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A B S T R A C T   

The use of zinc oxide nanoparticles (ZnO NPs) in cosmetic and pharmaceutical industry has been increased in 
recent years due to their good properties as solar radiation filters and antibacterial agent. According to the 
literature, the potential toxicity of these NPs could be size-dependent and the amount of solubilized metal. This 
work investigates new reliable and straightforward methodologies that enables the determination of ZnO NPs, 
discriminating them from ionic zinc in cosmetic samples. Two different techniques of analysis have been applied 
in this study: high-resolution continuum source graphite furnace atomic absorption spectrometry 
(HR–CS–GFAAS), and “single particle” inductively coupled plasma mass spectrometry (sp-ICP-MS). Triton X-100 
has been used as a surfactant for the formation of homogeneous and stable slurries which allowed the deter
mination of the concentration and sizes of ZnO NPs and Zn2+ in baby creams, eyeshadows, and lotions. A central 
composite design (CCD) was performed for the two techniques to optimize the concentration of Triton X-100 and 
sonication time. For validation purpose, the results of Zn2+ and ZnO NPs contents achieved by HR–CS–GFAAS 
were compared with the total Zn content obtained by acid digestion of the samples. A size comparison of the ZnO 
NPs was also carried out with the data obtained through the two methodologies and validated with transmission 
electron microscopy (TEM). In the case of TEM analysis, two different media were tried to study possible ag
glomerates and interactions between the particles and the matrix.   

1. Introduction 

Even before their unique extraordinary properties were known, 
nanomaterials (NMs) and nanoparticles (NPs) had come into use. 
Nowadays, the application of nanotechnology has generated important 
benefits, widely recognized. Materials based on nanotechnology or 
containing engineered NPs represent a true scientific revolution. A 
multitude of products that surround our lives are manufactured and/or 
containing NPs, in diverse fields such as cosmetics, food, textiles, elec
tronics, construction and medicine [1,2]. During the use of these prod
ucts or after their disposal, different types of NPs are released into the 
environment. Consequently, the exposure to them is increasing, and 
their effects on the environment or human health are currently being 
questioned [3]. Due to their tiny size (1–100 nm), NPs can be introduced 

in the human body by inhalation, ingestion, or skin penetration. The 
same exceptional physical and chemical properties of NMs and NPs, 
make them also potentially toxic: high surface reactivity, high stability, 
and the facility to penetrate the bloodstream to reach different organs of 
the body [4]. A variety of NPs, such as TiO2, ZnO, silver, silica and iron 
oxides are really extended, being the consumers directly or indirectly 
exposed to this kind of materials [5]. 

TiO2 and ZnO NPs are the two key ingredients used in sunscreens 
because they can reflect and scatter UVA and UVB radiations while 
preventing skin irritation and disruption of the endocrine system typi
cally induced by organic UV filters [6]. As ZnO NPs do not scatter visible 
light, they appear to be transparent, in contrast with other products that 
may appear to be an opaque white color [7]. Furthermore, ZnO NPs are 
compatible with skin, protecting it from irritants agents due to 
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antimicrobial, antioxidant, and anti-inflammatory properties [8]. ZnO 
NPs are commonly used for treating different skin conditions. In addi
tion, they have emerged as a suitable tool in drug delivery. For all these 
reasons, ZnO NPs are one of the NPs more employed in cosmetic and 
medicine [9]. However, like other NPs, the enhanced antimicrobial 
properties of these NPs, make them one of the most harmful NPs in 
aquatic exposures, though this toxicity can be attributed to the solubi
lized metal from NPs in solution [10]. Results of several studies revealed 
that ZnO NPs were soluble partially, up to 20 μg mL− 1 after a day and 
could induce strong cytotoxicity as compared with other insoluble NPs 
[1,11]. After all these considerations, reliable analysis methods are 
needed, capable of characterizing and determining ZnO NPs and 
discriminating them from ionic zinc in different types of samples, 
pharmaceutical, cosmetic, etc, with the additional challenge of its 
determination in complex matrices. Samples with complex matrices 
could require pre-treatments that enable quantitative NPs separation 
while still ensuring their integrity (specially their size). A detailed 
description of the advantages and limitations of sample preparation 
procedures for metallic and metal oxide NPs characterization in con
sumer products can be found in the review article by de la Calle et al. 
[12]. 

Currently, the full characterization of NPs in complex matrices 
without misleading dilution or modification is a challenging goal for the 
analytical chemistry. Microscopic techniques (Transmission Electron 
Microscopy, TEM and Scanning Electron Microscopy, SEM), and light 
scattering techniques (Dynamic Light Scattering, DLS and Multi-angle 
Laser Light Scattering, MALLS) are of great value to determine size pa
rameters of NPs. However, these techniques are not able to quantify the 
concentration of the different metal species in the samples [13]. Among 
spectroscopic and spectrometric techniques capable of providing infor
mation about chemical composition such as Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS), Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES), and Atomic Absorption Spectrometry 
(AAS), Single Particle Detection mode ICP-MS (sp-ICP-MS), the last one 
has increasingly gained importance. The advantages of using sp-ICP-MS 
are high throughput and the capacity to obtain information on particle 
size and particle number concentration, as well as being widely avail
able in many laboratories [14]. In sp-ICP-MS, metal or metal 
oxide-based NPs in a sample are introduced as a diluted suspension into 
the plasma torch producing a plume of metal ions. This plume is 
detected as a signal pulse in the MS, allowing the determination of NPs 
concentration in the sample by monitoring the atomic mass of the metal. 
If the mass, composition, and density of the NP are known, and the NP 
shape is assumed to be spherical (generally) or other simple shape, the 
particle size can be estimated. To ensure that each signal pulse is orig
inated from one NP only, adequate time resolution and a low NPs con
centration are required. Therefore, samples must be normally diluted 
enough to prevent the simultaneous detection of two or more NPs [14]. 
sp-ICP-MS is turning into a powerful technique for the quantification 
and characterization of metallic NPs. Notwithstanding, this technique 
has relatively high size detection limits for highly soluble nanoparticles 
(e.g. ZnO, CuO) or NPs that are measured in the presence of high 
background concentrations of dissolved metal [15]. Unfortunately, 
significant dissolution of the ZnO NPs generally increases background 
levels of dissolved zinc, making very difficult to distinguish between NPs 
events and the background signal due to dissolved metal. This is the 
reason why up to date, sp-ICP-MS has been mainly used for the char
acterization of gold [3,16–18], silver [3,16,19,20], and TiO2 [3,21–23]; 
little success has been obtained for highly soluble NPs, such as ZnO NPs 
[15,24]. In both referenced articles, the use of an ion exchange column 
was described to eliminate the dissolved metal. 

In a recent paper [25], a direct solid sampling method for speciation 
of Zn2+ and ZnO NPs in eyeshadows by High Resolution Continuum 
Source Graphite Furnace Atomic Absorption Spectrometry 
(HR–CS–GFAAS) was optimized and validated by us. The direct solid 
sampling has the advantage of the no-necessity of sample pretreatment 

neither suspensions preparation. Gagné et al. [26] were the first authors 
that reported NPs identification using GFAAS, these authors observed an 
increase in the atomization temperature for Ag NPs. Since then, other 
authors have employed HR–CS–GFAAS for the determination and 
characterization of NPs, Feichtmeier and collaborators [27,28] indi
cated the possibility to differentiate between Ag+ and Ag NPs through 
the evaluation of atomization delays, the same parameter was used by 
Resano et al. [29]. Vereda Alonso et al. [30] used the upslope of the 
atomization peak to determine the size of magnetic NPs. Brandt et al. 
[31] investigated the use of GFAAS to characterize size of Au, Ag, Pd, Pt 
and Fe NPs. All these works demonstrated the possibility to distinguish 
the ionic species from NPs forms of metals based on their atomization 
delay, and the size of the metallic NPs with the atomization velocity 
(upslope of the atomization peak). However, the distance between at
omization peak of ionic metal and the metallic NP is small and the peaks 
appear overlapped. In our previous study [25], the deconvolution of the 
atomization peaks was necessary to realize the speciation analysis. 
Other authors have also performed speciation analysis with the use of 
the named “simulation-assisted calibration” methods and employing the 
derivative of atomization peak for gold and silver by GFAAS, avoiding 
the necessity of the deconvolution of their signals into single compo
nents [32,33]. 

In this work, the optimization of two methodologies to speciate ionic 
Zn2+ and ZnO NPs and to obtain ZnO NPs size information by sp-ICP-MS 
and by HR–CS–GFAAS has been developed. Both methodologies imply 
the use of adequate suspensions of the samples in Triton X-100. Both 
methodologies were successfully compared. 

2. Experimental 

2.1. Instrumentation 

In this work, the results obtained by two analytical techniques were 
compared. For this purpose, most of the experiments were performed on 
a high-resolution continuum source graphite furnace atomic absorption 
spectrometer (HR–CS–GFAAS) and on a quadrupole-based inductively 
coupled plasma mass spectrometers (ICP-MS). 

The HR–CS–GFAAS used was a ContrAA 700 (Analytik Jena AG, 
Jena, Germany), equipped with an autosampler SSA 600 for solid sam
pling (Sartorius, Goettingen, Germany). This instrument has a complex 
optical system which consists in a xenon short arc lamp (GLE, Berlin, 
Germany) operating in “hot-spot” mode as the radiation source, a high- 
resolution double echelle monochromator (DEMON) and a linear CCD 
array detector with 588 pixels. 200 of these pixels are used for back
ground corrections and the monitorization of the analytical signal, while 
the rest carry out internal functions, such as correcting for fluctuations 
in the lamp intensity. The solid samples were introduced as suspensions 
for the experiments in a transversely heated pyrolytic graphite tubes 
with graphite platforms. Data evaluation was achieved with the software 
ASPECT CS 2.1.2.0 (Analytik Jena AG, Jena, Germany) and Multipak 9.0 
Data Reduction Software (Physical Electronics, Chanhassen, MN, USA). 
The optimum instrumental operation conditions were summarized in 
Table 1. 

ICP-MS NexION 2000 (PerkinElmer, MA, USA), equipped with the 
Syngystix Nano Application module software (version 2.2) for sp-ICP- 
MS analysis. NexION 2000 offers a high sensitivity, so smaller NPs can 
be analysed. Instrumental details and operating conditions used with 
this instrument are summarized in Table 2. Daily performance check and 
nebulizer gas flow rate were adjusted so that Ce++ (70)/Ce+ (140) and 
CeO+ (156)/Ce+ (140) ratios were equal to or less than 0.03 and 0.025, 
respectively. Additionally, cross calibration of the counting to the 
analog conversion factor for the detector was daily performed before 
analyses. 

For validation purposes, the cosmetic samples were digested using a 
microwave oven Multiwave 3000 (Anton Paar, Graz, Austria). 

All the samples were characterized by TEM. Moreover, these 
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analyses were carried out in two different conditions: samples sus
pended in ethanol, and samples suspended in the optimized slurry 
conditions (Triton X-100). For this, a JEM-1400 TEM instrument (Pea
body, MA, USA) was employed for measuring the particle size 
distribution. 

2.2. Reagents, standards, and samples 

All experiments were carried out with reagents and standards with 
analytical quality or superior. Doubly de-ionized water (18 MΩ cm) 
obtained from a Milli-Q water system (Millipore, Bedford, MA, USA) was 
used throughout for dilutions. Ionic calibration standards were prepared 
from 1000 mg L− 1 stock standard solutions (Merck, Darmstadt, Ger
many) of Zn and Au. Solid ZnO NPs UV Shielding Powder standards (US 
Research Nanomaterials Inc., Houston, USA) with different sizes be
tween 18 and 500 nm were used in this work. A certified standard of 100 
nm Au NPs (PerkinElmer, MA, USA) was also used. The certified values 
of size and size distributions for all the NPs standards were verified by 
performing TEM analysis. Homogeneous and stable NPs suspensions of 
the standards and samples were achieved using the surfactant Triton X- 
100 (Merck, Darmstadt, Germany) and sodium dodecyl sulphate (SDS) 
(Merck, Darmstadt, Germany). Concentrated HNO3 and H2O2 (Merck, 
Darmstadt, Germany) were also used for samples digestions. 

Ten samples of cosmetics and personal care products were studied. 
Five compact powder eyeshadows of different colors (numbered 1 to 5), 
three baby skincare creams (named A, B and C), and two selfcare lotions 

(named 1 and 2) samples of several brands were purchased in cosmetic 
shops in Malaga, Spain. 

2.3. Sample preparation 

Considering that commercial cosmetics are not usually homoge
neous, and to avoid problems with the analysis reproducibility, the 
samples were manually homogenized for 5 min. Then, after homoge
nization, an amount of sample (mg) was dispersed in Triton X-100. For 
GFAAS analysis, samples were prepared 0.1 % (w/w) in 0.55 % Triton X- 
100 aqueous solution and the suspension was sonicated for 3 min. In the 
case of sp-ICP-MS analysis, samples were prepared 1–2 % (w/w) in 1 % 
Triton X-100 aqueous solution, and the suspension was sonicated for 70 
min. The NPs suspensions were shaken in a vortex for a few minutes 
before dilution, to avoid possible particle agglomeration. The dilution 
factors needed for all the NPs dispersions to minimize the occurrence of 
double events during sp-ICP-MS measurements were calculated based 
on Poisson statistics [34] for a dwell time of 100 μs for Au and ZnO NPs 
standards. In the case of the samples, different studies were carried out 
to achieve a suitable dilution and stable suspension. In all cases, possible 
agglomerates are avoided, and well dispersed samples were obtained 
(white milky suspensions for creams and lotions, and colored milky 
suspensions for eyeshadows). The stability of the suspensions was tested 
with the non-appearance of precipitates, and the reproducibility of the 
results obtained in replicated measures, all of them made with at least 
six replicates. 

2.4. Description of the performed analysis 

In this work, the study of Zn species was achieved using two new 
innovative analysis strategies which can provide all this information. In 
Fig. 1, a scheme of the different performed analysis is showed. 

2.4.1. Total zinc determination 
For the total Zn determination in the cosmetic samples, an acid 

digestion of the samples was carried out in a microwave oven. The 
selected conditions for the microwave digestion procedure were similar 
to the applied in a previous work [25]: an accurately weighed amount of 
sample (0.1–0.15 g) was introduced into a digest vessel with 1.5 mL 65 
% HNO3 and 0.5 mL of 30 % H2O2. These vessels containing the mixture 
were put into the microwave oven at 900 W for 30 min, reaching a 
temperature of 200 ◦C. After cooling, the digested samples were evap
orated to dryness to eliminate the excess of acids and diluted with 
de-ionized water in 25 mL volumetric flasks. Aliquots of 20 μL of the 
samples were injected into the graphite tube for analysis of total Zn by 
GFAAS. In order to determine the total Zn, different volumes of 30 mg 
L− 1 of ionic Zn standard solution were introduced in the graphite 
furnace (0, 5, 10, 20, and 30 μL) for the calibration curve. 

2.4.2. HR–CS–GFAAS measurement protocol 
HR–CS–GFAAS has been used for nanoparticle characterization (size 

and concentration) [26]. In this work, all the cosmetic and pharma
ceutical samples were suspended in Triton X-100 and sonicated previ
ously to their analysis by HR–CS–GFAAS. For this, different aliquots of 
the slurry samples were deposited in the graphite platform of the solid 
autosampler. The GFAAS system was operating in solid mode. The 
measurements of Zn were taken using the conditions summarized in 
Table 1. A mixture of 15 mg L− 1 of Zn2+ (aqueous standard solution) and 
0.1 % (w/w) solid ZnO NPs (UV Shielding Powder standards) was pre
pared as a stock solution. In order to build the calibration curves for both 
Zn species, different volumes (2.5, 5, 10, 15 and 20 μL) of this stock 
solution were directly injected into the solid sampling platform. 

The upslope of nanoparticular peak (the second one) was used to 
obtain the size value. For the calibration, the ZnO NPs UV Shielding 
Powder standards between 18 and 500 nm were used for calibration. 

Table 1 
HR–CS–GFAAS optimized instrumental parameters.  

Wavelength 307.590 nm 

Number of detector pixels summed per line 3 (4.20 p.m.) 

Temperature program 
Step Temperature 

(◦C) 
Ramp (◦C 
s¡1) 

Hold time 
(s) 

Ar gas flow (L 
min¡1) 

Drying 80 6 20 2.0 
Drying 90 3 40 2.0 
Drying 110 5 20 2.0 
Pyrolysis 150/300a 3/50a 6/20a 2.0 
Gas 

adaptation 
150 0 5 0.0 

Atomization 1350 1000/ 
1500a 

3 0.0 

Cleaning 2450 500 4 2.0  

a Conditions for solid sampling analysis of total zinc. 

Table 2 
ICP-MS operation conditions and sp-ICP-MS method parameters.   

NexION 2000 

RF power (W) 1600 
Nebulizer Gas flow (L min− 1) 0.98 
Plasma Gas flow (L min-1) 

rowhead 
15 

Auxiliary gas flow (L min− 1) 1.2 
Sample introduction system Glass cyclonic spray chamber-Meinhard Type C 

glass nebulizer 
Sampler cone Ni 
Skimmer cone Ni 
Analyte ZnO, Au 
Mass (amu) 81, 197 
Dwell time (μs) 100 
Scan time (s) 300 
Detection mode Dual (counting + analog) 
NP parameters for calculations 
Density (g cm− 3) 5.61 (ZnO), 19.3 (Au) 
Sample introduction parameters 
Sample uptake rate (μL min− 1) 300 

NPs dilutions were vortexed in a Lab Dancer S040 (IKA®-Werke GmbH & Co. 
KG, Germany) immediately before their use. 
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2.4.3. sp-ICP-MS measurement protocol 
For the analysis of the different samples, stable suspensions of 

standards and samples were prepared using Triton X-100 as surfactant. 
These suspensions were sonicated until homogenization, and then 
properly diluted. The transport efficiency (TE) is one of the most 
important sp-ICP-MS parameters. TE is defined as the ratio between the 
number of particles or mass flux of sample solution entering in the 
plasma and the particles or mass flux of sample solution introduced in 
the instrument nebulizer. This parameter is used to transform the signal 
peak net intensity of a NP into size information with a curve calibration 
of the mass flux. In this case, the size calibration method described by 
Pace et al., was used [35]. In this method, TE is calculated as a ratio 
between the solved metal concentration and nanoparticular calibration 
slopes. Solved metal (performed using 1–4 μg L− 1 Au standard solutions) 
and nanoparticular (performed with the PerkinElmer 100 nm Au NPs 
standard solution) calibrations were daily prepared. The NP calibration 
was carried out using just one standard solution (one point calibration) 
as described by Aramendía et al. [36]. All the standards were diluted 
with ultrapure water in order to obtain a particle number concentration 
of at least 1000 NPs mL− 1, to avoid the appearance of multiple events. 
Then, TE was calculated as the ratio of both calibrations, this parameter 
was always found in the 4–6 % range. For the ZnO NPs analysis in the 
samples, an ionic Zn calibration was performed using standards with 
concentrations between 10 and 50 μg L− 1, relating the NP signal in
tensity with the mass concentration (μg). 

2.5. Data processing 

The obtained results in all the performed analysis were needed of 
additional data treatments. Two different analyses were done: a) 
speciation and determination of Zn species, and b) ZnO NPs size char
acterization. A data treatment protocol was applied depending on the 
analysis. All the samples were equally processed, taking the same 
criteria in all cases. 

2.5.1. HR–CS–GFAAS data treatment 
The spectra data obtained with the software ASPECT CS were 

exported to comma-separated values (CSV) file format. Then, with the 
aid of a web service programmed in JavaScript, the pixel 101 was 
selected to represent the spectrum. Following the previous work [25], 

the data were treated with the same protocol for the deconvolution of 
the signals. In this work, the solid suspension methodology showed an 
advantage in comparison with the direct solid sampling analysis on 
GFAAS due to the signals of the species are separated from each other, 
thus the deconvolution was easier. The integrated area for each peak 
was used for speciation of Zn2+/ZnO NPs in the standards (mixture both 
species) and samples. In the case of total zinc in the samples, the inte
grated area for the only peak obtained after digestion of the samples was 
used. 

For the size characterization, experiments were performed to 
determine the ZnO NPs size through the second atomization peak. For 
this, calibration curves were obtained with suspensions of solid stan
dards of these NPs of different sizes in 0.55 % Triton X-100. This cali
bration is showed in SM1. One atomization peak at 5.8 s was observed 
when ZnO NPs standards were measured, according to the chemical 
composition of the suspension (only nanoparticular). In the samples, 
two atomization peaks were found according to the presence of both 
species. The measure of the upslope of the second peak of the atomi
zation signals (atomization rate, kat) was used for the calibration pur
poses. The nanoparticular signals were deconvoluted to avoid the small 
contribution of ionic Zn near to the ZnO NPs region. The results obtained 
were validated by TEM and compared with the obtained ones by sp-ICP- 
MS. 

2.5.2. sp-ICP-MS data treatment 
According to the previous work [36], an in-house developed script 

written in GNU Octave was used to process the raw data provided by the 
software. The output signal consists of one-time column with a data 
value every 100 μs (or the dwell time selected for the analysis per
formed) and another one containing the net intensities for every NP 
detected. The script integrates the NP total signal summatory and 
differentiate them from the background signal. Size calculations, con
centrations and graphical representations were carried out using 
Microsoft Excel (Redmond, Washington, USA) and OriginPro (Origin
Lab, Northampton, MA, USA). 

Several parameters were used to calculate the ZnO NPs size in the 
samples. First, the ICP-MS response in counts/μg L− 1 was determined 
using the slope value of a calibration curve of ionic Zn (10–50 μg L− 1) 
plus the calculation of the TE. According to this method, the TE was 
calculated following equation (1), where Sion is the slope of the 

Fig. 1. Scheme of the analytical procedures carried out for the cosmetics samples.  
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calibration curve with ionic Au standards (counts/μg L− 1; for calculation 
of this slope, 1–4 μg L− 1 of Au were considered), SNP is the slope of the 
calibration curve with the PerkinElmer 100 nm Au NPs (counts/μg L− 1; 
for calculation of this slope, a diluted standard of 100 nm Au NPs was 
considered), Q1 is the sample flow rate introduced in the ICP-MS in
strument tdwell is the dwell time (s) and 60 is the conversion factor from 
minutes to seconds. Additionally, the mass (fg) for each NP detected 
with this method (mNP,IC) can be calculated via equation (2) taking into 
account that Zn mass was measured first, and then a mass fraction of 80 
% was used to convert the Zn mass to ZnO mass since the ratio of Zn/ZnO 
is 80 % by weight. 

Spherical shapes were assumed to convert the mass of ZnO into 
diameter information, as these nanoparticles have geometrical irregular 
shapes. Then, the diameter (nm) of each unknown particle detected 
(dNP) was subsequently calculated according to equation (3), where mNP 
refers to the mass of each detected NP calculated according to equation 
(2) (fg), while ρ is the known density of the targeted particle (g cm− 3). 
For this parameter, values included in Table 1 were used for the different 
NPs analysed. 

TE =

Sion

Q1•

(
tdwell

/

60

)

SNP
⋅10− 3 (1)  

mNP,IC =
INP • tdwell•Q1

60 • TE
Sion

(2)  

dNP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
6 • mNP

π • ρ •
3

√

102 (3) 

OriginPro software was used to extract the data for calculations and 
graphical representations. Mathematical Gaussian fittings were per
formed for all the histograms, being the average predicted value (in 
counts) predicted by the program (Xc) used in the calibration curves. 

2.6. Optimization strategy 

Preliminary tests were performed with suspensions in two different 
surfactants (SDS and Triton X-100). Else, in the case of GFAAS, dilutions 
1:10, 1:100, and 1:1000 in deionized water were studied, and for sp-ICP- 
MS higher magnitude orders (104, 105, 106) were tested according to the 
single particle theory. The instrumental parameters used for GFAAS and 
for sp-ICP-MS were the presented in Tables 1 and 2, respectively. For 
these studies, 50 nm ZnO NPs, cream A, and cream B were used. 

Multiple response designs were carried out to optimize the slurry 
preparation. First, considering the surfactant concentrations and soni
cation times used in the preliminary tests, the lower and upper values of 
the design variables were stablished between 0.1 and 1 % and 10–60 
min respectively. Three response functions were chosen to optimize the 
slurry preparation for GFAAS: ionic peak height, nanoparticular peak 
height, and distance between peaks (Spectr. No), and two response 
function for sp-ICP-MS: the number of particles detected and the back
ground signal (ionic Zn). In all cases, the response functions were 
maximized except the background signal for sp-ICP-MS, which was 
minimized. Every experiment was performed in triplicate. 

A central composite design plus star was the response surface design 
chosen for optimize the slurry preparation for each technique where 2k 

+ 2 x k + n runs were generated, being k the number of parameters to 
optimize (k = 2). Attending to this, 22 are the points from the factorial 
experiments carried out at the corners of the cube and 2 x 2 are the 
points carried out on the face centred star. The repetition of the central 
point was used to estimate the experimental error (n = 2) in the design. 
The resulting 10 experiments of the design were randomly performed in 
both techniques. Statgraphics Centurion software (version 16.1.11 for 
Windows) was used for processing the experimental data. Analysis of the 
variance (ANOVA) and p-value significance levels were used for 

checking the significance of the effects in the design. After this optimi
zation, some variables were studied out of the initial considered range to 
observe and improve the behaviour of the signal. 

All the samples were analysed by TEM, in two different media to 
compare and validate the results obtained, and for studying the possible 
particles agglomerations caused by the different surfactants. 

3. Results and discussion 

The research group, previously, had optimized the speciation of Zn2+

and ZnO NPs in different eyeshadows by HR–CS–GFAAS [25]. In the 
case of the ZnO NPs, the size information was not studied due to the 
non-reproducibility of the results obtained. This can be explained 
attending to the different sizes of the ZnO NPs contained in the eye
shadow samples. Moreover, the analysis of pharmaceutical products 
with more complex matrices such as creams was not possible as this kind 
of samples present multitude of excipients and high fat contains. In this 
work, the main purpose was the development of Zn speciation method 
and size characterization of ZnO NPs, suitable for the analysis in creams, 
lotions, and eyeshadows. For this purpose, two different instrumental 
techniques were used: HR–CS–GFAAS and sp-ICP-MS. Therefore, this 
work can be considered as a more advanced analytical method which 
provides size and content information for Zn speciation in cosmetics and 
pharmaceutical samples. 

As reported in literature [21,37], the use of surfactants to obtain 
stable suspensions of NPs is widely extended for sp-ICP-MS analysis as it 
facilitates the sample introduction. On the other hand, pharmaceutical 
samples as creams and lotions were not possible to study on the previous 
work [25] because of the complex matrices, and the signals saturation. 
So, the first test carried out in this work was the analysis of the selected 
samples using different surfactants to introduce them as a slurry in the 
GFAAS and ICP-MS. These preliminary tests were described in section 
2.6. Optimization strategy. 

In the case of sp-ICP-MS analysis, some observations should be 
considered. The pulses of NPs are known to have durations between 300 
and 500 μs. Considering that dwell times applied are in the range of 100 
μs, the NPs pulses are going to be composed of several events. Therefore, 
the raw data of the sp-ICP-MS analysis need to be processed to recognize 
these signals, and the background needs to be rested to obtain a good NP 
information. In the case of ZnO NPs, the analysis by this technique 
presents several drawbacks: 1) high contamination which means a high 
ionic baseline, 2) the particles are not composed by only one element, 
and 3) Zn presents four isotopes so the signal for each NP pulse will be 
reduced. Moreover, complex matrices, such as the samples studied in 
this work, make analysis even more difficult. To solve these problems, 
once the analysis methodology and sample preparation were optimized, 
the data treatment of the raw data included the calculation of an inte
gration threshold (5s-criterion, 5 times the standard deviation of the 
background) to filter the ionic contribution as much as possible. 

3.1. Preliminary tests 

As described in section 2.6, preliminary tests were performed to 
study the signals obtained of Zn2+ and ZnO NPs by both techniques. In 
Fig. 2 can be seen both signals obtained. In GFAAS analysis (Fig. 2A), 
two peaks separated in time were obtained with Triton X-100, the first 
one was identified as the ionic signal (Zn2+) and the second one (with a 
shoulder), more delayed, corresponding to the ZnO NPs. For sp-ICP-MS, 
a constant background signal was obtained due to the ionic Zn, and 
different pulses appeared due to the presence of ZnO NPs in the sample 
(Fig. 2B). The results of the preliminary tests can be divided into two 
groups: 1) Selection of the surfactant, and 2) Selection of the slurry 
concentration in the surfactant. The best conditions were selected based 
on these results and then a more detailed optimization was performed. 
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3.1.1. Surfactant selection 
For this analysis, suspensions of ZnO NPs in 1 % Triton X-100 and 0.1 

% SDS were prepared and tested. Cream A and 50 nm ZnO NPs standard 
were used for GFAAS and sp-ICP-MS, respectively. In both cases the 
sample was prepared as 0.1 % (w/w) and sonicated for 1 h. In the case of 
sp-ICP-MS, the 50 nm ZnO NPs were properly diluted to detect at least 
1000 particles. As can be observed in Fig.2, 1 % Triton X-100 reported 
better results than 0.1 % SDS, appearing only one peak in the 3-Dimen
sional (3D) GFAAS spectrum, and less intense signals via sp-ICP-MS. 
Since both techniques reported more favourable results with Triton X- 
100, this surfactant was selected for the rest of the studies. 

3.1.2. Slurry concentration study 
Considering that cosmetic and pharmaceutical samples have com

plex matrices and high Zn concentrations (% levels), a study of the 
appropriate dilution for analysis was carried out. ICP-MS and GFAAS are 
very sensitive techniques that can detect levels below μg L− 1, so the 
range of concentrations analysed must be adjusted. 

In the case of GFAAS, a secondary wavelength of Zn (307.590 nm) 
was used [25] to avoid the signal saturation. In this case, measurements 
of the slurry (0.1 % w/w in 1 % Triton X-100), and 1:10, 1:100 and 
1:1000 dilutions of the slurry in deionized water were carried out, and 
different volumes of these samples were pipetted onto the graphite 
furnace platform (5, 10, 15 and 20 μL). In this way, the amount of 
sample analysed was studied. At higher slurry dilutions only one at
omization peak was observed at 5.5 s, but when the amount of sample on 
the platform was increased, an additional atomization peak was 
observed at 2 s (slurry, and its 1:10 and 1:100 dilutions). To identify the 
atomization peaks, another test was carried out using Cream A (20 % 
w/w ZnO according to manufacturer), a 30 mg L− 1 Zn2+ standard and a 
50 nm ZnO NPs standard suspension. The Zn2+ and ZnO NPs standard 
solutions were prepared at 0.1 % suspended in 1 % Triton X-100 and 
analysed separately. In Fig. 3 is shown as the first peak belonged to the 
ionic contribution of the sample, and the second one to the nano
particular (larger). The shoulder of the second peak poses contributions 
of both species. The separation of the atomization peaks is achieved 
thanks to the surfactant. The reason could be that Triton X-100 favours 
the agglomeration of the particles delaying their atomization, while the 

Zn2+, in smaller proportion, is released and atomized earlier. As 
conclusion, slurry (0.1 % w/w in 1 % Triton X-100) dilutions not higher 
than 1:1000 are finally selected. 

However, in sp-ICP-MS higher slurry dilutions were needed to 
decrease the background signal (ionic contribution) and to avoid double 
events, keeping at the same time an adequate number of detected par
ticles, which represent the size distribution. Furthermore, considering 
the high sensitivity of ICP-MS, as well as, the complexity of the sample 
matrices studied, commercial ZnO NPs standards were used to carry out 
preliminary studies and the optimization strategy. A slurry of the 50 nm 
ZnO NPs (49.99 % ZnO) was prepared as the content of this standard is 
very similar to many commercial creams used for baby skincare. For 
this, 0.1 % of the standard was first suspended in 1 % Triton X-100, and 
then 104, 105 and 106 dilutions were prepared with deionized water. 

Fig. 2. Signals obtained by both analysis techniques when different surfactants are used for sample preparation. A) For HR–CS–GFAAS analysis; B) For sp-ICP- 
MS analysis. 

Fig. 3. Identification of the atomization peaks for Zn2+ and ZnO NPs in 
Cream A. 
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Once measured, it was observed that 106 was enough to detect at least 
1000 NPs, generating an intense enough histogram to represent the size 
distribution of the sample. In this kind of commercial samples, the NPs 
are not monodispersed, and different sizes of the ZnO NPs are present at 
different dilutions. For this reason, a wide range of sizes were obtained, 
and the size distribution histogram did not present a gaussian fitting. 

3.2. Optimization results 

In order to improve the signals obtained several experimental pa
rameters were subjected to optimization process. To carry out the 
optimization, Cream A (20 % w/w ZnO according to manufacturer) and 
50 nm solid standard ZnO NPs (49.99 % w/w) were used for GFAAS and 
sp-ICP-MS, respectively. 

First, the effect of surfactant concentration and sonication time were 
studied. Sample suspensions were prepared in Triton X-100. In all cases 
the sample concentration was 0.1 % (w/w). According to section 2.6., 
two multiple response designs were carried out, one for each technique. 
Three-dimensional representations of the response surfaces, being the 
conditions with the higher desirability the optimal conditions, are 
shown in Fig. 4A and B. The data indicate that interactions usually occur 
between principal factors. This means that the response surfaces in the 
factorial space are curved in the domain of the experimental design. 
Based on these results, the optimal conditions were: 0.55 % Triton X-100 
and 3 min sonication time for GFAAS, and 1 % Triton X-100 and 70 min 
sonication time for sp-ICP-MS. 

Additional experiments were performed according to the conclusions 
obtained from the response surfaces. For the sonication time, the opti
mum value was the lowest in the design, for GFAAS, and the highest in 
the response surface for sp-ICP-MS, so lower and higher values than 3 
and 70 min respectively were tested in each case. 

Based on the results of these assays, the conclusions were that son
ication time had no influence on the signals of the samples by GFAAS, 
and in contrast for sp-ICP-MS the best results were obtained at 90 min. In 
single particle, a great homogenization of the suspension is important 
since short fast measurements are performed at a constant flow rate. 
This high sonication time was also studied to evaluate if this factor 
provides the dissolution of the NPs, increasing the ionic background, 
and no drawbacks were found. 

With the slurry conditions optimized, the instrumental conditions for 
HR–CS–GFAAS (pyrolysis, atomization temperature, and use of chemi
cal modifiers) were studied starting from those established in our pre
vious work [25]. The results of these experiments showed that the initial 
conditions were the best ones for the speciation analysis, Table 1. 

As an example, the signals obtained with the optimized experimental 
parameters for Cream C using the two studied techniques, are shown in 
Fig. 5A and B. Also, the TEM image for the same sample, suspended in 
ethanol, is shown in Fig. 5C. The 3D spectrum by GFAAS (Fig. 5B) was in 
concordance with the composition of the samples since in the baby 

creams (A, B and C), the ZnO NPs contents are around 20–40 % (w/w), 
and the amount of ionic Zn is quite less. 

3.3. Analytical applications 

Once the optimal conditions were established, the analysis of the 
selected samples was carried out. In order to validate the results ob
tained, other protocols and techniques were applied. For the validation 
of the concentrations of both Zn species, total Zn content was deter
mined in digested samples, and TEM was used for the validation of ZnO 
NPs size determination. 

3.3.1. Zn2+/ZnO NPs speciation 
The GFAAS analysis was applied to the study of three baby skin care 

creams (creams A, B, and C) and two lotions (lotions 1 and 2), all of them 
with high Zn content. The results obtained from the speciation analysis 
of Zn2+ and ZnO NPs, both expressed as percentage of Zn, were well- 
compared with the total Zn content obtained in the analysis of the 
digested samples, and with the total Zn content specified by the phar
maceutical company (creams A and C). One eyeshadow studied under 
solid sampling analysis in our previous work [25] was also analysed 
using the slurry methodology proposed in this work. The results ob
tained for both methodologies (solid sampling and slurry formation) 
were in good concordance, validating the method also for eyeshadows. 
These results are shown in Table 3. In the case of the creams, the total Zn 
contents (specified by the pharmaceutical company) expressed in per
centage of Zn2+, were 16 and 32 %, for creams A and C, respectively, 
being ZnO NPs the main species of Zn contained in the sample due to its 
antiseptic function by acting as a barrier against external agents. Be
tween the three cream samples analysed, from a qualitative point of 
view, Creams A and C were pastier and more whitish, according with the 
approximate NP content indicated by the manufacturer. However, 
Cream B (which does not indicate content) presented a much more fluid 
texture, confirming the amount of ZnO NPs determined, which was 
much lower than Creams A and C. In the case of the lotions, the ap
pearances were less whitish and more liquid, which corresponds to their 
lower NP content. In all cases, the sum of ZnO NPs and Zn+2 concen
tration agrees with the total Zn content determined. 

To validate these results, a statistical analysis was carried out with 
Student’s t-test for paired samples between the sum of the speciation 
analysis (expressed in Zn2+) and the results obtained by total digestion 
analysis. No significant differences (texp = 1.08 < ttab = 2.26) were 
found. Other t-test for paired samples between the total acid digestion 
results and specified data by the manufacturers (creams A and C) and the 
eyeshadow 4 (Gloss grey eyeshadow, previously analysed in our previ
ous work) was performed and no significant differences (texp = 1.34 <
ttab = 4.30) were also found. In conclusion, GFAAS technique is a good 
analytical tool to perform speciation analysis of complex samples 
without needing complex sample treatments. 

Fig. 4. Response surface obtained for the simultaneous optimization of Triton X-100 concentration and the sonication time in: A) HR–CS–GFAAS and B) sp-ICP-MS.  
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For the analysis by sp-ICP-MS, the speciation analysis was not 
possible, attending to the drawbacks that this technique presents for Zn 
analysis and for complex matrices. Unfortunately, significant dissolution 
of the NPs generally increases background levels of dissolved ions, 
making very difficult the speciation. This effect was observed for Ag NPs 
sp-ICP-MS analysis by Luo et al. [38]. 

3.3.2. ZnO NPs size determination 
The size analysis was carried out through HR–CS–GFAAS, sp-ICP-MS, 

and TEM. The obtained data were compared and validated with the 
obtained by TEM analysis in Table 4. In the case of eyeshadows and 
creams the ZnO NPs size were obtained through the two developed 
methods. However, the ZnO NPs lotions size could not be provided 
because of the low content of NPs. This was verified with the TEM 
analysis, being not found NPs in lotion 1 and lotion 2 and, also in the 
speciation analysis (3.3.1) the contents found in these samples were 
mostly Zn2+. 

Considering that real samples are commercials, the nanoparticle 
contents present high dispersions, and the standard deviations of the size 
data are also high. Taking in account that surfactants can origin ag
glomerates between the particles, TEM analysis was carried out in two 
different media: ethanol (used in commercial standards by 

manufacturers of ZnO NPs), and 1 % Triton X-100 (this work condi
tions). A Student’s t-test for paired samples was performed between the 
TEMs analysis and texp = 2.53 > ttab = 2.26 showing that the Triton X- 
100 cause some agglomerates in the particles. This Student’s t-test was 
also carried out between both studied techniques and TEM results, 
showing that in the case of sp-ICP-MS agglomerates affect more than in 
the case of GFAAS. Finally, analysis of the variance (ANOVA) and p- 
value significance levels were checked for validation, and no significant 
differences were found (Ftab = 2.87 > Fexp = 0.26) For this comparison, a 
box and whisker plot are presented in Fig. 6. 

4. Conclusions 

The two innovative techniques used in this work allow the charac
terization of ZnO NPs size distribution in real samples with complex 
matrices such as cosmetics, creams, and lotions. The size information of 
NPs is provided thanks to the correlation between NP size and the up
slope of the atomization peak in HR–CS–GFAAS and is also obtained 
with the calculations of sp-ICP-MS analysis. Moreover, a previous 

Fig. 5. Cream C under optimal conditions in A) sp-ICP-MS; B) HR–CS–GFAAS; and C) TEM.  

Table 3 
Zn speciation analysis of pharmaceutical and cosmetic samples.  

Zn content (%) 

Sample HR–CS–GFAAS Total acid digestion 

Zn2+ ZnO NPs Total 

Eyeshadow 4 0.04 ± 0.01 0.28 ± 0.05 0.32 ± 0.05 0.30 ± 0.09a 

Cream A 1.08 ± 0.09 16 ± 1 17 ± 1b 16.4 ± 1.0 
Cream B 1.4 ± 0.2 6.5 ± 0.1 8.0 ± 0.2 11 ± 3 
Cream C 1.5 ± 0.3 31.5 ± 0.2 33.0 ± 0.4c 34 ± 4 
Lotion 1 1.3 ± 0.3 0.7 ± 0.1 2.0 ± 0.3 2.0 ± 0.5 
Lotion 2 1.2 ± 0.4 0.7 ± 0.3 1.8 ± 0.5 1.9 ± 0.3 

*All data are expressed in Zn2+% applying the ratio between molecular weights 
(Zn/ZnO) to convert the ZnO %. 

a Total Zn content (%): 0.33 ± 0.02 (% Zn2+ + ZnO NPs) and 0.30 ± 0.02 (SS- 
HR–CS–GFAAS) [25]. 

b 16 % specified by the pharmaceutical company. 
c 32 % specified by the pharmaceutical company. 

Table 4 
ZnO NPs size analysis of pharmaceutical and cosmetic samples.  

ZnO NPs size (nm) 

Sample HR–CS–GFAAS sp-ICP- 
MS 

TEM 
(ethanol) 

TEM (1 %Triton X- 
100) 

Eyeshadow 
1 

130 ± 27 100 ±
16 

92 ± 20 117 ± 26 

Eyeshadow 
2 

103 ± 58 104 ±
24 

100 ± 24 117 ± 28 

Eyeshadow 
3 

87 ± 16 73 ± 5 103 ± 25 116 ± 11 

Eyeshadow 
4 

109 ± 3 79 ± 2 93 ± 15 105 ± 16 

Eyeshadow 
5 

135 ± 35 72 ± 6 77 ± 17 78 ± 10 

Cream A 137 ± 15 129 ± 5 132 ± 28 134 ± 29 
Cream B 143 ± 14 138 ±

24 
148 ± 28 144 ± 24 

Cream C 230 ± 51 157 ± 3 198 ± 51 232 ± 62 
Lotion 1 – – – – 
Lotion 2 – – – –  
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methodology developed by our research group for solid sampling anal
ysis using HR–CS–GFAAS has been improved with the preparation of 
slurries. In this way, the speciation of Zn2+ and ZnO NPs has been car
ried out successfully in creams and lotions. The use of surfactant such as 
Triton X-100 provides advantages: 1) Solid (eyeshadows) and pasty 
(creams and lotions) samples can be easily introduced in the ICP-MS for 
the single particle analysis, simply preparing a suspension, 2) The sur
factant allows a better separation of the HR–CS–GFAAS atomization 
peaks facilitating the speciation analysis in all types of cosmetics sam
ples, including creams and lotions, and 3) Data treatments to obtain the 
size information in GFAAS are simpler and faster with a deconvolution 
of the second peak. These new methodologies open the possibility of 
obtaining nanoparticles size information in real samples using in
struments currently present in routine laboratories. If both methodolo
gies are compared, the HR–CS–GFAAS method is cheaper, and the data 
treatments are simpler and faster, also enables speciation. On the other 
hand, most of the works in the bibliography applying sp-ICP-MS to the 
analysis of NPs are only model methods with not real samples (just 
known size and concentration standards or certified standards). Com
plex matrices are hard to deal with in single particle, so new strategies, 
as the described in this work, to get information in that kind of samples 
are necessary. 

The results obtained for the 10 studied samples were validated with a 
conventional TEM technique for size information, and with total 
digestion analysis on GFAAS for the speciation analysis. For GFAAS both 
analyses can perform together only introducing a size calibration, and in 
the case of sp-ICP-MS NPs size distribution can be easily obtained with 
the optimized method, nevertheless the speciation is difficult according 
to the complexity of cosmetics and pharmaceutical samples. Authors 
agrees with the importance of developing this kind of strategies 
considering how widely used are NPs in everyday life. 

Credit author statement 

E.I. Vereda Alonso: Conceptualization, Methodology, Formal anal
ysis, Writing – original draft, Writing – review & editing, Software, Data 
curation, Supervision, Resources, Funding acquisition. M.M. López 
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