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Abstract The presence of certain metals naturally contained
inside raw materials (e.g., pigments) used to produce cos-
metics for make-up may represent a serious concermn for the
final quality and safety of the product. The knowledge of the
total concentration of metals is not sufficient to predict their
reactivity and their toxicological profile. For these reasons, we
set up a comprehensive approach to characterize the content of
Co, Cr, and Ni in two raw materials for cosmetic production, a
black iron oxide and a pearly pigment, and in a finished prod-
uct, pearly powder eye shadow. Namely, besides the total met-
al concentrations, the speciation of chromium and the bioac-
cessibility of the three metals were assessed. Since no standard
method is so far available for hexavalent chromium extraction
from cosmetic samples, three approaches were compared
(EPA 3060A method, IRSA 16 method, and a Na;PO, extrac-
tion). Results show that Na;PO, extraction is the most selec-
tive one. Cr(VI) was undetectable in black iron oxide and
present at very low concentrations (about 0.3 mg/kg) in pearly
pigment and in the pearly powder eye shadow samples. The
extracted Cr(VI) concentrations are not related to the total Cr
content in the samples. Bioaccessibility studies were
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performed by in vitro extractions with synthetic lacrimal fluids
and sweat. Despite the wide range of metal concentrations in
the samples, the amounts of bioaccessible elements were un-
detectable or very low (less than 0.4 mg/kg), thus suggesting
that metals in the three samples are present in inert forms.

Keywords Cosmetics - Metals - Cr speciation -
Bioaccessibility - Simulated biological fluids

Introduction

Dyes and pigments are fundamental components in most cos-
metics for make-up, such as eye and face powders and lip-
sticks. Many pigments authorized to be used contain or are
made of metal oxides or minerals, e.g., iron oxide, chromium
oxide, aluminum silicate, and titanium oxide, which by their
nature contain traces of heavy metals. So, it is important to
accurately characterize the nature and the amount of the metal
impurities in the pigments in order to assess the cosmetic
products safety.

However, it must be pointed out that the knowledge of the
total metal concentration in a solid sample is not sufficient to
predict metal reactivity and effects on human health: indeed,
metals can be present in various forms (e.g., elementary, com-
plexes, soluble or insoluble salts) with different chemical
properties and consequently different potential toxicity for
humans.

For chromium, the toxicity is strictly related to its oxidation
states (III/VI). Cr(VI) is carcinogenic to humans (IARC group
1) [1] and its use as ingredient is prohibited by the European
Community (EC/1223/2009) [2]. Nevertheless, the same
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regulation (Article 17), declares that small quantities of
prohibited substances, including Cr(VI), may be present in
final products as technically unavoidable traces if these prep-
arations are safe for human health. The safe levels of these
technically unavoidable impurities are not defined in the reg-
ulation as it is under the responsibility of the producers of
finished cosmetics to demonstrate that their unwanted pres-
ence in the product does not pose any health issue in normal
condition of use. For the allergy concern and the risk of con-
tact dermatitis, the German Federal Institute for Risk
Assessment defines 1 mg/kg chromium(VI) as the threshold
value [3].

Speciation can be defined as an analytical approach aimed
at gaining insight into the forms and the oxidation states of an
element in a matrix. Unfortunately, for complex matrices, the
distinction of the single forms is rather difficult, or even im-
possible. For this reason, one relies on fractionation tech-
niques, in which the total amount of an element is partitioned
into classes (fractions) of species with different chemical and/
or physical properties, hence with different reactivity towards
organisms. Fractionation methods often rely on single or se-
quential extractions with chemicals able to react with the ma-
trix of interest with different mechanisms (e.g., saline media,
acid solutions, reducing or oxidizing agents) [4]. Such
methods have some drawbacks, mainly the nonselectivity of
reagents, the possible readsorption and redistribution of ex-
tracted species, and the operationally defined nature of the
results; however, they are extensively used to characterize
solid matrices, since they provide valuable information on
the behavior and mobility of elements [5, 6]. An application
of single and sequential extractions is the evaluation of bioac-
cessibility, which is defined by IUPAC as “the potential for a
substance to come in contact with a living organism and then
interact with it. This may lead to absorption” [7]. Most studies
on this subject deal with oral bioaccessibility, i.e., the fraction
of a compound that is released from its matrix in the gastro-
intestinal tract and thus becomes available for intestinal ab-
sorption [8, 9], but also lung [10] and dermal [11] bioaccessi-
bility have been investigated.

Bioaccessibility results are used to estimate bioavailability
[8, 9]. Bioavailability is defined by IUPAC as “the extent of
absorption of a substance by a living organism compared to a
standard system [7].” It must be pointed out that the presence
of'an element in an extract does not provide information on its
actual absorption, and hence its entering the systemic circula-
tion. As Semple et al. state, bioaccessibility encompasses what
is actually bioavailable now plus what is potentially bioavail-
able [12]. Bioavailability should be determined in vivo on
animals or humans after administration of an acute or chronic
dose of the species of interest, but in vivo studies are expen-
sive and ethically troublesome; furthermore, testing of fin-
ished cosmetic products and cosmetic ingredients on animals
is forbidden in the European Union [2]. Finally, in vitro
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bioaccessibility tests are consistent with the Directive
2010/63/EU (revising Directive 86/609/EEC on the protection
of animals used for scientific purposes) which is based on the
“Three Rs” principle, i.e., (i) replacing the use of animals with
alternative techniques, or avoid the use of animals altogether;
(ii) reducing the number of animals used to a minimum; and
(iii) refining the way experiments are carried out, to make sure
animals suffer as little as possible [13, 14].

At the best of our knowledge, no standardized protocols for
total metal determination, extraction, speciation, and fraction-
ation are yet available in the field of cosmetics. In particular,
many papers published on total element content in make-up
products are mainly aimed at assessing exposure and potential
health risks following the use of metal-containing cosmetics
and simply describe the analytical method adopted without
discussing it [15, 16]. Within this frame, the aim of this work
is the characterization of raw and cosmetic materials in terms
of'total metal content, speciation, and bioaccessibility. We aim
to propose analytical methods fully verified, discussing the
possible sources of errors, such as the presence of interfer-
ences which are not always detectable by analyzing reference
materials, taking into account that no SRM for cosmetics are
available.

Three metals, namely Cr, Co, and Ni, were studied: Cr and
Co are present in a wide variety of pigments, whereas the
interest in Ni is mainly due to its allergenic properties.

For this purpose, we selected two raw materials (RMs)
used in the cosmetic industry and an eye shadow sample ex-
pressly formulated for this research as being a formula with a
high content of pigment, thus representing a “worst case”
scenario in terms of Cr content. Of course, the selected sam-
ples are not representative of the whole range of cosmetic raw
materials and finished goods in the market, but can be helpful
in testing analytical procedures since they contain detectable
amounts of the considered metals.

The total metal concentrations were determined by micro-
wave oven dissolution prior to inductively coupled plasma
optical emission spectroscopy (ICP-OES) detection, which
was optimized in order to overcome the spectral interferences
hampering the analysis.

As to Cr speciation, extraction of Cr (VI) from the cos-
metics was addressed as crucial aspect of the whole analytical
approach. The extraction method should solubilize all forms
of Cr(VI) without Cr(III)-Cr(VI) interconversions. Regarding
the determination of Cr(VI), literature methods available are
based on spectrophotometry [17, 18], electroanalysis [19],
ICP-OES, or inductively coupled plasma mass spectrometry
(ICP-MS) detection [20] after chromatographic separation.

Under the rational to use, if possible, official methods al-
ready consolidated for other matrices, we compared the per-
formance of different extraction approaches for Cr(VI).
Namely, the US-EPA 3060A [21] and the Italy-IRSA 16
[22] methods were tested. They are recommended for
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extraction of Cr(VI) from waste (EPA and IRSA) and from
soils, sludges, and sediments (EPA) and claimed suitable for
the extraction of both water-soluble and precipitated species
of Cr(VI). Additionally, a sodium phosphate-based extraction
proposed for leaching of Cr(VI) from soil [23] was here tested.
After extraction, the analysis was performed by ion chroma-
tography (IC) coupled with spectrophotometric detection after
post-column reaction with 1,5-diphenyl carbazide (DPC) [18].

As for bioaccessibility assays, extractions were carried out
with reagents simulating the effects of body fluids, such as
artificial gastric and intestinal juices, sweat, or lysosomal
fluids [8—11]. This approach is commonly adopted in environ-
mental science to estimate human exposure to pollutants pres-
ent in soils [8], sediments [24], and atmospheric particulate
matter [10] and in food science [8, 25]. Regarding cosmetics,
artificial lacrimal fluid and sweat were used to assess
bioaccessibillity in eye shadow [26, 27] and face powder
[28], respectively; Gao et al. [29] adopted a different approach
and calculated the bioaccessibility in lipstick samples as the
sum of the first three fractions (water soluble/exchangeable,
reducible, and oxidizable) obtained with a sequential extrac-
tion scheme (the BCR protocol) commonly used to study met-
al mobility in soils [4-6].

In this study, two pathways of metal input into the human
body were considered because deemed significant for the
samples investigated: exposure to the metals leached by lacri-
mal fluid and sweat. Therefore, extraction with synthetic so-
lutions of the abovementioned fluids were performed, merg-
ing the approaches of previously published studies [26-28].

The novel integrated approach here provided meets specif-
ic needs of manufacturers of cosmetic products for internal
control of the safety of raw materials used and of their finished
products. This aspect is of paramount importance considering
the number of cosmetic products used daily (about 20 for
women and 10 for men), throughout the whole life and the
worldwide cosmetics market, estimated at a total of 205 bil-
lion euros in 2016.

Materials and methods
Samples

RMs and finished product were provided by the working
group on heavy metals of the Technical Committee of
Cosmetica Italia (the Italian association of personal care).
The RMs are here indicated with the labels black iron oxide
and pearly pigment; they are pigments in which the presence
of technically unavoidable metals is well known. The pig-
ments are not representative of the whole cosmetic raw
materials.

The finished product is labeled as pearly powder eye
shadow and was expressly formulated by Cosmetica Italia

as a case study with a very high amount of substances with a
dark color and probably represents the most extreme case
among cosmetics containing heavy metals.

Chemicals

All chemicals used were of analytical grade or better; 65%
HNO3;, 40% HF, 37% HCI, and 30% H,O, used for sample
mineralization were purchased from Merck/Sigma-Aldrich
(Darmstadt, Germany). Standard analyte solutions were pre-
pared by dilution of 1000 mg/L concentrated stock solutions
(Merck Titrisol or Sigma-Aldrich). Na,CrO, salt (Sigma-
Aldrich) was used for the preparation of Cr(VI) standard so-
lutions. Recovery of water-soluble and precipitated species of
Cr(VI) by the extraction solutions was evaluated using
Na,CrOy, and PbCrO; salts, respectively.

H,SO4 (95-97%) and CH;OH were purchased from
Sigma-Aldrich. (NHy4),SO,4 (Carlo Erba, Milano, Italy) and
NH4OH (Sigma-Aldrich) were used for eluent preparation.
The post-column reagent, 1,5-diphenyl carbazide (DPC),
was from Carlo Erba. The chemicals present in the extracting
solutions (see below) were purchased from Sigma-Aldrich.
High-purity water (HPW, 18.2 M) cm resistivity at 25 °C),
produced by an Elix-Milli Q Academic system (Merck/
Millipore, Darmstadt, Germany) was used for the preparation
of eluent and standards.

Eluents and sample solutions were filtered through
0.45 um mixed cellulose ester membrane filters.

Instrumentation

Sample mineralization was carried out with a Milestone Ethos
One (Milestone, Sorisole, Italy) microwave laboratory unit
equipped with polytetrafluoroethylene (PTFE) bombs and
temperature sensor. The total metal contents were determined
by ICP-OES with a Perkin Elmer Optima 7000 (Perkin Elmer,
Norwalk, CT, USA) spectrometer by standard addition. The
following emission wavelengths were selected: Co,
230.786 nm; Cr, 267.716 nm; Ni, 231.604 nm.
Chromatographic analysis was performed with a Dionex
40001 (Dionex ThermoFisher, Sunnyvale, CA, USA) ion
chromatograph equipped with a spectrophotometric detector.
The column used (Dionex) was an IonPac AS7
(250 x 4.0 mm) which was protected by a guard column
IonPac AG7 (50 x 4.0 mm). The eluent, 250 mM
(NH4),SO,4 and 100 mM NH,4OH (pH 8.8), was delivered at
1 mL/min flow rate and the injection volume was 1000 pL.
Spectrophotometric detection was performed at 530 nm after
post-column derivatization (750 pL reaction coil) with a
0.5 M H,SO,4 solution containing 2 mM DPC (10%
CH;OH). After optimization, the flow rate of post-column
reagent was set at 0.33 mL/min. Chromatographic
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quantification of chromium in the extracts was obtained by the
standard addition method.

Total chromium concentration in the extraction mixtures
was evaluated by ICP-OES using matrix-matched calibration.

For Eh measurements, an Autolab PGSTAT12 from
Metrohm was used. Counter and reference electrodes were
Pt mesh and Ag/AgCI/KCI (1 M), respectively. pH values
were measured with an EA 920 Orion potentiometer provided
with a combined glass-calomel ion selective electrode.

Field emission scanning microscopy (FESEM) equipped
with an EDS detector (Oxford Instruments) was used for de-
termination of Fe content. For Fe(II) speciation, a Varian Cary
1E (Agilent, Cernusco sul Naviglio, Milan, Italy) spectropho-
tometer (510 nm) was used.

Metal concentrations in synthetic lacrimal fluid and sweat
were determined with a Perkin Elmer Analyst 600 Graphite
Furnace Atomic Absorption Spectrometer (GFAAS) equipped
with an autosampler and Zeeman effect background correc-
tion using matrix-matched calibration. The following absorp-
tion wavelengths were selected: Co, 242.5 nm; Cr, 357.9 nm;
Ni, 232.0 nm. All the sample extracts in simulated lacrimal
fluids gave rise to a high background signal at the wavelength
of Ni, which masked the analyte signal. This drawback was
overcome after 1:1 dilution with water. The same dilution was
carried out for the determination of Co only in the extracts of
RMs in lacrimal fluid.

Sample treatments
Total concentrations

Aliquots of 0.3 g of sample were transferred into PTFE bombs
and added with 4 mL of HNOs, 2 mL of a HF/H;BO; (6 M)
mixture, and 2 mL of H,O,, unless otherwise stated. The
bombs were heated in the microwave oven according to the
following scheme: from room temperature to 200 °C in
15 min, 15 min at 200 °C followed by a 5-min ventilation
step; maximum allowed 7" and power: 220 °C and 1500 W,
respectively. After cooling, the digested samples were filtered
through Whatman 5 filters, diluted to 50 mL with HPW and
analyzed by ICP-OES.

Cr speciation

Three sample pre-treatments, namely EPA 3060A method,
IRSA 16 method, and a Na;POy-based extraction were eval-
uated in order to solubilize chromium species and to remove
matrix interferences. Details are hereafter given.

Method EPA 3060A 2.5 g of solid sample were digested with
50 mL of'a 0.28 M Na,CO5/0.5 M NaOH solution for 60 min
at 90-95 °C in order to dissolve Cr(VI) and stabilize it against
reduction to Cr(IIl). After cooling, samples were filtered
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through a 0.45-um membrane filter and analyzed after dilu-
tion 1:1 (v/v) with HPW.

NazPOy-based extraction 0.5 g of solid sample were added
with 50 mL of a 0.01 M Na;PO, solution (pH 11.7) and heated
for 5 min at 100 °C. The mixture was filtered through a 0.45-um
membrane filter and directly analyzed.

Method IRSA 16 0.5 g of solid sample were transferred into a
50-mL volumetric flask, added with 49.0 mL HPW and 1 mL
H,SO, (1:1, H,SO4/H,0, v/v) and magnetically stirred for
10 min. The supematant was analyzed after filtration through a
0.45-um membrane filter.

In the solutions deriving from each of the abovementioned
extraction protocols, the total chromium and the Cr(VI) con-
tent were measured by ICP-OES and IC, respectively.

Bioaccessibility

Synthetic sweat consisted of an aqueous solution of 0.1% (w/v)
urea, 0.5% NaCl, and 0.1% lactic acid. The pH was adjusted to
6.57 £ 0.01 with NH; [26].

Synthetic lacrimal fluid was prepared by dissolving NaCl
(4.3 g), Na,HPO4 12H,0 (8.7 g), and NaH,PO, (0.59 g) in
HPW and diluting to 1000 mL [27].

Aliquots of 2.0 g of sample were put into contact with 50 mL
of each extractant in Falcon test tubes for 12 h in a water bath at
36 °C. Then the suspensions were centrifuged at 3500 rpm, the
supernatant was filtered and acidified with HNOj3. The extracts
so obtained were analyzed by GFAAS.

Results and discussion
Total concentration
Development of the digestion procedure

The sample digestion procedure was developed based on: (i) the
method developed by the US Food and Drug Administration
(FDA) for the determination of Pb in lipstick [30] and widely
used by cosmetic companies for other make-up products; (ii) the
protocol recently proposed by the Italian National Institute of
Health for the quantification of Cd, Co, Cr, Ni, and Pb in face
powder [31]; and (iii) two Milestone Application Notes for lip-
sticks and face powders [32]. The application of such methods is
not straightforward, since the investigated matrices are different
from those treated in the abovementioned references. The condi-
tions reported in the “Total concentrations” section were devel-
oped after some preliminary experiments with different amounts
of reagents (HNOs, H,0O,, HF) and different thermal treatments.
Two other reagent mixtures, namely HNOs/H,SO,/HF (4/2/
2 mL) and aqua regia/HF (6/2 mL), were tested to couple the
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oxidizing power of a sulfonitric mixture or aqua regia to the
ability of HF to dissolve silicates, without observing any
improvement with respect to the HNO3/HF/H,0, mixture
(Table S1, Electronic Supplementary Material (ESM)). In
no case, a complete solubilization of the samples was
observed, since a small residue was left even in the pres-
ence of HF. It can be assumed that this refractory compo-
nent has no relevance for the assessment of the product
safety, since the metals possibly present in it would not be
released. Besides the safety issues derived from the use of
HF, the addition of boric acid to obtain fluoride volatili-
zation makes digestions more complicated and gives rise
to a more complex matrix, which may be inconvenient for
the subsequent analysis. The fraction of metals that be-
comes extractable with HF is the one trapped in silicates
that will not be solubilized in the real-life use of the raw
material or finished products. The question of the balance
between information provided/safety risk when using HF
should be considered. In this study, we mineralized the
samples with HF, since it can provide data closer to the
actual metal content and hence more precautionary
information.

We hypothesize that the mixture of reagents adopted in this
study would be applicable, at least in principle, also to other
kinds of RMs or cosmetic products: HF would be suitable to
dissolve silicate-based components, whereas HNO5 and H,O,
would ensure the oxidation of the organic components.
Indeed, it is advisable to optimize the ratios among the three
reagents and the duration and temperature of the digestion for
each matrix.

Identification and correction of spectral interferences

A preliminary analysis was done in order to identify the con-
centration range of the metals in the matrices and to select the
instrumental conditions for the measurement.

The wavelength usually adopted for the determination of
Co by ICP-OES (228.616 nm) is not suitable for the analysis
of the pearly pigment and the pearly powder eye shadow,
because the peak of the metal is overlapped with another peak,
already present in the blank (Fig. S1, ESM). This interference
is negligible for black iron oxide, in which a higher concen-
tration of Co is present. The identification of the interfering
peak was attempted: elements with emission lines closest to
228.616 nm are Ba (228.611 nm) and W (228.590 nm), but
their presence was ruled out because it can be presumed that
they are not contained in the blank at detectable levels; Fe
(whose presence in a blank might be likely) has a weak emis-
sion line at 228.615 nm, but the height of the interfering peak
does not increase upon addition of a relatively high Fe con-
centration (40 mg/L). In conclusion, it was not possible to
ascertain the source of the spectral interference.

In order to find the most suitable wavelength for Co deter-
mination, the spectra of 0.050 mg/L solutions of Co in dilute
nitric acid and in the digested blank were recorded around the
main emission lines of this element: 228.616, 230.786,
231.160, 236.380, and 238.892 nm. As Fig. 1 shows, at
231.160 nm, a peak in the digested blank is overlapped to
the signal of Co, and at 236.380 nm, a shoulder makes it
difficult to integrate the peak of Co correctly. The addition
of Fe (not shown) gives rise to a peak close to 231.160 and
238.892 nm, which would cause a spectral interference in the
analysis of black iron oxide. The emission line at 230.786 nm
is well differentiated from the signal of the digested blank and
is not influenced by the presence of iron, so it was chosen for
sample analysis.

Analysis of cosmetic matrices

Table 1 shows the concentrations found in the two RMs
and in the finished product. Since no certified reference
materials for cosmetics are available, the accuracy of the
procedure was checked by analyzing fortified samples. The
recoveries of the added spikes, reported in Table 1, are
included within 79 and 95%. The recoveries obtained were
significantly higher than those obtained by Bocca et al. [31]
for Cr in face powders, but they were lower for Co and Ni.
These values overall comply with the requisites of the
Commission Decision 2002/657/EC [33] concerning the
performance of analytical methods. Regarding precision,
relative standard deviations of the results reported in
Table 1 range from 1.6 to 16.2%, with most values being
below 10%. The median precision is 7.4%.

As to the composition of the samples, the black iron oxide
has the highest concentrations of cobalt and especially of nick-
el. These elements are not intentionally added by the pro-
ducers of the RMs, but represent impurities of the main com-
ponent. The pearly powder eye shadow was found to have a
very high content of chromium due to the presence of chro-
mium oxide green C77288, which is an allowed pigment ac-
cording to Annex IV of European Regulation. From the point
of view of the samples, the concentrations increase in the
order: pearly pigment < pearly powder eye shadow < black
iron oxide for Co and Ni; black iron oxide < pearly pigment <
< pearly powder eye shadow for Cr.

Determination of other elements

The content of other elements in the RMs was also deter-
mined. The concentrations of Ba were 85 mg/kg in the pearly
pigment and 11 mg/kg in the black iron oxide, whereas Zn
content was 23 and 42 mg/kg in the two products, respective-
ly. Pb was undetectable even by GFAAS (< 0.3 mg/kg).
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Fig. 1 Emission spectra of
0.050 mg/L Co in diluted nitric
acid and in the digested blank at
the following wavelengths (nm):
228.616; 230.786; 231,160;
236.380; 238.892. Dotted lines
represent the corresponding
blanks. Arrows indicate Co
emission peak. Abscissae:
wavelength (nm). Ordinates:
emission power (arbitrary units)
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Table 1 Element concentrations

(expressed in mg/kg) in the Co

Cr Ni

investigated samples (n = 2).
Spike recoveries (%) are shown in
parenthesis

Pearly pigment
Black iron oxide

Pearly powder eye shadow

3.440.04 (80.1 + 0.9)
52.943.9(79.8+5.9)
8.4+ 1.4 (80.5+ 13.0)

33.0+4.0 (91.6+ 11.2)
17.1£ 1.2 (91.0 £ 6.7)
2597 £42 (91.2 £ 1.5)

117+ 1.0 (952 + 8.5)
157 £ 1 (78.9 £0.5)
20.8 + 2.1 (80.7 = 8.2)

Spiking concentrations (mg/kg) for Co, Cr, and Ni, respectively: pearly pigment 8.2, 25.0, 8.3; black iron oxide
16.3, 10.0, 117; pearly powder eye shadow 8.2, 2500, 8.3

Chromium speciation
Cr(VI) determination

For this step, it is necessary to use, as much as possible, highly
sensitive techniques capable of detecting low concentrations of
Cr(VI).

Unlike the colorimetric techniques that may be affected by
positive interferences from other metals present in cosmetics, the
chromatographic techniques allow a correct identification of
Cr(VI).

In this work, the analysis of the extracts (see below) was
performed by ion chromatography with post-column derivatiza-
tion and spectrophotometric detection. For this technique, detec-
tion and quantitation limits, calculated according to the ICH
guidelines [34], were respectively 0.05 and 0.15 pg/L for
Cr(VI) in water. Relative standard deviation, RSD, (n = 7) was
10.1%. Linearity was verified within two orders of magnitude.
For peak area, intraday precision was 6.75% (n = 5), while
interday precision was 9.2% (n = 13, 3 days). Detection and
quantitation limits evaluated in 0.01 M Na3;PO, extractant solu-
tion remained constant within the RSD of the method. Detection
and quantitation limits evaluated in the 0.18 M H,SO, extraction
solution were 0.15 and 0.45 pg/L, respectively. Detection limits
are much lower than those achievable by colorimetric detection
(0.5 mg/L) and slightly better than those obtained by ICP-OES
(1 ug/L) for total Cr. As an example, a typical chromatogram for
0.05 pg/L Cr(VI) in water is shown in Fig. 2.

Cr(VI) extraction

The Cr contents determined by the different extraction proce-
dures are summarized in Table 2 for the two RMs.
Concentration of total chromium in the extracts was measured
by ICP-OES, whereas the concentration of Cr(VI) was mea-
sured by IC. Cr(Ill) is calculated as the difference between
total Cr and Cr(VI). Results obtained are hereafter given and
discussed.

Method EPA 3060A

For both samples, it was impossible to quantify Cr(VI) fol-
lowing the EPA extraction procedure [21] since a strong

interference affected the spectrophotometric detection. This
interference was ascribed to CO, evolution originated during
the post-column reaction with acidic DPC visualized by bub-
ble formation. The pH adjustment of the extracted solution to
match the pH value of the eluent did not anyway allow the
determination of Cr(VI).

However, the total Cr content in the extract, 0.267 mg/kg
for the pearly pigment, allows us, on a precautionary basis, to
hypothesize a similar or even lower concentration value for
Cr(VID). Differently, since no Cr was detected in the extract of
black iron oxide by ICP-OES, we can affirm that hexavalent
chromium is not present.

NazPO4-based extraction

This procedure was selected since claimed suitable for the
extraction of insoluble Cr(VI) species [23], considering the
relevant content of metals in the raw matrices. In fact, if Cr
is present as BaCrQy, the Na;PO, extraction should be effec-
tive to dissolve it, according to the solubility product constants

0.0016
0.0012 -
=)
<
8 0.0008
% 2-
e} { CrO;
o
(%]
£ 0.0004 \
0.0000
T T T T T
0 2 4 6

Time (min)

Fig. 2 Typical chromatogram obtained for 0.05 pg/L Cr(VI).
Chromatographic conditions as follows. Column: lonPac AG7
(50 x 4.0 mm) and IonPac AS7 (250 x 4.0 mm). Eluent: 250 mM
(NH4),SOy4, 100 mM NH4OH (pH 8.8), 1 mL/min flow rate. Injection
volume: 1000 pL. Detection: spectrophotometric (530 nm) after post-
column derivatization (750 pL reaction coil) with 0.5 M H,SOy4, 2 mM
DPC (10% CH30H)
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Table 2  Analysis of the extracts for the determination of total Cr, Cr(VI), and Cr(Ill) in the RMs. Cr(Ill) was determined by difference between total
extracted Cr and Cr(VI). Relative standard deviations are below 10% for all measurements for » = 3 repeated extractions

Extraction procedure Pearly pigment Black iron oxide
Cr(VI) Cr(11I) total Cr Cr(VID) Cr(IIT) total Cr
mg/kg mg/kg
Method EPA 3060A 0.267 n.d.
Na3;PO, extraction 0.245 0.050 0.30 n.d. - n.d.
Method IRSA 16 0.225 0.945 1.17 n.d. 1.54 1.56

n.d. not detected (lower than the detection limits)

(Kps) reported in Table 3 (compare BaCrO, and Bas(PO,),
Kpg values).

The recovery yield for soluble and insoluble compounds
was evaluated using Na,CrO,4 and PbCrO, (as models of sol-
uble and water insoluble salts, respectively). Recovery of
Cr(VI) was assessed both from pure salts and from the forti-
fied RMs. The results obtained showed a recovery of Cr(VI)
respectively of 100% from Na,CrO,4 and 21% from PbCrO,
for both the abovementioned approaches, supporting the ab-
sence of a matrix effect. The low recovery obtained from
PbCrOy, is unexpected, speculating merely on the Kpg values
of the salts (Kpg Pb3(PO4)> = 1.6 - 10 2% vs Kpg
PbCrO, =2.8 - 10~"?). It should be highlighted that, different-
ly from this work, the method proposed by Mandiwana [23]
did not study the recovery of insoluble Cr(VI).

As far as Cr(IIl) is concerned, it must be underlined that at
the pH value (11.7) of the extraction procedure, Cr is present
as Cr(OH)s, suggesting its precipitation. The similarity of the
concentration values found for Cr(VI) (0.245 mg/kg) and total
Cr (0.30 mg/kg) in the extract for pearly pigment confirms that
Cr(III) is present at very low concentration, in agreement with
the abovementioned hypothesis. Typical chromatograms ob-
tained for Cr(VI) determination in the pearly pigment are
shown in Fig. 3.

This extraction protocol applied to the pearly powder eye
shadow provided a Cr(VI) concentration of 0.31 mg/kg, de-
spite the significant total Cr content (about 2600 mg/kg),

Table 3  Metal ions present in RMs and solubility product constants
(Kps) with anions involved in the extraction procedures

Metal Ky

OH COs>~ PO, CrO%
Co 1.6-10* 1-1071°
Ba 5-1073 1-10783 13-10% 24-1071°
Zn 12-1077 1-1071°
Ni 2-101 1-10%°

@ Springer

highlighting the importance of an integrated analytical ap-
proach that includes speciation besides total metal
concentration.

Method IRSA 16

Data obtained applying the IRSA method [22] show a value
for Cr(VI) in agreement with Na;PO, extraction, but a higher
efficiency for total chromium in respect to the other two ex-
traction approaches (Table 2). This result is due to the high
acidity of the extractant (pH 0.7).

This procedure provided recovery yields of Cr(VI) from
Na,CrO,4 and PbCrO,4 of 100 and 8%, respectively, showing
a lower dissolution ability than the Na;PO, extraction towards
insoluble species.

Due to the oxidative conditions measured for the extracted
pearly pigment sample (Eh = 799 mV), the stability of the
chromium species in this extract was measured at different

0.030
0.025
Spike2 (5.80 ug/L)
5 0020
< Spike1 (228 glL)
8 00154 AN
5 Sample extracted
o by Na,PO,
8 0.010
©
<
0.005
0.000
T T T T T T
4.5 5.0 55 6.0

Time (min)

Fig. 3 Determination of Cr(VI) in the pearly pigment after extraction
with NazPO,4 and anion-exchange chromatography with post-column de-
tection. Overlay of sample solution extract with some of the spikes used
for Cr(VI) quantification with standard addition method. For chromato-
graphic conditions, see Fig. 2
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Table 4 Bioaccessibility of Co,

Cr, and Ni evaluated by solutions Co Cr Ni

simulating biological fluids

(n =2). Extraction percentages are mgrkg %o mgrkg %o mgrkg %o

calculated with respect to total

concentrations Synthetic sweat
Pearly pigment n.d. <37 0.324+0.016 1.0 n.d. <11
Black iron oxide n.d. <0.2 n.d. <04 n.d. <0.1
Pearly powder eye shadow n.d. <15 0.200 £ 0.016 8:107 n.d. <0.6
Synthetic lacrimal fluid
Pearly pigment n.d. <74 0.326 +0.023 1.0 n.d. <21
Black iron oxide n.d. <05 n.d. <0.7 n.d. <02
Pearly powder eye shadow n.d. <l5 0.368 + 0.05 0.01 n.d. <12

n.d. not detected, i.e., < 0.125 mg/kg in all samples except for synthetic lacrimal fluid for Ni in all samples and Co
in RMs (< 0.250 mg/kg)

times. Results showed that, after 1 h, the Cr(VI) concentration sample such as Fe(Il), which can be usually present in differ-
was comparable to the one measured just after extraction,  ent kinds of mica [36]. For the pearly pigment sample, Fe(II)
whereas, after 24 h, all the Cr was reduced to Cr(III). This concentration was evaluated by extraction with acetate buffer
was attributed to the presence of a reducing agent [35] in the  [37] and by addition of 1,10-phenantroline. The Fe(II) content

Fig. 4 Time-resolved absorbance Synthetic sweat Synthetic lacrimal fluid
of pearly pigment extracts in 0.04 0.04
simulated sweat and lacrimal fluid
at the absorption lines of Co 0.03 0.03
(242.5 nm), Cr (357.9 nm), and
Ni (232.0 nm). Dotted lines: 0.02 0.02
unspiked extracts; solid lines:
0.01 0.01

extracts spiked with 5 pg/L of

each element. Abscissae: time (s). 0 0 Pt e v\
Ordinates: absorbance 0 yg; B 2' 3
-0.01 -0.01
Cobalt Cobalt
0.2
0.15
0.1
0.05
0
-0.05
Chromium Chromium
0.025 0.04
Y
0.01 0.02
o.oo; :,_3,.‘.:.:_ °:--'--'-.-"-.-‘.,.:-.'... W 0.01 -
) i ’ 5 ¢ 3 0 Wi e i NN
001 omd __t 2 o
Nickel Nickel
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was 36.6 mg/kg which corresponds to about 100 times the
amount of Cr(VI) extracted (Table 2), supporting the hypoth-
esis of a redox reaction proceeding with time. Total concen-
tration of Fe in the pearly pigment determined after micro-
wave digestion by ICP-OES was 14,600 mg/kg, in agreement
with FESEM-EDX measurements on solid pearly pigment
(1.3%).

For black iron oxide sample, the total Cr concentration
extracted was mainly due to Cr(II) with a Cr(VI) concentra-
tion lower than detection limits.

Bioaccessibility of Co, Cr, and Ni in cosmetic matrices

The bioaccessibility of Co, Cr, and Ni both from RMs and from
the finished product was assessed in vitro using extraction so-
lutions which simulate the in vivo conditions. Differently from
Cr(VD)/Cr(Ill) speciation studies, the aim of the treatments is
not to obtain a complete extraction of the analyte, and the ex-
tractability is expected to be different in samples of different
nature, depending on how strongly metals are retained to the
matrix. The objective is to simulate the effect of sweat and tears,
biological fluids potentially in contact with the cosmetics.
Extraction conditions (12 h at 36 °C) were chosen to match
those of a daily use at medium-high climate temperatures.

The results were expressed considering a precautionary
quantitation limit for GFAAS of 5 pg/L for each analyte,
corresponding to 0.125 or 0.250 mg/kg in the solid sample,
depending on the dilution performed on the samples before
analysis (Table 4). Relative standard deviation ranges were
4.9-8.0 and 7.1-13.6% for extraction into sweat and lacrimal
fluid, respectively. Spike (5 ng/L) recoveries were 98 + 11%
for sweat and 85 + 8% for lacrimal fluids. As an example,
Fig. 4 shows the time-resolved absorbance for the extracts of
the pearly pigment as such and after spiking with 5 pg/L of
each analyte at the three wavelengths chosen for the analysis.
Figures S2—S4 (ESM) collect the time-resolved absorbance
plots for all samples and both simulating fluids.
Interestingly, Co and Ni were not extracted at detectable levels
from any sample. The concentrations of Cr released into the
two simulating fluids were undetectable for black iron oxide
and very low for the other two samples. Despite the significant
Cr content (about 2600 mg/kg) in the pearly powder eye
shadow sample, only less than 0.4 mg/kg was extracted by
the two fluids. Low metal bioaccessibility was also observed
in other studies [26, 28] on powder-based cosmetics.

Conclusions
Reliable analytical approaches to be routinely applied are
needed to ensure the availability of essential information in

order to assess the safety of cosmetic products and to provide
data to confirm their compliance with the legal requirements.

@ Springer

Sample digestion for the determination of the total concen-
trations of Co, Cr, and Ni requires drastic conditions including
the use of strong acids and high pressure and temperature. In
addition, careful selection of detection wavelength in the sub-
sequent ICP-OES analysis must be performed, in order to
avoid interferences. In this study, a spectral interference for
Co was identified and corrected.

As regards Cr speciation, extraction by Na;PO,4 coupled to
IC determination with post-column derivatization ensures
proper identification of Cr(VI), as confirmed by the recovery
yields obtained. Na;PO4 method is preferred towards the
IRSA method since this last approach is affected by possible
interconversion of Cr species. In fact, due to the acidity of the
IRSA extracting solution, underestimation can occur if easily
oxidable metal species are present in the matrix and co-ex-
tracted. The speciation study reveals that Cr(VI) was not pres-
ent in black iron oxide and present at very low concentrations
in pearly pigment and in the pearly powder eye shadow sam-
ples, despite the significant total Cr content in the latter
sample.

The results from bioaccessibility study show that the con-
stituent materials have low solubility in biological fluids that
may come more likely into contact with cosmetic products. In
particular, the amounts extracted from the investigated sam-
ples were undetectable or very low even in the “worst case”
sample (pearly powder eye shadow). This finding suggests
that the choice of measuring the amount of bioaccessible
metals in the samples can provide a most realistic and appro-
priate set of data for a correct overall assessment of the safety
of a cosmetic product.

The three-step integrated approach (determination of total
metal content, speciation, and bioaccessibility) adopted in this
study can be used as a suitable procedure to characterize cos-
metic products and their raw materials in a more comprehen-
sive way in comparison to the determination of total metal
concentration only.
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Fig. S1 Emission spectra of: digested blank spiked with 0.050 mg/l Co (a); unspiked digested
solutions of pearly pigment (b), black iron oxide; (c¢) and pearly powder eye shadow (d) around
228.616 nm. Dotted lines represent the blank (same blank for all samples). Arrows indicate Co
emission peak. Abscissae: wavelength (nm). Ordinates: emission power (arbitrary units)
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Fig. S2 Time-resolved absorbance of sample extracts in simulated sweat (plots a-c) and lacrimal
fluid (plots d-f) at the absorption line of Co (242,5 nm). (a) and (d): pearly pigment; (b) and (e):
black iron oxide; (c¢) and (f): pearly powder eye shadow. Dotted lines: unspiked extracts; Solid
lines: extracts spiked with 5 pg/L Co. Abscissae: time (s). Ordinates: absorbance
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Fig. S3 Time-resolved absorbance of sample extracts in simulated sweat (plots a-c) and lacrimal
fluid (plots d-f) at the absorption line of Cr (357.9 nm). (a) and (d): pearly pigment; (b) and (e):
black iron oxide; (c¢) and (f): pearly powder eye shadow. Dotted lines: unspiked extracts; Solid
lines: extracts spiked with 5 pg/L Cr. Abscissae: time (s). Ordinates: absorbance
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Fig. S4 Time-resolved absorbance of sample extracts in simulated sweat (plots a-c) and lacrimal
fluid (plots d-f) at the absorption line of Ni (232.0 nm). (a) and (d): pearly pigment; (b) and (e):
black iron oxide; (c¢) and (f): pearly powder eye shadow. Dotted lines: unspiked extracts; Solid
lines: extracts spiked with 5 pg/L Cr. Abscissae: time (s). Ordinates: absorbance

Table S1 Element concentrations (expressed in mg/kg) in the investigated samples after digestion
with two different acid mixtures

Co Cr Ni

HNO3/H,SO,/HF (4/2/2 ml)

Pearly pigment - 33.7 9.5
Black iron oxide 50.3 14.2 144
Pearly powder eye shadow n.d. n.d. n.d.
Aqua regia/HF (6/2 ml)

Pearly pigment 2.3 22.4 11.8
Black iron oxide 45.2 12.1 128
Pearly powder eye shadow 15.1 394 20.0

n.d. = not determined



	20170926-BruzzonitiMC.pdf
	Chromium,...
	Abstract
	Introduction
	Materials and methods
	Samples
	Chemicals
	Instrumentation
	Sample treatments
	Total concentrations
	Cr speciation
	Bioaccessibility


	Results and discussion
	Total concentration
	Development of the digestion procedure
	Identification and correction of spectral interferences
	Analysis of cosmetic matrices
	Determination of other elements

	Chromium speciation
	Cr(VI) determination
	Cr(VI) extraction

	Method EPA 3060A
	Na3PO4-based extraction
	
	Bioaccessibility of Co, Cr, and Ni in cosmetic matrices

	Conclusions
	References


	216_2017_644_MOESM1_ESM.pdf

