warranted by concerns for the environment, 

health, safety or competitiveness the number size distribution threshold of the 

50% may be replaced by a threshold between 1 and 50%.” 

“ By derogation from the above, fullerenes, graphene flakes and single wall 

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

considered as nanomaterials.” (The European Commission, 2011) 

The Joint Research Centre ( JRC) , which is the research arm of the European 

Commission, has defined NMs as substances having at least one dimension 

between 1 and 100 nm in size (JRC, 2010). To illustrate this, the size of flea is 

1,000,000 nm wide and viruses are around 100 nm in diameter (Figure 1. 3) . 

Importantly, NMs can differ greatly in their physicochemical properties when 

compared to micron- sized particles having identical chemical composition 

( Gergely and Coroyannakis, 2009) .  NMs covers all shapes as long as 1 

dimension is in the nanoscale, while NPs imply that all three dimensions are 

nanoscale, i.e. spherical particles typically. 
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Figure 1.3: An illustration comparing sizes of various objects found in nature 

and engineered nanomaterials to give an idea of the nanoscale; adopted from 

(Saallah and Lenggoro, 2018). 
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The British Standards Institute uses the term nano- object and defines it as 

“material with one, two or three external dimensions in the nanoscale” , i. e. , 

between 1 nm and 100 nm (The British Standards Institute, 2015). The surface 

area to volume ratio is a significant property of nanomaterials.  The smaller 

nanoparticles have a relative larger surface area ( Kattan, 2016) .  Atoms at 

surface are more reactive, and for smaller size particles.  A greater proportion 

of their atoms are on the surface -  more surface for binding, more surface for 

catalysis, for carrying fragrance etc. 

1.3 Classification of nanomaterials 

Nanomaterials ( NMs)  can be grouped according to their origin, chemical 

composition, and dimensionality (Dolez, 2015; Hochella et al., 2019). 

1.3.1 Origin 

NMs can be classified according to their origin as natural, incidental, and 

engineered, defined more precisely below. Some examples of each type of NM 

are presented in Table 1.1. 

Table 1.1 Examples of Nanomaterials (NMs) and where they may be found. 

Origin Formation Examples Reference 

Natural Biogenic Organic colloids: Humic 

acids, fulvic acids 

Organism: Viruses 

Oxides: Magnetite 

Metal: Ag, Au 

(Nowack and 

Bucheli, 2007) 

Geogenic Soot: Fullerenes, 

cristobalite, bismuth oxide 

Oxides: Fe-oxides 

Clays: Allophane 
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Origin Formation Examples Reference 

Atmospheric Aerosols: Organic acids, 

Sea salt 

Pyrogenic Soot: carbon nanotubes 

(CNT), Fullerenes, 

Nanoglobules, onion-

shaped nanosphere 

Incidental Combustion 

by-products 

CNT, nanoglobules, diesel 

soot, ultrafine particulates, 

polymer fumes 

( Oberdörster, 

Oberdörster 

and 

Oberdörster, 

2005) 

Engineered Considering 

high 

production 

and release 

estimates as 

of 2010 

TiO2, SiO2, Fe, ZnO, Al2O3, 

CeO2, Cu, Ag, CNT and 

graphene 

(Keller and 

Lazareva, 

2013) 

 

1) Natural nanomaterials 

Natural NMs originate from natural processes, for example, volcanic eruptions, 

forest fires, and sandstorms. Natural processes can form NMs in waters, soils, 

atmosphere and sediments.  

2) Incidental nanomaterials 

Incidental NMs are NMs which have been unintentionally released from human 

activity, e. g.  factory emissions, transportation emissions, mining, forest fires. 

By-products from human activities have been delivered to the atmosphere and 

sediment to waters and soils. 

3) Engineered or manufactured nanomaterials 
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Manufactured nanomaterials (MNMs)  are synthesised either by top-down or 

bottom-up methods.  The simplified processes are presented in Figure 1. 4. 

MNMs can be grouped broadly as organic and inorganic compounds, i.e., CNT, 

polymer, TiO2, and ZnO (see Table 1.2). 

 

Figure 1.4: A simplified representation of MNMs synthesis process (Ealias 

and Saravanakumar, 2017; Ovais et al., 2017) 

Table 1.2 Examples of Manufactured Nanomaterials (Ju-Nam and Lead, 

2008; Keller and Lazareva, 2013; Hochella et al., 2019) 

Composition Group Example 

Organic Fullerenes C60, C70, derivatives 

CNTs Single walled CNTs 

Multi walled CNTs 

Dendrimer Polymer 

Inorganic Metal Oxides TiO2, ZnO, CeO2, SiO2 

Metal Au, Ag 

Quantum dots CdSe, ZnSe, InP 
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1.3.2 Chemical Composition 

NMs are categorised based on their chemical composition as well as their 

grouping as organic, inorganic and carbon- based NPs ( see Table 1. 3 for 

examples). 

Table 1.3 Classification of nanomaterials based on chemical composition. 

Classification Example Reference 

Organic or 

Polymers 

Dendrimers, micelles, 

liposomes and ferritin 

(Ealias and Saravanakumar, 

2017) 

Inorganic Metal based: Aluminium, 

Iron, Silver, Gold, Cobalt, 

Cadmium, Lead, Copper, 

Zinc 

(Brust et al., 1995; Dhas, Raj 

and Gedanken, 1998; Yin et 

al., 1998; Song et al., 2006; 

Paskevicius et al., 2009; 

Cumberland, 2010; Khan, 

Saeed and Khan, 2017; Mörtel 

et al., 2017) 

Metal Oxide Based: 

TiO2, FeO, SiO2, ZnO, 

CeO2, Al2O3, Magnetite 

(Fe3O4) 

(Pang and Bao, 2002; Tago et 

al., 2003; Mahshid et al., 2007; 

Sharma et al., 2011; El 

Ghandoor et al., 2012; Rahman 

and Padavettan, 2012; Briffa, 

2017; Musigapong et al., 2019) 

Carbon Based Fullerenes (C60), 

Graphene, Carbon 

nanotubes (CNTs), 

Carbon Nanofiber, 

Carbon black 

(Li et al., 2006; Rouse et al., 

2007; Ealias and 

Saravanakumar, 2017; Khan, 

Saeed and Khan, 2017) 
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1.3.3 Dimensionality 

NMs have been classified into four groups – 0D, 1D, 2D, and 3D - based on the 

number of dimensions which are outside of the nanometric size range. Figure 

1.5 (Dolez, 2015) shows the examples of NMs under each group. 

Zero-dimensional (0D) NMs have all dimensions in the size range of 1-100 nm, 

such as uniform particles arrays ( quantum dots) , heterogeneous particles 

arrays, core- shell quantum dots, and hollow spheres.  0D NMs have been 

extensively applied in commercial products, i. e.  light emitting diodes (LEDs) 

( Janssen and Stouwdam, 2008) , solar cells ( Lee et al. , 2009) , and lasers 

( Ustinov et al. , 2000) .  However, 0D NMs are unstable and have severe 

limitations with regard to manufacturing in large quantities. These materials are 

also strictly NPs, where all others are better termed NMs, as per the ISO 

terminology for nanotechnology. 

One- dimensional ( 1D)  NMs have one external dimensions outside the 

nanoscale and include nanofibers (TiO2, SiO2, Al2O3 etc.), nanorods, nanowires 

(Au, Ag, Co etc.) and carbon nanotubes (CNTs). 

Two dimensional ( 2D)  NMs have two external dimensions beyond the 

nanoscale and comprise of surface coatings, thin films, plates and networks. 

2D NMs find widescale use in electronics and other technology- focused 

applications due to their shape, high surface area, large surface-to-volume ratio 

and favourable structural stability over 0D and 1D NMs (Tiwari, Tiwari and Kim, 

2012). 

Finally, three dimensional (3D) NMs have no dimensions in the nanoscale but 

may be consisting of nanoscale components, e. g.  bulk powders, 

nanocomposite materials (Lin, Shang and Zhang, 2014; Dolez, 2015). 
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Figure 1.5: A classification of NMs based on their dimensionality (Poh et al., 

2018). 

1.4 NM properties relevant to their behaviour, 

interaction and toxicity 

The characterisation of physicochemical properties including size, shape, 

chemical composition, surface charge, solubility, and surface chemistry of NMs 

is very important to determine their behaviour, interaction and toxicity. 
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Table 1.4 Physicochemical properties of NMs that influence behaviour and toxicity. 

Property NM effects Example Reference 

Size/size distribution Smaller sized NMs can be 
internalised into an organism, 
which can potentially lead to 
its accumulation and induction 
of toxicity. 
Size distribution helps to 
identify what percentage of 
NMs remain monodispersed 
rather than agglomerated over 
time. 

80 nm silica NPs more 
strongly affect cell viability 
than 500nm. 

(Zhang et al., 2010) 

Shape Shape can influence NM 
uptake and its potential effect. 

Spherical-shaped AuNPs 
can enter HeLa cell more 
than rod-shaped. 

(Chithrani, Ghazani and Chan, 
2006) 

Solubility Dissolution of NMs within the 
cell or its organelles or in 
media can cause release of 
ions after internalization of the 
NM, influencing toxicity. 

Trojan horse effect from 
AgNPs. 

(http://pubs.rsc.org/en/content/arti
clelanding/2018/nr/c7nr05975b#!di
vAbstract) 

Surface charge Surface charge of NPs helps 
determine how NPs interact 
with other chemical species 
(ions) or in biological fluids.  
Charged NPs dispersed in 
water, can interact with the 
protons and hydroxyl ions of 

Negatively charged 
nanoparticles can interact 
with the carboxyl or sulfate 
groups of mucin strands as 
well as hydrophobic 
regions of the 
gastrointestinal tract. Their 

(Lai, Wang and Hanes, 2010) 
 
 
 
 
(Drescher et al., 2011) 

http://pubs.rsc.org/en/content/articlelanding/2018/nr/c7nr05975b#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2018/nr/c7nr05975b#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2018/nr/c7nr05975b#!divAbstract
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Property NM effects Example Reference 

the water. They may gain or 
lose protons. 
Aggregation can occur 
depending on ionic strength, 
the Debye length and the 
effective charge in the 
electron double layer (EDL), 
also NPs can be attracted 
each other by weak van der 
Waals’ forces. 

binding can reach the 
intestinal epithelial surface. 
Negatively charged silica 
nanoparticles synthesised 
using Ludox method 
increases agglomerations 
in a cell culture medium 
containing fetal calf serum. 

Surface 
coatings/corona 

NPs with different surface 
coatings can induce the 
absorption of protein and 
other biomolecules and cause 
agglomeration, behaviour and 
can affect fate and toxicity. 

Functionalization of silica 
nanoparticles with 
positively charged 
molecules enhances the in 
vitro cellular uptake and 
decrease the formation of 
aggregates. The 
aggregates may decrease 
the toxicity of NPs to cells.  

(Rancan et al., 2012) 

Structure/Crystallinity Physical properties of NPs are 
affected by the structural 
orientation of atoms within the 
particle. 

Anatase form of titanium 
dioxide has been shown to 
be more photocatalytic, 
compared to rutile. 

(Augustynski, 1993) 
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1.5 Synthesis methods for amorphous Silica Nanoparticles 

Since there are many applications of synthetic aSiNPs, synthesis protocols have been extensively developed to produce different 

forms of SiNPs as illustrated in Table 1.5. 

Table 1.5 Overview of synthetic aSiNPs, relevant properties and applications 

Silica forms Synthesis 

method 

Size (nm)a Surface area 

(m2/g) 

Applications Reference 

Pyrogenic or 

fumed silica 

Thermal 

process 

5-50 50-400 Adsorbents, filler, thickening 

agents, anti-caking agents, 

emulsion stabilisers, free-flow 

agents and carriers in consumer, 

food and feed products 

(ECETOC, 2006; 

Nafisi, Schäfer-

Korting and 

Maibach, 2015) 

Precipitated silica Wet process 5-100 30-500 Performance additive as filter aid in 

food production, use as coatings, 

ink receptive papers, metal 

casting, refractory products, and 

catalysts  

(ECETOC, 2006; 

Nafisi, Schäfer-

Korting and 

Maibach, 2015) 
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Silica forms Synthesis 

method 

Size (nm)a Surface area 

(m2/g) 

Applications Reference 

Silica gel Wet process 1-10 250-1,000 Use in food industry, paints and 

coatings, pharmaceutical tableting 

additive, plastics and textiles, and 

use as anticaking agents, filter aid, 

emulsifying agents, viscosity 

control agents, and anti-settling 

agents 

(ECETOC, 2006; 

Nafisi, Schäfer-

Korting and 

Maibach, 2015) 

Nonporous 

(Stöber) silica 

Different 

methods 

50-2000 Variable, with 

controllable 

surface 

properties 

Drug delivery, cancer diagnosis 

and therapy and molecular imaging 

(Stöber, Fink and 

Bohn, 1968; Tang 

and Cheng, 2013; 

Nafisi, Schäfer-

Korting and 

Maibach, 2015) 

Mesoporous silica Different 

methods 

2-50 > 1,000 Drug delivery, catalysis and 

imaging 

(Napierska et al., 

2010; Nafisi, 

Schäfer-Korting and 

Maibach, 2015) 
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In this study, the major synthesis technique used for aSiNPs preparation was 

the sol- gel method producing synthetic amorphous silica nanoparticles similar 

in properties to those in cosmetic products and of ultrasmall; further details are 

described in Chapter 4. 

1.6 NM Regulation 

This section discusses the existing regulation dealing with cosmetics containing 

nanomaterials.  In the EU, cosmetic products are regulated under the 

Regulation on cosmetic products legislation – (EC) No 1223/2009. The recent 

regulations for risk assessment of cosmetics highlight the information 

requirements including an estimate of exposure dosage via inhalation, oral and 

dermal exposure routes.  However, guidance provided within this regulation 

may be insufficient on particular aspects, i.e. cytotoxicity and immune response 

and about the specific substance property requirements, i. e.  physicochemical 

characterisation and exposure assessment.  The European Commission 

Scientific Committee on Consumer Safety ( SCCS)  has been requested to 

revise and develop guidance on the additional nanomaterial characterisation 

and health risk assessments for the approval of cosmetics containing NMs 

(Scientific Committee on Consumer Safety, 2012) .  Cosmetic manufacturers 

have been required to provide specific data relevant not only to health, safety 

and awareness of cosmetic applications but also details regarding the raw 

materials and other technical information in accordance with the EU legislation. 

The European Chemicals Agency ( ECHA)  has collected, analysed and 

reviewed available information from a wide range of sources, and encouraged 

companies for more information as specified within the legal frameworks. ECHA 
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launched the first version of the European Union Observatory for Nanomaterials 

(EUON) in 2017 (The European Commission, 2014), this was set up to provide 

authoritative information to the public and industry; available at: 

https://echa.europa.eu/guidance-documents/guidance-on-reach. 

The European Commission now requires that products containing 

nanomaterials have adequate and relevant characterisation data ( before they 

can be marketed)  and that sufficient safety assessment ( through various 

exposure routes) is conducted. Cosmetics companies have also been required 

since 11 July 2013, under EU cosmetic regulation 1223/ 2009, to add the label 

“ nano”  in front of any of nanoscale ingredients, as recommended by the 

scientific committee on consumer safety ( SCCS)  and REACH ( EcoMundo, 

2016; European Commission, 2016) .  However, currently there is no specific 

standardized test method to demonstrate the presence ( or absence)  of 

nanomaterials in a cosmetics formulation. 

From 2013, the cosmetics industry has been required under the EU legislation 

to strengthen safety requirements for cosmetic products to provide safety 

assessment data.  However, the revised cosmetic regulations also banned the 

testing of cosmetics on animals from 2013.  In Europe, the traditional practice 

of testing cosmetics on animals has been a topic of controversy for many years, 

with a strong push towards replacing animal tests with alternative, typically in 

vitro tests.  Significant effort has been invested into the development of in vitro 

reconstructed human skin models and ex vivo tissue models (pig and human), 

which have largely replaced animal testing and have been used to study the 

epidermal and dermal responses to cosmetics. 

https://echa.europa.eu/guidance-documents/guidance-on-reach
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These in vitro three-dimensional epidermal reconstruction models have been 

used purely for basic research interests since the 1990s.  Many different types 

of 3D human skin models have been developed and were accepted in 2009 by 

the EU (European Parliament, 2009). For dermal studies on SiNPs, the majority 

of relevant data on the relationship between size and cytotoxicity are available 

for large particles (20, 70, 300, 1000 nm) (Nafisi, Schäfer-Korting and Maibach, 

2015; Palmer et al. , 2019)  where the additional information regarding the 

factors driving skin penetration and permeation, such as chemical 

transformation and mechanism of localization are lacking and often conflicting. 

1.7 Nanoparticles in cosmetics 

NPs are being used in almost 600 cosmetic industries (Guix et al. , 2008)  due 

to their easy preparation, suitability for carrying active ingredients and 

availability of a range of emerging technology options. Their unique properties 

can significantly enhance colour appearance, UV protection, provide long-

lasting effects, deeper skin penetration, and extend shelf life of the products 

including cosmetics and personal care products.  Examples of the applications 

of NPs in cosmetics are given in Table 1.6. 
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Table 1. 6 Examples of NP applications in cosmetics and personal care 

products 

Nanoparticles Cosmetic 
products 

Properties Reference 

Carbon 
fullerenes 
(buckyballs) 

Face creams 
and moisturizers 

Against Radical 
Oxygen Species 
(anti-aging/ 
antioxidants) 

(Friends of the 
Earth Australia, 
2006) 

Titanium dioxide 
(TiO2) 

Cosmetics, 
Sunscreens 

UV protection 
including to reflect 
and scatter UVA 
and UVB  

(Guix et al., 
2008) 

Zinc oxide (ZnO) Sunscreen, 
Make-up 
remover 

Block UV (Friends of the 
Earth Australia, 
2006; Guix et 
al., 2008) 

Copper Face colour 
powder, lipsticks 

Antimicrobial 
agent, colour 
development 

(Camacho-
Flores et al., 
2015) 

Iron oxide 
(FexOy) 

Brush-on, 
lipstick 

Colour 
development 

(Guix et al., 
2008) 

Silver (Ag) Underarm 
deodorants 

Antibacterial 
activity 

(Junevičius et 
al., 2015) 

Gold (Au) Toothpaste, 
Acne cream 
treatment 

Antibacterial 
activity, reduction 
of pore size, 
prevention and 
treatment of acne 

(Junevičius et 
al., 2015; 
Khezri, Saeedi 
and Maleki 
Dizaj, 2018) 

Alumina (Al2O3) Gel cosmetics, 
colour cosmetics 

Fillers, waterproof 
materials, colour 
development 

(Khezri, Saeedi 
and Maleki 
Dizaj, 2018) 

Silicon dioxide 
(SiO2) 

Face powder, 
lipstick, eye 
shadow, 
mascara, 
antiwrinkle 
products, 
cosmetic pencils 

Preventing re-
agglomeration of 
the pigment, Anti-
cake, adsorbent, 
emulsifier, facelift 
effect 

(Nafisi and 
Maibach, 2015; 
Khezri, Saeedi 
and Maleki 
Dizaj, 2018) 

 

1.8 Human Skin 

Human skin is the largest organ of the body, covering surface area around 1.8 

m2 for an adult. Its complex structure and physicochemical properties facilitate 
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its role as an outermost barrier against external factors (Nafisi and Maibach, 

2018). The skin barrier is involved in preventing human exposure to a range of 

chemicals, including NPs, through human evolution and, recently, additionally 

in response to exposure resulting from the expanding cosmetics sector, i. e. 

body care and skin care products.  Nanotechnology used in cosmetic 

manufacturing is driving additional research into human skin, dermal uptake 

and consequences of NP exposure via topical application to skin.  Detailed 

information on human skin is provided in the sections below. 

1.8.1 Human Skin Structure and Function 

Skin is a dynamic organ which changes its structure throughout life, for 

example, keratinocytes derivation in the inner layers are continuously moving 

towards the outer layer depending on the stage of cell differentiation.  Among 

the different types of skin cells, keratinocytes are the most represented cells of 

the epidermis ( 90% ) , whereas the Langerhans cells ( LCs)  represent 

approximately 3-5% of all epidermis cells (Rancan et al. , 2012) .  Human skin 

consists of three main layers, namely epidermis, dermis and hypodermis, 

presenting from the upper layer as represented in Figure 1.6. 

The epidermis is the outermost layer of the skin, and is divided into parts called 

the stratum basale (SB) , stratum spinosum (SS) , stratum granulosum (SG) , 

stratum lucidum (SL), and stratum corneum (SC) as shown in Figure 1.6. The 

epidermis acts as exogenous physical, chemical, and protective waterproof 

barrier.  The SC is a part of an efficient outermost defence, depending on its 

lipid extracellular matrix, epidermis hydration, transepidermal loss of water, and 

the pH gradient among the skin ( Zhai and Maibach, 2004) .  The barrier 

mechanism of the SC arose from its content of corneocytes and lipid-
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enrichment regions which impede loss of moisture and solutes.  The 

extracellular lipid component of the SC comprises a bilayer lamella structure of 

opposite electric charge and with hydrophobic and hydrophilic compartments 

( Hatta et al. , 2006) .  The long lamellar structure or lipophilic compartment 

( ceramides, free fatty acids, and cholesterol)  maintains the barrier to the 

translocation of water and electrolytes.  In addition, tight junctions underneath 

the SC seal the topical intercellular spaces between the cells of the viable 

epidermis. Therefore, if NP is smaller than the gaps between the tight junctions 

(around 6 nm)  or is actively internalized by cells, it may penetrate the skin 

barrier (Rancan et al., 2012). 

The basement membrane is an interface between the epidermis and dermis 

layers and acts as a supporter for cell attachment. The dermis is an inner layer 

which is composed of two layers -  the papillary and the reticular layers, and 

contains sweat glands, hair root, nerves, sense organ, lymphatic vessels, and 

blood vessels within cells and fibrous tissue.  In particular, the blood vessels 

supply nutrients to the living dermis and also remove the cellular waste 

products. A further skin barrier is represented by fibroblast cells in the reticular 

layer.  Subsets of the fibroblasts corresponding to immune system are 

specialized in the uptake of pathogens through macrophages and mast cells. 

The internalisation of proteins and other antigens into cells is carried out 

through the mechanism of endocytosis, macropinocytosis and phagocytosis as 

shown in Figure 1.7. The primary particle size (Rancan et al., 2012), the degree 

of aggregation, and the surface charge (Hao et al., 2017) significantly influence 

particle uptake into cells. 
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The hypodermis or subcutaneous layer is the innermost layer, which is made 

up of connective tissue and fat. Fat cells, loose and spongy connective tissues, 

and blood vessels are the main parts of the hypodermis, and function as 

protector and insulator of the body. 

This complex structure is reproducibly mimicked in the form of reconstructed 

human skin models, which are widely used in research and industry for 

evaluation in vitro and in vivo of local or systemic toxicity, disease, and 

drugs/delivery system efficacy. 
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Figure 1.6: Schematic representation of skin and routes of penetration of chemicals. Source: (Abd et al., 2016) 
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Figure 1.7: Representation of human skin and possible routes of NPs delivery across the skin, Adapted from (Larese Filon et al., 

2015; Gubala et al., 2018a) 
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1.8.2 Reconstructed Human Skin 

Initially, new methodologies for using reconstructed human skin models were 

developed in academic research.  The high demand of the cosmetic industries 

following the global trend to reduce animal testing of cosmetics has driven the 

use of these skin models in order to replace animal tests.  Animal testing of 

cosmetics has been completely banned since March 2013 (European Union, 

2009) .  The new approach for toxicological testing was implemented based on 

the Reconstructed human Epidermis ( RhE)  technology, which showed a 

promising skin function, physiology, and disease susceptibility, compared with 

the native human epidermis and has been adapted and validated in terms of 

the specificity, sensitivity, and accuracy of each batch (OECD, 2015)  by the 

Organization for Economic Co-operation and Development (OECD) and is now 

available as a standard test guideline.  OECD guidelines using the 

reconstructed human skin models include OECD TG 431 ( skin corrosion) , 

OECD TG 439 ( skin irritation) , OECD 404 (acute dermal irritation/ corrosion) 

and OECD guidance notes on dermal absorption No. 155 (2011) and No. 428 

(in vitro methods, 2004). Similarly, the United States Environmental Protection 

Agency ( USEPA)  Report on Dermal Exposure Assessment ( 2007)  utilises 

reconstructed human skin models.  However, these guidelines suggest two 

techniques, such as a diffusion cell ( or Franz diffusion cell1)  and the tape 

stripping methods (Zsikó et al., 2019), which remove the SC and NPs remaining 

into the skin models. Recently, some skin models have been introduced to the 

                                                 
1 Franz diffusion cell:  an in vitro skin permeation assay, consists of two primary chambers separated by 

an animal skin, i.e.  rabbit skin, rat skin, pig skin, or human skin.  The test sample is used as an in vitro 

device comprising the top chamber above the skin membrane (into which the test sample is introduced) 
and the bottom chamber below, which contains the same solution as the test samples are presented in. 
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commercial market and are available for purchase, as presented in Table 1.7. 

These models are acceptable as Validated Reference Methods and show a 

well-differentiated epidermis as well as native human epidermis (Pedrosa et al., 

2017). 

Table 1. 7 Examples of reconstructed skin models available on commercial 

market (Wever, Petersohn and Mewes, 2013). 

Skin models Manufactures Country 

EpiSkinTM L’Oréal France 

EpiDermTM MatTek Corporation USA 

Reconstructed Human 

Epidermis (RhE) 
SkinEthic France 

EST1000® CellSystems Germany 

epiCS epiCS® Germany 

Phenion® and Open Source 

Reconstructed Epidermis 

(OSREp) 

Henkel AG&Co. KGaA Germany 

Straticell Straticell Belgium 

StrataTest Stratatech USA 

Labcyte 
Japan Tissue 

Engineering Co.,Ltd. 
Japan 

Vitrolife-SkinTM Gunze Corporation Ltd. Japan 

 
In general, RhE represents epidermis layers and demonstrates the outermost 

barrier as SC to protect the skin from environmental factors similar to native 

skin.  In addition, the main layers of epidermis and dermis are presented in the 

full-thickness skin models, which are placed on an insert and over culture media 

to feed the skin cells as exemplified in Figure 1. 8.  Both skin models have 

become reliable tools for preclinical testing, advancing the understanding of 

biological processes and have apparently achieved the limitation of scientific 
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inconsistencies.  The manifold RhE model has recently been used to evaluate 

many aspects of cosmetic ingredients including phototoxicity, skin irritation, 

dermal absorption, skin sensitization, genotoxicity and corrosion testing 

(Wever, Petersohn and Mewes, 2013). 

 

Figure 1.8: An example of the structure of reconstructed human skin models. 

1.8.3 Uptake Pathways of NPs across skin barrier and into 

skin cells 

The principle uptake pathways utilised by NPs are determined mainly 

depending on their physicochemical properties, e. g.  size.  NPs can cross the 

skin barrier and enter the systemic circulation by a combination of pathways, 

such as transepidermal ( intercellular and transcellular routes) , or 

transappendageal routes through hair follicles, sebaceous pores and sweat 

glands (Nafisi and Maibach, 2018). Using the transepidermal route, NPs being 

lipophilic and hydrophilic molecules can permeate through the lipophilic 

membrane of cells, the phospholipid bilayer of the corneocytes or by 

endocytosis pathways. The transappendageal route covers permeation across 

the pores of the sweat glands, hair follicles and sebaceous glands.  These 

channels pass over the SC and reach the systemic circulation where there are 



 

31 

 

transported around the whole body by the lymph and bloodstream. In addition, 

the cellular internalisation involves macrophages and endothelial cells through 

the mechanisms of phagocytosis, pinocytosis, diffusion and also unknown 

pathways as shown in Figure 1. 7.  For example, NPs with diameters ranging 

between ≤  4 -  20 nm can potentially absorb into the skin through sebaceous 

pores and sweat gland pores. Besides, NPs (e.g. polystyrene, solid lipid NPs, 

titanium dioxide) were detected in the hair follicle infundibulum and even deeper 

( Lademann et al. , 2001; Toll et al. , 2004; Münster et al. , 2005) .  Knowledge 

about skin penetration of NPs is essential for development of cosmetics, 

particle- core drug delivery systems and toxicology.  However, there are few 

available data on the skin penetration and permeation of SiNPs ( Nafisi, 

Schäfer-Korting and Maibach, 2015) .  Thus, significant attention in this thesis 

was focused on determining the potential of skin penetration and work was 

carried out to explore how deeply aSiNPs could go through the full thickness 

reconstructed human skin model and the limitations of the experimental 

approaches. 

1.8.4 Skin Penetration Enhancement 

Several significant parameters can affect the ability of NPs to translocate across 

human skin, related to their physicochemical properties.  Previous studies 

revealed that there are some NP parameters that are highly relevant in 

determining the mechanism and ability of skin penetration; e.g. surface charge, 

concentration of NPs and ability of NPs to release ions in physiological 

condition (Larese Filon et al., 2011; Hao et al., 2017). System properties such 

as exposure time and barrier integrity/function also play a role. Additionally, the 
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formulation of the NP containing media can affect the behaviour and influence 

the mechanism of their translocation through the biological tissues. 

The intrinsic properties of NPs are prioritized to better understand their 

influence on skin penetration.  The details of skin penetration enhancers were 

summarized in  

Table 1.8. 

Table 1. 8 Examples of physicochemical properties of NPs affecting or 

enhancing skin penetration and permeation (Williams and Barry, 2012; Nafisi 

and Maibach, 2018). 

Physicochemical 

Properties 

Potential Behaviour Effects 

Chemical composition and 

Surface chemistry 

NP formulation involves  

- diffusion coefficient: increasing diffusion 

coefficient increases diffusion of NPs in skin 

- partition coefficient represents the distribution 

of NPs between the SC membrane and the 

chemical form 

- oil/water partitioning: NPs having lipophilic 

parts can permeate across the SC, whereas 

the hydrophilic part cannot penetrate well as 

polarity/charge. 

- Molecular weight (MW) NPs less than 600 Da 

can pass through the skin.  

- NP binding with skin components interferes 

with their penetration into the skin, while NP 

metabolism induces lower MW molecules that 

can enhance the permeation. 

Size NPs with diameters ranging between ≤  4 -  20 

nm can potentially diffuse across the skin 
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Physicochemical 

Properties 

Potential Behaviour Effects 

through sebaceous pores and sweat gland 

pores. 

Shape Depending on the type of NPs, for example, the 

spherical carboxylic acid- coated quantum dots 

can pass through pig skin faster than ellipsoid 

shape at the same dose (Nafisi and Maibach, 

2018). 

State NP stability can influence agglomeration and 

aggregation, affecting NP penetration. 

Surface charge Positively charged quantum dots ( QDs) 

penetrated deeper into the skin, compared with 

other QDs. 

The amount of positively charged gold NPs 

(AuNPs) that passed through the reconstructed 

skin model was greater than for neutral and 

negatively charged AuNPs (Hao et al., 2017). 

 

Furthermore, a high concentration of NPs used during exposure, can reduce 

the amount of absorption into the skin because of the saturation of loading as 

a physical skin barrier ( Wester, Noonan and Maibach, 1980; Labouta, El-

Khordagui, et al., 2011). The exposure time seems to have a linear correlation 

with the amount of NP penetrating into the skin (Rougier, Lotte and Maibach, 

1987; Labouta, El-Khordagui, et al., 2011). 
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1.8.5 Toxicology of silica nanoparticles through skin – the 

dermal exposure route 

Studies to evaluate potential cellular toxicity using in vitro and in vivo 

approaches have highlighted the most successful and reliable methods for 

cytotoxicity assessment of living organisms. Coupling toxicity experiments with 

consideration of the mechanisms of NP transformation under the exposure 

conditions can project the potential toxicity of NPs, defining their health risk and 

behaviour in biological organisms, as shown in Figure 1.9. The transformation 

of NPs involves intrinsic properties and external factors. For example, ultraviolet 

radiation can cause the excitation of NPs, corresponding to changes in their 

energy band gap, oxidation state, surface charge/ coating and leads to 

formation of free radicals (Nel et al. , 2013) .  Another example is that redox 

reactions can transfer an electron and generate ions or organic/inorganic matter 

( Nel et al. , 2013) .  In addition, dissolution correlates with the formation of 

individual ions and leads to bond splitting of NPs.  This transformation can 

change the surface charge and lead to the formation of agglomerates (Sharma 

et al., 2018). 
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Figure 1.9: Possible NP transformations influencing potential effects of NP in 

biological organisms (Sharma et al., 2018) 

The diversity of NP transformations may induce a variety of potential effects on 

living organisms.  The available information of SiNPs is summarized in Table 

1.9 focusing on cytotoxicity of skin cells.
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Table 1.9 Examples of in vitro studies assessing skin cytotoxicity of SiNPs (Nafisi, Schäfer-Korting and Maibach, 2015). 

Parameters studied Treatment/Condition studies Results Reference 

Size 7, 10-20 nm In vitro:  
- Human keratinocyte line HaCaT 

- Human skin equivalent model 

SiNPs of 7 and 10-20 nm are relevant to a 

decrease of cell viabilities of CHKs in a dose-
dependent manner 

(Park et al., 2010) 

Size 20, 100 nm with 

negatively charged (NC), 
weakly negatively charged 

(WNC) 

In vitro: 
- Human keratinocyte line HaCaT 

- Intercellular ROS 

- EpiDerm skin irritation on human 

skin equivalent model 

- 3T3 NRU phototoxicity test in 

murine 3T3 fibroblast cell 

NC-SiNPs 20 nm more toxic than NC 100 nm 

NC-SiNPs 20 nm more toxic than WNC 20 nm 

No irritation with EpiDerm 
No phototoxicity 3T3 NRU fibroblast cell 

(Park et al., 2013) 

Zeta potentials: 
Size 70 nm, -21.6±4.5mV 

Size 300 nm, -31.3±6.5mV 

Size 1000 nm, -37.7±4.6 mV 

In vitro: 
- Human keratinocyte line HaCaT 

Endocytosis is relevant SiNP70 nm-mediated 

cell effects 

(Nabeshi, 

Yoshikawa, 
Matsuyama, 
Nakazato, 

Tochigi, et al., 
2011) 

Size 42±3 to 291±9 nm; 
positively and negatively 
surface charge 

In vitro: 
- Human keratinocyte line HaCaT 

Positively charged functionalized SiNPs 
demonstrated the effects on cellular uptake in a 

size-dependent manner 

(Rancan et al., 
2012) 

Fluorescent non-porous- 
SiNPs 10-200 nm; different 

charges  

In vitro: 
- Normal Human Dermal 

Fibroblasts 

Smallest particles (10 nm) had a great impact 

on cell viability. 
(Quignard et al., 
2012) 
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Parameters studied Treatment/Condition studies Results Reference 

Monodisperse of particle size 
80, 500 nm 

Zeta potentials: 
Size 80, -5.2±0.2 mV 

Size 500, -9.8±1.2 mV 

In culture medium with 

10%FBS 

In vitro: 
- Normal human dermal fibroblasts 

Both particles (80,500 nm) were internalised into 

fibroblasts within a short time through 
micropinocytosis and endocytosis 
SiNPs 80 nm decreased cell viability and 
affected mitochondrial membrane potential 
Cell adhesion and migration were involved in 
SiNP uptake regardless of particle size 

(Zhang et al., 
2010) 

Drug delivery: Quercetin (Q) 
with plain or octyl-
functionalization using 

Mesoporous silica (MCM-41) 
as a vehicle 

In vitro: 2,2-diphenyly-1-
picrylhydrazyl free radical (DPPH) 
assay 

Increased efficiency of quercetin encapsulated 

by MCM-41 
(Berlier, Gastaldi, 

Ugazio, et al., 
2013) 

Drug delivery: Rutin using 

NH2 functionalized MCM-41 

In vitro DPPH assay Aminopropyl-functionalized MCM-41 was 

relevant a stability of a drug substance exposure 

to light (photostability) 

(Berlier, Gastaldi, 

Sapino, et al., 
2013) 

SiNPs (70, 300, 1000 nm) 
Zeta Potentials: 
SiNP 70: -21.6±4.5 mV 

SiNP 300: -31.3±6.5 mV 

SiNP 1000: -37.7±4.6 mV 

In vitro: Human keratinocyte line 

HaCaT 

Transdermal penetration of SiNP-70 nm through 

the stratum corneum was related to cellular 
damage in the skin 

(Nabeshi, 

Yoshikawa, 
Matsuyama, 
Nakazato, 

Matsuo, et al., 
2011) 

Skin penetration test 

Bare hydrophilic silica (B-
SiNP) size 162±51 nm 

Lipid-coated silica (LC-SiNP) 
size 363±74 nm 

Volar and dorsal sides of forearm 
human skin 

10% B-SiNPs penetrated the deepest stratum 

corneum 

42% and 18% LC-SiNPs found in volar and 

dorsal forearm, respectively 
SiNP surface polarity involved the skin 
penetration 

(Iannuccelli et al., 
2014) 

aSiNPs size 70 nm In vitro human endothelial cells 
under physiological cyclic stretch 

No significant cytotoxicity to endothelial cells 
causing by aSiNPs 

(Freese et al., 
2014) 
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Parameters studied Treatment/Condition studies Results Reference 

aSiNPs (size 40,60, 105 
nm)  
Silica-chitosan composite 
(size 1-32 nm) 

In vitro normal fibroblast and 
tumor cells 

SiNPs apparently become slightly toxic to 
fibroblast cells at high concentrations 
High dosage of aSiNPs induced more cell 
membrane damage than Silica-chitosan 
composite 
Fibroblasts with long doubling times 
exhibited more injury from exposure to 
aSiNPs, compared to tumor cells with short 
doubling times 
Silica-chitosan composite induced less 
inhibition in cell proliferation 

(Chang et al., 
2007) 

aSiNPs generated using 

different production methods: 
Lysine-silica (size 2,26,34,36 

nm) 
Stöber (size 18, 60, 104, 335 

nm) 
Ludox (size 11, 14, 15 nm) 

In vitro human endothelial 

(EAHY926) cell line 
EC50 was lower for smaller particle sizes. 
At the same number of SiNPs (mmol/mL), the 

small SiNPs caused less reduction in cell 
viability than larger SiNPs 

(Thomassen et 

al., 2010) 

20nmSiNPs with 2,4-
dinitrofluorobenzene (DNFB) 

In vitro cell line: HaCaT 

keratinocytes  

20nm SiNPs decreased contact hypersensitivity 
and had a protective effect on the HaCaT calls, 
by reducing the DNFB induced cytotoxic 

response at dose above 1 μg/mL 

(Palmer et al., 
2019) 
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Nanotechnology advances have been introduced in a wide range of consumer 

products in our daily life, especially in cosmetics.  These may increase the 

potential consumer exposure to nanoparticles, and thus toxicity studies need 

much attention for better assessment of nanoparticles and their effects. Skin is 

the primary exposure route for cosmetics and more studies are needed on its 

exposure to NPs, hence, in this thesis, this is the primary focus using a human 

skin model.  Although performing the guidance is used for a decade, there is 

still attempting to norm toxicity evaluation methods. The incentive for this work 

is realisation that current guidance lacks detail relevant toxicity studies are 

limited, only a few comprehensive reviews exist on the cytotoxic effects on skin, 

with limited noteworthy toxicity information on nanotechnology- based 

consumer products. 

The main purpose of this PhD project is to evaluate the reactivity and toxicity of 

amorphous silica nanoparticles, in the context of their use in cosmetics.  To 

achieve this goal, it was decided to use a sol- gel method to synthesise 

amorphous silica nanoparticles ( aSiNPs) , and to characterise the products 

extensively by using a variety of laboratory techniques, such as Dynamic Light 

Scattering ( DLS) , Transmission Electron Microscopy ( TEM) , Scanning 

Transmission Electron Microscopy ( STEM) , Scanning Electron Microscopy 

( SEM) , Brunauer- Emmett- Teller ( BET)  surface analyser, powder X- ray 

Diffraction ( XRD) , Fourier Transmission- Infrared ( FT- IR)  and Inductively 

Coupled Plasma- Optical Emission Spectrometry ( ICP- OES) .  Synchrotron 

based Small angle X-ray Scattering (SAXS), X-ray Photoelectron Spectroscopy 

(XPS), X-ray Absorption Near-Edge Spectroscopy (XANES), Extended X-ray 
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absorption fine Structure Spectroscopy ( EXAFS)  and micro- X- ray 

Fluorescence analysis ( μ- XRF) .  Since there are different strengths and 

limitations of each techniques, several approaches were applied to increase 

reliability and reproducibility in the characterisation results. This very extensive 

analytical programme was used for both freshly synthesised products, as well 

as aged and exposed to tissue, in order to deliver a comprehensive set of 

quality data. A complete understanding of the mechanism of silica nanoparticles 

behaviour on skin penetration, interaction and inflammatory response through 

the secretion of cytokine on skin models has not yet been developed.  Hence, 

in additional to use of in vitro reconstructed human skin model, to test toxic 

effects of aSiNPs ( based on the OECD guideline 439, published in 2009) , 

further examining of histological assays and dermal response assay, and 

analysis using synchrotron techniques to better understand the fate of aSINPs 

and their effects were also carried out. 

1.9 Aims and Objectives 

The main purpose of this thesis is to investigate the use of silica in cosmetics 

and to assess the dermal toxicity of synthesised aSiNPs in the context of their 

presence as an ingredient in cosmetics, utilizing the regulatory tests for skin 

penetration and skin irritation.  Since aSiNPs occur in complex formulations in 

cosmetics, a combination of characterization techniques was applied to 

elucidate their from and properties.  To achieve this overall goal, the specific  

objectives of the thesis are:  

1.9.1 Objective 1: To characterise selected commercial synthetic amorphous 

silica nanomaterials and nanoparticles extracted from SiNP- containing 

cosmetics available on the UK high street.  A multi- method characterisation 
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approach was applied to obtain their properties, such as the elemental 

composition, crystallinity structure, and particle size. This information was used 

to inform the synthesis of aSiNPs for evaluation in the rest of the thesis and 

enabled a comparison of the uses, advantages, and limitations of the different 

characterisation techniques. 

1.9.2 Objective 2:  To synthesize aSiNP representative of those used 

commercially in cosmetics, by using a lysine- silica ( sol- gel)  process which 

provided ultrasmall nanoparticles, was feasible procedure and controllable NP 

size, and to extensive characterise their properties by applying multiple 

techniques including synchrotron- based methods prior to assessing their 

interactions with, and toxicity to, skin.  A comparison of characterisation 

techniques was given in relation to the property studied.  Also, the study of 

consistency in terms of size, structure and chemistry for uniform evaluation and 

application as well as purity and stability of aSiNPs were monitored throughout 

in vitro experiments. 

1.9.3 Objective 3: To investigate the permeability of the full thickness human 

skin 3D model ( representing the epidermis and dermis layers at Day 11 of its 

growth)  to aSiNPs and investigate their translocation behaviour across the 

dermal barrier and the underlying mechanism of nanoparticle-cell interaction by 

conducting in vitro skin penetration test.  The aSiNP’ s penetration through the 

full thickness human skin 3D model was investigated at different 

concentrations, and its speciation (transformation, i.e. elemental compositions, 

oxidative state)  in the epidermal layer was explored by applying synchrotron-

based micro X-ray fluorescent spectroscopy (micro-XRF) and XAS-XANES. 
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1.9.4 Objective 4:  To study the skin irritation potential of the aSiNPs, when 

topically applied to the reconstructed human epidermis (RhE)  skin model in 

accordance with the UN Globally Harmonized System of Classification and 

Labelling (GHS). RhE represents the upper layer as well as the epidermis. The 

protocol chosen for this study was based on the OECD test guideline No.  439 

( in vitro skin irritation test) .  The guideline classifies a material/ chemical as an 

irritant if it decreases cell viability to below or equal 50% of the untreated control. 

Additionally, the RhE histopathology and immune mediated responses 

interleukin 1- α ( IL- 1α) , measured by ELISA, were used to understand the 

mechanism of irritation. 

 

Hypotheses 

The work presented in this thesis was guided by the following 

hypotheses: 

1. Many high street cosmetics contain silica nanoparticles, often in 

complex formulations that may require advanced characterisation 

methods to be able to identify and fully characterise. 

2. Physicochemical properties of nanoparticles are dynamic (i.e. may 

change with time) and have an impact on toxicity. 

3. Combining routine-laboratory techniques and synchrotron-based 

techniques are likely to offer better information of NP properties and 

enhance understanding of their toxicity. 

4. In vitro skin experiments can provide mechanistic information of the 

behaviour of nanoparticles and enable modelling of their fate in vivo. 
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Figure 1.10: Schematic of the thesis structure 

1.10 Thesis structure 

The thesis consists of 7 chapters the broad content of which is as follows: 

Chapter 1 is a general introduction to the research field and a detailed 

description of the main purposes and objectives of this PhD thesis. This chapter 

reviews aSiNPs in the context of cosmetic use and it points out the lack of 

characterization data necessary to understand its behaviour and toxicity. It also 

includes a synthesis of the current state of knowledge of nanomaterials 

transformation, fate, behaviour and hazards with focus on the principles of 

technique use, endpoints related to dermal exposure and relevant literature of 

skin irritation and penetration by nanomaterials, and identifies knowledge gaps 

related to aSiNPs. 

Chapter 1 : Overview and details the 

research and trends in the area 

Chapter 2 : Methodology-Techniques of NP 

characterisation  

Chapter 3 : Characterisation of 

NPs in commercial cosmetics 
and SASs 

Chapter 4 : Synthesis and 

detailed characterisation of  
synthesized aSiNPs 

Chapter 5 : In vitro Penetration 

test using Reconstructed Human 
Full Thickness skin model T-

skinTM at Day 11 

Chapter 6 : Skin Irritation test 

aSiNPs on Episkin
TM

 
small/reconstructed human 

epidermis (RhE) model 

Chapter 7 : Conclusions and Outlook 

regarding future research needs  
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Chapter 2 provides the experimental details for the research described in the 

thesis, spanning from the detailed method of synthesis of aSiNPs and their 

characterization, including theoretical descriptions of the mathematics 

underpinning the various techniques used, and the practical experimental 

details and protocols utilised.  The chapter details the methods used to 

characterize the aSiNPs and the protocol adopted for human skin testing of 

aSiNPs skin penetration and toxicity. 

Chapter 3 provides the details of cosmetics containing silica-based materials 

available on the market and the results of the multi-method characterization of 

the nanoscale components of samples purchased from the high street for 

analysis. 

Chapter 4 explains the aSiNP synthesis and discusses the results obtained by 

means of routine characterization methods and synchrotron-based techniques. 

Sol-gel method is carried out synthesis of bimodal aSiNPs, size 2 and 7 nm. 

Chapter 5 focuses on the in vitro skin penetration experiments on 

reconstructed human full thickness skin models at Day 11 from EpiskinTM 2 and 

also provides the results, discussions and conclusion of the in vitro skin 

penetration study using the bimodal (2 and 7 nm) aSiNPs. 

Chapter 6 details the in vitro skin irritation experiments on reconstructed human 

epidermis models from EpiskinTM 3.  This chapter also provides the results of 

skin irritation, and describes the histological and inflammatory endpoints, 

                                                 
2 Reconstructed human full thickness skin model at Day 11, Episkin:  “  in vitro reconstructed human full 

thickness skin model from normal human keratinocytes cultured on an inert polycarbonate filter at the 

air-liquid interface for 11 days, in a chemically defined medium. This model exists at different stages of 

maturity and consists of two layers, i.e., epidermis and dermis” 
3 Episkin:  “  an in vitro reconstructed human epidermis from normal human keratinocytes cultured on an 

inert polycarbonate filter at the air-liquid interface, in a chemically defined medium.  This skin model 

exists at different stages of maturity and consists of the epidermis layer” 
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including a discussion of the in vitro skin irritation study following OECD TG 

439, and conclusions regarding the safety profile of the bimodal ( 2 and 7 nm) 

aSiNPs. 

Chapter 7 gives an overall summary of the work presented in the thesis and 

recommendations of possible future work directions. 

1.11 Paper status and author contributions 

Chapter 4: “Silica Nanoparticle Synthesis and Multi-method Characterisation”, 

was published in Material Science Forum (March 2019). 

P. Musigapong Principal author; performed all experimental work including 

collection of SAXS, XRD, TEM and solution data; 

performed all data analysis. 

S. M. Briffa  Aided with STEM data collection and interpretation. 

I. Lynch Co-supervisor, Input to experimental concept; review pre- 

and post-Submission. 

S. Soontaranon Aided with SAXS data collection and interpretation. 

N. Chanlek  Aided with XPS data collection and interpretation.  

E. Valsami-Jones Principal supervisor; input to experimental concept; aided 

with data interpretation; review pre- and post-submission. 

 

Papers on the in vitro penetration and in vitro skin irritation tests are in advances 

stages of preparation also.
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Chapter 2 Methodology 

2.1 Introduction 

This chapter gives a detailed description of the experimental techniques used 

in this study.  The sample preparation of the synthesized amorphous silica 

nanoparticles ( aSiNPs)  and the methods used to characterise their properties 

are provided in this chapter.  The characterisation of aSiNPs is an important 

step in order to quantify the effects of its properties on its environmental fate, 

behaviour, and toxicity, and to determine potential transformations of the 

aSiNPs when transported through the human skin.  To what extend the depth 

information of nanomaterials’  properties, a wide range of characterisation 

techniques was used to determine the particle size, surface charge, shape, 

structure, specific surface area, surface chemistry, chemical composition and 

oxidation state, all of which will influence its behaviour, mobility, and potential 

toxicity, and may be altered as a result of transformation.  In this chapter, a 

description of each experimental technique used, shown in Figure 2.1, is given 

along with the details on the sample preparation and the analytical procedure. 
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Figure 2.1: List of experimental techniques used in this study to characterise the aSiNP properties. 
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2.2 Characterisation 

Analytical methods are used to identify the characteristics of NPs, such as size, 

size distribution, structure, shape, concentration, composition, surface area, 

surface functionality, and surface charge.  The instruments and parameters 

used for these measurements are summarised in Table 2. 1, and presented in 

detail below. 

2.2.1 Dynamic Light Scattering 

2.2.1.1 Size 

Dynamic light scattering (DLS)  is perhaps the most common method used to 

measure particle size in 2samples where the particles are dispersed in liquid, 

i. e.  water, solvent or cell culture medium.  The technique involves measuring 

Brownian motion and converting the speed of movement into particle size, the 

faster the movement, the smaller the particle.  DLS uses a laser light, which 

shines on the sample, undergoing scattering when it hits a particle; a detector 

placed at a certain angle relative to the incident beam detects the scattered 

signal.  The particle size is determined as the hydrodynamic radius (Rh)  and 

diameter (Dh) as shown in Figure 2.2. The hydrodynamic diameter depends on 

the ionic strength of medium, and the NP surface structure and shape which 

affect the diffusion speed.  For example, an adsorbed polymer layer projecting 

out into the medium will reduce the diffusion speed more than if the polymer is 

lying flat on the surface.  
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Figure 2.2: Schematic illustration of the hydrodynamic diameter (Dh) and 

hydrodynamic radius (Rh) measured as the size of a hypothetical hard sphere 

that diffuses in the same fashion as that of a particle for different scenarios – 

single particle, NP aggregate, and non-spherical particle. 

DLS is based on the Brownian motion, which is the random movement of 

particles resulting from their bombardment by the solvent molecules that 

surround them.  DLS measures the speed of particle diffusion which depends 

on the particle size and dispersant viscosity.  The velocity of the Brownian 

motion is defined by the translational diffusion coefficient ( D) , which can be 

converted into a particle size using the Strokes- Einstein equation as seen 

below: 

𝐷ℎ =
kT

3πηD
 

(2.1)  

where:- Dh = hydrodynamic diameter 

kBoltz  = Boltzmann’s constant 

T = absolute temperature 

 = viscosity 

D = transitional diffusion coefficient. 
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2.2.1.2 Sample Preparation for DLS Size Analysis 

The sample suspension is filtered to remove any large particles and impurities 

by using a 0. 2 μm syringe filter or through a filter series, such as 0. 2 μm and 

0. 1 μm as shown in Figure 2. 3.  If the sample is too concentrated or 

contaminated with any large particles and contaminants, multiple scattering will 

interfere the average measured size of the particles. 

 

Figure 2.3: Schematic diagram of a sample being filtered through a syringe 

filter into a cuvette. 

2.2.1.3 Size Analysis Procedure 

The Malvern Zetasizer ( nano ZS)  with Zetasizer Software Version 7. 11 

(Malvern Instruments Ltd, 2014) is used to measure the hydrodynamic diameter 

and surface zeta potential.  A standard operating procedure is set up as a 

measurement file which involves introduction of values for the refractive index 

and absorptivity of the material being measured (e. g.  SiO2 in this thesis) , an 

absorption for the dispersant, the measurement temperature (i.e. 20˚C, 25 ˚C) 

and the number of measurements to be taken for each sample ( typically 10 

scans) .  The filtered sample is placed into the sample holder of the apparatus. 
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The size measurements are collected as a minimum of six consecutive 

measurements to ensure repeatability and to obtain the Z-average. The particle 

size obtained from DLS measurements represents the particle size in terms of 

the intensity, volume and number distributions-weighted Z- average, with the 

polydispersity index (PdI)  being the standard deviation.  In general, diameter 

weighted intensity has the highest value compared to the other representations. 

The PdI measures the broadness of the particle size distribution which is 

calculated using equation (2.2) shown below. 

A PdI value below 0.3 indicates a homogeneous sample, whereas a PDI value 

greater than 0. 7 indicates a broad distribution of particle size, and that the 

sample is not suitable for analysis based on the DLS technique ( Stetefeld, 

McKenna and Patel, 2016) .  The optimal particle concentration range for 

reproducibility should be not too dilute but not too concentrated, suggesting 

around 108 -1012 particles/mL based on 30 nm gold (Malvern Instruments Ltd). 

If the sample is too dilute that is not too scattering, the data refers to quality 

report being an improper concentration.  Whereas too scattering not enough 

light reaches the detector, the data is not reproducibility and cannot 

interpretation. 

2.2.1.4 Zeta Potential 

Zeta potential is an important parameter that provides information about 

electrostatic particle stability, as indicated by the magnitude of charge on the 

particle surfaces. When NPs are suspended in a liquid, depending on the ionic 

𝑃𝑑𝐼 =
Weight average molecular weight

Number average molecular weight
 

(2.2) 
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strength of the dispersing medium, some of the surface changes dissociate to 

form a layer of oppositely charged ions surrounding the NP surface known as 

the “Stern Layer” .  The Stern layer induces the presence of the electric double 

layer where an ion potential at this boundary represents the zeta potential 

(Figure 2.4). Zeta potential values beyond ±30 mV indicate that the particle is 

electrostatically stable as seen in Figure 2.5. 

 

Figure 2.4: A schematic representation of zeta potential (Caputo and 

Roesslein, 2015). 
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Figure 2.5: Graph showing the evaluation of the electrostatic stabilization of 

sample suspensions (Dey, Kumar and Samantaray, 2017). The point of zero 

charge is where all the surface charges and neutralised. 

2.2.1.5 Zeta Potential Analysis 

A standard operating procedure for zeta potential measurements involves 

introducing values for the refractive index, absorption of the material and of the 

dispersant and the temperature (20˚C) on a Malvern Zetasizer (nano ZS) using 

Zetasizer Software Version 7.11 (2014). A standard material, i.e. polystyrene, 

should be measured before the sample test. For a zeta potential measurement, 

1 mL of a dispersion is injected into the zeta potential cell (Figure 2.6) and then 

placed in the sample holder.  Three repeated measurements are obtained and 

averaged to generate the zeta potential value. 

 

Figure 2.6: Zeta potential cell (Lázaro García, 2014). 
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2.2.2  Transmission Electron Microscopy (TEM) 

2.2.2.1 Technique 

TEM is a powerful analytical tool involving microscopic analysis of 

nanomaterials.  TEM generates a high energy electron beam transmitted 

through a very thin sample deposited on a copper grid.  An image is provided 

from the interaction of the electrons emitted through a very thin sample with 

varying magnification. The shape, size, density, and distribution of particles can 

be characterised using TEM analysis. 

A side-view diagram of TEM showing the operating system is shown in Figure 

2. 7.  A beam of high energy electrons is generated from the gun at the top of 

the first condenser lens.  The electron beam is modified into a thin and small 

beam by passing through the condenser lenses which have apertures that 

focussed the small electrons. The electrons are transmitted through the sample 

to create a diffraction pattern as an image on the screen. The beam is magnified 

by the intermediate lens and projector lens to imprint and magnify the image. 
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Figure 2.7: Diagram demonstrating the beam path of Transmission Electron 

Microscopy (Ding, 2011). 

2.2.2.2 Sample Preparation 

A few droplets of a sample dispersion are spread over the surface of a copper 

TEM grid coated with a thin film of holey carbon (Carbon film on 300 mesh 

Copper grid 3. 05 mm) .  The drops of the sample are left to dry at room 

temperature for half an hour in order for the sample particles to become 

attached to the copper grid.  The grid is then gently rinsed repeatedly using 

ultrapure water to remove any excess salts and loose particles, and then placed 

at room temperature until they have dried thoroughly before analysis. 

2.2.2.3 Analytical Procedure 

In this thesis, images were obtained using a Jeol 1200EX TEM (accelerating 

voltage 80 kV)  and were analysed using Image J to assess particle size.  At 
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least 100 particles of the sample were measured from the images and the 

individual measurements of particle size were used to calculate an average size 

and to plot a histogram of the particle size distribution of each sample. 

2.2.3 Scanning Transmission Electron Microscopy (STEM) 

2.2.3.1 Technique 

The first scanning transmission electron microscope ( STEM)  was built by 

Manfred von Ardenne in 1937 –  1938 (Pennycook and Nellist, 2011) .  STEM 

combines the principle techniques of TEM and SEM, which provide information 

about elemental composition and electronic structure using the incident 

electron beam to excite the emission of characteristic X- rays from a sample at 

the ultimate resolution, that of a single atom (Pennycook et al. , 2010) .  The 

backscattered or secondary electrons passing through a sufficiently thin sample 

can form scanning images giving the details of structure and composition. 

STEM is equipped with multiple detectors, including a bright field (BF)  and 

annular dark field ( ADF)  detectors operating simultaneously to collect the 

maximum information from different and complementary views of the sample 

from each scan.  Z- contrast or high angle annular dark field (HAADF)  is an 

imaging technique used for enhancing and complementing STEM results.  A 

schematic of STEM configuration is shown in Figure 2.8. 
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Figure 2.8: A schematic of STEM mode of  Electron Microscopy 

(https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy). 

2.2.3.2 Sample Preparation 

The samples for STEM analysis were prepared as for TEM described in section 

2.2.2.2. 

2.2.3.3 Analytical Procedure 

STEM imaging was carried out at the Physics Department of the University of 

Birmingham by Dr Sophie Briffa.  The HAADF was performed in a 200 kV 

JEM2100F STEM (JEOL) with a spherical aberration corrector. HAADF images 

were taken at the inner and outer angles of 62 and 164 at a probe convergence 

semi-angle of 19 mrad and camera length of 10 cm. 

https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy
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2.2.4 Scanning Electron Microscopy (SEM) 

2.2.4.1 Technique 

A scanning electron microscope ( SEM)  is a powerful and versatile tool for 

characterization of materials.  SEM uses the specific coils above the objective 

lens to scan over the surface of a sample in order to create a 2-dimensional 

image (as shown in Figure 2. 9) .  The electrons in the beam, the position of 

which is controlled by the scan coils, interact with the sample and produce 

various signals.  These signals can be used to obtain information about the 

surface morphology, chemical composition, and crystalline structure of the 

sample (Susan Swapp, 2017). 

 

Figure 2.9: Schematic of the operational features of SEM (Walock, 2012; 

Shelby, 2019). 

The incident electrons are produced at the top of the column under vacuum, 

decelerated in the sample and passed through a combination of lenses and 
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apertures within a special chamber that protects the electrons from 

contaminants, i. e.  vibrations or noise.  Secondary electrons, backscattered 

electrons, diffracted backscattered electrons, photons, visible light and heat 

arise when the focused beam of electrons hits the surface of the sample 

mounted on a stage (see Figure 2.10) .  Generally, the secondary electrons of 

the sample and the backscattered electrons are used to create an image of the 

sample showing the morphology and surface topology, while photons 

( characteristic X- ray)  can be used to determine the elemental composition of 

the sample.  

 

Figure 2.10: The electron beam-sample interaction in SEM (Walock, 2012). 

2.2.4.2 Sample Preparation 

The powdered aSiNPs produced by using low- temperature dehydration 

process, also known as lyophilisation. The powdered samples are mounted on 

a stage, then coated with a thin layer of gold to be electrically insulating material 

and placed in the chamber area. The microscope is designed to operate at low 

vacuums, both the column and the chamber are evacuated by a combination 

of pumps. The level of the vacuum will depend on the design of the microscope. 
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2.2.4.3 Analytical Procedure 

SEM imaging was carried out on Zeiss AURIGA Field Emission Scanning 

Electron Microscope at the Suranaree University of Technology, Thailand. The 

focused electron beam was produced to hit the surface of the sample, then 

penetrated a few microns through the sample depending on the accelerating 

voltage and the density of the sample. The various signals, such as secondary 

electrons, backscattered electrons, photons were collected to form images and 

displayed on the computer screen. 

The resolution of images obtained from SEM analysis depends on the electron 

spot size and interaction volume of the electron beam with the sample. 

Typically, SEM can provide resolution 1- 20 nm or below 1 nm as atomic 

resolution, whereas desktop systems can provide a resolution of 20 nm or 

more. 

2.2.5 Synchrotron techniques 

Synchrotron radiation is an electromagnetic radiation produced from charged 

particles moving at velocities very close to the speed of light. The radiation is 

forced to change direction by actions of electrons coming from a magnetic field 

and then loses a certain amount of energy, which is discharged in the form of 

electromagnetic waves called “synchrotron light”. Synchrotron radiation allows 

probing material properties with far greater resolution than lab-based 

techniques and has thus been used in recent years to address many 

fundamental research questions. 

The synchrotron light source at the Synchrotron Light Research Institute (SLRI) 

in Thailand has been accessed for this study.  A schematic of the structure of 
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SLRI, showing its main parts, can be seen in Figure 2. 11; SLRI is a medium 

energy synchrotron at 3 GeV.  The electron gun is the first component, 

producing a large number of electrons by using thermal ionic emission from the 

cathode of the electron gun until the electrons are released and then high 

positive voltage is applied to pull the electrons into the linear accelerator. In the 

booster ring, the electrons are divided into electron bunches and then 

accelerated at a linear speed by microwaves to attain 40 MeV. The booster ring 

increases the electron energy reaching to values around 1 GeV. The electrons 

pass through the bending magnets and transfer into the storage ring at the final 

stage.  The desired range of synchrotron radiation is selected to create 

optimized conditions for applications in the specific fields of spectroscopy, 

scattering, and imaging.  In this study, synchrotron-based techniques, such as 

Small Angle X-ray Scattering (SAXS), X-ray Photoelectric Spectroscopy (XPS), 

X- ray Absorption Spectroscopy ( XAS) , and micro- X- ray Fluorescence 

spectroscopy ( μ- XRF)  were used for characterization of the synthesized 

nanomaterials. 

 

Figure 2.11: A schematic of the main components of the Synchrotron Light 

Source in Thailand (SLRI, 2015). The numbers above correspond to: (1) 
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Electron gun, (2) Linear accelerator, (3) Booster Ring, (4) Storage Ring, (5) 

Beamline and (6) User workstation area. 

2.2.6 Small Angle X-ray Scattering (SAXS) 

2.2.6.1 SAXS Technique 

SAXS is a non- destructive method, requiring a small sample either in solid or 

liquid form or a combination of the two (Schnablegger and Singh, 2013). SAXS 

is used to determine the structure of particles at the smallest angles ( 5˚< 2 < 

50˚, where θ is the angle between the incident beam and a crystallographic 

reflecting plane) .  In principle, when X- rays hit a material, there are two 

interactions: absorption and scattering. Absorption can occur at any wavelength 

depending on the atomic species of the material and the wavelength.  The 

absorption should be small to attain high- quality SAXS data.  Compton or 

inelastic scattering can occur when the incident photon collides with an electron 

and is scattered to lower energy, which is part of the featureless background 

radiation and provides no structural information.  Rayleigh or Thomson 

scattering, which is the elastic scattering of electromagnetic radiation, happens 

when the incident photons collide with strongly bound electrons at the same 

frequency.  Then the electrons are scattered resulting in an oscillating electric 

field. These patterns provide information about the particle structure of samples 

(Beaucage, 1995; Schnablegger and Singh, 2013). 

Scattering patterns (as seen in Figure 2. 12)  are usually relative to the length 

of the scattering vector (q), which represents the wavelength () of the incident 

radiation and the scattering angle () (also known as Bragg’s law). 
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𝑞 =
4πsinϴ


 , [1/𝑛𝑚] 

(2.3) 

 

 

Figure 2.12: Schematic representation of the scattering vector q; where ki and 

ks are the incident and scattered wave vectors, respectively, at scattering 

angle  (Axel, 2017). 

Scattering patterns or the structure in reciprocal space are reduced into one-

dimensional ( 1D)  scans normally using the Guinier and Porod approximation 

(Schnablegger and Singh, 2013). Each ring of scattering patterns corresponds 

to one data point in the reduced 1D graph.  The various regions of q in the 1D 

graph contain information about the sample as indicated in Figure 2. 13.  The 

scattering intensity is plotted as a function of scattering vector q. 
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Figure 2.13: Schematic of 1D SAXS graph with the information that can be 

indicated at each q region (Bras et al., 2010). 

The scattering pattern at small values of q, called the Guinier region, contain 

information about whole particles, if they are small, as well as internal structure 

information for large- scale particles.  The radius of a spherical particle, 

presented in term of the radius of gyration (Rg) , is calculated as described in 

Equation (2.4). 

𝐼(𝑞) = 𝐼(0)exp [
−𝑅𝑔2𝑞

2

3
]   

(2.4) 

where:  

I(q)  is the scattering intensity and I(0)  is the forward scattering intensity and q 

is the scattering vector magnitude. 
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Rg is model independent and is used to define the particle dimensions.  In this 

thesis, the particles are assumed to be spherical with homogeneous density, 

and thus Rg can be calculated from equation (2.5). 

𝑅 = √
5

3
𝑅𝑔 

(2.5) 

The scattering pattern in the Porod region at high q calculated from the Fourier 

transform of the real-space density distribution (also known as form factor) can 

provide information on particle shape. 

The form factor 

The oscillating pattern can describe the shape or the form of the particle as 

shown in Figure 2. 14.  Therefore, it is called the form factor, P(q) .  When the 

particles are all identical in size and shape ( i. e.  monodisperse sample)  and 

distribute without particle interaction (i.e. dilute sample, freely floating), the form 

factor can provide entirely the description of the scattering pattern. In contrast, 

if the sample is polydisperse, the form factors from each particle size are 

summed up to give an average scattering pattern of the whole sample. 

Therefore, the form factor is the Fourier transformation of the scattering length 

density distribution of the particles. 
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Figure 2.14: A simulation of the form factors, P(q), of particles in the 

scattering pattern, representing the pattern of oscillations representative of the 

four different shapes/forms of particles (Organolithiums, 2014). 

In the case of spherical monodisperse particles, the form factor can describe 

the scattering pattern as follows:  

𝑃(𝑞) = 4𝜋𝜌033
sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)

(𝑞𝑅)3
 

(2.6) 

where: 

P(q) = the particle form factor 

ρ0 = electron density distribution 

qR = the slope of the plot of scattering intensity versus the scattering  

vector (equal to -4) 
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The structure factor 

SAXS experiments can describe the information of complex systems, such as 

densely packed particles, particle interaction potentials, electrostatic, and 

concentration effects.  The structure factor S( q)  is related to the probability 

distribution function of the distances between particles coming into the same 

order of magnitude as distances within particles. S(q) thus contains information 

about the position of the particle arrangements. 

2.2.6.2 Sample Preparation 

Synthesised aSiNPs were stored at 4°C before analysis.  Colloidal aSiNP 

dispersions were prepared at three concentrations from low to high 

concentration (i.e. the stock or original concentration) equivalent to 2.5, 5 and 

11 mg/ mL with and without filtering.  2-5 mL of the aSiNPs dispersions were 

injected into the sample holder (as shown in Figure 2.15). The sample holder 

has been removed to show the window which is transparent to X- rays.  The 

material used to as the window should be non-scattering, resistant to chemical 

attack and to elevated temperatures.  Kapton® tape ( i. e.  polyimide film)  was 

used as a window material in this study. 

 

Figure 2.15: The sample holder with Kapton® tape for SAXS analysis of 

liquid samples. 
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2.2.6.3 Analytical Procedure 

All SAXS data were collected on beamline 1. 3W at the Synchrotron Research 

Institute using a double multilayer monochromatic (W/ B4C)  X- ray beam at 9 

keV, with Rayonix SX165 detector to collect the SAXS patterns.  As well as 

SAXS measurement of ageing of aSiNPs was carried out at Bundessanstalt für 

Materialforchung und- prüfung ( BAM) , Berlin, Germany analyzing the stock 

solution and original concentration.  The scattering patterns were reduced to 

one-dimensional curves of intensity (I) and q by the integrated beam intensity. 

For the simulation, the SAXSIT version 3.66 software, developed by SLRI was 

used to normalize and align data from SLRI, Thailand.  For the fitting data, the 

SASFit and MacSAS analyses were carried out on the normalized scattering 

data using a spherical model with 1D SAXS curves from SLRI and BAM, 

respectively. 

The scattering curves were fit in SASFit using a model that describes the 

scattering as arising from a population of spherical primary particles (spherical 

form factor as seen in Equation 2.5), which are monodisperse. The full equation 

describing scattering model was as follows: 

𝐼(𝑞) = |𝑃(𝑞)|2 = (4𝜋)2𝜌03[3
sin(𝑞𝑅) − 𝑞𝑅 cos(𝑞𝑅)

(𝑞𝑅)3
]2 

(2.7) 

where: 

I(q) = Intensity of X-ray 

P(q) = the particle form factor 

ρ0  = electron density distribution 

qR  = the slope of the plot of scattering intensity versus the  

scattering vector (equal to -4) 
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A more detailed description of this fitted model can be found in Chapter 3 and 

4. 

2.2.7 X-ray Photoelectron Spectroscopy (XPS) 

2.2.7.1 Technique 

XPS is an analytical technique providing both elemental and chemical state 

information of solid nanomaterials at the outer surface around 5-10 nm depth 

( Murphy, 1967; Biesinger, 2009) .  The technique involves exposing the 

nanomaterials to soft X- rays and measuring the kinetic energy of the emitted 

photoelectrons.  Due to the low energy of these electrons, they can only escape 

from the surface ( top few atomic layers, or a few nanometers)  of the particles 

and thus XPS is a surface characterization technique. 

Figure 2.16 shows the photon of X-ray (hv) at levels of Al or Mg at K level (Kα) 

which is transmitted through the samples within the ultrahigh vacuum; the 

electron in the first shell of the atom can absorb the energy.  The incident of 

photoelectric effects or photoemission will occur when the electron absorbs 

energy at least at that energy level. The photoelectric effect induces an energy 

compensation by transitioning energy from the outermost electron inwards, 

namely relaxation.  The outermost electron can escape from the excited state 

by losing energy in the form of X-ray fluorescence or Auger electron emission. 
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Figure 2.16: The basis of photoelectric absorption, relaxation and Auger 

electron emission. 

The survey spectrum represents the kinetic energy of the peak positions at a 

sequence of energies that can be used to indicate the elemental composition 

while the peak intensities measure the quantity of a material on the sample 

surface (see Figure 2.17) .  Heide (2011)  explained the limitations of the XPS 

technique, why hydrogen and helium are not detectable, but beyond these 

smallest elements, all other elements can be observed.  In 2018, Zhong et al. 

(2018) demonstrated that the gas phase spectra of H and He can be observed 

using synchrotron-based ambient pressure-XPS technique if the X-ray source 

is bright enough. 
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Figure 2.17: A survey spectrum, presenting certain elements on a sample 

surface and the elemental quantitation of their atomic percentages. 

2.2.7.2 Sample Preparation 

Powdered samples are mounted on carbon tape, then labelled and attached on 

the stainless- steel stage as shown in Figure 2. 18.  The stage is placed in the 

high vacuum chamber and is illuminated by using X- rays at the energy levels 

of Al Kα or Mg Kα.  The kinetic energy of the emitted electron causes the 

photoelectric effect which is detected and then converted to the binding energy. 

This information provided the characteristic and quantitative information 

regarding the elements at the sample surface. 
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Figure 2.18: Sample preparation for XPS analysis, mounted samples on the 

carbon tape and attached on the stainless-steel stage. 

2.2.7.3 Analytical Procedure 

The XPS data presented in this thesis was generated using a PHI5000 Versa 

Probe II, ULVAC- PHI, Japan to identify the elemental composition of the 

sample surface.  The XPS source was equipped with monochromatic AlKα X-

ray at beam energy 1486. 6 eV.  The experiments were carried out under 

ultrahigh vacuum conditions -  pressure below 10-8 mbar.  The surface area at 

100x100 μm2 and 5-10 nm depth were observed for each sample. 

2.2.8 X-ray Absorption Spectroscopy (XAS) 

2.2.8.1 Technique 

XAS is a widely utilized method applied to determine the local structure of 

materials. When high-energy X-rays strike a core electron from the ground state 
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to an unoccupied state or continuum level, as seen in Figure 2. 19, then an X-

ray photon is absorbed by the core electron. After that the excited atom returns 

to the ground state by emitting fluorescence or an Auger electron. 

In XAS, the absorbing element in the sample is characterized by the absorption 

changes in X- ray photon energy.  All forms of sample, i. e.  solid, gas, or liquid 

can be measured by the XAS technique.  This technique involves a tunable 

monochromatic X- ray passing through the sample and absorbing enough 

energy to excite an electron as a function of it’ s binding energy. XAS data are 

collected by measuring a function of energy (μ(E) )  as the X- ray absorption 

coefficient.  XAS signal can be detected in three modes, such as transmission, 

fluorescent yield and electron yield.  Beamline 5. 2 at SLRI applies the 

transmission mode.  In the experiment, the electrons being absorbed are 

measured by the difference in X-ray intensity before and after passing through 

the sample. This involves Beer-Lambert’s Law as described in equation (2.8). 

𝐼1 (𝐸) = 𝐼0 e
−μ(𝐸)x (2.8) 

Where I1(E) and I0(E) are the incident and transmitted X-ray intensities, μ(E) is 

the X-ray absorption coefficient and x is the sample thickness. Then, to obtain 

the absorption coefficient, this equation is rearranged as shown in equation 

(2.9) to obtain the absorption coefficient (μ(E)). 

μ(𝐸)𝑥 = 𝑙𝑛(𝐼0/ 𝐼1)
 (2.9) 
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Figure 2.19: The mechanism of X-ray absorption at K-edge (K-edge 

absorption) 

The XAS spectra of virtually all elements contain two parts, namely XANES and 

EXAFS features.  XANES refers to the absorption fine structure close to an 

absorption edge which is dominated by electronic transitions from a core level 

to unoccupied states for photoelectrons, thus it measures a local electronic 

structure and reflects local density of states (LDOS) above the Fermi level. The 

K-edge is a sudden increased in X- ray absorption occurring when the energy 

of the X-rays is just above the binding energy of the innermost electron shell of 

the atoms interacting with the photons.  This region (as shown in Figure 2.19) 

usually shows the largest variations in μ(E)  and is important for indicating the 

specific structural information of materials.  Edge position can determine the 

oxidation state by comparing with the fingerprint of standard material and 

XANES feature can indicate the structural morphology, i. e.  crystalline and 

amorphous structures. 
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Further from the sample edge, EXAFS reveals the local atomic environment, 

i. e.  the number of neighbouring atoms, type of neighbouring atoms, and bond 

length to the element (see Figure 2.20). More specifically, the oscillations are 

observed in the EXAFS feature at energies above the absorption edge.  The 

wave interactions between the ejected photoelectron and the electrons of other 

surrounding atoms arise from constructive and destructive interactions, and 

give information on the location and identify of the surrounding atoms and the 

local bonding environment present in the sample. 

 

Figure 2.20: XAS spectrum of a standard sample shows two parts, namely 

XANES (in red-dash box) and EXAFS (in the green box), features. 
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2.2.8.2 Sample Preparation 

Prior to analysis, the powder standard has to be prepared and compared to 

reference XAS spectra as the fingerprint spectra for comparative purposes. The 

standards are well-ground and mounted on acrylic plastic film to form the X-ray 

transparent windows (shown in Figure 2.21). Then, the sample solutions were 

injected into an acrylic plastic cell with each side sealed with Kapton® tape. 

 

Figure 2.21: A standard powder of sample mounted on an acrylic plastic film 

for XAS analysis. 

2.2.8.3 Analytical Procedure 

A range of XAS techniques including XANES and EXAFS are available at the 

SLRI, Nakhon Ratchasima, Thailand. XAS monochromatizes synchrotron light 

from a bending magnet to obtain an X- ray beam with photon energy ranging 

from 12. 5 keV to 10 keV.  Photon energy is scanned by a double crystal 

monochromator (DCM). Si K-edge spectra were collected in fluorescence mode 

at Beamlines 5.2 and 8 at the SLRI at a total step of 93 times for 3-6 hours, with 

three repeated scans collected for each sample.  Spectra were averaged and 

normalized in Athena, followed by fitting in Artemis (Bruce Ravel, 2009). 
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2.2.9 Micro X-ray Fluorescence Spectroscopy (μXRF) 

2.2.9.1 Technique 

μ- XRF is used to determine the chemical composition of materials and 

sometimes can be used to assess the thickness and composition of layers and 

coatings.  Fluorescence, Compton scatter and Rayleigh scatter ( see Figure 

2.22) occur when incoming X-ray photons strike a material. As seen previously 

in Figure 2.16, the secondary X-ray or fluorescence is emitted from a material 

when exposed to energy greater than its ionization energy.  XRF technique 

measures discrete energies equivalent to a different colour and the intensity of 

emitted fluorescence radiation.  These measurements provide information 

about a specific element and its concentration in the sample.  Furthermore, a 

tunable beam size of the X- ray ( in micrometres)  can be used to examine the 

distribution of elements in the sample.  This technique is called micro-X- ray 

fluorescence spectroscopy/imaging. 

 

Figure 2.22: The interaction between incoming X-ray photons and material 

(Brouwer, 2010). 
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2.2.9.2 Sample Preparation 

μ-XRF technique is applied to determine the elemental distribution through the 

samples which are attached to an acrylic plastic film and placed on the sample 

stage (as shown in section 5.2.5, Chapter 5). 

 

2.2.9.3 Analytical Procedure 

μ-XRF technique (beam size 30 μm)  with energy ranging from 2-10 keV is 

available at beamline 6b, SLRI (Thailand) .  The analysis procedure involves 

using a wire-scan method to collect a total number of points around 900 at time 

steps of 30 seconds for 6 hours per sample.  The spectra are collected and 

analyzed by fitting in PyMca version 5.4.1(Solé et al., 2007). 

2.2.10 Fourier Transform-Infrared Spectroscopy (FTIR) 

2.2.10.1 Technique 

FT-IR is a characterization technique which aims to identify the chemical 

structure of organic and inorganic molecules. Infrared light passes through the 

sample that is being irradiated with the infrared part of the electromagnetic 

radiation spectrum. The IR spectrum records the molecular absorption and 

transmission, thus making a fingerprint of the sample. This fingerprint contains 

a variation of vibrations, rotations and translations of the bonds within the 

molecule. The IR spectrum including vibrations, rotations and translations is 

unique to a particular substance showing a unique combination of specific 

bonds and functional groups. 
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2.2.10.2 Sample Preparation 

2 mg of powdered samples from each batch was blended with 198 mg of 

potassium boron (KBr) and then made a pellet (see in Fig. 2.21) by using a 

hydraulic pressure gauge. 

 

Figure 2.23: Standard discs of KBr (left) and sample (right). 

2.2.10.3 Analytical Procedure 

FT-IR technique was carried out using a Varian 660-IR FT-IR 

Spectrophotometer at the School of Chemical Engineering of the University of 

Birmingham. “Agilent resolutions pro” software was used to run the 

spectrometer. FT-IR analysis involved the characterization of a reference KBr 

pellet as a background scan, followed by subsequent powdered samples, 

placed on the Attenuated Total Reflectance (ATR) attachment of the 

instrument. The sample spectra were obtained between 400 and 4000 cm-1 

wave number. 

2.2.11 X-ray powder Diffraction (XRD) 

2.2.11.1 Technique 

XRD is a characterisation technique that uses X- rays to identify a material’ s 

crystal structure, and infer chemical composition and potentially particle size 

( for small enough particles)  ( Barbara L Dutrow, 2019) ) .  XRD examines 

materials using the diffraction of X-rays at different angles. An X-ray diffraction 
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pattern (see Figure 2.24) is plotted between the diffracted X-ray intensity and 

the angle 2theta (2) obtained at different angles from each set of lattice planes 

in a sample.  The intensities and the position of the peaks are used to identify 

the structure (or phase) of the material. The experimental XRD pattern can be 

compared to reference patterns of standard materials to enable identification of 

the material. 

During the measurement, an incident X-ray beam interacts with planes of atoms 

while the detector moves in a circle around the sample (Figure 2. 25) .  Then, 

part of the beam is relatively transmitted, absorbed, reflected, scattered or 

diffracted during the measurement.  If the interactions between an X-ray beam 

and the sample is a diffracted X- ray, then the distance between the planes of 

atoms can be measured by using Bragg’ s Law as shown in equation ( 2. 10) 

where n is an integer,  is the wavelength of the X- rays, d is the distance 

between diffracting planes, and  is the angle between the incident ray and the 

diffracting planes (Bragg and Bragg, 1913).  

n = 2dsin  (2.10) 

 

Figure 2.24: The XRD pattern of a powdered sample is collected at 2 from 

5˚ to 90˚to provide insights into the crystal structure. 
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Figure 2.25: Schematic diagram of an XRD diffractometer system (Toth and 

Mathworks, 2017). 

2.2.11.2 Sample Preparation 

Only solid samples (powder) can be characterised by XRD, but sample 

preparation is quick and rapid. Samples were stored in the desiccator for at 

least 24 hours prior to measurement to ensure complete drying. Dried samples 

were then ground to obtain a fine powder to be used for analysis. The powdered 

samples are smeared onto a flat surface of a sample slide. 

2.2.11.3 XRD Analysis 

XRD analysis was carried out in the School of Chemistry at the University of 

Birmingham using a Bruker D8 Advance diffractometer. Powdered samples 

were sprinkled on 1 cm2 disk holders and loaded into the diffractometer. 

Diffraction patterns were obtained by scanning with Cu Kα radiation over a 

range of Bragg angles (5 to 90˚) at room temperature over a period of 30 

minutes. The resultant patterns are depicted as obtained and then analyzed by 
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comparing to reference spectra (fingerprints) using Eva software (Ocean and 

Program, 2013). 

2.2.12 Brunauer, Emmett and Teller (BET) surface 

analysis 

2.2.12.1 BET Technique 

BET is one of a few techniques available to measure surface area. Surface area 

measurement involves characterization of the adsorption process of a gas, 

commonly N2 gas, on the surface of the sample at liquid nitrogen temperature. 

Nitrogen gas is assumed not to interact with the particle’s surface. The 

Brunauer, Emmett and Teller (BET) equation (Equation Error! Reference 

source not found.) is used to calculate the surface area of a sample, where p 

is the equilibrium (p) and p0 is the saturation pressure of adsorbates at the 

temperature of adsorption, na is the adsorbed gas quantity in volume units, nm 

is the monolayer capacity, and CBET is the BET constant. 

𝑝

𝑛𝑎(𝑝0 − 𝑝)
=  

1

𝑛𝑚𝐶𝐵𝐸𝑇
+
(𝐶𝐵𝐸𝑇 − 1)

𝑛𝑚𝐶𝐵𝐸𝑇
∙
𝑝

𝑝0
 

(2.11) 

where;  𝑛𝑚 =
1

𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡−𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
  

𝐶𝐵𝐸𝑇 = 1 + 
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 

 

𝑆𝑡𝑜𝑡𝑎𝑙 =
𝑛𝑚𝑁𝑠
𝑉

 
 

Eventually, the change in volume of gas absorbed to the surface is calculated 

and given as the specific surface area in grams per meter squared (m2g-1). The 

sample must be in powder form and dried. 
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2.2.12.2 Sample Preparation 

The powdered samples are kept in the desiccator for at least 24 hours to ensure 

complete drying. Prior to the surface area analysis, the samples must be 

outgassed to remove water and contaminants. The outgas process is under a 

vacuum at high temperature. Samples are gently compacted into the glass cell 

with a glass rod to minimize the dead space in the cell. The cell is placed into 

the heating mantle and cooled down before it is ready to adsorb nitrogen gas; 

this is then followed by desorption of the gas. 

2.2.12.3 Analytical Procedure 

BET was carried out to estimate the surface area of dry powdered samples on 

SA 3100 Surface Area Analyzer. The samples of amorphous silica materials 

were heated under vacuum at 300˚C for several hours to remove surface 

adsorbed moisture and contaminants. aSiNPs were repeatedly tested for 

surface area from all batches. The powdered aSiNPs are weighed before and 

after outgassing, then the net weight is used to set up and calculate the specific 

surface area. At liquid nitrogen temperature, nitrogen is adsorbed onto the 

sample surface by a physical force such as a weak Van der Waals attraction. 

Data are collected in the form of a BET isotherm. The isotherm is plotted 

between the amount of gas adsorbed onto the surface of the sample and the 

relative pressure. The specific surface area is calculated using the sample 

mass as shown in Equation (2.12). 

 

𝑆𝐵𝐸𝑇 =
𝑆𝐵𝐸𝑇

𝑆𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠
 

 

(2.12) 
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2.2.13 Inductive Coupled Plasma-Optical Emission 

Spectroscopy (ICP-OES) 

2.2.13.1 Technique 

The detection of elemental concentration with high sensitivity involves using a 

mass spectroscopy technique.  ICP-OES is a type of emission spectroscopy 

which determines elemental composition.  This technique uses a flame 

temperature in the range from 8000 to 1000 Kelvin.  The inductively coupled 

plasma generates excited atoms and ions that emit the electromagnetic 

radiation when they return to their ground state. The electromagnetic radiation 

has specific emission wavelengths to enable identification of which element is 

present and its relative proportion within a sample.  The schematic diagram of 

ICP-OES mechanism is shown in Figure 2. 26.  There are two main parts that 

consist of a light source unit and an optical spectrometer.  The liquid sample is 

pumped into the system passing a nebulizer that turns the sample into an 

aerosol and is then injected into the plasma.  The aerosol is exposed to high 

temperature in the plasma that excites the atoms leading to release of the 

emission wavelengths. The emitted radiation from the plasma is used to identify 

the type and intensity of elements present in the sample. For the quantification 

of intensity, there are two methods, namely radial and axial viewings for 

analyzing the proportion of elements.  The radial viewing has an excellent 

tolerance to dissolved solids and torch lifetimes but has lower sensitivity than 

the axial viewing. The axial viewing can provide 5-20x improvement in detection 

limits by enhancing the signal-to-noise ratio. 



 

85 

 

 

Figure 2.26: Schematic diagram of the ICP-OES technique (Caruso et al., 

2017). 

Calibration curves are introduced and verified using a series of standard 

reference solutions for the analyte ( s)  of interest prior to sample.  It is 

recommended to prepare a blank and internal standard if expecting to 

encounter in the matrix or digestion interferences for correction and calculation 

of %recovery. 

2.2.13.2 Sample Preparation 

Prior to the analysis of elemental concentration, sample solutions need to be 

filtered through a 0. 22 m polyethersulfone (PES)  filter.  Powders are normally 

firstly digested overnight. For non-refractive materials, digestion can be carried 

out in 20%  nitric acid (HNO3) , and then diluted to a final concentration of 2% 

HNO3. 
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2.2.13.3 Analytical Procedure 

ICP- OES analyses were conducted using an Optima 8000 spectrometer. 

Elemental concentrations were measured by comparison to calibration 

standards. Analysis took place using a radial detection system, which was used 

for analysis with a 70 second delay time. Three separate dispersions from each 

batch were measured in order to obtain an average of three measurements for 

each sample.  The standard samples were interposed at every 10 

measurements of the samples including blanks. 

2.2.14 Summary of analytical approach 

Table 2. 1 summarises all methods considered/ used in this thesis, their 

strengths and weaknesses, the type of information they provide and, where 

appropriate, their particle size resolution.  Given the diversity in the 

physicochemical characteristics of nanomaterials, their small size and the 

complexity of the matrix they are found in, there are challenges in delivering a 

reliable and comprehensive evaluation of their properties. In some occasions a 

single method is used for the study of a particular property, e. g.  surface area, 

surface charge, while in other cases they are combined in order to complement 

each other. 

For example, DLS evaluates a particle size and size distribution of a sample 

using light scattering, while SAXS provides higher resolution through X- ray 

scattering and thus allows more precise size information. Other complementary 

information comes from XRD, which provides the atomic structure of an 

unknown material.  Using XAS ( XANES/ EXAFS)  extensively demonstrates 

oxidation state and bonding environment similar to surface chemical analysis 



 

87 

 

of XPS. XPS is a quantitative technique to analyse the elemental composition, 

surface functionalization as FTIR technique and oxidation state in materials 

under ultra-high vacuum. 

TEM is a common technique to offer an image of NP size, shape, and uniform 

structure relative to the advantage of STEM assessing the size, fine clusters, 

and elemental composition.  TEM imaging is typically ideal for clean sub-100 

nm particles and very low sample loading, whereas SEM is a widely used 

method for imaging that is employed to determine NP morphology of larger 

>100 nm particles. 

ICP-OES is ideal for the quantification of elemental concentration in chemically 

digested samples, whereas XRF provides equivalent but higher resolution, 

solid state elemental analysis, with the additional benefit of providing elemental 

composition maps.  Combining all these techniques together in the 

characterisation of nanomaterials in complex matrices thus enables optimal 

interpretation of their state and behaviour. 

2.3 Reconstructed Human Skin Models 

Tissue/ organ transplantations of bone, tendon, heart valve, and skin, are the 

most significant treatments being developed in research stage of clinical tests 

for solving human health problems and saving lives.  New methodologies for 

generating reconstructed human skin models have been developed in 

academic research.  The new approach of toxicological testing that avoids 

animal testing of cosmetics ingredients, e. g.  in vitro skin irritation, corrosion, 

and UV exposure assessment, are implemented based on the reconstructed 

human epidermis (RhE) technology and have proven to be a promising method 

of assessing skin function, physiology, and disease, compared with the native 
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human epidermis.  These tests are now standardised by the Organization for 

Economic Co-operation and Development (OECD) guideline.  

In general, the RhE model contains the living skin cells equivalent to the human 

skin, and is prepared by seeding keratinocytes in the collagen matrix.  RhE 

shows a well- differentiated epidermis as well as native human epidermis 

(Pedrosa et al., 2017). The RhE represents epidermis layers and demonstrates 

the outermost barrier as stratum corneum ( SC)  to protect the skin from 

environmental factors similar to native skin.  In addition, the main layers of 

epidermis and dermis are presented in the full- thickness skin models, which 

are placed on an insert and over a culture medium containing nutrient factor to 

feed the skin cells as exemplified in Figure 1.8 (section 1.7.2). 

2.3.1 Reconstructed Human Epidermis Model and 

Reconstructed Human Full-Thickness Skin 

Model 

In principle, the RhE model is cultured by seeding keratinocytes in a collagen 

matrix. The keratinocytes proliferate in the stratum basale layer and then grow 

to a daughter cell.  The daughter cells migrate to the stratum spinosum and 

differentiate to granular cells in the stratum granulosum layer. The Langerhans 

cells are also in stratum granulosum contributing to the immunological 

responses of the skin.  The upper next layer, namely the stratum lucidum 

contains a thin layer of dead cells and the stratum corneum is the outermost 

layer and plays the functional role of a skin barrier containing corneocytes and 

dead cells.  Therefore, the RhE models, such as Episkin, Epiderm, and 

Epidermal Skin Test 1000 models, have an epidermis layer and a basement 
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membrane that lies on the collagen matrix which acts as the artificial nutrients. 

On the other hand, the reconstructed human full-thickness skin model consists 

of a dermal equivalent embedded fibroblasts and epidermal layer, for example, 

EpidermFT, StrataTest, and Advanced Skin Test 2000 models. The skin models 

are not only functional in terms of protecting against the access of exogenous 

substances into the body, but can also be used to measure transport of the 

exogenous substances into the skin. 

2.4 In Vitro Skin Test 

In vitro testing is a biological method that uses organs, tissue sections, tissue 

cultures and cell lines to understand processes in organisms and animals.  In 

vitro methods have been used to examine the potential toxicity of chemicals, 

e.g. the chemical interaction studies, receptor binding studies, etc. To prevent 

human health effects and understand potential human toxicity contributed by 

accidental and intentional exposure of materials including nanomaterials, the 

intensive investigation of the perspective toxicities has been widely assessed 

using in vitro tests, which are especially useful for teasing out mechanisms of 

action, determination of sites of accumulation of toxicants and for assessing 

degradation of toxicants in cells.  For dermal toxicity testing, in vitro skin tests 

are well established. 

For this thesis, two in vitro skin models have been used; the reconstructed 

human epidermis models, and the reconstructed human full- thickness skin 

model/ T skin no.  D11 ( including the fresh and maintenance media)  were 

purchased from EPISKINTM (Lyon, France). The models were used to quantify 

the cell viability and cytotoxicity effects following exposure to the aSiNPs, using 

a range of well-established cellular toxicity assays such as the MTT assay (cell 
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death) , histology ( to measure changes in cellular structures)  and an ELISA 

assay ( release of cytokines, as part of an inflammatory responses) .  These 

assays are described in detail below, and the results are presented in Chapter 

6. 

2.4.1 In Vitro Skin Penetration 

Many studies of skin penetration have used Franz diffusion cells (Gysler et al., 

1999; Ashtikar et al., 2013; Crosera et al., 2015; Salamanca et al., 2018). The 

diffusion area of skin tissue is around 2.5-3.5 cm2 and toxicants that are able to 

penetrate the skin collect in the lower compartment containing the aqueous 

solution from which they can be quantified, but no assessment can be made as 

to what happens beyond the epidermis layer.  Most tissues are obtained from 

volunteers who were subjected to surgical operations.  The main purpose of 

Franz diffusion cell is to calculate the permeation rate of drugs for controlled 

delivery (Salamanca et al., 2018). 

In this thesis, the natural mechanism of human skin permeation and diffusion 

is applied to determine the skin penetration potential of the aSiNPs.  The skin 

penetration test is conducted in an in vitro reconstructed human full thickness 

skin model T- skin TM at Day 11 (D11 model)  with a diffusion area of 1 cm2 

under a biological fume hood. Three independent D11 models are exposed to 

10 μL of each liquid substance; the negative control and the test substance 

(aSiNPs)  for 2 hours and conducted in triplicate, incubated at 37˚C for 22-24 

hours. The negative control was performed using ultrapure water (Milli Q water). 

At the end of the exposure period, the D11 models have been eliminated the 

rest of the substance by using 25 mL PBS for five times.  The media in the 

bottom chamber is collected first, as is the wash PBS to determine the aSiNPs 
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across the outermost layer to the polycarbonate filter.  To ensure that PBS, 

which is used to remove the remaining of aSiNPs attached on the skin 

( including on an uppermost stratum corneum and lower collagen matrix)  is 

directly quantified the amount of aSiNPs that came through the tissues by ICP-

OES.  The synchrotron-based techniques are employed to characterise aSiNP 

properties post in vitro skin penetration testing.  For example, XRF is used to 

extensively identify for mechanisms of skin penetration, determinations of sites 

of accumulation of aSiNPs, and SAXS, XANES, and XPS are used to assess 

the degradations of aSiNPs in cells, i. e.  size, oxidation state, elemental 

composition at the sample surface.  The details of synchrotron work and 

analysis are described in section 5.2 and 5.3 in Chapter 5. 

2.4.2 In Vitro Skin Irritation 

An assessment of skin irritation is mostly required as a means of evaluating 

biological safety, as an alternative method to other commonly used in vivo and 

in vitro models. The OECD offers the guideline for in vitro skin irritation; OECD 

TG 439 performance standard using reconstructed human skin models (OECD, 

2010) .  Reconstructed human epidermis (RhE)  models, small size (0.5 cm2) , 

day 17 ( RhE/ S/ 17)  contain epidermis layers which were purchased from 

EpiSkinTM ( Lyon, France) .  The experimental procedures consist of the RhE 

preparation, the topical application of test substances; the positive (SDS)  and 

negative (PBS) controls and aSiNP dispersion on the RhE models, which were 

described in detail in section 6.4 in Chapter 6. 
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2.4.3 Cytotoxicity 

In general, cytotoxicity is used to evaluate the cellular viability on exposure to 

a substance and the degree of being toxicity of a substance to living organisms, 

cells and tissues. Cytotoxicity assays are widely used in biological applications 

and in drug delivery development (Prow et al. , 2011; Rancan et al. , 2012; Di 

Cristo et al., 2016; Gupta and Rai, 2016).  

Cytotoxicity assays are important to identify the response and activity of the 

target organ relevant to the exposure using the quantitative and qualitative 

assays. There are many techniques used to monitor the cytotoxic action of 

chemicals in cell. For example, the lactate dehydrogenase (LDH) assay 

assesses the release of protease biomarkers following administration of the test 

substance to quantify the numbers of living and dead cells. Cytotoxicity can also 

be determined using MTT assay, ELISA assay, MEM elution assay, and direct 

contact test (Kasper et al., 2011; Uboldi et al., 2012).  

The in vitro determination of the value of cell metabolic activity, intrinsic 

cytotoxicity, mechanism of toxicity, and mode of action of substances is an early 

detection of cellular damage leading to the prevention of an unpleasant 

outcome.  However, the correlation of cytotoxicity results remains to be further 

compared with other biological evaluation and with outcomes in vivo. 

2.4.3.1 MTT assay 

MTT assay is a sensitive method to determine mitochondrial activity (Mosmann, 

2005) by using a colourimetric assay technique. The colour dye of yellow water-

soluble tetrazolium salt [ 3- (4,5-Dimethylthiazol-2-yl) -2,5-diphenyltetrazolium 

bromide, a tetrazole]-MTT and an insoluble purple formazan is used to measure 

the reduction of enzyme activity.  If the activity of enzyme declines, the yellow 
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colour will turn into an insoluble purple colour in aqueous solution.  Acidic 

isopropanol is used to extract the insoluble purple formazan and then measures 

changes in the colour which corresponds to the number of metabolically active 

( live)  cells.  The absorbance of the purple solution is measured by a 

spectrophotometer at a wavelength of 570 nm.  The changes in metabolic 

activity of treated cells are generally compared with the amount of insoluble 

purple formazan produced by untreated control cells. The full description of the 

MTT assay is detailed in section 6.4, Chapter 6. 

2.4.3.2 ELISA assay 

Enzyme- linked immunosorbent assay ( ELISA)  is an immunoassay method 

allowing detection of secretory cytokines in the biological samples and 

quantification of peptide, protein, antibody and hormone levels.  ELISA 

correlates the specific antibodies binding the target antigen using various 

techniques, i. e.  direct, indirect, sandwich, and competitive ELISAs.  In ELISA, 

antigen- antibody combination is used to indicate the presence of antigen 

binding and quantify the colourimetric response from enzyme activity. 

Numerous aspects of ELISA assays are associated with cellular 

communication about the regulation of immunity, inflammation, cell activation, 

cell migration, cell proliferation, apoptosis, and hematopoiesis.   ELISA is 

important to determine the expression of immune responses. The inflammatory 

of proinflammatory cytokines are signalling molecules excreted from immune 

cells, such as interleukin- 1, interleukin- 12, interleukine- 18, tumour necrosis 

factor alpha (TNF-) , interferon gamma ( IFN)  and granulocyte-macrophage 

colony stimulating factor (GM-CSF) .  Interleukin-1 ( IL-1)  is an important 

cytokine released from keratinocytes in the outermost layer of the skin.  IL-1 
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level positively correlates with the skin irritation, which is in turn contributes to 

inflammatory response (Perkins et al., 2001; Bou-Dargham et al., 2017). In this 

thesis, Human interleukin - 1α ( IL-1α)  protein levels are determined using an 

ELISA PicoKine Kit (Boster Biological Technology)  as per the manufacturer’ s 

instruction as an indicator for skin inflammation. 

2.4.3.3 Histology 

Histology is the study of the microanatomy of cells, tissues, and organs which 

involves visualising their structure using a microscope.  It provides the 

correlation between structure and function, correlating possible causes of 

differentiation or proliferation and treatments.  Haematoxylin and eosin (H&E) 

stain is commonly used to colour cells and tissues for histological study. Eosin 

stain is an acidic dye, which reacts with the basic components in cells, such as 

cytoplasmic proteins, intracellular membranes, extracellular fibres and 

epithelial keratinocytes in red or pink.  Haematoxylin stain is a compound of a 

basic dye (base part: Cl-) and aluminium ions (acid part: Al3+) to form the active 

dye-metal complex.  When the acidic structures, i. e.  nucleus, and parts of the 

cytoplasm containing RNA combines with acid part of haematoxylin it turns into 

a purplish-blue.  Histological assessments were carried out at the Institute of 

Cardiovascular Sciences, the University of Birmingham.  The full description of 

the histological study is given in section 6.5 in Chapter 6. 

.
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Table 2.1 Methods used for characterising nanoparticles. 

Technique Parameter 

measured 

Main Advantages Main Limitations Resolution 

(for particle 

size) 

DLS Hydrodynamic 

diameter and 

zeta potential 

Rapid and simple to operate 

Straightforward to obtain the particle 

size (for monodisperse particles) 

Monitor the formation of aggregation 

and agglomeration from size 

distribution and PdI 

Provides the surface charge of NPs 

Overestimates size toward the 

large particle sizes, multimodal 

distribution and high concentration 

of sample may interfere with the 

results 

Requires a minimum of three 

measurement 

0.3nm-10μm 

TEM Shape and size, 

composition 

Samples are stable for long periods 

after preparation. 

Direct observation of morphology, 

aggregates and agglomerates 

Gives randomised details of the 

sample on parts of the TEM grid 

Using imageJ particle size can be 

measured but requires at least 200 

particles 

Images a very small sub-sample 

Sub-nm 

STEM Shape and size, 

atomic 

As for TEM, but higher resolution. 

High structural precision. 

Difficult to operate. May get 

damage NPs when keeping the 

beam too long at one position 

Sub-nm 
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Technique Parameter 

measured 

Main Advantages Main Limitations Resolution 

(for particle 

size) 

structure, 

composition  

SAXS Size, shape and 

surface 

topography 

Easy sample preparation, quick 

measurement per sample 

Provides primary particle size, shape, 

and surface topography 

Difficult to interpret 

High cost of examination per 

sample 

Sample with high dispersion (high 

PDI) might affect the fitting and 

interpretation steps 

Must measure both test solution 

and air for background subtraction 

for each sample 

1nm to 100 

nm 

XRD Crystalline 

structure 

Gives atomic structure of samples 

that can be linked to composition. 

Identification of unknown materials 

Powder samples only 

Heterogeneous and multiphase 

material is difficult to identify in 

unknown samples 

Sub-nm 

SEM Size, shape, 

composition 

Quick and rapid sample preparation Examination under high vacuum is 

difficult if the sample is wet. 

20 nm 
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Technique Parameter 

measured 

Main Advantages Main Limitations Resolution 

(for particle 

size) 

Obtains 3D image of morphology and 

identify elemental composition 

Sample must be prepared 

appropriately. 

XPS Surface 

chemistry and 

%atom 

composition 

Gives qualitative and quantitative 

information on the surface chemistry 

of sample 

Provides the chemical structure at 

the surface 

Sample must be powder form and 

is analysed under vacuum 

Spectra difficult to interpret  

High cost of examination per 

sample 

n/a 

XAS-

XANES/EXAFS 

Element, 

oxidation 

number and 

structure 

Variety of sample forms are 

measurable, e.g. powder, liquid, gel 

Gives further information on particle 

structure, elemental composition, and 

oxidation state 

Spectra difficult to interpret 

High cost of examination per 

sample 

n/a 

FT-IR Functional 

group 

Quick measurement to achieve a 

standard quality spectrum. 

Variety of sample forms are 

measurable, e.g. powder, liquid 

Difficult to interpret if no reference 

spectrum 

n/a 
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Technique Parameter 

measured 

Main Advantages Main Limitations Resolution 

(for particle 

size) 

BET Surface area Ease of measurement, unique 

method for surface area. 

Powder samples only. Requires 

high amount of sample. 

Requires a minimum of three 

measurements per sample 

No minimum, 

maximum 

10 μm 

ICP-OES Elemental 

concentration 

Can examine at low concentration 

limit in ppb (quantitative data). Broad 

range of elements and 

concentrations. 

Liquid samples only 

Digestion of solids using an 

appropriate acid and correlate to 

the recovery rate of substances. 

Not suitable for some elements 

(e.g. carbon) 

Particle size 

resolution not 

relevant. 

μ-XRF Elemental 

mapping 

Gives a qualitative (elemental) and 

semi-quantitative information 

Can give particle distribution mapping 

Difficult to analyse and interpret 

data  

n/a 
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Chapter 3 Characterisation of NPs from 

commercial cosmetics and Synthetic 

Amorphous Silica (SASs) 

3.1 Introduction 

The application of nanotechnology- related innovations has recently become 

common in a variety of consumer products, including sunscreens, cosmetics, and 

personal care products.  2231 consumer products available on the European 

consumer market claim to contain nanomaterials ( NMs) .  In particular, the 

principle NMs used in cosmetics are silver, fullerene, gold, alumina, zinc oxide, 

mica, titanium, copper, platinum and silica ( Foss Hansen et al. , 2016) .  The 

justification to use NMs in cosmetics is in order to increase effectiveness of UV 

protection, enhanced cosmetic appearance, e.g. texture, shelf life and to enable 

high pigment levels (Wiesenthal et al., 2011; Nafisi and Maibach, 2015). Notably, 

a previous study by the Consumer Union tested 19 sunscreens containing zinc 

oxide and titanium oxide nanoparticles, but only one of the sunscreens declared 

the use of nanoparticles on its label (Chatterjee, 2008) .  This finding shows that 

manufacturers have not always provided information about the use of 

nanomaterials in their products in the past, and thus that consumers may not 

always be fully informed. An increasing number of requests for safety assessment 

of commercial products have been published (Nel et al., 2006; Bijker et al., 2007; 

Chatterjee, 2008; Foss Hansen et al., 2008). Legislation regarding nanomaterial-
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containing cosmetics, which came to force in 2013 explicitly requires any 

nanoscale ingredients to be listed to reassure consumers and comply with EU 

Cosmetics Regulation ( EC No 1223/ 2009)  ( https: / / eur- lex. europa. eu/ legal-

content/en/TXT/?uri=CELEX:02009R1223-20160812). 

The scientific committee on consumer safety has provided opinions of health and 

safety risks in their guidance on the safety assessment of nanomaterials in 

cosmetics ( Scientific Committee on Consumer Safety, 2012) .  Recently, the 

European Chemicals Agency (ECHA)  provided guidance to help the registrants 

preparing dossiers for nanoform registration in December 2019 

(https://echa.europa.eu/documents/10162/13655/how_to_register_nano_en.pdf/

f8c046ec- f60b-4349-492b-e915fd9e3ca0) .  Thereof, cosmetics containing NMs 

need to address potential risks due to their compositions and forms. Additionally, 

full characterisation should be carried out and information regarding the presence 

and form of nanomaterials in the product should be declared on their labels. 

Using appropriate analytical techniques is essential to achieve reliable 

characterisation of NMs- containing cosmetics products.  The International 

Organization for Standardization ( ISO)  established a guidance on 

physicochemical characterization of NMs (ISO/TR13014:2012(E)) and technical 

measurement methods in 2012 that is a prerequisite prior to toxicological 

assessment (The International Organization for Standardization, 2012) .  In fact, 

the characterisation of nanomaterials in commercial products can be quite 

challenging due to the complexity of the matrix, the potential presence of other 

particulate components and, often, the limited information provided by 

https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:02009R1223-20160812
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:02009R1223-20160812
https://echa.europa.eu/documents/10162/13655/how_to_register_nano_en.pdf/f8c046ec-f60b-4349-492b-e915fd9e3ca0
https://echa.europa.eu/documents/10162/13655/how_to_register_nano_en.pdf/f8c046ec-f60b-4349-492b-e915fd9e3ca0
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manufacturers in order to maintain trade benefits.  The use of a wide range of 

characterisation techniques is therefore a necessary approach.  In this context, 

previous studies have identified only NPs in simple formulations ( Chang et al. , 

2007; Becheri et al. , 2008; Hao et al. , 2017) , but few studies have discussed or 

evaluated unmodified commercial products (Chatterjee, 2008; Tyner et al., 2009; 

Lewicka et al., 2011). Furthermore, there is still a lack of studies addressing the 

NPs in complex materials. 

In order to address this gap, the aim of this chapter is to identify nanoparticles 

found in commercial cosmetic products that list silicon/ silica as ingredients and 

compare them to synthetic amorphous silica (SAS) nanomaterials established as 

standards.  However, due to the absence of appropriate reference standards for 

this purpose, the application of characterisation techniques is also used to 

develop better fundamental understanding of their properties in complex 

matrices.  The most suitable methods will be discussed in this chapter.  Detailed  

description of SASs is compared to data from the European Commission’s Joint 

Research Centre (JRC), Institute for Health and Consumer Protection  

(Rasmussen et al., 2013) 

(http://publications.jrc.ec.europa.eu/repository/bitstream/111111111/29367/1/lbn

a26046enn-nm_repository_sio2.pdf). JRC repository provides the 

physicochemical characterisation of SASs to support European Union policy. 

3.2 Chemicals and Materials 

Ethanol ( analytical grade)  was prepared at 70%  v/ v and ultrapure water was 

steam sterilized in the oven at 121C, 15 min before use. 

http://publications.jrc.ec.europa.eu/repository/bitstream/111111111/29367/1/lbna26046enn-nm_repository_sio2.pdf
http://publications.jrc.ec.europa.eu/repository/bitstream/111111111/29367/1/lbna26046enn-nm_repository_sio2.pdf
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Eight different cosmetics containing silica- based materials on their product 

description were purchased from a local convenient superstore in Birmingham, 

UK and the ingredients as listed by the suppliers are shown in Table 3. 1.  Five 

different standards of SASs were obtained from the JRC, listed in Table 3.2. 

Table 3.1 Product information as presented in the labels of the eight commercial 

cosmetics containing silica-based material characterised in this study. 

Sample 

code 

Type Form Ingredients 

Sample 1 

(S1) 

Powder 

foundation 

Fluffy 

powder 

Talc, Nylon-12, Mica, Dimethicone, 

Silica, Magnesium Myristate, 

Ethylene/Acrylic Acid, Copolymer, Zinc 

Stearate, Dimethyiconal, Sorbic Acid, 

Dehydroacetic Acid, Lauroyl Lysine. 

[+/- (May contain): CI 77891 (Titanium 

Dioxide), CI 77491/77492/77499 (Iron 

Oxides)] 

Sample 2 

(S2) 

Skin crème 

oil free 

photo 

edition 

foundation 

Powder Cyclopentasiloxane, Aqua/Water/EAU, 

Phenyl Trimethicone, Ethyl Palmitate, 

PEG-12 Dimethicone Crosspolymer, 

Silica Dimethicone Silylate, Butylene 

Glycol, Glycerin, Isononyl 

isononanoate, Polysilicone-11, 

Hydroxystearate, C30-45 Alkyl Cetearyl 

Dimethicone Crosspolymer, Sorbitan 

Sesquioleate, Caprylohydroxamic acid, 

Glyceryl Acrylate/Acrylic Acid 

Copolymer, Ascorbyl Palmitate, Retinyl 

Palmitate, Tocopheryl Acetate, 

Serica/silk powder/Poudre De Soie, 

Saccharomyces/Xylinum/Black Tea 



 

103 

 

Sample 

code 

Type Form Ingredients 

Ferment, Hydroxyethylcellulose. May 

contain (+/-): CI 77891 (Titanium 

Dioxide), CI 77491/77492/77499 (Iron 

Oxides) 

Sample 3 

(S3) 

Shadow tint 

for eye 

Dense 

Creme 

C11-12 Isoparaffin, Polyethylene, 

Ethylhexyl Isononanoate, Copernicia 

Cerifera (Carnauba), Wax/Cera 

Carnauba/Cire De Carnauba, 

Isohexadecane, Hydrated Silica, 

Octyldodecanal, Cetyl Dimethicone, 

Tocopheryl Acetate, Synthetic 

Fluorphlogopite, Disteardimonium 

Hectorite, Stearic Acid, Propylene 

Carbonate, Silica, Tin Oxide, [+/- Mica, 

Titanium Dioxide (CI 77891), Iron 

Oxides (CI 77491/77492/77499)], 

Bismuth Oxychloride (CI 77163), 

Manganese Violet (CI 77742), Yellow 5 

Lake (CI 19140), Chromium Oxide 

Greens (CI 77288), Carmine (CI 

75470) [LIN39367] 

Sample 4 

(S4) 

Sheertone 

Shimmer 

Blush 

Fluffy 

powder 

Talc, Octyldodecyl Stearate, 

Dimethicone, Nylon-12, Zinc Stearate, 

Silica, Octyldodeanol, Tetrasodium 

EDTA, Potassium Sorbate, 

Chlorphenesin, [+/- Mica, Titanium 

Dioxide (CI 77891), Iron Oxides (CI 

77491/77492/77499)], Bismuth 

Oxychloride (CI 77163), Blue 1 Lake 

(CI 42090), Carmine (CI 75470), 
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Sample 

code 

Type Form Ingredients 

Chromium Hydroxide Greens (CI 

77289), Chromium Oxide Greens (CI 

77288), Ferric Ferrocyanide (CI 

77510), Manganese Violet (CI 77742), 

Red 6 (CI 15850), Red 7 (CI 15850), 

Red 7 Lake (CI 15850), Yellow 5 Lake 

(CI 19140), Yellow 6 Lake (CI 15985), 

[LIN32529] 

Sample 5 

(S5) 

Matte Long 

Last 

Lipstick in 

Pink 

Dense 

Creme 

Isododecane, Paraffin, Dimethicone, 

Ethylhexyl, Palmitate, Mineral Oil, 

Polybutene, Cyclohexasiloxane, Bees 

Wax, Microcrystalline Wax, Fragrance, 

Silica Dimethyl Silicate, Glycol 

Montanate, Hydrogenated 

Styrene/Isoprene Copolymer, 

Phenoxyethanol, Copernicia Cerifera 

Wax, Tocopheryl Acetate, Benzyl 

Benzoate, May contain: Mica CI 15850 

(Red6/Red 6 Lake/ Red 7 Lake), CI 

15985 (Yellow 5 Lake), Red 40 Lake), 

CI 19140 (Yellow 5 Lake), CI 45410 

(Red 27 Lake/ Red 28 Lake), CI 47005 

(Yellow 10 Lake), CI 73360 (Red 30 

Lake), CI 77491/CI 77492/ CI 77499/ 

(Iron Oxides), CI 77742 (Manganese 

Violet), CI 77891 (Titanium Dioxide)  

Sample 6 

(S6) 

PS 9 Shade 

Eye 

shadow 

Palette 

Powder Mica, Talc, Caprylic Triglyceride, 

Hydrogenated Polybutene, Synthetic 

Fluorphlogopite, Polymethyl 

Methacrylate, Magnesium Stearate, 
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Sample 

code 

Type Form Ingredients 

Synthetic Fluorphlogopite, Polymethyl 

Methacrylate, Magnesium Stearate, 

Diisostearyl Malate, Zinc Stearate, 

Silica, Aluminium Starch Octenyl 

Succinate, Methylparaben, 

Propylparaben, Tocopheryl Acetate, 

Tin Oxide Dipentaerythrityl 

Hexahydroxystearate, Methylparaben, 

Propylparaben, Tocopheryl Acetate, 

Tin Oxide, [+/-] Red 40 Lake (CI 

16035), Yellow 5 Lake (CI 19140), Blue 

1 Lake (CI 42090), Ultramarines (CI 

77007), Black 2 (CI 77266), Chromium 

Oxide Greens (CI 77288), Chromium 

Hydroxide Green (CI 77289), Iron 

Oxides (CI 77491/77492/77499), Ferric 

Ammonium Ferrocyanide (CI 77510), 

Manganese Violet (CI 77742), Titanium 

Dioxide (CI 77891)  

Sample 7 

(S7) 

Loose Face 

Powder 

Fluffy 

Powder 

Mica, Talc, Dimethicone, Caprylic 

Triglyceride, Magnesium Stearate, 

Polymethyl Methacrylate, 

Hydrogenated Polybutene, Synthetic 

Fluorphlogopite, Silica, Ethylhexyl 

Palmitate, Methylparaben, 

Propylparaben, Tocopheryl acetate, 

[+/-] Red 6, Red 7 Lake (CI 15850), 

Yellow 6 Lake (CI 15985), Red 40 Lake 

(CI 16035), Yellow 5 Lake (CI 19140), 

Blue 1 Lake (CI 42090), Red 21 
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Sample 

code 

Type Form Ingredients 

Lake/Red 22 Lake (CI 45380), Red 27 

Lake/Red 28 Lake (CI 45410), 

Ultramarines (CI 77007), Black 2 (CI 

77266), Chromium Oxide Greens (CI 

77288), Chromium Hydroxide Green 

(CI 77289), Iron Oxides (CI 

77491/77492/77499), Ferric 

Ammonium Ferrocyanide (CI 77510), 

Manganese Violet (CI 77742), Titanium 

Dioxide (CI 77891) 

Sample 8 

(S8) 

Blusher Dense 

creme 

Isododecane, Talc, Synthetic 

Fluorphlogopite, Mica, 

Cyclopentasiloxane, Ethylhexyl 

Palmitate, Trimethylsiloxysilicate, 

Paraffin, 

Polybutene, Cyclohexasiloxane, Bees 

Wax, Synthetic wax, Glycol Montanate, 

Silica Dimethyl Silicate, Tin Oxide, 

Copernicia Cerifera Wax, 

Phenoxyethanol, Tocopheryl Acetate, 

May contain: Mica CI 15850 (Red6/Red 

6 Lake/ Red 7 Lake), Ultramarines (CI 

77007), Black 2 (CI 77266), Chromium 

Oxide Greens (CI 77288),  Iron Oxides 

(CI 77491/CI 77492/ CI 77499/), Ferric 

Ammonium Ferrocyanide (CI 77510), 

Manganese Violet (CI 77742), Titanium 

Dioxide (CI 77891)  
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Table 3.2 Synthetic Amorphous Silica Nanomaterials (SASs)  obtained from the 

JRC reference test material collection 

No. Sample code name Type of SAS Form 

1 SAS 2000a Precipitated SAS White powder 

2 SAS 2001a Precipitated SAS White powder 

3 SAS 2002a Thermal SAS White powder 

4 SAS 2004a Precipitated SAS White powder 

5 SAS 10404a Thermal SAS White powder 

 

3.3 Sample Storage and Glassware 

Polystyrene tubes and Eppendorf® tubes were obtained from Eppendorf® UK 

Limited.  Ultrapure water (UPW) with 10% nitric acid (HNO3)  was used to wash 

the glassware and to remove any particles. The glassware was then rinsed three 

times with UPW to ensure no traces of acid remained.  Then, all glassware was 

steam sterilized at 121˚C. 

3.4 Method Characterisation of cosmetics and SASs 

Eight cosmetics and five SASs, as described in Table 3. 1 and Table 3. 2, were 

extensively characterised using various physical and chemical techniques.  The 

techniques used, the parameters measured and sample forms for analysis are 

shown in  

Table 3.3. The details of techniques were described in Chapter 2. 

Table 3. 3 The details of experimental techniques used for characterisation of 

SASs and cosmetics. 
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Technique Parameters assessed Sample form 

Powder X-ray Diffraction 

(XRD) 

Structural and chemical 

composition 

Powder 

X-ray Absorption 

Spectroscopy-X-ray 

absorption Near Edge 

Spectroscopy (XAS-XANES) 

Elemental composition, 

Atomic structure 

Powder 

X-ray Photoelectron 

Spectroscopy (XPS) 

Atomic composition, 

atomic percentage 

values and element 

ratios 

Powder 

Small angle X-ray Scattering 

(SAXS/WAXS) 

Size, shape, structure 

and surface texture 

NM is suspended 

in UPW 

Scanning Electron 

Microscopy (SEM) 

Shape and elemental 

composition 

Powder 

Transmission Electron 

Microscopy (TEM) 

Size and shape NM suspended in 

UPW 

Dynamic Light Scattering 

(DLS) 

Size and zeta potential  NM suspended in 

UPW 

BET surface area analyser Surface area Powder 
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3.5 Sample Preparation 

3.5.1 Cosmetics 

Prior to cosmetic characterisation, all samples were prepared following the 

protocol shown in Figure 3.1.  The samples were extracted as emulsion using 8 

mL absolute ethanol which was added in 5 mg of the cosmetics. The suspension 

thus produced was then homogenized by shaker for 10 minutes and 

subsequently centrifuged at 4500 rpm for 15 minutes (Lewicka et al., 2011). The 

top solution was discarded and the residue at the bottom was left to air dry for 24 

hours. The process was repeated three times. 

In order to produce a suspension sample for characterization, 0.5 mg of the dried 

solid sample was diluted in 1 mL UPW and ultrasonicated for 20 minutes 

whereupon the physicochemical properties of samples were measured by DLS, 

TEM, SEM-EDS, and SAXS.  Ultrapure water without nanoparticles is used as a 

blank. For SAXS measurements, a range of concentrations of three blind samples 

and three analysed samples were examined to ensure that results are precise 

and reliable.  

Solid samples of extracted particles from cosmetics were 109haracterized by 

XRD, XPS, and XAS-XANES/EXAFS. By means of synchrotron technique, which 

is a powerful tool have been used for characterizing ingredients and products in 

an efficient manner. In relation to the quality control of cosmetics, combining tools 

can make possible to determine the quality of cosmetics with a wide range of data 

and obtain a deep characterisation leading to a precise information.  
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3.5.2 SASs 

SASs were obtained from JRC in powder form.  The samples of SASs were 

prepared appropriately for the technique, conditions during measurement ( i. e. 

wet or dry)  and protocol used.  More specifically to suspend the NMs in UPW, 

5mg SASs were added into 1 mL UPW and then ultrasonicated for 20 minutes. 

These samples were then analysed by XRD, XAS- XANES/ EXAFS, XPS, 

SAXS/WAXS, DLS, and BET. 

The sample preparation for all techniques was described below. 

 

Figure 3.1: Protocol of cosmetic preparation prior to characterisation, adopted 

(Lewicka et al., 2011) 

Cosmetic 5 mg 

Add 8mL ethanol & Sonicate the samples for 
10 minutes 

Remove the solution and leave the solid sample 
for 24 h in dry air 

Centrifuge the samples at 4500 rpm 
for 15 minutes 

Repeat these steps for 3 times 

Aliquot 0.5 mg solid sample in 1 mL 

UPW 

Ultrasonicate the sample for 20 minutes 

Use as a solid sample 
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3.5.3 XRD 

Only solid samples (powders) can be characterised by XRD. The sample 

preparation is quick and involves mounting the sample on the flat surface of a 

sample slide. Prior to sample preparation, samples were stored in a desiccator 

for at least 24 hours to ensure moisture removal. Dried samples were then 

grounded to obtain a fine powder to be used for analysis. The finely powdered 

samples were smeared onto the sample slides or masking tape and subsequently 

placed into the slot. Powder Diffractometer Bruker D8 for XRD at the School of 

Chemistry, the University of Birmingham was applied to scan over a 2 range 

from 5-90˚. EVA software was employed to identify the components present in 

the cosmetics and SASs. 

3.5.4 XAS-XANES 

Prior to analysis, standards for quartz and silicon metal had to be prepared and 

examined to establish reference XAS spectra as the fingerprint spectra for 

comparative purposes. Standard silicon dioxide (quartz, SiO2) and silicon metal 

(Si)  were well- ground and mounted on acrylic plastic film, providing an X- ray 

transparent window ( shown in Figure 3.2) .  As a sample preparation, XANES 

technique requires minimal amount regarding the concentration, composition, 

and the thickness of a sample.  The thickness of sample should be appropriate 

for the analysis ( to account for the concentration of analyte element present, to 

minimize photon absorption)  to ensure an appropriate edge jump of the K-edge 

energy. In the case of a dilute sample, the fluorescence mode must be employed 

to investigate the sample.  All XANES spectra of cosmetics and SASs were 
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obtained using XAS beamline 5.2, at Synchrotron Light Research Institute (SLRI), 

Nakhon Ratchasima, Thailand. 

 

Figure 3.2: A standard of SiO2 (quartz) mounted on an acrylic plastic film. 

3.5.5 XPS 

Powdered samples were mounted on carbon tape, then labelled and attached on 

the stage as shown in Figure 2.18 (Chapter 2).  The stage was placed in a high 

vacuum and was illuminated by X- rays at the energy levels of Al Kα or Mg Kα. 

The kinetic energy of emitted electrons caused a photoelectric effect to be 

detected and then converted to binding energy.  This information was then used 

to assign the characteristics and quantities of elements at the sample surface. 

XPS measurements were carried out at beamline 3.2b SLRI, Thailand. 

3.5.6 SAXS/WAXS 

The extracted cosmetics were suspended in ultrapure water at the concentration 

of 5 mg/mL with filtering with a syringe filtered 0.2 μm. Each sample was injected 

in the sample holder around 2 – 5 mL (as seen in Figure 3.3). The sample holder 

window has to be transparent to X- rays.  Kapton® tape was used as a window 
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material in this study.  The material used for a window should scatters less, be 

resistant to chemical attack and elevated temperatures. 

 

Figure 3.3: The sample holder with Kapton® tape for liquid sample 

3.5.7 DLS 

Freshly produced colloidal suspension of the studied cosmetics (extracted) were 

prepared by adding 1 mL of UPW on 0.5 mg of extracted cosmetics vortexing and 

then removing any large particles and impurities with a syringe filtered 0.2 μm as 

shown in Figure 2.3 (Chapter 2) and then ultrasonicated for 15 minutes prior to 

size measurement. DLS measurements were performed to determine the particle 

size and size distribution using a Malvern Zetasizer Nano ZS ( Malvern, 

Herrenberg, Germany)  equipped with a 633 He-Ne laser and operating at an 

angle of 173 degrees.  Zetasizer software version 7. 12 created by Malvern, was 

used to manipulate the data.  

For SASs, DLS measurements were performed to determine the particle size and 

size distribution using a Malvern Zetasizer Nano ZS ( Malvern, Herrenberg, 

Germany)  equipped with a 633 He-Ne lase and operating at an angle of 173 

degrees.  Zetasizer software version 7. 12 was used to manipulate the data, 

created by Malvern.  The powdered samples were suspended in UPW and 

ultrasonicated at 80%  amplitude for 20 minutes prior to measurements.  The 

measurement was made under thermostat conditions at 20 C. The intensity size 
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distribution, the Z-average diameter (Z-avg) , and the polydispersity index (PdI) 

were obtained from the autocorrelation function using the general-purpose mode. 

3.5.8 SEM 

The solid samples were mounted on a stage, then coated with a thin layer of gold 

which acts as an electrically insulating material and placed in the chamber area. 

FIB- SEM Carl Zeiss Model Auriga at Suranaree University of Technology, 

Nakhon Ratchasima, Thailand was used to investigate both the cosmetics and 

SASs The microscope was designed to operate at low vacuums, both the column 

and the chamber were evacuated by a combination of pumps. 

3.5.9 TEM 

A few droplets of the SAS suspension were spread over the surface of a TEM 

copper grid coated with a thin film of holey carbon (Carbon film on 300 mesh 

Copper grid 3. 05 mm) .  The droplets of the sample were left to dry at room 

temperature for half an hour in order for the sample particles to become attached 

to the copper grid.  The grid is then gently rinsed repeatedly by using ultrapure 

water to remove any excess salts and loose particles and then placed in room 

temperature for 24 hours until completely dried. TEM FEI model TECNAI G2 20S-

TWIN, at Suranaree University of Technology, Nakhon Ratchasima, Thailand 

was used to identify the morphology of SASs. 

3.5.10 BET 

The powdered samples were kept in a desiccator at least 24 hours to ensure 

complete dryness.  Prior to the surface area analysis, the samples were 
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outgassed to remove water and other surface contaminants. The outgas process 

was carried out under a vacuum at high temperatures (300˚C) .  Samples were 

gently compacted into the glass cell with a glass rod to minimize the dead space 

in the cell.  The cell was placed into the heating mantle and cooled down.  Then, 

the outgassed samples were ready to absorb nitrogen gas, which was in a Dewar 

flask and to follow by desorption of the gas.  The changes in volume of gas 

absorption were calculated to provide the specific surface area. SA 3100 surface 

area analyzer at WG01, the School of Geography, Earth and Environmental 

Sciences, the University of Birmingham was employed to measure the surface 

area of SASs. 

3.6 Results 

This section describes the results of commercial cosmetics and synthetic 

amorphous silica nanomaterials ( SASs)  characterisation.  A multi- method 

approach was used to characterise eight cosmetics ( focusing on the inorganic 

particle content)  and five different SASs.  XRD, XAS-XANES, XPS, SEM and 

WAXS were applied to measure elemental composition and structural 

morphology. DLS and SAXS provided particle size and size distribution, whereas 

zeta potential was obtained from DLS. BET analysis provided the specific surface 

area of samples. 

3.7 Results of Cosmetic Characterisation 

3.7.1 Particle size 
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DLS 

Cosmetics are complex substances that may contain multimodal size distribution 

and components, therefore, DLS provides an average of multiple measurements 

(10 scans)  for intensity distribution of silica and other nanoscale particles found 

in the eight studied cosmetics. DLS provides the particle size and size distribution 

for each cosmetic, as shown in Figure 3.4 - Figure 3.11. 

Table 3. 4 summarises Z- average, and PdI values, and the hydrodynamic 

diameter.  According to the DLS results, the cosmetic samples had a relatively 

narrow size distribution, with peaks in the nanoscale range and PdI showed a 

good range indicating that the cosmetic samples contained a substantial 

nanoparticulate component in their formulation. 

Table 3. 4 The hydrodynamic diameter, Z- average and PdI of materials in 

nanoscale found in the eight studied cosmetics determined using DLS. 

Sample no. Z-average  

(d.nm) 

PdI Intensity PSD, nm 

(%Intensity) 

S1 155.1 0.178 161.5±45.54 (100%) 

S2 1568 0.772 984.2±263.8 (84.3%) 

S3 130.0 0.175 160.8±75.09 (100%) 

S4 142.3 0.174 151.2±46.78 (100%) 

S5 87.93 0.120 101.5±40.40 (100%) 

S6 139.5 0.22 152.3±55.28 (97.5%) 

S7 134.6 0.137 153.7±56.56 (100%) 

S8 105.4 0.132 123.7±50.61 (100%) 
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   Diam. (nm) %Intensity Width (nm) 

Z-Average (d.nm): 155.1 Peak 1 161.5 100 45.54 

PdI: 0.178 Peak 2 - - - 

Intercept: 0.933 Peak 2 - - - 

Result quality: Good     

 

Figure 3.4: Particle size distributions of sample S1 reported by Z-average, is 156.9 nm. 
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.  

   Diam. (nm) %Intensity Width (nm) Volume Number 

Z-Average (d.nm): 1568 Peak 1 984.2 84.3 263.8 93.2 76.9 

PdI: 0.772 Peak 2 5590 13.8 579.8 3 23.1 

Intercept: 0.956 Peak 3 - - - - - 

Result quality: -       

 

Figure 3.5: Particle size distributions of sample S2 weighted intensity distribution (left) and number distribution (right) 
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   Diam. (nm) %Intensity Width (nm) 

Z-Average (d.nm): 130.0 Peak 1 160.8 100 75.09 

PdI: 0.175 Peak 2 - - - 

Intercept: 0.955 Peak 3 - - - 

Result quality: Good     

Figure 3.6: Particle size distributions of sample S3 weighted intensity, reported the representative average size present in 

32.73 nm. 
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   Diam. (nm) %Intensity Width (nm) 

Z-Average (d.nm): 142.3 Peak 1 151.2 100 46.78 

PdI: 0.174 Peak 2 - - - 

Intercept: 0.927 Peak 3 - - - 

Result quality: Good     

 

Figure 3.7: Particle size distributions of sample S4 reported by Z-average, is 142.3 nm. 
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   Diam. (nm) %Intensity Width 

(nm) 

Z-Average (d.nm): 87.93 Peak 1 101.5 100 40.40 

PdI: 0.120 Peak 2 - - - 

Intercept: 0.952 Peak 3 - - - 

Result quality: Good     

Figure 3.8: Particle size distributions of sample S5 reported by Z-average, is 87.93 nm. 
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   Diam. (nm) %Intensity Width (nm) Volume Number 

Z-Average (d.nm): 139.5 Peak 1 152.3 97.5 55.28 80.6 100 

PdI: 0.220 Peak 2 5018 2.5 598.0 19.4 - 

Intercept: 0.944 Peak 3 - - - - - 

Result quality: Good       

Figure 3.9: Particle size distributions of sample S6 weighted intensity distribution, reported the representative average size 

present in 152.3 nm. 
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   Diam. (nm) %Intensity Width 

(nm) 

Z-Average (d.nm): 134.6 Peak 1 153.7 100 56.56 

PdI: 0.137 Peak 2 - - - 

Intercept: 0.954 Peak 3 - - - 

Result quality: Good     

 

Figure 3.10: Particle size distributions of sample S7 reported by Z-average, is 134.6 nm. 
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   Diam. (nm) %Intensity Width (nm) 

Z-Average (d.nm): 105.4 Peak 1 123.7 100 50.61 

PdI: 0.132 Peak 2 - - - 

Intercept: 0.951 Peak 3 - - - 

Result quality: Good     

 

Figure 3.11: Particle size distributions of sample S8 reported by Z-average, is 105.4 nm 
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SAXS 

The cosmetics were further characterised for primary particle size and size 

distribution using SAXS beamline 1. 3, at SLRI.  The scattering patterns of the 

eight samples appear as straight lines, as shown in Figure 3.12, therefore, the 

form factor and structural level cannot be fitted to the appropriate models.  This 

finding is likely a result of the complex characteristics of the cosmetics, more 

specifically, inter-particle features, presence of multimodal complex components, 

and/or the formation of agglomerates, or densely packed aggregates of samples 

and their intrinsic components. 

 

Figure 3.12: The SAXS results of extracted cosmetic particles suspended in 

ultrapure water for the 8 studied cosmetics; S1-red, S2-dark blue, S3-blue, S4-

light blue, S5-pink, S6-yellow, S7-cinnamon brown, S8-green lines. 
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3.7.2 Elemental composition and oxidative state 

SEM 

Extracted solid samples, coated by gold, were examined using SEM and EDS 

techniques. The SEM images and EDS results at the marked spots for the eight 

commercial cosmetics studied are shown along with compositional details are 

shown in Figure 3.13.  Most of the samples were found to contain some Si and 

Ti. 
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Figure 3.13: SEM images and EDS elemental atomic compositions (%) of the eight commercial cosmetics: (a) S1, (b) S2, (c) 

S3, (d) S4, (e) S5, (f) S6, (g) S7, and (h) S8 showing the morphology with low magnification, varying depending on the samples 

(see scale bars). 
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XPS 

XPS analysis was used to explore the surface chemistry of the eight cosmetics. 

The survey spectra in Figure 3.14 indicate the presence of Si, O, C, Ca, Mg, K 

and Ti in the samples. The percentages of atomic concentration are shown in 

Table 3.5. The high resolution XPS scans in the Si2p and Ti2p regions are shown 

in Figure 3.15 and Figure 3.16, respectively. To determine the chemical structure 

of the Si atom, the binding energy of Si2p, O1s and C1s are observed and the 

details presented in Table 3.6 to identify functional groups, such as silanol and 

alkyl groups. The binding energy of Si2p and O1s are shifted lower to 103 eV and 

532 eV, respectively, indicating the presence of silicon oxide in a few cosmetics  

(Thermo Scientific XPS, 2013). The high resolution XPS scans in the Ti2p peak 

position at 458.8 eV indicate the presence of TiO2 in the cosmetic as shown in 

Figure 3.16, compared to the library reference of NIST X-ray Photoelectron 

Spectroscopy Database. 

Table 3.5 Information on commercial cosmetics (S1 - S8) obtained by XPS, and 

presented as percentage of atomic composition. 

Sample 

No. 

C O Si Ti Fe Mg Ca K 

Atomic composition (%) 

S1 13.99 42.18 14.59 0.10 0.90 8.05 3.72 16.47 

S2 28.25 47.94 14.85 4.76 2.90 0.00 0.13 1.18 

S3 84.77 10.51 2.11 0.78 0.12 0.05 0.16 1.50 

S4 31.58 38.40 9.82 2.49 0.17 2.59 2.73 12.23 

S5 91.64 3.52 1.17 0.31 0.44 0.00 0.33 2.59 

S6 41.90 36.76 14.73 0.37 0.11 1.49 0.95 3.69 

S7 25.00 43.26 13.88 0.36 1.62 3.23 2.69 9.96 

S8 66.40 23.50 8.74 0.17 0.00 0.00 0.08 1.10 

 



 

129 

 

 

Figure 3.14: The survey spectra of eight cosmetics (S1-S8) presenting their 

surface elemental compositions. 

Table 3. 6 The information of binding energy of Si2p, O1s and C1s to determine 

the chemical structure on the surface. 

Sample 

no. 

Binding Energy (eV) 

Si2p O1s C1s 

S1 103.05 532.34 284.49 

S2 102.50 531.97 284.49 

S3 103.70 531.77 284.49 

S4 103.15 531.77 284.49 

S5 101.73 531.77 284.53 

S6 102.18 529.43 284.52 

S7 102.24 531.81 284.49 

S8 102.00 532.00 284.49 
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Figure 3.15: High resolution XPS scans of the Si2p region found in the eight 

studied cosmetics (S1-S8). 

 

Figure 3.16: High resolution XPS scans of the Ti2p region found in the eight 

studied cosmetics (S1 - S8). 
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XAS-XANES  

The oxidation state and structure of silicon found in the eight commercial 

cosmetics studied was resolved using XANES in fluorescence mode.  The 

XANES spectra of SiK- edge for the eight cosmetics are shown in Figure 3.17. 

The features of SiK-edge spectra were divided into 2 types. The first shell of SiK-

edge from the eight spectra displays quite different features, compared to the 

standard quartz and silicon metal as shown in Figure 3.18. It is apparent that the 

peak SiK-edge has shifted to lower energy from quartz at between 1844 and 1848 

eV, suggesting the oxidation state of Si found in the cosmetics is between 2+ and 

3+ .  The shift for peak Si is related to the local structure of Si atom that may 

represent different groups, such as silanol group (Si-OH) and alkyl group (Si-O-

C) (Li et al., 1994). 
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Figure 3.17: The SiK-edge XANES spectra of commercial cosmetics (S1 - S8) 

presented in two groups, black and red lines, corresponding to two types of 

patterns in the positions of K-edge energy. 
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Figure 3.18: The SiK-edge XANES spectra of commercial cosmetics (S1 - S8) 

presenting the energy position of the first shell, and comparing this to the 

standard of quartz (black line) and silicon metal (red line). The red arrows 

pointed the SiK-edge energy to identify the oxidative state of substances as well 

as the black arrows at the first position of spectra.  

In addition, the spectra of a titanium peak were observed and compared to a 

standard for anatase and rutile TiO2 reference patterns shown in Figure 3.19 and 

Figure 3.20, respectively. In most part, the spectra are similar to anatase TiO2, 

indicating that this form of TiO2 was incorporated in the commercial cosmetics. 
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Figure 3.19: The TiK-edge XANES spectra of commercial cosmetics (S1 - S8), 

compared to a reference standard of anatase TiO2. 

 

Figure 3.20: The TiK-edge XANES spectra of commercial cosmetics (S1 - S8), 

compared to a reference standard of rutile TiO2. 
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3.7.3 Chemical Composition 

XRD 

All cosmetics were characterised without any pre- treatment using powder XRD 

to identify any components with crystalline structure. XRD spectra of a number of 

the cosmetic samples exhibited peaks at 2∂ = 22º representing silicon dioxide in 

sample number 1, 2, 3, and 7 (Rasmussen et al. , 2013; Nandawar, Singh and 

Fozia Z. Haque, 2015). This finding was expected as silicon or silicon dioxide is 

contained in many commercial cosmetics.  The full X- ray diffraction patterns of 

sample S1- S8 are shown in Figure 3. 21 -  Figure 3. 28.  A number of peaks 

representing titanium dioxide were also identified in the XRD spectra from eight 

samples, then the structure of titanium dioxide was further characterised using 

XAS-XANES in the next section. Moreover, several other crystalline substances 

were identified in the studied cosmetics as shown in Table 3. 7, in accordance 

with the compositions listed on their labels Table 3. 1.  EVA software was useful 

to provide the results for cosmetics that were used in this preliminary study, but 

the results were difficult to interpret due to overlapping peaks or materials present 

in low concentration.  However, the full characterisation of cosmetics needs to 

resolve these limits and to consider an appropriate method for identification. 
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Figure 3.21: X-ray diffraction pattern of a commercial cosmetic (sample 1 : 

Powder Foundation). The identified 2 positions indicate talc-2M 

(Mg3Si4O10(OH)2), silicon oxide (SiO2), and potassium titanium vanadium 

phosphate (K2TiV(PO4)3). 

 

Figure 3.22: X-ray diffraction pattern of a commercial cosmetic (sample 2 : Skin 

crème oil free photo edition foundation). The identified 2 positions indicate 

anatase, syn (Ti0.72O2) and cristobalite (SiO2). 
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Figure 3.23: X-ray diffraction pattern of a commercial cosmetic (sample 3 : 

Shadow tint for eye). The identified 2 positions indicate cobalt nickel chromium 

iron lanthanum oxide (LaCr0.85Fe0.05Co0.05Ni0.05O3), magnesium aluminium 

silicon oxide (Mg6Al1.2Si1.8O6), titanium chromium oxide (Ti0.93Cr0.07O1.965), and 

silicon oxide (SiO2). 

 

Figure 3.24: X-ray diffraction pattern of a commercial cosmetic (sample 4 : 

Sheertone Shimmer Blush). The identified 2 positions indicate copper acetate 

hydroxide hydrate (Cu2(OH)3.1(OCOCH3)0.9·0.7H2O), potassium magnesium 

gallium fluoride silicate (KMg3(GaSi3O10)), and manganese titanium oxide 

(Mn2TiO4 α – Mn2TiO4). 
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Figure 3.25: X-ray diffraction pattern of a commercial cosmetic (sample 5 : 

Matte Long Last Lipstick in Pink). The identified 2 positions indicate anatase, 

syn (Ti0.72 O2), sodium calcium aluminium chromium oxide silicate 

(Na6Al6Si6O24(CrO4)2), and n-hexatetracontane (C46H94). 

 

Figure 3.26: X-ray diffraction pattern of a commercial cosmetic (sample 6 : 

Shade Eye shadow Palette). The identified 2 positions indicate mica (K-Mg-Fe-

Al-Si-O-H2O), tris(µ3-hydroxo)-µ3-aceto-biscopper hydrate /copper acetate 

hydroxide hydrate (Cu2(OH)3(CH3COO)·H2O), 2,6-dichloro-4-nitrophenol 

(C6H3Cl2NO3), zinc titanium oxide (Zn2TiO4 α-Zn2TiO4), and dysprosium gallium 

silver (Ag3.8Dy3Ga7.2). 
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Figure 3.27: X-ray diffraction pattern of a commercial cosmetic (Sample 7 : 

Loose Face Powder). The identified 2 positions indicate quartz, low (SiO2), 

mica (K-Mg-Fe-Al-Si-O-H2O), and zinc titanium oxide (Zn2TiO4 α-Zn2TiO4). 

 

Figure 3.28: X-ray diffraction pattern of a commercial cosmetic (sample 8 : 

Blusher). The identified 2 positions indicate anatase, syn (Ti0.72O2) and hauyne 

(Na6Ca2Al6Si6O24). 
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Table 3. 7 Details of the crystalline substances identified by XRD in the studied 

cosmetics; the substances were identified by matching the diffractogram peaks 

with those of the reference XRD library. 

Sample No. Chemical composition 

S1 Talc-2M (Mg3Si4O10(OH)2), silicon oxide (SiO2), and 

potassium titanium vanadium phosphate (K2TiV(PO4)3) 

S2 Anatase, syn (Ti0.72O2) and cristobalite (SiO2) 

S3 Cobalt nickel chromium iron lanthanum oxide 

(LaCr0.85Fe0.05Co0.05Ni0.05O3), magnesium aluminium silicon 

oxide (Mg6Al1.2Si1.8O6), titanium chromium oxide 

(Ti0.93Cr0.07O1.965), silicon oxide (SiO2) 

S4 Copper acetate hydroxide hydrate 

(Cu2(OH)3.1(OCOCH3)0.9·0.7H2O), potassium magnesium 

gallium fluoride silicate (KMg3(GaSi3O10)), and manganese 

titanium oxide (Mn2TiO4 α – Mn2TiO4) 

S5 Anatase, syn (Ti0.72 O2), sodium calcium aluminium chromium 

oxide silicate (Na6Al6Si6O24(CrO4)2), n-hexatetracontane 

(C46H94) 

S6 Mica (K-Mg-Fe-Al-Si-O-H2O) , tris(µ3-hydroxo)-µ3-aceto-

biscopper hydrate/copper acetate hydroxide hydrate 

(Cu2(OH)3(CH3COO)·H2O), 2,6-dichloro-4-nitrophenol 

(C6H3Cl2NO3), zinc titanium oxide (Zn2TiO4 α-Zn2TiO4), 

dysprosium gallium silver (Ag3.8Dy3Ga7.2), glycolated (K,H30) 

Al2(Si3Al)O10(OH)·xH2O) 
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Sample No. Chemical composition 

S7 Quartz, low (SiO2), mica (K-Mg-Fe-Al-Si-O-H2O), and zinc 

titanium oxide (Zn2TiO4 α-Zn2TiO4) 

S8 Anatase, syn (Ti0.72O2), hauyne (Na6Ca2Al6Si6O24) 

 

3.7.4 Surface Charge 

Zeta-potential measurement 

Surface charge of the nanoparticulate component found in the eight cosmetic 

samples studied, was determined using DLS.  The measurements were 

conducted in triplicate for each sample.  Table 3. 8 shows the zeta- potential, 

mobility and conductivity of the eight cosmetics. The zeta-potential values of the 

cosmetics are closed to zero, indicating instability of the cosmetic suspensions. 

This finding suggests a tendency towards coagulation or flocculation of the 

suspensions resulting in sedimentation for the particles (Yoon and Deng, 2004), 

unless they are sterically stabilised. 

Table 3.8 The average zeta potential values, standard deviation, mobility, and 

conductivity of the eight cosmetics. 

Sample no. Zeta Potential 

(average±SD, mV) 

Mob (μmcm/Vs) Conductivity 

(mS/cm) 

S1 0.263±0.436 0.01869 0.0485 

S2 -3.2 ±3.14 -0.2268 0.016 

S3 -15.7±4.01 -1.11377 0.0105 

S4 -7.34±1.02 -0.5205 0.0167 
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Sample no. Zeta Potential 

(average±SD, mV) 

Mob (μmcm/Vs) Conductivity 

(mS/cm) 

S5 -23.1±0.681 -1.638 0.00283 

S6 -3.58±2.63 -0.25357 0.005 

S7 -4.07±1.71 -0.00823 0.00478 

S8 10.7±1.15 0.7562 0.00792 
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3.8 Results of SAS Characterisation 

This section describes the results of SASs characterisation.  A multi- method 

approach was used to characterise SASs.  XRD, XAS- EXAFS/ XANES, XPS, 

WAXS/ SAXS, SEM were applied to measure elemental composition and 

structural morphology.  DLS, TEM and SAXS provided particle size and size 

distribution, whereas zeta potential was obtained from DLS.  BET analysis 

provided the specific surface area of samples. 

3.8.1 Particle size and size distribution 

DLS 

The powdered samples were suspended in UPW and ultrasonicated at 80% 

amplitude for 20 minutes prior to measurements.  The measurement was made 

under thermostat conditions at 20 C.  The intensity size distribution, the Z-

average diameter (Z-avg), and the polydispersity index (PdI) were obtained from 

the autocorrelation function using the general- purpose mode.  DLS results 

including hydrodynamic diameter, Z-average and PdI illustrated in  

Table 3.9, and compared to the previous measurements by the JRC (ECETOC, 

2006) .  The size distribution graphs obtained from three different samples as 

shown in Figure 3.29 - Figure 3.33. According to the DLS results, the SASs have 

a narrow size distribution peak and polydispersity (PDI)  showed a good range 

indicating that the samples are suitable for analysis by this technique. 
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Table 3. 9 The hydrodynamic diameter, Z-average, and PdI measured by using 

DLS measurements. 

Sample 

name 

Z-

average 

(d.nm) 

PdI Size 

(nm) 

Z-average by JRC 

(d.nm) 

SAS 2000a 217.7 0.199 243.6 234.9±18.6 

SAS 2001a 217.2 0.257 222.1 224.2±79 

SAS 2002a 225 0.277 223.4 159.9±1.8 

SAS 2004a 249 0.262 258.1 - 

SAS 10404a 122.4 0.262 118.9 - 

 

 

Figure 3.29: The size distribution by intensity of SAS2000a. 
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Figure 3.30: The size distribution by intensity of SAS2001a. 

 

Figure 3.31: The size distribution by intensity of SAS2002a. 
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Figure 3.32: The size distribution by intensity of SAS2004a. 

 

Figure 3.33: The size distribution by intensity of SAS10404a. 

TEM 

The representative TEM images of the five SAS showing the complex structure 

of SAS aggregates are given in Figure 3. 34 -  Figure 3. 38.  The general 

morphology of the primary sub-units of the five SAS is slightly rounded.  The 

morphology of particle aggregates is dense and complex in structure.  It is noted 

that the image resolution does not allow identification of individual particle edges 

therefore it is difficult to estimate particle size accurately. 



 

147 

 

 

 

Figure 3.34: Representative images of SAS2000a dispersed in UPW. The 

presence of slightly large aggregates can be observed. The histogram presents 

mean particle size (dm) and size distribution. 
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Figure 3.35: Representative images of SAS2001a dispersed in UPW. The 

presence of slightly large aggregates can be observed. The histogram presents 

mean particle size (dm) and size distribution. 
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Figure 3.36: Representative images of SAS2002a dispersed into ultrapure 

water. The presence of slightly large aggregates can be observed. The 

histogram presents mean particle size (dm) and size distribution. 
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Figure 3.37: Representative images of SAS2004a dispersed in UPW. The 

presence of slightly large aggregates can be observed. The histogram presents 

mean particle size (dm) and size distribution. 
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Figure 3.38: Representative images of SAS10404a dispersed into ultrapure 

water. The presence of slightly large aggregates can be observed. The 

histogram presents mean particle size (dm) and size distribution. 

SAXS 

SAXS was employed to determine the primary particle size and size distribution 

of the five SAS. The scattering patterns (as shown in Figure 3.40 - Figure 3.44) 

were fitted using unified exponential- power law based on the Beaucage model 

as shown in equation (3.1) and the scattering patterns in Figure 3.39. 
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〈𝑅〉 = 𝜇 exp (
𝜎2

2
)  

 

𝑆𝐷 =  𝜇√𝜔(𝜔 − 1)   

Note: 𝜔 = exp (𝜎2) 

Input Parameters for Beaucage model: 

1. [G] G is the Guinier pre-factor of the larger structure 

2. [ B]  B is a pre- factor specific to the type of power- law scattering.  B is 

defined according to the regime in which the exponent P falls. 

3. [Gs] Gs is the Guinier pre-factor of the smaller structure 

4. [ Bs]  Bs is a pre- factor specific to the type of power- law scattering.  Bs is 

defined according to the regime in which the exponent Ps falls. 

5. [Rg] large-scale structure 

6. [Rsub] surface-fractal cut-off radius of gyration, Rsub defines the high-Q cut 

off for the intermediate power law 
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7. [Rs] size Rs of small subunits 

8. [P] scaling exponent of the power law assigned to the larger structure Rg 

9. [ Ps]  scaling exponent of the power law assigned to the smaller structure 

Rs 

 

Figure 3.39: The unified exponential-power law describes scattering data 

based on Beaucage’s law. 

Table 3.10 Details of the fitted parameters obtained from the scattering patterns 

of the five SAS using unified exponential power law. 

Sample no. 

Main size and structure parameters from 

SAXS unified fit model 

2 Rg1 (nm) <R>/(nm) SD Slope (P) 

SAS2000a 19.2958 6.7256 3.1772 3.9373 

SAS2001a 23.4292 7.4896 3.6657 3.8270 

SAS2002a 16.7442 4.8019 2.4505 3.6391 

SAS2004a 18.6863 7.2942 3.2787 3.9668 

SAS10404a 21.6159 7.8751 3.6504 3.9259 

Note:  Rg is the radius of gyration from primary particle, while 

 <R> is the mean particle radius that can be found from the first moment of 

the distribution. 
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The 1-dimensional ( 1D)  SAXS graphs of the five SAS are fitted by using the 

unified exponential power law and subtracted the incoherent background from 

the experimental data.  As the fitted graphs below, the 1D SAXS graphs of the 

five SAS show 3 power-law regimes; at high q, a power-law of -4 is observed for 

the surface of the primary particle.  At intermediate q, a weak slope corresponds 

of a mass fractal regime. At low q, a power-law of -4 is observed for mass-fractal 

aggregates.  The slop (p)  around 3-4 (as shown in Table 3.10)  means that the 

shape of the five SAS samples is spherical form factor ( Guinier, André and 

Fournet, 1955; Schnablegger and Singh, 2013). 

 

Figure 3.40: The fitted SAXS graph of SAS2000a shows that the diameter 

(2Rg1) is 19.29 nm, the error ranges of the size distribution (s) is 3.17 and slope 

(P) is 3.94. 
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Figure 3.41: The fitted SAXS graph of SAS2001a shows that the diameter 

(2Rg1) is 23.43 nm, the error ranges of the size distribution (s) is 3.67 and slope 

(P) is 3.83. 

 

Figure 3.42: The fitted SAXS graph of SAS2002a shows that the diameter 

(2Rg1) is 16.74 nm, the error ranges of the size distribution (s) is 2.45 and slope 

(P) is 3.64. 
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Figure 3.43: The fitted SAXS graph of SAS2004a shows that the diameter 

(2Rg1) is 18.69 nm, the error ranges of the size distribution (s) is 3.28 and slope 

(P) is 3.97. 

 

Figure 3.44: The fitted SAXS graph of SAS10404a shows that the diameter 

(2Rg1) is 21.62 nm, the error ranges of the size distribution (s) is 3.65 and slope 

(P) is 3.93. 
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3.8.2 Morphology (Crystallinity structure) 

XRD 

Five powdered SASs were investigated to identify the element and crystallinity 

using powder X-ray diffraction (XRD). The XRD diffractograms illustrated broad 

peaks at 22º2∂ (Figure 3.45), which indicated amorphous form of silicon dioxide. 

This finding is good agreement with the study of ECETOC, (2006) , Rasmussen 

et al. (2013) and  Nandawar, Singh and Fozia Z. Haque (2015). The identification 

on the other peaks in the SASs was matched using EVA software, which 

represented a mineral polymorph of silicon dioxide, namely cristobalite. 

Cristobalite is crystalline silica, showed sharp peaks in the four SAS samples (as 

shown in Figure 3. 45 a)  -  d) )  that may contaminate a small amount in the 

samples. 
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Figure 3.45: X-ray diffraction patterns of the 5 SAS studied: a) SAS2000a, b) SAS2001a, c) SAS2002a, d) SAS2004a, and e) 

SAS10404a. 
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WAXS 

In WAXS, short length scale measurements enable the description of the 

crystallographic order, therefore, the level of crystallinity of SASs was determined 

using WAXS.  The position and intensity of peaks in the diffraction patterns from 

the five SAS are shown in Figure 3.46. 

 

Figure 3.46: The diffraction pattern of the five SAS presenting the position and 

intensity of structural peaks, and indicating amorphous form of silicon dioxide. 

 

3.8.3 Elemental compositions and oxidative state  

XPS 

XPS spectra of the five SASs are presented in Figure 3. 47 and Table 3. 11 

provides the elemental composition in percentage for C1s, O1s, and Si2p at the 

surface of the samples. High resolution XPS scans in the Si2p region are shown 

in Figure 3.48.  To determine the chemical structure of the Si atom, the binding 

energy of Si2p and O1s is measured and the details presented in Table 3. 12. 
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The binding energies of Si2p and O1s are observed at 103. 7 eV and 533 eV, 

respectively, indicating the presence of SiO2 ( silicon ( IV)  dioxide)  in SASs 

(Thermo Scientific XPS, 2013) and comparing to the library reference of NIST X-

ray Photoelectron Spectroscopy Database.
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Table 3. 11 Information of composition obtained from XPS for the five SAS 

samples and presented in percentage of atomic composition. 

Sample No. 
Atomic Composition (%) 

C O Si 

SAS2000a 6.31 66.70 26.99 

SAS2001a 26.49 53.83 19.68 

SAS2002a 4.73 67.08 28.19 

SAS2004a 23.34 56.16 20.50 

SAS10404a 35.19 47.71 17.10 

 

 

Figure 3.47: Survey spectra of the five SAS, presenting the elemental 

compositions found on the surface. 
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Figure 3.48: High resolution XPS scans for the Si2p region of the five SAS. 

Table 3.12 Information on the binding energy of Si2p and O1s, used to determine 

the chemical structure on SASs’ surfaces. 

Sample no. 
Binding Energy (eV) 

Si2p O1s 

SAS2000a 103.19 532.5 

SAS2001a 103.45 532.5 

SAS2002a 103.77 533.18 

SAS2004a 103.76 533.25 

SAS10404a 103.70 533.2 
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XAS-EXAFS 

The EXAFS spectra for the Si K-edge were normalised and compared to the 

standard quartz (shown in Figure 3.49) to determine the structure of SASs. The 

experiments were performed in a fluorescence mode and in transmission mode 

and the signals were collected by using the 13-component Ge-detector. The data 

were processed using the ATHENA program.  As presented in Figure 3.50, the 

normalized SiK-edge EXAFS spectra of SASs showed the structure and oxidation 

state of the five samples, comparing to silicon metal and quartz.  The feature of 

SiK- edge XANES and EXAFS spectra of the five SASs are similar at a relatively 

sharp absorption peak (1847±0. 1 eV)  but still have minor differences in their 

features, specifically. at the region of peaks D- G.  The region of peaks D- G 

represents the distance between an atom and neighbouring atom, which use to 

identify elemental composition surrounding the atom and crystalline structure of 

materials.  For example, the features of EXAFS spectra for SAS2001a and 

SAS2004a have a hump at the region D ( see Figure 3. 50) , which is likely 

crystalline morphology. High thermal (>1300˚C) and rapid thermal quenching for 

synthesis of amorphous silica nanomaterial can induce crystalline morphology 

(Nel et al., 2013). 
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Figure 3.49: The EXAFS spectrum of standard quartz presents the pre-edge 

peak (A), the main transition peak (B), SiK-edge peak (C), peak D – G in both 

K-edge and L-edge corresponds to a crystal structure of quartz (Li et al., 1994). 
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Figure 3.50: The normalized SiK-edge EXAFS spectra of five SASs; a) SAS2000a, b) SAS2001a, c) SAS2002a, d) SAS2004a, 

e) SAS10404a. 
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Figure 3.51: SiK-edge XANES (left) and EXAFS (right) spectra of SASs comparing them to silicon metal and quartz.
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XAS-XANES 

SiK- edge XANES spectra were acquired to evaluate the chemical state of the 

silicon found in the five SASs samples and compared with the eight cosmetic 

samples studied.  As seen in Figure 3.52, the SiK- edge position ( 1847 eV)  and 

the spectrum features of SAS2000a, SAS2002a, SAS2004a, SAS10404a are 

likely of the studied cosmetics; S1, S3, S4, S6, and S7. These results can assume 

that the four SASs (SAS2000a, SAS2002a, SAS2004a, SAS10404a) are possibly 

components contained in the studied cosmetics (S1, S3, S4, S6, and S7). 

 
Figure 3.52: SiK-edge XANES spectra of SASs comparing to Si found in 

cosmetics. 
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3.8.4 Shape 

SEM 

SEM analysis was performed to understand the morphology of the powdered 

SASs.  The particles were observed to be spherical in shape and organised as 

densely packed aggregates, as displayed in Figure 3.53. 

 

 

 
 

Figure 3.53: SEM images of the five SAS; (a) SAS2000a, (b) SAS2001a, (c) 

SAS2002a, (d) SAS2004a, (e) SAS10404a. 
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TEM 

Representative TEM images of the five SAS showing the complex structure of 

SAS aggregates are given in Figure 3.34 - Figure 3.38. The general morphology 

of the primary sub- units of the five SAS is slightly rounded.  The morphology of 

particle aggregates is dense and complex in structure.  It is noted that the image 

resolution does not allow identification of individual particle edges therefore it is 

difficult to estimate particle size accurately.
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3.8.5 Surface area 

BET 

BET was carried out to estimate the specific surface area of dry powdered SASs 

on a SA 3100 Surface Area Analyzer.  The samples of SASs were heated under 

vacuum at 300˚C for several hours to remove moisture and contaminants.  SAS 

NMs were repeatedly measured, and the results are exhibited in Table 3.13. BET 

technique is an accurate and simple method for the surface area characterisation. 

The resultant particles have a similar surface area to the previous data from IMC-

BAS.  

Table 3.13 Surface area, C value and correlation coefficient of SASs measured 

by SA 3100 surface analyser. 

Sample No. Test no. 2000a 2001a 2002a 2004a 10404a 

Surface area 

m2/g 

1 185.42 238.21 201.86 128.04 203.77 

2 185.65 240.38 203.05 129.93 203.00 

3 186.09 241.28 203.01 130.08 206.68 

C value 

1 116.70 112.42 81.93 68.42 91.89 

2 112.25 109.44 81.39 65.12 96.93 

3 111.75 110.07 81.53 64.29 89.33 

       

Correlation 

coefficient 

1 0.9999 0.9999 0.9999 0.9999 0.9999 

2 0.9999 0.9999 0.9999 0.9999 0.9999 

3 0.9999 0.9999 0.9999 0.9999 0.9999 
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Table 3.14 provides the mean surface areas of SASs, compared to the previous 

measurements by IMC- BAS.  The data from the observation show small 

deviations from the IMC-BAS study. 

Table 3.14 The comparison of the surface areas between the observations in this 

study and the results of IMC-BAS. 

Sample no. 
Surface area (m2/g) 

Observed IMC-BAS* 

2000a 185.72±0.34 189.16* 

2001a 239.96±1.58 140.46* 

2002a 202.64±0.68 191.9871 

2004a 129.35±1.14 134.3128 

10404a 204.48±1.94 - 

* Previous specific surface area data obtained from IMC- BAS measurement 

(European Centre for Ecotoxicology and Toxicology of Chemicals, 2006). 

3.9 Discussion 

The main properties were explored in the characterisation of NPs found in 

cosmetics are size, shape and chemical composition. The technique approaches 

can also extent evaluate size distribution, crystalline structure, atomic energy 

level and surface chemistry. As mentioned above, the possibility to measure the 

size of NPs was demonstrated using DLS.  A major hurdle with DLS is the 

improvement of the specific NP detection or ingredient NPs in complex matrices. 

Besides, the extracted commercial cosmetics cannot be carried out by SAXS 

which may be sensitive to complex matrices.  As cosmetic compositions are 

diverse and complex relative to the difficulties of the sample preparation, analysis, 

and data interpretation. The extraction procedure to ensemble of samples needs 
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to be addressed for successful SAXS measurement. However, SEM-EDS, XRD, 

XPS and XAS (XANES-EXAFS)  techniques were not only provided results in a 

good agreement but obtained a wide range of their properties.  A systematic 

measurement method in complex materials would be especially credible and 

robust, therefore combining tools at least two techniques should be applied to 

characterise the properties.  In this case, XRD is a suitable tool for unknown 

materials combining to XPS that probes quantitative and qualitative compositions 

whilst XAS possible contributes the abundance of these properties at once.  The 

evaluation of available characteristic methods was described about the uses, 

advantage, and limitation in Table 3.15. 
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Table 3.15 Summary of a set of techniques used for the characterisation of NPs in cosmetics. 

Technique Methods Main information Advantage Limitation/Problem 

Light 

scattering 

DLS Hydrodynamic diameter 

Particle size distribution 

PDI of colloidal suspension 

Zeta potential 

Simple and fast size 

measurement. Accurate 

results are influenced by 

dispersibility including 

size distribution and zeta 

potential. 

- Limited ratio quantitative 

elemental composition of 

colloidal suspension  

- Inability to distinguish 

mixtures or complex 

matrices, sensitive to large 

sizes. 

Electron 

microscopy 

SEM-EDX Quantitative and qualitative 

elemental composition 

Single particle resolution 

Information on elemental 

composition and 2D 

image. 

Limited penetration depth 

into dried sample 

X-ray 

(synchrotron 

source) 

SAXS - Primary particle 

- Agglomeration/Aggregation 

SAXS can provide all 

these information at 

once. 

- Difficult to interpret. Must 

know background of 

sample before analysis..  
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Technique Methods Main information Advantage Limitation/Problem 

- Surface topology (size, shape, 

roughness) 

 

 

 

- Nanomaterials from 

complex matrices should 

be required to treatment 

properly before 

quantification. 

XPS - Elemental composition 

- The oxidation state 

identification 

- The binding energy of 

electronic states 

- Qualitative and 

quantitative elemental 

composition on surface 

(1-10 nm). 

 

- High energy beams can 

destruct sample during 

analysis 

- Considerable errors in 

analysing chemically 

heterogeneous 

XAS 

(EXAFS/XANES) 

- Atomic energy level and 

electronic structure of materials 

- All data can be 

obtained at once.  

- Time consuming 

- Sensitivity to the 

thickness of samples 
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Technique Methods Main information Advantage Limitation/Problem 

- The oxidative state of 

identification and structure 

- Determine solids, 

liquids, and very dilute 

samples 

which relates to the 

absorption energy. 

- Difficult to proceed and 

interpret data  

XRD Crystallographic information Rapid, provides 

information on crystal 

structure 

Results in peak overlaps 

leading to mismatch 

interpretation  
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3.10 Conclusions 

The analysis using XRD, XAS-XANES/EXAFS, XPS and SEM-EDS techniques 

provided significant information of elemental composition, crystalline phases and 

structural material of the eight cosmetics and the five SASs.  Multiple analytical 

methods highlighted the correlation and complementary support with each 

technique to complete the interpretation and to give a better understanding of the 

materials used.  The presence of elemental components, i. e. , silica, titanium 

dioxide, and other materials was successfully confirmed using XRD, XAS, XPS 

and SEM-EDS.  Additionally, the proportion of the material components can be 

exhibited in the percentage of atom composition by XPS measurement, hence 

confirming the presence of C, O, Fe, Mg, Ca, K, Ti, and Si in the eight cosmetics 

relevant to their ingredients on labels.  However, some were not appropriate for 

the detection of NPs in the complex formulations of commercial cosmetics. 

Especially, SAXS has limited suitability for characterising primary particle size in 

multimodal and complex samples. By contrast, DLS can identify the particle size 

of the particles contained in these samples but cannot confirm what proportion is 

silica. Some limits may arise from an unsuitable treatment procedure prior to the 

measurement. 

The commercial cosmetic characterisation was achieved by means of various 

techniques included DLS, SEM-EDX, XRD, XPS and XAS. DLS results confirmed 

the presence of NP in the matrices whilst SAXS was limitations to examine a 

primary particle and other properties. Furthermore, using SEM-EDX, XRD, XPS, 

and XAS showed reliable and repeatable results of their elemental compositions 
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and semi-quantitative data. The multi-technique uses can attribute to increasing 

the quality of information.    

For the SAS analysis, SAXS data of primary particles showed quite large particles 

and some aggregates, and the SEM and TEM images also provided evidence of 

the aggregation in the SAS dispersions. Through the XRD method, the diffraction 

patterns of the four SAS samples ( SAS2000a, SAS2001a, SAS2002a, 

SAS2004a) showed some sharp peaks, indicating a crystalline phase, along with 

amorphous silica in the four SASs and matching with the crystal planes of 

cristobalite.  Notably, crystalline silica ( quartz or cristobalite)  is apparently a 

human carcinogen. 

The characterisation results for the five SAS emphasise the need for testing of 

silica that may be found in cosmetics as their properties may enable them to 

undergo skin penetration and induce toxicity to human skin. 

Having characterised the SASs in cosmetics, it was decided that for the rest of 

the thesis, lab synthesised aSiNPs would be used.  aSiNPs were synthesised 

using the sol- gel process with L- lysine in order to obtain small particles for 

assessment of in vitro skin penetration and skin irritation.  The synthesis and 

characterisation are presented in Chapter 4, and the interactions with the skin 

models are presented in Chapter 5 and 6. 
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Chapter 4 Synthesis and Characterisation of 

Silica Nanoparticles 

4.1 Introduction 

Nowadays there are many of amorphous silica nanoparticles (aSiNPs) that can 

be produced and launched in the global market. aSiNPs are produced directly 

in the powder form by removing the solvents, i. e. , water, ethanol from the gel 

structure. The common procedure can keep NPs in the same state. In fact, this 

step leads NPs to aggregate in a few seconds through a solid bridging 

mechanism.  Aggregates may affect entire properties of NMs.  A particle size-

tuneable for the large- scale synthesis of nanoparticles, therefore, has been 

uncontrollable involving their interactions determine nanoparticle formation and 

characteristics. This problem mainly exists in the commercial standards of silica 

nanomaterials that used in this study. As a result, a considerable application of 

synthesis techniques is desired to produce in the laboratory.  Numerous 

techniques have been published on the synthesis of silica nanoparticles, which 

can be grouped under two main processes, which are based on hydrolysis and 

condensation, namely the Stöber method and the sol-gel process (Stöber, Fink 

and Bohn, 1968; Bogush, Tracy and Zukoski IV, 1988; Bowan and Peppas, 

1991; Davis et al., 2006; Lin, Abadeer and Haynes, 2011). Moreover, siloxane 

( Si- O- Si)  bonds are formed by polymerisation during a water- producing 

condensation reaction.  Interestingly, amorphous silica nanoparticles (aSiNPs) 

are prepared by the sol- gel process have hydrophilic surfaces which makes 

them biocompatible with proteins; they also have tuneable particle size under 
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various temperatures; hence, this synthesis method has attracted significant 

interest in biological research.  In addition, synthetic aSiNPs in the form of 

dispersion can prevent inter-particle interaction to form agglomeration. 

This approach has been challenged to achieve amorphous silica nanoparticle 

using sol- gel process that provides consistency in terms of size, structure, 

stability and chemistry for uniform evaluation and application. These is essential 

to ensure obtaining the high quality of NPs, repeatable and meaningful results 

for research purposes.  

This chapter presents the method of synthesis of aSiNPs, and details the 

techniques and methods used for physicochemical characterisation of aSiNPs. 

Routine analytical methods and synchrotron- based techniques provide the 

extensive description of the NMs.  This physicochemical information will be 

further discussed in Chapters 5 and 6. 

aSiNPs were synthesized using tetraethyl orthosilicate (TEOS) and L-lysine as 

a precursor and catalytic agent, respectively.  This synthesis process yielded 

stable, monodisperse nanoparticles, and physicochemical characterisation 

were done by using multiple techniques:  DLS, TEM, STEM, SAXS, XRD, FT-

IR, XAS, and XPS.  The manuscript describing the results has been published 

(Musigapong et al. , 2019) .  The finding from other techniques and details of 

characterisation by SAXS ( ageing aSiNPs) , DLS ( particle stability) , SEM, 

XANES, BET and ICP-OES are extended beyond what was presented in the 

paper we completed (as shown in the following section).  
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4.2 Chemical and Materials 

The chemicals and materials purchased from suppliers are shown in Table 4.1. 

Ultrapure water (UPW) was steam sterilized in the oven at 121C, 15 min before 

use in the synthesis process, following a literature study (Thomassen et al. , 

2010). 

Table 4.1 Chemicals and materials used 

Chemical/Material Details Brand 

Tetraethyl Orthosilicate Reagent grade, 98%w/w Fisher 

L(+)-Lysine monohydrate Reagent grade, 99% Sigma Aldrich 

Nitrogen gas High purity grade BOC 

EMD Millipore ultracelTM 

Ultrafiltration DiscGSA/ 

VA 

Diameter 76 mm, 

filtration area 41.8 cm2, 

MWCO 1kDa 

Fisher 

EMD Millipore AmiconTM 

Bioseparations Stirred Cells 

Size 400 mL Fisher 

4.3 Glassware 

UPW with 10%  nitric acid (HNO3)  was used to wash the glassware and to 

remove any particles.  The glassware was then rinsed three times with only 

UPW to ensure no traces of acid remained.  Then, all glassware was steam 

sterilized at 121˚C. 

4.4 Synthesis of amorphous silica nanoparticles 

4.4.1 Sample Preparation 

aSiNPs were synthesised according to the studies of Davis et al.  ( 2006)  and 

Thomassen et al. (2010). In general, the synthesis of aSiNPs involved the use 
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of standard reactants as in Stöber, Fink and Bohn.  (1968) .  More specifically, 

three components were mixed in precise proportions:  water, tetraethyl 

orthosilicate (TEOS; Si(OC2H5)4) and L-Lysine monohydrate (C6H14N2O2). The 

mass ratio of the three components was:  205: 29. 67: 1.02 g.  Quantities and 

volumes of the reactants used are shown in  

 

 

 

Table 4. 2.  The process involves hydrolysis and condensation of a metal 

precursor (TEOS). L-lysine acts as a catalyst leading to the formation of organic 

complex (RO-Si-OH) bonding (refers to equation (4.1)) and plays the role of a 

capping agent for limiting particle growth. 205 mL of ultrapure water was poured 

in a round bottom flask (Figure 4.2)  and 1. 02 g of L- lysine monohydrate was 

added during constant magnetic stirring of the solution, at 400 rpm for 1 hour 

or until a clear solution without bubbles was obtained.  The entire experiment 

was carried in a laminar flow hood.  After equilibration was achieved, the 

prescribed amount of TEOS (31. 9 mL)  was added in the former solution and 

then stirring was carried on for 5 days in order to complete the reaction. At the 

end of the experiment, ultrafiltration was used to purify and remove any 

impurities and low molecular weight substance, e. g. , L- lysine, through a 

permeable membrane while colloids (particles) are retained. This synthesis and 

ultrafiltration procedure with 300 mL of UPW at low pressures of N2 gas was 

carried out three times. The pH values of the final solution were measured and 

were found to be in the range of 9-10 as shown in  

Table 4.3 (Davis, 2007; Thomassen et al., 2010). 
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Table 4.2 Amount of chemicals used for the synthesis of aSiNPs 

Amorphous silica nanoparticle 

List of chemicals Amount used Unit 

Ultrapure water 205 mL 

TEOS (98%) 31.9 mL 

L-Lysine monohydrate 1.02 G 

 

Table 4.3 pH and conductivity value of aSiNP suspensions 

  

Process pH value Conductivity (μS/cm) 

Hydrolysis reaction 9.14±0.01 3.83±0.21 

After purification 9.06±0.05 4.63±0.31 
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4.4.2 Reaction Mechanism 

The overall reactions of TEOS and L-lysine via the sol-gel process (Powers et 

al. , 2006)  can be seen in Figure 4.1, and are described in three reactions as 

shown in the equation series of reaction (4.1): 

 

Figure 4.1: Depiction of the overall basic reactions in the sol-gel process, 

forming amorphous silica nanoparticles. 

Equation series of the reaction 
 

 

(4.1) 

The hydrolysis reaction leads to the formation of TEOS monomer 

[ Si(OC2H5) 3OH]  and a condensed intermediate to eventually form silica.  The 

final solution is colourless.  The preparation steps for the synthesis is depicted 

in Figure 4.2 and Figure 4.3. 
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Figure 4.2: A picture of the synthesis procedure: the mixture solution is prepared from water and L-lysine to be homogeneous by 

agitation for 1 hour, then TEOS is added in the system and afterwards the filtration process takes place: the suspension is pumped 

through a micropore filter (MWCO 1 kDa), placed tangential flow to enable the separation of particles from impurities; the former is 

retained, whereas the latter goes through the permeable membrane. 
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Figure 4.3: Mechanism of aSiNP nucleation by addition of water and L-lysine as a precursor and catalyst. TEOS was hydrolysed to all 

possible derivatives and then condensed to form oligomeric precursors and primary seeds. The formation of primary seeds 

contributes to particle growth (Dixit et al., 2016). 
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4.5 Characterisation 

The synthesised aSiNPs, as described in section 4. 4, were extensively 

characterised using various physical and chemical techniques. The techniques 

used and the parameters measured are shown in Table 4. 4.  The work 

presented here has provided highly advanced characterisation details of 

synthesised silica ( size 2 nm)  using L- lysine as a precursor, which was not 

available in the literature.  Information, such as functional groups, element, 

oxidation states and structure have been published previously (Musigapong et 

al., 2019). Here, in addition to standard laboratory characterisation, work is also 

presented on advanced characterisation information involving synchrotron 

radiation, and specifically SAXS, XPS and XAS-EXAFS and XANES, which 

were conducted for the synthesised aSiNPs. 

Table 4.4 The experimental techniques used for characterisation of aSiNP. 

No. Technique Parameters assessed 

section show 

1 Dynamic Light Scattering (DLS) Size and zeta potential  

2 Transmission Electron Microscopy 

(TEM) 

Size and shape 

3 Scanning Transmission Electron 

Microscopy (STEM) 

Size and shape 

4 Small angle X-ray Scattering (SAXS) Size, shape and surface 

texture  

5 Scanning Electron Microscopy (SEM) Shape 

6 Powder X-ray Diffraction (XRD) Structure 

7 BET surface area analyser Surface area 
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No. Technique Parameters assessed 

section show 

8 X-ray Photoelectron Spectroscopy 

(XPS) 

Atomic composition, 

atomic percentage values 

and element ratios 

9 X-ray Absorption Near-Edge 

Spectroscopy (XANES) 

Elemental composition and 

oxidation state 

10 Extended X-ray absorption fine 

Structure Spectroscopy (EXAFS) 

Local atomic structure 

11 Inductively Coupled Plasma-Optical 

Emission Spectroscopy (ICP-OES)  

Elemental concentration 

 

4.6 Characterisation of Physicochemical Properties 

In order to investigate an achievement of NP synthesis, the properties of 

aSiNPs, such as particle size, zeta potential, shape, crystalline structure, 

elemental surface composition, oxidation state, and concentration were carried 

out in this section. Regarding particle size, it is important for explaining the fate, 

behaviour, toxicological properties and some changes from the bulk material. 

The particle size also influences the kinetics of internalisation and 

biodistribution in the organism and the environment as highlighted in Chapter 

1.  Furthermore, nanoparticles can cross body’s natural defence barriers (e.g. 

skin barrier)  resulting in prolonged circulation in blood.  Synthesising 

homogeneous NPs; especially in size is essential to improve sample quality, 

and to ensure consistency in biological experiments.  Shape and structure of 

nanoparticles influence the fate in biological systems, i. e.  uptake mechanism 

and uptake by cell types and their interactions ( Albanese, Tang and Chan, 

2012; Truong et al., 2015). The shape of aSiNPs was determined from images 
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obtained by using TEM, STEM, SEM, and the scattering patterns by means of 

SAXS technique.  Moreover, SAXS and XRD were used to examine the 

structure, surface topography, and crystallinity of synthesised aSiNPs. The zeta 

potential is used for determining the overall charge of aSiNPs on surface and 

helps to deduce the stability of aSiNP dispersions. 

The aSiNPs were analysed for elemental composition using XPS and XAS-

EXAFS.  FT- IR was implemented to determine the presence of functional 

bonding.  The chemical composition of the synthesised aSiNP was helped 

establish sample purity.  Additionally, ICP- OES was used to obtain the 

concentration of synthesised aSiNP dispersion and its result was used to 

calculate the percentage yield. 

For this work, it was therefore decided to provide the comprehensive 

characterisation list of Table 4. 4.  The following sections describe the results 

from each technique. 

4.6.1 Particle size 

DLS 

DLS measurements were performed to evaluate the particle size and size 

distribution of aSiNP dispersion produced following the procedure described 

earlier and without any further processing ( i. e.  no sonication) .  The 

hydrodynamic diameter and size distribution were obtained from six 

measurements of the same sample of aSiNP dispersions. Table 4.5 shows the 

hydrodynamic diameter, Z- average and PDI values.  Figure 4. 4 shows the 

particle size distribution graphs obtained from the original three different 

synthesis batches, which were not sonicated.  To break some aggregates, the 
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sonication was employed 10 minutes prior to measurement, the particle size 

distribution graph was shown in Figure 4.5.  According to DLS results, aSiNPs 

had a narrow size distribution peak and polydispersity (PDI)  showed a good 

range indicating that the samples are suitable for analysis by this technique. 

The presence of particle size range of the samples (2.2-2.679 nm) is similar to 

Thomassen et al. (2010) that showed 2 nm using DLS measurements. Although 

DLS results indicate a size range between 2 and 10 nm, it is possible that more 

than one size populations exist in this narrow size range that cannot be resolved 

by DLS. 

 

Figure 4.4: Particle size distribution of the original aSiNPs, showed some 

aggregate peaks. 

Table 4.5 The hydrodynamic diameter, Z-average and PDI of aSiNPs using 

DLS method 

Batch no. Size (nm) Z-average (d.nm) PdI 

1 2.679±0.869  3.814 0.251 

2 2.616±0.856 4.233 0.273 

3  2.200±0.643  5.523 0.346 
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Figure 4.5: Particle size distribution of aSiNPs, sonicated the sample 10 

minutes to reduce aggregation. 

Monitoring of particle size change 

Bare aSiNPs were prepared through hydrolysis and condensation reactions. 

The stability of the aSiNP suspension in ultrapure water at room temperature 

was checked for 1hr, 3 hrs and 24 hrs and thereafter till 58 days and the particle 

size and size distribution was measured using DLS. Figure 4.6 a) - c) showed 

a slight increase in average hydrodynamic diameter between 0 hr and 58 days. 

The data presented in Figure 4.6 (a)  showed the bimodal distribution and the 

average size represented aSiNP batch no.1 was 3.536 (96.6%) with PdI 0.194. 

Whereas graph ( b)  showed the multiple distributions and the average size 

represented aSiNP batch no.2 was 3.569 (93.9%) with PdI 0.218, and graph 

(c) showed the trimodal distribution with the average size of 3.461 (96.3%) and 

PdI 0. 198.  The observed small size change of all batches suggested that 

aSiNPs were stable over the time points.  Regarding the larger size peaks, 
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aSiNPs are likely to have undergone some aggregations, since they were not 

sonicated prior to the measurements, with hydrogen bonding stabilising the 

larger aggregates. 
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Figure 4.6: a), b), and c) Size distribution for aSiNPs batch number 1, 2, and 

3, exposed to room temperature (20-24˚C) as various time points. 

The zeta potential is used for determining the overall charge of aSiNPs and 

helps to deduce the stability of aSiNP dispersions.  The results of the average 

zeta potential values, standard deviation (SD)  and other relevant parameters 

are detailed in Table 4.6. 

Table 4. 6 The average zeta potential values and standard deviation for the 

samples of aSiNPs. 

Samples of 

aSiNP 

dispersion 

Average Zeta Potential 

± SD (mV) 

Mobility  

(μmcm/Vs) 

Conductivity 

mS/cm 

Batch 1 -31.8±2.45 -2.259±0.17 0.313±0.01 

Batch 2 -33.0±1.11 -2.342±0.08 0.316±0.01 

Batch 3 -43.5±9.52 -3.083±0.67 0.324±0.002 
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The average zeta potential values obtained for all batches of aSiNPs were over 

-30 mV indicating that aSiNPs were stable (higher charge, higher stability) (Dey, 

Kumar and Samantaray, 2017). Additionally, the presence of amine group (N-

H)  associated with the charged silica species in the aSiNPs suspension and 

can lead to larger particle stabilization. 

TEM 

Size and size distribution of aSiNPs were determined by using TEM. TEM grids 

were prepared by precipitation technique.  TEM images showed a 

monodisperse of aSiNPs with the average particle size 16. 43±4. 21nm ( as 

shown in Figure 4.7 (A-C)). The aggregation seen on TEM images could have 

occurred during sample preparation as the samples were left to air dry on grids. 

It is noted that the image resolution does not allow identification of individual 

particle edges and therefore it is difficult to estimate particle size accurately. 

The TEM data are therefore only shown for completeness and are not 

considered as reliable as some of the other methods discussed next. 
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Figure 4.7: Representative TEM images [(A) - (C)] of the synthesised silica 

nanoparticles; scale bar 50 nm. 
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Figure 4.8: Histogram depicting size (nm) versus frequency for aSiNP 

suspension. 

STEM 

Size measurement of aSiNPs was also carried out by using a scanning 

transmission electron microscope (STEM). This technique has provided higher 

resolution and smaller error values than the previous techniques presented 

above.  Notably, STEM resolution is much higher than TEM.  STEM images 

(Figure 4.9) were collected on the sample grids that were used for TEM. Figure 

4. 10 shows the size distributions of aSiNPs and visualises the small and 

spherical shaped NPs. On some occasions, these particles can be seen to pack 

together. Average particle diameter by STEM was found to be 1.947±0.704 nm. 

The sizes obtained from STEM are smaller than sizes measured using DLS and 

TEM methods. 

0

2

4

6

8

10

0 9 14 19 24 29

F
re

q
u

en
cy

Size (nm)

SiO2 NPs: Longest length PSD  

More 



 

196 
 

 

 

Figure 4.9: Examples of STEM micrographs [A-D] for SiNPs, scale bar 10 nm. 

 

Figure 4.10: Histogram showing size distribution of 320 aSiNPs measured by 

STEM. 
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SAXS 

The scattering patterns of multimodal distribution were fitted using Gaussian 

distribution as shown in equation ( 4. 2) , which related the equation in section 

2. 2. 6. 1 for calculating particle radius and standard deviation.  A subsample of 

the synthesised aSiNPs presented the measured radii of gyration that 

converted to particle sizes.  The SAXS pattern of aSiNPs in Figure 4.11 was 

shown in a log- log plot and displayed in two structural features.  The structural 

feature in the Guinier region (smaller q region)  provides the radius of gyration 

and size distribution for the hard-sphere model using the Guinier approximation 

(in section 2.2.6.1). This region is used to observe the inter-particle interaction. 

The form factor is given by calculating the slope in the higher q region where 

there is a high constant slope.  The slope is around 4 which provides spherical 

shape and roughness surface. 

Gaussian distribution 

Ggauss(𝑟, 𝜇,) =  
1

√2𝜋𝜎
𝑒𝑥𝑝 [−

[𝑟−𝜇]2

2𝜎2
] 

(4.2) 

 

<R> = μ  

SD =   

where: Ggauss (re
-,μ,) =the Gaussian distribution function 

re
- = electron density function (distribution) 

<R> = is the mean particle radius that can be found from the first moment 

of the distribution 

μ = mean (radius) and  = standard deviation 

Although the three batches of aSiNPs were prepared in various concentrations 
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as mentioned in section 2.2.6.1, the manipulation of SAXS patterns showed no 

size change (or distribution)  in the bimodal particle from the same batch.  The 

two size populations (as structural level 1 and 2)  were fitted using Gaussian 

distribution and, shown in Table 4. 7, the average size of one population was 

1.6 nm and the second population was 7.2 nm. It was found that the best fit in 

the intermediate range in high q range with a slope of approximately - 4 

according to Figure 4.11. The primary particles were modelled with a spherical 

form factor (Guinier, André and Fournet, 1955; Schnablegger and Singh, 2013). 

Table 4.7 SAXS data showing the two distinct populations of particle sizes 

from different batches of aSiNPs, measured at 10 mg/mL concentration. 

Batch 

no. 

Radius of 

gyration 

Particle size 

[nm] 

SD Mean size 

[nm] 

Structural Level 1 

1 3.702 7.405 0.5724  

7.18±0.57  2 3.512 7.024 0.5593  

3 3.550 7.101 0.5833  

Structural Level 2 

1 0.77899 1.558 0.5484 

1.64±0.53 2 0.835377 1.671 0.5512 

3 0.843176 1.686 0.5034 
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Figure 4.11: SAXS results of aSiNPs suspended in ultrapure water, the 1D 

pattern showed in the blue line. The fitted curve (red line) composed of two 

structural levels using SASFit software; the fit was based on a model of a 

sphere with the lognormal distribution regarding the slope of SAXS pattern 

(=3.538). 

 

Figure 4.12: The fitted SAXS graph of aSiNPs shows the mean radii (X) are 

1.64 and 7.18 nm, and the error ranges of the size distributions (s) are 0.53 

and 0.57 respectively. 



 

200 
 

Furthermore, the aSiNP suspension was evaluated for particle size and size 

distribution 2 years post synthesis by the Federal Institute for Materials 

Research and Testing (BAM) , Berlin, Germany (as shown in Figure 4.13)  to 

confirm the presence of bimodal populations in the samples and to understand 

the changes in particle size due to storage.  The SAXS patterns from BAM 

(radius 3.964 and 8 nm) showed two populations, similar to the results from the 

synchrotron analysis done in Thailand.  The aged particles were slightly larger 

than the freshly synthesised particles, a result that was anticipated due to long 

term storage; this will be discussed more fully later.  
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Figure 4.13: The SAXS scattering pattern and size distributions from BAM, Germany composed of two structural levels using 

McSAS 1.3.1; the fitted curve (red line) was a spherical model based on lognormal distribution. Histogram showed bimodal 

distribution of particles; radius size 3.964 and 8 nm. 
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Comparison of the particle sizes measured by multiple 

methods 

The particle sizes obtained by multi- method characterisation approach is 

summarised in Table 4.8, which provide size, and standard deviation (SD) and 

the corresponding method. 

Table 4.8 Particle size characterisation of aSiNPs 

Method Mean particle size (nm) ± SD 

DLS 2.498±0.789 

TEM 16.43±4.21 

STEM 1.947±0.704 

SAXS 
7.18±0.57 (structure level 1) 

1.64±0.53 (structure level 2) 

 

According to the results presented here, particle size measurements by DLS, 

STEM and SAXS are in general agreement.  The size provided by TEM is 

greater than by other techniques, probably as a result of the relatively lower 

resolution of this technique. As DLS measurements describe the hydrodynamic 

diameter, the proximity between these values and those by STEM (2. 2 and 

1.947 nm respectively) suggest only a small difference between hydrodynamic 

diameter measured by DLS and particle size measured by STEM and SAXS, 

though in the case of the latter, two size populations were identified, at 1.6 and 

7 nm respectively; the two size populations have been confirmed by the same 

SAXS technique in a different lab (BAM) and using different software (McSAS). 
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4.6.2 Shape 

SEM 

SEM analysis was performed to understand the morphology of the samples. 

Figure 4.14 shows the SEM images of powdered aSiNPs produced by using 

low- temperature dehydration process, also known as lyophilisation.  It was 

observed that the particles were spherical in shape.  Densely packed 

aggregates were also seen and could be the result of the dehydration process 

during sample preparation. 

 

Figure 4.14: SEM images of amorphous silica nanoparticle powder that were 

synthesized by a sol-gel process, scale bar 500 nm. 

SAXS 

Shape was further investigated to get confirmative results by manipulating 2D 

scattering pattern (Figure 4.15) by using SAXSIT4p0. The resulting 2D SAXS 

profiles can be helpful to specify a shape of particles.  It was found that the 

scattering patterns of aSiNP suspensions were similar to the sample of silica 

sphere (quartz)  but not well-defined periodic nanostructure (or weak ordering 

arrangement) in the system. 
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Figure 4.15: Scattering profiles of aSiNP suspension; (A) Batch 1, (B) Batch 

2, (C) Batch 3 (D) Scattering pattern of Silica sphere (quartz). 

http://bigbro.biophys.cornell.edu/documents/SAX_Calibrants/kjejan3.png 

 

4.6.3 Morphology (Crystallinity structure) Powder-XRD 

The powdered aSiNPs were investigated to identify the elements and 

crystallinity with XRD in section 2. 2. 11.  The XRD pattern ( as seen in Figure 

4.16) showed only a broad peak around 20º2∂, which confirms the amorphous 

form of SiNPs. The broadening of peak is large (intensity  1000) owing to the 

smaller particle size effect.  This finding is in agreement with the study from 

Rasmussen et al. (2013) and Nandawar, Singh and Fozia Z. Haque. (2015). 

(A) (B) (C) 

(D) 

http://bigbro.biophys.cornell.edu/documents/SAX_Calibrants/kjejan3.png
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Figure 4.16: XRD diffractogram of the powdered aSiNPs. 

4.6.4 Surface area 

BET 

The results of BET analysis, such as the surface area, C value, and correlation 

coefficient are shown in Table 4.9. aSiNPs have a very high surface area. 

Table 4.9 The surface area of Synthesized Amorphous Silica Nanomaterials 

Measurements 
Amorphous silica nanomaterials 

Batch 1 Batch 2 Batch 3 

Surface area (m2/g) 623.44 702.6 949.54 

C value 124.819 65.120 61.045 

Correlation coefficient 0.99997 0.9999 0.99872 
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4.6.5 Elemental composition 

The aSiNPs were analysed for the concentration and the percentage yield for 

elemental composition using ICP-OES. XPS and XAS-EXAFS were additionally 

used to determine elemental composition FT-IR was implemented to determine 

the presence of functional bonding.  The chemical composition of the 

synthesised aSiNPs can establish sample purity. 

ICP-OES 

The most commonly applied technique for analysis of elemental concentration 

is based on inductively coupled plasma (ICP). An analysis of silicon content in 

the suspension after removal of l-lysine and impurities was determined by ICP-

OES.  An average concentration of silicon content corresponding to three 

batches was obtained from ICP-OES was 15.5 mg/mL and 40.239 %yield (as 

shown in Table 4. 10) .  The concentration of Si content is higher than the 

previous study (Thomassen et al. , 2010). In addition, the UPW in the filtration 

process was collected to investigate the amount of Si.  The average of Si 

content in UPW, came out of the filtration system was 14.45 mg/mL (37.623%). 

Calibration graph ( in Figure 4.17)  was obtained from four different standard 

concentrations at 1, 10, 50 and 100 ppm.  The correlation coefficient ( r)  of the 

standard curve was 0.998522. The coefficient of variation (CV) for the analysis 

of silicon was always less than 0.1%. 
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Table 4.10 Silicon concentration from synthesis as measured by ICP-OES. 

Sample name 
Concentration of Si content (mg/mL) 

In Out 

SiNPs batch 1 16.5787±0.014 14.5887±0.052 

SiNPs batch 2 15.3234±0.009 14.3703±0.049 

SiNPs batch 3 14.4538±0.001 14.3848±0.052 

 

 

 

Figure 4.17: A calibration graph of standard Si. 

XPS 

XPS analysis can be used to explore the surface chemistry of aSiNPs.  The 

survey spectra in Figure 4.18 (a) indicate the presence of Si, O, C and N in the 

samples. The presence of C in the samples is attributed to adventitious carbon 

contamination and N comes from the composition of l- lysine.  The high 

resolution XPS scans in the Si2p and O1s regions are shown in Figure 4.18 (b) 
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- (c). The binding energy of Si2p and O1s are observed at 103.0 eV and 532.2 

eV, respectively, indicating the presence of SiO2 ( Thermo Scientific XPS, 

2013). The percentages of atomic concentration are shown in Table 4.11. The 

average compositions of elements are silicon (24. 75% ) , carbon (11. 18%) , 

nitrogen (1.15%), and oxygen (64.88%). 

Table 4.11 Surface composition and atomic concentration (%) calculated from 

the spectra of elements. 

Sample No. of 

aSiNPs 

Atomic concentration (%) 

%C %O %N %Si 

Batch 1 8.01 70.33 1.30 26.25 

Batch 2 16.80 60.08 0.85 22.27 

Batch 3 8.74 64.24 1.29 25.73 
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Figure 4.18: XPS survey spectra (a) and high resolution XPS spectra in the 

Si2p (b) and O1s (c) regions. 

XAS-XANES 

The element and oxidation state of the synthesised aSiNP suspensions were 

determined by using synchrotron radiation beamline 5.2 at SLRI, Thailand. The 

data were normalised using Athena software. Figure 4.19 shows the SiK-edge 

XANES spectra of silica ( quartz, SiO2)  and the samples of aSiNPs.  The SiK-

edge of aSiNPs spectra is similar in all cases and good agreement with the 

spectrum of SiO2. It is apparent that the position of peak C at about 1846.8 eV, 

indicates the Si with O in the SiK-edge XANES with 4+ oxidation state (Bart et 

al. , 1995) .  It means that peak C in the SiK- edge spectrum is attributed to the 

dipole-allowed transition of Si 1s electrons to the antibonding t2 state of majority 

Si 3p character ((Si 1s t2 (Si 3p-3s)). However, aSiNP batch no. 2 and 3 were found 

at peak D, became more intense and shift toward higher energy than 

amorphous silica (a-SiO2) spectrum. Peak D and E are not present in both SiK- 
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and SiL-edge XANES of reference a-SiO2 spectrum (Li et al., 1994). The results 

of their peak positions may change the local structure showing SiNPs differ from 

quartz or a-SiO2. 

 

Figure 4.19: The SiK-edge XANES spectra of synthesised aSiNP are shown 

in black, red, and green lines and compared with silica (quartz) (blue line). 

FTIR 

The spectra were examined at wavenumber in the range of 400-4000 cm-1, the 

number of scanning is 32 with a resolution of 4 cm-1.  A profile of the FT- IR 

spectrum of the powdered aSiNPs washed at once with UPW was shown in 

Figure 4.20.  According to the FT- IR library (Merck, 2019) , the bands were 

observed in the range 3400-2800 cm-1 that is attributed to the mode of N-H 

stretching peaks. N-H group is relevant to hydroxyl groups (OH), amine group 

(NR), and molecular water. Additionally, FT-IR spectra of Si-O presented at a 

wavenumber of around 1070 cm-1, 950 cm-1, 800 cm-1, and 500 cm-1 (Spoiala 

et al., 2014; Fijalkowski et al., 2015). 
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Figure 4.20: FTIR spectrum of synthesised amorphous silica NPs washed once in ultrapure water. 
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The FT- IR spectra described various peaks of SiO2, with absorbance bands 

around 1097.6 cm-1 from the symmetric stretching vibration of the Si-O-Si bond 

and 1075.1 cm-1 from the asymmetric vibration of the Si-O bond, and finally an 

absorption band at 796. 1 cm- 1, which can be assigned to the symmetric 

vibration of the Si-O bond (Santra et al. , 2001; Qasim et al. , 2014).  The band 

at 469.9 cm-1 represents the bending mode of Si-O-Si bond. Overall, the FT-IR 

results show chemical structures related to the absorption and vibration of SiO2 

and L-lysine (N-H), as expected from the particle composition and in agreement 

with previous literature (Santra et al. , 2001; Snyder et al. , 2007; Qasim et al. , 

2014; Spoiala et al., 2014). 

The ultrafiltration with UPW was carried on three times for each batch. The final 

of the washed aSiNP sample was obtained and subsequently identified the 

presence of functional group using FT-IR. Figure 4.21 showed the spectrum of 

the washed aSiNPs sample.  The presence of N-H group in the range 3400-

2800 cm-1 is lower than in Figure 4.20.  It seems that the wash process with 

UPW can remove l-lysine (amino group) and other impurities from the system. 

Various peaks of Si-O and Si-O-Si were assigned at a wavenumber of 1097.6 

cm-1, 1075.1 cm-1, and 796.1 cm-1. A more detailed discussion of the Si bonding 

environment will be presented next. All batches of the aSiNPs produced spectra 

in good agreement (as shown in Figure 4.22), indicating high reproducibility of 

aSiNP synthesis.  The aSiNPs were calcined at 600˚C for 30 minutes; the 

spectra of the calcined aSiNPs showed some loss of the organic contents at 

the band of N-H stretching from 3400-2800 cm-1 to 3400 - 2900 cm-1 (as shown 

in Figure 4.23). 
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Figure 4.21: FT-IR spectrum of synthesised amorphous silica nanoparticles obtained from the sol-gel process, following repeated 

three times purification. 
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Figure 4.22: Comparison between FT-IR spectra of each of the three synthesised amorphous silica nanoparticle batches, which are 

in good agreement and their peaks corresponded to Figure 4.21. 
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Figure 4.23: FT-IR spectra of synthesised amorphous silica nanoparticles 

obtained from the sol-gel process after calcination. 

4.7 Discussion 
 
The synthesis of amorphous silica nanoparticles ( aSiNPs)  by using an 

implemented sol- gel method (Thomassen et al. , 2010)  has successfully been 

done.  The purpose of the synthesis was to form as small particles as possible 

in the lower range of the nanoscale.  A previous study using the same method 

as presented here, also reported aSiNP size around 2 nm with a single 

population present, based on DLS characterisation (Fijalkowski et al., 2015). 

The multi-method characterisation of aSiNPs has been carried out in order to 

determine size, zeta potential, shape, crystalline phase, surface area, 

elemental composition, oxidation state, and functional group. 

As the NP sizes, SAXS reported the presence of bimodal particles in freshly 

synthesis and 2 years post synthesis of the suspensions.  SAXS is a robust 

high- resolution method, able to characterise the structural components of 

particles in real space on a smaller scale from microns to Angstroms (as low as 



 

216 
 

0.1 nm) (Thomassen et al., 2010). Whereas, DLS, STEM, and TEM presented 

here demonstrate the limitations of techniques; for example, DLS may only 

record an average size of two particle populations and fail to separate what is 

visible from fitting the SAXS data.  It is unclear why the second population of 

particles, around size 7 nm identified by SAXS was not seen by STEM, and we 

hypothesise this might be the result of a weak agglomeration process picked 

up by SAXS in suspension that was lost during drying of samples for the STEM 

measurements. 

The understanding of the synthesis mechanism of NP is useful to determine as 

much information as possible about NP properties.  By applying this protocol, 

the hydrolysis reaction initiates by forming the primary particles as long as silicic 

acid is available. Growth occurs primarily through the addition of monomers to 

the more highly condensed particles rather than by particle aggregation. 

Particles 1-2 nm in diameter are formed in a few minutes above pH 7. 

Above pH 7, the number of siloxane ( Si- O- Si bonds)  is increased, while 

hydroxyl groups from the silanol group (Si-OH)  promote bond breakage and 

reverse restructuring of the growing polymer.  All the condensed species are 

ionized and therefore, mutually repulsive.  Due to the greater solubility of silica 

and the greater size dependence of solubility above pH 7, particles grow in size 

without aggregation or gelation and decrease in number as highly soluble small 

particles dissolve and reprecipitate on larger, less soluble particles.  Growth 

stops when the difference in solubility between the smallest and largest 

particles becomes indistinguishable.  This process is referred to as Ostwald 

ripening (ageing) (Alexander, Heston and Iler, 1954; Brinker and Scherer, 1990) 
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which supports the presence of the bimodal population in the aSiNP 

suspension. 

TEM, STEM, SEM images were good agreement that the aSiNPs are spherical 

shape.  Additionally, 1D SAXS graph can be used to identify the form factor of 

NP by using the slope at oscillating part, in Porod region.  The slop of aSiNPs 

is around 3-4. It means that aSiNPs are sphere with a rough surface. 

The higher concentration of Si content (at 15.5 mg/mL) was obtained from ICP-

OES analysis, compared to a previous study (11.1 mg/mL) (Thomassen et al., 

2010) .  The %  yield of aSiNPs was calculated based on the theoretical yield 

from the total silica input, here the results gave a moderate yield ( 40. 239%) . 

The presence of Si content ( at 14. 45 mg/ mL, 37. 623% )  was observed in the 

UPW through the ultrafiltration, which possible affect the amount of aSiNPs in 

the suspension. 

The elemental analysis of aSiNPs using XANES and XPS provided signification 

information, which highlighted the synthesised NPs containing silicon, oxygen, 

carbon and nitrogen.  Using the Stöber method as similar as sol- gel have 

already reported the presence of carbon in the final aSiNP suspension (Van 

Helden, Jansen and Vrij, 1981) .  They assumed that the carbon content was 

assumed from unhydrolyzed ethoxy groups around 0.97%., whereas contained 

91.5% weight silica and 5.25% water. 

As the results of FT- IR, the washed aSiNPs using an ultrafiltration ( repeatedly 

three times)  has been achieved to remove L- lysine and impurities.  The IR 

spectrum decreased greatly at the wavenumbers of OH stretching at 1626cm-1 

due to scissor bending vibration of the water molecule (Snyder et al. , 2007; 

Spoiala et al. , 2014)  and N-H stretching, and the peak of C-O stretching is 
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appeared in the spectrum. Following existing reports on silica particle formation 

from TEOS, carbon from the ethoxy groups is transformed into ethanol, which 

is easily dialyzed, and also lost by evaporation (Zeng et al., 2012). Additionally, 

the effort of organic removal by using the calcination at 600 °C for the powdered 

aSiNPs seems to slightly remove the band of N-H stretching from 3400-2800 

cm-1 to 3400 - 2900 cm-1. Sufficient information concerning the physicochemical 

characterisation of aSiNPs is mentioned above and supplements with the 

evaluation of analytical methods is shown in Table 4.12  

Table 4. 12 Evaluation of analytical methods for physicochemical 

characterisation of synthesized amorphous silica nanoparticles. 

Method Noted 

Particle Size and Stability 

DLS 

Uses as a screening method to obtain an initiative useful data 

approaching the equation that fits with SAXS scattering pattern of 

samples.  

NP dispersibility is relevant to point out individual particles and 

aggregation/agglomeration. In monodispersed samples, DLS can 

greatly estimate the representative quantity of particles in size 

range with test accurate. Zeta potential relates to electrical charge 

on the NPs, which controls the stability of a dispersion and 

proposes the NP behaviour in medium. 

TEM 

TEM imaging may not well define, which relates concentrations 

and sample preparation influence agglomeration on the grid. 

Provides an upscaled particle size and size distribution according 

to getting too closed particles and aggregation/agglomeration. 



 

219 
 

Method Noted 

STEM 

STEM imaging allows for the determination of size and shape of 

nanoparticles and is noted aggregation/ agglomeration on 

occasions during sample preparation.  

SAXS 

Suitable for the mixture of ultrasmall particles that are sensitive to 

determining samples including sizes and size distribution offering 

sample stability. May not use as a stand-alone technique for size 

determination but uses to confirm results other techniques. 

Morphology 

SEM 
Provides 2D images for suitable defining nanoform and 

distinguishing the boundary of particles. 

XRD 
A suitable method to identify crystalline structure of 

nanomaterials. 

SAXS 

Provides shape, surface texture and structural information of 

nanoparticles according to distances of ordered materials, which 

uses to confirm crystalline phase. 

Surface area 

BET 
Recommends as a primary method to determine specific surface 

area and suitable for dry solid samples only.  

Elemental composition and quantity 

FT-IR 

Obtained information ( e. g. , functional group)  uses to determine 

an impurity of NMs including residual materials or by-products 

and to develop the synthesis process ( the purification for 

removing impurities).  
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Method Noted 

XPS 

A suitable method to characterise elemental composition of 

nanomaterials’ surfaces in percent atoms. Only dry solid samples 

could be identified the quantity of elements under ultrahigh 

vacuum, The binding energy of nanomaterials is possible identical 

the presence of SiO2. 

XAS 

(XANES- 

EXAFS) 

Obtained information is used to further support XPS technique 

and the presence of SiO2.  

ICP-OES 
A suitable technique to confirm the success of synthesis and 

gain number of quantities on nanomaterial. 

 

4.8 Conclusion 
 
The amorphous silica nanoparticles ( aSiNPs)  have successfully been 

synthesised within the size range of 1-10 nm by using sol- gel process and 

purified using conventional ultrafiltration to avoid aggregation and to remove 

impurities. 

A multi-method characterisation approach was applied to determine the aSiNP 

properties.  The particle size for three aSiNP batches obtained from DLS and 

STEM measurements, gave the diameter of 2.2 and 1.947 nm, respectively. In 

the case of SAXS analysis, two size populations were identified at 1. 6 and 7 

nm.  The results from SAXS ( Thailand)  showed the presence of two size 

populations which was confirmed by SAXS at BAM (Berlin) .  The average size 

of TEM analysis is 16.43±4.21 nm, indicating the growth of particles in aqueous 

solution probably by aggregation during the sample preparation.  
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The aSNPs are quite stable for 2 months because of high zeta potential ( - 30 

mV). BET results showed high surface area in the range of 623.44-949.54 m2/g. 

The average zeta potential (ZP)  from all aSiNP batches was found to be -

36. 1±6. 43 mV, indicating the NPs are stable.  Higher ZP could also be due to 

other factors, such as the pH value ( 7-9)  and the presence of amine in the 

aqueous solution. 

The elemental compositions using XPS, XAS- EXAFS/ XANES and FTIR 

showed main peaks at Si and O. There is a tiny peak of N or N-H in the samples 

after three repeated purification steps, however, this is advantageous because 

it prevents particle aggregation.  ICP- OES further provided the silicon 

concentration to be 15.45 mg/mL. 

This chapter provided the information from a range of characterisations of 

aSiNPs which would allow understanding the behaviour of NPs and to link these 

with potential mechanisms of toxicity.  The available methods were evaluated 

for the physicochemical parameters of aSiNPs that there is quite a variety of 

methods suitable to identify nanomaterials as shown in Table 4. 12.  In 

subsequent experiments, the synthesised aSiNPs would be applied in the 

studies of skin tests, such as skin penetration and skin irritation. In the context 

of the literature review of Chapter 1, it is notable that studies of aSiNPs with 1.6 

and 7 nm size are still limited, therefore, the knowledge gained here is 

important.  Penetration and cytotoxicity of aSiNPs through the reconstructed 

human skin models are detailed in Chapters 5 and 6 respectively. 
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Chapter 5 Penetration and Distribution 

Assessment of aSiNPs through a 

Skin Model 

5.1 Introduction 

There is a growing interest in the use of nanoparticles (NPs) in dermatology for 

topical applications in order to achieve photoprotection, hair treatment, facial 

( cosmetic)  treatments and personal care products.  Several uses of 

nanotechnology- based cosmeceutical performance have been enhanced 

deeper skin penetration, anti- aging effect, produced cosmetics with long 

lasting, and provided better UV protection.  The presence of evidence about 

deeper skin penetration is insufficient detail that provided the previous 

agreements. 

In all of these applications, NPs come directly to contact with human skin. Skin 

is the largest human organ and essential in protecting a human from external 

environmental threats, including biological hazards.  Such hazards may, 

however, induce skin impairment or dysfunction.  Consumers are increasingly 

exposed to nanomaterials, yet, to date, the understanding of potential toxicity 

to the skin, which is a primary concern in cosmetic applications, remains 

insufficient (Napierska et al., 2010). Recent studies have suggested that there 

are limitations in knowledge of NPs passing through the skin barrier and 

subsequent effects ( Nafisi, Schäfer- Korting and Maibach, 2015) .  These 

limitations, e. g.  a detailed understanding of the controls on NPs penetration 
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through the skin and also underlying reactivity between skin cells ( e. g. 

keratinocytes)  and NPs need to be addressed.  A major concern when NPs 

penetrate the skin is that they may potentially end up reaching internal organs 

or the bloodstream. 

So far, only a few studies address NP dermal absorption, permeation and 

penetration.  The work of Larese et al.  ( 2009)  revealed that 25 nm silver 

nanoparticles coated with polyvinylpyrrolidone can permeate the stratum 

corneum and the outermost surface of the epidermis in an in vitro skin damage 

study, detected by electron microscopy.  A similar finding was reported in a 

study on gold nanoparticles (AuNPs) around 5-8 nm size with different surface 

functionalization and charges; the study was carried out on reconstructed 

human 3D EpiskinTM model, and showed that AuNPs induce a phase change 

of lipid lamellae and pass through the epidermis. The positively charged AuNPs 

were most efficient in skin penetration through the paracellular and transcellular 

pathways, compared to the neutrally and negatively charged (Hao et al., 2017). 

Furthermore, the drug delivery community have reported on how to optimise 

the efficiency in skin penetration and permeation of nanoparticles- containing 

formulations (Park, 2012) .  Previous results in the literature suggest that the 

level of NP penetration through the skin, depending on chemistry and 

experimental conditions, may influence skin penetration markedly.  These may 

disrupt the skin barrier, the effectiveness of medical treatment and/or enhance 

transdermal penetration (Iannuccelli et al., 2014; Bignon, Amigoni and Guittard, 

2016). 

Synthetic amorphous silica nanoparticles ( aSiNPs)  have been notable and 

vigorously studied in drug delivery as a multifunctional nanomedicine because 
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of their unique properties. (Pilloni et al., 2013; Tang and Cheng, 2013; Zhao et 

al. , 2016; Chen et al. , 2018) .  However, aSiNPs may interact with biological 

matrices in different ways, as a function of their intrinsic properties, for instance, 

particle size, surface area, surface charge, and so on.  The underlying 

interaction among nanoparticles, cells and bioactive reagents may enhance the 

efficiency of aSiNPs in medical treatments, but details of their interactions, 

including potential toxicity, are still limited. Therefore, a complete understanding 

of the skin penetration mechanism and aSiNP- tissue interactions are the 

purposes of this chapter. Focusing on the penetration of cosmetics through the 

skin, the use of human skin 3D models has become a useful tool for explaining 

the particle transformation in biological complexity and has been an easier 

method than using Franz diffusion cell4.  There has been a rapid rise in the 

utilization of commercial reconstructed skin models for testing of cosmetics due 

to the European Union’ s complete ban on animal models for cosmetic testing 

in 2013 (European Union, 2009). Commercial reconstructed human epidermis 

(RhE)  models are demonstrated to have reasonable similarity to the native 

human tissue in terms of morphology, lipid composition and biochemical 

markers (De Wever, Kurdykowski and Descargues, 2015) .  In this chapter, an 

independent human full- thickness skin models at Day 11 (D11)  was used to 

evaluate the skin penetration of amorphous silica nanoparticles ( aSiNPs)  at 

various concentrations from 0.1-10 mg/mL.  Appropriate analytical techniques 

were then carried out to produce quantitative data and physicochemical 

                                                 
4 Franz diffusion cell:  “an in vitro skin permeation assay, consists of two primary chambers separated by 

an animal skin layer, i.e. rabbit skin, rat skin or, pig skin. The test sample is applied to the skin membrane 

through the top chamber, whereas the bottom chamber contains the same media as the test sample but 

without the test substance.” 
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properties, specifically:  micro X- ray fluorescence (µ-XRF) , X- ray absorption 

spectroscopy/ X- ray Absorption Near Edge Spectroscopy (XAS/ XANES) , and 

small angle X-ray scattering. µ-XRF was used to track Si into skin layers which 

presented in the maps of nanoparticle distribution.  Additionally, the oxidation 

number, chemical structure and particle size of Si after in vitro test were 

evaluated by using XAS/XANES, XPS and SAXS, respectively. 

5.2 Materials and Methods 

This section introduces the materials and analysis techniques including media 

preparation, fixation, sectioning, and sample quantification methods used for 

an in vitro skin penetration test.  Details on the materials, such as a buffer 

solution, cell culture media, test samples, and human skin model were 

presented in the following section. 

5.2.1  Reagents 

Dulbeco’ s phosphate buffered saline (PBS)  was purchased from Gibco and 

Hyclone.  A fresh culture media (GDA3F+)  was purchased from EpiskinTM that 

contains nutrients to maintain viable cells.  Optimal cutting temperature 

compound (OCT)  solution was used as an embedding medium to keep the 

frozen tissue specimens and 70% ethanol was used to clean the working area 

at the beginning and the end of the experiment. 

5.2.2  Colloidal Silica Nanoparticles 

Details on the synthesised amorphous silica nanoparticles ( aSiNPs)  were 

presented in Chapter 4. Two different concentrations of aSiNPs were prepared 
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in ultrapure water at 0. 1 mg/ mL and 10 mg/ mL and sonicated for 10 minutes 

prior to topical use.  

5.2.3  Reconstructed Human Full Thickness Skin 

Model: T-skinTM at Day 11 Experiment and Media 

Preparation 

The reconstructed human full thickness skin model: T-Skin at Day11 (D11) was 

purchased from EpiskinTM (Figure 5. 1) .  The main features of reconstructed 

human skin models were shown in section 1. 8. 2, Chapter 1.  In summary, 

EpiskinTM recommends two models of the full thickness skin to carry out an in 

vitro skin penetration, including skin model at Day 11 and at Day 17.  The Day 

17 model is cultured longer than the Day 11, approximately a week.  Both 

models contain typically an upper and inner layer of human skin as well as 

epidermis and dermis, which placed on a polycarbonate filter as a supporter 

( see Figure 5. 2 and Figure 5. 3) .  The outermost surface is stratum corneum 

that plays the role of skin barrier.  The whole thickness of skin model is around 

500 μm, excluding the filter.  The thickness of epidermis and dermis is usually 

around 100 and 400 μm, respectively. 

 
Figure 5.1: Morphology of the Full Thickness Human Skin Model-T skin Batch 

No: 18-SKIN-028; reprinted with permission of EpiSkinTM. 
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Figure 5.2: Representative photos of the reconstructed human full thickness 

skin model at Day 11 attaches in the insert, Batch No: 18-SKIN-028 

EpiSkinTM; presents a side view (left), a top view (middle), and a bottom view 

(right). 

 

Figure 5.3: Schematic of different layers of the D11 model and its 

appendages. 

5.2.4  In Vitro Skin Penetration 

The application of nanomaterials in commercial personal care products and 

cosmetics may cause potential human exposure through skin contact.  An 

understanding of how nanomaterials pass through the dermal route is currently 

limited, particularly for small particles, as is their potential toxicological effects, 

and this was the focus when performing the in vitro skin penetration test in this 
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study. The experimental procedures were adopted from Hao et al. (2017) and 

involved using a mechanism of natural absorption and diffusion through the 

human skin barrier and layers, i.e. stratum corneum, epidermis and dermis. The 

skin penetration test performed on an in vitro reconstructed human full 

thickness skin model at Day 11 (D11) .  The D11 model samples were treated 

according to the schematic of the protocol for skin penetration testing, as 

presented in Figure 5. 4 and Figure 5. 5.  An exposure experiment was set up 

and conducted under a biological fume hood at the University of Birmingham. 

The details of the procedures were divided into three steps and explained in the 

following sections. 

 
Figure 5.4: Schematic of protocol for skin penetration testing; Part 1: 

Inspection (Left) and Part 2: Skin model Preparation (Right). 
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Figure 5.5: Schematic of protocol for skin penetration testing; Part 3: Topical 

Application on D11 models. 
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5.2.4.1 Pre-check 

As the schematic of the protocol in Figure 5. 4, indicates, the pH and 

temperature were checked by using Thermax strip indicator (Figure 5.6)  and 

also checked the colour of the media before transferring D11 tissues in the fresh 

culture media (GDA3F+). GDA3F+ was pre-warmed in a water bath at 37°C and 

filled into each well at 2 mL underneath the D11 tissues, which conducted this 

step under a biological fume hood at room temperature (≈ 22 - 25°C). The D11 

tissues were incubated at 37°C, 5% CO2 for 18 hours as shown in Figure 5.4. 

After incubation, the D11 models were ready to start the skin penetration test. 

 

Figure 5.6: Thermax strip indicator is used to investigate an exposure of 

temperature during the skin model delivery. 

5.2.4.2 In vitro Skin Penetration Test 

10 μL of each the sonicated aSiNP concentration was topically applied evenly 

on the outermost epidermis and maintained in the room temperature for 2 

hours, whereas 10 μL of Milli-Q water was used as a negative control and was 

along with the test samples.  This step was repeated three times on three 

independent D11 models at each concentration. After aSiNP exposure, the top 

surface of D11 was extensively washed with 100 μL of PBS for five times in 
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order to remove any excessive aSiNPs remaining on the outermost of stratum 

corneum.  Subsequently, the D11 models were transferred in a new 6 wells-

plate where the fresh GDA3F+ media were filled into. These plates were stored 

in the incubator for 22 hours.  At the end of the incubation, the GDA3F+  media 

underneath the D11 models (≈ 1 mL) was also collected daily in order to monitor 

the Si content across the polycarbonate filter.  As the schematic in Figure 5.5, 

the exposure, sample collection, and subsequent culture were carried out in a 

similar way for a second and third time.  The subsequent culture, i. e.  GDA3F+ 

media, PBS were kept at -20 °C until it was analysed by ICP-OES. 

The result from analysis of aSiNPs remaining in PBS ( collected from washing 

process after aSiNP exposure), showed non-detectable concentration of silicon 

in the PBS, suggesting that aSiNPs had crossed through the stratum corneum 

readily. 

5.2.4.3 Endpoint 

At the final step of 22 hours incubation after triplicate aSiNP treatments, the 

exposure experiments were terminated, and the D11 samples were punched 

off and frozen in liquid nitrogen then stored at -80 °C for analysis. 

5.2.5  XRF Analysis 

5.2.5.1 Sample Preparation 

At the end of the experiment, the D11 tissues were embedded in OCT solution 

and kept in - 80˚C until hardened.  The embedded tissues were vertically 

sectioned using a Leica cryostat CM 1950 at 70 μm thickness to obtain cross-

sectional layers (such as those shown in Figure 5.7 and Figure 5.8) , in order 

to visualise a cross- section of the tissue by using a microscopy.  XRF was 
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carried out to determine the translocation of aSiNPs on the upper layer of D11 

tissues and into both skin layers.  The XRF technique would allow detection at 

> 30 μm depth from the surface.  These samples were continuously analysed 

by using other synchrotron techniques as well as XANES, XPS, and SAXS. 

 

Figure 5.7: Representative photo of a cross-sectioned D11 tissue at 70 μm 

thickness exposure to colloidal aSiNPs at 0.1 mg/mL concentration. The white 

rectangular is the randomized area for XRF analysis. X axis and Z axis are 

the width and length, respectively. 

 

Figure 5.8: Representative photo of a biopsy punched-off D11 tissue 

exposure to colloidal aSiNPs at 10 mg/mL concentration. 

X =510 μm

Z=1170 μm Polycarbonate filter

Full ThicknessSkin Tissue 

(D11)
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5.2.5.2 Procedure 

Microbeam X- ray Fluorescence ( μ- XRF)  spectroscopy at beamline 6b was 

carried out on the D11 tissues, at SLRI, Nakhon Ratchasima, Thailand.  This 

technique uses a white X- ray beam from the bending magnet of the 1. 2 GeV 

storage ring, which is directed through a chamber that consists of a fixed 

aperture made of an oxygen-free thermal conductivity copper wire with a 50 μm 

thickness Kapton® tape as the window onto the sample. The size of the focused 

white beam is set at 30 μm size steps scanning by the copper wire loaded with 

the sample in the vertical (X-axis) and horizontal (Z-axis) directions, whereas 

the Y-axis is the direction of the motor movement in forward and backward 

mode.  The wire is scanned vertically while the intensity of Cu Kα X- ray 

fluorescence is recorded.  A random area of the D11 sample was chosen for 

analysis as shown in Figure 5.7 and Figure 5.8, for example at X-axis position 

(1.6, 2.11) and Z-axis position (-0.85, 0.32), which produced a total number of 

720 points.  Data were processed and depicted as XRF images of NP 

distribution on D11 models using PyMCA software 5.4.1. 

5.2.6  SAXS Analysis 

5.2.6.1 Sample Preparation 

The previously mentioned D11 samples, which were analysed by μ-XRF were 

then used to determine size change by SAXS. The D11 tissues were attached 

on the Kapton® tape, attached to a stainless- steel plate as shown in Figure 

5.9. A blank tissue, which is the D11 tissue without any treatment was used as 

a background in order to subtract the scattering pattern from the tissue exposed 

to aSiNPs. 
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Figure 5.9: Samples of D11 tissues exposed to aSiNPs at 10 mg/mL (left) 

and 0.1 mg/mL (right) for analysing by SAXS. 

 

5.2.6.2 Procedure 

All SAXS data on the D11 samples were collected on beamline 1. 3W at the 

SLRI, Nakhon Ratchasima, Thailand using a double multilayer monochromatic 

(W/B4C)  X- ray beam at 9 keV, with Rayonix SX165 detector to collect the 

SAXS patterns as shown in the previous chapter.  The 2D scattering patterns 

were reduced to 1D profile of intensity ( I)  and q by integrated beam intensity. 

For the simulation, the SAXSoPy version 1. 8, which has been developed by 

SLRI was used to normalize and align data. For the fitting, the SAXS data were 

normalized with a spherical model, which is given by 

𝐼𝑠𝑝ℎ𝑒𝑟𝑒(𝑞) = 𝐼0,𝑠𝑝ℎ𝑒𝑟𝑒 [∫|𝐹𝑠𝑝ℎ𝑒𝑟𝑒(𝑥, 𝑞)|
2
𝑓𝑅(𝑥,𝑚, 𝜎)𝑑𝑥] 𝑆𝐻𝑆(𝑞, 𝑅𝐻𝑆,) 

(5.1) 

Where I0, sphere is an arbitrary scaling factor. The sphere form factor is given by  

𝐹𝑠𝑝ℎ𝑒𝑟𝑒(𝑥, 𝑞) =
sin 𝑞𝑥 − 𝑞𝑥 cos 𝑞𝑥

(𝑞𝑥)3
 

(5.2) 

The sphere radius has a Gaussian distribution 

𝑓𝑅(𝑥,𝑚, 𝜎) =
1

𝜎√2𝜋
𝑒𝑥𝑝 {−

(𝑥 − 𝑚)2

2𝜎2
} 

(5.3) 
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where m and  are the mean radius ( R0)  and standard deviation ( SD) , 

respectively. 

5.2.7  XANES Analysis 

5.2.7.1 Procedure 

X- ray absorption spectroscopy on beamline 5. 2 and 8 at SLRI, Nakhon 

Ratchasima, Thailand were used to investigate the atomic arrangement and 

elemental specification of the studied materials.  XANES spectra were carried 

out to determine the oxidation state of silicon when passed through the skin 

layer.  Athena software (updated version 2016)  was used to analyse the data. 

XANES spectra were calibrated with a Ti foil and normalised using a linear pre-

edge.  The spectra were compared for the position of SiK- edge, and oxidation 

state with the reference spectra of silica (quartz; 4+) and silicon metal (Si; 0). 

5.2.8 XPS Analysis 

5.2.8.1 Procedure 

The XPS measurement at beamline 3.2b was performed using PHI5000 Versa 

Probe II, ULVAC- PHI ( Japan)  with a monochromatized AlK X- ray source 

( beam energy 1486. 6 eV) , at SLRI, Nakhon Ratchasima, Thailand.  The 

samples were fixed on a carbon tape and connected to the stage as shown in 

Figure 2.18. The sample examination was carried out under ultrahigh vacuum 

with a base pressure below 10-8 mbar.  For each sample, a general scan was 

repeated two times with area size 100* 100 μm2.  The high- resolution scans of 

the XPS technique were performed for elements of interest such as calcium, 

silicon, oxygen, nitrogen, and carbon.  The energies of photoelectrons were 

collected in term of binding energy from ejected electrons at depths greater 
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than 5-10 nm in the XPS spectra.  Spectra were analysed via peak fitting by 

means of CasaXPS software.  These provided detailed information about the 

chemical environment of the atoms at the surface and were compared with 

reference materials. 

5.3 Results and Discussions 

The aSiNP suspensions with two different concentrations were tested against 

reconstructed human full thickness skin model (D11) to determine the ability of 

aSiNPs to penetrate through skin layers, i.e. epidermis and dermis and also to 

assess if any changes in the particles, in terms of size, oxidation state, and 

surface elemental compositions, had taken place.  The results and detailed 

discussion are described in the following sections. 

5.3.1  In vitro skin penetration using XRF 

Skin penetration of aSiNPs (at 0.1 mg/mL and 10 mg/mL) was investigated in 

vitro with D11 model using MilliQ water as the media as well as the negative 

control (Figure 5.10). The μ-XRF technique was applied to investigate aSiNPs 

remaining at the top interface and throughout the cross-section of D11 tissues, 

and additionally to generate distribution maps for aSiNPs across the skin model 

as shown in Figure 5.11 and Figure 5.12. 
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Figure 5.10: A punch biopsy of D11 tissue (left) exposed to MilliQ water. The 

rectangular box (black box) scanned, had an area size 0.252 mm2. μ-XRF 

reference spectrum (right: black line) is correlated with the specific energy 

(eV) measured for each element (red line), so the range of elemental 

compositions found in the D11 tissue was identified. 

As the fitted μ- XRF spectrum in Figure 5. 10 shows the D11 sample was 

exposed to Milli Q water as a negative control, and no XRF signal was detected 

at the energy position of Si in the D11 tissue biopsies.  The other XRF signals 

of energy found in the μ-XRF spectrum were aligned with a number of other 

specific energies (eV), which allowed to identify the elements in the sample as 

calcium (Ca), potassium (K), argon (Ar), chlorine (Cl), sulphur (S), phosphorus 

(P) , and aluminium (Al) .  In general, the elements present in the human skin 

tissue composed of Ca, Mg, K, P, S and sodium (Na) (Brown, 1927; V. Suntzeff 

and Carruthers, 1945; Vičanová et al. , 1998) .  The elements; Ca, K, S and P 

may also be presented in the D11 tissue.  Ar comes from the chamber gas. 

Additionally, the presence of Al is caused by the escape peak which generated 

from photons leaving the detector.  Cl is an element contained in PBS.  Cross-

sectioning of the D11 tissue is a delicate process and may occasionally allow 

such contamination. 
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Figure 5.11: Representative image showing the surface area where μ-XRF scanned from the uppermost of D11 to 30 μm depth for 

the sample exposed to aSiNPs at 0.1 mg/mL concentration, size 0.396 mm2 (left). The distribution map of Si (right), showing the 

accumulation amount of aSiNPs. 
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Figure 5.12: Representative image showing the surface area where μ-XRF scanned from the uppermost of skin to 30 μm depth for 

the sample exposed to aSiNPs at 10 mg/mL concentration, size 0.27 mm2 (left). The surface distribution map of Si (right), showing 

the accumulation amount of aSiNPs.
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Figure 5. 11 and Figure 5. 12 show the D11 tissue biopsies that were used to 

investigate the distribution of Si across the skin surface. The surface distribution 

map of Si showed that Si content was found present extensively on the D11 

tissue biopsies. It is therefore likely that the aSiNPs were able to penetrate the 

stratum corneum.  Considering the results from zeta potential reported in 

Chapter 4, the synthesised aSiNPs showed a negative charge.  It is therefore 

likely that the NPs had enhanced interaction with the cell membranes, due to 

their charge, and were internalised by the skin cells as proposed in relevant 

studies in the literature (Rancan et al. , 2012; Gupta and Rai, 2016) .  In those 

studies of gold (Hao et al. , 2017)  and nano-TiO2 (Peira et al. , 2014) , it was 

proposed that due to the electrostatic interaction with a negatively charged cell 

membrane, positively charged gold NPs and nano-TiO2 were capable of greater 

delivery through the skin. The recent result is not in agreement with the previous 

studies. 

The finding in this study of substantial penetration may also be linked to the 

molecular weight of NPs which, when low (< 0.6 kDa), would allow them to be 

easily absorbed ( Potts and Guy, 1992; Bos and Meinardi, 2000; Schäfer-

Korting, Mehnert and Korting, 2007)  through pores between cells ( called that 

intercellular routes). The synthesised aSiNPs has a molecular weight of 0.0016 

kDa that is likely to have led to an increase in their absorption. The main barrier 

function of human skin is attributed to stratum corneum (SC), the tight junctions 

of which play an essential role in restricting access to external substances. The 

mechanism by which SC acts as a barrier is through containing corneocytes 

and lipid-enriched regions, which impede loss of moisture and solutes.  SC is 

composed of hydrophobic extracellular lipid components (with a long lamellar 
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structure)  as well as lipophilic components; ceramides, free fatty acids, and 

cholesterol which maintain the barrier to the movement of water and 

electrolytes.  Besides, the lipid matrix containing short lamellar structure is the 

hydrophilic part in SC (Hatta et al. , 2006) , which could allow internalisation of 

the negatively charged aSiNPs through the SC. 

Previous studies of the effect of NP surface charge on skin penetration involving 

negatively charged gold nanoparticles (Lee et al., 2013) and silica nanoparticles 

(Lee et al., 2016) showed higher flux of the negatively charged NPs in the skin 

than the positively charged particles, perhaps because of a greater diffusion 

coefficient for the negatively charged NP.  In addition, both hydrophobic and 

hydrophilic parts are present in liposomes, as a vehicle to deliver the nutrients 

and drugs in the cell (Torchilin, 2005) , and therefore may interact with either 

type of charged particles.  The specific side of hydrophilic barrier can drive the 

substance passing through skin based on a hydration gradient.  Moreover, the 

particle size of aSiNPs may influence the passive diffusion through the gaps 

between tight junctions ( 6 nm)  (Rancan et al. , 2012)  and bypass the pore 

sizes within the stratum corneum (20 nm) (Haq et al. , 2018).  In fact, different 

NP types and sizes, e. g.  TiO2- 17 nm, FeO-10 nm, ZnO-26 nm can penetrate 

the stratum corneum after topical application (Larese et al. , 2009)  and Au-15 

nm can penetrate in dermis ( Fernandes et al. , 2015) .  The penetration 

mechanism is likely to be related to both nanoparticle size and charge. Hence, 

the ability of aSiNPs for penetration may have been associated with the intrinsic 

properties of human skin which normally facilitate its function, but in this case 

inadvertently allowed aSiNPs to overcome the skin barrier. 
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Furthermore, the different concentrations used affected the amount of Si on the 

surface D11 biopsies.  The higher concentration used, the higher amount of Si 

content was shown on the surface distribution map.  The images showed that 

the proportion of skin exposed to aSiNPs at 10 mg/mL (Figure 5.12) is greater 

than that exposed to 0.1 mg/mL (Figure 5.11). 

Due to the observations from μ-XRF showing high concentrations of aSiNPs on 

the skin surface, it is possible that aSiNPs could reach into the stratum corneum 

as discussed above.  To further investigate the ability of aSiNPs to penetrate 

through deeper skin layers ( i. e.  epidermis and dermis) , the cross- section of 

D11 tissue was examined in order to assess NP translocation and compare the 

outcome with the data presented earlier on Si coverage of the skin surface. The 

presence of Si from the different exposures is shown below in the distribution 

maps, in Figure 5.13 - Figure 5.16. 

 

Figure 5.13: Representative image (sample no. 1 exposed to aSiNPs at 10 

mg/mL) showing a cross-section of D11 tissue (left) and the presence of Si 

across the skin model represented by the white box. The colour scale bar is 

calibrated to show the relative concentration of Si found in the skin from no 

detection (blue) to high amount (red colour) (right). 
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Figure 5.14: Representative image (sample no. 3 exposed to aSiNPs at 10 

mg/mL) showing a cross-section of D11 tissue (left) and the presence of Si 

across the skin model, represented by the white box. The colour scale bar is 

calibrated to show the relative concentration of Si found in the skin from no 

detection (blue colour) to high amount (red colour) (right). 

 

Figure 5.15: Representative image (sample no. 1 exposed to aSiNPs at 0.1 

mg/mL) showing a cross-section of D11 tissue (left) and the presence of Si 

across the skin model, represented by the white box. The colour scale bar is 
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calibrated to show the relative concentration of Si found in the skin from no 

detection (blue colour) to high amount (red colour) (right). 

 

Figure 5.16: Representative image (sample no. 3@exposed to aSiNPs at 0.1 

mg/mL) showing a cross-section of D11 tissue (left) and the presence of Si 

across the skin model, represented by the white box. The colour scale bar is 

calibrated to show the relative concentration of Si found in the skin from no 

detection (blue colour) to high amount (red colour) (right). 

The D11 tissues were sectioned in the vertical direction at 70 μm thickness in 

order to keep the whole structure of full thickness human skin ( i. e.  epidermis 

and dermis) , which were examined in each section.  Here, the μ-XRF results 

(as shown in Figure 5.13 - Figure 5.16) were further verified by the D11 models 

which in fact demonstrated the amount of aSiNPs at low concentration (0.1 

mg/mL) reached slightly greater than at high concentration (10 mg/mL), as may 

be seen based on the colour scale bar; however these differences may not be 

statistically significant.  These results are in good agreement with the earlier 

observations of silica distribution over the skin surface.  In Figure 5. 12, the 

colour scale bar showed higher amount of Si on the surface of the skin at the 
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lower concentration, compared with the colour scale bar in Figure 5.11. It may 

be that the high concentration of NPs used in the higher exposure, can reduce 

the amount of absorption into the skin because of the saturation of loading as 

a physical skin barrier response (Wester, Noonan and Maibach, 1980; Labouta, 

El-Khordagui, et al. , 2011) .  It should also be noted that the exposure time 

seems to show a linear correlation with the amount of NP penetrating into the 

skin (Rougier, Lotte and Maibach, 1987; Labouta, El-Khordagui, et al., 2011). 

The above findings are significant in the overall assessment of a link between 

the loading of aSiNPs onto the human skin surface and the penetration to 

greater depth across the epidermis layer. 

5.3.2  SAXS 

To enable an understanding of how the particle size of aSiNP changes during 

its penetration through the skin layers, the SAXS technique was used to 

characterise the size of particles remaining in the D11 tissue.  The scattering 

patterns from the blank, the treated tissue, and only Kapton® tape were 

examined and manipulated using SAXSoPy, the detailed preparation was 

described in section 5.2.6. The 1D SAXS graph is shown in Figure 5.17 
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Figure 5.17: The SAXS scattering profile results for aSiNPs interspersed into 

the D11 tissue, fitted using SAXSsPy with a spherical model. The form factors 

and structure factor were present in the SAXS curve. 

The form factor in Porod region uses to interpret shape and surface topography, 

while the structure factor in the Guinier region relates particle arrangement, i.e. 

agglomerate and aggregate. The spherical shape was obtained from the slope 

(P)  of the SAXS graph in Porod region (P=4) .  The particle sizes of aSiNPs 

remaining in the D11 skin can be inferred from the SAXS data by fitting with the 

spherical model as shown in the equation (5.1) - (5.3). The fitted SAXS graph 

showed the bimodal particles as same as the previous result of SAXS in section 

4. 6. 4, Chapter 4, but aSiNPs after skin penetration increased in sizes.  The 

results suggested that aSiNPs are approximately 6. 691±0. 617 and 

11. 811±1. 270 nm in diameter, as shown in Figure 5. 18.  This findings are in 

agreement with two previous studies which showed the passive NPs 

permeation and described different NP size in in vitro skin penetration to form 

bigger agglomerates (Ryman-Rasmussen, Riviere and Monteiro-Riviere, 2006; 
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Zhang and Monteiro-Riviere, 2008; Moia, 2015). In addition, particle size is not 

necessarily a constant parameter as agglomeration of particles can occur over 

time and also in relation to experimental conditions ( e. g.  presence of 

surfactants within particle vehicle formulation) .  However, whilst this issue of 

agglomeration has been suggested as being important (as well as an important 

experiment variable), agglomeration state is often not reported within studies. 

 
Figure 5.18: SAXS curve results for the particle sizes of aSiNPs interspersed 

into the D11 tissue. 

5.3.3  XANES 

XANES identified K-edge energy and the oxidation state of Si in both matrices; 

water and skin tissue.  Only one main spectrum containing four peaks labelled 

A-D in Figure 5.19 (pink line)  was observed the SiK-edge from the standard 

material of amorphous silica.  The pre-edge peak A occurs as a broadening at 

the base of the main edge feature, the main transition (Peak B) , and a peak 

around 1847 eV (Peak C) , which characterized the Si with O in the SiK-edge 
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XANES.  The SiK-edge spectrum of colloidal aSiNPs is in agreement with the 

fingerprint results of Dien et al. (1994) (Li et al., 1994). The SiK-edge spectra 

of aSiNPs in the skin tissue exposure to 0. 1 and 10 mg/ mL concentration are 

shown in Figure 5. 19, and are quite different from the standard materials, i. e. 

amorphous silica (pink line) and silicon powder (black line). The apparent wide 

range of aSiNP compositions in the tissues, based on the numerous peaks, is 

intriguing and was further investigated to identify possible chemical structure 

including oxidation state.  However, peak A (as well as the standard of aSiNP 

spectrum)  of both D11 tissue samples is significantly more intense and shifts 

toward lower energy in the tissue samples corresponding to a reduced charge 

transfer. The shift for peak Si is related to the local structure of the Si atom that 

may represent different groups, such as silanol group (Si-OH) and alkyl group 

(Si-O-C) (Li et al., 1994). A possible explanation for this chemical changed may 

be the large surface of NPs, which have high free surface energy and are 

therefore highly reactive.  This may induce NP- biological environment ( e. g. 

glycoproteins, lipoproteins, electrolytes, ions)  surface interactions 

( Dobrovolskaia, Germolec and Weaver, 2009; Lynch, Salvati and Dawson, 

2009)  leading to chemical environment modifications.  Both glycoproteins and 

lipoproteins often arrange around NPs (a process described as formation of a 

protein- corona) .  Moreover, electrolytes ( or ions)  found in the native human 

skin, such as Na+ , K+ , Mg2+ , Ca2+ , and P3+  may also react and modify the 

chemistry of Si (Brown, 1927; V.  Suntzeff and Carruthers, 1945; Vičanová et 

al., 1998). It is well established that SiNPs can trigger cells to release cytosolic 

Ca2+  overload ( Guo et al. , 2018) .  It has been proposed that the interaction 

between silicon and excess Ca2+  can generate calcium silicide in the forms of 
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CaSi, Ca2Si, CaSi2 (Ropp, 2013). The oxidative state of Si in the form of calcium 

silicide is equivalent to - 2 as shown in Figure 5. 19.  The data support for this 

observation is insufficient, hence, changes of NP structure after in vitro skin 

penetration needs to be studied further using EXAFS which may support the 

above observations and further indicate NP chemical modifications within the 

skin resulting from the penetration of NPs and potentially influencing their 

toxicity. 

 

Figure 5.19: Representative SiK-edge XANES spectra of Si found in the skin 

tissue models. The spectra represent the starting suspension and powder 

compared to referenced standard materials: amorphous silica (SiO2; 4+) and 

silicon powder (Si; 0). 
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5.3.4  XPS 

Using XPS, wide scan spectra representing the kinetic energy of the peak 

positions at a sequence of energies were carried out to identify the elemental 

composition and surface chemical structure of the studied samples, while the 

peak intensities measure the quantity of material on the surface of the sample. 

The D11 tissues including an exposure to ultrapure water as a negative control, 

an exposure to aSiNPs at 0. 1 mg/ mL and one at 10 mg/ mL were fixed onto 

holders with carbon tape. For each sample, the general scan was repeated two 

times with area size 100*100 μm2. The high-resolution scans of XPS technique 

were carried out for the elements of interest such as calcium, silicon, oxygen, 

nitrogen, and carbon (shown in Figure 5.20). 
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Figure 5.20: Wide Scan of Comparative Binding Energies from the samples 

of D11 tissues, Top: Negative Control-UPW (NCUPW), Middle: Si-Low is the 

D11 skin exposure to 0.1 mg/mL of aSiNPs and Bottom: Si-H is the D11 skin 

exposure to 10 mg/mL using XPS. 

The XPS spectrum of Si which was in the D11 skin exposure to aSiNPs at 0.1 

mg/mL (Si@Low) is coincident with the Si-C showing the presence of elements, 

such as Ca2p, Si2p, Cl2p, N1s, O1s, and C1s. Even the intensity of XPS spectra is 

low signal and high noise in both samples, which may concern the small amount 

of aSiNPs used in the experiment.  
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Figure 5.21: XPS spectra of the Ca2p, Si2p, Cl2p, N1s, O1s, and C1s signals 

acquired from the D11 tissue exposure to 0.1 mg/mL of aSiNPs. Black lines 

are the spectra collected, while the red lines are the result of peak fitting. 

 

Figure 5.22: XPS spectra of the Ca2p, Si2p, Cl2p, N1s, O1s, and C1s signals 

acquired from the D11 tissue exposure to 0.1 mg/mL of aSiNPs. Black lines 

are the spectra collected, while the red lines are the result of peak fitting. 
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Regarding Figure 5.20 - Figure 5.22, to determine the chemical structure of Si 

atom, binding energies of Ca2p, Si2p, Cl2p, N1s, O1s, and C1s were observed. 

The elemental peak positions of binding energies are presented in Table 5. 1. 

Likewise, the peak positions of Ca, Si and O are coincident with the studies of 

Black et al. , 2002 and Rheinheimer and Casanova, 2016.  The XPS results 

showed the binding energies of elements found in the skin and proposed to fit 

chemical structures by matching with the library reference of NIST X- ray 

Photoelectron Spectroscopy Database.  These findings may fit a large number 

of chemical structural models ( e. g.  CaSiO3 ( calcium silicate) , Ca2SiO4 

( dicalcium silicate)  and Ca3SiO5 ( tricalcium silicate) )  on aSiNP surface.  The 

simulation of chemical structure correlated to NPs- biological interactions, 

therefore, need to be further clarified with a high resolution technique such 

EXAFS. 
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Figure 5.23: The peak fitting of the Ca2p, Si2p, Cl2p, N1s, O1s, and C1s signals acquired from the D11 tissue exposure to 0.1 

mg/mL of aSiNPs. 
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Figure 5.24: The peak fitting of the Ca2p, Si2p, Cl2p, N1s, O1s, and C1s signals acquired from the D11 tissue exposure to 10 

mg/mL of aSiNPs. 
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Table 5.1 Peak Position for all samples. 

Sample Peak Position (eV) 

Ca2p (3/2) Si2p O1s Cl2p N1s C1s 

NCUPW 347.57 - 530.5 - 400.52 285.04 

Si-Low 347.25 101.26 529 196 399.48 283.9 

Si-C 346.25 102.87 531.25 200.12 400.11 284.67 

Note:  NCUPW = Ultrapure water was topically applied on the D11 tissue 

 Si-Low = D11 tissue was exposed to colloidal aSiNPs at 0.1 mg/mL 

 Si-C = D11 tissue was exposed to colliodal aSiNPs at 10 mg/mL 
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5.4 Discussion 

In the present study, the skin penetration of aSiNPs was investigated using a 

combination of synchrotron- based techniques in order to characterise changes in 

NP structure after in vitro skin penetration.  Because the assessment of NPs in the 

tissue sample is not easy, the combination of technique could offer a better chance 

to provide a mechanistic understanding of the processes involved. 

Regarding a topical application on skin at various concentrations, the distribution 

maps of Si on the skin surface from both exposures show steady increases in 

proportion. It is suggested that the aSiNPs with the sizes of 1.6 and 7 nm can invade 

the skin barrier along with the lipid matrices of stratum corneum and penetrate far 

within the epidermis layer, mostly likely through an intercellular route, i. e.  gaps 

between tight junctions (Larese Filon et al., 2015; Gubala et al., 2018b). A molecule 

with a molecular weight lower than 500 Da can penetrate the skin (Williams and 

Barry, 2012; Nafisi and Maibach, 2018) .  The studied aSiNPs penetrated the skin 

model to some depth but did not pass through the polyvinylchloride filter of the 

model; this may imply that the barrier in dermal layers can limit NP penetration and 

may not allow them to invade the bloodstream.  This, however, may mean that 

ultrasmall NPs may accumulate and ( if insoluble)  become a long- lasting feature 

within the skin layers.  The detailed mechanism of such activity may depend on the 

specific circumstances and properties of both NPs and skin and may vary across 

different NPs-skin system.  

The SAXS results, suggest that during interactions with the skin, the aSNP size 

increased from the original sizes to a larger bimodal size distribution of 6. 69 and 

11.8 nm in diameter. Size increases resulting from “ageing’ of the particles were also 

identified with no exposure to skin ( as shown in section 3. 6. 2. 4) .  This refers to as 
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Ostwald ripening effect ( Alexander, Heston and Iler, 1954; Brinker and Scherer, 

1990) which supports the presence of the bimodal population and the particle growth 

of aSiNPs in the skin models. 

XANES results demonstrated the alteration of the oxidation state of silicon from 4+ 

to 2-, suggesting changes (reduction) in the chemical environment of Si. Additionally, 

the XPS results of exposure conditions ( low and high concentrations)  showed that 

the binding energy of silicon was shifted toward lower energy at 101.26 and 102.87 

eV, respectively.  The shift for the Si peak is related to the local structure of the Si 

atoms, perhaps as a result of the formation of silanol group (Si-OH) and alkyl group 

(Si-O-C)  (Li et al. , 1994) .  The presence of silanol group.  The presence of silanol 

group could be inducing membrane destabilization which contributes to NPs-

biological environment ( e. g.  phospholipid, glycoproteins, lipoproteins, electrolytes, 

ions)  interactions on NP surface ( Dobrovolskaia, Germolec and Weaver, 2009; 

Lynch, Salvati and Dawson, 2009; Kettiger et al. , 2016; Contini et al. , 2018). 

Furthermore, SiNPs can trigger cells to release of cytosolic Ca2+ (Guo et al., 2018). 

The possible interaction from the release of excessive Ca2+  can affect the chemical 

environment and oxidation state of Si by forming calcium silicide structure (i.e. CaSi, 

Ca2Si, CaSi2 ( Ropp, 2013) .  However, the underlying mechanism of degradation of 

aSiNPs remains unknown.  Therefore, this should be addressed in the further in-

depth studies of this interaction.  It is a critical need to carefully determine the 

underlying interaction of aSiNPs within the human skin to allow better assessment 

of the potential behaviour of NPs in human. 
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5.5 Conclusion 

The combined knowledge gained from the work presented in Chapters 4 and 5, 

points to aSiNPs with a range of sizes 1. 6 and 7 nm penetrating beyond the 

epidermis layer and potentially staying as a long- lasting toxicant within the skin 

tissue.  It is currently available in the diffusion of NPs through the topical route, 

these result was proven to reach in deeper layer and successfully fulfilled the 

intended physicochemical properties (e.g.  size and elemental structure)  for the 

topical application. 

As the result in this chapter, the cytotoxicity of aSiNPs on the human skin has to 

be addressed further and this is the topic of study in Chapter 6 which will begin 

with examining in vitro skin irritation using the reconstructed human epidermis 

model, observing the skin cell morphology, and quantifying the amount of 

cytokine response.  Till now, only few studies investigated the skin irritation of 

aSiNPs and their inflammatory effects.  
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Chapter 6 Results of the effects of amorphous 

silica nanoparticles on EpiskinTM 

small/reconstructed human epidermis 

(RhE) model 

6.1 Introduction 

The use of nanomaterials in cosmetics has been rapidly increasing in recent 

years, and this is reflected in their large-scale commercial production globally. 

One of the three most-produced nanomaterials for cosmetic applications in 2013 

was silica nanoparticles (SiNPs)  (Murugadoss et al. , 2017) .  It is expected that 

nano-silica will reach a global market size of 5 trillion USD by 2025 (Grandview 

Research, 2017) .  Amorphous SiNPs (aSiNPs)  are being included in a range of 

cosmetic formulations (e.g. foundations, lipsticks, and blushers etc.) because of 

their simplicity of preparation, tunable morphology, easy surface modification, 

unique physicochemical properties, multifunctionality as well as their 

biocompatibility and biodegradability.  For example, silica nanomaterials are 

mostly used as a mineral to enhance the effectiveness, texture and shelf- life of 

various commercial cosmetics and act as an anti- caking agent, and as an 

absorbent to release active compounds over time. However, the widespread use 

of cosmetics with aSiNPs increases human exposure and may result on effects 

to human health and the environment that are not yet known.  An assessment of 

skin irritation is mostly required as a means of evaluating biological safety, as an 

alternative method to other commonly used in vivo and in vitro models (Eskes et 
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al. , 2007; ISO, 2014; Corporation, 2017) .  Previous in vitro and in vivo studies 

have focused on the relationship between aSiNP size and toxicity, however, no 

consensus has been reached in part due to the variable properties of the silica 

nanomaterials ( Napierska et al. , 2009) .  For example, in vitro skin toxicity of 

aSiNPs (at size 70, 300 and 1000 nm particles)  using mouse epidermis with 

keratinocytes and Langerhans cells revealed an increase in cellular uptake and 

cytotoxicity associated with a reduction in particle size (Nabeshi et al. , 2010) . 

Several investigations in mice have shown that exposure to smaller-sized aSiNPs 

( 70 nm)  leads to cellular damage in the skin and significant reactive oxygen 

species (ROS)  formation in cells (Nabeshi, Yoshikawa, Matsuyama, Nakazato, 

Matsuo, et al. , 2011) , possibly due to the larger surface area of smaller 

nanoparticles (Nel et al., 2006). Moreover, aSiNPs in diameter of 50 nm induced 

significantly glutathione depletion and reactive oxygen species (ROS) generation, 

which correlated with reduction in cellular antioxidant level that affected 

cytotoxicity (Liang et al., 2014). 

More recently, Palmer et al.  (2019) found that 20 nm aSiNPs reduced by nearly 

50%  the 2, 4-dinitrofluorobenzene (DNFB)  induced skin swelling response in 

mouse ears, skin expression of cytokines ( i. e.  interleukin 6, interleukin 1beta, 

keratinocyte chemoattractant, interferon gamma and macrophage inflammatory 

protein 2), compared to ears treated with only DNFB, after 24 hours. This finding 

may concern the adaptive immune response corresponding to aSiNP exposure 

to a smaller size (20 nm), but a larger particle size (400 nm) is not (Palmer et al., 

2019) .  As in the aforementioned in vitro studies, the smaller particle frequently 

induces more toxicity, but the results of the study by Palmer et al.  ( 2019)  is 
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different.  Therefore, skin exposure to aSiNPs needs to further consider in 

cytotoxicity and to extend to immune response tests.  

A typical cytotoxicity for safety assessment normally involves identifying the 

potential for skin irritation performed using in vivo and in vitro models (Eskes et 

al. , 2007; ISO, 2014) .  In vivo experiments have been performed by testing in 

rabbit; Draize test ( Park et al. , 2011)  and mouse; local lymph node (Park et al. , 

2013). In vitro experiments are performed on human keratinocyte cell line HaCaT 

and dendritic cells (Rancan et al., 2012), mouse keratinocytes HEL-30 (Yu et al., 

2009), and the HaCaT cells and an immortal keratinocyte cell line (Palmer et al., 

2019). Once, the in vitro SkinEthic® EpiskinTM was used to evaluate the potential 

corrosion of SiNPs (as followed the OECD guideline 431) in the range diameter 

of 10- 20 nm ( Tedesco et al. , 2015)  and the in vitro 3D reconstructed skin 

micronucleus EpiDerm® for genetic toxicity assessment of BASF Levasil® SiNPs 

(16 and 85 nm)  (Wills et al. , 2016) .  However, this specific model has not been 

tested on ultra- small ( 2 and 7 nm)  synthetic amorphous silica nanomaterials 

before this work.  In the present study, human skin irritation of aSiNPs at 10 

mg/ mL was carried out using the RhE in vitro model, following a typical OECD 

test protocol with modifications to adapt it to nanomaterials and with a number of 

additional techniques/methods, e.g. ELISA and histological assessment. 
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6.2 Chemicals 

6.2.1  Reagents 

Sodium dodecyl sulphate ( SDS)  and 3- ( 4,5- Dimethylthiazol- 2- yl) - 2,5-

diphenyltetrazolium bromide (MTT powder) were purchased from Sigma-Aldrich. 

Dulbecco’s phosphate buffered saline (D-PBS)  was purchased from Gibco and 

Hyclone.  SDS was prepared to 5% w/ v of ultrapure water, both SDS and PBS 

were used as positive and negative controls, respectively. Acidic isopropanol was 

prepared by using 1. 8 mL of 12 N HCl in 500 mL of isopropanol, the final 

concentration is 0.04N HCl. 

Regarding the ELISA assay, the kit was purchased from Boster Biological 

Technology that contains Anti-Human IL-1 Pre-coated 96-well strip microplate, 

Human IL-1 standard, Human IL-1 Biotinylated antibody (100x), Avidin-Biotin-

Peroxidase complex ( 100x) , sample diluent, antibody diluent, Avidin- Biotin-

Peroxidase diluent, colour developing reagent ( TMB) , stop solution 3,( 4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 

6.2.2  Colloidal Silica Nanoparticles 

A suspension of amorphous silica nanoparticles ( aSiNPs)  was synthesized 

following a published method using the lysine- silica process and detailed 

characterization reported previously (Davis et al., 2006; Thomassen et al., 2010; 

Musigapong et al. , 2019) .  Particle size in the suspension of the stock solution 

was assessed as bimodal, at 2 nm and 7 nm; particle concentration was 10 
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mg/ mL with negative surface charge ( - 35 mV)  as detailed in section 4. 6. 1 and 

4.6.4, Chapter 4. 

6.3 Reconstructed Human Epidermis (RhE) Model 

Reconstructed human epidermis (RhE)  models, small size ( 0. 5 cm2) , day 17 

( RhE/ S/ 17)  were purchased from EpiSkinTM ( Lyon, France)  and detailed 

information of quality controls for this batch was presented in Table 6. 1.  The 

commercial maintenance and assay media used in this study were used as cell 

culture media containing the necessary nutrients for skin cells.  They were 

purchased from EpiSkinTM and their compositon is not made available by the 

manufacturers.  To learn how to employ the model correctly a training course on 

how to apply the skin model and skin irritation test was taken at EpiskinTM, Lyon, 

France. Prior to use, the RhE models were inspected to ensure a good condition 

according to manufacturer instructions, i.e. colour of media, pH and temperature. 

Then, the culture insert containing epidermis and a collagen matrix ( shown in 

Figure 6. 1)  were transferred to the maintenance media and incubated for 24 

hours. 

 

Figure 6.1: Morphology of the RhE/S/17 model, Batch No: 18-EKIN-015; 

reprinted with permission of EpiSkinTM. 
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Table 6.1 Quality controls of RhE/E17 (Batch no. 18-EKIN-015) from EpiSkinTM 

 

6.4 MTT assay 

The MTT assay is a method to determine mitochondrial activity in which the 

yellow tetrazolium salt MTT gets converted into purple formazan crystals when 

cell death occurs. The optical density (OD) of formazan concentration is obtained 

by using a microplate reader ( Multiskan Sky spectrophotometric microplate 

reader; Thermo Fisher) at 540 nm. 

6.4.1  Assessment of MTT Interference of the Test-

Substance 

To ensure that chemicals used in the test do not interfere with the MTT reagent, 

the following procedure is done before starting the experiment.  10 μL of aSiNPs 

were added into 2mL of 0.3 mg/mL MTT solution and incubated for 3 h at 37 °C. 

If blue or purple colour was observed, it is deduced that the chemicals tested can 

Test Specification Result 

Histology scoring 

(HES stained vertical 

paraffin sections) 

≥ 19.5 
23.1 ± 0.4 

(CV = 1.6%) 

Well-differentiated epidermis 

consisting of a basal layer, several 

spinous and granular layers and a 

thick stratum corneum 

Satisfactory 

IC 50 determination 

(SDS concentration, 

MTT test) 

1.5 mg/mL ≤ IC50 ≤ 3.0 mg/mL 2.2 mg/mL 
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likely interfere with the ability to stain tissues.  As Figure 6. 2 shows, the aSiNP 

suspension did not show any colour and thus is not expected to interfere with the 

MTT assay. 

In a case where the tested substance was interfering with the MTT assay by 

showing purple or blue colouration of the MTT solution, further steps would have 

been required to evaluate the non-specific reduction of MTT value (% NSMTT) 

and use for correcting the OD reading.  Each tested substance including the 

negative control was applied on three killed epidermis samples, which is a living 

epidermis model cultured in a distilled water instead of a maintenance media and 

incubate for 48 hours.  Three untreated killed epidermis are prepared as a 

negative control. The MTT solution would allow to react for 3 hours to enable any 

binding to take place. After that, the OD values of each sample are measured at 

570 nm wavelength as the endpoint of the experiment using a microplate reader. 

 

Figure 6.2: Images from experiments investigating potential reaction between 

the aSiNPs suspensions of this study and the MTT assay. Ultrapure water was 

used as a control (i.e. no interaction substance/no MTT-reducer); picture (a) 

shows the solutions’ colour before and picture (b) after 3 h incubation. 
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6.4.2  Assessment of the Colour Potential of the Test-

Substance 

Prior to any treatment, the aSiNPs suspension was evaluated for the potential to 

induce colouration, when interacting with water, simulating a humid environment 

of the skin tissue.  This change may interfere with the assay, which leads to a 

false estimate of viability.  10 μL of aSiNPs were added in 90 μL of water in an 

Eppendorf tube, and were shaken for 15 minutes.  At the endpoint, the colour of 

the test- chemical was checked, the colour was detected by visualisation and 

measured OD value by microplate reader. As a result, aSiNPs suspension do not 

have the potential to interfere with the assay. 

In case of the substance staining the tissues, a further inspection would be 

required to evaluate and estimate the non-specific colour value (%NSCliving) from 

the OD value of chemical substance and negative control (PBS) .  The staining 

ability of the substance will then be used to subtract the non-specific OD and thus 

obtain the true % viability. 

 

Figure 6.3: Examples of testing the colour potential of the aSiNP suspensions; 

(a) and (b) the colour of the suspension before and after shaking for 15 minutes. 
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In summary, both MTT interference and colour potential assessment of aSiNPs 

showed that no interference with the MTT assay and no colour potential was 

detected from the aSiNPs treatments. 

6.4.3  Treatment 

10 μL of each substance ( aSiNPs at 10 mg/ mL concentration, positive and 

negative controls)  were pipetted on the top of the RhE in three independent 

experiments.  The small sterile flat- ended forceps were used to spread the 

substances thorough the uppermost epidermis and then left in the room 

temperature for 15 minutes. Dulbecco’s PBS with calcium and magnesium (Ca++ 

and Mg++) and 5% SDS were used as the negative (NCPBS) and positive (PCSDS) 

controls, respectively.  Treatments were carried out in triplicate, using three 

different reconstructed human epidermis samples.  25 mL of PBS was used to 

rinse the treated tissues, which were then transferred to fresh medium and placed 

in the incubator for 42 h at 37 °C, 5% CO2 and 95% humidity. 

6.4.4  Endpoint 

A cellular metabolic activity relates a mitochondrial respiration activity due to the 

cellular energy capacity of a cell.  MTT assay assesses the enzymatic reduction 

of a tetrazolium component (MTT)  to MTT- formazan that is catalysed by the 

mitochondria of viable cells. MTT assay is a colourimetric assay which was used 

as an indicator of cell viability and cytotoxicity (Mosmann, 2005) .  Tissues were 

washed with PBS and placed in a well where 2 mL of 0. 3 mg/ mL MTT solution 

filled in.  The tissues were incubated for 3 hours at 37 °C, 5%  CO2 and 95% 

humidity.  After 3 hours of incubation, the epidermis lying on the collagen matrix 
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were sectioned in a circle shape, and then collagen matrix was separated from 

the epidermis. 

After that 500 μL of 0. 04 N acidic isopropanol was added in each Eppendorf® 

where the epidermis tissues were placed into.  The Eppendorf® were left 

overnight at room temperature in order to extract formazan crystal from the 

epidermis tissues.  At the end of the formazan salt extraction, the 500 μL 

isopropanol solution (in each Eppendorf®) were aliquoted (at 200 μL) in two new 

wells using a 96 well plate as shown in Figure 6. 4, and the OD value was 

quantified using a microplate reader at 570 nm. The dark purple colour represents 

the high activity of cellular enzymes from living keratinocytes. If the colour is light 

purple, this may indicate the reduction of living keratinocytes.  The assay 

acceptance criteria for NCPBS and PCSDS are shown in Table 6. 2.  The mean of 

OD570 was taken from three independent tissues and compared to the negative 

control.  The decision on classification of aSiNPs as an irritant for skin irritation 

was done as per the prediction model in section 3. 2 according to the United 

Nations Globally Harmonised System ( UN GHS, 2002)  and Guidance to 

Regulation (EC) No 1272/2008 on classification, labelling and packaging (CLP) 

classification (Table 6.3) (European Chemicals Agency, 2017).  
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Figure 6.4: Three tissue exposures, each aliquoted in duplicate are shown here 

with the formazan added, leading to 6 wells per treatment. (a) Blank wells, (b) 

negative control (NCPBS) wells, (c) positive control (PCSDS) wells, (d) aSiNPs 

treated wells. 

Table 6.2 Assay acceptance criteria for the EpiskinTM Skin Irritation Test 

Acceptance criteria Optical Density (OD, %) 

NCPBS: OD value OD > 0.6 

PCSDS: mean viability ≤40% 

Tissue variability of all tests: % viability SD ≤18 

Table 6. 3 The prediction model of skin irritation potential from the UN GHS and 

EU CLP classification to hazard communicate in the form of labelling for skin 

irritation. 

In vitro results In vivo classification 

Mean tissue cell viability ≤50% Category 2: Irritant 

Mean tissue cell viability > 50% No Category 



 
 

271 
 

6.5 Histology 

6.5.1  Technique 

Histology is the study of microanatomy of cells, tissues, and organs which 

involves visualising their structure using a microscope.  It provides information 

between structure and function, correlating possible causes of cell differentiation, 

cell proliferation, and/ or cell death and treatments.  Haematoxylin and eosin 

(H&E) stains are commonly used to colour cells and tissues for histological study. 

The eosin stain is an acidic dye, which reacts with the basic components in cells, 

such as cytoplasmic proteins, intracellular membranes, extracellular fibres and 

epithelial keratinocytes in red or pink.  The haematoxylin stain is a basic dye to 

colour acidic structures, i.e. nucleus, and parts of the cytoplasm containing RNA 

in a purplish-blue.  Histological assessments were carried out at the Institute of 

Cardiovascular Sciences, the University of Birmingham. 

6.5.2  Sample Preparation 

6.5.2.1 Embedding 

The treated epidermis (RhE tissue) from the in vitro skin irritation test (as shown 

in Figure 6.5) were preserved in the freezer at -20˚C before they were prepared 

for histological analysis.  To preserve the skin structure and cross- section, RhE 

samples were embedded in a clear solution, namely Optimal Cutting 

Temperature (OCT) solution.  A square sample block is used as a mould (about 

1 cm2 area)  to contain OCT and fit the treated RhE tissues in each block.  The 

prepared samples were frozen rapidly in liquid nitrogen until the tissue hardens 

around 30 seconds and then stored in the freezer at -80 ˚C. 
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Figure 6.5: An example of preserved tissues from skin irritation testing. 

 

Figure 6.6: Embedded RhE tissue in OCT solution on a square sample block. 

 

Figure 6.7: Embedded sample in liquid nitrogen until tissue and OCT harden. 
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Figure 6.8: Samples (frozen sections) ready for thin sectioning. 

6.5.2.2 Sectioning 

The sectioning procedure is a detailed information to prepare an appropriate RhE 

tissue for H&E staining. Firstly, the fixed RhE tissues in OCT were mounted on a 

stage of the cryostat and trimmed the OCT until seeing the edge of RhE tissue 

with a cold knife (keep in -30 ˚C). Each tissue sample was cross sectioned at 20 

μm thick for three pieces, which were placed on an individual polystyrene slide 

for H&E staining and visualising the structure of tissue with a microscope. 

6.5.2.3 H&E Staining 

H&E staining is widely used for medical diagnosis and histological assessment in 

general. H&E staining is used to dye the tissue including cell membrane, nucleus, 

cytoplasmic parts of cell, etc. The step guide of H&E staining can be done quickly 

and in this study, the guide of Rolls and Sampias (2019)  (Rolls and Sampias, 

2019) was adopted as follows. As the section 6.5.2.2, the cross sectioned tissues 

on the slides were started with 4%  paraformaldehyde and performed in the 

solution at room temperature for 10 minutes.  Then the slides were immersed in 

100% ethanol for 10 minutes, repeated in 90% ethanol for 5 minutes and in 50% 

and 30% ethanol for 1 minute each. The aforementioned procedures were used 



 
 

274 
 

to prepare the tissues properly and also provide a well balance of their properties 

before staining.  After that, the tissues were rinsed with plenty of PBS for 5 

minutes and subjected to haematoxylin stain for 5 minutes.  The tissues were 

rinsed thoroughly with running tap water after placing them in 0.3% acid alcohol 

for 1 minute. The tissues were rinsed with plenty of Scott tap water (bluing agent) 

to remove any potential for inconsistency, i. e.  alkaline causing uneven Eosin 

staining and dyed with Eosin for 30 seconds.  The tissues were retreated with 

paraformaldehyde and absolute alcohol, two changes of 10 minutes each for 

dehydrating.  These tissues were mounted with Xylene for 5 minutes for clearing 

and covered with the glass coverslips. 

6.5.2.4 Histological Evaluation 

Epidermal morphology was observed and imaged using a microscope.  The 

images were used to evaluate the structure by comparing with the negative 

control treated tissue or normal human skin epidermis. 

6.6 ELISA: Human Interleukin-1 (IL-1) Immunoassay 

6.6.1  ELISA Technique 

Enzyme- linked immunosorbent assay ( ELISA)  is an immunoassay method 

allowing detection of secretory cytokines in the biological samples and 

quantification of peptide, protein, antibody and hormone levels (Boster Biological 

Technology, 2019) .  ELISA correlates the specific antibodies binding the target 

antigen using various techniques, i.e. direct, indirect, sandwich, and competitive 

ELISAs. In ELISA, antigen-antibody combination is used to indicate the presence 

of antigen binding and quantify colourimetric from enzyme activity.  ELISA is 
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commonly performed in 96- well polystyrene plates, where specific antigen-

antibody as a substrate has been previously passively immobilized on the wells. 

The substrate can interact with the interested enzyme as a subcategory of the 

cytokines, consequently forming the conjugation between a substrate and 

enzyme.  The product of the interaction will be quantified the amount compared 

to the calibration curve of the standard product.  In this study, the amount of 

Interleukin 1 alpha (IL-1) is determined as followed. 

6.6.2  Preparation of Reagents 

Prior to use, all reagents, which were detailed in section 6. 2. 1 were brought to 

37˚C for 15-20 minutes.  The wash buffer powder was dissolved in 1000 mL of 

deionized water and stored at 4˚C for a week. 100 μL of human IL-1 Biotinylated 

antibody was mixed by adding 1 μL of Antibody diluent.  1 μL of Avidin-Biotin-

Peroxidase diluent was added in 100 μL of Avidin-Biotin-Peroxidase complex. 

the diluents of Antibody. These solutions are recommended to use within 2 hours 

of preparation. 

6.6.3  Calibration Human IL1A Standard Preparation 

A calibration curve of Human interleukin -  1alpha ( IL-1)  standard is prepared 

prior to quantifying the concentration (pg/ mL)  of IL-1 found in the samples as 

comparative references for analysis.  The range of IL- 1 concentrations was 

prepared at 0 pg/mL, 4.7 pg/mL, 9.4 pg/mL, 18.8 mL, 37.5 mL, 75 mL, 150 mL, 

300 pg/mL using lyophilized human IL1A from Boster Biological Technology. The 

concentrations were measured using a microplate reader at 450 nm and 

presented in the value of optical density ( OD)  absorbance.  The standard 
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calibration curve provides the fitting equation and the coefficient of determination 

(R2) as shown in Figure 6.9. 

 

Figure 6.9: The calibration curve provides the relationship between the 

concentration of Human IL-1α (X-axis) and OD value (Y-axis), demonstrating in 

the quadratic equation. 

6.6.4 Sample Preparation 
 

Human IL-1 protein level was determined using ELISA PicoKine® Kit as per the 

manufacturer’s instruction as an indicator for skin inflammation. At the end of the 

RhE exposure, the media underneath the chamber cell of each RhE exposure 

was collected and centrifuged at 7000 rpm at 4°C for 10 min.  The supernatants 

were transferred to Eppendorf® tubes and diluted with sample diluent (so that the 

ratio of sample is within the range of the standard curve) .  100 μL of the sample 

was added in duplicate into wells of a 96-well plate. The 96-well plate was sealed 

with a plate sealer and incubated at 37°C for 90 minutes to allow the secreted 

cytokines to react with the captured antibody.  After the reaction, the liquid was 

discarded. Following that step, 100 μL of 1xBiotinylated Anti-Human were added 

y = -3E-05x2 + 0.0214x + 0.0391
R² = 0.9982
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in each well, sealed, and then incubated at 37°C for 60 minutes to allow the 

proteins to conjugate to the enzymes. Then, the unbound protein was discarded 

through washing 3 times.  The next step was to add 100 μL of 1xAvidin-Biotin-

Peroxidase complex into each well and incubate at 37°C for 30 minutes.  This 

resulted in the formation of a “sandwich” form between the immobilized antibody 

and the enzyme- labelled antibody.  The wells were washed 5 times by using a 

washing buffer.  After that, TMB colour-developing reagent was added to each 

well, kept in the dark at 37°C for 25 min.  The top four standards acquired a blue 

shading as a result, seen in Figure 6.10. Then, 100 μL of TMB stop solution was 

added into each well, the solutions turned into yellow shading (see Figure 6.11) 

and were at this stage ready to be read for their optical density absorbance by a 

microplate reader at 450 nm. 

 

Figure 6.10: Human IL-1α Standard solutions having acquired blue shading by 

adding TMB colour-developing reagent 
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Figure 6.11: Human IL-1α Standard solutions having acquired yellow shading 

by adding TMB stop solution 

6.6.5 Endpoint 
 
Within 30 minutes of stopping the reaction, the OD absorbance should be read 

with a microplate reader at 450 nm.  The percent viability of each sample was 

calculated to negative control using (6.1). 

 %𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦
𝑆𝑎𝑚𝑝𝑙𝑒

=[
𝑂𝐷𝑆𝑎𝑚𝑝𝑙𝑒

𝑀𝑒𝑎𝑛𝑂𝐷𝑁𝐶
]𝑥 100% 

(6.1) 

6.7 Statistical Analysis 

Statistical analysis was performed using IBM SPSS Statistic version 26.  The triplicate 

observed samples with MTT and ELISA tests are presented as mean values that were 

tested the normality by Shapiro-Wilk test ( when n < 50 samples) .  Additionally, Levene 

Statistic was also used to compare a homogeneity of variance among a set of treatments 

( Table 6. 5) .  If the sets of treatment meet both of criterion ( e. g. , normality and 

homogeneity of variance) , parametric test ( One- way ANOVA, followed by a post hoc 

Tukey’s test)  will apply to assess differences between groups defined by treatments. A 
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p value of < 0. 05 was considered significant difference at 95%  confidence level in all 

tests. 

Table 6. 4 Test of Normality of MTT and ELISA data of treatments ( PBS, SDS and 

aSiNPs)   

Variables 

Shapiro-Wilk 

Code Statistic df Sig. 

Optical density 

PBS 0.911 3 0.421 

SDS 0.904 3 0.398 

SiNP 0.981 3 0.737 

%Viability 

PBS 0.911 3 0.420 

SDS 0.904 3 0.399 

SiNP 0.981 3 0.734 

IL 1A 

PBS 0.844 3 0.226 

SDS 0.971 3 0.672 

SiNP 0.976 3 0.705 

 

The Shapiro-Wilk statistics in the tests of normality Table 6.4 suggests that the data for 

optical density and %viability of MTT test, and IL-1A of ELISA test conform to normality 

with p values above 0.05.  

Table 6.5 Test of Homogeneity of Variances  

 Levene Statistic df1 df2 Sig. 

Optical Density 2.521 2 6 0.16 

%Viability 2.525 2 6 0.16 

IL-1A 2.717 2 6 0.144 
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Homogeneity of variances is used to indicate that groups have the same or similar 

variances. In the test of homogeneity of variances (Table 6.5), the p value of 0.16 

in the Sig.  column, which is larger than the critical value of 0. 05, indicates that 

the variances of the treatment group are not significantly different from one 

another.  The data for optical density, % viability, and IL-1A pass the criterion, 

parametric test (One-way ANOVA, followed by a post hoc Tukey’ s test)  can be 

used to assess differences between the mean values of three treatments ( i. e. , 

aSiNP suspension, negative control (PBS) , and positive control ( SDS)  at one 

time on cell to establish viability and pro-inflammatory cytokine release).  

6.8 Results of In Vitro Skin Irritation Test 

6.8.1  Tissue Viability Assessment (MTT assay) 

The MTT assay is a general quantitative method for cell viability and works by 

normalizing OD values to a negative control set at 100%. The mean viability was 

taken from the triplicate experiments as shown in Table 6.6. 

Table 6.6 The OD values and %Viability of the tissues used in the test conditions; 

PBS, SDS and aSiNPs 

Sample 
Mean of 
aliquots 

%Viability 
Mean OD 
(OD±SD) 

Mean Viability 
(%±%SD) 

PBS 

0.5050 108.29 

0.466±0.034 100±7.36 0.4395 94.25 

0.4545 97.46 

SDS 

0.3710 79.56 

0.385±0.018 82.56±3.89 0.3785 81.17 

0.4055 86.95 
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Sample 
Mean of 
aliquots 

%Viability 
Mean OD 
(OD±SD) 

Mean Viability 
(%±%SD) 

aSiNPs 

0.4970 106.58 

0.509±0.013 109.04±2.71 0.5065 108.61 

0.5220 111.94 

 

At the end of experiment, the OD of the solutions from the bottom of the exposure 

well was measured as %viability, which was derived from three individual rounds 

of testing for each sample.  All samples tested showed higher mean % viability 

than the criterion of UN GHS&EU CLP after 15 minutes exposure (Figure 6.12). 

The overall average percent viability for aSiNPs was 109. 04% .  This finding 

indicates that aSiNPs can be classified as a non-irritant.  

As the acceptance criteria for skin irritation (Table 6. 2) , the results of aSiNPs, 

NCPBS were in a good agreement while PCSDS was not. Conflicting tissue viability 

results for PCSDS may concern the use of a lower concentration of SDS to prevent 

the excessive tissue damage often caused by 5%  SDS and length of the 

exposure period for in vitro irritation test method. Mei Xiong et al. (2017) indicated 

5%SDS as a skin irritation when applied on the reconstructed human skin model 

EPI- 200 for 60- minute topical exposure.  Histological assessment and IL- 1 

testing was carried out to clarify aSiNPs and conflicting tissue viability results for 

PCSDS.  However, cell viability following exposure to SDS was the lowest of all 

treatments with cell viability of 82. 5%  after 15 minutes of exposure, which was 

significantly decreased compared to NCPBS and aSiNPs treatments. ANOVA was 

employed to determine the significance of different treatments.  F- values and p-

values showed the significance of each treatment which are listed in Table 6.7. 
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There was a statistically significant difference between the various exposure 

groups as determined by one-way ANOVA (F (2,6) = 21.307, p = 0.002).  

Assumption 1: 

Null hypothesis:  There is no difference in mean % viability between groups 

defined by treatment. 

Alternative hypothesis: There is difference in mean %viability between groups 

defined by treatment. 

Table 6.7 Reporting results from a one-way ANOVA 

MTT test  Sum of 

Squares 

df Mean 

Saquare 

F Sig. 

Optical density Between Group .024 2 .012 21.288 .002 

 Within Group .003 6 .001   

 Total .027 8    

%Viability Between Group 1087.302 2 543.651 21.307 .002 

 Within Group 153.089 6 25.515   

 Total 1240.391 8    

 

In this test, the F value, which is the between-group mean square divided by the 

within-group mean square, is large at 21. 288 and 21. 307 with significant at p 

value =  0. 002.  Therefore, the null hypothesis is rejected and the result can 

conclude that there is a significant difference in the mean OD and % viability 

values of the three treatments.  

A post-hoc test, which requires equal group sizes and equal variance is used to 

identify subsets of means that differ significantly from each other, Post- hoc 
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Tukey’s test revealed (Table 6.8) that the cell viability of SDS-treated tissues was 

statistically significantly lower than the other two treatments ( aSiNPs -

26. 483±4. 126, p= 0. 002 and PBS - 17. 441±4. 126, p= 0. 013) .  There was no 

statistically significant difference between NCPBS and SiNPs treatments 

( p= 0. 151) .  Thus, it was deduced that aSiNP is a non- irritant even at high 

concentration (10 mg/mL). 

Table 6.8 Pairwise comparisons by post-hoc Tukey’s test. 

%Viability 
Mean 

difference 

Std. 

error 
Sig. 

95% confidence 

interval 

(I) Treatment 
(J) 

Treatment 

Lower 

bound 

Upper 

bound 

SiNPs PBS 9.043 4.124 0.151 -3.6112 21.697 

SDS 26.483* 4.124 0.002* 13.8288 39.137 

SDS PBS -17.440 4.124 0.013* -30.0945 -4.7855 

*. The mean difference is significant at the 0.05 level. 
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Figure 6.12: RhE models were exposed to PBS, SDS, and aSiNPs for 15 

minutes and assessed %viability by MTT. Data are shown as the individual 

results for 3 tissue replicates tested over 3 independent experiments; 1. 

PBS (1-3), 2. SDS (4-6), and 3. aSiNPs (5-9). 

6.8.2  Histology Assay 

The use of histological assay using H&E staining is by far preferred for viewing 

cellular and tissue structure detail.  In this case, the usefulness of H&E staining 

as an additional replicate of a sample in order to confirm results.  The negative 

control tissue (NCPBS)  exhibited the gradual stratum corneum (SC)  lamellar as 

well as the normal RhE model detachment from the collagen matrix in Figure 6.1. 

The positive control ( PCSDS)  in Figure 6. 13 showed sign of epidermal 

differentiation, such as the thickening of SC and epidermis, accompanied with 

loosely packed keratinocytes with decreasing the numbers of nucleus. However, 

the RhE model post aSiNP exposure showed only a slight change in the 
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epidermal barrier, i. e.  differentiated layer and a keratinocyte without nucleus, 

compared to PCSDS.  Here, the previous finding indicates a beneficial effect from 

the aSiNPs that improves cell proliferation and cell migration moist environments 

promote cell proliferation (Öri et al., 2017) and re-epithelialization (Junker et al., 

2013). As the aSiNPs contain 99% water they could have a similar effect. aSiNPs 

has been shown to support the growth of collagen in biological systems (Öri et 

al. , 2017) , similar to the anti- inflammatory and antioxidation effects reported for 

gold NPs (Li et al., 2015). 

 

Figure 6.13: Histology of REH models stained with H&E following exposure to 

PBS, SDS and aSiNPs, scale bars 50 μm. SDS treated-tissues showed more 

keratinocytes without a nucleus than aSiNPs treated-tissues (red arrows). 

6.8.3  ELISA: Human Interleukin-1 (IL-1A) 

Human IL- 1α release was detectable for all treatments ( Figure 6. 14)  and a 

statistically found in term of inflammatory cytokine release ( F( 2,6)  = 13. 369, 

p=0.006). Therefore, the null hypothesis is rejected and the result can conclude 

that there is a significant difference in the mean IL-1A of the three treatments. A 

post-hoc test, which requires equal group sizes and equal variance is used to 

identify subsets of means that differ significantly from each other, There was no 

significant difference in the means of IL-1α concentration in PBS and SiNPs. The 
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concentration of IL- 1α treated by SDS was significantly higher than PBS 

( 260. 727±56. 763)  and aSiNPs ( 247. 107±56. 763)  at p= 0. 009 and 0. 011, 

respectively.  

Assumption 2: 

Null hypothesis:  There is no difference in mean IL-1A between groups defined 

by treatment. 

Alternative hypothesis:  There is difference in mean IL- 1A between groups 

defined by treatment. 

Table 6.9 Reporting results from a one-way ANOVA 

ELISA test  Sum of 

Squares 

df Mean 

Saquare 

F Sig. 

IL-1A Between Group 129225.60 2 64612.80 13.369 .006 

 Within Group 28998.450 6 4833.075   

 Total 158224.05 8    

 

Table 6.10 Pairwise comparisons by post-hoc Tukey’s test. 

IL-1A release 
Mean 

difference 

Std. 

error 
Sig. 

95% confidence 

interval 

(I) 

Treatment 

(J) 

Treatment 

Lower 

bound 

Upper 

bound 

SDS PBS 260.727 56.763 0.009* 86.56 434.891 

SiNPs 247.107 56.763 0.011* 72.94 421.27 

PBS SiNPs -13.620 56.763 0.969 -187.78 160.54 

*. The mean difference is significant at the 0.05 level. 
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Figure 6.14: Immune response, measured as Human IL-1α released from RhE 

models after exposure to PBS, SDS and aSiNPs. The concentration of human 

IL-1α was assessed by ELISA, with results were presented in pg/mL. Data are 

expressed as mean±SE from three independent experiments. (F(2,6)=13.369) 

6.9 Discussion 

Based on previous studies, they have revealed that aSiNPs can induce cellular 

toxicity to a similar extent as crystalline silica ( quartz)  exposure (Lison et al. , 

2016)  and that the smaller size of aSiNPs, i. e.  15-nm, 20-nm and 30-nm was 

more toxic than the larger size as micro-size >100 nm (Yang et al., 2010; Park et 

al. , 2013) .  However, in this study, we found that inflammatory cytokine ( IL-1α) 

release of aSiNPs- treated tissue was not significantly different than the NCPBS 

treated- tissue.  Surprisingly, the 2 and 7 nm aSiNPs tested here show no 

inflammatory response as found in the most recent study of Palmer et al. (2019), 

suggesting the 20 nm aSiNPs applied in vitro keratinocytes which examined 

general inflammatory cytokines, namely IL-6 that led to the reduction of cytokine 
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release, is contrary to both previously literatures and the present study. This may 

have been caused by the presence of amines (N-H)  in the aSiNPs suspension  

which may have reduced the effects of aSiNPs, i.e.  a hemolytic effect (Kettiger, 

2014). Furthermore, aSiNP based drug delivery and wound healing aspects have 

been shown to have tremendous potential ( Press, 2012) .  Possibly, unique 

properties of aSiNPs such as their hydrophilic surface, large surface area and 

strongly negative surface charge may have interacted with the solutions e.g. PBS 

and cell medium or chemical gradients (Ca2+, K+, Na+) in native skin barrier (Celli 

et al. , 2010)  during the experiments presented here, causing a mechanism 

change, by which the aSiNPs reduced the keratinocyte response.  Further work 

is thus required to increase confidence in aSiNPs cytotoxicity results.  In 

particular, further work on keratinocytes should elucidate the mechanism of 

immune response.  

 

6.10 Conclusion 

Here, we investigated acute skin irritation of lab synthesized aSiNPs with a 

bimodal size of 2 and 7 nm when topically applied to a reconstructed human 

epidermis (RhE), following OECD test guideline No. 439 and additionally carried 

out histological observations of RhE and immune-mediated responses by ELISA-

interleukin 1-alpha.  In summary, the skin irritation test and cytotoxicity of the 

negatively charged 2 and 7 nm aSiNPs at the high dose indicated as a non-irritant 

Both techniques, MTT assay for cell viability and ELISA for interleukin 1-alpha, 

were in general agreement, whereas histological examination showed a tissue 

differentiation and proliferation, with a keratinocyte without a nucleus; however, 
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this was not as extensive as that observed in sodium dodecyl sulphate (SDS) 

treated -  RhE tissues.  However, additional research is needed, examining the 

potential chronic toxicity in human models, which would be required to ensure 

their suitability for cosmetic applications. 
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Chapter 7 Conclusions and Recommendations 

for Further Works 

7.1 General Summary of Contents 

Silica nanomaterials are widely used in cosmetics.  Yet, very few studies exist 

( Guix et al. , 2008; Bernauer et al. , 2016)  which have characterised silica 

nanomaterials in cosmetics using multi bulk and surface analytical and imaging 

techniques.  Studies on potential toxicity of lab- synthesised amorphous silica 

nanoparticles on human skin are also sparse.  The present work consists of 

characterisation of manufactured and lab- synthesised amorphous silica 

nanoparticles, the former in complex matrices, and their effect on the 

reconstructed human skin models.  The recent application of reconstructed 

human skin models ( full thickness skin model and epidermis model)  have been 

used, for the first time, to identify the ability of aSiNPs (with very small particle 

sizes in the range of 1. 6 and 7 nm)  on penetration and the potential cytotoxicity 

on in vitro skin irritation.  The key discovery of this study is that aSiNPs can 

penetrate significantly into the stratum corneum and epidermis layers. 

It is hoped that this study, focusing on cosmetic characterisation, will contribute 

to a better understanding of NMs in commercial products and facilitate research 

on hazards of nanomaterials present is complex matrices in commercial 

applications and influence nanomaterials health and safety communication to the 

end-users and wider public. 
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As a brief overview of this thesis, Chapter 1 detailed the goal of the study, its 

scope, the relevant literature and the research objectives. Chapter 2 outlined the 

suit of analytical techniques and discussed the state- of- the- art methods in 

characterising silica nanomaterials and the toxicity studies related to human 

health.  Chapter 3 presented a detailed characterisation of cosmetics and 

synthetic amorphous silica nanomaterials ( SASs)  using a multi- method 

approach.  Chapter 4 presented the synthesis of amorphous silica nanoparticles 

using a sol-gel process and their characterisation, including synchrotron-based 

techniques to obtain a detailed set of properties. Chapter 5 observed in vitro skin 

penetration of aSiNPs, and applied the synchrotron based XRF, XAS and XPS to 

identify the translocation through the skin layers, and the interaction between 

aSiNPs and their biological environment. Chapter 6 further examined the effects 

of skin exposure to aSiNPs by quantifying cell viability, cytokine response, and 

cell morphology. 

7.1.1 Aim to characterise their physicochemical of commercial 

cosmetics and synthetic amorphous silica nanomaterials 

(SASs) using a multi-method approach 

One of the main objectives of the thesis was to do an extensive physicochemical 

characterisation of silica nanomaterials used in commercial cosmetics using a 

multi-method approach.  Physicochemical characterisation of eight commercial 

cosmetics using multiple methods confirmed the presence of silicon- based 

materials and identified more than one component in the chemical structure.  In 

addition, anatase and rutile titanium dioxide were found in some of the cosmetics 
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using EXAFS technique.  Unfortunately, information on primary particle size of 

NMs was limited even by the use synchrotron based SAXS technique.  This 

emphasizes the need for the development of special and more precise 

techniques for characterisation of nanomaterials in complex matrices to aid in 

regulatory decision-making. SAS characterisation results were in agreement with 

previous information from the JRC.  In a few samples, XRD patterns showed 

broadened peaks of powdered SASs at 22˚2 and a few sharp peaks which 

indicates the presence of a small amount of crystalline material in the amorphous 

SASs, this was not reported in the material description.  The powdered SASs in 

UPW showed larger size and the particle networks as aggregates when 

dispersed in UPW, the primary particle of SASs is around 17 –  23 nm.  A key 

recommendation here, therefore, is to always apply as many characterisation 

methods as possible for any material being characterised.  A comparative of 

available characteristic methods for selected commercial cosmetics was 

described about the uses, advantage, and limitation in Table 3.15. 
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7.1.2 Aim to synthesise and characterise amorphous silica 

nanoparticles 

In this study, amorphous silica nanoparticles ( aSiNPs)  were synthesised at a 

laboratory scale by using a sol-gel process based on the Stöber method (Stöber, 

Fink and Bohn, 1968) .  The focus of the synthesis was to produce ultra- small 

aSiNP particles, since the majority of existing literature addressed much larger 

size particles, with no evidence of any skin penetration.  The main three 

parameters:  ( i)  water, ( ii)  amino acid and ( iii)  TEOS used to synthesise 

amorphous silica played a role in determining the size and size distribution. 

aSiNPs were characterised using a suitable set of analytical techniques, 

specifically DLS, Zeta potential, TEM, STEM, SAXS, SEM, XRD, BET, XPS, 

XANES, FT- IR, and ICP-OES.  The characterisation was also done after ageing 

the nanomaterials. DLS and STEM data showed smaller size values (2-3 nm), 

compared to TEM (16 nm). SAXS, on the other hand, provided primary particles 

of two size populations (2 and 7 nm) .  The surface charge of all batches was 

found to be negative with high values ( -  30 mV)  and particles were found to be 

stable in suspension.  The stability of the aSiNPs for a period of at least two 

months was monitored using DLS and for a year using SAXS.  The aSiNPs 

showed slight increase in size over time, suggesting the possibility of Ostwald 

ripening (Brinker and Scherer, 1990). SEM images showed the spherical shape 

of aSiNPs in agreement with the SAXS data, as expressed by the slope of the 

relevant graph (q-1 =  4) .  XRD patterns showed broadened peaks of powdered 

aSiNPs at 22˚2 which indicates the presence of amorphous form in the samples. 
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Furthermore, XPS and XANES showed all samples containing Si ( 4+ ) .  The 

results of FT-IR showed high purity of the samples following the used protocol of 

multiple washes with UPW. The % yield of synthesis was measured by ICP-OES 

and identified a higher yield ( around 40% )  than previously published work 

( Thomassen et al. , 2010) .  A comprehensive list of analytical and imaging 

techniques for assessing physicochemical descriptors can help to fully 

characterise synthesised aSiNPs enabling better understanding of their 

properties and enabling more precise prediction of their potential fate, 

transformations and behaviour in the environment.  Using a suitable set of 

measurement techniques, it is possible to identify the structure of the 

nanomaterials in detail, enabling future use of this dataset in models involving 

structure- activity relationships to help identify potential hazards via various 

exposure routes.  The evaluation of available analytical methods for aSiNPs 

characterisation was noted in Table 4.12. 

7.1.3 Aim to study the skin penetration using reconstructed 

human full thickness skin model T-skinTM at Day 11. 

Chapter 5 presented the results of the investigation of aSiNPs passing through 

the skin layers and its physicochemical transformations. A comprehensive list of 

analytical and imaging techniques was used to fully characterise the synthesised 

aSiNP interaction with the reconstructed human full thickness skin model at Day 

11.  XRF technique was carried out to assess the aSiNP distribution and the 

location of aSiNPs in the skin after exposure.  XANES results demonstrated the 

alteration of the oxidation state of silica from 4+  to 2- , these may induce the 
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differentiation in NPs by means of the loss of oxygen (i.e. reduction) at the particle 

surface.  It was found that aSiNPs passed the stratum corneum through the 

dermis layer and interacted with components in reconstructed human full 

thickness skin models day 11 after exposure.  Meanwhile, no NP was detected 

underneath the polycarbonate filter, this may imply that the barrier in dermal 

layers can limit NP penetration thereby preventing NPs translocation into the 

circulatory system.  Using this skin model for broadness commercial products 

containing NMs may quantify the residue of NMs into the skin and evaluate 

advantages or drawbacks of NMs on skin cells for long-lasting exposure by using 

imaging techniques, i.e. histology. 

Some changes, i. e.  particle size distribution, oxidation state, and elemental 

composition at the surface may induce differences in behaviour in the biological 

environment.  However, further studies on the degradation of NPs need to be 

performed, ideally using the EXAFS technique.  High resolution of EXAFS data 

would allow to identify the local atoms and length of Si bonding by processing R-

space and k- space; this will remove any uncertainty on the Si local environment 

and potential transformations by surface reactions with the skin. 

7.1.4 Aim to investigate the effects of aSiNPs on EpiskinTM 

small/reconstructed human epidermis (RhE) model 

The OECD test guideline no.  439 was followed to understand potential effects, 

i. e.  acute skin irritation and cell viability, and additionally using histology and 

inflammatory response to visualise the morphology of epidermis and to quantify 

the cytokines, respectively.  No statistically significant difference was found 
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between negative control (NCPBS)  and aSiNPs treated RhE (p=0.151)  even for 

exposure at high concentration (10 mg/mL). Thus, it was deduced that aSiNP is 

a non- irritant for the concentration tested in this study.  In addition, the level of 

Interleukin-1 (an inflammatory marker) response to NPs exposure confirmed no 

effect of aSiNPs through RhE.  It is interesting to note that the histological study 

revealed only a slight change in the epidermis, i. e.  differentiated layer and a 

keratinocyte without nucleus, compared to negative control ( NCPBS) .  The 

morphological epidermis cells are proliferative in nature and differentiate into 

densely packed epidermis cells.  However, further in vitro studies with different 

skin cells, models, damaged skin barrier, race and age, and chronic in vivo 

studies will help to establish potential effects, such as increased dermal uptake, 

translocation of NPs to other tissues and organs, pathological changes, of long-

term use of cosmetics in such cases. 

7.2 Future Work 

The findings presented in this thesis suggest ways forward for further studies. 

The most prominent reason of use of NPs in various applications is the unique 

properties of materials at the nanoscale offering new opportunities for 

development of advanced materials. In particular, large surface area offers great 

advantage to combine with various materials, which extensively applies in the 

fields of biomedical, bioscience and bioengineering applications.  The 

bioavailability stability of silica nanoparticle compounds is possible to enable an 

eco-friendly material to the environment and human health.  
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The results show the importance of comprehensive characterisation of NPs in 

various environments, and special use of advanced synchrotron- based 

techniques and high throughput approaches. For the future, further application of 

synchrotron- based techniques remains a powerful tool for advanced 

understanding of NM properties.  However, working towards making lab-based 

techniques more diagnostic is a more broadly accessible line of research.  A 

further recommendation is for future work on more efficient extraction of NMs 

from complex matrices as well as characterisation within complex matrices ideally 

by advancing existing techniques to become more tolerant of matrix complexity.  

The reconstructed human skin model is an important practical standard for in vitro 

study. However, RhE model is a primary screening method which can be used to 

design more elaborate in vivo study for long- term exposure and in vivo 

experiments to understand chronic exposure effects (Hashempour et al. , 2019). 

In addition, using a range of different cell types, i. e.  skin fibroblast and 

Langerhans cells can help to understand NP pathways and mechanisms in 

biological systems in a more comprehensive manner.  Conducting skin 

penetration examination using labelled NPs can potentially determine the number 

of NPs remaining in the skin models.  

A detailed study was performed an unravel interaction between nanomaterials 

and elements in the skin cells, which decreases an oxidative state of aSiNPs. 

These is more limited to explain their interactions.  Thereby, the kinetic of NPs 

and mechanism of immune response are required to increase confidence aSiNPs 

cytotoxicity. 
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Recently, OECD prioritized silica nanoparticles in the list of nanomaterials 

needing toxicological evaluation (OECD, 2019) .  Previous studies reported that 

small size aSiNPs of Guo et al.  (2018), Wu et al.  (2019) and Lee et al.  (2020) 

studies can induce the generation of reactive oxygen species ( ROS) , 

consequently leading to the enhanced cytotoxicity and cell apoptosis, in human 

pulmonary alveolar epithelial cells, endothelial cells, and skin cells (Guo et al. , 

2018; Wu et al. , 2019)  and cell death in neuronal cells ( Lee et al. , 2020) .  Skin 

cell models are far less studies, but highly relevant to aSiNPs, given their 

extensive use in cosmetics. Therefore, formation of ROS species in RhE models 

and understanding the biochemical pathways of the formation of such ROS would 

be an interesting future research to understand the specific mechanisms of aSiNP 

toxicity in relevant to this thesis biological systems. 

With the recent era of digital transformation, deriving from our ability to generate, 

store and reuse large data sets, much further work can be done on existing 

datasets containing NP characterisations and toxicity evaluations.  Ultimately 

such data, from a variety of biological models should be pulled together and used 

toward modelling of toxicity predictions, possibly starting up in laboratory scale 

and eventually reaching to repeatable and more accurate predictions of full-scale 

environmental systems. It is hoped that both the data from this thesis, as well as 

the model materials (aSiNPs) developed will ultimately be used in such a manner. 
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