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The need for elemental analysis in quality control of food, pharmaceuticals and cosmetics, taking into
account human safety, has become an essential requirement for any product destinated for
commercialization and targets in particular potentially toxic elements. The main objective is to obtain
reliable data on elemental content that enables end-users to make informed decisions and to address
problems effectively. To align with the principles of green and sustainable analytical chemistry, recent
efforts have focused on incorporating new, low-cost screening and quantitative analytical tools such as
total reflection X-ray fluorescence spectrometry (TXRF). This paper provides an overview of recent TXRF

applications in the elemental analysis of food, pharmaceuticals, and cosmetic samples. The state-of-the-
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1 Introduction

The determination of elemental composition in consumer
products such as foodstuffs, pharmaceuticals, drugs, supple-
ments, and cosmetics is a necessary step in industry and quality
control laboratories to ensure product quality and safety.

The analytical practices involve the examination of many
samples and, in most cases, the consumption and generation of
high amounts of reagents and wastes, especially when atomic
spectrometry techniques such as atomic absorption spectrom-
etry (AAS) and inductively coupled plasma (ICP) based spec-
trometry are used. Consequently, the running costs are high,
and these methods may involve time-consuming* sampling and
sample procedures steps, when the sample cannot be directly
measured. To mitigate these issues, new low-cost analytical

“Department of Chemistry, Faculty of Sciences, Girona, Spain. E-mail: eva.margui@
udg.edu

*Elettra Sincrotrone Trieste, Trieste, Italy

‘Department of Analytical Chemistry, University of Zagreb Faculty of Pharmacy and
Biochemistry, Zagreb, Croatia

INSTM & Chemistry for Technologies Laboratory, Department of Mechanical and
Industrial Engineering, University of Brescia, Brescia, Italy

“Smart Solutions s.r.l, Brescia, Italy

/Department of Physics, Toronto Metropolitan University, Toronto, Canada

¢Bruker Nano Analytics, Berlin, Germany

"Institute of Physics, Jan Kochanowski University, Kielce, Poland

‘Holy Cross Cancer Center, Kielce, Poland

1700 | J Anal. At. Spectrom., 2024, 39, 1700-1719

TXRF to each of these research fields are discussed.

tools which incorporate green and sustainable analytical
chemistry principles are desirable.> These tools should be able
to assess the elemental composition while presenting the
following characteristics: minimum sample treatment, high
throughput, and adequate specificity and sensitivity for moni-
toring the elements of interest at the expected concentration
levels.

Energy dispersive X-ray fluorescence (EDXRF) and wave-
length dispersive X-ray fluorescence (WDXRF) spectrometry
have been widely used in many industrial applications as
screening tools and for quantitative analysis of major, minor,
and trace elements in solid samples. However, the lack of
matrix-matched reference materials for calibration limits their
widespread use.? Total reflection X-ray fluorescence (TXRF) is an
alternative approach. TXRF takes advantage of the very low
background and the higher excitation level that are achieved
when a suitable sample is placed onto a reflective carrier, on
which is shined an X-ray beam at an angle below the critical
angle of the sample reflector material.* Consequently, in
comparison to other X-ray fluorescence (XRF) techniques, TXRF
presents lower limits of detection (ranging from 10~ g to 10~ **
g) that may be applied to solid and liquid samples for simul-
taneous multi-elemental information. Reliable quantitative
analysis may be obtained incorporating an internal calibration
standard (ICS) to the sample, adequately prepared and depos-
ited on a reflective carrier to comply with the thin film quanti-
fication approach. A benefit of TXRF is the possibility of
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analysing samples using simple and straightforward sample
treatments, compared to acid digestion steps required by other
atomic spectrometry techniques, offering thus unique
screening possibility. Screening is undoubtedly a strategic way
of investigation which may answer to some specific character-
ization demands, especially within industrial or regulatory
contexts, where elemental occurrence and concentration
thresholds are answers highly sought, but do not necessarily
require accurate quantifications. TXRF has, however, the
potential to be applied for both screening and qualitative or
quantitative purposes. Qualitative and quantitative analysis aim
at identifying the elements present into a sample, and at
determining the concentration or mass, together with the
related uncertainty, of one or more elements present into the
sample, respectively. This, especially in the case of quantitative
analysis, may require the development of specific sample
preparation and handling procedures. In contrast, more expe-
ditious procedures solely intending to identify, and select from
a starting sample’ set, a group of samples that will contain one
or more elements, eventually above a pre-set concentration
level, is the goal of screening procedures. There, some shortcuts
in the sample handling may be considered, as a yes/no answer is
usually sought, without the need of thorough analysis. As TXRF
unravel multi-elemental content, simultaneously, it is a prom-
ising analytical technique for consumer products. These
advantages open interesting new applications for TXRF, espe-
cially in food, pharmaceuticals, and cosmetics.

In the last decade, the development and commercialization
of benchtop TXRF spectrometers, offering extreme simplicity of
operation in a low-cost compact design, have promoted the
application of these systems in many research fields, including
environment,>® geological,”® biological,>*® medical,"* and
nuclear materials.”” The use of TXRF in pharmaceuticals and
cosmetics is very seldom, while in the field of beverages and
foodstuffs it has been more widely employed.** However, TXRF
analysis of consumer products is still limited to research
purposes and is rarely conducted as a daily routine analysis
within an industrial framework (with the exception of Si wafers).
Some of the limitations impairing the widespread use of TXRF,
rely on the fact that TXRF is not considered as a technique of
reference, due to a poor normative framework and lack of
matrix-matched reference materials for calibration purposes.?
It, furthermore, lacks associated standard operating proce-
dures, and as such is not included by regulatory bodies in the
instructions or guidelines for compulsory testing.

The introduction of new techniques and methods in regu-
lations and standards can be challenging due to the difficulty of
accreditation procedures, the need to achieve a consensus
between the elemental analysis experts, and consequently of
worldwide recognition. Such ventures are based on a thorough
assessment of the analytical performance, embracing the
available guidelines of each application field and on proper
validation of the developed alternative methods,** via for
instance proficiency tests. This review presents an overview of
the published methods, protocols, sample preparation and
handling procedures for the TXRF analysis, according to the
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needs and regulations in the various application fields for
quality and safety.

2 Elemental analysis for quality and
safety of consumer products
2.1 Foodstuff

The definition of food quality is global and comprises both
positive attributes, such as appearance, origin, texture, flavor,
and nutritional content and value, as well as negative ones, such
as contamination, discoloration, off-odors, and spoilage.
Quality standards are essential in the European market to meet
consumers' and regulatory bodies' requirements, and specifi-
cally target products' attributes, consequently affecting the
value of the product for both producers and consumers. For
industry, those attributes are evaluated via three key factors:
conformity with the product's intended purpose and regulatory
requirements, safety, and satisfaction of consumer expectations
and perceptions.

Food safety refers to all hazards, whether chronic or acute,
that may negatively impact consumer health according to the
Food and Agriculture Organization (FAO) and the World Health
Organization (WHO) (2003)."* The EU Food Safety Authorities
(EFSA),' regulates food content, ingredients, product descrip-
tion, chemical safety, sanitary conditions, hygiene, and other
product specifications. The legislation on contaminants is
based on scientific evidence and on the principle of keeping
contaminants' levels as low as reasonably achievable by using
good working practices. Maximum concentration levels
acceptable in products have been established for specific
contaminants, including heavy metals, to protect public health.

Nonetheless, the contamination of food with heavy metals
remains a relevant issue for public health. Therefore, it is
essential to ensure food safety by using various analytical
techniques for metals identification and quantification. In
particular, the EU Regulation (EC) No. 1881/2006 sets the
maximum levels for potentially toxic metals in food. For
example, the allowed Pb levels range from 0.02 to 2 mg kg™~ ' wet
weight for raw milk and food supplements, respectively.
Cadmium limits are set between 0.005 mg kg™ wet weight for
liquid infant formulae from cow milk and 3 mg kg~ for food
supplements from seaweed. The permitted mercury levels are
0.1 mg kg~ " wet weight in food supplements and 1 mg kg™ " in
muscle fish. The European Commission also established
maximum levels for inorganic tin in canned baby foods, infant
formulae and other canned foods, excluding beverages."”

Besides the interest in toxic elements, the determination of
other elements presents in food samples, such as major
essential elements, trace essential elements, ultra-trace essen-
tial elements, and non-essential trace elements, is relevant.*®
Major elements are usually found in the percent range, while
trace and ultra-trace elements span over a wide concentration
range from ppm to ppb.' The level of these elements varies
widely in food samples, even within similar matrices. For
example, the content of Ca within a group of 35 different alco-
holic beverages, like beers, wines, and liqueurs, may vary from 3
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to 50 mg g '; in cookies the content of Fe may fluctuate from 0.2
to 12 mg g~ '; and in raw apples the content of Mg may be from
0 to 4%.”° Some of these elements, such as Na, Ca, Mg, K, and
Cl, are macronutrients required in larger quantities for healthy
nutrition, while others, such as F, V, Cr, Mn, Fe, Co, Cu, Zn, Se,
Mo, and I, are micronutrients essential for plants, animals, and
human nutrition. Excessive amounts of these elements can
have phytotoxic and/or zootoxic effects.” Fe, Zn and Mn, for
instance, are toxic to humans if their daily intake level is
exceeded.”” Thus, the determination of the elemental compo-
sition and concentration in food is crucial for making informed
recommendations for consumption, especially for children,
pregnant women, and people with specific elemental allergies
or medical conditions. The interest in elemental analysis is
increasing in agriculture and the food industry, with many
papers focusing on the elemental composition of seasoning
products,*® salts, and spices.”** Contamination due to the
environment®* and food processing must be avoided®® or
reduced” whenever possible, but in any case controlled.
Consequently, there is a strong need for fast screening tools and
techniques with high sensitivity and applicable over a wide
dynamic range of concentrations.

The Association of Official Agricultural Chemists (AOAC)
developed the standard method performance requirements
(SMPRs) for heavy metals in foods and beverages to ensure
reliable monitoring through routine surveillance methods,
defining the required values for concentration range, limit of
quantification, repeatability, reproducibility, and recovery irre-
spective of the analytical techniques.” Atomic and inorganic
mass spectrometries are widely used to obtain accurate infor-
mation about trace levels of metals in food. Furnace atomic
absorption spectrometry (FAAS), graphite furnace atomic
absorption spectrometry (GFAAS), inductively coupled plasma
optical emission spectrometry (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS) are the most used
analytical techniques due to the availability of good laboratory
practices and standard operating procedures, which, when fol-
lowed, aim to ensure analysis quality.*® For a solid sample
analysis, the X-ray fluorescence spectrometry is still the method
most widely employed.**>*

2.2 Pharmaceuticals, drugs, and supplements

The interest in the determination of elemental impurities in
pharmaceuticals has increased in recent years due to greater
awareness of their potential toxicity, changes in regulatory
requirements, and the need for updating limit tests in phar-
macopeia.*” These impurities can arise from various sources,
including catalyst residues, raw materials, solvents, and
container/closure systems, at different stages of the
manufacturing process. Thus, their identification is required
during chemistry route scouting and optimization, process
development phase, or catalyst screening and loading.** While
some elements may be intentionally added as active pharma-
ceutical ingredients (i.e., platinum-based chemotherapeutics
agents, antimicrobials containing Fe, Ag, and Au, among
others),* others pose no therapeutic benefit to the patient and
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must be maintained within acceptable limits. The relevant side-
effects of metal impurities on the safety of drugs (adverse
pharmacological and toxicological effects), or on their stability
and efficacy (causes of intolerance and degradation), led to an
increasing interest in their contents in drugs.** Regulatory
bodies such as the European Medicines Agency (EMEA) in the
International Council for Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human
Use (ICH) from the Q3D working group on elemental impuri-
ties, known as ICH Q3D guidelines,*® and the United States
Pharmacopoeia (USP) in the USP<232> chapter® have catego-
rized elemental impurities into three classes and established
concentration limits according to a risk-based strategy and their
toxicological properties, daily dosage budget fraction, and route
of administration. The elements included in each class are:
Class 1 (As, Cd, Hg, Pb), Class 2 (Co, V, Ni, T, Au, Pd, Ir, Os, Rh,
Ru, Se, Ag and Pt), and Class 3 (Li, Sb, Ba, Mo, Cu, Sn, and Cr).
Class 2 elements are divided into subclasses 2A and 2B based on
their relatively probability of occurrence in the drug. In Table 1,
concentration limits in (ug g~ ') for components used in oral
drug products with a 10 g maximum daily dose are reported.

Recently, the USP also proposed a general chapter <2232>
about elemental contaminants in dietary supplements (DS)*” to
be monitored in finished dosage forms (e.g., powders, tablets,
capsules, liquids) and not in dietary ingredients.*® The
permitted daily exposure (PDE) endorsed by the FAO/WHO has
been used to set the limits of the four significant elements of
toxicological concern (As, Cd, Pb, Hg).

Previous pharmacopoeia tests for heavy metals in the Euro-
pean Pharmacopoeia (Ph. Eur.), USP, British Pharmacopoeia
and Japanese Pharmacopoeia were based on the reaction of
metals with the thioacetamide reagent, resulting in the forma-
tion of coloured sulphides and their precipitation from aqueous
solution.*® This visual colorimetric test suffers from serious
limitations such as the lack of sensitivity, specificity, and
recovery to monitor properly the actual levels for some metals.
For instance, elements of toxicological concern (i.e., Cr, V, Ni)
cannot be determined by this classical limit test, and biased
results were reported for elements such as As, Cd, Mo, Pd, Pt
and In with poor recovery values between 30-50%.*°

The USP chapter <233> includes two analytical procedures
involving ICP-OES and ICP-MS.*! One of the major limitations of
such procedures is the treatment of solid pharmaceutical
samples that must be solubilized to be compatible with the
sample introduction systems of ICP-OES and ICP-MS instru-
mentation. Furthermore, pharmaceutical products are not
sufficiently soluble in deionized water or dilute acids,” and
solubilization using organic chemicals or concentrated acids is
required.”® When the sample is difficult to dissolve, a digestion
method based on different acid mixtures (i.e., mixtures of HNO;
with HCl, HF, HClO,, H3PO,, and H,SO,) is employed.*
Notwithstanding, some pharmaceutical products are extremely
difficult to digest even with the use of high-pressure systems
and concentrated acids** and consequently, a universal method
of sample decomposition, which applies to all dosage forms of
pharmaceutical samples, does not exist.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Concentration limits in ug g~* for components used in oral, parenteral and inhalation drug products with a 10 g maximum daily dose
(according to ICH-Q3D3%* and USP<232>%) and for dietary supplements (according to USP<2232>%)

Drug products, drug
substances and

excipients Parenteral drug products Inhalation drug products Dietary supplements*

10 Class ICH Q3D USP<232> ICH Q3D USP<232> ICH Q3D USP<232> USP<2232>
Cd 1 0.5 0.5 0.2 0.2 0.3 0.2 0.5
Pb 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5
As 1 1.5 1.5° 1.5 1.5 0.2 0.2 1.5°
Hg 1 3 3? 0.3 0.3 0.1 0.1 1.5¢
Methyl-Hg 1 — — — — — — 0.2¢
Co 2A 5 — 0.5 — 0.3 — —
\% 2A 10 10 1 1 0.1 0.1 —
Ni 2A 20 20 2 0.5 0.5 —
Tl 2B 0.8 — 0.8 — 0.8 — —
Au 2B 30 — 10 — 0.1 — —
Pd 2B 10 10 1 1 0.1 0.1 —
Ir 2B 10 10 1 1 0.1 0.1 —
Os 2B 10 10 1 1 0.1 0.1 —
Rh 2B 10 10 1 1 0.1 0.1 —
Ru 2B 10 10 1 1 0.1 0.1 —
Se 2B 15 — 8 — 13 — —
Ag 2B 15 — 1 — 0.7 — —
pt 2B 10 10 1 1 0.1 0.1 —
Li 3 55 — 25 — 2.5 — —
Sb 3 120 — 9 — 2 — —
Ba 3 140 — 70 — 30 — —
Mo 3 300 300 150 150 1 1 —
Cu 3 300 300 30 30 3 —
Sn 3 600 — 60 — 6 0.1 —
Cr 3 1100 1100 110 110 0.3 0.3 —

“ Finished dosage forms. ? Inorganic form: speciation is not necessary when the total mercury or arsenic is less than the limit. ¢ Mercury (total).
4 Methylmercury (as Hg): speciation is not necessary when the total mercury is less than the limit.

An additional inconvenience of the use of ICP-based tech-
niques for the determination of elemental impurities in phar-
maceutical products is the presence of spectral and non-
spectral interferences and thus, a previous evaluation of the
matrix composition should be carried out before even starting
the analysis of the sample, to identify those. For instance, it is
interesting to mention that almost 20% of the active pharma-
ceutical ingredients are hydrochlorides and spectral interfer-
ences of chlorine in ICP-MS analysis are expected.*> For this
reason, although ICP platforms are predominant for most
applications dealing with inorganic impurity analysis in phar-
maceutical laboratories, the use of other analytical approaches
which involve a simpler sample treatment is worth of investi-
gation. In fact, the USP chapter <233> describes the criteria for
the acceptability of alternative procedures equivalent to ICP-
OES and ICP-MS ones.” Table 2 summarize those analytical
characteristics and acceptance criteria, which are required in
the validation of alternate quantitative approaches and test
limit procedures.

In this view, the direct analysis of solid pharmaceutical
samples by means of XRF technique demonstrated promising
results, for instance, for the determination of Pd, Zn, Fe and Ni
residues in active pharmaceutical ingredients (API).***” The
major drawback reported in these studies was the lack of suit-
able reference materials with a matrix similar to the real

This journal is © The Royal Society of Chemistry 2024

samples for validation and calibration purposes. To overcome
this problem, the use of synthetic standards made of cellulose
simulating the API matrix appeared to be an effective means to
obtain reliable calibration curves when no suitable pharma-
ceutical reference materials were available. More recently, XRF
potential for screening oral solid dosage drug products for
elemental impurities was demonstrated.”® The proposed
method can be used as a limit test for class 1 and class 2A
elements, and is fully compliant with the method validation
requirements according to the ICH Q3D guidelines. It is worth
to mention that in 2015 the USP included XRF as an instru-
mental method that can be used for both qualitative and
quantitative analysis of liquids, powders, and solid materials
(USP chapter <735> X-ray fluorescence Spectrometry),* but
recommends only the EDXRF and WDXRF techniques. The
same applies to the last edition of Ph. Eur.*

2.3 Cosmetics

Cosmetics have drawn attention because of the potential
negative effects of the chemicals they might contain. For
cosmetic companies, proposing safe and high-quality cosmetic
products become crucial, not only for regulatory purposes, but
also because customers have been increasingly looking for
documentation of efficacy, compliance, and quality on raw
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Table 2 Required analytical characteristics and acceptance criteria in the validation of alternate quantitative and test limit procedures according

to the USP<233>4

Quantitative Test
Analytical parameter Acceptance criteria method limit
Accuracy Recovery: 70-150% (n = 3) Yes No
Levels: 50, 100, 150% limit®
Precision Repeatability RSD = 20% (n = 6) Yes Yes
Level: 100% limit*
Intermediate RSD = 25% Yes No
precision Repeatability study on different days, instruments and analysts
Specificity Unequivocally assessment of the analyte in the presence of other target elements and  Yes Yes
matrix components
Detectability Signal spiked sample 1° + 15% of the average signal value for standard solution® No Yes
Signal spiked sample 2¢ lower than the average signal value for standard solution
Quantification limit (LOQ) Demonstrated by meeting the accuracy requirement Yes No
Linearity Demonstrated by meeting the accuracy requirement Yes No
Range Demonstrated by meeting the accuracy requirement Yes No

“ Limits are reported in Table 1 (USP<232>). ? Spiked sample 1: 1.0 x Limit. ¢ Standard solution: 1.0 x Limit. ¢ Spiked sample 2: 0.8 x Limit.

materials to finished products." Potentially toxic metals may
originate from various sources such as raw materials, metal-
coated equipment during manufacturing, and intentional
addition as pigments and ingredients.” To mitigate against the
potential toxic effects of some heavy metals, the European
Union (EU) Directive prohibits their intentional use, for
instance of Sb, As, Cd, Cr, Co, Hg, Ni, and Pb.”> The amount of
metals permissible in cosmetic products is assessed based on
a broad concept approach of risk evaluation because the EU
regulations have not set so far specific limits. Using estimated
margins of safety values that take into account both potential
negative effects and systematic exposure dose, the Scientific
Committee Consumer Safety (SCCS) of the European Commis-
sion has determined recommended maximum thresholds for

heavy metals in cosmetic items. As visible in Table 3, other
international agencies and governments from all over the world
have also established metal concentration limits for inorganic
contaminants in cosmetic products. While the amount of Hg,
Pb, As, Cd, and Sb are regulated, other metals such as Cr, Ni,
and Co are not always considered due to their lower health risk.
The strictest limitations are those enforced in Germany,> which
are based mostly on levels that can be practically avoided rather
than on risk. There isn't much agreement, though, on which
metals or inorganic species, and in which amount, require
control in cosmetics. Currently, cosmetics manufacturers are
not required to disclose the metal contaminants found in their
products, and consequently customers have no way to know the
risks involved in using cosmetics on themselves. Several studies

Table 3 Recommended maximum levels in pg g~ for inorganic species in cosmetics according to different international administrations and

governments
FDA“ (US) BVL? (Germany) FDA-CR® (Canada) SCCS EC? (Europe)
Element Limit (ug g ') Cosmetic type Limit Cosmetic type Limit (ug g ') Cosmetic type Limit Cosmetic type
Hg 65 Eye products 0.1 Al 1 All 1 All
1 Other cosmetics and colour additives 0.1  Toothpaste
Pb 10 Externally applied cosmetics 2¢ Al 10 All 20 All
20 Colour additives 0.5 Toothpaste
As 3 Colour additives 0.5 All 3 All 5 All
0.5 Toothpaste
Cr 50 Colour additive (FD&CBlue No.1) — — 100 (Cr III) All
25 (Crvi) All
cd — 0.1 Al 3 All 5 All
0.1 Toothpaste
Sb — 0.5 Al 5 All 100 All
0.5 Toothpaste
Ni — 105 All — 200 All
Co — — — 70 All

% Food and drug administration (FDA). ” Country's federal office of consumer protection and food safety (BVL). ¢ Food and drug act (FDA) and
Cosmetic regulations (CR). “ Scientific committee consumer safety of the European Commission (SCCS EC). ¢ For make-up powder, rouge, eye

shadow, eyeliner, kajal as well as theatre, fan or carnival make-up: 5
according to the DIN EN 71.

1704 | J Anal. At. Spectrom., 2024, 39, 1700-1719

ug ¢~/ For theatre, fan or carnival make-up: 2.5 pg g *. ¢ Soluble Ni
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have demonstrated the presence of metals causing eye allergy in
coloured eyeshadows like Co, Cr, and Ni, and Pb above 10 pg g™*
in some lip products.***® Hence, it is obvious that there is
a critical need for harmonized international regulations to
control the amount of metals in cosmetic products. In addition
to monitoring hazardous metals, the cosmetic industries must
also keep an eye on other substances used as ingredients in the
manufacturing of cosmetics, such as Fe, Zn, Ti, and Ba, which
may have a dual effect.>

Elemental analysis of cosmetics is not trivial because of the
wide range of elements and their respective concentrations
from pg ¢ ' to mg g~ '; of a wide variety of presentations, ie.,
lipsticks, eyeshadows, blushes, lotions, mascaras, foundations,
body powders, creams, face paints; and of the complex matrices
present such as oils, creams, and powders. For instance,
lipsticks are composed of many ingredients, including waxes,
oils, dyes and pigments, including refractory minerals, such as
alumina, silica, titanium dioxide and mica,”” which may
hamper chemical analyses. Over the years, various analytical
methods have been developed and proposed for cosmetic
analysis. Most of them are based on the use of flame atomic
absorption spectrometry (FAAS),”® electrothermal atomic
absorption spectrometry (ETAAS),*® inductively coupled plasma
optical emission spectroscopy (ICP-OES)* and inductively
coupled plasma mass spectrometry (ICP-MS).*® The need of
sample solubilization for these techniques remains problematic
for cosmetics. Usually, a single digestion step using a mixture of
concentrated inorganic acids (i.e., HNOs;, HCl, H,SO, and
HCIO,) and an oxidant agent, such as H,0, is required.® In
2009, a study performed by the Food and Drug Administration
(FDA)-US demonstrated the necessity of using a microwave-
assisted digestion procedure for lipstick samples based on
a combination of HNO; and HF followed by an addition of boric
acid to ensure the solubility of any formed fluorides. Even with
aggressive sample treatments, clear digests were not obtained,
and portion size effects were observed.®* This is unfortunately
almost systematically observed in the case of cosmetics. Their
digestion is described as a critical step in the International
Standard ISO 21392, which focuses on the measurement of
heavy metals traces in cosmetics finished products using ICP-
MS technique.

XRF spectrometry has been evaluated as a multi-elemental
screening tool for cosmetic product analysis, but revealed
poor sensitivity in determining some relevant toxic metals, and
suffered from the presence of matrix effects which vary with the
type of cosmetic products considered.®® Some recent applica-
tions using hand-held XRF instrumentation were published on
the analysis of kohl products® and skin creams.® The lack of
international guidelines for validating analytical procedures in
elemental determination in cosmetics, and the lack of dedi-
cated reference materials to verify the quality of results present
a crucial analytical problem for cosmetic manufacturers, legis-
lators, and policymakers. Indeed, the external calibration
procedure is hampered by the lack of reference materials with
a matrix similar to the one of the samples considered. When
using not-matching reference materials for building external
calibration curves, some influence coefficients are determined
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in a purely empirical way. Unfortunately, those are hardly veri-
fiable and consistent with the physic processes undergoing into
the sample system they represent, in particular with respect to
the fundamental parameters. Alternatively, purely theoretical
calibrations are determined, based on the fundamental
parameters of pure elemental solutions, which consequently are
not considering the sample characteristics under study. In both
cases, the uncertainty budget linked to these external calibra-
tions may be extremely important, and the results disputable.

A few commercial reference materials are available but
mostly only certify the concentration of a single element in
a specific cosmetic product, e.g., CBW09302 cream cosmetic
with a Pb concentration of 14.6 + 0.9 mg kg '. To increase
confidence in the quality of results, participating in proficiency
tests organized by global producers of reference materials, such
as the Laboratory of the Government Chemist (LGC Ltd, UK),
may be useful to at least get a feedback on the methodology
employed.

3 Total reflection X-ray fluorescence
spectroscopy: experimental
background

3.1 Elemental quantification and figures of merit

Quantification in TXRF analysis relies on the so-called “thin
film” approximation, which requires that the sample, which is
deposited onto a reflective carrier behaves as an “infinitely thin
layer”, so that any matrix effect may be considered as neglige-
able. Then, a direct relationship between the XRF emission
peak associated to a specific element visible in the spectrum,
and its concentration, may be established. To obtain the best
signal to noise ratio, and thus a proper enhancement of the
elemental XRF emissions, two specific components must be
optimised from the sample side: the reflector or sample carrier,
and the sample itself.

Reflectors are typically 30 mm diameter and 3 mm thick
disks made of materials like quartz glass, glassy carbon,
sapphire, or acrylic glass, and which are chemically pure,
smooth, and flat, and free of impurities. The carriers have to
reflect X-rays efficiently, present low background levels, and be
chemically inert and stable during analysis. The carrier surface
needs to be cleaned prior to use to avoid memory effects, and
cleaning procedures vary based on the carrier material and
previously analysed samples. Cleaning can take up to 3—-4 hours
and involves precleaning with acetone, followed by several steps
with cleaning solutions and diluted acid nitric. Usually a set of
reflectors is cleaned and preserved for future use to save time.
Improper handling, storage, or contamination may alter carrier
properties, affecting analysis results.

The quantification approach making use of the internal
calibration standard (ICS) is, and by far, the most used one as it
is the simplest one. It relies on a mono-element solution of
known concentration, added during the sample preparation
stage to the sample to be analyzed to act as ICS. It also requires
that the sample under analysis complies with TXRF require-
ments, ie., a controlled mass deposition, no matrix effect,
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homogeneous sample, and a homogeneous distribution of the
ICS and of the various elements onto the reflector’ surface. The
choice of the ICS is crucial, as it should be absent from the
sample analytes, its concentration should lay in the average
concentration range of all analytes present in the sample, its
XRF emission lines should be free of any type of spectral
interference, and its atomic number (Z) should frame the other
elements present. Rare elements like Ga and Y are commonly
used as ICS when Mo- and W-anode X-ray tubes are employed as
source of X-ray excitation energy, for instance. However, their
choice as ICS should not be systematic, but in line with the
required properties as listed above.

Knowing the instrumental sensitivity S; for the analyte i and
Sics for the ICS element, the concentration Cicg of the ICS, the
unknown concentration C; of the respective analyte in the
sample can be determined from the retrieved net analyte
intensities N; and Nics based on eqn (1), with an associated
uncertainty o, calculated as eqn (2).

Sics N;
c= 2= Cics, 1
S; 8 Nics x e ®
0((": C,'
Qg 2 (0% 2 (03 2 (45 2 ¢, 2
(SICS) Si Ni NICS CICS

(2)

On a first approximation basis: «g,  and ag; are the uncer-
tainties related to the determination of the slope value;
ans = /Nics and ay, = +/Nj, are the uncertainties linked to the
net intensity for the ICS and the analyte, respectively, and a¢,_is
the uncertainty of the ICS concentration which can be roughly
considered as a systematic uncertainty resulting from the ICS
preparation procedure. The uncertainty ay; is a significant part
of the total uncertainty (eqn (2)) for elements with a low content
in the sample.

The most employed figures of merit in TXRF analysis are the
Limit of Detection (LOD) and the Limit of Quantification (LOQ),
which aim at describing the performance characteristics of the
technique in a specific analytical process. Although their
meaning is clear, a wide variety of definitions may be found
across analytical techniques and application fields, and conse-
quently various calculation procedures are applied to their
determination. This lack of clarity has created and still creates
confusion and lack of consistency for the scientific community,
as well as for the regulators and industries. For these reasons,
the LODs and LOQs values reported in the following sections
cannot be compared easily, and the readers are encouraged to
check in the cited literature or previous related works how the
authors have considered and determined those parameters, as
these procedures are unfortunately seldomly reported.

3.2 Sample preparation and handling procedures

TXRF analysis requires a small amount of sample (1-10 pL of
liquids or 1-200 pg of solids) to be dropped onto a reflector and
dried, while ensuring that the entire sample is contained within
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the illuminated area by the X-ray beam. Sample mass deposi-
tion must be adjusted based on the sample matrix, the analytes
present and the X-ray excitation energy employed. Sample
homogeneity must also be ensured, both in terms of surface
and thickness, and in terms of elemental distributions, espe-
cially for the ICS.

Many procedures proved to be suitable for the analysis of
solid and liquid samples by TXRF.** Various strategies have
been used for screening and quantitative analysis of foodstuffs,
pharmaceuticals and cosmetics samples, and the selection
depends on the purpose of the analysis, the sample availability,
and the matrix complexity. An overview is presented in Fig. 1. An
internal calibration standard solution is added for quantifica-
tion purposes, and a few microliters of the mixed solution are
deposited on a suitable carrier for analysis. Blanks, duplicates,
and replicates should be prepared and analysed at each step of
the sample handling and preparation procedure.

Direct sample analysis is simple, efficient, and mostly
preferred for liquid samples, either as-is or following dilution.
Ultrapure water is usually employed as diluting agent to avoid
contamination, and the dilution factor is kept in the range of 1-
30, depending on the complexity of the sample and the analyte
concentration. However, it should be avoided with samples
containing a complex organic matrix, where sample solubili-
sation is recommended to improve accuracy and detection
limits. Solid samples are typically decomposed by dry or wet
digestion before analysis, as digestion produces in general
a homogeneous liquid mixture. Indeed, solid particles are not
present in the solution and in the deposited sample, which
ensures a more homogeneous residue deposition of the sample
on the reflector. Most of the digestion procedures are similar to
those used in elemental analysis by other atomic spectrometric
methods (mainly AAS- and ICP-based). The choice of the best
decomposition procedure for a specific solid sample should be
determined based on the matrix and analyte under study, and
the result verified. For instance, biological samples are relatively
easy to decompose via a mixture of nitric acid and hydrogen
peroxide, whereas for some plant samples, the addition of
hydrofluoric acid is mandatory to obtain a complete digestion
due to their high silicon content (up to 10%).%* The use of H,SO,
is not recommended due to the high temperature needed to dry
the digested sample deposited on the reflector. Similarly, the
use of HF should be avoided as it might damage the quartz
reflector surface. To digest samples, open systems (working at
atmospheric pressure) have been employed using conventional
sources of heating such as sand baths, heating plates, etc.
Microwave ovens are often used for sample digestion, as they
can shorten the dissolution time and the related procedure may
minimize analyte losses and cross-contamination. Block
heaters for digestion of small amounts of vegetation samples
(several mg) have also been successfully employed.*®

Another approach for analysing solid samples is to prepare
suspensions mixing milligrams of powdered sample (10-50 mg)
in an adequate disperser and depositing few pL (5-10 pL) of the
resulting suspension on a reflective carrier. The amount of the
analysis sample onto the carrier is highly dependent on the
sample itself and its matrix, as well as of the spectrometer

This journal is © The Royal Society of Chemistry 2024
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employed (beam size, excitation energy, flux density, etc.), thus
there is not one only volume or mass range which may be
appropriate, but several of them, and as mentioned already
depending on the sample type. Therefore, it is important to
work in a volume/mass range adequate to obtain a thin layer on
the reflector. If the deposited sample it is too thick, we will
suffer from matrix effects, commonly present in EDXRF and
WDXRF spectrometry.*

In the case of preparing the solid sample as a suspension,
another interesting point is to ensure the homogeneity of the
original sample and to select the appropriate amount and type
of solvent and dispersing agents. The particle size of the powder
material is another parameter relevant to achieve a homoge-
neous suspension, and reference materials usually present
a particle size below 75 pm which is still too big for a TXRF
analysis. Cryogenic grinders and ball mixer mills are used to
obtain a good suspension homogeneity in the case of real food,
pharmaceutical and cosmetic samples. While suspension offers
the advantage of reduced cost and the elimination of hazardous
chemicals, it may be challenging to optimise and to ensure
sample homogeneity, and it may also limit the determination of
analytes present in low concentration levels.

Despite digestion and suspension being the most used
sample preparation strategies for TXRF analysis of solid
samples, additional research is being carried out to develop
faster, simpler, and more environmentally friendly sample
treatment approaches, especially if elemental screening is the
analytical goal. Among those, a novel device called Smart Store®

This journal is © The Royal Society of Chemistry 2024

has been developed, which encloses the sample between two
thin plastic films, then cuts out a 30 mm diameter disc to be
stuck to a reflector and inserted into a TXRF system.®” Prom-
ising results have been obtained using this approach for the
rapid screening of heavy metals content in cosmetics® revealing
a high potential of this device for fast and easy preparation of
many types of samples to be analysed with a TXRF
spectrometer.

4 Research applications of TXRF
4.1 Foodstuffs

The elemental concentration range and sensitivity of TXRF
make it suitable for the analysis of food, where it can simulta-
neously determine trace levels of contaminants, macro, and
micronutrients. Indeed, TXRF has been applied in the analysis
of a wide range of liquids, like drinks and beverages (see Table
4), and solids like vegetables, fruits, dietary supplements,
animal tissues and cereals (see Table 5).*

A direct analysis is frequently performed for the multi-
element analysis of beers,* distilled alcoholic beverages,”

7275 milk,”® wine””** and

food contact simulant,” infusions,
whisky.* The recommended volume of liquids deposited on
a sample carrier ranges from 5 pL to 20 pL, depending on the
sample type, in order to avoid matrix effects.®*® In some cases, to
reduce the mass deposition and overcome matrix effect
phenomena, a minimal treatment as a sample dilution step is
necessary. For example, direct quantitative analysis of honey is
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Table 4 Selection of published articles based on the use of TXRF analysis of liquid foodstuff using (a) dilution and (b) digestion as sample

treatments

(a) Dilution

Sample Dilution
amount factor
Sample type (g) Solvent (g:mL) Elements ICS LOD (mgL™%) Validation” Ref.
Honey 0.3-5 Ultrapure 3:100-5:2 Multielemental: P, S, Cl, K, Ca, Cr, Ga, 0.31-20.3 — 120-123
water Mn, Fe, Ni, Cu, Zn, As, Pb, Br, Rb Y
Soy sauce 1 Ultrapure 1:5 Multielemental: P, S, Cl, K, Ca, Ti, Zn 0.1-10 R, P 105
water Cr, Mn, Fe, Co, Ni, Cu, As, Br, Pb,
Ba, Rb, Sr
Pineapple n.a. Ultrapure  1:4 Mn Se n.a‘ — 124
juice water
Wine 1 Ultrapure 1:1 Multielemental: K, Ca, Mn, Fe, Ni, Ga  0.01-0.2 (Mo-TXRF) 0.2-5 (W- L, P, R 79
water Cu, Zn, Rb, Sr, Pb TXRF)
(b) Digestion
Digestion
Sample
Sample type amount Acid mixture Energy source Time Elements ICS LOD (ugL ™) Validation® Ref.
Bovine milk 2 mL HNO; Muffle 20 min Multielemental: P, S, K, Ca, Ti, Cr, Mn, Ga 0.08-34 AP 98
furnace Fe, Ni, Cu, Zn, Se, Rb, Sr
Honey 1g HNO; + H,0, MW furnace 15 min Multielemental: Ti, Cr, Mn, Cu, Zn, As, Ga n.a.“ — 99
Se, Br, Rb, Sr, Pb
5 mL Ashing + HCI Muffle 20 min Multielemental: K, Ca, Ti, Cr, Mn, Fe, Ga n.a.” A 100
furnace Ni, Cu, Zn, Se, Br, S
6 mL HCI Muffle 20 min Multielemental: Ti, K, Ca, Fe, Mn, Zn, Ga n.a.” A 101
furnace Cr, Ni, Cu, Se, Br, Sr
Soft drinks 1 mL HNO; MW furnace 15 min Multielemental: P, S, K, Ca, Fe, Cu, Zn, Ti n.a.” — 102
As, Pb, Br, Sr
0.8-1 mL HNO; + H,O, MW furnace 15 min Multielemental: P, S, K, Ca, Fe, Cu, Zn, Ti 2-350 — 103
Block heater 60 min As, Pb, Br, Sr 8-1100
Wine 10 mL HNO; MW furnace 50 min Multielemental: Al, Cd, Mn, Cu, Fe, Cr, Mo 10 — 104
Ni, Pb, Zn
Wine 0.7 mL HNO; + H,0, Hot surface Multielemental: P, S, K, Ca Ga 60-780 P 77
Soy sauce 1g HNO; + H,O, MW furnace 60 min Multielemental: P, S, Cl, K, Ca, Ti, Cr, Ga 0.1-10 R, P 105
Mn, Fe, Co, Ni, Cu, As, Br, Pb, Ba, Rb, Sr
Sugar-cane 10 mL Ashing MW furnace n.a.* Fe, Cu, Zn Ga 8-10.9 — 106
spirits HNO,;

“n. a - not available, MW: microwave. * Validation parameters: linearity (L), precision (P), accuracy (A), recovery (R).

quite problematic due to its very high concentration of sugars
and high viscosity, making it also very difficult to dry and obtain
a flat solid residue. In the case of wine analysis, it was
demonstrated that the analytical quality of TXRF results can be
improved if measurements are performed after sample dilution,
especially for light Z elements like K and Ca.” In Table 4(a)
summary of relevant publications about liquid foodstuff
samples measured by TXRF after dilution is provided.

TXRF analysis of suspended solid residues (see Table 5(b))
offers a fast and straightforward way to perform screening and
quantitative analysis for food safety, traceability, and quality
control purposes. Non-ionic surfactants such as Triton X-100
(ref. 87 and 88) and ultrapure water®® are commonly used as
dispersing agents. Polyvinyl alcohol can also be added to
improve sample deposition on the reflective carrier.” Before
deposition, the suspension mixture should be homogenized

1708 | J. Anal. At. Spectrom., 2024, 39, 1700-1719

using ultrasonic baths or vortex shakers.®**°**> The use of
polyvinyl alcohol was demonstrated to be effective in improving
sample deposition for TXRF analysis of meat and cheese.” A
novel method aiming to distinguish between mechanically
separated meat (MSM) and fresh meat by monitoring K, Ca and
Fe and using suspension for sample preparation and TXRF
analysis is reported.”*** The proposed procedure represents
a powerful tool in food routine controls for consumer protec-
tion. Likewise, suspension proved to be a suitable analytical
approach to check easily the presence of additives as poly-
phosphates (P), verify the content of salt (Cl) and detect some
accidental metal contaminations (Cr, Co, Ni). In addition to the
advantage of being a minimum sample treatment, suspension
preparation can be of particular interest for the analysis of
mass-limited samples (e.g., soybean roots) since the amount of
material needed to prepare the suspension (10-200 mg) is much

This journal is © The Royal Society of Chemistry 2024
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Table 5 Selection of published articles based on the use

treatments

View Article Online
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of TXRF analysis of solid foodstuff using (a) digestion and (b) suspension as sample

(a) Digestion

Digestion
Sample Sample Energy Internal LOD
type amount (g) Acid mixture source Time Elements standard (mg kg™?)  Validation” Ref.
Eggs 0.5-3 HNO; + H,0, TM heater n.a.* Multielemental: P, S, K, Ca, Cr, Ga n.a.” — 108
Cu, Fe, Ni, Mn, Pb, Se, Zn
0.5-1.5 HNO; + HCIO, + TM heater 90 Multielemental: Ba, Cu, Fe, Mn, Ga n.a.” AP 109
H,O0, min Ni, Pb, Rb, Se, Sr, V, Zn
1.46-1.61 HNO; + H,0, TM heater 90 Multielemental: Ba, Cu, Fe, Mn, Ga n.a.” AP 109
min Ni, Pb, Rb, Se, Sr, V, Zn
Rice grain 0.5 HNO; MW 10 Se Ga 0.05 R 125
furnace min
0.3 HNO; MW 15 Multielemental: K, Ca, Ti, Cr, Mn, Ga n.a.’ — 126
furnace min Fe, Ni, Cu, Zn, Ba, Rb, Pb, Br, Sr,
Ba
1 HCl:HNO; (1:3) TM heater 2h  Multielemental: As, Ca, K, Mn, P, Co n.a.* R 127
Rb, S, Se, Zn
0.5 HNO; + H,0, MW 15 Multielemental: K, Ca, Mn, Fe, Ga 0.2-99 L,PA 66
furnace min Cu, Zn, Br, Rb, Sr
0.02 HCI/HNO;, (3:1) TM heater 2 h
Beans 0.15 HNO; + H,0, MW 25 Multielemental: K, Ca, Mn, Fe, Ni, Ga n.a.” AP 87
furnace min Cu, Zn, Rb, Sr, Pb
Onions 0.2 HNO; + H,0, Hot plate n.a.“ As Co n.a.” A, P 128
Porridge 1 HNO; TM heater n.a. Multielemental: Mn, Fe, Cu, Zn Ga n.a.? A, P 129
flour
Maize flour 0.35 HNO; TM heater n.a. Multielemental: Mn, Fe, Cu, Zn Ga n.a.? — 130
Candies 0.5 HNO; + HCI + MW n.a.* Multielemental: Ca, Ti, Cr, Mn, Ga 0.02-0.1 AP 107
H,O0, furnace Fe, Cu, Zn, Br, Rb, Sr, Pb
Chocolate 0.4 HNO; + H,0, MW 25 Multielemental: P, S, K, Ca, Ti, Cr, Ga n.a.” — 112
furnace min Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Ba
Pork meat 0.3 HNO; MW n.a.* Multielemental: P, S, Cl, K, Ca, Ti, Ga 0.01-1 AP 131
furnace Mn, Fe, Ni, Cu, Zn, Se, Br, Rb, Sr,
Ba, Pb
Edible 0.5 HNO; + H,0, MW 15 Multielemental: Ti, Mn, Cu, Zn, Y n.a.” A 92
Clams furnace min As, Br, Sr
(b) Suspension
Sample Disperser Internal LOD
Sample type amount (mg) Disperser agent (mL) Elements standard  (mg kg~') Validation” Ref.
Beans root 10 Triton X 100 (1% wt) 0.99 Multielemental: K, Ca,  Ga n.a.’ A, P 87
Mn, Fe, Ni, Cu, Zn, Rb, Sr,
Pb
Microgreens 100 Triton X-100 5 Multielemental: P, S, K, Ga n.a.” A 88
Ca, Fe, Zn, Mn, Cu, Ni
Multielemental: P, S, K, 0.2-30 A, P,LOQ 91
Ca, Cl, Mn, Fe, Ni, Cu, Zn,
Br, Rb, Sr
Vegetables 20 Ultrapure water 1 Multielemental: K, Ca, Ga 2-100 L,AR), P 66,89
Mn, Fe, Cu, Zn, Rb, Sr
Edible Clams 100 Ultrapure water 1 Multielemental: Ti, Mn, Y n.a.’ A 92
Cu, Zn, As, Br, Sr
Wheat flour 50 Triton X-100 (1% wt) 2.5 Multielemental: P, S, Cl, Y 0.13-28 A(R) 132
K, Ca, Mn, Fe, Ni, Cu, Zn,
Se, Br, Rb, Sr
1 Multielemental: Cu, Fe, Ga 0.27-0.44 A(R) 133
Mn, Zn
Meat 100 Triton X-100, (0.1% wt) + 5 Multielemental: K, Ca, Fe, Ga 0.08-1.67 — 93
PVA Cu, Zn
200 5 Multielemental: P, Ca, Fe Ga n.a.” — 90

This journal is © The Royal Society of Chemistry 2024
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(b) Suspension

Sample Disperser Internal LOD
Sample type amount (mg) Disperser agent (mL) Elements standard (mg kg™?!) Validation” Ref.
Ultrapure water + Triton
X-100 (0.1% wt) + PVA
(0.2%)
Cheese 200 Ultrapure water + Triton 5 Multielemental: P, S, Cl, Ga n.a.’ — 90
X-100 (0.1% wt) + PVA K, Ca, Fe, Zn
(0.2%)
Raw meat, salami, 50 Triton X-100 (0.5% wt) 4 Multielemental: P, S, Cl, Ga, V n.a.? A(R) 94

sausages, fish, mussels

K, Ca, Cr, Mn, Fe, Ni, Cu,
Zn, Br, Rb, Sr

“ n.a. - not available, PVA: polyvinyl alcohol, MW: microwave, TM: thermo block. ® Validation parameters: linearity (L), precision (P), accuracy (A),

recovery (R), limit of quantification (LOQ).

lower than the one required for digestion.”® Despite the number
of benefits that there is in preparing suspension for the TXRF
analysis of solid materials, only 15% of the sample treatment
methods use it* due to calibration issues, weighing errors, and
sample/suspension inhomogeneity that need to be properly
addressed.’®®” In addition, the results for lighter elements,
mainly K and Ca, are not as good as for mid-high Z elements in
some food matrices because of their complicated matrix and of
their effects, among other limiting parameters. In these situa-
tions, external calibration is performed to ameliorate the results
utilizing a set of reference materials with a matrix resembling
that of the actual samples.*

Decomposition of the liquid to be deposited onto the
reflector is also a common sample preparation method to
improve the limits of detection. This pre-treatment is reported
for the TXRF analysis of milk,”® honey,”** soft drinks,**>'*
wine,'** soy sauce'® and sugar-cane spirits.'* As shown in Table
4(b), sample decomposition is usually performed by wet ashing
procedures involving the use of concentrated acids (HNOs, HCI)
or some mixtures of acids in combination with oxidizing agents
(HNO3 + H,0,). To overcome problems of contamination or
volatilization during the digestion process, microwave ovens are
preferred as heating sources. Dry ashing by incineration of the
liquid samples at 500 °C and dissolution of the resulting ashes
in HNO; or HCI has been used as a digestion procedure for the
determination of Fe, Cu and Zn in sugar cane spirits*®® or multi-
elemental analysis of honey.’® For the complete dissolution of
food solid samples, a mass of about 0.1 g to 1 g is mixed with
acids and other oxidating compounds. Often, concentrated
HNO; or a mixture of HNO; + H,0, are employed but in some
cases the additional use of HCI or HCIO, has been reported to
get the total solubilisation of vegetables,*® candies'” or
eggs.'*®1* Microwave ovens and thermo block heaters are two
types of heating sources employed during digestion. The main
advantage of those systems is the possibility to digest a low
quantity of sample, therefore using reduced acid volumes, as it
was done for a very small amount of vegetables (20 mg) and only
1 mL of aqua regia (HCl: HNOs, 3:1).°® Compared to liquid

1710 | J Anal. At. Spectrom., 2024, 39, 1700-1719

samples, digestion of solid foodstuffs requires a longer time
due to the complexity of sample matrices.

Microextraction and selective adsorption procedures can
also be considered to enhance TXRF microanalytical capability.
For instance in the case of Se and Hg determination of low level
(0.6 g L") in seafood samples'* and in the determination of Sb
in milk after nanoparticles immobilization reflectors,""*
respectively.

Promising results have been obtained using the Smart
Store® system for the rapid screening of chocolate samples. In
this case, chocolate was first dissolved in 3 mL of Ga solution in
bain-marie conditions. Then, the total dissolved sample was
placed on a polymeric foil and dried at room temperature. The
plasticized sample was put onto a quartz sample carrier with
a diameter of 30 mm to be measured with the TXRF spec-
trometer.” Though underestimation of the low Z elements
occurred, the procedure demonstrated to be a fast and easy
approach for screening.

4.2 Pharmaceuticals, drugs, and supplements

At present, there is a lack of general procedures in the phar-
macopoeias for a reliable application of TXRF method in
pharmaceutical analysis. Over the past few years, many studies
have investigated the potential of TXRF for determining
elemental impurities in pharmaceutical products and dietary
supplements (DS). Table 6 summarizes the research published
on this topic between 2000-2020, in which TXRF has been
applied to analyse various dosage forms of pharmaceutical
products, including APIs, drug substances, and metal-
containing drugs. However, only finished dosage forms of DS
have been considered. Solid samples can be dissolved by
organic solvent-based diluents, such as DMF, DMSO, and
methanol®*'**** or suspended using an aqueous non-ionic
surfactant solution.'® More intricate sample treatments, such
as microwave digestion, have also been used, primarily for the
analysis of more complex matrices.*® One critical factor for
determining elemental impurities in pharmaceutical samples

This journal is © The Royal Society of Chemistry 2024
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Table 6 Selection of publications about analytical methods published in the literature in the last twenty years regarding the determination of
elements in: (A) pharmaceutical products and (B) dietary supplements by TXRF“

(A) Pharmaceutical products

Internal TXRF LOQ Purpose of the
Samples Analytes Sample preparation details ~ standard measurement (ug g ') method Validation” Ref.
API (solid) K, Ca, Fe, Ni, Sr, Pd 10 mg dissolution (THF, Ga Mo-TXRF 10-20 Quantitative S,L,P,A, D 49
DMSO), 10-20 pL deposition (1000 s)
W-TXRF
(2000s)
API (solid) PGMs metals (Rh,  150-500 mg dissolution Y W-TXRF (1000 1.9-4.1  Screening S, P, A 113
Pd, Ir, Pt) (water, methanol), 10 pL s)
deposition
500 mg MW digestion (HNO3; Y W-TXRF (1000 1.7-8.7  Quantitative
+HCI), 10 pL deposition s)
Metal containing Au, Pt Dissolution (DMF + water + Mn Mo-TXRF (250 0.2¢ Quantitative P, A 114
drugs® PVA), 4-10 pL deposition s)
Drug Substances® Ca, Fe, Zn, Sr Dissolution (0.2-0.3 M HNO;) Se Mo-TXRF (600 — Screening — 115
1% sample solution, 10 pL s)
deposition
Drug Substances’ Pd, Rh, Pt, Cr, Fe, Cu Dissolution (50% methanol + Sr Mo-TXRF <2-10 Screening L,P,A,D 134
2% HNO; + 0.5% HCL) 5 mg/1 (1000 s) platform
mL, 10 puL deposition W-TXRF
(2000s)
Pd, Rh, Pt, Cr, Fe, Cu Dissolution (50% methanol + V WL-TXRF (500 2-15
2% HNOj; + 0.5% HCL) 10 mg s)
mL™", 5 pL deposition AgK-TXRF
(500 s)
(B) Dietary supplements, DS (finished dosage forms)
Sample preparation Internal ~ TXRF LOQ Purpose of the
Samples Analytes details standard measurement (ug g~ ') method Validation” Ref.
Commercial DS (tablets)® P, Ca, Mn, Fe, Cu, Zn, DS without capsule: Ni, Ga,Y MOo-TXRF — Screening A 33
K, Cr, Se, I dissolution (water), 2 pL (250 s)
deposition
DS with capsule: Quantitative
dissolution (HNO3), 2 pL
deposition
Commercial DS (different Pb, As, Cr, Hg 20-50 mg digestion Ga' Mo-TXRF 0.2-3.1 Quantitative L,P,A,D 38
dosage forms)” (HNOs+HCI + H,0,)
filtration
Commercial DS and I 500 mg digestion (NH3), 25 Cd, Ag, Y W-TXRF — Screening None 135
seaweed products uL deposition (1000 s)
Commercial DS (tablets) Se 50 mg powder supension Ga Mo-TXRF 0.3-0.6 Quantitative P, A 136
(2.5 mL 1% Triton X100) (1000 s)

10 pL deposition

“ API: active pharmaceutical ingredient, MW: microwave, THF: tetrahydrofurane, DMSO: dimethylsulfoxide, DMF: dimethylformamide, PVA:
golyvinyl alcohol. ? validation parameters: specificity (S), linearity (L), precision (P), accuracy (A), limit of detection (D). ¢ Cisplatin, auranofin.

Liquid form (0.2 ppm). ¢ Ca-folinate, Levodopa, Enalapril maleate. / Triprolidine HCI, diphenhydramine HCI, Chlorpheniramine maleate,
pseudoephedrine HCI, ephedrine sulfate, scopolamine HBr. ¢ Komplivit (DS with capsule), Multifort (DS without capsule). " Fat burner, laxative,

tejocote root, omega oil 6. ' In the case of Hg (Ga solution contain EDTA to avoid Hg loses during drying).

with a commercial TXRF spectrometer is the instrumental setup
and, in particular, the X-ray anode source determining the
excitation energy. This aspect is particularly important for
platinum group metals (PGMs), which are commonly used in
medicinal chemistry. The determination of Pd and other PGMs
has been the focus of many studies. Better results were obtained
using X-ray sources equipped with W and Ag anodes that allow
elemental determination through the Pd-K emission lines, free

This journal is © The Royal Society of Chemistry 2024
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of interferences,"** while with Mo X-ray sources spectral inter-

ferences overlapping with Pd-L emission lines occur.'*
However, Mo X-ray sources provides better sensitivity for mid-Z
elements (ie., Fe, Ni, Zn, Cr, Cu, etc.).*® Therefore, a trade-off
must be made between PGMs analysis versus sensitivity for
most other elements of interest, and a thorough analysis may
require the use of TXRF systems equipped with both Mo and W

X-ray tubes. The quantification limits reported for TXRF
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applications in the field of pharmaceutical products and dietary
supplement analysis are suitable for controlling class 2 and
class 3 impurities (see Table 1). Yet, the sensitivity of most of the
published methods is not adequate to monitor the concentra-
tion limits for elements included in class 1 (limit range: 0.5-3 pg
g ).

As shown in Table 6, rare elements like Ga and Y have been
widely used as ICS for determination of elemental impurities by
TXRF. Nonetheless, for specific applications, other elements
such as Mn, Se, Sr, V and Ni have also been reported.

4.3 Cosmetics

TXREF is a technique that has been explored less for the analysis
of cosmetics, and the number of published articles on this topic
is still limited. As demonstrated in Table 7, TXRF has shown
great potential in analysing lipsticks, eyeshadows, foundations,
liners, and creams, as well as plant-based cosmetic ingredi-
ents.'” In addition to heavy metal quantification, such as Pb,"**
TXRF has also revealed its potential as a multi-elemental
screening tool.*®® It offers the opportunity to determine
major (>1%), minor (0.01-1%), and trace elements (<0.01%),
sometimes even without having to dilute the sample. This is
particularly advantageous for cosmetic producers who need to
control the quantity of elements introduced as ingredients and
pigments in their final products.

The most common sample preparation procedure involves
suspending several mg of sample (10-400 mg) in an appropriate
disperser agent followed by sonication (5-15 minutes). Since
only a small amount of sample is analyzed, it is crucial to
guarantee the homogeneity of the original cosmetic sample to

View Article Online
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ensure good precision and representativeness of the results. It is
also necessary to obtain homogeneous suspensions to analyze,
which is possible using an aqueous solution of 1% Triton X-100
in water for most cosmetic products (eye shadows, liners,
foundations, and creams) or ultrapure water for plant-based
cosmetic ingredients. Yet, lipstick samples require additional
steps of liquefaction/solidification™® or the use of an organic
solvent® to obtain a homogeneous suspension. Unfortunately,
suspension is not a suitable approach to quantify elements
present at ultra-trace concentrations (<1-2 pg g~ '). However,
based on the limits of detection shown in Table 7, it could be
useful for screening some major and minor toxic elements
present in targetted cosmetic samples and checking their
compliance with the recommended values (see Table 3). It is
also interesting to note that, for most commercial TXRF spec-
trometers operating with a Mo or W excitation X-ray source, the
limits of detection for light elements (e.g., K, Ca) are higher in
comparison to the ones for mid-Z elements due to their low
fluorescence yields and lower energies of analytical lines, which
are also partly absorbed by air. Nevertheless, this is not a critical
point for the analysis of cosmetics because light elements are
usually present at high concentrations (1000-10000 pg g~ *)*
and do not present a high relevance for the quality control. Of
notice is that the sample treatment approach selected also
impacts the limit of detection. A comparison among results
obtained using TXRF to analyze the same lipsticks and eye-
shadows samples prepared by different procedures revealed an
effect on the limit of detection of metals of interest. In partic-
ular, the limit of detection for Pb found was 5.7 pg g%, 1.2 pg
g¢~', and Pb: 0.9 pg ¢~ when digestion, suspension, and Smart
Store® sample treatment approaches were respectively used.®®

Table7 Use of TXRF based analytical methods to determine major (>1%), minor (0.01-1%) and trace (<0.01%) elements in cosmetic products and

cosmetic ingredients

Sample preparation

Cosmetic type Analytes details

Internal TXRF Purpose of

standard measurement LOD (ug g ') the method ~ Validation® Ref.

Lipstick Pb (screening other 100-400 mg suspension Y MoO-TXRF 0.04 Quantitative A, P, D 137
elements) (1% Triton X-100), (900 s)
liquefaction/
solidification steps
Lipstick K, Ca, Ti, Mn, Fe, Cu, Zn, 10 mg suspension Mo W-TXRF 2 (100)b Screening A, P,D 118
Rb, Sr, Ba, Sn (Chloroform) (2000s)
Eye shadow 20 mg suspension (1% Pd 5 (150)°
Triton X-100)
Cream Pb, Cd, Cr, Ni, Sb, Se 20 mg suspension (1% Pd 1-8
Triton X-100)
Eyeshadows, lipsticks, K, Ca, Ti, Cr, Mn, Fe, Ni, Digestion (300 mg, Ga Mo-TXRF Pb Screening — 67
foundation, liners Cu, Zn, Pb, Br, Rb, St USEPA 3052 *°) (600 s) digestion:
0.9
Suspension (10 mg, 1% Suspension:
Triton X-100) 1.2
SMART STORE®*’ SMART
STORE®: 5.7
Plants (cosmetic Ca, Zn, Se, Fe, Cr, Pb, Ni, 20 mg powder Ga Mo-TXRF — Screening — 66
ingredients)” cd suspension (ultrapure (600 s)

water)®®

“ validation parameters: accuracy (A), precision (P), limit of detection (D). ” LOD for low atomic number elements (K, Ca). ¢ Lotus corniculatus,
Medicago lupulina, Knautia arvensis and Plantago major.
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As highlighted in Table 7, in all publications reporting on the
analysis of cosmetics by TXRF, quantification was carried out by
internal calibration standardization. Typically, Ga and Y are
used as internal calibration standards in systems equipped with
Mo X-ray sources. Still, other higher atomic number elements,
such as Pd and Mo, are used as internal calibration standards
when using W X-ray sources to avoid spectral overlaps with
many elements present in cosmetic samples within the energy
range of 2-18 keV. For the specific case of lipstick samples
suspended in an organic solvent, a metalorganic internal cali-
bration standard has been employed instead of the more widely
used aqueous standards to ensure a proper mixing of the
internal calibration standard and the suspended sample.®

5 Concluding remarks

Though the scientific community is developing and publishing
valuable procedures, protocols, and methods to obtain reliable
analytical results based on TXRF, and addressing both needs for
quantitative analysis and screening of consumer products, no
references to TXRF applications to quality control and safety in
industry and quality control or regulatory bodies' laboratories
are available.

As outlined in this paper, TXRF is successfully used for both
elemental identification and quantification, especially of
impurities or unwanted contaminations. While promising
results have been obtained to quantify most mid-Z and high-Z
elements, additional research is required to improve the
quality of the results obtained for quantifying the low-Z and
volatile elements (such as Hg). Furthermore, spectral overlaps
between various elemental fluorescent lines, such as Ba L lines
with Ti K lines, or As K lines with Pb L lines, deserve more
attention. The determination of the figures of merit of analytical
methods based on TXRF are limited by the lack of fit-for-
purpose and certified reference materials, though frequently
some parameters, such as linearity range, accuracy, precision,
reproducibility, sensitivity, LOD and LOQ, are determined using
calibration samples developed in-house or reference materials
designed for AAS and ICP. Unfortunately, the different
approaches to calculating the detection limits prevent an
objective assessment of the TXRF performance. To assess the
limits of validity of the TXRF results, to claim a certain level of
confidence, or to allow for comparison with techniques of
reference such as ICP-OES or ICP-AES, it is fundamental to
define properly a total uncertainty budget, with all its potential
contributors under control. Again, this factual situation is
partially due to the lack of fit-for-purpose reference materials,
which would allow to probe deeper the impact of instrumental
and experimental parameters on the results, especially the
sample handling procedures, the spectral analysis, and to
control, and potentially validate, more easily a measurement
procedure for a given type of samples. The quantification of
elements present in consumer products should be done along
with the corresponding validation steps using suitable refer-
ence materials. In this context, the biggest challenge comes
with the biggest opportunity, particularly in cosmetics appli-
cations, where regulations are still under development and

This journal is © The Royal Society of Chemistry 2024
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product screening is an important analytical feature. However,
without the development of specific reference materials to
cosmetics, the efforts to create robust TXRF-based methods
have limited use for quality control and applications in the
cosmetic industry.

The wide acceptance of TXRF by the analytical community is
thus hindered by the lack of proper standard operating proce-
dures and fit-for-purpose reference materials, which are both
needed to claim the validity of results at a certain level of
confidence. Establishing the uncertainty budget is also
a priority to ensure the physical and chemical traceability of
results and reliability in quantification. Such awareness has
initiated already pre-normative research activities tackling the
above-mentioned issues.’”® Those ventures are essential to
establish all the physical and chemical interdependencies
linked to the use of TXRF, and prior to developing any norma-
tive documentation (e.g., standard) under the ISO/TC201/SC10
framework. Only then, TXRF may be proposed as a standard-
ized chemical method and labelled as the technique of refer-
ence, similar to AAS or ICPs techniques, for the elemental
analysis of consumer products such as food, pharmaceutical,
and cosmetic samples.
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