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ABSTRACT

The following master thesis deals with extractidntitanium dioxide nanoparticles (T§O
NPs) from consumer care products, concretely seaast and subsequent characterization of
these particles. TiQnanoparticles are present in an increasing nunobezrommercially
available products. Therefore, there is an increpsieed to evaluate the potential fate and
indirect exposure of Ti©ONPs of different sizes and shapes and investitegtie entire life
cycle. Feasibility of using ultrafiltration and rdtentrifugation as an extraction method were
investigated. Two extraction method for extractifi@, nanoparticles were developed and
applied to sunscreen samples. Extracted partictes e used for ecotoxicological and
mesocosmos experiments. Secondly, size of extraptticles was determined using

dynamic light scattering (DLS) and transmissiorceta microscopy (TEM).

KEYWORDS
Sunscreen, Ti@nanoparticles, ultracentrifugation, ultrafiltratianductively coupled plasma
with mass spectrometry (ICP-MS), scanning electracroscopy (SEM), transition electron

microscopy (TEM), dynamic light scattering (DLSanoparticle tracking analysis (NTA).



ABSTRAKT

Predkladana diplomova prace se zabyva extrakci d@atic oxidu titaniitého z produkt
osobni pée, konkrétg opalovacich kréih a naslednou charakteriza¢tchto ¢astic. Pdet
komekn¢ dostupnych produlits obsahem nagéstic TiQ se neustale zvySuje a to se sebou
piinaSi potebu vyhodnotit potencialni osud a hiepou expozici TiQ nanosastic oiznych
velikosti a tvalt a zkoumat jejich cely Zivotni cyklus. Bylo zkounsdpou?ziti ultrafiltrace a
ultracentrifugace jako extraki metody. D¢ metody pro extrakci Ti@ nan@astic byly
vyvinuty a aplikovany na vzorky opalovacich kiénkExtrahovan€astice mohou byt pouZzity
pro ekotoxikologické studie, fipadré experimenty v mesokosmu. Velikoséstic byla
stanovena pomoci metody dynamického rozptylwtldv a transmisni elektronové

mikroskopie.

KLi COVA SLOVA

Opalovaci krém, naastice TiQ, ultracentrifugace, ultrafiltrace, indéh¢ vazané plazma s
hmotnostni spektrometrii (ICP-MS), skenovaci elakbva mikroskopie (SEM), tranzitni
elektronova mikroskopie (TEM), metoda dynamickéhazptylu svtla (DLS) analyza
trajektorie pohybu nard@stic (NTA).
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2. INTRODUCTION

The dramatic increase in use of engineered nanolearin wide range of applications that
promise great benefits for society causes als@@sing concern of significant adverse effects
of these nanoparticles for human and the environiider2] With rapidly developing field of
nanotechnology therefore the interest of scientiststhis field is growing last years.
Engineered nanoparticles are used in personal maducts, pharmaceuticals, electronics,
tires, disposable materials, food etc. [3].

Research suggests that toxicological and adverietefrelated with nanoparticles are
strongly dependent on the particle size [4, 5]. Bnealler the particles are, the greater
potential of adverse effect due to higher abilitysmaller particles to penetrate human body
or biological membranes, respectively [3]. As aulethere is a great need to determine the
size of wide used nanoparticles. According to #wmmmendation of European Union
Commission number 2011/696/EU definition of nanaeriat is: a natural, incidental or
manufactured material containing particles, in abaund state or as an aggregate or as an
agglomerate and where, for 50 % or more of thagéestin the number size distribution, one
or more external dimensions is in the size rangel@0 nm [6].

Recently the popularity of titanium dioxide nandpes as a content of mineral sunscreens
have grown due to their physical ability to reflectd scatter as UVA as UVB radiations. In
addition they do not disrupt the endocrine systemmared to some chemical UV filters [7].
Since small particles can cross biological memizawbereas larger particles normally
cannot, it is necessary to develop a method thablis to detect primary (non-aggregated)
TiO, nanoparticles in commercially available sunscrg@hsElectron microscopy is often
used in studies of nanoparticles due to possikbititydentify the presence of these particles
and providing useful information of size distritartiand other measurable properties [9, 10].
However, electron microscopy is technique whichasalways available and other analytical
techniques should be investigated for possibibtynieasure size distribution of particles.
Firstly there is need for developing extracting Inoek for TiG, nanoparticles from sunscreen
lotion matrix because isolated NPs could be bétedled. Secondly, the developed efficient
extraction procedure provides us extracted,N®s from sunscreens which could be used for

ecotoxicological tests in the frame of project ihtano.
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In this study ability to determine primary partidee of extracted particles using dynamic
dight scattering (DLS), nanoparticle tracking asay (NTA) and hydrodynamic
chromatography coupled with inductively coupledspi@-mass spectrometry (HDC-ICP-MS)
techniques was investigated. The results of sig&ilbution were verified by measurement
obtained with Transmission Electron Microscopy (TEM

Developed methodology of extraction and subsequesile characterization method was
applied to eleven commercially available sunscreritis sun protection factors (SPE)30.
Total TiO, content in sunscreen, extraction efficiency andiga size distribution of TiQ

nanoparticles were determined for each product.
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3. THEORETICAL PART

3.1 Sunrisk and protection

Ultraviolet (UV) radiation from the sun is a condtgpresence on the earth. This harmful
radiation can permanently damage the largest ocofjdime human body, the skin. Sunburn is
the most obvious sign of this damage. It can rainge just irritation to a serious burn
requiring medical treatment or even hospitalizatidrsunburn can take days to heal and can
result in permanent mottling of the skin, age spatsl melanoma.

Skin can be protected by limiting exposure and dagethe body. Two main basic types of
sun protection formula in modern chemistry havenbeeveloped, sunscreen and sunblock.
Sunscreen is a chemical solution, classified asg, dvhich has properties to absorb sun rays
before it can harm the skin. However, sunblock gutst the skin by reflecting and scattering
the UV radiation. For example zinc oxide is the mosed sunblock. Although sunblocks are

highly effective, it’s typically sticky creams maki¢ impractical for full body use [11, 12].

3.1.1 Whatis UV
UV radiation is part of the electromagnetic spattthat reaches the earth from the sun. It has
wavelengths shorter than visible light, makingniisible to the human eye. According the
different wavelengths regions we distinguish 3 ntgpes of UV rays that damage skin [13]:

* UVA is responsible for the majority of sunburns (wawnelth range 320-400 nm).

* UVB penetrates deeper into the skin. It ages the dkih,contributes much less

towards sunburn (wavelength range 290-320 nm).
« UVC is the most dangerous of all, but fortunatelysicompletely filtered out by the

ozone layer and doesn’t reach the earth's surfe@ee{ength range 100-290 nm).

Penetration abilities of these 3 types of UV raysshown irfig. 1.
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Figure 1— penetration ability of UVA, UVB and UVC r:[14].

UVB is characterized as a mutacrelatively for a long time, but recent studies pauat on

increasing role of UVA as a carcinogen due to itt-oxidative effects and othmechanisms.
However, UVA is less able to induce melanin proguccompared to UVB rays it has s

high potentiain melanoma formation.UVA can be one of the reasof increased melanor

cases during the last several decades. Especialgnwe realize th: in the 1980s, only
UVB-protecting sunscreens were L [15].

3.1.2 History of sun protection

Some past and presestlture: often consider lightoloured skin more beautiful ai
attractive that dark one. For exarm, ancient Egyptians tried to avoid sun radiation fi
reaching the skinSome ofthe ingredients used at that tihave been rediscovered

modern chemisy. For exampl, gamma oryzanaéxtracted from rice bran is used in mod
sunscreens as UV-absorb§hP]. The Egyptians also used jasmine, which can hé&s Bt
the cellular level in the skin, to recover skin dam. Next example is lupine extract wt is
used to lighten the skin, as ingredient already used for that purpose at the time by
Egyptians [12, 15].

Before the discovery of UV light, people thoughattsunburn is caused just by heat from :
UV rays were discovered by Johann Wilhelmter of Germany in 1801. His work was ba:
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by previous work of Carl Wilhelm Scheele. Ritteetr to measure the effects of light rays
below the visible blue region, which led to thecdigery of the UV spectrum. He called it
“infraviolet”. [17]

Two Germans, Karl Eilham Hausser und Wilhelm Vatdported in 1922 that sunburn is
caused by the part of the UV spectrum. The firshmercially available sunscreen was
produced in 1928 in the US as an emulsion madeABAPbenzyl salicylate and benzyl
cinnamate [18].

Increasing number of different sun protecting pidicreated a demand for quality control. It
was done in 1962 by Franz Greiter who developedag W measure ability to block
ultraviolet rays and it is known as the sun protectactor, or SPF [17, 19]. SPF is a measure
of how much solar energy (UV radiation) is requitedproduce sunburn on protected skin
relative to the amount of solar energy requiredrtmduce a sunburn on unprotected skin [20].
If skin of some person would normally burn afterribhutes in the sun, applying an SPF 15
sunscreen would allow to this person stay in the without burning for approximately 15
times longer, so 150 minutes [21].

This is a rough estimate that depends on skin tygensity of sunlight and amount of
sunscreen used. SPF is actually a measure of postémom amount of UVB exposure and it

is not meant to help determine duration of expasure

3.1.3 Modern sunscreens

The most common sunscreens available on the madweadays contain two forms of UV-
filter: organic and inorganic filters. Those fortiffer in skin protecting mechanism and each
may be hazardous to human health. Organic filtedyets typically contain a combination of
two and more of these active ingredients: oxybeazattinoxate, homosalate, octisalate,
octocrylene and avobenzone [22]. Basic health cheniatics of the most used sunscreen
filters are shown itable 2

Inorganic sunscreens use properties of zinc oxitt tdanium dioxide. Some sunscreens
combine organic and inorganic filters [22]. T8 the most used UV-filter in sunscreen and
with the development of nanotechnology the Ji®applied in form of particles of sizes in
nano range [23].
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Table 1- basic health characteristics of the most used seescfilters.

) UV Range Skin ) ) Skin
Chemical ] Hormone Disruption Others Ref.
Covered* Penetration Allergy
) Acts like estrogen —
Detected in almost
) ; alerts sperm )
American, found in o ) Relatively
UVB, o production in animals, [24]
Oxybenzone mother’s milk, ) ) high rates of
UVA2 i . associated with i [25]
1-9 % skin penetration ir . skin allergy
) endometriosis in
lab. studies
woman
Hormone like activity
Found in mother’s milk, — reproductive Moderate (241
Octinoxate uvB <1 % skin penetration in  system, thyroid and rates of skin [26]
lab. studies behavioral changesin  allergy
animal studies
Found in mother’s milk, Disrupts estrogen, Toxic [24]
Homosalate uvB <1 % skin penetration in androgen and Not found  degradation 271
lab. studies progesterone products
: . : Rarely .
) Skin penetration in lab. No evidence of Stabilizes
Octisalate uvB ) ) ) reported [28]
studies hormone disruption ) avobenzone
skin allergy
Found in mother’s milk, ) Relatively
) o No evidence of ) [24]
Octocrylene uvB skin penetration in lab. : . high rates of
) hormone disruption i [29]
studies skin allergy
) Relatively
) ) No evidence of ) [26]
Avobenzone UVA1l Very low skin penetration ) ) high rates of
hormone disruption i [29]
skin allergy
i UVB, Skin penetration not No evidence of Inhalation [30]
TiO, ) . None
UVA2 founded hormone disruption concerns [31]
UVB, . . . .
Skin penetration <0,01 % No evidence of Inhalation [30]
ZnO UVA2 ) ] ) None
UVAL in human volunteers hormone disruption concerns [32]

*ranges of UV radiation, UVB: 290-320 nm, UVA2: 3320 nm and UVA1: 340-400 nm [11].
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3.2 Titanium dioxide

TiO, belongs to the family of transition metal oxid€bere are three known crystallographic
structures of TiQ commonly found in nature: anatase, rutile and kiteo The structure of
these three main phases is well characterized b complementary J®, buildingblock
representations shownfigure 2[33, 34].

Rutile TiO, has a tetragonal structure and contains six afmmaunit cell. Titanium cations
are surrounded by a slightly distorted octahedrédn6ooxygen atoms. Rutile is the
thermodynamically most stable phase and has théesigrefractive index at visible
wavelengths of any known crystal. Rutil nanopagschre mainly used in sunscreens.
Anatase also forms tetragonal crystal system. Biffee is just in the distortion of the HO
octahedron which is slightly larger in anatase timarutile. The anatase structure has higher
electron mobility, low dielectric constant and lavgensity and because of these properties it
is preferred over other polymorphs for solar cefiplecations. Anatase phase TiO
nanoparticles are also used in sunscreens, somatimembination with rutile [23]. It is
difficult to dissolve anatase and especially ruplease, for example using aqua regia for
digestion of these two phases is improper. Theeefome other acids or mixtures have to be
considered. For example Ti@ soluble in concentrated,50;, thus sulfuric acid or mixture
with it can be used.

Brookite has orthorhombic crystal system. Its weil is composed of eight formula units of
TiO, and is formed by Ti@octahedra with edge-sharping. It is more compdidahas a larger
cell volume and it has also the lowest dense oBtf@ms. Brookite transforms into rutile at

quite low temperatures [34, 35].
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Figure 2 — planarTi3O buildingblock representatiofieft sidg and TiOg polyhedra(right
side for the rutile(a), anatasgb) and brookitgc). Ti atom — white an@® atom — red33].
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3.3 Nanopatrticles

The nanoparticles or NPs are particles with sinethe nanometer range. For example, the
newspaper sheet is about 100 000 nm thick. Geggegadirticles from 1 nm to 100 nm are
called nanoparticles. The term “colloid” is used particles sizing from approximately 1 nm
to 1 um. It is important to note that there neitblear neither widely accepted definition
based of physical properties for nanoparticles.

Below a given particles size some materials shdterént properties compare to those of the
corresponding bulk material. Number of atoms andeowes located on the surface, is
increasing by decreasing the particle size whiedeto changes in dissolution, adsorption
and reaction rate of the particles. These are thst important reasons why materials are
increasingly applied in form of nanoparticles [38].

According to the recommendation of European Uniam@iission number 2011/696/EU [6]
definition of nanomaterial iSA natural, incidental or manufactured material daming
particles, in an unbound state or as an aggregatasan agglomerate and where, for 50 %
or more of the patrticles in the number size disttitn, one or more external dimensions is in

the size range 1 — 100 nm.”
3.3.1 Properties of nanopatrticles

3.3.1.1 Particlesize

Particle size is the most important parameter ectcal applications of powder-particles.
Usually powder consists of particles of variousesizand therefore, it is necessary to
characterize mean particle size and size distobutParticles are three-dimensional objects
with various shapes. Usually size of sphericaliplad by is described by its diameter. For
particles with irregular shape it is more suitatwerepresent size using geometric size or
equivalent size. Geometrical size can be calculagdan arithmetic mean of its width,
thickness and length values, which are obtained thrnge-dimensional measurements.
Equivalent size can be represented by operatingnpeters such as sieve diameter (based on
sieving), Z-averaged diameter, and Stokes (or tdydramic) diameter (based on particle
motion in fluid). All these equivalent sizes giveually different values depending on particle
geometry [36].

18



3.3.1.2 Particle shape

Particle shape analyzers cannot be easily foun#tauphbrticle size analyzers Shape index of
nanoparticles can be calculated from images ofighest observed in various types of

microscopes. Diameters of the NPs are usually sm#ian wavelength of visible light, so

nanoparticles cannot be observed by optical miomss. Scanning electron microscope
(SEM) or transmission electron microscope (TEM) thesused to get the projection images
[36]. However, microscopy techniques generally pomdtwo dimensional pictures that have

to be interpreted in terms of three dimensionatctsj.
3.4 Analytical methods

3.4.1 Ultracentrifugation

Analytical ultracentrifugation (AUC) is a versatéed powerful method for the characterizing
macromolecules and particles in solutions. Ultradeige is a centrifuge optimized for
spinning a rotor at very high speeds generatinglacation as high as 2 000 000 g. There are
three optical systems available for the analytidahcentrifuge - absorbance, interference and
fluorescence that permit precise and selectivergagen of sedimentation in real time. This
allows the operator to observe the evolution of gample concentration versus the axis of
rotation profile as a result of the applied centydl field.

There are two commonly performed types of experisiesedimentation velocity and
sedimentation equilibrium. Sedimentation velocxperiments focus on the interpretation of
the entire time-course of sedimentation, and remortthe shape, molar mass of the
macromolecules and their size-distribution.

Sedimentation equilibrium is a thermodynamic methwldere equilibrium concentration
gradients at lower centrifugal fields are analyzed define molecule mass, assembly

stoichiometry, association constants and solutmmdeality [38, 39].

3.4.2 Ultrafiltration

Ultrafiltration (UF) is a membrane based techniqutrafiltration is not fundamentally
different from microfiltration. Both of these septe based on size exclusion or particle
capture. Main forces leading to a separation thiicaugemipermeable membrane are pressure
or concentration gradients. Suspended solids amatesoof high molecular weight are
retained in the so-called retentate, while water law molecular weight solutes pass through
the membrane in the permeate. Ultrafiltration teéghes (pore size of membrane below
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100 nm) are widely used in chemical engineeringgisenductor, pharmaceutical, food and

beverage industries and for purifying drinking wd#9].

3.4.3 Chromatography

The general common character of chromatographibntques is continual separation of
compounds between stationary and mobile phase. Wowethe size exclusion
chromatography (SEC) and hydrodynamic chromatograptDC) are exceptions and in
these cases the interactions of the analyte weélsthtionary phase have to be minimized. As
a stationary phase is some solid or liquid subsgtarsed. The main role of mobile phase is to
cause movement of components through the chronegibgr system. As a mobile phase is
some liquid or gas used.

Analytes are separated dependently on their diffespeed through the system. In liquid
chromatography, speed of component is dependentsanteractions with stationary and
mobile phase. Compound with stronger affinity tatishary phase is longer held on
stationary phase therefore its moves slower thanpooind which has stronger affinity to
mobile phase [41, 42]

3.4.3.1 Liquid Chromatography, HPLC

Liquid chromatography involves separation of noatit#, weak volatile and heat-labile
compounds which represents almost 80 % of all camg@gs. Systems with different liquid
mobile phase and solid or alternatively liquid istaary phase are used. The main factor
affecting the process of separation is charactenalfile phase. Choosing suitable solvent or
mixture of solvents with suitable polarity, pH, etiependently on separated compounds is the
most important step of whole separation process.

In high-performance liquid chromatography (HPLC)uoons with suitable stationary phase
by very small particles (3 — 10 um) are used toesehfast and high resolution separation. By
using homogenous column filling with narrow distiion of very small particles decrease of
undesirable edge diffusion, molecular diffusiorthe liquid and the acceleration of the mass
transfer between the phases can be achieved. yFiitalfesults in greater efficiency
chromatographic systems. The arrangement of HPIs@syis shown ifig. 3. HPLC is not
commonly used for determination of particle sizewbver SEC and HDC are employed in
this case [41, 42, 43].
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Figure 3 — example on an of HPLC set{4d].

3.4.3.2 Size exclusion chromatography

While several examples of the usf HPLC for nanoparticleseparation have been repor
[45, 46], size exclusion chromatography, one of the most popular chromatograg
techniquesised to fractionatNPs.

SEC is based on the differences in the particledrddynamic volumes and not cthe
interaction of these particles with the stationphase. Small particletrave freely through
the pores othe stationary phase and thus travel through tharoo slowly. Opposite, large
particles which do not mayei inside the pores of the stationary pheae travel only throug
the accessible volume aitdneans the elute more rapidly.

SEC has been used in the separations of diffeggesto NPsincluding golt, silica, and
semiconductor ones [47For successful resolution of a mixture by £ is necessary to

choose proper e@unt and stationary pha
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3.4.3.3 Hydrodynamic chromatography

Hydrodynamic chromatography HDC is also one of teehniques for particle size
determination in the micro or nano range. It hameacsimilarities with size exclusion
chromatography. For example components are eluetie order of decreasing size, as in
SEC [48].

HDC system has principally the same arrangemeatHiRLC. The main difference is that in
HDC columns packed with nonporous beads are usmainar flow of an eluent in column
leads to creation of parabolic velocity profile kvihe highest velocity is in the center of the
tube. For geometric reasons larger particles atesstally located preferentially close to the
axis of the capillary, whereas smaller particles lacated preferentially close to the walls.
Behavior difference of particles with different aszin the flow is one of the most important
separation mechanisms [48, 49].

The main advantages of hydrodynamic chromatograpbythat it is a rapid and convenient
method for the separation of particles the sepavasind simple operation of equipment.
Disadvantages are low resolution, HDC also reqewerection for peak dispersion and
calibration for signal intensity according to sizéhich however can be minimized by using
ICP-MS as a detector [48].

Possibility of HDC columns to separate particleshiea range 5 — 3 000 nm [], rapid analysis
time and minimal requirement for sample pretreatmercombination with the features of
ICP-MS measurements like selectivity and sensytimitake HDC-ICP-MS a powerful and
promising technique for investigating the fate @lignificant range of NP types.
Hydrodynamic chromatography coupled online withuctively coupled plasma with mass
spectrometry can be used for detecting and studtreg behavior of metal-containing
engineered NP in complex environmental matrixes.CHOP-MS was already used for
example to measure the Ag NPs sizes in surfacevastewater samples [50] or for ultratrace

detection of metal-containing nanopatrticles [51].

3.4.4 Light scattering techniques

When light hits a small object (a particle or a ewlle) it changes its direction. This
phenomenon is called light scattering and it igduadight scattering techniques.

Light scattering is one of the most commonly-ussdhhiques for measuring the particle size,
the most important physical property of NPs. Indted measuring particle size directly,

specific parameters affected by particle size asasured. Examples of these parameters
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include the particle's settling velocity, the volkimf a medium that the particle displaces, and

the pattern produced by scattered light [52, 53].

Light scattering can be divided into two method3]{5
» Dynamic light scattering (DLS)
» Static light scattering (SLS)

3.4.4.1 Dynamic Light Scattering

Dynamic Light Scattering (DLS) or it can be alsdlezh photon correlation spectroscopy
(PCS) and quasi-elastic light scattering (QELS)ong of the most popular light scattering
techniques. Due to possibility of particle sizingah to 1 nm diameter it is typically used for
emulsions, micelles, polymers, proteins and nanimbes or colloids as well.

In basic principle, the sample is illuminated byaaer beam which is being scattered by
particles or molecules in the sample. Fluctuatiohghe scattered light are detected by fast
photon detector at a known scattering amlErom a microscopic point of view the particles
cause scattering of the light thereby the scattéiggd carry imprint of information about
particle motion.

DLS measurement provides us the hydrodynamic parize, which is defined as the size of
a hypothetical hard sphere that diffuses in thees&mshion as that of the particle being
measured [54]. While dispersed particle moves thinaa liquid medium a thin electric dipole
layer of the solvent adheres to its surface. Téyed influences the movement of the particle
in the medium. Thus the hydrodynamic diameter givesnformation of the inorganic core
along with any coating material and the solvenetagttached to the particle as it moves
under the influence of Brownian motion. Agglomedatparticles move coupled in the
medium, therefore the size in this case will beedained as hydrodynamic diameter of whole
agglomerate. The hydrodynamic size of a particleakulated (1) from the translational
diffusion coefficientD by using the Stokes-Einstein equation [55]:

kT
: 3nnD

(1)

whered,, represents hydrodynamic diametdt— Boltzmann’s constant] — absolute

temperatureD — translational diffusion coefficient and— viscosity. Schematic explanation

of hydrodynamic parameter is showrfig 4.
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Figure 4 —schematic explanation of hydrodynamic diarr [56].

Typical arrangement of DLS instrument is showrfig. 5. DLS instrumentwith fixed angle
detector candetermine the mean particle size in a limited giaege.Full particle size
distribution can be determiddoy multi-angle instruments [53, 57].

Figure 5- set-up of a fixed angle DLS instrum{it].

3.4.4.2 Static Light Scattering

In Static Light Scatterin¢SLS' the intensity of the scattered light is measureddpendenc
of the scattering angle to obtain information oe $icattering source. Typically the techni
is used to determine the aver molecular weighiM,, of a macromolecule such as a polyr
or a protein. Measurement of the scattering intgretitdifferent angles allows calculation

the root mean square radius, also calle radius of gyratiorR;. By measuring the scatteril
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intensity for one macromolecule at various con@rans, the second virial coefficieAt,
can be calculated.

In principle laser is used to illuminate a sampidhe cuvette. Intensity of scattered light is
measured in dependence of the scattered ah@beefigure 5 by one or many detectors.
Measured scattering curve contains information abloe scattering particle size, its shape
and molar mass. In case of measuring the averatprutar weight, SLS instrument is
calibrated using a known reference compound sudblasne. The Rayleigh ratio of toluene
can be found in existing tables.

Advantage of static light scattering compare teedctirimaging techniques such as SEM or
TEM is that the sample can be measured in sitorEs &s the particle concentration is small
enough to avoid multiple scattering effects andspecial sample preparation is required [52,
53, 57].

3.4.5 Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) is an emerdiachnique detecting simultaneously sub-
micron patrticle, size distributions and concentnagi of particles in liquid suspension. A laser
beam passes through the sample chamber and thagsaim suspension cause scattering of
the beam. The scattered light can be easily vizedliand recorded by a video camera
mounted onto microscope with 20 x magnification.e Ttharged coupled device (CCD)
camera captures a video file with particle movememider Brownian motion and the video is
then analyzed in NTA software, which tracks mantiple@s individually. Using the Stokes
Einstein equation software calculates hydrodynadimmeter of particles, in the same
principle as in case of DLS [58, 59].

NTA technique offers the simultaneous multiparamedaalysis of NPs in suspension
concerning size distribution, particle concentmnataind direct and real-time visualization. It
saves as time as sample volumes while minimal sanmpéparation is needed [59].
Configuration and base principle of NTA is showrign 6.
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3.4.6 Digestion

To determine total amount of titanium present inssween lotion, digestion of samples is
needed. Mostly in different studies it was donerbgrowave-assisted digestion.

In the first study [60] 150 mg of homogenized latiand 0.5 ml of concentrated HN@as
added to a PTFE reactor for microwave digester,thadnixture was irradiated at 600 W for
1 min. The reactor was left to cool and than 0.50mtoncentrated HCl was added and an
irradiation for 1 min was carried out again at ga@ne power. After one more irradiation
under the same conditions the digestion product tveassferred to a porcelain crucible and
0.5 g of KHSQ was added to it. The mixture was heated with asénrflame during a few
minutes for fusion, the molten residue was dissbliveconcentrated $$0, and the solution
was diluted with deionized water to carry out ICE®analysis.

In another study [61] sunscreen was digested easpproximately 100 mg of sunscreen,
3 ml of HNOand 1 ml of HF were transferred into a digestiosset Sample was then
digested at 210 °C for 20 minutes. After microwaligestion, the sample solutions were
diluted to 50 ml with ultra-pure water.

Sunscreen samples can be [62] acid digested intptfluoroethylene (PTFE) vessels. An
accurately weighed portion of the sample 100-150was placed into PTFE vessel, with the
3 ml of concentrated HN$ 3 ml of concentrated HCI| and 1 ml of HF. The ets3vere
closed, placed into a steel pressurized bomb aatethaup to 125-130 °C for 2 h. The final
digest was diluted to volume with 0.5 M HMNO
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In next study [63] was tied hot block digestion abproximately 500 mg of lotion in
concentrated HNg) H,O, (30%), and concentrated HF. The digested sampes diluted to

a total volume of 50 ml in 1% HNOA 0.5 ml aliquot of this volume was diluted to 4 in

1 % HNG..

Other procedure of microwave-assisted digestionfaasd out [3,64]. Firstly 6 ml of HN®
(65%), 3 ml of concentrated HF and 1 ml af0d (35%) were added to the sample. Then, the
vessels were sealed and subjected to the follodiggstion program: step 1 - a 15 min linear
ramp from 0 to 210 °C, and step 2 - holding theperature at 210 °C for 10 min. Samples
were cooled and then, 1.5 g o§BOD; were added to each vessel to complex the residual
hydrofluoric acid or dissolve precipitated fluorgdesalts. In this step samples were
mineralized by applying the following program: la®n linear ramp from 0 to 170 °C
followed by holding the temperature at 170 °C fdr mMin. The digested extracts were
transferred to volumetric flasks and diluted to b@lOwith ultra-pure water.

According to low solubility of rutile and anatasbgses in aqua regia, as was mentioned
above and because of toxicity of HF and tediousoég$gsion methods there is an effort to
choose different digestion method. Rutile and awafhases are soluble in concentrated
H,SO, and therefore, using concentrategsB, and 30 % HO, as strong oxidizing agent can

be considered for digestion of sunscreen lotion.

3.4.7 ICP-MS

Inductively coupled plasma mass spectrometry orN3is an analytical technique used for
ultra-trace elemental analysis. From 1983, whertg¢blenique was commercially introduced it
was extended in many types of laboratories wheng Vegh sensitivity analyses are

required. ICP-MS has many advantages over otheregital analysis techniques [65]:

» detection limits for most elements even better tihase obtained by Graphite Furnace
Atomic Absorption Spectroscopy (GFAAS)

* higher throughput than GFAAS

* the ability to handle both simple and complex neasiwith a minimum of matrix
interferences due to the high-temperature of tHied4Gurce

» superior detection capability to ICP-OES with thene sample throughput

» the ability to obtain isotopic ratio
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The principle of ICP-MS is a combination of a higimperature inductively coupled plasma
(ICP) source with a mass spectrometer (MS). Firstigms of the elements in the sample are
converted to ions in the ICP source then these @wasseparated and detected by the mass

spectrometer [66].
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Figure 7 — ICP sourcg7].

Fig. 7 shows a schematic representation of an ICP soliheenebulized sample is carried
in the flow of plasma support gas, which is typicahr. The plasma torch consists of
concentric quartz tubes. The inner tube contaiessmple aerosol and Ar support gas and
the outer tube contains flowing gas to keep thegutol. A radio frequency (RF) generator
(typically 1-5 kW) produces an oscillating currémtan induction coil that wraps around the
tubes which leads to induction an oscillating maignigeld. When a spark is applied to the
argon gas flowing through the ICP torch, electr@ms stripped off of the argon atoms,
forming argon ions. These ions are caught in tledlasng fields and collide with other argon
atoms, forming an argon discharge or plasma [6p, 67
Nebulized sample from nebulizer are carried to ftvened plasma, with a temperature of
around 6 000 — 10 000 K. Elements in the sampér afinverting into ions, typically positive
ions M" or M**,are then brought into the mass spectrometer @antierface cones. Analysis
of the content of the various ions in the sample loa carried out only under conditions of

relatively high vacuum, it is necessary to transploe argon sample stream at atmospheric
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pressure (1-2 Torr) into the low pressure regidmsTs accomplished by passing a sample of
two cones with a diameter of the inlet port a fewths of a millimeter. After passing through
the first cone (sampler), the ions of the sampterge the space where the pressure is in the
order of 10 Torr. After passing through a second cone (skimraralyzed sample gets into
the environment at a pressure approximately Torr.

The formed ions are then guided by the system e€tmimagnetic lenses towards the
analyzer, where they are separated by their maskaige ratio (m/z). Only ions with the
selected mass go on the detector. Impact of ardlyes on the surface of the amplifier of
the detector induces a very weak electrical curmghich is then amplified and its intensity is
measured [65, 66].

Types of MS analyzers used in ICP-MS tandem [66]:
* Quadrupole mass filter— the most commonly used
* Time of flight (TOF) — still experimental but highly promising
» Combination of electric and magnetic sector high resolution MS - high demands

on vacuum and price but completely eliminating saéanterference

In fig. 8is shown example of arrangement of ICP-MS equigmath quadrupole analyzer.

Sample 1@0“1} Quadrupole Detector
oren’ | s ——

7‘ b | Mass filter

Interface

Turbo pumps

Figure 8 — example of arrangement of ICP-MS equiprf&].
3.4.8 ICP-OES

Inductively coupled plasma optical emission spengty or ICP-OES is an analytical
technique used for the detection of trace metdie flrst step is principally the same with
ICP-MS. Inductively coupled plasma is used to exciatoms and ions which
emit electromagnetic radiation. Liquid and gas dasipnay be injected directly into the
instrument, while in case of solid samples extacbor acid digestion is required.
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The sample solution is converted to an aerosol diretted into the central channel of the
plasma which was explained above. Sample is quicilyorized and analyte elements are
liberated as free atoms in the gaseous state.abma sufficient energy is often available to
convert the atoms to ions and subsequently exoiéons.

Excited state species may then relax to the grataie via the emission of a photon. These
photons have characteristic energies thus the wagti of the photons can be used to
identify the elements from which they originatedheTintensity of emission is directly
proportional to the concentration of element inghenple.

The ICP-OES instrumentation is relatively simplepértion of the photons emitted by the
ICP is collected with a lens or a concave mirrdnisTiocusing optic forms an image of the
ICP on the entrance aperture of a wavelength setedevice such as a monochromator. The
particular wavelength is converted to an electrgighal by a photodetector. The signal is
amplified and processed by the detector electrotiesh displayed and stored by a personal

computer [68].

3.5 Electron microscopy

In electron microscope (EM) is beam of electrondus®e create an image of specimen. To
compare with light microscope, electron microscd@s much higher magnification and
greater resolving power. A modern light microscapg,comparison, has a magnification of
about 1000 times and enables the eye to resolvectsbseparated by 200 nm. Light
microscopes are limited by wavelength of the light.

Electron microscope consists of four main compaosieam electron optical column, a vacuum
system, the necessary electronics (lens supplidshagh voltage generator) and control
software. The electron column includes elementslogoas to those used in a light
microscope. Instead of light source is used elacgon, and glass lenses are replaced by
electromagnetic lenses in electron microscope.

All electron microscopes use electromagnetic amyldl@ctrostatic lenses to control the path
of electrons. The electron beam passes throughahier of such solenoids on its way down
the column of the electron microscope towards #mee. Electrons due to their sensitivity to
magnetic fields can be controlled by changing therent through the lenses. The more
accelerated the electrons are, the shorter theielagth will be. The resolving power of a

microscope depends on the wavelength of the itiadiased to form an image [69,70].
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There are two base types of electron microscopes:

* Transmission Electron Microscope (TEM)

» Scanning Electron Microscope (SEM)

There are two base types of projection images aénahwhich can be done [36]:

* Two-dimensional particle projection— as a microscopic photography

* Three-dimensional particle projection — taking two microscopic pictures from
slightly different angles leading to 3D informatioft can be taken by three-
dimensional scanning electron microscope (3D-SBMbhre detailed shape analysis
can be done by TEM-CT which is similar to comput&ted tomography and it can
take 120 transmission images when sample is rofated— 60 to + 60 degrees with

step one degree.

3.5.1 Transmission electron microscopy

TEM uses high voltage electron beam emitted bythotke and formed by magnetic lenses
which passes through a thin specimen. Partiallystratted electrons from very thin specimen
are collected, focused, and projected onto the imigwlevice at the bottom of the column.
This transmitted electron beam carries informaabout the structure of the specimen. The
entire electron path from electron gun to cameratrba under vacuum. The spatial variation
in this information (the "image") is magnified by series of magnetic lenses until it is
recorded by hitting a fluorescent screen, photdgcaplate, or light sensitive sensor such as a
charge-coupled device (CCD) camera. The TEM mayigeoin real time displaying of the
image detected by the CCD on a monitor or computer.

Transmission electron microscopes produce two-damoeal, black and white images.
Spherical and chromatic aberration cause limitatiohthe resolution of the TEM, but it can
be partially corrected by new generation of abematorrectors. Software correction of
spherical aberration allows the production of insagith sufficient resolution to show carbon
atoms in diamond separated by only 0.089 nm at rhegtons of 50 million times. The
TEM is an indispensable tool for nano-technologessearch and development in many fields
thanks its atomic resolution. In the life sciencdg resolution is still mainly limited by

specimen preparation not by microscope [69, 70].

3.5.2 Scanning electron microscope
In contrast with the TEM, where the electrons ie frimary beam are just transmitted

through the specimen, the scanning electron miopescproduces images by detecting
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secondary electrons which are emitted from theaserfdue to excitation by the primary
electron beam. The electron gun at the top of tenen produces an electron beam that is
focused into a fine spot (as small as 1 nm in diamen the specimen surface. This beam is
scanned in a rectangular raster over the speciméndegtectors building up an image by
mapping the detected signals with beam positiondata stored in computer memory.
There are some advantages of the SEM in compatasdBM:
* SEM uses beam focused to fine point and scandlinme over the sample surface
in rectangular raster pattern
* The accelerating voltages are much lower than iNMThe to no necessity to pass
through the specimen

* The specimen does not need to be thin, which greatlplifying its preparation

Although SEM resolution is about an order of magphét lower than the TEM resolution, the
SEM is able to image bulk samples and has a mushtgr depth of view because the SEM
image relies on electron interactions at the serfather than transmission. So it can produce
images that are able to represent the 3D structutke sample. Therefore, it is considered
that SEM images provide us with 3D, topographin&drimation about the sample surface [69,
70, 71].

3.5.21 Themost common detectorsin SEM
The electrons of the primary beam interact withnmetoin the sample, producing various
signals figure 9 that contain information about the surface toppyy and composition of

the sample. These signals can be detected [72].
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Figure 9 — present signals after primary beam etats interaction with samplg’2].
Everhart-Thornley Detector (ETD)
The Everhart-Thornley detector uses the secondagtren signal to formation of images,
The end result is higher potential resolution usihg signal. Typically it consists of a
Faraday cage, scintillator coupled to a light @pe photomultiplier tube.
The Faraday cage, which is typically kept at afpasipotential, is efficiently collecting most
of the secondary electrons (less than 50 eV) ednittam the sample. Incoming electrons are
accelerated by the scintillator with a high postsharge and they can be converted to light

photons there. The photomultiplier produces an wusignal that is then related to the total
number of electrons collected [72,73].

Back Scattered Electron Detector (BSED)

The BSED is mounted below the objective lens paegand centered around the optic axis.
Backscattered electrons are generated as the speanrface is scanned by the primary
electron beam electrons. Backscattered electromsy ¢he topographical, physical and
chemical characteristics of the sample. Both comiposl and topographical backscattered
electron images can be detected depending on tha@owi of electron energies selected for
image formation [74].

Sample Current Detector

A sample current detector is a very sensitive aramgith a fast response time that measures
the current passing from the sample stage to grotiothl current is a function of the

backscattered, secondary and auger electron yieddyapoint on the sample. This signal is
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sensitive to all the contrast mechanisms of thesro#lectron signals. Backscattered and
secondary electron signals are dominant to thisasigand because the secondary yield is in
dependent on the backscattered yield, the sampientusignal typically resembles the
inverted backscattered electron signal [72].

Cathodoluminescence (CL)

As sample surface is scanned by electron beantabjpinotons are emitted by some excitated
materials. A cathodoluminescence detector is seadid these optical photons. The detector
typically consists of mirrors and light guides anghotomultiplier tube [72].

X-RayDetectors

X-ray detectors examine the X-ray spectrum emigthe sample under the influence of the
primary beam electrons. Because most elementseasiiy measurable characteristic X-rays,
the X-ray spectrum collected from each region s&mple can provide useful information on
the elemental composition of the region of the dampder the electron beam [75].

Energy Dispersive Spectroscopy Detector (EDS or EDX

Energy Dispersive Spectroscopy or Energy DisperXiray Detector is essentially a large
single crystal semiconductor that absorbs the enefgincoming X-rays by ionization,
yielding free electrons in the crystal that becaroeductive and produce an electrical charge
bias. The X-ray absorption thus converts the enerfgyndividual X-rays into electrical
voltages of proportional size. The electrical pslserrespond to the characteristic X-rays of
the element. A computer keeps track of the numbeoonts within each energy range, and
the total collected X-ray spectrum can then berdsateed [72, 75].

Wavelength Dispersive X-Ray Detector (WDS)

A WDS detector uses X-ray diffraction to separ&te different X-ray energies emitted from
the sample. Compare to EDS detector, WDS tend dairee much more space, as well as
higher probe currents and long collection timesatTleads to much higher resolution than
EDS and it making the detector of choice for sasipieth many closely spaced peaks, or
careful analytical work [72].

3.5.3 Sample preparation

In general, materials to be viewed in an electroor@scope require preparation to create a
suitable sample. Preparation has to be done beadusgh vacuum inside of an electron

microscope. The preparation technique required riigpeon the specimen, the analysis

required and the type of microscope. There exigrsd preparation techniques [69, 76]:
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Cryofixation - rapid freezing of the specimen (typically to lidunitrogen temperatures)
which causes that specimen is preserved in snapshistsolution state.

Fixation - process of preserving a sample at a moment ire tbim prevent further
deterioration, so that it appears as close aslgeds what it would be like in the living state,
although it is now dead. For electron microscoduiagaldehyde is often used to crosslink
protein molecules and osmium tetroxide to preskpuwds.

Dehydration - process of replacement of water in the sampléa wiganic solvents (ethanol
or acetone ect.) and total drying for SEM specin@nigfiltration with resin and subsequent
embedding for TEM specimens.

Embedding - tissue infiltration with resin, which leads toeate a hardened block by
polymerization followed by sectioning.

Sectioning- the production of very thin slices of the speawnewhich must be
semitransparent to electrons (around 90 nm). Glaskamond knifes are used for sectioning
of material on ultramicrotone.

Staining - samples are stained by heavy metals (lead ofwmaro increase electron density
leading to higher number of interactions betweendlectrons in the primary beam and those
of the sample, which gives us contrast betweermifft structures. Suitable for materials that
are nearly “transparent” for electron beam.

Freeze-fractureandfreeze-etch- the fresh tissue or cell suspension is cryofixaal then
fractured. The cold, fractured surface is generatghed" by increasing the temperature to
about - 95 °C for a few minutes to let some surfaeesublime to reveal microscopic details.
The sample is now ready for imaging by SEM. FerTiEM, it can then be rotary-shadowed
with evaporated platinum at low angle in a highuan evaporator. A second coat of carbon,
evaporated perpendicular to the average surfaaee gk generally performed to improve
stability of the replica coating. After returninget specimen to the room temperature and
pressure, can be extremely fragile "shadowed" nrefaica of the fracture surface released
from the biological material. It is usually by carechemical digestion (acids, hypochlorite
solution or SDS detergent can be used). The mefdica is after washing from residual
chemicals viewed in the TEM.

Sputter Coating-to prevent charging of the specimen which wouldcuoc due to
accumulation of static electric fields during imagjis sample coated with an ultra-thin layer
of electrically-conducting material (gold, gold/lsalium, platinum, chromium etc.). The
amount of secondary electrons is increased tooefitve signal to noise ratio is higher in
SEM.
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3.5.4 TiO; nanoparticles

TiO, nanoparticles are manufactured worldwide in laygantities for use in a wide range of
applications. They have been used in industrial @rmbsumer products due to their stronger
catalytic activity compared with fine particles (§\analogs. TIQNPs possess different also
other physicochemical properties compared to thed particle of TiQ, which might alter
their bioactivity.

Although TiQ,FPs have been considered as poorly soluble, lowitpyparticles for a long
time, recently, TiQ particles were classified as a Group 2B carcindgessibly carcinogenic
to humans) by The International Agency for Reseamoh Cancer (IARC) because of
developed lungs tumors in rats after two yearsxpbsure to high concentrations of fine FiO
particles. In the case of sunscreens the most pl®lexposure would be dermal absorption,
cause of direct applications of lotions on the $Kir.

Based on sufficient evidence using experimentamals, titanium dioxide was reclassified
from unclassifiable as to carcinogenicity in humdgsoup 3 - carcinogen) to possibly
carcinogenic to humans (group 2B - carcinogen) 062 78].

According experimental investigation of NP penébratthrough skin, Ti@nanoparticles in
sunscreens, even after multiple successive apipisatduring four days, were located mainly
the uppermost part (1 -j@n from the surface) of the outermost layer of thiglermis [79].
Other study of NPs penetration showed similar tes@0 % of 20 nm Ti@component of
sunscreens was found within the first 15 tape stiper 5 h after emulsion application. Study
confirms that TiQ accumulates in the uppermost layers of the epiderio TiO, was
detected in the viable skin layers through eith@mdcorneal or transfollicular pathways [80].
Except the effect of light absorption or scatterifi@, particles also provide interaction, in
biological tissues [81]. Free radical generatiorswtained in presence of semiconductor
particles upon UV irradiation. The absorption of UWhotons can leads to free radical
formation. Free radicals not only destroy the steest base, but they are also harmful for
living cells. Large quantities of free radicals camvoke cancer, the situation which
sunscreens should prevent from. Recent studies $laawn that the toxic effects of TiO
particles are dose and size dependent. For exaiplen TiQ NPs are photo active on the
human skin, producing free radicals that might dgensupercoiled skin cell DNA, even at
low doses and in the absence of exposure to UVE8R,Therefore, light absorbing particles
should be handled with caution. Modern sunscrebnsjever, contain beta-carotene and

lycopene that reduce this negative effect [77].
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Now, NPs have entered a period of commercial etgilon there is growing interest in
developing techniques able to characterize pastisiee, especially in view of the evidence
that the chemical and toxicological properties &sNare size-dependent.

3.5.5 Fate of TiO; nanopatrticles in the environment

Several studies have shown that 71IPs do not penetrate the skin to any great extedt
they are relatively easily removed from the skimrrimly washing. This is how they enter
seawater or wastewater streams [79, 80, 84].

A significant release of colloidal residues conitagn TiO, NPs from commercialized
sunscreens into aquatic environment was obtainddt@ould lead to potential ecotoxicity of
these residues to aquatic organisms. Stable biesailde dispersion of nanoparticles was
generated in water [85].

Most of TiO, nano particles will adsorb on the sludge duringteavater treatment plant [84].
Just small amounts can be found in the effluent. &@r sewage sludge applications on
fields, they can enter also terrestrial environmdinis is one the reason why sludge from
wastewater treatment plant should not be usedfadiizer product. Better way of treating
sludge, form this point of view is incinerationdisposal as landfill [84].

In case of plants, although high metal concentnativave been detected in the roots exposed
to alterTiQNPs, no biological effect was observed [86]. Fi@anoparticles are minimally
water-soluble and their potential carcinogenic @feshould not be attributed to the release of
titanium ions in the medium. Several studies shom@anutagenicity [86, 87] or very weak
mutagenicity [88] caused by Tianoparticles in the bacterial reverse mutatish te

There is increasing need for a complete nanoteoggolisk assessment to evaluate the
potential fate and indirect exposure of nanocontpdsased products not only during their

manufacturing or use, but also throughout theirrefite cycle [85].

3.5.6 Extraction and characterization of nanoparticles in biological or commercial
samples: state of the art

Based on literature researdhlile 2 the main issue in case of sunscreen sampleseistitact

the nanoparticles from the organic matrix. This dan achieved by using chloroform,

surfactant solution or hexane for defatting theolotfirst, followed by separating the

particulate fraction by ultrafiltration or ultradeifugation, for instance. This purification step

should be repeated until the required purity of tieained nanoparticle suspension is

achieved.

37



Table 2 — extraction procedures for metal nanoudée based on literature research.

NPs Matrix Extraction Procedure Analysis Ref.
tissue - oligochaete 1.0 g of frozen tissue was added to 10 ml of deigshiwater and sonicated for 1 h and the
Ag , . . _ FFF-ICP-MS [89]
L. variegatus centrifuged to remove biological debris. The suptant was analyzed.
BSA was added at approximately 10-fold excess bgsmelative to the gold content to 2 ml AFFEE-MALS/
Au tissue- rat liver of rat liver homogenate. TMAH was then added tmal fconcentration of 5% (v/v). The DLS-ICP-MS [90]
samples were ultrasonicated for 1 h and rotatecharécally at room temperature overnight.
A SIES — DEEH, To portion of 0.5 g (1.75 mg in case®f magna tissue 10 ml of 20% TMAH solution was [91]
L. variegatus added. Tissue samples were then bath sonicatddifoDigested samples were diluted a SP-ICP-MS
g minimum of 1:20 [92]
D. magna
Au One expose®. magnaper exposure experiment was directly treatedwstindl. trypsin
solution (trypsin re-suspended with the secondamstn buffer) by vortexing for
Ag tissue -D. magna . (tryp ) P . - )by g AFFFF-ICP-MS [92]
around5 min. Suspension was placed in the dryibgneaat 40 °C for2-4 h, After dry the
Pt Afterwards sample vials were shaken several tinydsalnd and analyzed.
The roots were washed with DI water, cut into smedbes and homogenized by a hand-he
tissue homogenizer in 8 ml of 2 mM citrate buffeH(3.5-7.0).Then 2 ml of the enzyme
Au tomato roots solution (1 g of macerozyme R-10 powder in 20 mllbfapure water) was added. The SP-ICP-MS [8]
samples were shaken at 37 °C for 24 h. Samplessedited for approximately 1 h and 0.1 |
of the supernatant was diluted 100 times usingpitre water.
1 g of meat paste was transferred into a 13 migvolyylene tube and 1 ml of AgNP
suspension was added to obtain a sample with aatiation of Ag NPs of 0.01% (m/m).
. The sample was vortex-mixed for 1 min at 2 500 god subsequently 2 ml of 0.5 mM
Ag chicken meat AFFFF-ICP-MS [93]

NH4CO; buffer was added. The samples were centrifugedzahuoine of 0.5 ml of the
supernatant was removed and 2 ml of the 0.5 mMQ® buffer was added. The diluted
supernatant was passed through syringe filters avghre size of 0.4pm and analyzed.

38



Ag

TiO,

TiO,

TiO,

Zn0O

Deionized water equivalent to 2.5 the moisture ennof the soil was added to a soil samg
to obtain a saturated phase. The saturated phasaddad to a 20 ml syringe plugged witt
soll premoistened borosilicate glass wool. The syrings suspended from the top of a 50 ml AFFFF-ICP-MS
centrifuge tube and centrifuged 8 min at 1 000 rBorewater extracts were filtered with
30 mm, 1.0 um borosilicate glass fiber syringefgtprior to analysis.

0.1 g of lotion was dispersed in 20 ml of deionizeter and tip sonicated. Then 20 ml of
methanol was added and suspension was tip soniagsed. After transferring the suspension
sunscreen . ) . . FFFF-ICP-OES
to separation funnel, 10 ml of hexane was addéidaiod shaken for 1 min. Organic phase

was separated and water/methanol phase was analyzed

10 ml of hexane to 0.1 g of sunscreen lotion. Susijpas were sonicated for 5 min and
centrifuged at 3000 rpm for 5 min. The hexane sugtaint was removed and 20 ml of
deionized water was added to the solid white restduesuspended pelletized material. Tt
sunscreen, food i : : _ _ FFF-ICP-MS
mixture was sonicated for 30 min and subsequesethyrifuged for 30 min at 3000 rpm. The
supernatant water portion was analyzed. Optioraaflyrther 0.5 ml of hexane was added al

removal of the hexane used for defatting to aidigardisaggregation.

5 g of the sunscreen emulsion extracted with 3@htdroform followed by centrifugation at
sunscreen 4500 rpm for 15 min. This operation was repeateeettimes to get solid particle powder EDS, XRD
which can be easily dissolved in water and analyzed

[94]

(3]

[63]
[95]
[64]

[96]
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4. THE AIM OF WORK

In the frame of the research project InterNano ,[8#¥ fate and effects of nanoparticles on the
environment have to be investigated. InterNano gatojfocus on mobility, aging and
functioning of engineered inorganic nanoparticléstree aquatic-terrestrial interface. The
objective of the research unit is to identify thegesses relevant for the fate of engineered
inorganic nanoparicles and pollutants associatetth wiin the interfacial zone between
aguatic and terrestrial ecosystems [97].

TiO, nanoparticles are presented in an increasing nuoflmommercially available products
and it carries also increasing need to evaluat@dtential fate and indirect exposure of 7iO
NPs of different sizes and shapes and investidptie ¢ntire life cycle. Thus, the first aim of
this work is to investigate feasibility of extrawgi of TiO, from sunscreen samples to have
them in state close to a realistic release scendfidracted nanoparticles could be
subsequently used to investigate their fate iretheronment and for ecotoxicological studies.
However, such experiments require an accurate ladge of the suspension parameters.
Therefore, the second part of the work aimed atratherizing extracted particles by

determining average size, shape, concentrationstadity in the extraction medium.
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5. EXPERIMENTAL PART

5.1 Used laboratory equipment

equipment for ultrapure water, Reinstwassersyst&@¥pure I, Werner, Germany
AX105 Delta Range analytical balance, Mettler Tole@ermnay

ultrasonic cleaner, VWR, USA

centrifuge universal 320, Hettich Zentrifugen, Gany

WX Ultra Series Centrifuge, Thermo Scientific, Gamy

Delsa™Nano C Particle Analyser, Beckman CoulteligRon, USA

Quanta 250 Scanning Electron Microscope, FEI, USA

Leo 912 OMEGA Transmission Electron Microscope,| Caiss, Germany

YV V.V V V V V V VY

3 mm copper grid covered with a combined holey altrdthin carbon film, Ted Pella,
Inc., Redding, USA
» NanoSight LM20 system, NanoSight, Amesbury, UnKatgdom
= sample chamber BD Discardid Il, New Jersey, USA
» Agilent 1 200 HPLC system, Agilent, Germany
= PL-PSDA type 1 column (20-1 200 nm), Agilent, Genya
» X SERIES 2 ICP-MS, Thermo Scientific, Germany
= PTFE spray chamber
= platinum sample cone
= Peltier cooler
= quadrupole analyzer, Thermo Scientific, Germany
» Amicon Ultra-15 CentrifugalFilter Tubes, Millipor&erck, Germany

» ordinary laboratory equipment

5.2 Used software

Microsoft Office Word 2007, Microsoft, USA
Microsoft Office Excel 2007, Microsoft, USA
Paint ver. 6.1, Microsoft, USA

PlasmalLab, Thermo, Germany

NTA 2.0 Build 127 software

ImageJ 1.49v, National Institutes of Health, USA

VvV V V V VYV V
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5.3 Chemicals, standards and samples

5.3.1 Chemicals
» Ultrapure water with resistivity 1828 cm (25°C) was produced by
Reinstwassersystem EASYpuréM IMWerner, Germany
Sulfuric acid 95 %, ROTIPURAR| Carl Roth, Germany
Hydrogen peroxide 30 %, ROTIPURANCarl Roth, Germany
Potassium hydroxide, flake 85 %, Alfa Aesar, Gerynan
n-Hexane, ROTISOLY HPLC, Carl Roth, Germany
Acetone for liquid chromatography, LiChrosBMerck, Germany
2-propanol gradient grade for liquid chromatografhi¢hrosol® Merck, Germany
Chloroform, ethanol free 99 %+, Alfa Aesar, Germany
Sodium n-dodecyl sulfate 99 %, Alfa Aesar, Germany
Triton X-100, Alfa Aesar, Germany

YV V.V V V V V V V

o
w
N

Standards

A\

TiO, standard P-25 nanopowder, Degussa, Braunschweig)d®y

Citrate stabilized gold nanoparticles (sphericagneeter: 30, 50, 100, 150 and
250 nm), Sigma-Aldrich, Germany

» Single element Rh standard 1 000 + 3 pg/ml PealofPeance, California, USA

A\

5.3.3 Samples

Eleven commercially available sunscreen product®\warchased at local shops. Sunscreens
with high sun protection factor (SPF30) were chosen for future experiments. Unfortelyat
information about TiQ and/or ZnO content, phase composition neither gizbese mineral
pigments particles are not available on any of enasunscreens product label. Details of all
sunscreen samples are showi able 3

Sunscreens bottles were well shaken each time éoédiing the subsample. The first small
portion of the sunscreen lotion after opening elactile was discharged to waste and only
than the subsample was taken.
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Table 3 — sunscreens used for analysis.

ID Name Art Additional usage SPF TiO, Zn0O
01 ReweFeuchtigkeits-SonnenspPay Lotion/spray Sensitiv 30 yes no
02 ReweFeuchtigkeits-Sonnencrefne Cream For children 50 yes no
03 Real,- Quality Sonnenmiléh Lotion Cooling effect 30 yes no
04 Real,- Quality Sonnencretie Cream Anti-aging effect 30 yes no
05 BiothermLaitSolairé Lotion - 50 yes no
06 Nivea Sun PflegendeSonnenmilth Lotion Cooling effect 50 yes no
07 Sundance Sonnenmilth Lotion Radical Control Komplex 59 yes no
08 Garnier Ambre SolaireResistoSonnenschutz-Milch Lotion For children 50 yes no
09 Alverde Sonnencreme Jojdba Cream Sensitiv 30 yes no
10 BabyloveSonnencrerfle Cream For babies 50 yes yes
11 Baby sebamedSonnenschutzlofion Lotion For babies 50 yes no

1) — sunscreens suspendable in 0.1 % Triton X-bQAisn.
2) — sunscreens suspendable in hexane.
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5.4 Solvent screening

If any extraction method based on ultrafiltration wdtracentrifugation is considered, it is
necessary to find some suitable solvent which Ie &b completely suspend the sunscreen
lotion. 1 % solutions of sodium dodecyl sulfate §DBrij L35 and Triton X-100 surfactants
were tested to investigate the ability to suspeadheof the sunscreen samples. When
ultrafiltration was used as separation technigbe, doncentration of Triton X-100 solution
was chosen to be 0.1 % in order to avoid membramades observed when using 1 %
solution with Ultra-15 Centrifugal Filter Tubes.

For samples which could not to be suspended wigroésurfactants (samples number 08, 09,
10, 11) organic solvent had to be considered. Awgtasopropanol, tetrahydrofuran, and
hexane and chloroform certainly based on studiemd¢seelable 9 were tested.

Also effective solution for suspending the residdter centrifugation or ultrafiltration had to
be tested because NPs extracted from sunscreensdée be unstable in ultrapure water and
fast agglomeration was observed when ultrapure ates used for suspending them.
Therefore, ability to suspend residue after ullirafiion and ultracentrifugation of ultrapure
water, ultrapure water with pH adjusted to 2 (H&td 12 (NaOH) and 0.1 % solution of
Triton X-100 solution without and with pH adjustnterto 2 (HCIl) and 12 (NaOH) were
tested.

5.5 Extraction of TiO , nanoparticles

5.5.1 Extraction by ultrafiltration

Approximately 50 mg of homogenized sunscreen low@s weighed and added into a glass
beaker with a magnetic stir bar. 10 ml of 0.1 %tdniX-100 solution (pH = 12) was added
and the beaker was placed to a magnetic stirrer sdinced for 30 min until t of an
homogeneous suspension was obtained. The milkyesagm was transferred to Ultra-15
Centrifugal Filter Tube and centrifuged at 4 5¢Dm. for 30 min. Filtrate from the tube was
discharged and residue that stayed on the filmateembrane was resuspendedin10 ml of
0.1 % Triton X-100solution. Suspension was cengefill again at the same conditions. This
procedure was repeated to get purified suspensiommi@, NPs. Residue after last
centrifugation was resuspendedin10 ml of 0.1 %onriX-100 solution (pH = 12), transferred

to plastic tube, sonicated for 15 min in ultrasdmath and used for further analysis.
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In case of samples 8, 9, 10 and 11 was 10 ml aditexised instead of Triton X-100 solution
and the first centrifugation was done in ordinatgsg tubes at 5 000 r.p.m. for 20 min.
Hexane supernatant was entirely removed by pipgtogened tube was placed to a hood for
5 min to evaporate the residual amount of hexamen fthe tube. Solid residue was
resuspended in 0.1 % Triton X-100 solution (pH ¥ Xdnicated for 15 min, transferred to
Ultra-15 Centrifugal Filter Tube and centrifuged 4600 r.p.m. for 30 min. Filtrate was
discarded and residue on the filtration membrang ngauspended by 10 ml of 0.1 % Triton
X-100 solution with pH = 12. Suspension was cemg&fd again at the same conditions and
residue after last centrifugation was resuspended(ml of 0.1 % Triton X-100 solution

(pH = 12), sonicated for 15 min again and usedé&xt analysis.

5.5.2 Extraction by ultracentrifugation

Approximately 0.5 g of homogenized lotion was weidho a beaker with a magnetic stir bar
and 200 ml of 0.1 % Triton X-100 solution with pHL2 was added to it. Beaker was placed
on magnetic stirrer and mixed for 30 min, until lkeaganous white-coloured milky suspension
was reached. Content of the beaker was transfeoré2b0 ml Teflon ultracentrifuge tube,
sonicated for 15 min and centrifuged at 20 000w.pfor 30 min. Supernatant after
centrifugation was carefully removed by pipette antid residue in tube was resuspended by
another 200 ml volume of 0.1 % Triton X-100 solafjoH = 12).The obtained suspension
was then sonicated in ultrasonic bath for 15 mient@fugation at the same conditions was
repeated two times Residue was resuspended againeirsame solution and this final
suspension was after 15 min sonication used fohdéuanalysis.

Big scale extraction was done with samples numler0o@, 05, 06, 08 and 11. In case of
samples 08 and 11, hexane was used as disperseng} ddter first ultracentrifugation and
hexane supernatant removal whole next procedureidesdical with procedure mentioned

above. All samples were done in triplicates.

5.6 Digestion procedure

Approximately 50 mg of sunscreen lotion was weighed added into the beaker. 5 ml of
hydrogen peroxide were added to the lotion. Afear minutes 10 ml of sulfuric acid was

carefully added drop by drop to it and after watitb min, beaker covered by watch glass

was placed on hot plate.
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Temperature was increased step by step to 225 @Ckeypt at this temperature for 1 hour.
After cooling down at room temperature the cont#riveaker was quantitatively transferred
to 100 ml volumetric flask and diluted with ultrapuvater. 150 ul of the digested and diluted
sample were taken and pipetted into 15 ml plastie tand diluted with ultrapure water to a
final volume of 15 ml prior to analysis using ICPSM

In case of determination the Ti@ontent in final suspension of extracted NPs, 1®Mm
undiluted suspension was dried in beaker on hde @atemperature 95 °C and procedure
exactly identical with digestion procedure used $onscreen lotion was applied to solid

residue in the beaker.
5.7 Analytical measurements

5.7.1 HDC-ICP-MS measurement

HDC experiments were done using Agilent 1200 HPIsgstem with PL-PSDA
hydrodynamic-chromatography column. As an elueht?@.solution of Triton X-100 with pH
adjusted to 11 (NaOH) was used. The flow-rate wast®-mir* and the injection volume
was adjusted to 30 pL of suspension. All parametémnethod, except used eluent, were
developed at Koblenz and Landau University.

For detecting signal ICP-MS X Series 2 system wssdu However, due to unspecified
problem with injection, different, lately no volusevere injected onto column and this
problem was not solved even by the injection neegthange. Therefore, no size separation

using HDC was achieved in this work.

5.7.2 DLS measurements

Hydrodynamic size of the TiOnanoparticles was obtained with Delsa™Nano C arti
Analyser using a laser with a wavelength of 658and at a scattering angle of 165°.For the
calculation of particle size distribution from actorelation function the CONTIN algorithm
was chosen.

2 ml of sample suspension were added into polyséymivettes and analyzed for 60 sec in
triplicates. Summary statistics were obtained ushmge analyses of 1 min (total analysis
time = 3 min). Instrument performance was verifisihg a PCS Controls reference standard

supplied by manufacturer.
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Average of hydrodynamic diameters of the nanofdagiwere measured using DLS are listed
in Table 6 As explained in theory, the stabilizing agenttair X-100 solution in this case,
creates a surface layer around the primary pardicte due to that hydrodynamic diameter is
expected to be slightly larger than the primarytipler size. The result of DLS measurements
can be also affected by occurrence of particlesggregated state in the suspension and by

particle shape.

5.7.2.1 Particle concentration optimization

As was mentioned above extracted 71 IPs have a strong tendency to aggregate and create
large agglomerates which can be hardly considesethaoparticles. The higher concentration
of particles in suspension was, the higher agglatiser tendency and bigger agglomerates
was observed. This is the reason why finding aablet concentration, at which would
particles of TiQ be present mainly as primary NPs, is necessary.

Stability experiment was carried out using alreadliracted sunscreen sample 05. Extracted
suspension was diluted 10 x, 20 x, 50 x, 100 x, 2@hd 300 x in 1% Triton X-100
solution, which is able to disagglomerate and &ibithe primary particles. Each diluted
sample was bath sonicated for 15 min directly kS measurement.

5.7.2.2 Ultrasonic bath time optimization

Also using ultrasonication bath have to be consideio break the agglomerates of TiO
nanoparticles. Therefore effect of sonication aifter@nt sonication times on suspension
with NPs was investigated.

For sonication time experiment suspension of eteéchparticles from sunscreen 05 sample
was used. Sample was diluted 5x to observe sugpensih particles in aggregated state and
therefore, to find the proper sonication time tedk most of the agglomerates. 10 ml of
diluted suspension was pipetted to six 15 ml plastibes. Each tube was exposed in
sonication bath for different time in order 0 mimin, 10 min, 15 min, 20 min and 30 min.
All samples were measured using DLS directly aftarication.

5.7.2.3 Stability of extracted NPs

Time stability of extracted NPs was investigatethgiDLS measurement by measuring the
size of extracted particles two weeks after exiwactSuspensions of extracted NPs of all
eleven samples were kept at laboratory temperdturavo weeks. Then, suspensions were
200 x diluted with 0.1 % Triton X-100 solution withdjusted pH to 12. Samples were
sonicated for 15 min and measured using DLS.
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5.7.3 ICP-MS measurement

For measuring total TiO2 content in sunscreensextidicted suspensions ICP-MS X Series 2
system was used. System is equipped with a quadrypbermo), PTFE spray chamber,
platinum sample cone and it is thermostated witlPadtier cooler. The parameters of
measurementtgdble 4 were optimized each time before analysis usingirang solution
containing Ti ions in ultrapure water. Isotopes 4@hd 47Ti were monitored as strong
interferences were observed with other isotopes.

Table 4 — typical values of system parameters@&-MS analysis.

Extraction L1 L2 QP focus D1 D2 ch?apso'e
-125V -1.10 kV -67.5V 9,6 V -455V -140V 5V
L3 Forward Horizontal ~ Vertical DA Cool
power
-200.0V 1.4 kW 85 mm 380 mm -220V 13.0°C
Aux.gas Nebuliser Hexapole Sampling Nebuliser Dwell
flux gas flow bias depth Temperature time
0.80 L/min  0.78 L/min -40V 100 mm 3°C 15ms

5.7.4 1CP-MS Calibration

A TiO, standard P-25 was used for preparing calibratobutions. Five calibration solutions
with final concentrations 0.05, 0.1, 0.2, 0.5 arféidom and one blank sample were prepared.
Firstly the proper amount of standard for eachbeation solution was weighed and added to
50 ml beaker and then it underwent digestion atetkectly same conditions as sunscreens
samples. For every single measurement was alwaysmpd new set of calibration solutions

and measured new calibration curve. Linear regrassas performed on the measured data.

5.7.5 SEM measurement

Scanning electron microscope was used to investitfa@ extracted material. Undiluted
samples were pipetted onto carbon tape. Images waegeired at a beam intensity of
25-30 kV and magnification 5 000-10 000x using Qa&b0 Scanning Electron Microscope.

5.7.6 TEM measurement
The TiG, particle size in all sunscreen samples was deteunusing transmission electron
microscopy. Using TEM the size and shape of pagican be reliably determined and DLS

measurement can by confirmed or refuted.
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Undiluted dispersions of extracted NPs were nebdlizsing an ultrasonic generator (system
developed at the Karlsruhe Institute of Technolagyjo a 3 mm copper grid covered with a
combined holey and ultrathin carbon film. Measuretm&as done using Zeiss Leo 912
transmission electron microscope in Karlsruhe faiof Technology. Images were acquired
at beam intensity of 120 kV and magnification 20 80 For each sample multiple images
were collected to obtain statistically significapbpulation of more than 200 particles.

Obtained images were analyzed manually using tlagéd software.
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6. RESULTSAND DISCUSSIONS

6.1 Sample preparation

6.1.1 Solvent screening

As observed the most suitable solution for suspgndunscreens lotions was solution of
Triton X-100 surfactant. Using this solution forspending sunscreens number 01, 02, 03, 04,
05, 06 and 07 homogenous milky suspension was \aghieAbility of 0,1 % and 1 %
solutions of Triton X-100 to resuspend residueraftgacentrifugation were compared and no
difference was observed in final particle size. rEfare, for all future experiments 0,1 %
solution was used. Water based solvents are inrgllees hazardous, cheaper and also closer
to environmental conditions and are therefore prete

Also ultrapure water, ultrapure water with pH adgasto 2 (HCI) and 12 (NaOH) and 0.1 %
solution of Triton X-100 solution without and witiH adjustments to 2 (HCI) as well as 12
(NaOH) were tested for using it resuspend residites ultracentrifugation and ultrafiltration.
Ultrapure water shown weak ability to resuspend troeed residues and big agglomerates
were observed when ultrapure water was used witlittrout pH adjustment. Therefore,
ultrapure water cannot be used as an extractioresbl0.1 % Triton X-100 solution and its
two modifications with adjusted ph (2 and 12) shaanility to resuspend the residue. The
best result was achieved using Triton X-100 sofutwith pH =12, which was able to
resuspend the residue easily and create homogesaspsnsions with smaller particle size.
This solution was used for suspending lotion (imgkes 01, 02, 03,04,05,06 and 07) and
resuspending residue after ultracentrifugationlafiltration steps of all sunscreen samples.
However, in cases of sunscreens 08, 09, 10 andirfdctant solutions were not effective to
suspend/dissolve the sunscreen components anc dreatogenous suspension. Therefore,
five organic solvents (acetone, hexane, isopropaetiahydrofuran and chloroform) were
tested for these samples. For further experimesnarte was chosen because of its ability to
suspend and create homogenous suspension in thesaihscreen samples.

As a result of solvent screening, all eleven Iatiaf used sunscreens were successfully
dissolved and suspended and underwent extractanegure.

According to instability of particles in water imdites, that most of Tgkhanoparticles will be
probably agglomerated in aquatic environment, fioeeeit will be adsorbed on the sludge as
is mentioned above. So, there is the risk of emgefiO, NPs to terrestrial environment after

application of sewage sludge on fields.
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6.1.2 Extraction of TiO, nanopatrticles

Two extraction methods for extracting LI®Ps from sunscreen suspension were developed
and applied to all mentioned sunscreen samples.eXtraction methods are simple, cheap,
not chemically aggresive and environmental frien(lhigexane was used only in case of
samples 08, 09, 10 and 11). The extraction methresggecially the ultracentrifugation one can
be adapted for providing suspensions for ecotoggiohl tests or fate experiments.

Following task is to determine the efficiency oésle methods and determine sizes and shapes

of extracted patrticle.

6.2 ICP-MS analysis

All raw measured data from the ICP-MS (in counts pecond) were corrected BYRh
internal standard data. These corrected data wsa@ for making calibration curves as well
as for all other calculations of total Ti@ass, which was calculated using linear regression
of calibration standards. Final mass was determesedn average of values obtained for
isotopes®Ti and*'Ti. Calibration curves for isotop&Ti and *'Ti were prepared separately.
Example of calibration curves of both isotopes vatiuations of linear regression are shown
in fig. 10

2,2
2,0 -
1,8 -

1,6 - y =1,8930x + 0,1221

R2=0,9997
1,4 -

1,2 4 y =1,8122x + 0,0056

1,0 - R2 =0,9996

Corrected signal

0,8

0,6 -

0.4 - + 46Ti

+ A47Ti

0,2 -
g

0,0 T T T T T T T T T 1
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
Concentration of TiO, [ppm]

Figure 10 — example of calibration curve for isotsp°Ti and*'Ti.
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Results of ICP-MS measurements are showtalile 5andtable § where we can see TiO
content in % obtained in sunscreen samples, fimacentration of TiQ in extracted
suspensions and determined extraction efficiendesll eleven samples for ultrafiltration
method and for six samples (01, 02, 05, 06, 08 Hndor big scale extraction method. For

comparison, bar chart of total Ti@ass content in all eleven sunscreens is showig.ifhl

Table 5 — total TiQ content, concentration of TyOof final suspension and extraction
efficiency of ultrafiltration.

Final concentration

No. SPF Art TIO: content of extracted TiO, E.x.tractlon
[mass %] efficiency [%]
[mg/l]

01 30 Spray/Lotion 41 + 0.3 231 + 31 96.0 + 7.2
02 50+ Creme 6.1+ 0.7 256 + 19 732 + 6.7
03 30 Lotion 55 £+ 04 272 + 17 88.2 + 8.6
04 30 Creme 40+ 05 210 £ 20 83.0 + 74
05 50 Lotion 41 + 0.2 209 + 21 87.3 £+ 6.0
06 50 Creme 52+ 0.8 281 + 24 882 + 7.8
07 50 Lotion 6.0 £ 0.9 312 + 37 73.7 £ 123
08 50+ Lotion 55+ 0.1 272 + 10 95.7 + 2.3
09 30 Creme 13.1 + 0.7 342 + 9 51.7 + 5.6
10 50 Creme 59+ 0.2 251 =+ 11 835 £ 7.9
11 50 Lotion 6.4 £ 05 239 + 25 72.8 + 6.3

Table 6 — total Ti@ content, concentration of TiOof final suspension and big scale
extraction efficiency of ultracentrifugation.

No. SPE At Ti0, content [%] Final c?ncentration E.x.traction
of TiO, [mg/l] efficiency [%]
01 30 Spray/Lotion 41 + 0.3 240 + 17 90.6 + 5.3
02 50+ Creme 6.1+ 0.7 375 + 31 944 + 9.2
05 50 Lotion 41 + 0.2 213 + 26 945 + 7.6
06 50 Creme 52+ 0.8 212 + 12 780 + 4.0
08 50+ Lotion 55 £ 0.1 270 + 33 98.0 + 6.2
11 50 Lotion 6.4+ 0.5 308 + 27 982 + 54
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As shown intable 5and6 TiO, content in sunscreens was similar in ten samptem(#,( %

to 6,4 %), and are thus in the range of what was reportetarliterature ( - 10%), except
the sample 09, where TjOcontent was considerably higher (139l The extraction
efficienciesfor both extraction methods are very satisfyingcégpt for sample 09'Higher

extraction efficiencies were in general obtainesh@isiltracentrifugation extraction, which

more suitable for extracting bigger amounts of , NPs. Uncertainty for all results we
determined as standard deviation of triplicatessuesd

Surprisingly, there seems to be no correlation betwthe SPF and the 1, concentration.

14

12 -

10 -

TiO2 mass content [%]

01 =02 w=m(03 =04 =05 =06 =07 08 =08 w10 11

sunscreens

Figure 11 — comparison of Ti(; mass content in eleven sunscreasch were determine
as average value oheasure triplicates,error bars were calculated as standard deviati
of triplicates.
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6.3 Size analysis

6.3.1 NTA measurements

Since NTA is not capable of detecting particles lgnahan about 30 nm, it was not possible
to see significant fraction of TYONPs extracted from sunscreens, therefore it igooesible

to determine actual size of primary nanoparticlekwever, NTA can be used for
investigation of presence and size distributioagglomerates in suspensions. Thus, DLS was
used in order to measure a more representativeafizee extracted nanoparticles in the

extracted medium.
6.3.2 DLS measurements

6.3.2.1 Particle concentration optimization

Concentration experiment confirmed that tendencfoohation of aggregates in suspension
with higher concentration is higher. Numerical tessare shown itable 7 It is obvious that
size of particles or agglomerates is decreasingrdory to higher dilution factor. From
dilution 200x the size of particles or agglomeraddternatively, is constant. In case of
dilution 300x the concentration was close to thiecteon limit of the DLS system therefore,
dilution 200x was used in all next DLS measureméotebserve NPs mainly in state of

primary particles.

Table 7 — measured sizes of particles/agglome@ddegnding on dilution.

dilution 10x 20x 50x% 100x 200x 300x
average 99.1 65.5 54.5 28.1 245 24.5
SD 3.2 2.7 2.4 1.3 1.1 1.5

6.3.2.2 Ultrasonic bath time optimization

In this experiment the effect of ultrasonicationttbto break agglomerates of extracted JiO
NPs was studied. Diluted sample of suspension theted nanoparticles from sample 05
was bath sonicated for 5, 10, 15, 20 and 30 min.cbatrol sample without being sonicated
was measured too. As it is obvious, sonication iBggmtly influenced the size of
agglomerates as it is representedidble 8 The most suitable time of bath sonication is
15 min to obtain mostly primary particles. Sizeutesfor sunscreen number 05 differs from
results shown intable 7 and alsotable 9 because of higher concentration of measured

suspension in this case.
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Table 8 — sizes of agglomerates in suspension dowpto different sonication time.

time 0 min 5 min 10 min 15 min 20 min 30 min
average 131.3 125.2 120.7 111.8 115.7 114.8
SD 7.7 5.9 4.2 4.4 3.7 4.1

6.3.2.3 Stability of extracted NPs

As is shown irtable 8there is difference between sizes of nanopartodésrmined right after
extraction and size determined two weeks latesaraller than 5 % except three samples (01,
06 and 07), therefore it can be concluded, thapenusions of extracted NPs were stable in
0.1 % solution of Triton X-100 with pH = 12 in adwveeks period.

Therefore, there can be concluded, that extragironide us stable suspension, that can be
stored for at least two weeks. As is shownaiple 9 average size of extracted particles in all
sunscreen samples size approximately from 20 tordOThere is also a need to determine

also shape of extracted patrticles, which can beeaeti by electron microscopy.

Table 9 — comparison of determined sizes of exd@thbiPs in time difference.

DLS measurement

No. hydrodynamic size [nm] _
. difference [%0]
after extraction after two weeks

01 232 + 1.2 244 £ 0.7 5.4
02 28.0 + 1.0 28.0 + 1.3 0.2
03 355 + 2.0 349 + 0.8 1.9
04 193 + 0.8 19.8 £+ 0.6 2.9
05 248 £ 0.8 248 £ 0.7 0.2
06 343 + 0.6 322 + 04 6.0
07 308 £ 1.0 272 £ 0.7 11.8
08 223 + 0.8 220 = 14 11
09 356 + 0.6 36.1 + 15 15
10 376 + 15 387 + 14 3.1
11 274 + 1.7 277 £ 0.8 1.1
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6.3.3 SEM measurements

Resolution of Quanta 250 Scanning Electron Micrpscwas insufficient to obtain primary
particles of TiQ, thus the SEM can be used to obtain images obagglates and study their
morphology. Example of acquired image for sunscrsample 11 is shown ifig. 12
Unfortunately, the SEM resolution was not suffitidor observing primary nanopatrticles.
Therefore, TEM was used to obtained more infornmabb the size and morphology of the
extracted nanopatrticles,

Ll CAETEN

L

e

11292016 HV det 40 pym
3:02:07 PM |25.00 kV|ETD 11

Figure 12 — example of image acquired by SEM adt\2beam power using ETD detector.

6.3.4 TEM measurements

According to image acquired by TEM, Ti@nd ZnO (only in case of sample number 10) NPs
differ in sunscreen samples in size and shape. ®Roamgular, oval as well as needle-like
shaped particles or mixtures of different shapedighes were observed in the samples.

Images of extracted NPs of all eleven samplestarenis infig. 13
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Figure 13 — represntative mages of extracted inorganic NPs from eleven cortiade
sunscreens obtained using transmission electronosgopy with copper grids. Images w
acquired at a beam intensity of 1 kV and a magnification of 20 00Q ¥Xhe scale bar i
200 nm.
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Table 10 — results of TEM and DLS analysis of Nsaeted from commercial sunscreens

TEM measurements DLS measurements
No. average length average width particle shape hydrodynamic size
[nm] [nm] [nm]
01 19.87 + 1.90 14.17 + 1.50 round 232+ 1.2
02 23.41 + 1.60 14.95 + 1.40 round and angular 280+ 1.0
03 35.45 + 2.00 15.85 + 1.00 oval and angular 355+ 2.0
04 13.37 £ 0.70 7.47 £ 0.30 round 193 + 0.8
05 36.57 + 2.80 7.31 + 0.80 needle 248 + 0.8
06 24.21 + 1.00 15.05 + 0.70 round 343 + 0.6
07 32.48 + 3.00 13.86 £ 0.60 oval 30.8 + 1.0
08 29.33 + 2.00 9.29 + 1.80 needle, round and oval 22.3 + 0.8
09 4198+ 290 2270+ 230  round, angular and need 35.6 + 0.6
10 48.83 + 7.40 31.51 + 5.90 round 376 £ 1.5
11 26.96 = 3.00 12.37 + 1.10 oval and round 274 + 1.7

According to recommendation of European Union Cossion number 2011/696/EU all
sunscreen samples contain nanomaterials becauseromere external dimensions of its
particles are in the size range 1 — 100 nm. Base@sults intable 10can be also concluded,
that size distribution of particles obtained with$are comparable to sizes measured with
TEM. Differences between values obtained with thege methods were expected and are
caused by measuring different values. DLS metho@dsoe hydrodynamic diameter of
particles, while TEM measures geometrical sizegaoficles based of particle shape. Another
reason of difference can be agglomeration of sofmte primary particles in suspension
during DLS measurement, which can increase firallte

DLS can be used as a first indication on the si#eidonot sufficient to describe the precise
size of the particle due the complex shapes obdefldewever, it is very fast and simple
technique for measuring size changes in suspen$mrabtain precise sizes and shapes of
particles TEM can be used. The TEM measurementsaled the diversity of the particle
types used in these sunscreens. The variety atlgashapes let suppose a variety in phase
and surface chemistry that could lead to a greaialidity of toxicity and fate in the
environment.

Interesting fact is that size distribution is siniin all sunscreens. UV blocking activity of
particles is probably size dependent and thatasréason of obtaining similar particle size

distribution in all sunscreens.
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On the other hand photo activity of THi@s well as ability of nanoparticles to penetrate
biological membranes are also size dependent. fidreramportant fact is that some of the
particles were even smaller than 10 nm. There isreasing need for a complete
nanotechnology risk assessment to evaluate thenfpdtéate and indirect exposure of HO

nanoparticles during their manufacturing or usé,a&o throughout their entire life cycle.
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7. CONCLUSION

Lack of toxicological and ecotoxicological studiemderlines the need for complete
nanotechnology risk assessment to evaluate thentmdtdate and indirect exposure of
complex products containing TiManoscale structured material of different sizes shapes
and investigate their entire life cycle.

By developing two novel extraction methods for agting TiQ nanoparticles from personal
care products, first aim of this work was reachEdtraction methods were applied for
samples of sunscreens. Since NPs are extractettlgiim sunscreens, particles are more
realistic in contrast to most previous studies emdld be used to investigate their fate in the
environment and for ecotoxicological studies apmplier samples of sunscreens. The main
issue is to purify these nanoparticles even frorfastant (which can interact with organisms)
and stabilize these extracted NPs in the aquasipenision to prevent them from aggregation.
These investigations still have to be done befmiagithese particles for ecotoxicological
studies.

The total TiQ content in sunscreens and extracted suspensiansietarmined by ICP-MS.
The final extraction efficiencies for ultrafiltrath extraction in eleven sunscreens were
51,7-91,2% and 78,0 - 98,2 % for ultracentrituya extraction method in case of six
samples. Ultracentrifugation method is more su@dbt extracting larger amounts of TiO
Sizes of extracted nanoparticles of all eleveretestinscreens were determined by DLS. Size
of particles to verify DLS results and also padicthapes was determined by TEM
measurements. Sunscreens differ as in particleeshap in size distribution of primary
particles.

Although using NTA and also Quanta 250 scanningtela microscope were insufficient for
determine the primary particle size, it can be uUsednvestigation of state of agglomeration
of TiO, nanopatrticles in the suspension or morphologyggfanmerate.
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8. ABBREVIATIONS

3D-SEM

AFFFF-MALS

BSED

CCD

CL

DI

DLS or PCS

DLS-ICP-MS

DNA

EDS/EDX

EM

ETD

FCH VUT

FFF-ICP-MS

FFFF-ICP-OES

FP/FPs

GFAAS

HDC

HPLC

IARC

three-dimensional scanning electron micrpgco

asymetrical flow field flow fractionatro coupled with multi-angle light
scattering

back scattered electron detector

charged coupled device
cathodoluminescence
deionized water

dynamic light scattering or photon datren spectroscopy

dynamic light scattering coupled withlductively coupled plasma mass
spectrometry
deoxyribonucleic acid

energy dispersive spectroscopy detector
electron microscopy

Everhart-Thornley detector

Faculty of Chemistry, Brno University of dienology

field flow fractionation coupled with dactively coupled plasma mass
spectrometry

flow field flow fractionation coupledith inductively coupled plasma
optical emission spectrometry

fine particle/particles

graphite furnace atomic absorption spectrnpgco

hydrodynamic chromatography

high-performance liquid chromatography
The International Agency for Research on Cance
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ICP-MS
ICP-OES
NP/NPs
NTA
QELS
RF

SDS
SEC
SEM
SLS
SP-ICP-MS
SPF
TEM
TMAH
TOF
AUC

UF

us

uv
WDS

XRD

inductively coupled plasma mass spectrometry
inductively coupled plasma optical emisspactrometry
nanoparticle/nanoparticles

nanoparticle tracking analysis

guasi-elastic light scattering

radio frequency

sodium dodecyl sulfate

size exclusion chromatography

scanning electron microscopy

static light scattering

single particle inductively coupled plasmass spectrometry
sun protection factor

transmission electron microscopy

tetramethylammonium hydroxide

time of flight detector

analytical ultracentrifugation

ultrafiltration

Unites States

ultra-violet

wavelength dispersive X-Ray detector

X-ray diffraction
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