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Abstract: Cosmetics analysis represents a rapidly expanding field of analytical chemistry as new
cosmetic formulations are increasingly in demand on the market and the ingredients required for
their production are constantly evolving. Each country applies strict legislation regarding substances
in the final product that must be prohibited or regulated. To verify the compliance of cosmetics
with current regulations, official analytical methods are available to reveal and quantitatively de-
termine the analytes of interest. However, since ingredients, and the lists of regulated /prohibited
substances, rapidly change, dedicated analytical methods must be developed ad hoc to fulfill the new
requirements. Research focuses on finding innovative techniques that allow a rapid, inexpensive,
and sensitive detection of the target analytes in cosmetics. Among the different methods proposed,
immunological techniques are gaining interest, as they make it possible to carry out low-cost analyses
on raw materials and finished products in a relatively short time. Indeed, immunoassays are based
on the specific and selective antibody/antigen reaction, and they have been extensively applied for
clinical diagnostic, alimentary quality control and environmental security purposes, and even for
routine analysis. Since the complexity and variability of the matrices, as well as the great variety
of compounds present in cosmetics, are analogous with those from food sources, immunological
methods could also be applied successfully in this field. Indeed, this would provide a valid ap-
proach for the monitoring of industrial production chains even in developing countries, which are
currently the greatest producers of cosmetics and the major exporters of raw materials. This review
aims to highlight the immunological techniques proposed for cosmetics analysis, focusing on the
detection of prohibited /regulated compounds, bacteria and toxins, and allergenic substances, and
the identification of counterfeits.
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1. Introduction

Cosmetics are among the most strictly regulated and fast-moving consumer products.
The regulation of cosmetic products, aimed at ensuring their safety and efficacy, depends
both on the type of cosmetics concerned and the country of distribution [1]. Though the
testing regimen imposed differs among countries, the key elements assessed include the
substantiation of their claims, their shelf-stability, as well as the levels of harmful com-
pounds and microbes present in product batches. There are two instrumental analytical
techniques that are considered to be the “gold standard” as they provide the best perfor-
mance in terms of sensitivity, accuracy, and specificity. These are chromatographic methods
(such as HPLC or GC) and mass spectrometry [2]. Spectrophotometric methods (Raman,
IR, NIR, and UV-Vis) are also widespread in the characterization of cosmetic products [3].
Standard protocols reported by current regulations of the different countries are applied,
which are determined on the kind of sample and on the target analyte of interest [4]. These
approved analytical methods do not fully cover the wide range of target analytes that
represent prohibited or restricted cosmetic ingredients by different legislations. Indeed,
it is essential to ensure that the quantities of ingredients present in the various batches of
finished products that are marketed corresponds exactly to the designed formulation and
does not exceed the authorized content [3]. Moreover, the cosmetic industry market has
shown rapid growth on a global level in recent years. This means that the development of
quality control methods that are rapid and low-cost yet still efficient is a priority [4].

In the specific case of cosmetics analysis, there are some features that must be consid-
ered. First, cosmetic samples have very complex and diverse matrices since they contain
a large number of components in a variety of different formulations. Therefore, cosmetic
products most often demand considerable preanalytical treatments, such as solubilization,
extraction, preconcentration, or purification. Occasionally, strong acid or alkaline diges-
tion are essential. In some other cases, different types of reactions, such as hydrolysis,
saponification, or even redox, may be needed. This aspect could be considerably simplified
thanks to the use of highly selective and specific analytical methods that would provide
target analyte detection even within very complex matrices with no or minimal sample
pre-treatment. Indeed, in recent years, the trends have shifted towards the development
of simple, sustainable, and environmentally friendly methodologies by applying liquid-
based and ultrasound-assisted extraction technologies to obtain a high analyte enrichment,
avoiding the use of organic solvents. This option makes is possible not only to work
with green and sustainable procedures but also to exploit non-organic solvents that are
compatible with the application of bioanalytical methods based on the use of biospecific
probes. In particular, Celeiro et al. reported on the most innovative techniques used for the
sample pre-treatment and for the analyte extraction in cosmetic products based on non-
organic solvents, which are suitable for performing the analysis on-site with easy-to-use
instrumentation [5].

Other features that are strongly recommended for cosmetics analysis are multiplexing,
i.e., the ability to determine several analytes simultaneously through a single analysis,
and a high sensitivity for the detection of forbidden or regulated substances down to very
small traces. Furthermore, high productivity is required for the rapid processing of many
samples; therefore, the method should be simple, rapid, and characterized by a high level
of automation. Lastly, the environmental impact of the analytical procedure should be
limited, and thus, methods should consume no or limited amounts of organic solvents and
toxic reagents.

A large number of research articles have reported novel analytical procedures for
the detection of a wide range of target analytes in cosmetics. In many cases, innovative
approaches based on well-established instrumental techniques were reported, such as
chromatography, electrophoresis, molecular spectroscopy, electrochemistry, and atomic
spectroscopy [2,3]. Recently, immunoassays have been successfully commercialized and
widely employed in the detection and quantification of prohibited or restricted ingredients
in the food industry [6,7]. Considering the increasing danger related to cosmetic safety, the
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immunological techniques could be an interesting, as well as easier and faster, alternative
to provide supervision and control with regard to the presence of harmful additives or
species, which would be appropriate for a large number of samples. Inmunoassays refer to
a set of analytical methods based on specific antigen-antibody interactions. This specificity
makes immunoassays valid candidates in the field of cosmetics analysis as they enable the
detection of small traces of analytes even within very complex matrices [8]. Furthermore, by
using specific antibodies for different compounds, it is also possible to detect several species
simultaneously, thus fulfilling the multiplexing requirement. Another advantage offered
by immunological methods is the great ease-of-use and rapidity of the tests, which can be
carried out in a few hours, combined with the possibility of being completely automated.
Finally, immunoassays are in line with the green analytical chemistry principles, as they
are conducted in aqueous environments and do not employ organic solvents, nor do
they use toxic chemicals. The main limitation of immunological assays is related to their
sensitivity. Indeed, the limit of detection and quantification achievable by these methods
is not comparable with those offered by traditional reference techniques such as mass
spectrometry, HPLC, and GC. Furthermore, the cross-reactivity phenomenon can cause a
lack of specificity since it involves the recognition, by the antibody, not only of its specific
antigen but also of the analogue species. However, immunoassays could be proposed as
screening methods to be applied in series on a great number of samples in order to identify
suspicious batches that will need to be subjected to further analysis.

Immunoassays can be performed in two different configurations, namely the non-
competitive or sandwich configuration (useful for the detection of macromolecules, such as
pathogens, bacteria, and allergen proteins) and the competitive configuration (used for the
detection of small molecules, such as antibiotics, pesticides, mycotoxins, etc.). Moreover,
immunoassays can be based on a variety of detection principles, mainly optical or electro-
chemical, depending on the type of label employed. Conventional labels (such as enzymes,
colloidal gold, and fluorescent nanoparticles) are conjugated to antibodies or antigens to
assemble probes. The intensity of the signal from the probes could indicate the amount
of the targets after the probes interact specifically with the targets in the designed sample.
Immunoassay-based methods that are routinely used in clinical-diagnostic analyses exploit
the Enzyme-Linked ImmunoSorbent Assay (ELISA) format. It makes use of an enzyme
(among the most used are alkaline phosphatase (ALP), horseradish peroxidase (HRP), or
glucose oxidase (GOD)) as a label in order to catalyze a reaction in the presence of a specific
enzyme substrate, thus producing a measurable signal that is employed for quantitative
detection of the target analyte. Depending on the nature of the enzymatic substrate, it
is possible to exploit different detection principles (e.g., colorimetric, chemiluminescent,
or electrochemiluminescent detection). Generally, these methods are based on the use
of bench-top laboratory equipment by specialized personnel. In particular, the assay is
performed in a microwell plate platform, and it requires a multistep procedure that takes a
few hours to be completed. Indeed, the addition of the sample and of the immunoreagents
require incubation times generally ranging from 30 to 120 min depending on the applica-
tion, and they are followed by several washing steps. Finally, the addition of the enzymatic
substrate allows the development of the analytical signal, and the measurement can be
performed exploiting a multiwell plate reader (Figure 1(top line)).
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Figure 1. Scheme of the major differences among the conventional immunoassay format approaches based on bench-top

instrumentation used in an equipped laboratory setting (top line) and a rapid and portable platform exploiting the LFIA

principle for on-site applications (bottom line).

Another very standard format for the immunoassay is the so-called LFIA, which stands
for Lateral Flow ImmunoAssay technique. In LFIAs, the immunoassay is performed on
nitrocellulose membrane. The immunoreagents are immobilized in determined positions,
while other reagents are carried along the strip by the flow, which is driven by capillary
forces established upon sample addition. At the beginning, LFIAs were employed as rapid
qualitative tests, appropriate for detecting, using a colorimetric-based visual approach,
whether a target analyte in the sample was present or absent. Indeed, the most common
detection principle is based on the use of bioreagents labelled with colloidal gold or latex
particles. Due to label accumulation in specific positions along the strip, colored bands
form and are visually detected to provide a “yes/no” response regarding the presence of
analytes. Specifically, the analytical response is checked in the so-called Test line (defined
as the T-line), whilst the presence of a second Control line (defined as the C-line) provides
confirmation of the correct performance of the test and the reliability of the results [9]. This
platform has gained great success and has been widely exploited for routine applications
(e.g., pregnancy tests) thanks to its simplicity and, consequently, its low cost (bottom
line). Significant improvements and remarkable results have been obtained through the
implementation of different labels and through coupling with sensitive detectors, which
are also portable and easy to use, that have allowed the development of ultra-sensitive
quantitative LFIAs [10].

As an alternative, label-free optical immunosensors represent an emerging, simple,
and sensitive technology for the development of easy-to-use analytical devices. In this
context, surface plasmon resonance (SPR) detection is based on the refractive index sensor
changes when in the proximity of the surfaces of noble metal nanostructures. The prin-
ciple for biosensing applications refers to the possibility of quantifying the shifts in the
SPR extinction wavelength maximum, due to the dependence of the modified interface
refractive index, caused by biorecognition events on the surface. The great advances in
these technologies have led to the development of miniaturized SPR instrumentation for
immunosensor-based analysis.

Figure 2 summarizes the major peculiarities of immunoassays and the key points on
which researchers act to improve their performance and implement their applicability.



Processes 2021, 9, 1982

5o0f22

SPECIFICITY EASE OF USE RAPIDITY
Recognition of the No need of Immunoassays can
target analyte in complex sample require from few Improving immunoassay applicability
complex matrices pre-treatment minutes to few hours

A
l [ \

|

Features of immunoassays

Possibility to detect Possibility to work Possibility to use
simultaneously with portable different tracers and
several analytes devices detection principles

W Y7 A
v v
MULTIPLEX FORMAT SENSITIVITY

Figure 2. Scheme of the major peculiarities of immunoassays and the key points on which researchers act to improve their

performance and implement their applicability.

The objectives of this review are to show the major recent achievements in the field of
immunoassays applied to cosmetics analysis, focusing on the detection and quantification
of harmful species that are restricted or even prohibited by legislation, and on the possibili-
ties for their future applications in large-scale quality control during production processes.

The review is structured as follows. In Section 2, we discuss the detection of common
allergens in cosmetics and personal care products. In Section 3, we provide the reader
with information about the detection of prohibited and restricted cosmetic ingredients
following different regulations. In Section 4, we report the works dedicated to the detection
of typical toxins, bacteria and antibiotics in cosmetics and personal care products. Finally,
we conclude the work in Section 5 with a discussion about the detection of markers that
are indicative of counterfeiting.

2. Detection of Allergens in Cosmetics

The United States Food and Drug Administration (FDA) has compiled a list of com-
mon allergens found in some cosmetics and personal care products and the EU Regulation
1223/2009 lists allergens in the prohibited or restricted ingredients. Allergens can be
classified into five classes, i.e., natural rubber, fragrances, preservatives, dyes, and met-
als [11]. The typical approach for detecting allergens in cosmetics is GC coupled with MS
or MS/MS [12-17]. In a few cases, HPLC-DAD has been used for the detection of allergenic
substances in cosmetics, and an example was reported by Perez-Outerail et al. [18].

Immunological techniques are routinely used for detecting allergens in foodstuff and
several immunological methods have been proposed in the literature [19-21] or are avail-
able as commercial kits for monitoring the production chain in the food industry [22-24].
Nowadays, many cosmetics are characterized by formulations that include substances
derived from food (e.g., fruits, dried fruits, oats, protein substances of animal origin, etc.).
Therefore, the allergens found in foods can also often be present in cosmetics and per-
sonal care products that include these ingredients. Inmunological assays that are already
available for the detection of allergens in foodstuff can be converted in order to recog-
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nize the same target analytes in cosmetics, optimizing specific procedures for the sample
pre-treatment. Indeed, several works reported in the literature show the development
of immunological methods that can be performed on both food and cosmetic matrices.
Duffort et al. reported on the development of a non-competitive ELISA method for the
quantification of the leading peach allergen (Pru p 3), which is a lipid transfer protein
(LTP) [25]. The assay involved the use of microwell plates in which anti-Pru p 3 mAb
monoclonal antibodies were immobilized at the bottom of the microwells and the detection
was performed, after the incubation with the sample, using anti-Pru p 3 rabbit serum and
goat anti-rabbit IgG antibodies conjugated with peroxidase and by adding the proper col-
orimetric substrate. The assay was applied to analyze the presence of this allergen in food
and cosmetics (shampoo, air-freshener, toothpaste, and soap) containing processed peach
as well as in several fresh fruit batches. The proposed ELISA allowed the detection of Pru
p 3 with very high sensitivity since 0.1 ng/mL concentration levels of ppb were achieved,
which makes it extremely useful in the standardization of peach extracts. This makes it
possible to measure the allergen content of the extract used in cosmetic formulations or in
the preparation of foodstuffs.

Hidden food allergens are a problem of great importance both for the food and
cosmetics industry and for the allergic consumer. A label-free immunosensor based on
surface plasmon resonance (SPR) was proposed by Ashley for quantifying milk allergens.
The B-lactoglobulin (BLG) protein represents an important fraction among milk proteins
and it could be used as a marker for monitoring the amount of milk; furthermore, its
detection can be employed to control implants in final rinse samples of the cleaning-in-
place (CIP) systems of food and cosmetic producers [26]. The detection principle based on
SPR offers distinct features, such as the possibility of being implemented into an automated,
adaptable, and multipurpose platform to provide real time analysis. The proposed device
also makes it possible to directly analyze several samples, on-line or at-line, without
compromising in terms of its high sensitivity. Indeed, the obtained limit of detection
(LoD), 0.16 pg/mL, is perfectly adequate for detecting the maximum allowed amount
of B-lactoglobulin, which is 2 pg/mL. The proposed SPR-based immunosensor offers
many advantages comprising label-free detection, real-time analyses, and the possibility to
have an integrated on-line approach and a higher sensitivity with respect to ELISA-based
methods. Thus, this biosensor can be evaluated as a powerful analytical tool for monitoring
the contamination with BLG in several production processes that are necessary for food,
medicinal and cosmetic products, and it could be used in industry for managing the safety
risks related to milk allergen.

Gluten, another substance that can be present in cosmetics as well as in foodstuff,
is responsible for celiac disease (CD) and is also related to wheat allergies [27-30]. The
“gluten-free” regulation, issued by the U.S. Food and Drug Administration in 2013, aims to
provide safe food choices for celiac people. Cosmetic products are not subjected to this final
rule, meaning that analytical methods for gluten detection in cosmetics are guaranteed
to help celiac or allergic people in evaluating their safety. Sharma et al. [31] analyzed
36 cosmetic products for measuring gluten content using three different ELISAs (two
non-competitive tests based on the sandwich format, and one with a competitive format).
The estimated quantity of gluten in the cosmetic samples identified as gluten-free was
below the LOQ of the ELISA kits employed. However, the reliability of ELISA depends
on the investigated cosmetic sample, and the method requires a specific matrix-related
validation for an accurate gluten analysis. The study of a great number of samples coming
from different types of cosmetics is necessary for evaluating the suitable conditions for
the quantification of gluten in the complex matrices of personal care products. Moreover,
studies for assessing the dermal penetration of gluten from cosmetics are also necessary
to understand the potential risks related to dermal exposure to gluten for people who
suffer from CD. In this context, Tranquet et al. raised the question of diversification
in terms of the presence of gluten in both the food and cosmetics industries, which is
obtained by deamidation, leading to the production of water-soluble gluten. Current
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analytical techniques for gluten detection are not suitable for detecting deamidated gluten.
Therefore, the authors produced and compared different monoclonal antibodies (mAbs)
for developing a competitive indirect colorimetric ELISA to precisely quantify deamidated
gluten [32]. The selected mAD allowed the development of an ELISA method characterized
by high selectivity (the IC50, defined as the analyte concentration that caused 50% inhibition
of antibody binding, corresponded to 85 ng/mL) and a detection limit corresponding to
25ng/mL.

Immunological methods for the detection of allergens are already widespread in the
food field, have received a great deal of interest over time, and have been applied in routine
control applications. Since many food allergens can also be found in cosmetic matrices,
these methods can also be considered very promising in the cosmetic field, allowing even
very complex matrices to be analyzed quickly and exploiting a low-cost instrumentation.

3. Detection of Prohibited and Restricted Cosmetic Ingredients

The safety of cosmetic products is related to the safety of their ingredients. Many coun-
tries have developed their own regulatory lists of banned or restricted cosmetic ingredients.
The regulation (EC) 1223 /2009 regarding cosmetic products (EU Cosmetics Regulation)
is the main regulatory framework for finished cosmetic products placed on the European
market [33]. The list of banned components, which are not allowed to be employed in
cosmetic products, is shown in annex II of the EU Cosmetics Regulation, while annex III of
the EU Cosmetics Regulation includes the list of restricted substances. They are allowed to
be used even if their use must comply with corresponding use conditions (i.e., content limit,
use scope). The detection of these compounds is important for the industries that have to
check the product quality of cosmetics, ensuring their safety and protecting the consumers’
health [34]. Among substances that may harm the consumer, steroids represent prohibited
components in cosmetics since they can affect the biological processes in humans even at a
very low level. Many works proposed the use of immunoassays for the detection of several
steroids in clinical [35], environmental [36], and food [37] applications. Recently, they have
also been applied to the cosmetics field and several examples can be found in the literature.
Wang et al. proposed a rapid immunoassay for the detection of the illegal addition of dex-
amethasone (DE) in cosmetics [38]. Indeed, DE is a synthetically obtained glucocorticoid,
which is often added to cosmetic products (i.e., facial masks), thanks to its advantageous
short-term effects, but, according to the Safety and Technical Standards for Cosmetics
(no.268, 2015), issued by the Chinese National Medical Products Administration [39], and
to the European regulation 1223/2009 [40], glucocorticoids are prohibited from being used
as components or raw materials in cosmetics. The authors developed a highly selective
monoclonal antibody for application in a competitive colloidal-gold-based LFIA method
that made it possible to rapidly determine DE contents at concentrations between 100 and
200 ng/mL in commercial facial masks. Another work was reported by Zhang et al., [41]
for the quantification of triamcinolone acetonide (TCA), which is a potent and long-action
glucocorticoid often employed in the pharmacological therapy of several pathological
conditions [42]. This component is often illegally added to cosmetic and personal care
products [43] since it is able to decrease inflammation and can momentarily alleviate the
symptoms of inflammatory skin problems. TCA in cosmetic samples was analyzed using
different analytical methods, which were mostly based on liquid chromatography and
mass spectrometry [43—47]. The authors proposed a LFIA method for the quantification
of TCA by exploiting a probe based on the up-conversion of luminescence nanoparticles.
Employing this detection principle, they obtained a dynamic linear range between 1 and
100 ng/mL and an LoD corresponding to 20 nug/kg in cosmetic samples (Figure 3).
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Figure 3. (a) The compact reader used for the detection of luminescent up-conversion nanoparticles. (b) The UCNPs-ICA
at different TCA levels measured using a fluorescence camera. (c) Peaks of UCNPs-ICA at different TCA concentrations
measured exploiting a luminescent up-conversion detector. The signal is expressed in terms of fluorescence intensity with
respect to the position along the strip; thus, the peaks are relative to the areas corresponding to the T line (first peak) and the
C line (second peak). (d) Calibration curve determined for the UCNPs-ICA, with different concentrations of TCA. Each
value is calculated as the mean of 3 replicates. Reprinted from Ref. [41], copyright 2019, with permission from Elsevier.

Another category that has been ruled is that of phthalates, which are the esters of
phthalic acid, and they can be found as ingredients or as contaminants in cosmetic and
personal care products. Their presence as contaminants can be ascribed to the manufactur-
ing procedure, to the starting materials, or to the migration of phthalates from polymeric
packaging materials (polyvinyl chloride—PVC). Eight phthalates (DBP, DEHP, BBP, DMEP,
DnPP, DiPP, DPP, and DiBP), classified as H360 or H361, are not allowed in cosmetics
according to the European regulation 1223 /2009 [40]. A great number of immunoassays
have been reported in the literature for the detection of different phthalates in food and
in environmental matrices [48-56]. In cosmetics, the most used methods for the detection
of phthalates are based on liquid chromatography [57,58]. Wei et al. proposed an indirect
competitive ELISA for the detection of DBP, and the technique was used to assess the
presence of this target analyte in nail polish samples [59].

Inorganic harmful substances could also be found in cosmetics, mainly metal cations,
such as chromium, lead, cadmium, mercury, nickel, manganese, and thallium. Immunoas-
says for the analysis of heavy metals are rapidly gaining importance and several works
have reported their applications [60-65]. This trend is also confirmed in the field of
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cosmetics analysis, where some examples have been reported for the detection of mer-
cury. The maximum concentration of mercury in ready-to-use products must not exceed
0.007% m/m [40]. Wang et al. [66], developed an indirect competitive ELISA method for
the detection of mercury(Il) ion, which was successfully tested on several kinds of samples
including facial cleanser and night creams. Zhang et al., [67] proposed a quick and sensi-
tive electrochemiluminescent (ECL) competitive immunoassay for the determination of
mercury(Il) ion. The competitive immunoassay was based on the use of CdSe quantum
dots (QDs)-labeled monoclonal antibodies (mAbs) that were specific for mercury(II), and
of methylmercury-6-mercaptonicotinic acid-ovalbumin as a coating antigen. Mercury(II)
ions in the sample competed with the coating antigen for binding to QD-labeled mAb, thus
producing a decreasing ECL signal with the increasing of the concentration of mercury(Il)
in the sample. The method, which enabled the detection of mercury(Il) in a range between
0.02 and 100 ng/mL, displayed an LoD of 6.2 pg/mL and was tested on hand cream.

The application of immunoassays to the detection of prohibited ingredients is linked
to the sensitivity that can be achieved through these techniques. Indeed, these substances
should be completely absent or present in very small traces in the finished cosmetic product.
This implies the need for ultra-sensitive methods that must be competitive with traditional
chromatographic techniques that are coupled with mass spectrometry. For this reason, an
interesting prospect in terms of the application of immunological techniques may be that
of applying innovative tracers that will allow the development of highly sensitive systems
characterized by high detectability and very low detection limits.

4. Detection of Toxins, Bacteria, and Antibiotics

Even if cosmetic products must not be completely aseptic, the possibility of such a
product containing a microbiological contamination could represent a serious risk and
cause a spoilage of the product, leading to a serious risk to the health of consumers [68-71].
This contamination can occur during the production or the packaging step of the cosmetic
product, or during its use by the consumer. As it concerns the production and packaging
stages, the manufacturers have the responsibility to ensure suitable microbial preserva-
tion and to guarantee the level of the product’s quality as envisaged in its specification.
Regarding the use of the product, the consumer must preserve its safety, paying special
attention to store it in suitable conditions. Over the last decades, the actuation of Good
Manufacturing Practices [72] has been the basis for increasing the quality of industrial
control analyses. To this end, several techniques for the quantification of the total microbial
content of bacteria, yeasts, and molds were provided by the United States Pharmacopoeia
(USP) Microbial Limits Test [73]. In detail, it outlines four bacteria as standards (Escherichia
coli, Pseudomonas aeruginosa, Salmonella spp., and Staphylococcus aureus) while the
European Pharmacopoeia imposes specific analyses for determining the quantity of enter-
obacteria [74]. Despite these guidelines, microbial contamination still represents a leading
cause of product recall worldwide, especially for those produced in developing tropical
countries [75]. Several immunoassays have been reported in the literature for the detection
of bacteria in foodstuffs and water [76-79]. English et al. applied a commercially available
ELISA kit, which was developed for revealing Staphylococcus aureus in foodstuff and
food-related samples, to cosmetic and pharmaceutical raw materials and final products [80].
Their work demonstrated that the proposed non-competitive immunological method pro-
vides a rapid and simple alternative to the standard cultural technique for the detection of
Staphylococcus aureus contamination in the cosmetic and pharmaceutical fields.

In order to inhibit microbial growth, preservatives are added to cosmetics. Among
them, chloramphenicol (CAP), usually employed as a wide-spectrum antibiotic char-
acterized by a great antimicrobial activity, is also widely applied in cosmetics formu-
lations to avoid the presence of microorganisms [81,82]. However, recent studies evi-
denced that amphenicol-based antibiotics can show a potential negative effect on consumer
health [83,84], which has led to their application being prohibited in several countries, such
as Europe, the USA, and China [85-88]. Despite this, CAP is still found in cosmetics, since



Processes 2021, 9, 1982

10 of 22

it is cheap, and it has an excellent antibacterial effect. To guarantee the safety of cosmetics,
several methods of CAP detection have been proposed, mainly based on chromatography
and mass spectrometry techniques [89-91]. However, these techniques are based on the use
of expensive instrumentations, long and difficult pretreatment protocols, and a dedicated
staff, and they are not appropriate for the quick screening of a numerous samples. For this
reason, Li et al. [92] proposed a direct competitive and highly sensitive chemiluminescent
ELISA method to monitor CAP in cosmetics (Figure 4A). The LoD was 0.0021 ng/mL
and the method allowed the rapid quantitative detection of CAP in cosmetic matrices,
simplifying the monitoring process used in determining the CAP contamination. Xun
et al. developed a simple, low-cost and rapid competitive Multi-Dot-ELISA method for
simultaneously detecting three antibiotics that are commonly abused (ciprofloxacin, tetra-
cycline, and sulfamethoxydiazine) in order to reveal the illegal additives in cosmetics [93].
The device was based on a nitrocellulose membrane in which the different antigens were
immobilized in localized areas. After the incubation with the sample and the specific anti-
bodies labeled with HRP, by adding a colorimetric enzymatic substrate, it was possible to
visually detect the formation of colored spots. The position of these spots made it possible
to distinguish among the different target analytes.

Microorganisms present in the cosmetic product may also produce toxins, which
are generally small molecules, peptides, or proteins that are capable of causing serious
pathological conditions when they are put in contact or adsorbed by body tissues and
interact with biological macromolecules, such as enzymes or cellular receptors. These
species are stable in the environment and can remain in nature for a long time without
degrading [94]. Botulinum neurotoxin (BoNT) produced by Clostridium botulinum is
the most common cause of foodborne illness worldwide [95]. Cheng et al. proposed an
immunosensor based on the use of functionalized nanoparticles that were obtained by
the formation of immunocomplexes that comprised a fluorescent particle implemented
with Au nanoparticles (AuNPs), toxic proteins, and antibodies. The diffusivity of the
particle decreased with the increasing of the concentration of the target analytes [96]. This
immunosensor was employed for quantifying the concentration and activity of Botulinum
and was tested on two commercially available samples (BOTOX and Dysport), which
are currently used in cosmetics treatment (Figure 4B). The authors also evaluated the
activity of the botulinum toxin by developing an immunoassay in which synaptosomal-
associated protein 25 (SNAP-25) was immobilized on fluorescent probe particles. Then,
active botulinum that was present in the sample was cleaved by the SNAP-25 protein and
the detection was performed using AuNP-conjugated antibodies. Thus, toxicity could be
detected from slight changes in diffusivity. For the rapid detection of toxins in cosmetics,
Dayan-Kenigsberg et al. proposed a competitive LFIA-based technique for detecting ricin
down to 0.005 pg/mL [97].

Immunoassays on cosmetic matrices for the detection of antibiotics, toxins, and bacte-
ria are not yet widespread. However, they can find very interesting applications, especially
as regards the control of bacterial contamination during consumer use. In fact, generally,
cosmetic products are used by the consumer over a long period of time, but, once opened,
they can be a substrate for bacterial proliferation. For this, it would be useful to have simple
and quick tools based on easy-to-use techniques such as LFIA that the consumer can apply
directly from home to check the condition of the cosmetic before its use.
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Figure 4. Panel (A): Schematic of the CL-ELISA method. Reprinted with permission from Ref [92], copyright 2019. Panel
(B): Conceptual scheme of the immune-sensing platform to perform the total toxin analysis and the toxin activity analysis
in different complex matrices. Steps 1 and 2: Anti-BoNT/A or SNAP-25 antibodies were linked to AuNPs. (In the
picture, SANP-25 stands for SNAP-25.) Step 3: While incubating the particle with the sample that can contain the toxin
of interest, antibodies conjugated with AuNPs were added, allowing the formation of the “sandwich” immunocomplex.
Step 4: Toxin concentration or activity was assessed by employing an imaging-based method using a microscope and a
cross-correlation algorithm to estimate the level of Brownian motion. Reprinted from Ref. [96] with permission from ACS
https:/ /pubs.acs.org/doi/abs/10.1021/acssensors.9b00644 (accessed on 5 November 2021). Further permission related to
the material excerpted should be directed to ACS.

5. Detection of Marker Indicative for Counterfeiting

Another problem that can be encountered in the field of cosmetics is the possible
counterfeiting of the ingredients, which consists in blending or replacing the genuine
material with other spurious, lower quality, imperfect, spoiled, or synthetic molecules
that do not conform with certified standards. This inconvenience is generally due to an
intentional practice aimed at attaining financial gain by partially or fully substituting an
ingredient with inferior materials with morphological resemblance, or with chemicals or
inert materials [98]. Several methods have been developed for assuring the identity and
provenience of some ingredients, mostly based on chromatography and mass spectrome-
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try [99-103]. The techniques for the detection of counterfeiting are constantly evolving as
fraudulent ingredients placed on the market become more and more numerous. Several
examples of the utilization of immunoassay in cosmetics were reported for the counterfeit
edible bird’s nest (EBN) products. EBNs, produced from the saliva secretion of several
different swiftlet species, contain glycoproteins, carbohydrates, indispensable amino acids,
minerals, and some other elements [104], which are responsible for its effectiveness in terms
of several aspects of human health [105-107]. The market has seen an increase in demand
for EBN products and this has resulted in the addiction of economic counterfeits in order
to make a greater profit. Therefore, several economic substitutes—among others, pork skin,
plant-exude, fish skin, gum karaya, algae or albumen—have been commonly utilized [108].
Several analytical techniques were proposed to authenticate and assure the quality of EBN,
exploiting gas chromatography, liquid chromatography, and mass spectrometry, as well
as a PCR-based method [109-113]. These techniques required specialized laboratories
and well-trained personnel, so, as an alternative, the ELISA approach has been proposed.
Zhang et al. reported a competitive ELISA to quantify a characteristic sialoglycoprotein that
is typical of EBN [114]. The obtained LoDs were 10-18 ug/g depending on the different
cosmetic matrices analyzed. Tukiran et al. proposed an indirect competitive ELISA method
for detecting porcine gelatins, which is a common compound found in EBN that is used
to increase the net weight before selling [115]. They obtained a LoD of 0.10 ug/g, thus
offering an interesting method for quality control in the EBN business. Finally, Xu et al.
developed an LFIA device for the detection of the characteristic glycoprotein of EBN as
a marker for the identification and authentication of this ingredient [116] (Figure 5). The
method is a non-competitive colorimetric LFIA in which the traditional tracer, based on
colloidal gold, is replaced by an innovative material composed of Au@SiO,. The LoD
was estimated as 7.02 ng/mL and, compared to instrumental techniques or even other
molecular biological methods, the LFIA can give, within 30 min, sensitive and specific
detection of EBN-specific glycoproteins. Everything can be performed without the need
for devices and complicated processes. The lateral flow immunoassay of EBN glycoprotein
could be used for the on-site authentication and assessment of EBN quality.

A
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e =~
(333233033838
Absorption pad Au@sio, Glycoprotein
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Figure 5. The operating principle for the detection of glycoprotein using the lateral flow immunoassay.

(A) Sketch of the setting of the test strip. (B) illustration of the typical recognition mechanism when
the molecular target is present. (C) Illustration of the recognition mechanism in cases in which the
target is absent. Reprinted from Ref [116], copyright 2019, with permission from Elsevier.
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The use of immunoassays to verify the use of fake species can find significant appli-
cation in the cosmetic field, as the high specificity and selectivity that characterizes the
antibody-antigen bond can lead to the recognition of specific molecules, thus making it
possible to distinguish them even from very similar analogues.

6. Conclusions

Cosmetics and the cosmetic industry constitute a field that is subject to an incredible
and unstoppable growth throughout the world. The wide range of products and the
complexity of their compositions represent a great challenge to the analytical chemist.
Indeed, the ingredients used in cosmetic formulations, as well as the legislation applied for
regulating their presence and concentrations, are continuously changing. In this context,
analytical techniques that are commonly employed for quality control of cosmetic products
require expensive instrumentations, well-trained personnel, and dedicated facilities. These
features make the monitoring of the production chain prohibitive, especially for developing
countries, which are currently the ones most involved in the production of cosmetics and
in the export of raw materials. In light of these considerations, immunological techniques
seem to be a perfect combination of high specificity and selectivity, which make it possible
to detect target analytes in complex matrices, and ease-of-use, rapidity, and low cost.
Even if, up to now, there are no examples of commercially available kits based on the
application of immunological techniques in cosmetics, several methods have been proposed
in the literature, exploiting different formats, such as ELISA and LFIA, and different
detection principles (e.g., colorimetric, chemiluminescent, etc.) for the detection and
sensitive quantification of numerous analytes of interest (Table 1). In the near future, within
the field of commerce, a large increase in the diffusion of these bioanalytical tools will lead
to an significant broadening of the application of immunoassays in the quality control of
cosmetics, significantly reducing the costs and time associated with analysis, and thus,
allowing the monitoring of the production chain from the raw materials directly to the
finished products.
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Table 1. Summary of the immunological methods applied on cosmetic products proposed in the literature.

Target Analyte Immunological Method Limit of Detection Cosmetic Target Sample Pre-Treatment Ref
Non-competitive colorimetric Shampoo. air-freshener Samples were diluted in dilution buffer (PBS containing
Peach allergen (Pru p 3) P 0.1 ng/mL Poo, ’ 1% BSA and 0.1% Tween 20) at a ratio of at least 1:10 to [25]
ELISA toothpaste, and soap . . .
avoid potential effects from the sample matrix
Label-free immunosensor C?EESISI:EI;II: fﬁiﬁigﬂiﬂgal
-lactoglobulin (BLG) based on surface plasmon 0.16 pg/mL in-place (CIP) systems of - [26]
resonance (SPR) .
food and cosmetic producers
The cosmetics, in liquid form (e.g., shampoo,
Three commercial o Cosmetics in both liquid form condltlon('er), were directly Welghed, where'a y th'e solid
. . . Non-competitive 5 and I cosmetics (e.g., blusher, lipstick) were mixed into
colorimetric ELISA kits were L. (e.g., shampoo, conditioner) L. .
Gluten . 0.3 ppm; competitive . homogeneous form before weighing. The cosmetic [31]
tested: two non-competitive and solid form (e.g., blusher, . . .
and one competitive ELISA 10 ppm. lipstick) samples were weighed in 50 mL tubes depending on
the ELISA kit and solubilized /suspended in
extraction buffer.
Soluble proteins were extracted by suspending flour at
Competitive indirect 100 mg/mL in PBS for 1 h, at room temperature. Under
Deamidated gluten colofime tric ELISA 25ng/mL Maize, rice, and soya flour continuous agitation. Supernatants were collected after [32]
centrifugation (10 min /2500 g), diluted at 1:20 in PBS
containing 0.1% skimmed milk
One gram of each sample was weighed and transferred
to a 10-mL tube. The DE was extracted using 5 mL of
acetonitrile and saturated salt water (2/3, v/v) as the
Competitive colloidal-gold extraction reagent and ultrasonic waves were applied
Dexamethasone p & 100 ng/mL Facial masks for 10 min. The extracts were centrifuged at 5000 r/min [38]
LFIA :
for 10 min and the supernatant was transferred to a
new tube. The supernatant was evaporated to dryness
under nitrogen, and the extract was re-dissolved in PBS
for analysis by LFIA.
L?&n;etngli?;guint;fgfggg 0.1 g of the sample was diluted 20 times with distilled
Triamcinolone acetonide y exp sap 20 pug/kg Cream, mask, and essence water. 80 uL of the diluted sample was used in [41]

based on up-conversion of
luminescence nanoparticles

UCNPs-ICA.
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Table 1. Cont.
Target Analyte Immunological Method Limit of Detection Cosmetic Target Sample Pre-Treatment Ref.
Nail polish was weighed at 0.5 g. After that, 5.0 mL of
acetonitrile was added to the nail polish
andultrasonically vibrated for 30 min. Another
Indirect competitive . . extraction procedure in a stoppered glass tube was
Phthalates dbp colorimetric ELISA 0426 ng/mlL Nail polish carried out at room temperature overnight. The extract (591
(2 mL) was evaporated using a centrifugal evaporator
to remove acetonitrile and then dissolved in 2 mL of
assay buffer (PBS containing 0.1% BSA).
Sample (0.5 or 1 g) was soaked with 30% HNO3
overnight at room temperature, followed by boiling
. Indirect competitive 1 Facial cleansers and night until it was dissolved. After cooling, the solution was
Mercury(Il) ion, colorimetric ELISA 0.08 ng mL creams centrifuged and the supernatant adjusted to a pH value [66]
of about 7.0 with 1 mol L~! NaOH and diluted with
pure water appropriately for ELISA.
Microwave digestion was used to extract the hand
Electrochemiluminescent cream. Briefly, 1 g of the sample was mixed with 3.0 mL
Mercury(Il) ion (ECL) competitive 6.2 pg/mL Hand cream HNOj3 and 2.0 mL HyO; in turn. After heating at 100 [67]
immunoassay °C for 20 min, the sample was cooled to room
temperature and filtered for use.
Irradiated Starch,
Simethicone, Emulsion,
Antiflatulent Liquid, Denture
Non-competitive colorimetric Adhesive, Carbox.ymethyl- Each sample was mixed and heated for 15 min at 95C in
Staphylococcus aureus Not showed cellulose, Medicated % . P [80]
ELISA o . a boiling water bath to increase lysis efficiency.
Dentifrice, Fluoride
Dentifrice, Diaper Rash,
Ointment, Gel Dentifrice,
Silica
Cosmetics samples (2.00 g & 0.02 g) were weighed
precisely and transferred into 50 mL polypropylene
centrifuge tubes. Then, 20 mL of PBS was added and
Chloramphenicol Direct competitive 0.0021 ng/mL Primer lotion vortexed for 30 s, and then ultra-sonication was [92]

chemiluminescent ELISA

conducted for 3 min for the extraction of CAP. Each
sample was centrifuged at 12,000 g for 10 min at 4 °C,
and the supernatant was collected and filtered through
a 0.22 um membrane.
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Table 1. Cont.

Target Analyte

Immunological Method

Limit of Detection Cosmetic Target

Sample Pre-Treatment

Ref.

ciprofloxacin, tetracycline
(TC) and
sulfamethoxydiazine
(SMD)

Competitive
Multi-Dot-ELISA. The device
is based on a nitrocellulose
membrane in which the
different antigens were
immobilized in localized
areas. After the incubation
with the sample and the
specific antibodies labeled
with HRP, by adding a
colorimetric enzymatic
substrate, it was possible to
visually detect the formation
of colored spots. The position
of these spots made is
possible to distinguish among
the different target analytes

15 commercial cosmetic
products were randomly
selected from supermarkets

CPFX: 2.50 pg/mL, TC:
2.50 ug/mL SMD:

All samples were diluted and mixed gently with 50%
methanol and then ultrasonically oscillated for 30 min.
Following the centrifugation, the supernatant fluid was

collected for testing.

Botulinum neurotoxin
(BoNT) produced by
Clostridium botulinum

Immunosensor based on the
use of functionalized
fluorescent nanoparticles
conjugated to anti- BONT
antibodies. After incubation
with BoNT-containing
samples, the detection is
performed by adding
antibody-conjugated AuNPs.

Diluted in 1 mL of digestion buffer containing 50 mM
HEPES (pH 7.4), 5 mM NaCl, 0.1% Tween 20, 0.05%
ZnCl2, and 2 mM DTT.

[95]

Ricin

Competitive colorimetric
LFIA

1.25 pg/mL and beauty parlors
BOTOX and Dysport
10 pg/mL currently used in cosmetics
treatment
Eye make-up, shampoo, body
0.005 pug/mL lotion

Eye make-up samples were diluted 1:1 with 10
mMPBS/0.1% Tween-20/5% non-fat milk (PBSTM) and
analyzed using the LFDs according to manufacturer’s
instructions. The viscous shampoo and body lotion
samples were first diluted 1:9 and 1:19, respectively,
with PBS and then diluted 1:1 with PBSTM to generate
the 50% PBSTM solution for analysis with the LFDs.
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Table 1. Cont.

Target Analyte

Immunological Method

Limit of Detection

Cosmetic Target

Sample Pre-Treatment

Ref.

Sialoglycoprotein typical
of edible bird’s nest

Competitive colorimetric
ELISA

LoDs were 10-18 ug/g
depending on the
different cosmetic
matrices analyzed

Facial mask, eye cream,
whitening serum, face cream,
essence

The homogenized sample (1 g) was placed in a 20 mL
volumetric flask. The flask was then filled with PBS,
ultrasonicated for 2 min, and centrifuged at 10,000 rpm
for 1 min. The aqueous phase was diluted to a suitable
concentration with PBS for ELISA.

[114]

Porcine gelatins, which is
a common adulterant
found in EBN used to

increase the net weight
before selling

Competitive colorimetric
ELISA

0.10 pg/g

Not tested on cosmetic matrix

[115]

Characteristic
glycoprotein of EBN

Non-competitive colorimetric

LFIA (traditional colloidal
gold is replaced by the
nanocomposite Au@ SiO,)

7.02 ng/mL

Not tested on cosmetic matrix

[116]
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