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Preface

Undoubtedly, all pivotal advances in a great number of scientific fields rely on the respective

advances in chemistry. Among all fields, analytical chemistry has the leading role. Analytical

methods are necessary in dentistry, medicine (both human and veterinary), archaeology, the

pharmaceutical industry, food science and technology, and environmental sciences, and these are

only a few examples. The multidisciplinary role of chemistry is reflected in all important advances

from research groups in every technological progress, proving that analytical chemistry is the key

issue in scientific progress.

In parallel with this outstanding role of analytical chemistry in a variety of scientific fields, we

would particularly like to reflect the impact of female researchers in the field of analytical chemistry

in this Special Issue to serve as a motivation guide for girls and women pursuing a STEM career.

Therefore, we have invited well-established scientists to share the results of their research with

the scientific community through this Special Issue, which aimed to compile manuscripts written or

lead by women analytical chemists.

In this Special Issue, seven original research articles, two review articles, and one protocol show

the impact of female researchers in the field of analytical science.

The Guest Editors would like to thank all authors for their fine contributions.

Victoria Samanidou, Verónica Pino, and Natasa Kalogiouri

Editors
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Solid-Phase Microextraction—Gas Chromatography Analytical
Strategies for Pesticide Analysis
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Abstract: Due to their extensive use and the globalized commerce of agricultural goods, pesticides
have become a global concern. Despite the undoubtful advantages of their use in agricultural practices,
their misuse is a threat to the environment and human health. Their analysis in environmental samples
and in food products continues to gain interest in the analytical chemistry community as they are
challenging matrices, and legal concentration limits are particularly low (in the order of ppb). In
particular, the use of solid-phase microextraction (SPME) has gained special attention in this field
thanks to its potential to minimize the matrix effect, while enriching its concentration, allowing very
low limits of detection, and without the need of a large amount of solvents or lengthy procedures.
Moreover, its combination with gas chromatography (GC) can be easily automated, making it a very
interesting approach for routine analysis. In this review, advances and analytical strategies for the
use of SPME coupled with GC are discussed and compared for the analysis of pesticides in food and
environmental samples, hopefully encouraging its further development and routine application in
this field.

Keywords: SPME; pesticide; gas chromatography; mass spectrometry; food; environmental

1. Introduction

Since its introduction in the early 1990s [1], solid-phase microextraction (SPME)
methodologies have been widely explored, proving that it constitutes a non-exhaustive an-
alytical tool which is versatile, appropriate for simple, and effective as sample pretreatment
and/or preconcentration step for the analysis of a broad range of analytes in plenty of stud-
ies distributed over a wide variety of areas, such as flavors and fragrances, metabolomics,
pharmaceutical, and biomedical analysis [2–6]. As an environmentally friendly sampling
technology requiring a minimum or zero amount of solvents, it is not surprising that a large
amount of papers are devoted to the use of SPME in the analysis of common environmental
contaminants, such as polychlorinated biphenyls, polycyclic aromatic hydrocarbons, and
pesticides, etc. [7–9].

Pesticides are defined as a substance or mixture of substances intended for preventing,
destroying, repelling or mitigating any pest; use as plant regulator, defoliant or desiccant
or as nitrogen stabilizer [10]. These numerous groups of substances might be categorized
according to their origin in natural or synthetic; to their biocide function (i.e., the target
pest object) or more frequently, according to their particular moieties in four main types:
Organochlorine pesticides (OCPs), organophosphorus pesticides (OPPs), organonitrogen
pesticides (ONPs), and pyrethroids [11]. The use of pesticides, mainly in agriculture, is a
usual practice that has been spreading worldwide since the mid-20th century to increase
crop productivity and preservation, aiming to fulfill the alimentary supply demanded by
a continuously growing population [12,13]. Despite the undoubted social and economic
advantages of this practice, the vast application of pesticides might produce adverse effects,
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which can be worsened if good agricultural practices are not satisfied, such as improper
handling during the application of these products. On the one hand, a risk of environmental
contamination exists. Typically, soil acts as the main pesticide receptor. Indeed, pesticides
reach the ground due to a direct soil application or, indirectly, after an application on crops.
Once they reach the soil, they will persist and also dissipate toward water bodies and air
through wind and rain, leaching, runoff or volatilization. On the other hand, pesticides
possess a certain chemical stability and ability to bioaccumulate. Therefore, they represent
an important hazard to human health. They may reach the human body by ingesting
contaminated drinking water and food (fruit, vegetable, fish, honey, milk, etc.), inhalation
of contaminated air or dermal contact with pesticide-contaminated water, air or soil [14].

Considering that this is an issue of global concern, regulatory bodies of multiple
jurisdictions have made decisions in this regard, promulgating limit values for pesticides
in soil, air, drinking water, and agricultural commodities. The limit values vary in several
orders of magnitude depending on the country, pesticide, and matrix. However, they often
are as low as parts-per-billon, with some even lower limits [15]. In this sense, the need for
accurate, sensitive, and robust analytical methods for pesticide determination at trace levels
in a wide diversity of matrices becomes evident. Prior to the instrumental analysis, which
is usually a chromatographic method, sample preparation procedures have to be applied to
isolate analytes from their matrices, remove interferences, and increase the concentrations
to detectable values.

Reported procedures for pesticide analysis usually include the use of liquid-liquid
extraction (LLE), solid-phase extraction (SPE), accelerated solvent extraction, and quick,
easy, low-cost, effective, rugged, and safe methods (QuEChERS). However, these sample
pretreatments are very time-consuming, involve procedures with multiple stages, and
present relatively high solvent consumption, which is an attempt against the green chem-
istry principle of reducing waste. Moreover, these techniques often yield poor analyte
enrichment or selectivity, therefore requiring the use of sophisticated analytical instruments
to compensate for the lack of selectivity in the sample preparation, such as tandem mass
spectrometry (MS/MS), which will require additional maintenance and is only exploited to
deal with the matrix.

In this regard, SPME has gained special attention in pesticide determination thanks to
its capacity to overcome the abovementioned limitations. Furthermore, compared to liquid
chromatography, if SPME is combined with gas chromatography (GC) analysis and thermal
desorption as the introduction mode into the instrument, most of the principles of green
analytical chemistry are fulfilled [16,17]. Moreover, automatic systems are readily available,
increasing their application potential. Therefore, in this review, we focus exclusively on
GC. Even though it could be argued that liquid chromatography is the general method of
choice for the determination of polar and less volatile compounds, it could be attributed
to the compatibility of extracts obtained by traditional preconcentration procedures. At
present, with the advances in the development of GC columns and the possibility of
tuning analyte chemical properties by derivatization procedures (which can be performed
onto the coating), this does not represent an inconvenience if automation and greenness
are pondered.

When the Scopus bibliometric database [18] is employed to carry out a systematic
search within the article title, abstract, and keywords, including the combined descriptors
“pesticides”, “gas chromatography”, and “SPME”, the number of published documents
by year can be depicted as shown in Figure 1. As can be seen, the interest in using this
technique has constantly been growing in this field of application, and it is expected to
continue in this direction. A posterior selection of articles to be included in this review
was carried out, maintaining those which address the optimization of SPME conditions to
some extent.
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Figure 1. The number of published articles per year from the Scopus bibliometric database [10] using
“pesticides”, “gas chromatography”, and “SPME” as descriptors. The number of publications by the
end of the current year is extrapolated from the existing data.

Despite the numerous reviews on SPME in many fields of applications [19,20], none
focus on the advantages of the use of SPME in the cumbersome and highly regulated area of
pesticides. In this review, advances in the analysis of pesticides in environmental and food
samples using SPME coupled to GC are discussed and compared. Although essential for
the betterment of agricultural practices and environmental protection, articles dealing with
straightforward applications of the technique without further optimization of the analytical
techniques involved, are not considered here. This review is not intended as an exhaustive
literature compilation of all the work carried out in this area and characteristic cases were
selected to exemplify the different advances in the field. Moreover, the principles of the
technique are out of the aim of this review and this information has been largely discussed
recently elsewhere [21,22].

2. General Considerations

The underlying principle of the SPME methodology is based on the partitioning of
analytes between an extractant phase and a sample (liquid or solid). To date, in the fiber
approach, the most used geometry which is the extractant phase or sorbent (polymeric
liquid, solid sorbent or a combination of both) is deposited on a thin fused silica or metallic
rod, which acts as support. Once the fiber is exposed to the gas phase above the sample
(HS-SPME) or directly into the sample (DI-SPME), the mass transfer takes place driven by
the concentration gradient generated among the two or three phases, respectively. Once
the microextraction is performed, desorption is conducted by immersion of the fiber into a
compatible solvent or thermally in the injection port of a gas chromatograph.

In SPME method development, it is essential to count with information about the
physicochemical properties of both sample matrix and analyte, to set adequate extraction
conditions for the attainment of the desired performance of the procedure. Extraction
conditions to be established include several variables, such as operation mode, extraction
temperature, exposure time, volume phase ratio, pH, ionic strength and pressure, desorp-
tion mode, etc. Nevertheless, due to the large number of parameters to be optimized for
the SPME and since they could be interdependent, the use of the design of experiments
(DoE) should be considered. Combining prior information with simple exploratory designs
(Plackett-Burman, Pareto, etc.), the number of parameters that require optimization can
be reduced. Then, more complete designs, such as response surfaces, can be used for the
remaining ones. However, a key aspect of the overall SPME process relies on sorbent
selection. The available marketed sorbents cover a wide range of polarity, volatility, and
molecular weight, which are commercialized fibers with single-phase liquid polymeric
materials, such as polydimethylsiloxane (PDMS), poly(oxi)ethyleneglycol (PEG), and poly-
acrylate (PA), as well as mixed-phase materials consisting of solid carboxen (CAR) and/or
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divinyl benzene (DVB) particles dispersed in PDMS [20,23]. Additionally, research on novel
materials development is constantly taking place to improve selectivity and extraction
efficiency, reduce costs, increase reusability, enhance porosity and surface area, and provide
better chemical, mechanical, and/or thermal stability, etc. Emerging materials employed as
SPME coatings include molecularly imprinted polymers (MIPs), metal organic frameworks
(MOFs), ionic liquid (IL)-based sorbents, carbon-based materials (graphene, fullerenes, and
carbon nanotubes), conducting polymers, monolith-based sorbents and composites [22–24].
Concerning pesticide analysis, it can be seen in the following sections that applications
involve both commercially available sorbents and novel materials developed for a spe-
cific group of pesticides and also to perform multiresidue analysis in different matrices.
Details on specific reported works employing novel coatings will be further discussed in
following sections.

In addition to the development of new coating materials, there have been advances
to increase the sorbent capacity (larger sorbent volumes), while improving the lifespan of
the SPME fiber. This has been achieved by changing the geometry of classical fibers into
the so-called “Arrow” and HiSorb™ SPME. In the first case, an arrow-shaped metal rod is
coated with a sorbent material (similar to those used for classic SPME), obtaining a sorbent
volume up to 11.8 μL; this is more than 13 times the volume of a classic 100 μm PDMS
fiber (~0.9 μL) [25]. This larger sorbent volume can increase recoveries and improve the
extraction capacity of polar compounds, achieving better sensitivity [26]. Moreover, the
arrow shape confides a better mechanical stability [27]. In the case of HiSorb™, the idea of
increasing sensitivity through a larger sorbent volume has been expanded to obtain 63 μL
of sorbent [25]. This came at the cost of considerably enlarging the size of the metal rod, to
the point of requiring dedicated modules for desorption, jeopardizing the straightforward
compatibility of SPME with GC. Nevertheless, a fully automated platform (Centri) has been
developed in 2018 by Markes Int. to overcome this issue [25]. Despite the great potential of
these SPME variants, they have not yet been applied to the analysis of pesticides to the best
of our knowledge.

Another interesting alternative to increase the sorbent capacity is the use of thin
films [28]. These devices are somehow similar to a classic SPME fiber, except that the
extraction phase is deposited on a flat substrate, increasing its surface. Its application to
the determination of pesticides in water showed promising results for a lab-made device,
reaching limits of detection in the range of 20 to 300 ppt when in combination with GC-
MS [29]. Nevertheless, the main drawback of these devices is that they are not compatible
with GC injector ports, thus they require a compatible thermal desorption system, making
their automation less straightforward than the SPME fiber.

Regarding the chromatographic method for pesticide analysis by SPME, there are
several reasons to affirm that GC represents a better alternative compared to liquid chro-
matography. GC possesses better attributes in terms of solvent consumption (greener
approach), automation, and cost-efficiency. Limitations in the use of GC for very polar and
thermally labile pesticides can be overcome by derivatization procedures and an appropri-
ate column selection [30]. Derivatization can be carried out prior to SPME extraction by
adding a derivatizing agent directly into the sample matrix. Then, the derivatized product
can be extracted by SPME. Apart from its simplicity, this approach has the advantage
of potentially increasing the analyte recovery. For instance, the use of this approach in
combination with MS detection allowed limits of detection as low as 2 pg m−3 for the
determination of pesticides in air [31]. However, possible interferences from the matrix
during derivatization should be considered [32]. An alternative to the derivatization prior
to SPME, is to use the injection port of the GC to derivatize the analytes after SPME ex-
traction. In this case, a derivatization agent is injected into the GC injection port only
prior to the desorption of the SPME fiber. The application of this technique in combination
with GC-MS/MS allowed for the attainment of limits of detection in the range of 0.04 to
0.24 ng m−3 for the determination of eight pesticides in air. Of note, in these cases, SPME
acts as a preconcentration step prior to GC analysis, as the analytes are first collected in air
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samplers. A third type of derivatization strategy consists of loading a derivatizing agent
into the SPME fiber prior to extraction, performing a simultaneous extraction and deriva-
tization on the fiber. This is certainly advantageous in terms of manipulations; however,
it may not be simple to find an appropriate derivatizing reagent and the optimization of
the process may be cumbersome [33]. Nevertheless, it should be considered that the use of
derivatization techniques should be minimized to the greatest possible extent to not hinder
the green analytical chemistry potential of SPME [34].

Another important aspect to consider is the detection system to which GC is coupled.
Herein, selective detectors exist, which offer good sensitivity and enough specificity toward
certain classes of pesticides. For instance, electron capture detection (ECD) is widely
used for OCPs, while nitrogen-phosphorus detection (NPD), responsive to compounds
containing N and P atoms, is recommended for ONPs and OPPs, respectively. Similarly,
the flame photometric detector (FPD), which is sensitive to sulphur- or phosphorous-
containing compounds, is also recommended for OPPs analysis. The main drawback of
these selective detectors is that their applicability is limited to specific pesticide classes
and usually selectivity is not sufficient since there are numerous interfering compounds
related to the pesticides of interest, such as transformation products or metabolites. In
this sense, MS detection arises as a solution for selectivity and specificity issues. Of note,
MS constitutes an extra separation dimension that also allows for the identification of
the compounds being separated. However, the use of the full scan mode, rather than
selective ion monitoring (SIM) during MS acquisition, guarantee a reliable identification
of the analytes, allowing for the performance of untargeted and post-targeted approaches.
Nevertheless, the complexity of the samples can hinder this capability and, in particular,
can be detrimental for a reliable quantification. For this reason, some authors proposed the
use of two stages, first an identification stage using MS in full scan, although the separation
of the compounds may not be good for quantification, and then a quantification stage
using MS or MS/MS with selected ions for the pesticides that could be identified [35–37].
Despite the complexity of the chromatogram obtained for these samples, the use of MS,
and, in particular, MS/MS facilitates the quantification of target analytes (predefined or
identified during a screening run), enabling multiresidues determinations without a full
chromatographic separation (e.g., Figure 2) [35,38–40]. When selected ions are used, the
identity of the peak can be confirmed by monitoring at least three ions when operating
the MS in selective ion monitoring (SIM) or two or three transitions in the case of multiple
reaction monitoring (MRM) for MS/MS. For instance, Al-Alam et al. [38] developed a
method for the determination of 60 pesticides in honey with limits of detection ranging
from 0.12 to 50.42 ppb by means of MS/MS monitoring one precursor ion and one or two
product ions for the selected analytes as confirmatory ions.

An interesting alternative to unriddle the complex chromatograms that are obtained
for real samples is the use of multidimensional chromatography, which can enable more
reliable identification of pesticides through better chromatographic separation. For instance,
the use of 2D heart-cut GC allowed for a better resolution of poorly resolved small analyte
peaks that overlap with large matrix ones [41,42]. This allowed for identification with a
single quadrupole MS of the analytes of interest and it could be used for quantification of
the targeted analytes to the sub-ppt levels. Surprisingly, to the best of our knowledge, the
combination of the extraction and enrichment capacity of SPME and the use of compre-
hensive multidimensional gas chromatography (GC×GC) applied to pesticides analysis
has been reported only for drinking water [43]. This technique can provide the needed
separation power to obtain clearly separated peaks for better identification, facilitating
untargeted pesticide screening analysis in challenging samples, such as food and soil, while
combining the quantitative enhancement and automation possibilities of SPME.
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Figure 2. Chromatograms obtained for the analysis by the SPME-GC method of an orange juice
spiked with multiple target pesticides at a concentration of 0.05 mg L−1 (a) obtained with the GC-MS
screening full scan method and (b) obtained with the confirming/quantifying MS/MS method.
Reprinted with permission from Ref. [39]; 2008, Elsevier.

Table 1. Summary of the methods discussed in this review for the two main groups of samples, food
and environmental.

Matrix
SPME

Coating Tested 1
SPME
Mode

GC
Detector

LOD Ref.

Food Samples

Fruits and
Vegetables

PA
PDMS

PDMS/DVB
PDMS/CAR

DVB/CAR/PDMS

DI MS (SIM) 1.00–10.00 ppb [36]

C-(C3N4@MOF) DI MS (SIM) 0.23–7.5 ppb [44]
PDMS/DVB DI MS (TIC) 2 0.013–0.110

(for 2D) ppt [42]

PA DI MS (identification)
FPD (quantification) 0.01–0.14 ppb [45]

PDMS (modified) DI TOFMS 1–50 ppb [46]
COF DI ECD 0.04–0.25 ppb [47]

PDMS/DVB/PDMS DI MS (SIM)
1.0–33.0

only LOQ
reported

ppb [48]

IL on silica HS FID 0.01–0.93 ppb [49]
COF HS ECD 0.0003–0.0023 ppt [50]

PDMS HS ECD 0.01–1.0 ppb [51]
PDMS

PDMS/DVB HS MS (TIC)
MS (SIM) 0.11–3.48 ppb [35]
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Table 1. Cont.

Matrix
SPME

Coating Tested 1
SPME
Mode

GC
Detector

LOD Ref.

Wine and Juice

PA DI
MS (SIM)

NPD
FID

0.01–15
10–6000

200–19000
ppt [52]

PA DI MS (SIM) 2–90 ppb [53]
PDMS

PDMS/DVB DI MS/MS 0.8–19.6 ppb [39]

PDMS/DVB HS MS (TIC) 2 0.062–33.515
(for 2D) ppb [41]

Milk

PDMS/DVB DI μECD 0.003–0.56 ppb [54]
PDMS

PDMS/DVB
DI
HS MS/MS 0.01–0.30 ppb [40]

PDMS/DVB HS MS (SIM) 2.2–10.9 ppb [37]

Honey

PA
PDMS DI MS/MS 0.12–50.42 ppb [55]

PDMS
PA DI AED 0.02–10.0 ppb [56]

Electrospun
nanostructured PS HS MS (SIM) 0.1–2 ppb [57]

Environmental samples

Soil and
sediment

PDMS DI MS (identification)
ECD (quantification) 0.6–30 ppb [58]

PA DI MS (TIC) 0.1–60 ppb [59]

PA DI
MS (SIM)

NPD
FID

0.01–15
10–6000

200–19000
ppt [52]

Water
(including

drinking water)

PDMS/DVB DI
MS (TIC)

ECD
NPD

4–32 ppt [60]

PA DI MS (SIM) 0.05–19 ppb [61]
PA DI MS (SIM) 3–200 ppt [62]

PDMS/DVB DI MS (SIM) 0.003–0.322 ppb [63]
PDMS/DVB DI MS/MS 0.0002–0.04 ppb [64]

NU-1000 (MOF) DI MS (SIM) 0.011–0.058 ppt [65]
DVB/CAR/PDMS DI ECD 0.001–0.45 ppt [66]
DVB/CAR/PDMS DI ECD 0.002–0.070 ppb [67]

PDMS/DVB DI ECD 2.6–5.7 ppt [68]
PDMS DI MS 3 0.001–0.025 ppb [43]

Nafion on SBA-15 HS MS (TIC) 0.01–0.09 ppb [69]
PDMS

PDMS/DVB HS MS/MS 0.9–26.3 ppt [70]

PA HS HRMS
(magnetic sector)

0.01–350
only LOQ
reported

ppt [71]

PDMS HS ECD 0.034–0.301 ppb [72]
1 PA: Polyacrylate; PDMS: Polydimethylsiloxane; DVB: Divinylbenzene; CAR: Carboxen; MOF: Metal organic
framework; COF: Covalent organic framework; IL: Ionic liquid; PS: Polystyrene; SBA-15: Mesoporous silica type
SBA-15; 2 2D GC (heart-cut MDGC); 3 Comprehensive 2D GC (GCxGC).

3. Sample Matrices

Although the determination of pesticides in multiple matrices may be required, the
use of SPME as sample pretreatment seems to be focused on environmental and food
samples to date. Nevertheless, the determination of pesticides using SPME has also been
applied to other matrices, such as human fluids [73–75] or agricultural non-food products,
such as textiles [76]. Although these applications have shown very promising results, the
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application of SPME in these areas remains limited when compared to environmental and
food applications. The particular interest in these fields is likely due to the regulations
imposed by different authorities across the world. In general, pesticides have maximum
residue levels allowable in the order of ppb and, even if many of these compounds may
be included, no listing can be exhaustive as new variants may be developed and applied
despite the local regulations. Therefore, this is a continuously evolving field. SPME has the
great advantage of extracting the analytes from the matrix without diluting them, making it
possible to reach the needed detection limits, as can be seen in Table 1. Nevertheless, of note,
this entails the risk of falsely disregarding some analytes that are not correctly extracted
from the matrix by this means. In the following sections, we discuss the applications in
food and environmental samples, focusing on the main analytical strategies to attain the
required sensitivity.

3.1. Food Samples

Agricultural practices had always evolved to cope with the constantly increasing
demand for food. The use of pesticides to improve plant growth and pest control have
been a crucial development. However, the widespread use of these products entails some
potential risks for the environment and health, in long and short terms. Indeed, when
pesticides are misused, food products can be a carrier of pesticides into the human body [77].
For this reason, stringent regulations have been in place for some time now [78]. Given that
the allowed limits for these contaminants usually are at the ppb level and that food samples
are extremely complex matrices, the sample pre-treatment has been a key parameter in the
development of new analytical methods in this field. Although classic extraction methods,
such as LLE are still in use, they are often combined in multiple steps to enrich the extracts
in the analytes of interest effectively. Therefore, techniques that can be very selective in
the extraction process have become particularly interesting in this field to reduce matrix
interference. This is the case for SPME, in which its potential in this area has been largely
explored since its introduction in the early 1990s [79].

In this area, SPME has been implemented in both modes, HS-SPME and DI-SPME.
However, the direct immersion mode benefits from higher recoveries, becoming the
preferred choice in food matrices. Liquid samples, such as juices [39,53], wines [53]
or milk [40,54], can be easily analyzed by DI-SPME. However, they may require some
further pre-treatment prior to extraction to minimize matrix effects. For instance, Gonzalez-
Rodriguez et al. [40] found poor repeatability and sensitivity when applying DI-SPME
to untreated and non-diluted milk samples, which is likely related to the high lipid and
protein content of the sample. Fortunately, a simple dilution in water sufficed to overcome
the issue. In the case of juices, the reported sampling conditions largely vary between appli-
cations. For example, Zambonin et al. [53] reported simple centrifugation and dilution with
water prior to DI-SPME extraction, while Cortes-Aguado et al. [39] performed an extraction
in ethyl acetate, followed by centrifugation, evaporation to dryness, and dissolution in
water:acetone mixture prior to DI-SPME extraction. Therefore, sample pre-treatments and
extraction conditions should always be optimized for the intended application.

Other samples, such as vegetables and fruits [36,42,44–48] or honey [38,56] require
blending and mixing with diluents to allow for the migration of analytes to the sorbent.
Vegetables and fruits are blended and diluted, and in some cases, a centrifugation step is
added to further clean-up the matrix. Moreover, in these cases, the extraction conditions
vary between applications despite the sample nature. In some cases, the use of small
quantities of solvent mixtures are reported [36,42,44,45], while in others, a centrifugation
step is included to further clean-up the sample [46–48]. Of note, the optimal dilution
medium may be different for different analytes even within the same matrix, as reported
by Menezes Filho et al. [36]. In the case of honey samples, pre-treatments largely vary
without justification, analytes were simply extracted by immersing the SPME fiber into
heated buffered aqueous sample solutions of the sample [56] or using a multistep clean-up
procedure, including solvent extraction (with small solvent amounts), centrifugation, and
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concentration by evaporation and redissolution in solvent [38]. Although in the second case
60 analytes were studied (vs. 16 in the other case), the clean-up steps prior to DI-SPME are
more cumbersome. Therefore, the pre-treatment should be carefully considered depending
on the intended application.

Despite the sample under study, clean-up procedures prior to DI-SPME extraction
and extraction conditions require careful consideration. Therefore, parameters, such as
pH, temperature, time, and ionic strength are commonly explored during optimization.
Of note, the effect of the ionic strength does not always have a significant benefit for the
extraction process when working in DI-SPME mode [39,40]. Indeed, the sensitivity may be
increased (up to a specific ionic strength) for some analytes by the salting-out effect, while
it may be reduced for others. Although samples may require a clean-up step prior to the
extraction by DI-SPME, it should be noted that this step remains less labor intensive than
conventional techniques, such as LLE. Moreover, even when organic solvents are needed,
they are used in very small amounts compared to other techniques, making DI-SPME a
greener alternative.

In the case of HS-SPME, the matrix contamination is further minimized and the
obtained chromatograms tend to be less complex. Although this mode limits the pesticides
that can be analyzed to those that present good affinity toward the gas phase, the sensitivity
of these analytes is increased, as observed by Menezes Filho et al. [36]. The same variety
of samples as reported for DI-SPME are reported using HS-SPME, namely, fruits and
vegetables [35,36,49–51], juices [41], honey [57], and milk [37,40,54]. The sample pre-
treatment is not significantly different from the ones for DI-SPME. Fruits and vegetables
are first homogenized by blending, then centrifugation and filtration may be applied to
further clean-up the sample, although this is less needed than for DI-SPME. Thereafter, in
all samples, usually, a small amount of solvents, including a brine solution, is added prior
to HS-SPME extraction. Of note, this may not always be the best approach, for instance,
Rodrigues et al. [37] found that the salting-out effect was detrimental in the recovery of
organophosphorus pesticides in milk.

The HS-SPME extraction is usually carried out by heating the sample to release the
analytes from the matrix to the HS. Therefore, the extraction temperature and time have
become fundamental parameters in this case, and require careful optimization. It is not sur-
prising to find rising edge situations in response surfaces toward higher temperatures [37].
However, there is always a physical limitation of the maximum temperature a sample
may withhold prior to degradation. Although using vacuum as an alternative has been
proposed in the area [80], its use is not widespread, and to the best of our knowledge, it
has not been reported for pesticide analysis in food matrices.

Due to the highly diverse nature of food products, the extraction procedure optimiza-
tion must be carried out in a case-by-case approach. Therefore, the comparison of different
SPME fiber coatings that are commercially available [35,36,38,40,42,48,54,56] or that are
specifically developed for a certain application [44,47,50,57] is often reported. Moreover,
the use of experimental designs to obtain optimal conditions has gained popularity, which
is likely thanks to the simple to use of software to process the data. Using response surface
models after exploring the effects of different extraction parameters, such as temperature,
time, pH, ionic strength, etc. has become a common practice [35,37,44,46,48,49,54].

Whether it is DI-SPME or HS-SPME, GC is largely chosen as the analytical separation
technique. This is mostly thanks to its simplicity for automation when using SPME fibers
and the good compatibility with the analytes that are extracted by SPME. Indeed, thermal
desorption is largely used to bring the sample into the system thanks to the simplicity and
straight compatibility of the SPME fibers with the splitless injector. On the other end of the
GC, depending on the target analytes and the application possibilities, different detection
techniques are employed. Due to the low levels that need to be detected, ECD [47,50,51,54]
and MS [35–42,44–46,48,52,53,57] are the most reported detection techniques for this type of
samples. Regarding the calibration strategy for quantification, it has to be emphasized that
it needs to account for the complex and diverse matrices found in food samples. Standard
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mixtures for the optimization and validation of the methods, and for quantitation are easily
available in set mixtures. These standard mixtures can be used to spike samples of interest
or blank samples. In many cases, food samples from organic farming are considered to be
free of pesticides and are used as matrix blanks [36–38,40,44,45,47,48,50,51]. However, these
are not certified materials (at least not for research purposes) and they should be screened to
confirm that they are really pesticide free. As aforementioned, the use of multidimensional
analysis, such as GC×GC, could be helpful for these untargeted screenings.

3.2. Environmental Samples

The rapid increase in the use of pesticides for agricultural practices produced a
markedly social concern about the levels of these active ingredients in the environment.
As a consequence, the residual levels allowed for these substances are being regulated
toward values extremely lower in several matrices, including environmental ones, which
include water and soil. Along with these regulations, there is a high demand for analytical
methodologies for accurate pesticide determination at trace concentration levels, which
overcome the disadvantages of traditional procedures. Namely, long preparation time
and large quantities of solvent consumption, as well as laboratory-generated waste. In
this regard, SPME has gained special attention and its combination with chromatographic
techniques hyphenated to mass spectrometry has been widely used for identification and
quantification due to both mentioned pretreatment and separative techniques providing
significant improvement in sensitivity and selectivity. Therefore, more extensive research
in the area is highly encouraged.

Soil and sediment samples represent challenging matrices since their composition
includes a wide variety of minerals, humidity content, and organic matter. The latter
acts as a sorbent to which analytes are strongly bonded, hindering the extractive process.
As a result, classical method approaches, including Soxhlet extraction, supercritical fluid
extraction, accelerated solvent extraction, ultrasonic extraction, and microwave-assisted
extraction were selected primarily as pretreatment procedures to desorb analytes from
these types of samples. Fortunately, since their introduction, SPME has grown notably and
advances related to sorbent development, automation, and SPME-assisted technologies
allowed the technique to be considered as an alternative and improved tool for soil and
sediment analysis. In these matrices, both DI and HS approaches have been reported for
the determination of pesticides and mainly for other environmental contaminants [52],
considering two protocols: (i) DI of the fiber in the sample and (ii) preparation of a
suspension of the solid matrix by addition of water, brine or a mixture of solvents followed
by SPME fiber exposure to the HS or by DI into the liquid phase. On the one hand, the
first approach avoids the use of solvent, but prevents the correct diffusion of analytes to
the sorbent due to the impossibility of agitating. As a result, microextraction may not be
representative of the whole sample. On the other hand, the second strategy provides better
extraction efficiencies since the suspension aids in the analyte release from sample pores
and allows homogenization by agitation. In this approach, HS is preferred compared to DI
since the lifespan of fiber is prolonged.

Even though the application of SPME in soil sampling focused on pesticide determina-
tion is scarce, there are some examples in the literature [52,58,59,72,81,82] covering general
workflows on which most reported methods are based. For example, Bouaid et al. [58]
reported a method based on SPME for the determination of atrazine and four organophos-
phorus pesticides (parathion-methyl, chlorpyriphos, methidation, and carbophention) in
sandy soil samples. Different experimental variables (extraction time, concentration of
sodium chloride solution, and desorption time and temperature) were optimized using
a central composite design. The final procedure consisted of a previous extraction of the
analytes from a weighed amount of soil sample with a small volume of organic solvent
(methanol) subjected to ultrasonic agitation. After that extraction, solid particles were sepa-
rated from the supernatant by centrifugation. A small aliquot of the extract was diluted
with deionized water, and this aqueous solution was used for SPME after the addition of
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NaCl to increase extraction efficiency by the salting out effect. SPME microextraction was
performed at ambient temperature by DI of a 100 μm PDMS fiber into the solution under
magnetic stirring. Extracted compounds were introduced into a GC by thermal desorption
in a splitless operated injector. Analyses were performed in two parallel systems, using
an ECD in one case and MS detection in the other. The MS was used in SIM mode, with
two fragments for each compound for confirmation. It should be noted that operating the
MS in this way solved interferences observed when using the ECD. However, as only two
ions were monitored, no confident identification would have been possible [83]. Limits of
detection achieved in real soil samples were in the range of 0.6–7 ng g−1 except for atrazine
and methyl parathion which were 30 and 2 ng g−1, respectively.

Similarly, Chang et al. [72] developed a HS-SPME method to determine 10 OCPs in
surface estuarine sediments. The optimized procedure consisted of preparing a slurry by
placing a weighed amount of sediments previously sieved, deionized water containing a
surfactant, and a magnetic bar into a sealed vial. Thereafter, SPME was performed at 70 ◦C
by exposure of 100 μm PDMS fiber to the HS for 60 min while continuously agitating the
slurry. Finally, desorption was conducted thermally in a GC injector. Separation was carried
out in a gas chromatograph equipped with an ECD. Quantification was performed by
analysis of aqueous standards over the range of 0.2–4 ng g−1. The developed procedure was
compared with Soxhlet extraction using a certified sample, demonstrating good analytical
performance and a clear agreement between both methods.

Regarding water samples, the composition may be as diverse as soil samples, depend-
ing on its origin and location. Variable amounts of dissolved organic matter, presence of
solid particles, suspended sediments, non-aqueous phase liquids, as well as dissolved gases
and inorganic ions may be present. This variability can be attributed to the diversity of
water samples which includes groundwater; river, lake, and seawater; influent and effluent
wastewater; tap water; ice cores; and snow samples. Even though drinking water may
be considered as a food sample, it is reasonable to include it in this section due to matrix
similarity. Official methods for isolation and/or preconcentration of target pesticides and
other pollutants are based on LLE and SPE [84,85]. In addition to the abovementioned
drawbacks related to the multiples stages, time, and solvent consumption, LLE has the
disadvantages of being laborious, requiring additional steps for clean-up and concentration
by evaporation, and often lead to emulsion occurrence due to the presence of surfactants in
the sample. Regarding the SPE approach, negative aspects rely on the need for previous
stages of centrifugation or filtration to avoid cartridge clogging. In addition, SPE capacity
may not be sufficient, yielding insufficient sensitivity. Therefore, it is not surprising that
SPME appears as a powerful and improved technique for sample pretreatment. In this
area, a vast number of publications are available [58–66,68–71] dealing with many classes
of pesticides in different types of samples. Moreover, non-commercially available fibers
with new coating materials were developed for these applications. As presented in Table 1,
the results showed good performances with very low LOD in the range of ng L−1 or below.
Quantification in water analysis by SPME is usually carried out by external calibration
prepared with deionized water spiked with pesticides standard solutions and extracting
them with the same procedure as the sample. In the majority of the reviewed papers, the
determination of pesticides is carried out by GC introducing extracted analytes by thermal
desorption, employing mainly MS, ECD, and NPD detection, although other detection
systems, such as FID have also been used.

Concerning the SPME mode, HS or DI modes have been reported. For example, Gong
et al. [65] have recently reported the fabrication of a novel SPME fiber based on NU-1000
(a zirconium-based metal-organic framework) to be employed for DI extraction of seven
OCPs applied to pond and river water. The analytical performance of this fiber coupled
with GC-MS (SIM mode) was evaluated under optimal conditions. Briefly, the method-
ology consisted of filtering water samples and immersing the fiber into a sample aliquot
maintained under vibration. DI-SPME optimized conditions were extraction time of 30 min,
extraction temperature of 40 ◦C, desorption time and temperature of 6 min and 260 ◦C,
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respectively. Furthermore, the developed fiber was compared with 65 um PDMS/DVB
and 85 μm PA fibers commercially available fibers yielding extraction efficiencies that were
3–10 and 2–20 times higher, respectively.

Domínguez et al. [71] developed a method to simultaneously determine 15 pesticides
and other commonly found pollutants in water samples at ultra-trace levels, such as
polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and brominated diphenyl
ethers. The proposed method based on a combination of HS-SPME and gas chromatography
was coupled to high-resolution mass spectrometry in wastewater samples. The authors
optimized the extraction procedure and calculated LOQs from matrix-matched calibrations,
ranging from 0.01 to 350 ng L−1. This approach allowed an increase in the selectivity of the
extraction method, largely reducing the potential interferences caused by high molecular
mass and other non-volatile interferences present in the sample matrix. At the same time,
the lack of direct contact between the fiber and the sample helped in protecting the fiber
coating from damage and extended the lifetime of fibers.

Even though HS-SPME is preferable over DI-SPME to prevent fiber damage, it is
worth mentioning that an additional step to release analytes from the sample to the HS has
to be incorporated prior to uptake by the fiber coating. Consequently, an extra equilibrium
is involved in the overall process and extraction efficiencies may be impaired, requiring,
therefore, strategies to achieve analyte transport to the HS in operatively reasonable times,
especially for analytes with low Henry’s constants. To overcome this limitation, strategies
including cold-fiber SPME approach [21,86], vacuum-assisted HS-SPME [86,87], as well
as ultrasonic [88], microwave-assisted HS-SPME [89] or multiple-cumulative trapping
SPME [90,91] could be applied.

4. Concluding Remarks

The analysis of water and food samples to control the presence of pesticides for
environmental monitoring or to ensure that products are safe for consumption has become
of major interest. Considering the large number of compounds that need to be tested,
multiresidue and untargeted pesticides analysis are fundamental to ensure an appropriate
determination of all pesticides that can be present. Otherwise, some analytes may be
wrongly disregarded, creating a potential environmental and health risk. Given the high
complexity and variety of samples, pre-treatment techniques are needed to deal with the
complex matrices. SPME has gained the attention of researchers for its simplicity and
efficiency in these cases. Indeed, SPME requires only a minimal sample quantity with a
simple dilution with small amounts of solvents, often aqueous, to extract multiple analytes
of interest in a single-step extraction, making it also a green analytical technique. Moreover,
using fibers makes it easy to handle, and the whole process can be automated, contributing
to its acceptance for routine applications. Nevertheless, as the sample matrix is almost
unique in each case, optimization is required for each sample and different coatings should
be tested to find the best solid phase material. On the one hand, this gives rise to new
materials that can improve the extraction capacity and be more specifically engineered for
these applications. On the other hand, the design of experiments for the optimization of
the extraction procedure should be implemented to obtain meaningful and reproducible
results. Moreover, different solid phases should be tested, as some analytes may not be
adequately extracted due to poor recoveries with certain phases.

As pesticides are a large variety of molecules, multiresidue screening is required, even
untargeted analysis should be considered to avoid falsely disregarding some pesticides.
Therefore, the use of MS for identification has become unavoidable. Nevertheless, even
after SPME extraction, these analyses are targeted and MS is used as an extra separation
dimension due to the complexity of the chromatograms obtained and the low detection
limits required, losing the full MS identification capacity as it is necessary to rely on confir-
mation that is derived from the ratio of specific fragments. Therefore, the high separation
power of multidimensional chromatography, along with the increased sensitivity obtained
thanks to the band compression that occurs in the modulator, could be an interesting
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approach to obtain better resolved chromatograms that allow for the use of MS in scan
mode to identify the different components. Unfortunately, only a very limited number
of publications explored this possibility, although its potential has been made evident in
other fields.

In conclusion, we hypothesize that the need for pesticides analysis will continue
to grow and that SPME and GC will continue to play a central role. New and more
efficient materials for SPME may be developed and the use of the design of experiments for
optimization of the extraction procedure should be encouraged along with the development
of new SPME extraction strategies. Finally, the great potential benefit of multidimensional
chromatography, and, in particular, comprehensive techniques, such as GC×GC, should
be considered to overcome the challenges posed by the need for a reliable multiresidue
screening analysis.
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Abstract: The detection of toxic heavy metal ions, especially cadmium (Cd), lead (Pb), zinc (Zn), and
copper (Cu), is a global problem due to ongoing pollution incidents and continuous anthropogenic
and industrial activities. Therefore, it is important to develop effective detection techniques to
determine the levels of pollution from heavy metal ions in various media. Electrochemical techniques,
more specifically voltammetry, due to its properties, is a promising method for the simultaneous
detection of heavy metal ions. This review examines the current trends related to electrode formation
and analysis techniques used. In addition, there is a reference to advanced detection methods based
on the nanoparticles that have been developed so far, as well as formation with bismuth and the
emerging technique of screen-printed electrodes. Finally, the advantages of using these methods are
highlighted, while a discussion is presented on the benefits arising from nanotechnology, as it gives
researchers new ideas for integrating these technologies into devices that can be used anywhere at
any time. Reference is also made to the speciation of metals and how it affects their toxicity, as it is an
important subject of research.

Keywords: heavy metal ions; modified electrode; electroanalysis; nanoparticles

1. Introduction

Most heavy metal ions exist naturally in the environment; however, some come
from anthropogenic sources, such as some industries, agriculture, the burning of fossil
fuels, insecticides, car exhausts, and sewage. These heavy metal ions in large quantities
can become hazardous to the biological system. For example, cadmium (Cd), lead (Pb),
zinc (Zn), and copper (Cu) affect the environment due to their non-biodegradability and
accumulated toxicity [1].

In the ground, all of the inorganic elements that are necessary and essential for the
normal growth and development of plants exist. Even though some heavy metal ions,
such as copper (Cu) and zinc (Zn) etc., are necessary for various enzymatic functions, an
excessive concentration of heavy metal ions can cause serious problems [2–4], as they can
become toxic and dangerous, with serious environmental implications. Toxic heavy metal
ions vary in their nature and mode of accumulation, either in the soil or in plants. Some of
the sources of heavy metal ions in the soil are fertilizers, pesticides, and sewage sludge [5].

Toxic metals such as cadmium (Cd) and lead (Pb), as well as many others, can easily
end up in the higher members of the biological food chain and, therefore, in humans,
causing serious diseases such as gastrointestinal tract (GIT) infections, cardiovascular
problems, bone problems, and even cancer [6,7]. On the other hand, equally serious are
the effects that heavy metal ions have on the environment, e.g., soil pollution, which is
one of the most important problems for the planet. The term “soil pollution” refers to
the concentration of polluting substances in soil in quantities that cause a change in the
composition of the soil, resulting in disturbances in the ecosystem.
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In order to limit the negative effects that heavy metals ion have on both humans and
the environment, it is necessary to accurately determine the concentrations of heavy metal
ions in their sources of accumulation.

Over the years, various techniques have been established for the detection of heavy
metal ions (HMIs), including inductively coupled plasma mass spectrometry (ICP-MS) [8],
inductively coupled plasma optical emission spectrometry (ICP-OES) [9], inductively
coupled plasma atomic emission spectrometry (ICP-AES) [10], flame atomic absorption
spectrophotometry (FAAS) [11], and atomic absorption spectroscopy (AAS) [12], where
sometimes the emphasis is on the parameters and sometimes on the choice of the analysis
method. Although they provide high accuracy and sensitivity, spectrometric methods
such as atomic absorption (AAS) and inductively coupled plasma mass spectrometry (ICP-
MS) are accompanied by certain limitations, such as high costs and the fact that they are
time-consuming and do not allow on-site measurements.

However, as already mentioned, researchers’ interest in recent years has focused on
the identification of heavy metal ions with the help of various electrochemical methods,
particularly voltammetry, as it is an easy, fast, and relatively inexpensive way to determine
them compared to other analytical methods. Although previous techniques are very sen-
sitive and selective, due to the limitations they cause, electrochemical methods such as
voltammetry are preferred for the detection of heavy metal ions, which, in contrast to previ-
ous techniques, have the advantages of low cost, simplicity, ease of operation, fast analysis,
portability, the ability to monitor environmental samples in the field, and high sensitivity
and selectivity [13]. Electrochemical techniques, especially voltammetry, involve electroan-
alytical methods for the determination of one or more analytes by measuring the current as
a function of potential. However, voltammetry is the only electrochemical method that has
high sensitivity and can be applied for the on-site recognition and detection of heavy metal
ions [14]. Voltammetric modifications of ESA (i.e., DPASV, SWASV, and AdSV), including
two variants of stripping potentiometry (PSA and CCSA), have historically been widely
recognized as powerful techniques for detecting heavy metal ions due to their remarkable
sensitivity, which allows for the detection at trace and ultra-trace levels.

Furthermore, there is also electrochemical-stripping analysis (ESA).
In order to improve sensitivity and selectivity in the detection of heavy metal ions

and to examine their toxicity on both the environment and human health, we combine
electrochemical techniques with certain modifiers that facilitate the detection process.
Due to their characteristic properties, electrode modifiers were used in combination with
electroanalytical methods.

The need for alternative electrode modifiers rose as attention began to turn more and
more towards green chemistry, which aims to reduce the use and production of hazardous
substances such as mercury [15], and since certain European regulations prohibit the export
and storage of metallic mercury. Since then, several metals have been tested for their ability
to replace mercury (e.g., bismuth). In addition, different organic and inorganic membranes
have been evaluated for their potential application in detecting Pb with ESA.

In recent years, nanoparticles (NPs) have emerged as a promising area of research,
replacing various electrode-shaping media, thanks to their unique physicochemical proper-
ties that differ from their bulk counterparts. NPs are defined as particles with a dimension
of at least 100 nm, and are generally classified into four categories, including metal and
metal oxide, semiconductors, polymers, and lipids. They exhibit a high surface area to
volume ratio, which enhances their reactivity and allows them to interact with biologi-
cal systems and the environment in unique ways. The ability of NPs to cross biological
membranes and barriers has attracted considerable attention in various fields, including
medicine, environmental science, and engineering, and they have been widely used for
heavy metal detection, such as that for Cd, Pb, Zn, and Cu, due to their unique optical,
electrical, and magnetic properties.

This review mainly discusses the use of voltammetry in the simultaneous detection of
the presence of two or more heavy metal ions in different media using modified electrodes
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and presents a comprehensive overview of the modifiers for various electrodes. This
paper includes a historical review from the abolition of mercury to its replacement and
the discovery of innovative nanoparticles and presents their applications in chemistry
and the environment. The present review also aims to summarize the different types of
nanoparticles, such as metallic, semiconducting, and carbon-based nanoparticles, and their
application in various electroanalytical techniques, including voltammetry.

2. Electrodes

Initially, the measurement technique is selected, with the most used measurement
techniques for detecting heavy metal ions being SW, SWASV, and DPASW. In the next step,
the appropriate working electrode is selected, where carbonaceous electrodes are dominant.
They appear to further improve the performance of the voltammetric methods, as they
are flexible, offer a wide potential window, and have desirable conductive and surface
properties that allow for the sensitive determination of analytes. The four most common
are glassy carbon electrodes (GCE), graphite electrodes (GE), carbon paste electrodes (CPE),
and screen-printed carbon electrodes (SPCE). These electrodes are widely used for the
determination of heavy metal ion concentrations (Cd2+, Pb2+, and Zn2+), while some
of the most common types of modified electrodes include, among others, nanoparticle-
modified electrodes, chemically modified electrodes (using chemical modifiers such as
bismuth (Bi) and, formerly, mercury (Hg)), carbon-based modified electrodes, and enzyme-
modified electrodes.

Therefore, the appropriate electrode modifier is further investigated. In our case,
we work with GCE, and our working electrode is modified with bismuth. In a recent
study for the determination of lead, which is a heavy metal ion, and with GCE as the
working electrode, modification was performed with BFS (blast furnace slag), which is
an economically efficient process and a new material in the field of detection, with many
promising results [16]. A typical electrochemical analytical system consists mainly of the
following three parts: an electrochemical detection device, an electrochemical detection
instrument, and an electrolyte. The electrochemical detection instrument usually consists
of the following three electrodes: a working electrode (WE), a reference electrode (RE), and
a counter electrode (CE). After modifying the surfaces of the Wes using different materials,
they can be used for the specific detection of various types of metallic ions. A representative
illustration of sample preparation is quoted schematically in Figure 1, where the main steps
followed are shown. In some Wes, surface modification is necessary because the nature
of the used electrode can greatly affect the sensitivity and the selectivity of the analytical
procedure. For example, it is essential to polish the surface of a glassy carbon electrode
(GCE) with a polishing cloth posing 0.1 mm and 0.005 mm alumina powder, inducing a
mirror-like surface, which improves the analytical features of the detection procedure [14].

2.1. Glassy Carbon Electrode for HM Detection

One of the most common electrodes used for the detection and quantitative determina-
tion of heavy metals is glassy carbon electrodes (GCEs), which are produced by pyrolysis of
polymeric resins. Some of their distinguishing characteristics are that they are easily based,
non-reactive, resistant to high temperatures, and impermeable to gases and liquids, while
simultaneously providing excellent analytical performance across a wide range of metals.
With GCE, relatively low limits of detection (LOD) can be achieved [17], as demonstrated,
for example, by Thanh et al., who modified the electrode surface with a Bi film and achieved
LOD values of 1.07, 0.93, 0.65, and 0.94 ppb for Zn, Cd, Pb, and Cu, respectively, while main-
taining high accuracy and repeatability within the measurements [18]. In another study,
Hassan et al. determined Pb in the linear range of 10.0–120.0 μg L−1, Cd and Zn in the
linear range of 0.0–50 μg L−1 (corresponding LOD values: 3.18 ng L−1, 0.107 μg L−1, and
0.037 μg L−1) in tap water simultaneously using SWASV with Hg–Bi film electrodeposition
on GCE in the presence of poly(1,2-diaminoanthraquinone) [19].
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Figure 1. Sample preparation procedures for measurement.

2.2. Graphite Electrode for HM Detection

Graphite electrodes (GEs) are an effective tool in the electroanalytical determination
of heavy metals, mainly preferred for the detection of Cd, Pb, and Cu. Their large surface
areas, conductive properties, and low cost are characteristics that make GE an ideal choice
for the electrochemical analysis of HMs [17]. For example, Donmez et al. were able
to simultaneously determine Pb and Cd in water samples up to 0.46 and 1.11 μg L−1,
respectively [20].

2.3. Carbon Paste Electrode for HM Detection

For the electroanalysis of heavy metals, carbon paste electrodes (CPEs) are commonly
used due to the simplicity of preparation and formatting. To prepare a CPE, the carbona-
ceous material in the form of powder or powder in a high-viscosity oil, usually paraffin,
mineral oil, or pyrite oil, needs to be added. They are often preferred because it is relatively
easy to incorporate various substances, such as nanoparticles, waste materials, and various
chemicals, into this mixture in order to enhance metal deposition on the surface [17]. In a
study conducted by Zheng et al., the simultaneous detection of Cd and Pb was performed
using CPE formatted with mesoporous alumina, yielding respective LOD results of 0.2 and
2.0 nM, respectivley [21]. However, with the appropriate formatters, suitable LOD levels
can be achieved using CPE, at either lower or higher levels.

2.4. Screen-Printed Electrode (SPE) for HM Detection

Over the past two decades, significant effort has been made towards the development
of more environmentally friendly and “green” electrode materials as substitutes, primarily
for mercury electrodes. Screen-printed electrodes (SPEs), which are cost-effective elec-
trochemical substrates, have undergone significant improvements in recent decades in
terms of their form and printing materials. The main advantages of using SPEs are their
flexibility and the fact that they can be used as disposable sensors (avoiding any potential
contamination from previous measurements). Additionally, compared to other analytical
methods, they are economically efficient, easily tunable, and suitable for integration into
portable devices. SPEs may be the most suitable electrochemical sensors for in situ analyses
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due to their linear performance, low power requirements, fast response, high sensitivity,
and ability to operate at room temperature [22,23].

SPEs are chosen as an economical substrate for electrochemical biosensor applica-
tions due to their small size, ease of mass production, and portability. To create an SPE,
the electrodes must be prepared as pastes or inks so that they cannot be printed on the
predetermined surface called the substrate, which can be made from ceramic or polymer
material such as polyethylene terephthalate (PET) [17]. The surface of the SPE can be easily
modified to suit multiple purposes related to different pollutants. There are many materials
that can be used as the modifiers of SPEs for environmental analysis, including noble
metals, inorganic nanoparticles, enzymes, and DNA sequences. For the determination of
heavy metals such as Cd, Pb, Cu, and Zn, they can be modified with bismuth either in
situ [24] or ex situ [25]. Bismuth is characterized as the most common modifier of SPEs
for electroanalysis due to its good analytical performance and “environmentally friendly”
characteristics [26]. Alternatively, bismuth can be deposited on SPEs in various forms,
such as bismuth oxide [27–29], bismuth nanoparticles [30], and pre-deposited bismuth
as a film [31]. Another material for the modification of SPEs is gold (Au), which is a
valuable tool for the determination of Cu. Some researchers modified chitosan (CTS) on the
surface of SPCEs for the simultaneous determination of Pb (II), Cu(II), Cd(II), and Hg(II),
with a preconcentration time of only 30 s [32]. However, this specific material presents
challenges in the determination of other heavy metals, as its cathodic overpotential for
the reduction in hydrogen ions is low and the range of its cathodic polarization is limited.
Therefore, Au electrodes are not particularly useful for the detection of metals with a more
cathodic oxidative potential, such as Cd, Pb, and Zn [33]. They can also be modified with
nanoparticles, such as carbon nanoparticles, for the determination of Cd2+, Pb2+, and Cu2+

ions [34,35], or chemically synthesized bismuth metallic nanoparticles that modify the
screen-printed carbon electrodes that are used for the detection of Zn(II), Cd(II), and Pb(II)
in liquid samples [30]. For example, McEleney et al., for the determination of Cd and Zn,
modified the surface of their electrode, which was made of graphene oxide and graphitic
carbon nitride, with bismuth and gallium by changing the pH within the same cell [35].

3. Modifiers

3.1. Mercury (Hg)-Based Electrode Variants and Bismuth Electrode Modifiers for HM Detection

To investigate the toxicity caused by heavy metal ions in soil, atmosphere, and con-
sequently human health, and with the goal of limiting it, both techniques of analytical
chemistry, specifically voltammetry in our case, and “supporting” means such as mercury
(Hg) and bismuth (Bi), have been used, while in recent years nanoparticles (NPs) have
been used.

For many years, mercury was used as the material for the modification of working
electrodes used in trace element detection due to its high sensitivity, reproducibility, and
renewability. Mercury-based electrodes have been widely used for several decades in
the detection of heavy metal ions using electrochemical techniques, thanks to their large
cathodic window, reproducibility, sensitivity, and low background [36–38].

However, mercury is a heavy metal that has become increasingly unpopular for use,
due to its intense toxicity and bioaccumulation in many species [38–42]. The danger
associated with mercury-based electrodes is in their use, handling, and disposal due to
their toxicity. In addition, it has been repeatedly shown that the absorption of Hg harms
human health, as it can lead to many serious problems, such as neurological consequences
(as it penetrates the blood–brain barrier), memory loss, insomnia, neuromuscular changes,
and various effects on the renal system.

Over the years, various materials, such as noble metals (Pt, Pd, Au, and Ag) and
other metals (Ru, Cu, Co, Ni, Pb, Sb, Bi, and Al), have been proposed and tested to re-
place mercury in the electrode modification process [43,44]. Although it is a heavy metal
ion, the metal that prevailed is bismuth, due to its low toxicity [38,39,41,45,46], as well
as its similar electroanalytical properties to mercury, such as a wide potential window,
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simple preparation, partial insensitivity to dissolved oxygen, and ability to form alloys
with different metals [38–40,47,48]. Bismuth is also environmentally friendly [49] and
has mostly succeeded in replacing mercury, as the latter is quite toxic. Therefore, around
2000, electrodes modified with bismuth were introduced that were constructed from a
layer of bismuth deposited on a suitable substrate [39,50] and represented a very attrac-
tive alternative solution to the commonly used mercury electrodes [45]. Many different
materials have been used as electrode substrates, such as carbon, glassy carbon, carbon
fibers, carbon paste, graphite, wax-impregnated graphite, gold, and platinum [33–40,50].
The current peaks obtained in the voltammograms when using bismuth electrodes tend to
be sharp and well-defined [45], allowing for the reliable, fast, and economical recognition
and quantification of metals present in the sample. Due to its characteristics, bismuth can
be used as a film in electrodes, such as in glassy carbon electrodes (GCEs), and then can be
used in various sample analyses (environmental, biological, etc.).

An example worth mentioning is the simultaneous detection of different heavy metals
ions that are present in a sample, which is performed following the modification of vitreous
carbon electrode with bismuth. Then various experimental parameters, such as potential
and deposition time, are optimized, and finally, the appropriate voltammetric method,
square wave voltammetry (SWV), is used [14].

Electrochemical detection focuses on developing new electrode materials with better
properties compared to commercial electrodes. The performance of the voltammetric
determination of heavy metal ions depends heavily on the properties of the working
electrode. Working electrodes can be modified with different materials to allow for specific
recognitions and concentrations of metal ions. Additionally, it has been reported that
the deposition of metal membranes on nanocarbon materials can further improve the
electrochemically active surface [15,51]. Among these, bismuth (Bi) film not only has
low toxicity, high sensitivity, and a strong response signal, but it can also form binary or
multiple-component alloys with heavy metal ions, which is a process that is analogical
to the amalgamation with mercury, also enhancing the efficiency of the deposition at the
surface (of either elemental mercury or bismuth).

One of the earliest applications of a bismuth-modified electrode was for the determina-
tion of lead in water samples using electrochemical stripping analysis (ESA), and, because it
is considered one of the least toxic metals, it has subsequently been used for analyses in the
medical and pharmaceutical sectors [52]. For approximately 20 years, bismuth-modified
electrodes, which emerged as a replacement for toxic mercury, have found a wide range of
environmental and clinical applications. Therefore, bismuth films are often combined with
carbon materials for cooperative heavy metal detection. Hutton et al. [53] used a bismuth
film for stripping measurements of cobalt and cadmium internal soil extracts. Recently,
Bi-modified electrodes have also been successfully used in the electrochemical detection of
nitrophenols, while bismuth oxides have been used in the detection of paracetamol.

3.2. Inorganic Materials as Electrode Modifiers for HM Detection

Another method for the detection of HMs is the surface modification of electrodes with
inorganic materials, as this method can improve the sensitivity, stability, and selectivity of
the electrode for HM ion detection. It has been found that inorganic nanoparticles modified
on the electrode surface can adsorb more HM ions, thereby enhancing the specific surface
area of the working electrode. They can also play a catalytic role in the deposition of HM
ions on the electrode surface, thereby improving the electrochemical detection capability.
However, a disadvantage of this is that inorganic nanoparticles are relatively expensive
and challenging to produce on a large scale [54].

Some of the inorganic materials that have been successfully used for electrode modi-
fication and HM detection are metal and metal oxide nanoparticles, such as noble metal
nanoparticles (e.g., AuNPs), bimetallic, and metal oxide nanoparticles. They have been
employed to modify the electrode surface due to their favorable optical and electrical prop-
erties. They can be combined with other chemicals and biomolecules to construct various
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highly specialized electrochemical detection devices for HM ions. An example of this is
the electrodeposition of AuNPs and Bi film on a screen-printed carbon electrode (SPCE)
to obtain Bi/AuNP/SPCE, where the synergistic effect of the Bi membrane and AuNPs
increased the surface area of the electrode, with good electrical conductivity. Using the
differential-pulse anodic stripping voltammetry (DPASV) method, with detection limits of
50 ng/L (Zn2+), 20 ng/L (Pb2+), and 30 ng/L (Cu2+), the successful simultaneous detection
of Zn2+, Pb2+, and Cu2+ in lake water was achieved [55].

3.3. Nanoparticles as Electrode Modifiers for HM Detection

As we have already mentioned, pollution from heavy metal ions is a significant
issue, and, currently, the addition of NPs with electrochemical sensors has developed a
significant and innovative analytical technique for the detection of heavy metal ions (HMs),
as nanomaterials have been shown to offer remarkable properties as detection platforms.
Nanomaterials could be considered as a promising tool for the scientific community to
detect toxic heavy metal ions, due to their sensitivity and selectivity, fast response time,
high sensitivity, and reproducibility, as well as the possibility of the simultaneous detection
of HMs with very low detection and quantification limits [56]. Over time, many different
modification techniques have been explored. Recent studies have shown that NP-modified
electrodes can be very useful in electrochemical sensor technology if they are designed and
constructed correctly [57]. Their surface area-to-volume ratio is high, and, in combination
with the characteristics exhibited by NPs, such as those based on metals and metal oxides,
polymers, and carbon, they can be beneficial for removing HMs from the environment [58].

Nanotechnology and nanoparticles (NPs) have transformed science and technology.
Today, this field has advanced to such a degree that it allows the development of the pro-
duction of nanoparticles using various physical, chemical, and even biological techniques.
Among these techniques, the one that stands out and is preferred more in the industrial
sector to produce nanoparticles is the biological method, due to its ease, the need for mild
operating conditions, and the production of more environmentally friendly products and
waste [59]. Most industries today exploit the chemical properties of nanoparticles, as they
are unique compared to their counterparts in volume, which is determined by their size,
shape, composition, and surface chemistry and can be adapted to various applications.
Some of the most important chemical properties of nanoparticles are as follows [60]:

• The high surface-to-volume ratio: NPs have a high surface-to-volume ratio, which
makes them extremely reactive. This property can be used in various applications,
such as catalysis and sensors.

• Surface energy: The surface energy of NPs is high due to the presence of unsaturated
surface atoms. This property affects the agglomeration, stability, and dispersion
of NPs.

• Electromagnetic properties: NPs can exhibit unique electromagnetic properties due to
their size, shape, and composition. For example, gold NPs exhibit localized surface
plasmon resonance, which can be used for sensing and imaging applications.

• Surface chemistry: The surface chemistry of NPs can be tailored by modifying
their surface functional groups, which can change their surface reactivity and
chemical properties.

• Oxidation-reduction properties: NPs can exhibit unique oxidation-reduction prop-
erties, due to their small size and large surface area. This can be utilized in various
applications, including energy storage and conversion.

The synthesis of NPs using the bio reduction method has drawn scientific interest,
as it has managed to overcome the drawbacks of using conventional chemical methods,
such as thermodynamic stability, monodispersity, and particle formation [61]. The biogenic
synthesis of NPs presents some advantages over chemical synthesis, such as the absence
of the need for high temperatures, toxic chemicals, pressure, energy, radiation processes,
laser ablation, and ultraviolet and ultrasonic fields, as well as the fact that the biomolecules
required for NP synthesis are abundant and easily accessible, such as the availability in
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marine sources [62]. On the other hand, NPs produced from the noble metal group, such
as gold (Au) and silver (Ag), exhibit interesting chemical and electromagnetic properties,
such as chemical stability, conductivity, and good optical properties, due to their ability to
interact with electromagnetic radiation [63,64].

NPs, due to their large surface area, are excellent electron mediators. Therefore,
NPs suitable electrode surface modifier the improvement of the analytical characteristics
of electrodes. For instance, silicon (Si)- and carbon-based nanoparticles and have been
successfully used as electrode modifiers. By using this kind of modification, the behavior
of these NPs improves, and the constructed electrochemical sensors can measure the
analytes in nanoscale. Thus, the use of NPs as electrode surface modifiers increases
the active surface area, catalytic activity, conductivity and makes the response of the
used electrodes more rapid. These redesigned sensors can also exhibit size-dependent
characteristics and can have better functional units [65]. Currently, the addition of these NPs
to electrochemical sensors has developed a significant analytical technique for detecting
heavy metal ions (HMs).

Gold is excellent for the fabrication of nanomaterials because gold nanoparticles
(AuNPs) are characterized as excellent templates for the development of cutting-edge
chemical and biological sensors, thanks to their unique physical and chemical properties.
AuNPs can be easily produced and made very stable [66]. They also have exceptional
optical-electronic properties, and, with the right linkers, they offer a high surface-to-volume
ratio and great biocompatibility. Furthermore, AuNPs can provide a versatile substrate for
attaching a wide variety of chemical or biological moieties, allowing the selective capture
and detection of small molecules and biological targets. It must be stressed that, when
HMs are analyzed, particularly mercury and lead, different materials are incorporated
with AuNPs, while the same materials can also be used for the detection of Cd (II) and
Pb(II) [67]. According to the composition conditions, gold nanoparticles (AuNPs) appear
in a variety of shapes, such as spherical, which is the most common shape used in the
electrochemical detection of heavy metals, with sizes ranging from 4 to 298 nm. Different
composition shapes of AuNPs were tested for the detection of Pb (II). According to the
literature, for Pb (II) detection, Dutta et al. synthesized nano-stars, which were prepared
by mixing an auric chloride solution with 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid (HEPES) without stirring or agitation, and boiling the nano-stars for 5 min resulted
in spherical nanoparticles. The same process was later used for the synthesis of gold
nano-stars for Cd (II) detection [68]. To evaluate the concentrations of cadmium in different
water sources (such as lake, sewage, tap water, and groundwater), a glassy carbon electrode
was modified with AuNPs, l-cysteine, and reduced graphene oxide, and, by applying
square-wave voltammetry, the best performance for Cd (II) detection was achieved. The
same electrode also exhibited the highest reported sensitivity for Pb (II) detection [69].

Other NPs, such as superparamagnetic Fe3O4@EDTA, have been developed for the
simultaneous adsorption and removal of Zn(II), Pb(II), and Cd(II) from different environ-
mental water and soil samples. For this method, which has been proven to be simple,
fast, effective, sensitive with high removal yields, reproducible, and repeatable, electrodes
modified with polymeric EDTA were used for the detection of various metallic ions at
different pH values [70]. Furthermore, after the adsorption process, easy separation is
provided only by the application of an external magnetic field. In conclusion, this method
is an effective and less time-consuming technique for the simultaneous adsorption and
removal of heavy metal ion targets in different environmental water and soil samples [71].
For the synthesis of Fe3O4@EDTA nanoparticles, the following procedure was performed:
15 mmol of FeCl3·6H2O and 7.5 mmol of FeCl2·4H2O were dissolved in 150 mL of deion-
ized water under a nitrogen atmosphere at room temperature with vigorous stirring. Then,
50 mL of 25% NH4OH solution was added to the stirring mixture under intense mechanical
stirring, adjusting the pH to 11, while simultaneously adding EDTA solution (3 mmol
in 30 mL of water). The resulting black dispersion was continuously stirred for 1 h at
room temperature and then refluxed for 2 h [71]. Finally, the resulting nanoparticles were
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isolated using a magnetic field; washed with water, ethanol, and diethyl ether; and dried.
The simultaneous adsorption and removal of Zn(II), Pb(II), and Cd(II) in different envi-
ronmental samples were successfully achieved with the aid of the superparamagnetic
nano-adsorbent Fe3O4@EDTA.

Another category of NPs, AgNPs, which are used as electrode modifiers for the detec-
tion of heavy metal ions such as Cd(II) and Cu(II), have received significant attention due
to some characteristics they exhibit, such as good electrical conductivity, high specific area,
and an easy synthesis method [72,73]. It is supported by literature that, when the electro-
chemical technique is combined with nanomaterials, a very fast and efficient detection of
heavy metal ions is obtained.

For the simultaneous determination of lead and cadmium, MnCo2O4 nanoparticles
have been successfully used, which were morphed on a glassy carbon electrode. MnCo2O4
nanoparticles exhibit exceptional electrochemical properties, such as a fast current response,
a low detection limit, and good selectivity, due to their unique structure [74]. The synthesis
of MnCo2O4 nanoparticles was carried out using the citric gel combustion method as
follows: solutions of manganese nitrate and cobalt nitrate were mixed in a molar ratio of
1:2, and citric acid was used as the fuel. The stoichiometric ratio of citric acid, according
to the existing literature for the nitrate groups, was 1:3.6 [69], and the pH was adjusted
to seven by adding an ammonium hydroxide solution. The mixture was then heated
to approximately 80 ◦C in an open glass beaker under continuous stirring conditions
(100 rpm) until a light-pink colloidal solution was formed, which was transformed into
a gel and finally calcined at 450 ◦C for 2 h, resulting in the formation of black MnCo2O4
nanoparticles. For the measurement of Pb(II) and Cd(II) content in water samples, a glassy
carbon electrode modified with MnCo2O4NPs was used. The electrode was immersed in
a supporting electrolyte solution of H2SO4/KCl containing Pb(II) and Cd(II) during the
pre-concentration stage. In this stage, the accumulation and reduction of metal ions to
metal (M2+ to M0) occurred, while, in the deposition stage, the opposite process took place,
i.e., the re-oxidation of metals (M0) and the stripping of metal ion species (M2+) from the
solution. The electrochemical response was measured using the electrochemical technique
of linear sweep anodic stripping voltammetry (LSASV) in the potential range of −1.0 to 0 V.
The glassy carbon–MnCo2O4NPs electrode exhibited excellent electrochemical properties,
such as a fast current response, a low detection limit, and good selectivity, due to its unique
structure, as well as a satisfactory detection performance for Cd(II) and Cu(II) [74].

Lee et al. used tin nanoparticles (SnNPs) with reduced graphene oxide on a glassy
carbon electrode to determine Cd(II), Pb(II), and Cu(II) [75]. For the simultaneous detection
of Cd(II), Pb(II), and Cu(II) ions, G-Sn/GCS electrodes were used, which were derived
when reduced graphene oxide (RGO) was activated with tin nanoparticles (SnNPs) and
cast onto glassy carbon sheets (GCS), followed by electrochemical reduction. The results
showed that the G-Sn/GCS electrodes exhibited good stability, high sensitivity, and good
repeatability in heavy metal detection.

Bismuth nanoparticles (BiNPs) have attracted interest as pre-concentrators for the
detection of heavy metals such as cadmium and lead ions, while they are also used as
working electrode modifiers in stripping electrochemical analysis. Among the various
reported methods for the synthesis of BiNPs, we have focused on the typical polyol method,
which is widely used for these types of metallic and semimetallic nanoparticles [76]. Several
techniques based on bismuth sulfide in combination with different working electrodes
have been tested for the detection of heavy metals. Using square-wave anodic stripping
voltammetry and a bismuth-nanodust-modified electrode, Lee et al. succeeded in detecting
zinc, cadmium, and lead ions, followed by the preparation of spherical bismuth with
different particle size distributions in order to investigate their effect on the sensitivity
and detection limits of the detected metals. It was observed that, as the particle size
decreased (from 406 to 166 nm), both the sensitivity and the detection limit improved [77].
On the other hand, Rico et al. [34] used the method of Lee et al. to detect heavy metals by
forming a printed carbon electrode. The optimization of the method included accumulation
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configuration, resulting in better detection limits in the flow cells for Zn(II), Cd(II), and
Pb(II) than in the batch cells. In another study for the determination of mercury, cadmium,
lead, and copper ions using differential-pulse anodic stripping voltammetry, Sahoo et al.
formed a graphene-oxide- and bismuth-nanoparticle-modified carbon paste electrode, with
particle sizes ranging from 40 to 100 nm. A glassy carbon electrode was modified with a
micro-nanoparticle/bismuth membrane by Saturno et al. for the determination of cadmium
and lead using differential-pulse voltammetry. However, in almost all of these cases, the
problem of copper (II) interference at high concentrations arose, which was addressed most
of the time [67].

The application of palladium nanoparticles (Pd NPs) for the detection of heavy metals
has been tested by a few research groups. However, they all synthesized porous activated
carbon (PAC), followed by decorating PAC with palladium nanoparticles using a single-step
thermal reduction method (with slightly different conditions). Zhang et al. used spherical
Pd NPs, with a size range of 20–30 nm, for the individual and simultaneous determination
of Cd(II), Pb(II), and Cu(II) through SWASV (square-wave anodic stripping voltammetry).
The obtained detection limits for Cd(II), Pb(II), and Cu(II) were found to be lower in the
individual determinations compared to the simultaneous determinations. The technique
was successfully tested in practical water samples, although the nature of the water was
not specified [78]. Summary of NPs-assisted detection of heavy metals ions is shown in
Table 1.

Table 1. Summary of NP-assisted detection of heavy metal ions.

Nanoparticles (NPs) HM Detection Ref.

AuNPs Cd(II) and Pb(II) [67,79]

Fe3O4@EDTA-NPs Cd(II), Pb(II), and Zn(II) [70,80,81]

AgNPs Cd(II) and Cu(II) [72,73]

MnCo2O4NPs Cd(II) and Pb(II) [74]

SnNPs Cd(II), Pb(II), and Cu(II) [75]

BiNPs Cd(II) and Pb(II) [76]

PdNPs Cd(II), Pb(II), and Cu(II) [67,78]

As can be seen, in addition to their electrocatalytic properties, these nanomaterial-
based electrodes have the advantages of low cost, high sensitivity, and convenient function-
ality, making them highly promising for practical applications in heavy metal detection.
However, further research is required in order to overcome potential issues and improve
the stability and selectivity of these sensors.

3.4. Ion-Imprinted Polymers as Electrode Modifiers for HM Detection

The determination of heavy metals in water and food intended for human consump-
tion has led to an alternative method based on the modification of a working electrode
with ion-imprinted polymers (IIPs). By using IIPs immobilized on a carbon paste electrode
(CPE), the determination of both cadmium and lead ions can be achieved. The base of an
IIP-modified CPE (CPEs-IIP) is usually formed by modifying a binary mixture, to which
ingredients such as imprinted polymers are added or incorporated. The quantity can
range from 10% to 30% of the composite mass, allowing for several recognition sites on the
electrode surface, which correlates with the current intensity received. Additionally, IIPs
can also be immobilized on a glassy carbon electrode (GCE) surface to detect cadmium,
lead, cadmium, and pseudo silver ions in drinking water and food samples. In recent years,
there has been significant interest in the CPEs-IIP technique, as it represents a simple and
cost-effective method for the detection and analysis of heavy metal ions (Cd2+ and Pb2+) in
both drinking water and food. This makes it a highly promising technique for improving
everyday life [82].
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3.5. Speciation of HMs

The speciation of chemical heavy metals is an important factor that alters the toxicity
of heavy metals. The potential mobility, bioavailability, and environmental behavior of
heavy metals depend largely on their specific chemical forms and existing conditions.
Depending on the existing environmental conditions, various types of metal can exist as
metals and metalloids, which can be present as hydroxides, organometallic compounds,
biomolecules, and other forms, such as inorganic ions in the form of cations (e.g., Cd(II),
Pb(II)), or anions (e.g., As(III) and As(V)). The determination of these molecular species is
called metal speciation. Considering the toxicity and the bioavailability of heavy metals,
their speciation is often more significant than determining total HMs. However, there are
few publications that address the analysis and determination of different forms of a specific
heavy metal, despite there being significant progress in the development of fluorescence
detectors for detecting the total concentration of HMs [76].

Most of the current notification analysis methods for HMs combine separation tech-
niques, such as gas chromatography, high-performance liquid chromatography, and so on,
as well as detection techniques such as atomic absorption spectroscopy, atomic emission
spectroscopy, and inductively coupled plasma mass spectrometry [83]. Although these
methods have many advantages, a significant limitation is their requirements for a series of
complex pre-processing steps, which are time-consuming and laborious. Electrochemical
techniques have been characterized as the easiest, fastest, and most economical for species
analysis. Van den Berg implemented the speciation analysis of different metallic elements
such as iron, molybdenum, copper, and so on, using electrochemical methods [84–86]. ASV
has been successfully adopted as the most common method for the analysis of metallic
species, especially for unstable species [83]. Although voltammetric methods yield excellent
results for the analysis of the speciation of many metal ions, there are certain issues and lim-
itations that need to be addressed promptly, such as the relationship between bioavailability
and metal speciation, which remains ambiguous and requires further study [87].

One example where speciation plays a crucial role is the exposure of plants to heavy
metals through the aqueous phase of the soil, the soil solution, which contains heavy metals
in various forms, such as free metal ions, simple inorganic complexes, and complexes with
organic ligands. The composition of the soil solution can be influenced by the properties
of the plants, as well as the soil itself. Environmental monitoring and the speciation of
heavy metals (HMs) in soil solutions are highly important for ecological assessments and
for understanding the plant–soil relationship [88]. Equally important is understanding
the relationship between bioavailability and trace element speciation in natural aquatic
environments [87].

4. Conclusions

Given that the global environmental burden of heavy metal ions and the associated
impact on health and the environment are increasing, the interest in improving the quality
of life and reducing their effects is ongoing. This review provides a general discussion on
the field of electrochemical detection of HMs using bismuth-modified electrodes, which
have replaced toxic mercury-modified electrodes, as well as nanomaterials as a more
modern form of electrode modification, and their use in voltammetric experiments.

Certain materials, such as bismuth, have been distinguished for their ease of use,
which is why researchers prefer them. The selection of suitable electrode modification
materials is very important, as they improve the electrochemical properties of the electrode,
increase its effective surface area for the transfer of the electrochemical signal, and produce
detectable signals that are suitable for the indirect detection of HMIs. For the detection of
HMs, voltammetric methods have been distinguished as the most powerful and sensitive
and least time consuming.

In conclusion, the various nanoparticles that have been tested for the detection of
heavy metal ions have shown significant results, due to the advantage of their large surface
area compared to their size, as well as their electrocatalytic properties.
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The purpose of the review was also to draw the attention of researchers working
in electrochemistry, to develop new, improved morphology-controlled electrodes for the
simultaneous detection of HMs at very low permissible limits (ppm, ppb), and, thus, reduce
the quantity and toxicological burden of HMs in the environment [89].
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Abstract: Aquaculture, a mass supplier of seafood, relies on plastic materials that may contain the
endocrine disruptors bisphenol-A (BPA) and tert-octylphenol (t-OCT). These pollutants present
toxicity to Artemia, the live aquaculture feed, and are transferred through it to the larval stages of the
cultured organisms. The purpose of this work is the development and validation of an analytical
method to determine BPA and t-OCT in Artemia and their culture medium, using n-octylphenol as
the internal standard. Extraction of the samples was performed with H2O/TFA (0.08%)–methanol
(3:1), followed by SPE. Analysis was performed in a Nucleosil column with mobile phases A (95:5,
v/v, 0.1% TFA in H2O:CH3CN) and B (5:95, v/v, 0.08% TFA in H2O:CH3CN). Calibration curves
were constructed in the range of concentrations expected following a 24 h administration of BPA
(10 μg/mL) or t-OCT (0.5 μg/mL), below their respective LC50. At the end of exposure to the
pollutants, their total levels appeared reduced by about 32% for BPA and 35% for t-OCT, and this
reduction could not be accounted for by photodegradation (9–19%). The developed method was
validated in terms of linearity, accuracy, and precision, demonstrating the uptake of BPA and t-OCT
in Artemia.

Keywords: bisphenol A; 4-tert-octylphenol; Artemia franciscana; HPLC-DAD

1. Introduction

The worldwide accumulation of plastic pollution in the marine environment poses
a great risk towards the wellbeing of the vertebrate and invertebrate organisms that live
in it, as well as of humans as the end consumer. The protective gear that was extensively
produced during the COVID-19 pandemic, has greatly contributed to the plastic waste,
a large amount of which ends up in the marine environment, where leaching occurs of
its hydrophobic additives [1]. The highly hydrophobic organic contaminants include
endocrine disrupting chemicals (EDCs), such as bisphenol A (BPA), nonylphenol, and tert-
octylphenol (t-OCT). EDCs are incorporated into plastics as building blocks or stabilizers [2]
and leach out, due to aging and heat [3,4]. Bisphenol-A (4, 4′-Isopropylidenediphenol)
is widely used as a component of synthetic plastic [2] while 4-tert-octylphenol (4-(1,1,3,3-
tetramethylbutyl) phenol) is used as a component of polyethoxylates, applied in detergents,
industrial cleaners, and emulsifiers [3]. The percentage of stabilizers and antioxidants,
including BPA and t-OCT in plastics, depends on the chemical structure of the produced
plastic polymer, ranging from 0.05 to 3% w/w [5]. Studies on the levels of BPA and t-OCT in
microplastics are gaining attention, and marine microplastics sampled in the open Pacific
and the Atlantic Ocean, as well as from beaches in Asia and Central America, reported
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concentrations reaching 1–730 ng/g for BPA, and 0.1–153 ng/g for t-OCT [6]. BPA has been
listed as one of the very high concern compounds by the European Chemicals Agency [7].
The European Food Safety Authority (EFSA) reassessed in 2015 the current tolerable daily
intake (TDI) for BPA and reduced it from 50 to a temporary value of 4 μg /kg b. w. daily [8].
However, the plastic industries are in a legal dispute against the European Chemicals
Agency’s (ECHA) decision to identify bisphenol A (BPA) as a “substance of very high
concern” [9]. It appears that, although BPA is banned in some countries such as Canada, the
fight for BPA to stay on shelves continues in Europe [10]. On the other hand, t-OCT is under
assessment as persistent, bio—accumulative, and toxic, especially to aquatic life [11,12].
Both compounds present endocrine disrupting properties, resulting from their structural
resemblance to the human 17β-estradiol [13], with t-OCT presenting higher estrogenicity
than the other pollutants [14,15].

Following uptake, BPA is metabolized through its transformation to glucuronide and
sulfate derivatives by vertebrates, such as tadpoles and fish [16], as well as mammals [17],
while bacteria lead to the biotransformation of BPA to Hydroquinone, 4-Hydroxyacetoph-
enone, 4-Hydroxybenzoic acid, and 4-Isopropenylphenol [18]. Although BPA has been
detected in invertebrates, the reports on its metabolism by aquatic invertebrates are avail-
able only for bivalves, which transform it to mono- and disulfate [19]. In a similar manner,
alkylphenols, including t-OCT, are metabolized by glucuronidation and/or sulfation in
the liver of mammals such as rats [20] and humans [21], while bacteria transform it to
end products including hydroquinone, 4-Hydroxybenzaldehyde and 4-Hydroxybenzoic
acid [22].

Endocrine disruptors, such as BPA, induce oxidative stress and exert toxic effects on
freshwater aquatic organisms by altering bacteria composition in their environment [23]. In
the marine environment, sorption of EDCs from plastic particles in the surrounding seawa-
ter has been documented, indicating that marine plastics, under environmentally induced
stress conditions, can act as carriers of organic contaminants and transfer them to marine
organisms [3]. Marine organisms ingest the microplastics together with their contaminants.
Amounts of BPA have been detected in fish [24], bivalves [25], and seawater [26], while
t-OCT was detected in fish [27], mollusks [28], and shrimp [29]. Nowadays, the largest
portion of all seafood that are used as food for humans, originate from aquaculture [30].
Aquaculture relies on plastic use in many aspects, such as fish cages, fish feeders, and fish
tanks [31,32]. Moreover, aquaculture hatcheries require the live feed Artemia nauplii or
metanauplii for feeding of the cultured fish and crustacea larvae [33,34], due to its high
nutritional value characterized by high contents of neutral lipids [35]. Although Artemia is
a crustacean adaptable to a wide range of environmental conditions, it is absent in common
marine ecosystems, with its natural habitat being high salinity environments such as salt
lakes, where it is found in the form of dormant cysts [36]. This saltwater planktonic crus-
tacean, being a filter-feeder, consumes small-sized particles such as microalgae or organic
manure [37], and even microplastics that are present in the water column [38,39]. The
transfer of pollutants from microplastics to Artemia nauplii, and then to the zebrafish that
consumed these nauplii as a feed, has been demonstrated for benzopyrene [40]. The genus
Artemia spp. is widely used as a toxicity testing model due to its handling advantages,
which include the fast hatching of cysts to nauplii, metanauplii, or adults, and hence the
ease of access to these developmental stages [41,42]. Moreover, BPA toxicity against the
first developmental stages (Instar I-II) of Artemia franciscana nauplii [43,44] as well as of
the alkylphenol n-hexylphenol against A. sinica [45] have been reported, without, however,
including t-octylphenol or a determination of the compounds in Artemia. The transfer of
the endocrine disruption across species from the freshwater planktonic crustacean D. magna
to both its consumer organisms, namely fish [46], as well as to its prey that is the algae it
feeds on [47], was considered an indication of a broader action of endocrine disruptors that
extends beyond the target organisms, further emphasizing the ecological risk.

Bisphenol-A has gained the focus of attention and the determination of BPA in
food [48], and environmental samples [49] has been extensively reviewed. The reported
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methods mostly employ solvent extraction and SPE (polymer, Oasis, or C18) for the iso-
lation of BPA from samples, followed by HPLC analysis (C18 columns). Moreover, the
determination of BPA has been reported in biological samples such as rat tissues by HPLC,
employing different extraction protocols for the serum and tissues and using a C18 column
and an acetonitrile and water mobile phase with gradient elution [50]. In human breast milk,
BPA was extracted using Matrix Solid Phase Dispersion (LiChrolut cartridges) and reversed
phase HPLC, followed with isocratic elution of a C18 column with acetonitrile-water (70:30,
v/v) [51]. The determination of the residual monomers, including BPA, released from resin-
based dental restorative materials employed HPLC analysis in a Kromasil 100-C18 column
eluted with methanol: acetonitrile: water, 60:15:25%, v/v [52], while the same HPLC analy-
sis in saliva samples was performed using a Perfect Sil Target ODS-3 column eluted with
acetonitrile/water, 58/42% v/v [53,54]. Fewer studies are engaged in the determination of
multiple endocrine disruptors in complex biological samples, since extensive clean-up due
to matrix interferences is required and only trace levels of the compounds are present. To
this end, elaborate techniques including microwave-assisted extraction, C18 SPE, derivatiza-
tion, and GC analysis were employed for the simultaneous determination of steroid EDCs,
t-OCT, 4-cumylphenol, 4-nonylphenol, and BPA in fish samples [55]. The determination
of BPA either alone or in combination with 4-t-octylphenol and 4-nonylphenol in human
media has been thoroughly reviewed, and was performed in blood serum by ELISA or RIA,
in plasma and urine by LC equipped with a fluorescence or electrochemical detector and a
C18 column, while more complex samples, such as semen and placental tissue, required the
use of LC-MS using a Shodex column, or LC -MS/MS using a C18 column [56]. A recent
report on the determination of BPA and other xenoestrogens including t-OCT in human
urine, serum, and breast milk samples, employed liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method on a silica Acquity column [57]. Analysis of several
emerging contaminants, including BPA but not t-OCT, was performed in poultry manure
using ultrasound-assisted matrix solid-phase dispersion for the extraction of the analytes
and analysis following derivatization was performed by GC coupled to tandem mass
spectrometry [58]. Simultaneous determination of BPA and alkylphenols has recently been
reported for fish and gull [27], water samples [59], mussels [60], and naturally occurring
marine zooplankton [61], using ultrasonic extraction followed by SPE (Oasis HLB) and
analysis was performed by HPLC -FLD using a HYPERSIL GOLD C18 column and gradient
elution with acetonitrile: water. The methods for the simultaneous determination of BPA
and certain alkylphenols mentioned above, require specific equipment including ultrasonic
extraction, fluorescence, MS or MS/MS detectors, which are not always available. A simple
HPLC method, for the determination of BPA and its metabolites in bacterial cultures, was
previously developed [18,62] and employed filtering of the medium samples and SPE (C18)
extraction of BPA form bacteria, while HPLC analysis was conducted on a C18 Nucleosil
column with gradient elution (acetonitrile: water containing TFA). However, this method
did not include t-OCT and was validated only regarding the determination of BPA and
its metabolites in cultures of bacteria in minimal salt media with BPA as the main carbon
source. The live fish feed Artemia nauplii and metanauplii are unique regarding their
biochemical composition, habitat, and extensive use as a live larval feed in aquaculture.
Artemia is not included in the naturally occurring zooplanktonic communities, since it lives
in high salinity habitats [36]. Its developmental stages, the nauplii and metanauplii, contain
high levels of protein and lipids and especially unsaturated fatty acids and their composi-
tion can be enhanced through their enrichment with the appropriate nutrients, a fact that
renders them suitable to serve as a live feed of larval stages in aquaculture [63]. However,
this particular composition of Artemia as well as of its culture medium, namely seawater 35
ppt, poses significant analysis problems due to matrix interferences. Although the transfer
of organophosphorus pesticides [64] and nonylphenol [65] from the crustacean Artemia to
fish has been documented, the risk of the transfer of BPA and t-OCT to the cultured larvae
of marine organisms through their live feed has not been evaluated, possibly due to the
scarcity of methods on the determination of bisphenol and t-octylphenol in Artemia.
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In the present study, Artemia franciscana metanauplii were used to develop and vali-
date an analytical method that would enable the quantification of BPA and t-octylphenol,
in the organisms as well as in their culture medium. The application of this method
demonstrates that both bisphenol and t-octylphenol are ingested by Artemia and allows
their quantification.

2. Materials and Methods

2.1. Chemicals and Reagents

The organic solvents, methanol and absolute ethanol, were supplied by Fisher Sci-
entific (Loughborough, UK), while acetonitrile was supplied by VWR Chemicals (Paris,
France). Trifluoroacetic acid (TFA) and sodium hypochlorite solution 10% w/v were pur-
chased from AppliChem GmbH (Darmstadt, Germany). The sea salt used as the Artemia
culture medium was purchased from Instant Ocean (Blacksburg, VA, USA). Artemia francis-
cana cysts were kindly supplied by INVE Aquaculture (INVE HELLAS SA, 93, Kyprou str.,
16451 Argyroupoli, Athens, Greece). The C18 sorbent material, columns, and frits for SPE
were supplied by Grace Davison Discovery Sciences (Bannockburn, IL, USA).

The internal standard 4-n-Octylphenol and Bisphenol-A were supplied by Alfa Ae-
sar (Karlsruhe, Germany), while 4-tert-Octylphenol was obtained from Sigma-Aldrich
(Germany). The investigated compounds are presented in Table 1.

Table 1. Compounds investigated and characteristic parameters.

Compound
(Abbreviation,

CAS#, Formula)
Structure MW

Solubility
in Water
(mg L−1)

LD50 g kg−1
TDI (Tolerable
Daily Intake)
ng/kg bw/day

Bisphenol-A
BPA,

80-05-7
C15H16O2

240.20 120 [66] 3-5 (rat) [67] 4000 (human)
[68]

4-tert-Octylphenol
t-OCT,

140-66-9
C14H22O

206.32 5.1 [69] 4.6 (rat) [69]
0.067 (men)

33.3 (women)
[70]

4-n-Octylphenol
n-OCT,

1806-26-4
C14H22O

206.32 3.1 [71] 87.8 μg L−1

(fish) [71]
-

2.2. Animals

Experiments were performed on A. franciscana (Kellogg) cysts (e.g., grade, GSL strain)
provided by INVE (INVE HELLAS S.A., Athens, Greece). The cysts were stored at 4 ◦C
until use. The axenic culture of Artemia cysts was performed following their hydration and
decapsulation in hypochlorite solution, as previously described [72,73]. In all procedures
the artificial sweater was autoclaved prior to use and the containers were rinsed with
ethanol to ensure bacteria-free cultures. The nauplii (instar I) were cultured for a total of
96h at a density of 15 nauplii per mL and they were fed on processed yeast provided by
P. Sorgeloos (Laboratory of Aquaculture and Artemia Reference Center, University of Ghent,
Belgium). The sterile culture medium was renewed daily, and feeding was stopped prior to
the addition of pollutants at 72 h. In the preliminary experiments, the LC50 was determined
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for each endocrine disruptor. To this end, two experimental series of nauplii were employed
at 72 h since the onset of cyst incubation after being fasted for six hours, and the first series
received increasing concentrations of bisphenol (0, 5, 10, 15, 20, 25 or 30 μg/mL) while the
second series received increasing concentration of 4-tert-octylphenol (0, 0.25, 0.5, 0.75, 2, 4
or 6 μg/mL). Each series employed samples containing 0 μg/mL of endocrine disruptor to
serve as controls. Survival and mortality were recorded following a 24 h exposure to the
pollutant and LC50 was estimated using linear regression and Probit analysis.

2.3. Preparation of Stock and Standard Solutions

The stock solution of BPA (500 μg/mL) and of t-OCT (200 μg/mL) and of the internal
standard n -octylphenol (500 μg/mL) were prepared in methanol. All stock solutions were
kept in 4 ◦C, in glass volumetric flasks protected from light to avoid photodegradation of
the analytes.

A set of six working standard solutions were prepared for BPA in two sets containing
2.5, 5, 7.5, 10, 12.5 and 15 μg/ mL or 1, 25, 50, 75, 100 and 125 μg/ mL. For t-OCT a set of
six working standard solutions were prepared containing 1, 2.5, 5, 7.5 10 and 12.5 μg/mL.
Each spiked sample contained the internal standard n-octylphenol at a concentration of
75 μg/mL. The standard solutions were transferred in amber glass vials (SU860083, Supelco)
and stored at 4 ◦C. Calibration curves were prepared at six points, with concentrations
ranging from 2.5 to 12.5 μg/mL for BPA in tissue, from 1 to 125 μg/mL for BPA in medium
and from 1 to 12.5 μg/mL for t-OCT.

2.4. Sample Preparation

The protocol previously developed for the extraction of Bisphenol-A in bacterial
cultures [61] was modified appropriately and validated to facilitate purification of both
BPA and t-OCT in Artemia nauplii, as well as in their culture medium.

Regrading extraction of BPA and t-OCT from biological samples, 0.2 g wet weight of
A. franciscana nauplii were homogenized (4 ◦C) in 2 mL methanol and 10.5 mL of double
distilled water containing 0.08% (v/v) TFA, following the addition of the internal standard
n-octylphenol (final concentration of 75 μg/mL). A Kinematica Polytron PCU homogenizer
was employed for 5 min and the sample was kept in ice. The homogenate was centrifuged
for 10 min at 10,000 rpm. The supernatant was submitted to SPE (0.5 g of C18 sorbent)
conditioned with 10 mL methanol, 5 mL ddH2O, and 5 mL ddH2O containing 0.08% TFA.
Loading of the samples (manual flow 1 mL/min) followed and columns were washed
with 5 mL ddH2O. Elution of the compounds was performed with 4 mL methanol and
the eluates were evaporated to dryness (rotary evaporator, 40 ◦C). Acetonitrile (1 mL) was
added to the dried samples, and they were stored at −20 ◦C, protected from light. During
the analyses all tubes were protected from light to avoid photodegradation of the analytes
BPA and 4-tOP.

For the extraction of the analytes from the culture medium of Artemia nauplii, a 10 mL
sample of the culture medium was used, its pH value was adjusted to 3.0 ± 0.1 using a 10%
water solution of TFA (v/v) and the internal standard was added (75 μg/mL). Following
the addition of 2 mL methanol, the sample was centrifuged for 10 min at 10,000 rpm and
the supernatant was submitted to SPE, as described for biological samples.

2.5. Pollutant Administration

For the feeding assays, nauplii cultures (1000 mL cultures in filtered and autoclaved
artificial seawater, salinity 35 ppt) [72,73] were fasted for 6 h and then Bisphenol-A or
4-tert-octylphenol was administered at 72 h, at a final concentration of each substance in
each culture of 10 μg/mL and 0.5 μg/mL, respectively. The cultures were then incubated
for 24 h under natural light. At the end of the incubation the nauplii and their culture
medium were separated by filtration and stored at −20 ◦C.
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2.6. Photodegradation Assay

Experiments on the potential photodegradation of the analytes were performed in
glass tubes containing sterile seawater and BPA or t-OCT at a concentration of 50 μg/mL
and 10 μg/mL, respectively. The tubes were incubated under intense sunlight for a total
of 48 h. The concentration of the analytes BPA and t-OCT was determined at the onset
(t = 0), at t = 24 h and at the end of the incubation period (t = 48 h), following extraction of
the analytes.

2.7. Chromatography

The HPLC system comprised of an LC20AD pump and an SPD-20A photodiode array
detector (DAD) (Shimadzu, Kyoto, Japan), a Rheodyne 7125 injection valve, with a loop of
80 μL volume (Rheodyne, Cotati, CA, USA) and a Nucleosil 100 C18 column (250 × 4.6 mm,
5 μm), (Macherey-Nagel GmbH & Co., Duren, Germany) equipped with a 10 × 4.6 mm
I.D., Nucleosil C18 precolumn. Separation of BPA, t-OCT, and n-OCT was performed using
a binary mobile phase system of mobile Phase A (95:5, v/v, 0.1 % TFA in H2O: Acetonitrile)
and mobile Phase B (5:95, v/v, 0.08 % TFA in H2O: Acetonitrile) at room temperature, as
previously reported [62] but with adjustments to the gradient, starting at 100% mobile
Phase A and proceeding to an increasing mobile Phase B concentration to 20% over 2 min,
70% over 5 min, 90% at 7 min, and until the end of the analysis. Flow rate was 0.5 mL/min,
and the analytes were detected at 220 nm.

3. Results and Discussion

3.1. Analytes Extraction Efficiency

Artemia metanauplii are a solid sample that require homogenization to achieve cell ly-
sis, and this was performed by homogenization of the sample in methanol-H2O containing
0.08% (v/v) TFA and centrifugation. The previously described protocol for the extraction of
BPA from bacterial cultures [62] was modified regarding the methanol aqueous phase ratio
from 5:1 to about 1:3, since this amount of methanol produced better extraction of analytes.
Since alkylphenols are characterized by low solubility in water compared to Bisphenol-A
(Table 1), methanol contributed to the increased solubility of t-octylphenol and BPA. The
use of ethyl acetate or water, instead of methanol-TFA, was also employed in trial experi-
ments but compound recovery was deemed inadequate as it resulted in the coextraction
of Artemia lipids and matrix interferences. In the present study, 0.2 g wet weight tissue,
corresponding to 0.01 ± 0.003 g dry weight, were processed since they resulted in satisfac-
tory chromatograms with no interfering peaks in the blank samples (Figure S1). Although
microwave-assisted solvent extraction [74], as well as ultrasonic bath extraction [75], were
reported for the extraction of bisphenol and alkylphenols, homogenization is common in
biological samples [75,76].

Following the first methanol-water-TFA extraction step, the samples were subjected to
SPE, an acknowledged technique for the selective sample preparation prior to analysis of
endocrine disruptors in liquid or pre-extracted solid samples [75]. SPE has been previously
used for the extraction of bisphenol from complex matrices, such as rat tissues [50], human
serum [77], or bacterial cultures [18]. The commonly used sorbent is C18 [18,50,77] although
the use of polymeric sorbents [59] and silica gel [78] have been reported. However, C18
cartridges provided the cleanest extracts of fish samples compared to polymeric sorbents,
employed in the analysis of bisphenol and alkylphenols [55]. A flow rate of 1 mL/min
during the elution of SPE, and a water bath temperature lower than 40 ◦C during the
evaporation of methanol, after SPE, were employed as previously recommended for bacteria
samples [62] to facilitate the effective recovery of both analytes and the internal standard.
However, it should be noted that although simple centrifuging and filtering was sufficient
for medium samples originating from bacterial cultures in basal salt medium [62], this was
not the case with the Artemia medium samples, since it resulted in clogging of the injection
loop, due to the higher salt concentration of the sample. Hence, the SPE step was critical
for efficient analysis.
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The extraction in water-methanol and the following SPE step resulted in excellent
recovery of BPA (100.4 ± 3.1) and of t-OCT (100.6 ± 3.9) in the case of the Artemia samples.
The mean recovery in culture medium samples amounted to 99.9 ± 0.8 for BPA, while for
t-OCT it amounted to 101.7 ± 1.9 (Table 2). The recovery values reported in the present
work are higher to the previously reported values of 83.7 % (BPA) and 87.4 % (t-OP), for
water extraction of Bisphenol-A and alkylphenols from zooplankton samples using Oasis
HLB glass cartridges [27]. Our results for BPA and t-OCT extraction are in accordance with a
recently published report on a water-acetonitrile extraction of bisphenols and octylphenols
from fish and solid matrices, in which affinity chromatography clean-up instead of the
reversed phase C18-SPE was employed and lower concentrations of 1 ng/g were used [79],
resulting in recoveries of up to 101.1% for BPA and to 87.9 for t-octylphenol.

Table 2. Linearity, accuracy (bias), precision, and recovery of BPA and t-OCT determination in the
tissue and the culture medium of Artemia.

Analyte Sample Std.
Curve /R2

Nominal
Conc.

(μg/mL)

Calculated
Conc. (μg/mL)
(Mean ± SD)

Relative
Bias (%)

Precision Recovery (%)

Intra-
(n = 3)

Inter-
(n = 2 × 3)

(Mean ± SD) RSD%

BPA
culture medium

y = 0.0027x − 0.024
0.9998

1 0.94 ± 0.002 −5.3 0.2 0.3 94.8 ± 0.3 0.3

25 24.86 ± 0.1 −0.6 0.4 0.5 99.4 ± 0.4 0.4

50 50.6 ± 0.3 1.2 0.6 0.7 101.2 ± 0.6 0.6

75 74.8 ± 0.09 −0.2 0.1 0.2 99.8 ± 0.1 0.1

100 100.2 ± 0.6 0.2 0.6 0.7 100.2 ± 0.6 0.6

125 123.7 ± 1.8 −1.1 0.4 1.4 98.9 ± 1.4 1.4

BPA
Artemia

y = 0.045x − 0.0887
0.999

2.5 2.64 ± 0.02 5.9 0.4 0.6 105.6 ± 0.6 0.6

5 4.81 ± 0.05 −3.8 0.8 1.0 96.3 ± 0.9 0.9

7.5 7.61 ± 0.02 1.3 0.1 0.3 101.4 ± 0.3 0.3

10 9.86 ± 0.02 0.1 0.2 0.7 98.6 ± 0.2 0.2

12.5 12.45 ± 0.03 −0.4 0.1 0.2 99.6 ± 0.2 0.2

15 15.11 ± 0.02 0.7 0.03 0.1 100.7 ± 0.1 0.1

t-OCT
culture medium

y = 0.018x + 0.037
0.999

1 1.03 ± 0.04 3.1 0.6 4.3 103.1 ± 4.5 4.3

2.5 2.60 ± 0.04 4.1 0.5 1.6 104.1 ± 1.7 1.6

5 5.05 ± 0.03 1.1 0.03 0.7 101.1 ± 0.7 0.7

7.5 7.69 ± 0.02 2.5 0.1 0.2 102.5 ± 0.2 0.2

10 9.87 ± 0.03 −1.2 0.1 0.3 98.8 ± 0.3 0.3

12.5 12.75 ± 0.1 2.0 0.7 0.9 102.0± 0.9 0.9

t-OCT
Artemia

y = 0.019x + 0.012
0.9989

1 1.08 ± 0.02 8.7 0.01 1.9 108.7 ± 2.0 1.9

2.5 2.41 ± 0.01 −3.4 0.5 0.6 96.6 ± 0.6 0.6

5 4.85 ± 0.09 −2.8 0.4 1.8 97.2 ± 1.8 1.8

7.5 7.59 ± 0.03 1.3 0.1 0.4 101.3 ± 0.4 0.4

10 9.98 ± 0.02 −0.2 0.3 0.3 99.8 ± 0.2 0.2

12.5 12.49± 0.2 0.2 0.4 1.8 100.2 ± 1.8 1.8

3.2. Method Validation

The results of the linear regression analysis performed are presented below (Table 2).
The use of an internal standard was deemed necessary since sample matrix complexity,
due to the presence of proteins and lipids in both samples, required an extraction protocol
for both tissues and culture medium.
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To this end, 4-n-octylphenol was selected, since it has a similar structure to both
bisphenol and tert-octylphenol, is well resolved from both analytes, and is not present in
the blank samples (Figure S1).

Linearity of the standard curves in the Artemia culture medium and Artemia metanau-
plii (Table 2) was excellent, as indicated by the R2 values of 0.999 for BPA and t-OCT.
The Relative Bias estimated as the percentage of ((calculated- nominal)/nominal]) was
within the accepted range of ±10%. Intra-day precision was calculated by three analyses
performed on the same day, while inter-day precision was calculated by performing six
analyses over three days and estimated as % RSD, never exceeding 5.0% for all analytes.
Our results indicate that the method is precise and repeatable with excellent recovery
rates. The nominal concentrations of 1.0 μg/mL BPA and 1.0 μg/mL t-OCT in the culture
medium were below the calculated LOD values (Table 3) and were, thus, excluded from the
estimation of recovery results described above. The values for LOD and LOQ calculation
were based on the response and the slope of the calibration curve.

Table 3. LOD, LOQ, and RT values for BPA and t-OCT.

Std. Curve
Retention Time (min)
Mean ± SD (RSD %)

LOD (μg/mL) LOQ (μg/mL)

BPA in Artemia 15.200 ± 0.12 (0.82) 0.21 0.65
BPA in culture medium 15.310 ± 0.10 (0.69) 0.63 1.92

t-OCT in Artemia 21.876 ± 0.11 (0.49) 0.17 0.52
t-OCT in culture medium 21.597 ± 0.31 (1.46) 0.41 1.25

The value of a LOD of 0.21 μg/mL and 0.17 μg/mL were estimated for BPA and
t-OCT, respectively, in Artemia tissue corresponding to 10.5 ng/g dry weight and 8.6 ng/g
dry weight, respectively, and of 0.63 μg/mL and 0.41 μg/mL for Artemia culture medium
(Table 3). Although LOD values of 0.07 μg/kg were reported for BPA in mussels’ tissue [80],
estimations were made with σ taken as the standard deviation of three samples spiked at
the experimental estimated LOQ, and S as the slope of the corresponding calibration curve.
On the other hand, LOD values of 5.6 μg/mL and 6.3 μg/mL, were reported following
liquid–liquid extraction of water samples [81]. The previously reported LOQ values in
zooplankton amounted to 2 ng/g dry weight for BPA and 0.8 ng/g dry weight for t-OCT,
and to 5 and 1 ng/L, respectively, for water samples, determined as a tenfold signal-to-noise
ratio for a sample with a very low analyte content [27], employing different methods for
the biological and water samples. Variable results were obtained from the computation of
LOD and LOQ values, depending on the statistical approach used. The residual standard
deviation or error of intercept of calibration line was recommended instead of the mean
blank signal value, as it is considered that it provides a more accurate estimate [82].

Since the LOD and LOQ values are calculated based on the calibration curve, they
greatly depend on its range and lower values are expected when a range of lower concen-
trations are used. However, the range of the calibration curve should extend over the range
of expected analytes’ concentrations in the samples [83]. In the present work, the expected
concentrations of Bisphenol-A and t-octylphenol were within the range of the LC50 values.
These values were acquired from the toxicity experiments that allowed the estimation of
the amount that could be administered to Artemia metanauplii without leading to high
mortality rates.

Typical HPLC chromatograms of Artemia and culture medium samples spiked with
BPA, t-OCT, and n-OCT are presented in Figure 1. The peaks of the analytes BPA, t-OCT,
and of the internal standard n-OCT, showed with a retention time (Rt) of 15.200 ± 0.12,
21.876 ± 0.11 26.241 ± 0.1 min, respectively. The peak appearing from 0 to 6 min, in all
samples, possibly corresponds to the solvents, while the peak appearing at approximately
7.0 ± 0.5 min only in the medium samples possibly corresponds to medium constituents.
Similar peaks also appear in the blank samples without, however, interfering with analysis
(Figure S1).
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A 

B 

Figure 1. HPLC chromatograms of (A) Artemia tissue; and (B) culture medium samples containing
BPA (50 μg/mL), t-OCT (10 μg/mL) and the internal standard n-OCT (75 μg/mL).

3.3. Administration of Pollutants

BPA was administered at a concentration of 10 μg/mL, while t-OCT was administered
at 0.5 μg/mL, since their LOD values amounted to15.6 and 0.73 μg/mL, respectively
(Figure S2). The simultaneous administration of the two pollutants at LC50 levels was not
applicable, since it resulted in higher mortality values, possible due to synergistic effects.
Hence, each pollutant, namely BPA or t-OCT, was administered separately. Acute toxicity
and inhibition of growth of the early developmental stages of Artemia nauplii (Instar I-II)
have been reported after a 24 h exposure to BPA with an LC50 of 44.8 mg/L [43] for Artemia
franciscana. The LC50 values for Artemia sinica nauplii amounted to 47.5 mg/L for BPA
and to 2.27 mg/L for t-OCT [84]. On the other hand, the LC50 values of 70.1 μg/L and
7.7 μg/L were reported for adult (15 days old) Artemia sinica individuals exposed to BPA
and n-hexylphenol [45], illustrating that the advanced developmental stages present greater
sensitivity to these pollutants. The increased sensitivity of subsequent developmental stages
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to pollutants was attributed to the fact that the organisms appear more ravenous compared
to the earlier developmental stages, during which the animals depend on reserved yolk
for their energy requirements [85]. In addition to the importance of the developmental
stage employed, the origin of cysts and abiotic parameters regarding, among others, the
pH, hatching temperature, photoperiod duration, and saltwater treatments are also of
great importance [42]. Considering that bacteria are capable of BPA biotransformation [18],
the use of axenic cultures in the autoclaved medium were used in the present study.
Representative chromatograms of the pollutants following administration of 10 μg/mL
BPA or 0.5 μg/mL t-OCT to Artemia, that are below their estimated LC50 values, are
presented in Figure 2 for Artemia, and in Figure 3 for its culture medium.

A 

B 

Figure 2. HPLC chromatograms of Artemia tissue following administration of (A) 10 μg/mL BPA;
and (B) 0.5 μg/mL t-OCT.

The peaks appearing at 12.5 ± 0.18, 13.1 ± 0.08 and 13.8 ± 0.2 and apparent following
administration of either pollutant (Figure 2A,B) might correspond to products produced
during their biotransformation by Artemia. Similar peaks were observed following BPA
microbial biotransformation corresponding to 4-Hydroxyacetophenone, 4-Hydroxybenzoic
acid, and hydroquinone [18]. Moreover, biodegradation of tert-octylphenol by the fungus
Thielavia sp. HJ22 has been reported to result in the formation of 4-hydroxybenzoic acid
hydroquinone [86]. Although UV spectra presented a good match with standard com-
pounds, the identity of these peaks was not confirmed by MS in the present work. The
peak that appears at 19.7 (Figures 2B and 3B) is evident only following administration of
t-OCT and might correspond to a photodegradation product, since similar peaks were
observed during the photodegradation experiment (Figure S3D). Photodegradation via
photolysis has been confirmed for BPA [25,27] and for t-OCT [87], and the products of
solar transformation presented higher toxicity than the parent compound [88]. The feeding
experiments were conducted under normal light and, hence, photodegradation losses were
estimated to examine whether any pollutant concentration decline is due to photolysis.
In the photolysis experiments, the initial BPA and t-OCT concentration were calculated
at 49.15 μg/mL and 9.81 μg/mL, respectively, and their concentration following a 24 h
incubation amounted to 44.63 μg/mL and 7.87 μg/mL, while after 48 h BPA amounted
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to 37.94 and t-OCT to only 1.7 μg/mL. Hence, the reduction in the analyte concentration
induced by photodegradation was 9.2% for BPA and 19.7% for t-OCT at 24 h (Table 4).

A 

B 

Figure 3. HPLC chromatograms of culture medium following the administration of (A) 10 μg/mL
BPA; and (B) 0.5 μg/mL t-OCT.

Table 4. Bisphenol A and t-octylphenol levels in administration experiments.

Compound BPA t-OCT

Administered in 1000 mL culture (μg) 10,000.0 500.0
Found in Artemia (μg/g wet weight) 68.3 5.9
Found in culture medium (μg/mL) 6.68 0.3

Total found in Artemia (μg) 40.9 3.6
Total found in 1000 mL medium (μg) 6680 319.3

Total found (μg) 6720.9 322.9
Concentration reduction in cultures (%) 32.8 35.4

Decline due to Photolysis (%) 9.2 19.7

These values are in accordance with those reported for bisphenol A degradation [89]
but higher than the previously reported absence of t-OCT degradation under one hour of
direct solar irradiation [90]. Although part of the pollutants is degraded via photolysis,
this does not compensate for the observed reduction in the total levels of both pollutants
(Table 4). The amounts detected in the processed medium samples were 66.8 and 3.0 μg
and the total amounts in a 1000 mL culture corresponded for BPA to 66.8% and for t-OCT
to 63.8% of the initially added amounts. In addition, the amounts detected in Artemia tissue
amounted to 4.1% and 0.7% of the initially added amounts for BPA and t-OCT, respectively,
and a reduction of up to approximately 32% in total BPA and of 35% in total t-OCT was
observed in our experiments. The accumulation of BPA in zooplankton has been confirmed
in an eco-system bioreactor during incubation of phytoplankton (Nannochloropsis sp.) and
zooplankton (Artemia sp. or Brachinous sp.) in the presence of the pollutant [91].

The occurrence of high levels of BPA and alkylphenols in the marine environment
has been documented in aquaculture facilities which are in the vicinity of industrial or
urban activity [92]. The BPA values amounted to 37 ng/L in mussels cultured in Thai-
land [92], to 1.5 ng/g d. w. in fish cultured in Taiwan [93], to 4.2 ng/g in the muscle
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of fish cultured in Malaysia [94], or 272 ng/g d. w. in the North Atlantic Ocean [24].
The relevant t- octylphenol concentration was 16 ng/ g d. w. in mussels cultured in
Malaysia [94], while the occurrence of the alkylphenol nonylphenol has been documented
in the sediments of the Northern Aegean, indicating a risk for the organisms that live in
it [95]. The cultured fish fry fed on Artemia have a weight of 15 mg and consume about
300 nauplii per day [96], corresponding to a wet weight of 5 mg, indicating that these
pollutants, if present in Artemia, may accumulate and possibly pose a health risk to the
fish larvae. Recently the accumulation of bisphenols in farmed seabream muscle following
exposure to microplastics, amounting to 0.3 μg/g muscle, was reported and the authors
consider aquaculture equipment as a source of such microplastics [97]. Considering the
TDI for BPA amounting to 0.04 ng/kg b. w. daily and the suggested TDI for t-OCT for
men of 0.067 ng/kg b. w. daily (Table 1), it becomes apparent that the exposure of cultured
organisms to the pollutants might also pose a possible hazard to human health. The use of
marine phytoplanktons and zooplanktons has been suggested for the recovery of BPA from
seawater [91]. The uncompensated decline in both BPA and t-OCT levels observed in the
present study indicates that, although these compounds might accumulate in Artemia, their
biotransformation is possible. Since the toxicity of the possible biotransformation products
has not been investigated and Artemia is used as a live feed for cultured marine larvae, the
monitoring of its pollutants levels is of extreme importance.

4. Conclusions

The developed analytical method provides a simple approach for the simultaneous
detection and quantification of bisphenol A and t-octylphenol in the live fish feed Artemia
and in its culture medium. The presented extraction protocol and the use of 4-n-octylphenol
as the internal standard provided a detection limit of 0.21 for BPA and 0.17 ng/μL for
t-OCT. The method was applied in the analysis following administration of the pollutants
to Artemia metanauplii at levels close to their corresponding LC50. The administration
experiments revealed that Artemia is capable to uptake bisphenol and t-octylphenol from
the culture medium. Experimental efforts to reduce the pollutant load of Artemia are
currently under investigation. Further experiments are needed to evaluate the transfer of
the pollutants to the fish larvae that feed on Artemia.
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determination of LC50 values of BPA and t-OCT; Figure S3. Photodegradation of BPA and t-OCT.
HPLC chromatograms of medium with (A)BPA at 0 h; (B) BPA at 48 h; (C) t-OCT at 0 h; (D) t-OCT
at 48 h.
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76. Cerkvenik-Flajs, V.; Fonda, I.; Gombač, M. Analysis and Occurrence of Bisphenol A in Mediterranean Mussels (Mytilus galloprovin-
cialis) Sampled from the Slovenian Coastal Waters of the North Adriatic Sea. Bull. Environ. Contam. Toxicol. 2018, 101, 439–445.
[CrossRef]

77. Völkel, W.; Colnot, T.; Csanady, G.; Filser, J.G.; Dekant, W. Metabolism and kinetics of bisphenol A in humans at low doses
following oral administration. Chem. Res. Toxicol. 2002, 15, 1281–1287. [CrossRef]

78. Dong, C.D.; Chen, C.W.; Chen, C.F. Seasonal and spatial distribution of 4-nonylphenol and 4-tert-octylphenol in the sediment of
Kaohsiung Harbor, Taiwan. Chemosphere 2015, 134, 588–597. [CrossRef]

79. Pisciottano, I.D.M.; Mita, G.D.; Gallo, P. Bisphenol A, octylphenols and nonylphenols in fish muscle determined by LC/ESI-
MS/MS after affinity chromatography clean up. Food Addit. Contam. Part B 2020, 13, 139–147. [CrossRef] [PubMed]

80. Cañadas, R.; Garrido Gamarro, E.; Garcinuño Martínez, R.M.; Paniagua González, G.; Fernández Hernando, P. Occurrence of
common plastic additives and contaminants in mussel samples: Validation of analytical method based on matrix solid-phase
dispersion. Food Chem. 2021, 349, 129169. [CrossRef] [PubMed]

81. Basheer, C.; Lee, H.K.; Tan, K.S. Endocrine disrupting alkylphenols and bisphenol-A in coastal waters and supermarket seafood
from Singapore. Mar. Pollut. Bull. 2004, 48, 1161–1167. [CrossRef] [PubMed]
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Abstract: Hydroalcoholic gels or hand sanitisers have become essential products to prevent and
mitigate the transmission of COVID-19. Depending on their use, they can be classified as cosmetics
(cleaning the skin) or biocides (with antimicrobial effects). The aim of this work was to determine
sixty personal care products frequently found in cosmetic formulations, including fragrance allergens,
synthetic musks, preservatives and plasticisers, in hydroalcoholic gels and evaluate their compli-
ance with the current regulation. A simple and fast analytical methodology based on solid-phase
microextraction followed by gas chromatography–tandem mass spectrometry (SPME-GC-MS/MS)
was validated and applied to 67 real samples. Among the 60 target compounds, 47 of them were
found in the analysed hand sanitisers, highlighting the high number of fragrance allergens (up to 23)
at concentrations of up to 32,458 μg g−1. Most of the samples did not comply with the labelling
requirements of the EU Regulation No 1223/2009, and some of them even contained compounds
banned in cosmetic products such as plasticisers. Method sustainability was also evaluated using the
metric tool AGREEPrep, demonstrating its greenness.

Keywords: hydroalcoholic gels; personal care products; solid phase microextraction; gas chromatography;
tandem mass spectrometry

1. Introduction

Due to the COVID-19 (severe acute respiratory syndrome coronavirus 2, SARS-CoV-2)
infectious disease that was declared a pandemic by the World Health Organization (WHO)
in March 2020, promoting hand hygiene by means of alcohol-based hand rub (ABHR)
has been considered the primary strategy to mitigate its transmission and infection [1].
In this sense, the production and consumption of hand sanitisers drastically increased
worldwide (by up to 561% in Italy, one of the most affected European countries) [2,3].
These products were massively placed in public areas such as shopping centres, schools,
banks, supermarkets for public use. Hand sanitisers can be defined as ‘borderline products’
since their classification as a biocide or as a cosmetic product is not clear; this depends on
the presence of an active substance and the product’s main purpose [4]. Those designed
to disinfect hands, eliminating the microorganisms and their possible transmission, are
considered as biocides and are subject to Biocidal Products Regulation (EU) No 528/2012 [5].
On the other hand, if their main purpose is cleaning or cleansing the skin, notably in the
absence of water rinsing, then they are considered cosmetics, and probably do not protect
through biocidal action. In this case, they must comply with the Cosmetics Regulation (EU)
No 1223/2009 [6].

To homogenise their formulation and fabrication, ensuring their antimicrobial prop-
erties in the context of the COVID-19 pandemic, the WHO published a protocol, and two
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formulations were established, containing: (i) ethanol (96%), hydrogen peroxide (3%) and
glycerol (98%) and (ii) isopropyl alcohol (99.8%), hydrogen peroxide (3%) and glycerol
(98%) [7]. This protocol also strongly recommended that no ingredients other than those
specified above be added to the formulation, whilst the addition of fragrances was not
recommended because of the risk of allergic reactions. Although it is well known that
fragrances are the main responsible of allergic contact dermatitis (ACD), they are usually
added to cosmetics with the intention of providing a pleasant scent. Other compounds
such as preservatives and plasticisers can also be present in cosmetics and daily care
products. Preservatives are added to protect products and consumers against microbial
growth, whereas plasticisers (mainly phthalates and adipates) are added to fix and dissolve
fragrances, although some can be transferred from the plastic containers to the product
and then to consumers, causing health problems, since many of them are catalogued as
endocrine disruptors [8–11].

Different studies have demonstrated that SARS-CoV-2 was efficiently inactivated by
WHO-recommended formulations, reducing the viral load to a background level within
30 s, whereas formulations containing other additives present a lower effectivity against
the virus [12–14].

Therefore, the main objective of this work was the validation and application of a
sensitive analytical method to simultaneously determine fragrances (allergens and synthetic
musks) and other potentially harmful substances, such as plasticisers and preservatives,
including 60 compounds, in a broad range of hand sanitiser samples. In general, the analysis
of cosmetics and personal care products is a challenge for analysts, as ingredients may be
present at % concentrations, or at trace levels in the case of impurities. A suitable option
for the multianalyte analysis of these matrices is the use of solid-phase microextraction
(SPME), a simple, fast and environmentally friendly extraction technique, followed by gas
chromatography–tandem mass spectrometry (GC-MS/MS). This combination has been
reported as a reliable and sensitive tool to analyse a high number of personal care products
(PCPs) in different cosmetic products, including hydroalcoholic gels [15–18]. The method
was employed to conduct a survey of hand sanitisers for personal use (personal use) and
placed in local shops or public areas (public use) to verify compliance with applicable
legislation. A labelling study was also carried out to check whether the information for
consumers was correct and complete. To the best of our knowledge, there are no analytical
studies dedicated to researching this type of samples used daily by a large part of the
world’s population since the COVID-19 pandemic.

2. Materials and Methods

2.1. Chemicals, Reagents and Materials

The 60 target compounds, their CAS numbers, molecular mass, European legislation
restrictions, retention times and MS/MS transitions are shown in Table S1.

Ultrapure water and methanol, both MS grade, were purchased from Scharlau (Barcelona,
Spain) and acetone from Sigma Aldrich Chemie GmbH (Steinheim, Germany). Moreover,
50/30 μm of commercial divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS) fibre housed in a manual SPME holder was obtained from Supelco (Bellefonte, PA,
USA). Prior to the first use, the fibre was conditioned as recommended by the manufacturer
by inserting it into the GC injector with carrier gas flow at 270 ◦C for 30 min.

The target compounds were selected, including 23 fragrance allergens, 11 synthetic
musks, 16 plasticisers and 10 preservatives. Individual stock solutions were prepared in
methanol or ethyl acetate, followed by further dilutions in acetone. Working solutions were
prepared weekly. All of them were stored in amber glass vials and protected from light
at −20 ◦C.

2.2. Samples and Sampling

Sixty-seven hydroalcoholic gel samples were collected from different establishments
in Galicia (Northwest Spain), including banks, restaurants, pharmacies, universities, local
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markets in 15 mL amber vials. The samples were kept at room temperature and protected
from light until analysis. Sampling details about the establishments where they were
collected, and the composition indicated in the label, are summarised in Table S2.

2.3. Sample Preparation Procedure: SPME

Herein, 10 mg of hydroalcoholic gel and 10 mL of ultrapure water (1:1000, w/v dilution)
were placed in a 20 mL glass vial, which was sealed with an aluminium cap furnished
with PTFE-faced septa. The vial with the sample was immersed in a water bath at 100 ◦C.
First, the sample was conditioned during 5 min and then the DVB/CAR/PDMS fibre was
exposed for 20 min to the headspace over the sample (HS-SPME mode). Agitation under
magnetic stirring was employed during the extraction procedure. After the extraction
time, the SPME fibre was desorbed at 270 ◦C for 5 min in the GC injection port and the
GC-MS/MS analysis was carried out.

In some cases, the high concentration of some of the analytes in the samples made it
necessary to perform a further dilution of the hydroalcoholic gel–water mixture in ultrapure
water, followed by the corresponding SPME GC-MS/MS analysis.

Since one of the studied families are plasticisers, and to avoid contamination and
overestimation in the results, the plastic material was replaced with glass and metallic. All
material was also maintained at 230 ◦C for 12 h before use. In addition, fibre blanks and
procedure blanks using 10 mL of ultrapure water were carried out with the aim of avoiding
false-positive results.

2.4. GC-MS/MS Analysis

The GC-MS/MS analysis was performed employing a Thermo Scientific Trace 1310
gas chromatograph coupled to a triple-quadrupole mass spectrometer (TSQ 8000) from
Thermo Scientific (San Jose, CA, USA).

Separation was performed on a Zebron ZB-Semivolatiles (30 m × 0.25 mm i.d. ×
0.25 μm film thickness) obtained from Phenomenex (Torrance, CA, USA). Helium (purity
99.999%) was used as carrier gas at a constant column flow of 1 mL min−1. The GC oven
temperature was programmed from 60 ◦C (held 1 min), to 100 ◦C at 8 ◦C min−1, to 150 ◦C
at 20 ◦C min−1, to 200 ◦C at 25 ◦C min−1 (held 5 min), to 220 ◦C at 8 ◦C min−1, and finally,
to 290 ◦C at 30 ◦C min−1 (held 7 min). The total run time was 30 min. Split/splitless
mode was used for injection (200 kPa, held 1.2 min) and the injector temperature was kept
at 270 ◦C.

The mass spectra detector (MSD) was operated in the electron impact (EI) ionisation
positive mode (+70 eV). The temperatures of the transfer line and the ion source were
established at 290 and 350 ◦C, respectively. The filament was set at 25 μA and the electron
multiplier was set at a nominal value of 1800 V. Two or three transitions were monitored
per compound working in the selected reaction monitoring (SRM) acquisition mode, as
can be seen in Table S1. The system was operated by Xcalibur 2.2, and Trace FinderTM

3.2 software.

3. Results and Discussion

3.1. SPME-GC-MS/MS—Method Validation

The SPME experimental parameters, including fibre coating, extraction mode, temper-
ature and dilution factor were previously optimised [17], and the most suitable conditions
are described in Section 2.

The miniaturised method, employing only 10 mg of sample, was validated in terms
of linearity, repeatability, accuracy and reproducibility. Instrumental detection limits
(IDLs) and limits of detection (LODs) were also calculated. The results are summarised
in Table S3. External calibration was assessed by preparing the standards in ultrapure
water and following the procedure detailed in Section 2.3 covering a concentration range
between 0.02 and 5 μg L−1 (see specific ranges for each target analyte in Table S3). The
method showed coefficients of determination (R2) higher than 0.9901, demonstrating a
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direct proportional relationship between the amount of the target compound with the
corresponding chromatographic response (area counts).

Precision was evaluated within a day (n = 4) and among several days (n = 6) for all the
calibration levels. Table S3 shows relative standard deviation (RSD) values for 1 μg L−1.
As can be seen, they were lower than 13% and 16% for repeatability and reproducibility,
respectively, in most cases. Accuracy was verified using an hydroalcoholic gel sample free
of the target compounds which was fortified at two levels (0.2 μg g−1 and 2 μg g−1). Mean
recoveries between 76 and 117% and precision (RSD%) < 10% were obtained, as can be seen
in Figure S1.

IDLs were calculated as the compound concentration giving a signal-to-noise ratio
of three (S/N = 3), employing ultrapure water standards containing low concentrations
of the target analytes. LODs were calculated employing a real sample spiked with the
target compounds. For the plasticisers that were detected in the procedure blanks (DEP,
DBP, DEHP, DPhP, and DEHA), IDLs and LODs were calculated as the mean concentration
corresponding to the signal of the blanks plus three times its standard deviation. Results
are summarised in Table S3 and they were at the low ng g−1 level for all compounds. In
this case, it should be kept in mind that the gel samples are diluted by a factor of 1/1000,
which explains the difference between IDL and LOD values. If higher sensitivity were
required, a low dilution factor could be applied.

3.2. Greenness Assessment

In recent years, the development of extraction methodologies fulfilling green analyti-
cal chemistry (GAC) and green sample preparation (GSP) principles is increasing. These
procedures include the use of safe solvents, reagents and materials minimising the ex-
perimental steps and reducing waste generation and energy consumption, allowing high
sample throughput. In 2022, a metric tool, AGREEprep [19] was proposed for assessing the
greenness of the sample preparation stage of an analytical procedure. The metric is based
on ten principles of GSP, assigning weights at each criteria, depending on its significance
in the analytical method. These weights range from 1, indicating low importance, to 5,
representing high importance. Once the ten principles are evaluated, the tool is recalculated
to the 0–1 scale to reflect the sample preparation greenness. The colour of the inner circle
also provides the overall sample preparation greenness performance.

The sustainability of the SPME-GC-MS/MS method for extracting 60 personal care
products from hydroalcoholic gels was calculated and results are depicted in Figure 1.

Figure 1. Evaluation of the degree of greenness. Pictogram obtained for SPME-GC-MS/MS under
optimised conditions.

As can be seen, a value of 0.80 as well as a green label were obtained showing the
greenness of the proposed SPME method. Considering each criteria, the developed method
procedure is in-line/in situ since the SPME technique enables the integration of sample
preparation and analysis (criteria 1); no toxic materials are used (criteria 2); the employed
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SPME fibre can be used several times (criteria 3); no waste is generated because the samples
are hydroalcoholic gels (criteria 4); the sample amount is 0.01 g (criteria 5); the duration
of the sample preparation stage is around 20 min; three samples per hour (criteria 6); the
procedure consists of two steps, extraction and desorption, and it is a fully automated
system (criteria 7); the energy consumption is more than 183 Wh due to the heating
magnetic stirrer (criteria 8); GC-MS/MS is used as analytical instrument (criteria 9); and,
finally, no hazards are associated with the procedure (criteria 10). The weights of each
criteria were, in general, not modified (default weights given by AGREEprep).

3.3. Analysis of Real Samples

The SPME-GC-MS/MS method was applied to analyse the target compounds in
67 hydroalcoholic gels, collected in different public places (see Section 2.2), in which 47 of
the 60 target compounds were found (see Figure 2).
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Figure 2. Frequency of the target compounds by families in the hydroalcoholic gels. Numbers
indicate how many hydroalcoholic gels samples out of the 67 analysed contain each compound.

Most of the analysed samples do not comply with the WHO recommendations due
to the presence of the target compounds (fragrances allergens, synthetic musks, plasti-
cisers and preservatives) in the formulations. In this context, if the sample should be
considered a cosmetic product, it must comply the European Cosmetics Regulation (EC)
No 1223/2009 [6] in order to ensure product safety. This study highlights that 61% of the
hydroalcoholic gels contain at least one compound which is prohibited by the Cosmetic
Products Regulation, as can be seen in Figure 3.
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Figure 3. Percentage of banned compounds in the analysed samples and distribution by families:
(a) phthalates and (b) parabens.

A description of the compliance with this regulation is presented below for each
studied family. Table 1 summarises the concentration range, mean and median of the target
compounds in the analysed samples, and the specific quantification results for the studied
compounds in each sample are summarised in Table 2.

Table 1. Number of detected compounds, concentration range, mean and median, expressed at
μg g−1 in 67 analysed samples.

Number Range Mean Median

Fragrance Allergens 65 0.0054–32,458 180 0.801

Pinene 24 0.022–4.4 1.0 0.59
Limonene 53 0.057–177 20 0.77
Benzyl alcohol 52 0.044–212 22 1.3
Linalool 37 0.036–209 35 4.9
Methyl-2-octynoate 32 0.072–72 7.1 1.25
Citronellol 35 0.0085–53 8.8 2.0
Citral 31 0.20–102 15 5.1
Geraniol 31 0.070–1747 103 12
Cinnamaldehyde 15 0.14–59 5.3 0.31
Anise alcohol 13 0.076–17,035 1375 11.7
Cinnamyl alcohol 19 0.17–327 51 3.7
Eugenol 12 0.026–110 23 6.5
Methyl eugenol 13 0.011–4.7 0.44 0.083
Isoeugenol 22 0.031–739 57 2.1
α-isomethyl ionone 29 0.0054–130 7.9 0.12
Lilial 25 0.0063–517 23 0.056
Amyl cinnamal 20 0.0094–32,458 1832 0.11
Amylcinnamyl alcohol 16 0.0072–427 45 0.58
Farnesol 18 0.0613–28,737 2363 7.07
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Table 1. Cont.

Number Range Mean Median

Fragrance Allergens 65 0.0054–32,458 180 0.801

Hexyl cinnamal 34 0.015–755 28 0.19
Benzyl benzoate 41 0.052–259 11 0.29
Benzyl salicylate 27 0.035–154 11 0.14
Benzyl cinnamate 14 0.019–0.84 0.15 0.058

Synthetic musks 51 0.0042–2356 56 0.16

Musk xylene 2 1840–2356 2098 2098
Galaxolide 42 0.019–56 5.8 0.17
Phantolide 4 0.011–29 7.3 0.081
Cashmeran 24 0.0042–74 4.2 0.16
Traseolide 1 1.8 1.8 1.8
Tonalide 6 0.022–0.386 0.131 0.0918
Ambretolide 3 0.0057–4.0 1.4 0.34

Preservatives 61 0.0035–13,735 365 1.59

PhEtOH 24 0.2121–13,735 2115 20.49
BHA 7 0.012–0.57 0.23 0.13
BHT 18 0.0035–170 10 0.043
TCS 13 0.039–0.45 0.15 0.10
MeP 17 0.18–23 4.4 1.3
EtP 35 0.58–62 9.0 3.6
iPrP 6 0.070–1.1 0.41 0.26
PrP 4 0.15–150 39 2.1
iBuP 14 0.15–61 14 4.1
BzP 4 3.0–59 21 11

Plasticisers 36 0.01–8238 256 0.54

DMP 8 0.16–108 15 0.56
DEP 24 0.19–8238 731 3.9
DPP 3 0.050–0.14 0.10 0.11
DEHP 15 0.11–12 1.4 0.25
DMA 7 0.11–4.07 0.87 0.23
DEA 10 0.010–1.8 0.48 0.11
DEHA 2 0.40–0.92 0.66 0.66
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3.3.1. Fragrance Allergens

As can be seen in Tables 1 and 2, all studied fragrance allergens were detected in the
real analysed samples. Limonene, benzyl alcohol and benzyl benzoate were found in most
samples in 53, 52 and 41 out of the 67 hand sanitisers, respectively. Other fragrances such
as linalool (37/67), citronellol (35/67), hexyl cinnamal (34/67), methyl-2-octynoate (32/67),
citral and geraniol (31/67) were found in 50% of the samples. The presence of this family
of cosmetic ingredients is remarkable since even the least frequently detected fragrances
such as eugenol, anise alcohol and methyl eugenol, were found in 20% of the samples (see
Figure 2).

Regarding the number of compounds per sample, 7 of the analysed samples contained
around 17–19 of the 23 target fragrance allergens (G36, G43, G50, G51, G53, G65 and G66).
In contrast, only two were free of these substances, samples G12 and G47, and only one
sample (G16) contained one fragrance allergen (citronellol).

It should be underlined that the high levels found for some allergens in some samples
reach concentrations of parts per hundred (up to 3%) as amyl cinnamal (32,458 μg g−1 in
sample G51) and farnesol (28,737 μg g−1 in sample G24).

Regulatory Issues

According to EC Cosmetic Regulation No. 1223/2009, fragrance allergens can cause al-
lergic skin reactions and other adverse effects especially at high concentrations. Among the
23 studied fragrance allergens, 20 (limonene, benzyl alcohol, linalool, methyl-2-octynoate,
citronellol, citral, geraniol, cinnamaldehyde, anise alcohol, cinnamyl alcohol, eugenol,
isoeugenol, α-isomethylionone, amyl cinnamal, amylcinnamyl alcohol, farnesol, hexyl
cinnamal, benzyl salicylate and benzyl cinnamate) should appear on the label of cosmetic
products when the concentration exceeds 0.001% (w/w, 10 μg g−1) in leave-on products,
as is the case for hand sanitisers [6]. Among the 67 analysed samples, 33 (49%) exceed
this limit for several compounds; in addition, most of they are under-labelled since the
corresponding fragrances are not included in the product label. In contrast, some hydroal-
coholic gels were over-labelled, as they claimed to contain more allergens than they did
(over-labelling is not included in the regulation). For example, sample G24 indicates the
presence of benzyl benzoate, which is over-labelled since it does not surpass its legal limit
(0.001%, 10 μg g−1). In addition, two out of the studied fragrances present a maximum
permitted concentration in final products as methyl-2-octynoate with 0.01% and isoeugenol
with 0.02%. The sample G36 is the only one which surpassed the isoeugenol limit with a
concentration of 739 μg g−1.

Some fragrance allergens are prohibited, such as lilial, which has been banned since
March 2022 because it damages fertility and it is suspected of damaging the unborn child,
in addition to causing skin irritation [20]. Lilial was present in around the 37% (Figure 2) of
the analysed hydroalcoholic gels (25/67) at concentrations below 0.001% (w/w) (10 μg g−1)
in 22 samples. Three samples (G10, G24 and G29) contained between 7 and 15 μg g−1

of lilial, highlighting one sample which presented a very high value (517 μg g−1, G20).
However, it should be pointed out that some hydroalcoholic gel samples were taken after
the lilial legislation had changed.

3.3.2. Synthetic Musks

Regarding the synthetic musks, as can be seen in Table 3, 7 of the 11 targets were found
in the analysed hydroalcoholic gels, highlighting the presence of galaxolide in 63% of the
samples (42/67), followed by cashmeran in 36% (24/67).
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Table 3. Individual concentration (μg g−1) of the synthetic musks detected in 67 hydroalcoholic gel
samples and total content.

Musk
Xylene

Galaxolide Phantolide Cashmeran Traseolide Tonalide Ambrettolide
Total

Content

G1 16 ± 4 4 ± 1 20

G2 0.16 ± 0.010 0.16

G3 0.25 ± 0.055 0.25

G4 0.38 ± 0.060 19 ± 3 19

G5 0.12 ± 0.01 0.56 ± 0.07 0.69

G6 0.17 ± 0.011 0.17 ± 0.02 0.31

G7 32 ± 4 0.13 ± 0.02 33

G8 0.23 ± 0.028 0.23

G9 32 ± 5 1.8 ± 0.3 34

G10 0

G11 0.10 ± 0.02 0.10

G12 0.10 ± 0.01 0.10

G13 0.08 ± 0.01 0.005 ± 0.001 0.087

G14 0.063 ± 0.001 0.063

G15 0

G16 0

G17 0.077 ± 0.004 0.077

G18 0.14 ± 0.01 0.14

G19 1.26 ± 0.07 0.036 ± 0.002 1.30

G20 2.5 ± 0.2 0.33 ± 0.011 2.9

G21 0.035 ± 0.002 0.128 ± 0.001 0.16

G22 0

G23 0.048 ± 0.003 0.048

G24 0.9 ± 0.1 0.38 ± 0.03 1.36

G25 0.053 ± 0.007 0.0053

G26 0

G27 0

G28 0.37 ± 0.04 0.08 ± 0.004 0.40

G29 39 ± 1 0.004 ± 0.001 0.38 ± 0.01 40

G30 0.011 ± 0.001 0.0111

G31 0

G32 0

G33 56 ± 6 0.14 ± 0.01 0.31 ± 0.04 0.15 ± 0.03 57

G34 0.043 ± 0.005 0.45 ± 0.05 0.49

G35 0

G36 0.44 ± 0.02 0.091 ± 0.006 0.54

G37 0

G38 35.12 ± 0.02 0.010 ± 0.001 0.094 ± 0.001 35.2

G39 0.032 ± 0.0039 0.0332

G40 0.0370 ± 0.0005 0.0370

G41 0.017 ± 0.001 0.0172

G42 1.69 ± 0.018 1.692

G43 0.09 ± 0.014 0.0910

G44 0.10 ± 0.013 0.102
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Table 3. Cont.

Musk
Xylene

Galaxolide Phantolide Cashmeran Traseolide Tonalide Ambrettolide
Total

Content

G45 0

G46 0

G47 0

G48 0.14 ± 0.022 0.140

G49 0

G50 0.241 ± 0.001 0.17 ± 0.02 0.415

G51 8.7 ± 0.8 2.8 ± 0.2 11.6

G52 0.013 ± 0.001 0.0133

G53 0.017 ± 0.007 28.9 ± 0.6 0.8 ± 0.1 29.8

G54 0.056 ± 0.001 0.0567

G55 0.26 ± 0.04 0.266

G56 0.18 ± 0.02 0.188

G57 0.19 ± 0.098 0.008 ± 0.001 0.0202

G58 0.033 ± 0.001 0.014 ± 0.005 0.0471

G59 10 ± 3 10.4

G60 0

G61 0.613 ± 0.006 0.6133

G62 0

G63 0.31 ± 0.06 0.0220 ± 0.0003 0.332

G64 0.062 ± 0.003 0.0621

G65 2356 ± 31 0.05 ± 0.01 2355

G66 1840 ± 102 0.033 ± 0.001 1840

G67 0.077 ± 0.001 74.3 ± 0.2 74.4

Only 20% of the samples were free of these compounds (16/67). The highest number
of synthetic musks (galaxolide, cashmeran, phantolide and tonalide) were detected in
sample G33. Although several of these PCPs such as galaxolide were found at concen-
trations above 10 μg g−1 (e.g., 56 μg g−1 in G33), in most cases, these compounds were
presented at concentrations below 1 μg g−1. An exception is the musk xylene which was
detected in two samples at extraordinarily high concentrations, 2356 μg g−1 in G65 and
1840 μg g−1 in G66; this being the synthetic musk with the highest concentrations followed
by cashmeran at 74 μg g−1 in G67.

Regulatory Issues

The regulation of cosmetic products states that the synthetic musks ambrette, tibetene
and moskene are prohibited. These chemicals were not detected in any of the analysed
hydroalcoholic gels. Nevertheless, 51 samples contained at least one target synthetic musk,
so the terms “parfum” or “aroma” must appear on their label. However, only 17 samples
(see Table S2) were labelled with the word ‘parfum’, which indicates that 34 of 51 are
under-labelled, although in general, the concentrations for this family of fragrances were
quite low as it was commented. Some substances such as tonalide, phantolide and musk
xylene must be mentioned when their concentration surpass 1%, 2% and 0.03%, respectively.
Musk xylene was detected in two samples at very high concentrations, surpassing the
regulation’s limit, and its presence was not indicated in the label of any sample. In the
case of phantolide and tonalide, they were detected in four and six samples, respectively,
but none of them surpassed the regulation’s limit, so they did not have to be indicated, as
it is the case. As was mentioned, galaxolide was the most frequently found (63% of the
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analysed samples) and is under assessment as a persistent, bioaccumulative and endocrine
disruptor [21].

3.3.3. Preservatives

All target preservatives were found in the analysed samples, as can be seen in Table 4.

Table 4. Individual concentration (μg g−1) of the preservatives detected in 67 hydroalcoholic gel
samples and total content.

PhEtOH BHA BHT TCS MeP EtP iPrP PrP iBuP BzP
Total

Content

G1 0.29 ± 0.01 0.3 ± 0.1 50 ± 11 1.2 ± 0.34 51.8

G2 0.012 ± 0.001 0.0121

G3 0.009 ± 0.001 0.0099

G4 0.05 ± 0.01 23 ± 4 29 ± 3 3.92 ± 0.02 61 ± 1 118

G5 2.5 ± 0.27 7.2 ± 0.9 9.84

G6 1.0 ± 0.1 1.06

G7 1.8 ± 0.1 1.81

G8 72.5 ± 0.5 2.3 ± 0.45 74.8

G9 2.5 ± 0.8 2.54

G10 1.19 ± 0.01 150 ± 13 151

G11 1.0 ± 0.1 1.0

G12 0.6 ± 0.1 0.654

G13 245 ± 2 1.15 ± 0.01 0.04 ± 0.01 2.6 ± 0.24 248

G14 0

G15 166 ± 15 0.58 ± 0.048 167

G16 0.64 ± 0.05 4.5 ± 0.2 5.16

G17 0.105 ± 0.002 62 ± 5 28 ± 3 90.8

G18 12.4 ± 0.8 12.4

G19 0.10 ± 0.0010 2.57 ± 0.13 0.76 ± 0.03 23 ± 2 26.4

G20 3.6 ± 0.1 3.62

G21 0.169 ± 0.003 40 ± 11 1.7 ± 0.2 42.3

G22 10,477 ± 797 10,477

G23 0.6 ± 0.2 0.644

G24 170 ± 1 0.03 ± 0.01 1.05 ± 0.07 10 ± 1 48.81 ± 0.04 2.9 ± 0.30 233

G25 0.5 ± 0.10 0.551

G26 0

G27 0.097 ± 0.005 3.4 ± 0.7 3.53

G28 0.034 ± 0.006 0.0348

G29 0.12 ± 0.01 6.19 ± 0.04 0.088 ± 0.007 0.49 ± 0.015 4.24 ± 0.01 0.45 ± 0.01 11.6

G30 0.18 ± 0.01 1.5 ± 0.25 1.73

G31 9352 ± 19 9352

G32 0.136 ± 0.001 0.0136

G33 1.217 ± 0.098 5.4 ± 0.4 1.0 ± 0.19 7.71

G34 65 ± 36 1.3 ± 0.2 0.3 ± 0.1 66.6

G35 7908 ± 815 7908

G36 16.3 ± 4.4 2.902 ± 0.076 1.142 ± 0.097 3.6 ± 0.2 24.0

G37 4 ± 1 3.8

G38 0.260 ± 0.002 0.0125 ± 0.0010 6.3 ± 0.4 6.57

G39 3196 ± 871 0.8 ± 0.1 3197

G40 0

G41 0.55 ± 0.12 0.551

G42 7.0 ± 2.0 5.94 ± 0.04 0.243 ± 0.008 13.2

G43 0.212 ± 0.065 1.6 ± 0.3 1.85

G44 0.056 ± 0.007 4.4 ± 0.5 0.13 ± 0.013 4.60

G45 3.1 ± 0.4 3.18

G46 0.6 ± 0.11 0.61

G47 0

G48 1.6 ± 0.3 6.3 ± 0.87 7.96

G49 13,735 ± 373 0.454 ± 0.001 0.151 ± 0.006 13,735

G50 19 ± 1 0.12 ± 0.02 0.003 ± 0.001 1.9 ± 0.7 15 ± 2 36.4

G51 21 ± 3 0.57 ± 0.04 0.020 ± 0.002 0.32 ± 0.09 22 ± 2 0.3 ± 0.11 44.5
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Table 4. Cont.

PhEtOH BHA BHT TCS MeP EtP iPrP PrP iBuP BzP
Total

Content

G52 28 ± 7 28.8

G53 8 ± 1 0.35 ± 0.07 0.8 ± 0.1 0.05 ± 0.01 7.0 ± 0.92 13.1 ± 0.6 29.7

G54 9 ± 4 17.3 ± 0.2 26.0

G55 20.0 ± 6.5 0.61 ± 0.07 5.4 ± 0.2 26.1

G56 5428 ± 104 1.21 ± 0.05 8 ±1 59 ± 15 5495

G57 3.4 ± 0.1 3.46

G58 0.008 ± 0.002 0.0086

G59 1.7 ± 0.5 1.76

G60 0

G61 0.014 ± 0.001 0.0145

G62 1.3 ± 0.10 4.68 ± 0.14 6.02

G63 1.00 ± 0.069 0.0124 ± 0.0003 0.008 ± 0.001 0.50 ± 0.08 1.54

G64 0

G65 0.05 ± 0.017 0.13 ± 0.04 0.7 ± 0.3 0.942

G66 0.05 ± 0.02 0.070 ± 0.003 0.14 ± 0.05 0.302

G67 4.3 ± 0.3 15 ± 3 19.3

The most frequently found were EtP in half of the samples (52%) and PhEtOH in 37%
(25/67). The antioxidant BHT and the parabens MeP and iBuP were found in more than
20% of the samples and TCS and iBuP were detected in more than 10 samples.

The highest number of preservatives found in the same sample was six in G29, G51
and G53. Nevertheless, more than the 56% of the samples contained between 1 (25/67) and
2 (13/67) of the target preservatives. In six samples, none of the target preservatives were
present (G14, G26, G40, G47, G60 and G64).

In most cases, the concentrations were at the low μg g−1 (Table 4), excluding PhEtOH
which was found at very high concentrations of up to 13,735 μg g−1. The median con-
centration value of this substance in the analysed samples was 20 μg g−1, which is the
highest value with a noticeable difference with the rest of the preservatives. Regarding the
detected parabens, PrP was presented at concentrations of up to 150 μg g−1, EtP, iBuP and
BzP up to 60 μg g−1 and MeP up to 23 μg g−1. BHT was detected at concentrations of up
to 170 μg g−1 and TCS and BHA only appear at very low concentrations below 1 μg g−1.

Regulatory Issues

The Annex V of the EC Regulation No 1223/2009 comprised the preservatives allowed
in cosmetic products, among which some of the target substances are included (PhEtOH,
MeP, EtP and PrP).

The established maximum concentration in ready-for-use preparation for PhEtOH,
a substance which is harmful if ingested, causing serious eye damage and may cause
respiratory irritation, is 1.0% (10,000 μg g−1). However, samples G49 and G22 surpassed
this limit since they contained 1.4 and 1.0% (w/w) of the sample, respectively. The labels
of these hydroalcoholic gels in addition to G35, G37 and G44 show that this compound
is present at 2.1% (w/w). As described in Table S2, these samples comply with UNE-EN
standards and, although all samples have the same labelling, the brand name is different, so
they were analysed individually. The appearance of this compound in the product labelling
in such high concentrations is due to these hydroalcoholic gels being considered biocides
and that ECHA has endorsed the approval of PhEtOH as an active substance in type 1
biocidal product, which are those intended for human hygiene [5,22]. Nevertheless, they
contained other substances such as fragrances, so they should be considered cosme-tics,
although some of them would not comply with this regulation.

As regard the parabens EtP and MeP, PrP were detected at concentrations lower
than the permitted limits, 0.4% (EtP and MeP) and 0.14% (PrP). The prohibited parabens
in cosmetic products, as iPrP, iBuP and BzP, were found in around 9%, 21% and 6%,
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respectively, of the analysed hand sanitisers at concentrations of up to 60 μg g−1 (iBuP in
G4 and BzP in G56).

The antioxidant BHT, which has been very recently (July 2023) included in the Annex
III of Regulation EC 1223/2009—substances in cosmetics products must not contain except
subject to the restrictions laid down—is regulated for leave-on and rinse-off products at a
maximum concentration of 8000 μg g−1, but none of the hydroalcoholic gels surpassed this
value since the highest concentration was 170 μg g−1 in G24. In contrast, the triclosan is
regulated but it does not have a limit for this type of cosmetic products.

3.3.4. Plasticisers

Considering plasticisers, four phthalates and three adipates were present in the anal-
ysed hydroalcoholic gels: DMP (8/67), DEP (24/67), DPP (3/67), DEHP (15/67) and DMA
(7/67), DEA (10/67), DEHA (2/67), as can be seen in Table 5.

Table 5. Individual concentration (μg g−1) of plasticisers detected in 67 hydroalcoholic gel samples
and total content.

DMP DEP DPP DEHP DMA DEA DEHA
Total

Content

G1 0.4 ± 0.13 0.22 ± 0.01 1.0 ± 0.3 1.73

G2 1.70 ± 0.07 0.10 ± 0.01 1.82

G3 0.230 ± 0.0034 0.12 ± 0.03 0.22 ± 0.04 0.586

G4 0.15 ± 0.02 0.155

G5 0.42 ± 0.05 0.114 ± 0.004 4.0 ± 0.1 4.61

G6 0.59 ± 0.010 25.5 ± 0.92 26.1

G7 3.2 ± 0.2 3.25

G8 0.19 ± 0.02 0.191

G9 10 ± 2 104 ± 7 113.8

G10 1.8 ± 0.2 1.87

G11 0

G12 0

G13 0.45 ± 0.010 1804 ± 123 0.15 ± 0.013 1804

G14 0

G15 0

G16 0

G17 8.7 ± 1.2 8.7

G18 0

G19 0.53 ± 0.07 1.1 ± 0.1 1.37 ± 0.02 3.09

G20 8238 ±783 0.399 ± 0.007 8238

G21 0

G22 0

G23 0.68 ± 0.30 0.68

G24 0

G25 0

G26 0

G27 0

G28 108 ± 4 0.098 ± 0.01 108

G29 6.3 ± 0.3 0.11 ± 0.01 6.51

G30 0.047 ± 0.0012 0.047

G31 0.63 ± 0.09 4888 ± 13 4888
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Table 5. Cont.

DMP DEP DPP DEHP DMA DEA DEHA
Total

Content

G32 6.5 ± 0.7 6.5

G33 0

G34 0.19 ± 0.05 0.7 ± 0.1 0.85

G35 0

G36 0.24 ± 0.03 0.14 ± 0.036 0.56 ± 0.027 0.96

G37 0

G38 8 ± 1 0.25 ± 0.045 8.58

G39 0.2 ± 0.1 0.14 ± 0.04 0.212 ± 0.005 0.010 ± 0.007 0.569

G40 0.231 ± 0.007 0.231

G41 0

G42 0

G43 0

G44 0.9 ± 0.2 0.053 ± 0.001 0.957

G45 2.8 ± 0.2 2.8

G46 0

G47 0

G48 0

G49 0

G50 0.79 ± 0.05 0.79

G51 0.16 ± 0.01 4 ± 1 2.1 ± 0.3 0.080 ± 0.001 0.9 ± 0.2 7.79

G52 0

G53 1910 ± 106 12 ± 3 1922

G54 0

G55 0

G56 0.6 ± 0.1 0.11 ± 0.02 0.19 ± 0.05 0.952

G57 0

G58 0

G59 0

G60 0

G61 0.24 ± 0.02 0.24

G62 538 ± 4 538

G63 0.333 ± 0.094 0.333

G64 0

G65 0.05 ± 0.01 0.050

G66 0.14 ± 0.06 1.77 ± 0.08 1.92

G67 0

Regarding the number of compounds, in most samples, two or three of the target
compounds were found. One sample presented five of the compounds (G51) followed by
the sample G39 with four compounds (Table 5). Almost half of the samples (31) were free
of the target plasticisers.

In general, the concentrations were below 2 μg g−1 but it should be underlined that
there is the high concentration of DEP in some samples with concentrations between 1800
and 8240 μg g−1 (0.2–1%). DMP reached a concentration of 108 μg g−1 in sample G28,
although this value is much lower than the previous values indicated for DEP.
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Regulatory Issues

Some of the analysed plasticisers are banned by the EC Regulation No 1223/2009.
Among the detected ones, DEHP and DPP are prohibited in cosmetics (see Figure 3),
and they were detected in 3 and 15 samples, respectively. Both substances are toxic for
reproduction and DEHP is also considered an endocrine disruptor. The presence of these
phthalates may be due to migration from the plastic container to the hydroalcoholic gel.
Previous studies have demonstrated the transfer of certain substances from the applicators
to cosmetic products [23]. Other prohibited substances such as DBP, DMEP, DIPP, BBP,
DIBP, DIHP, DPhP, DnOP and DCHP were not found in any of the analysed samples.
On the other hand, it is important to note that DEP, the plasticiser found in the highest
concentrations (up to 8238 μg g−1), is under evaluation as an endocrine disruptor, even
though it is not legislated in cosmetic products.

4. Conclusions

Sixty-seven hydroalcoholic gels collected in different establishments were analysed
by SPME-GC-MS/MS, a validated methodology which allows a complete analysis of the
hydroalcoholic gel samples. Sixty personal care products, including fragrance allergens,
synthetic musks, preservatives and plasticisers were targeted. The results revealed the
presence of 48 out of these 60 target compounds in the analysed hydroalcoholic gels. Only
one sample complied with the WHO recommendations for hand sanitiser formulations.
The highest concentrations were observed for fragrance allergens and many of the samples
did not comply with the legislation for these substances as, despite not being labelled,
they contained some above the 0.001% limit in leave-on products. Furthermore, some
prohibited compounds (iPrP, iBuP, BzP, DEHP and DPP) were detected in some cases. In
addition, some hydroalcoholic gels are considered biocidal, although after the analysis of
their composition, they should be considered cosmetic products. In this context, PhEtOH
sometimes exceeds the limits set for cosmetics, while it is allowed for biocides for human
hygienic use. Therefore, results demonstrated that greater control over the formulations of
these frequently used cosmetic products is necessary to ensure consumer safety without
causing undesirable side effects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mps6050095/s1, Table S1: Target compounds. CAS number, molec-
ular mass, retention time, MS/MS transitions and restrictions for leave-on cosmetics (EC 1223/2009
regulation) [6]; Table S2: Information for the analysed samples including the composition indicated
on the label; Figure S1: Comparison of the recoveries obtained for fortified hydroalcoholic gel samples
free of target compounds (except DEP) at two levels: 0.2 μg g−1 and 2 μg g−1. Table S3: SPME-GC-
MS/MS performance. Linearity, precision, recoveries, instrumental detection limits (IDLs) and limits
of detection (LODs).
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Abstract: The drug combination of rosuvastatin (ROS) and ezetimibe (EZE) is used to treat hyper-
cholesterolemia. In this work, a simultaneous electrochemical examination of ROS and EZE was
conducted for the first time. The electrochemical determination of ROS and EZE was carried out
using adsorptive stripping differential pulse voltammetry (AdSDPV) on a glassy carbon electrode
(GCE) in 0.1 M H2SO4. The effects of the pH, scan rate, deposition potential, and time on the detection
of ROS and EZE were analyzed. Under optimum conditions, the developed sensor exhibited a linear
response between 1.0 × 10−6 M and 2.5 × 10−5 M for EZE and 5.0 × 10−6 M, and 1.25 × 10−5 M for
ROS. The detection limits for ROS and EZE were 3.0 × 10−7 M and 2.0 × 10−6 M, respectively. The
developed sensor was validated in terms of linear range, accuracy, precision, the limit of determina-
tion (LOD), and the limit of quantification (LOQ), and it was evaluated according to ICH Guidelines
and USP criteria. The proposed method was also used to determine ROS and EZE in human urine
and serum samples, which are reported in terms of recovery studies.

Keywords: rosuvastatin; ezetimibe; glassy carbon electrode; adsorptive stripping differential pulse
voltammetry

1. Introduction

Rosuvastatin (ROS) is a hypercholesterolemia drug that lowers plasma cholesterol
levels (Scheme 1a) [1]. ROS has a structure that is similar to most other synthetic statins,
but unlike other statins, it contains sulfur. ROS is a competitive inhibitor of the enzyme
HMG-CoA reductase [2–4]. Ezetimibe (EZE) is a drug that the FDA has confirmed as
curing hypercholesterolemia (Scheme 1b). EZE is the first lipid-lowering drug that reduces
the amount of lipoprotein cholesterol by preventing the absorption of cholesterol at the
brush-border level of the intestine. It prevents the intestinal uptake of dietary and bile
cholesterol [4,5].

(a) (b) 

Scheme 1. The chemical structures of (a) rosuvastatin and (b) ezetimibe.
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Statins and EZE have different lipid-lowering mechanisms of action, and combining
them can obtain the strongest impact on lowering lipids and stabilizing plaque areas [6].
In the literature, it has been found that the combination of ROS and EZE further lowers
total cholesterol and LDL cholesterol, clearly lowering triglyceride levels, and potentiating
the lipid-lowering effects. The combination of ROS and EZE decreases lipid levels and the
plaque burden. The combination of a statin and EZE has a greater effect on coronary plaque
regression in patients with acute coronary syndrome [6,7]. Adding EZE to ROS significantly
improves many more lipid parameters than does doubling the ROS dose [8]. The literature
includes descriptions of patients who received 5, 10, 20, or 40 mg of ROS every day, and
the average plasma concentration for ROS was 1.6 ng/mL, 3.5 ng/mL, 6.3 ng/mL, and
9.8 ng/mL, respectively [9]. For patients taking one dose of 10 mg of ezetimibe, average
ezetimibe peak plasma concentrations (Cmax) of 3.4 to 5.5 ng/mL were acquired within 4 to
12 h [10].

The two major fields of the natural sciences, chemistry and electrical science, came
together in the 19th century to form electrochemistry [11]. Electrochemical techniques are
extensively used in drug analysis. Among all of the electrochemical methods, stripping
analysis is one of the most sensitive electrochemical techniques, and it is therefore used in
quantitative determinations, especially in drug analysis. In recent years, stripping voltam-
metry has been used in the analysis of many drug substances [12]. The reason for this great
sensitivity is the combination of an efficient accumulation phase with advanced measure-
ment processes that produce an excellent signal [13,14]. The adsorptive accumulation is
intended to deposit the analyte present in the solution on an electrode surface with a small
surface area. Stripping voltammetry is also used in clinical practice and allows the conduct
of various analyses of human blood, urine, and tissues [15].

The literature reveals some analytical techniques for the simultaneous detection of
ROS and EZE. These methods are reverse-phase high-performance liquid chromatogra-
phy [16,17], micellar liquid chromatography [18], high-performance column liquid chro-
matography, high-performance thin-layer chromatography [19], spectrophotometry [20,21],
and liquid chromatography/mass spectrometry [22,23]. In this work, EZE and ROS were
electrochemically analyzed using the AdSDPV technique at GCE. The efficacy of the elec-
trochemical method was fully analyzed for the detection of ROS and EZE in commercial
human serum and in urine samples, and we report on it in terms of recovery studies.

2. Experimental Design

2.1. Materials

Different supporting electrolytes of H2SO4 solutions (0.1 and 0.5 M), acetate (pH 3.7–5.7),
and phosphate (pH 2.0–8.0) buffers were prepared for electrochemical measurements. AdS-
DPV voltammogram recordings were obtained after the addition of each aliquot. Drug-free
human serum from male AB plasma was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Acetic acid, acetonitrile, methanol, phosphoric acid, sodium acetate trihydrate,
sodium dihydrogen phosphate dihydrate, sodium hydroxide, sodium phosphate monoba-
sic, sodium phosphate, and sulfuric acid were purchased from Sigma-Aldrich. All reagents
were of analytical grade and were used without pre-processing. All measurements were
realized at room temperature; all solutions were kept from light and used within 24 h to
prevent degradation.

2.2. Equipment

A Bioanalytical Systems (BAS 100W) electrochemical analyzer with a standard three-
electrode system was used for the voltammetric measurements. The three-electrode system
included a platinum-wire counter electrode, an Ag/AgCl-saturated KCl reference electrode,
and a GCE (GC, BAS; 3 mm, diameter), which served as a working electrode. The surface
of the GCE was polished with an aqueous slurry of alumina powder (Φ: 0.01 μm) on a
damp, smooth polishing cloth just before each experiment. The pH was checked using a
pH meter Model 538 (Weilheim, Germany). Operating conditions for AdSDPV were as
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follow: pulse amplitude, 50 mV; deposition time, 15 s; scan rate, 20 mV/s; pulse width,
50 ms; sensitivity, 10 μA/V; sample width, 17 ms; pulse period, 200 ms; quiet time, 10 s.

3. Procedures

3.1. Standards and Sample Preparation

The 1 × 10−3 M stock solution of ROS and EZE was prepared in methanol and kept in
a refrigerator (+4 ◦C). The solutions of ROS and EZE for the voltammetric measurements
were prepared by direct dilution of the stock solution with 0.1 M H2SO4, and they included
a constant amount of methanol (20%, v:v). Analytical curves were obtained by adding
aliquots of the stock solutions of ROS and EZE into the electrochemical cell containing
10.0 mL of the 0.1 M H2SO4 with a constant amount of methanol.

3.2. Biological Sample Preparation

The applicability of the developed procedure to human urine samples was also inves-
tigated. Drug-free urine samples were collected from a healthy laboratory employee on the
day of the experiment. To prepare a stock urine solution, 5.4 mL of acetonitrile, 3.6 mL of
the drug-free urine samples, and 1 mL of the ROS/EZE stock solution (1 × 10−3 M) were
placed in a 10 mL centrifuge tube. First, the mixture was vortexed for 10 min, and then it
was centrifuged at 3500 rpm for 30 min. The supernatant part was carefully transferred
to a distinct, clean tube. In this procedure, acetonitrile acted as a precipitating agent. A
ROS/EZE-free sample of the same urine was used as a blank solution. All measurements
were performed at least in triplicate, and the standard addition technique was performed
for the determination of ROS/EZE.

Synthetic human serum was kept frozen at −20 ◦C in a freezer until analysis. For
the preparation of a stock serum sample, a standard procedure was followed. Quantities
of 1 mL of ROS/EZE, 5.4 mL of acetonitrile, and 3.6 mL of synthetic human serum were
added to a centrifuge tube to prepare a stock serum solution. First, it was vortexed for
10 min and then centrifuged at 3500 rpm for 30 min, and later, the supernatant was taken.
Here, acetonitrile was used to precipitate serum proteins. The supernatant was diluted
with 0.1 M H2SO4 to prepare certain concentrations for the recovery measurements. All of
the experiments were performed at least three times for calibration and five times for the
recovery experiments.

Analytical curves were obtained by adding aliquots of the stock solutions of ROS and
EZE from synthetic human serum or human urine into the electrochemical cell containing
10.0 mL of the 0.1 M H2SO4 with a constant amount of methanol.

4. Results and Discussion

4.1. Voltammetric Behavior of ROS and EZE

The voltammetric behavior of ROS and EZE was examined on a GCE in detail. In the
first step, the behavior of ROS and EZE was investigated by CV studies to characterize their
electrochemical oxidation behavior in the range of 0 V to 1.6 V. The CV results indicated
the irreversible nature of the oxidation process of ROS and EZE. Moreover, the adsorptive
stripping differential pulse voltammetric (AdSDPV) technique was further used, and the
anodic oxidation was observed until reaching a potential of about 0.9 V, and 1.2 V; there
was a single well-defined and sharp oxidation peak for EZE and ROS, respectively, using
the AdSDPV technique on a GCE in 0.1 M H2SO4 (Figure 1).

73



Methods Protoc. 2022, 5, 90

Figure 1. The AdSDPV voltammograms of 5.0 × 10−6 M EZE and 7.5 × 10−6 M ROS in 0.1 M H2SO4

(stripping conditions: accumulation potential of 0.0 V and accumulation time of 15 s).

4.2. Influence of the pH

The electrochemical behavior of ROS and EZE was studied within a wide pH range
(pH 0.3–7.0) using the DPV technique on a GCE. With the DPV method, the maximum
current occurred in the 0.1 M H2SO4 medium. The following equation followed the effect of
pH on the peak potential. The Ep-pH plots indicated that a pH increase caused the shifting
of peak potentials to less positive values (Figure 2).

Ep (mV) = 1354.24 − 22.79 pH; R2 = 0.997 for ROS

Ep (mV) = 998.49 − 50.99 pH; R2 = 0.998 for EZE

Figure 2. Plot of Ip vs. pH of 1 × 10−4 M ROS and EZE solution using the DPV.

74



Methods Protoc. 2022, 5, 90

4.3. Influence of the Scan Rate

Scan rate experiments were performed to understand the electrochemical oxida-
tion/reduction mechanisms, such as adsorption or diffusion. The influence of the scan rate
between 5 and 1000 mV/s on the peak current and potential was investigated in 0.1 M
H2SO4 using CV, where the highest peak was obtained in pH studies using a GC electrode.

The plot of Ep vs. log v was linear; this attitude is coherent with the EC nature of the
reaction in which the electrode reaction is coupled with an irreversible follow-up chemical
step in CV. According to [24], Ep can be defined by the following equation;

Ep = E0′ − 2.303RT
αnF

log
RTk0

αnF
+

2.303RT
αnF

log v

where E0 is the formal potential, R is the gas constant, T is the temperature, k0 is the
standard heterogeneous rate constant, α is the transfer coefficient of the oxidation of ROS
and EZE, v is scan rate, F is the Faraday constant, and n is the number of electrons that are
involved in the electrooxidation of ROS and EZE [22].

In general, α is used as 0.5 for irreversible processes. Since α is 0.5 for irreversible
systems, n can be calculated from

Ep (V) = 0.046 log v (V·s−1) + 1.312 (r = 0.997) (0.1 × 10−3 M ROS), and n is found to
be 2.36 for ROS, and

Ep (V) = 0.049 log v (V·s−1) + 1.066 (r = 0.997) (0.1 × 10−3 M EZE), and n was calculated
as being 2.38 for EZE (Figure 3a,b).

(a) (b) 

(c) (d) 

Figure 3. Results of scan rate studies: (a) Ep vs. log v, (b) log Ip vs. log v for 0.1 mM ROS, (c) Ep vs.
log v, and (d) log Ip vs. log v for 0.1 mM EZE in H2SO4.
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Moreover, the logarithm of peak current vs. the logarithm of scan rate gives more
detailed information about the electrochemical mechanisms. When these graphs were
plotted, for EZE, from the slope of the equation log (Ip) = 0.783 log v − 1.186 (r = 0.998),
it can be concluded that the reaction is adsorption-controlled since the slope was close
to 1. Thus, as a result of the scan rate experiments, in the 0.1 M H2SO4 medium, the
electrochemical behavior of EZE was found to be adsorption-controlled (Figure 3d).

For ROS, the slope of the equation log (Ip) = 0.582 log v − 1.008 (r = 0.992), and the
electrochemical behavior of ROS was found to be diffusion-controlled (Figure 3c). As we
aimed to determine these two drug-active compounds simultaneously, we applied the
adsorptive stripping method, which enabled us to assess ROS and EZE precisely.

In the literature, the electrochemical determination of ROS and its possible oxida-
tion mechanism have been studied. The authors suggested an electrooxidation mecha-
nism involving a Kolbe electrolysis reaction of the carboxylic acid group localized at the
dihydroxyhept-6-enoic acid portion of the rosuvastatin calcium molecule [25–27]. In the
literature, the electrochemical behavior and possible oxidation mechanism of EZE was also
reported by the authors as being due to the inductive effect of the fluoride group in the
aromatic rings of the EZE molecule; oxidation takes place in the hydroxyl group of phenol
(EC mechanism) and the main voltammetric behavior of aromatic hydroxyl derivatives,
which are structurally related to the mechanism of oxidation of EZE, may be postulated by
the oxidation of the hydroxyl group on the aromatic ring [28,29].

4.4. Effect of Deposition Time and Potential

Parameters, such as deposition time and potential, significantly affect the AdSDPV
peaks of the analytes. Hence, these parameters as related to AdSDPV were optimized to
obtain the best results for the determination of ROS and EZE. The effect of the deposition
time on stripping peak current was studied in the range of 0 s to 50 s, with 0 V deposition
potential. It was observed that the peak current increased between 0 and 15 s (Figure 4).
However, after 15 s, a decrease was observed in the peak current. As a result, 15 s was
selected as the optimum deposition time. The effect of deposition potential, which is another
important parameter, on stripping peak currents was studied in deposition potentials
ranging from −0.1 V to +0.1 V, with a constant accumulation time of 15 s (Figure 4). A
decrease in stripping peak currents was observed after the 0 V deposition potential, with
an accumulation time of 15 s. A deposition time of 15 s and a deposition potential of 0 V, at
which the maximum peak current was observed, were used in all subsequent experiments
(Figure 4).

(a) (b) 

Figure 4. Effects of deposition potential (a) and (b) time.
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4.5. Analytical Characterization and Validation

Under optimum deposition potential and time conditions using the AdSDPV, samples
with increasing concentrations of EZE and ROS were prepared. Analytical characterization
in terms of LOD and LOQ based on 3 s/m and 10 s/m, respectively, were achieved using
linear curves; where m is the slope of the related calibration curves and s is the standard de-
viation of the peak currents of the lowest concentration of the analyte. EZE was determined
in the linear range between 1.0 × 10−6 M to 2.5 × 10−5 M, with a LOD of 3.0 × 10−7 M and
a LOQ of 1.0 × 10−6 M. ROS was determined in the linear range between 5 × 10−6 M to
1.25 × 10−5 M, with a LOD of 2.0 × 10−6 M and a LOQ of 6.6 × 10−6 M. For the validation
of the developed method, accuracy and precision were investigated by analyzing five
replicate experiments between days and within days. Relative standard deviations (RSD%)
were determined to control the precision of the technique. As summarized in Table 1,
the results after statistical evaluation indicate that the technique is analytically acceptable
(Figure 5 and Table 1).

Table 1. Statistical assessment of the calibration data for determination of ROS and EZE by the AdS-
DPV method in 0.1 M H2SO4 (stripping conditions: accumulation potential of 0.0 V and accumulation
time of 15 s).

Buffer Serum Urine

Compounds EZE ROS EZE ROS EZE ROS

Linearity range
(M)

1 × 10−6–2.5 ×
10−5

5 × 10−6–1.25
× 10−5

3.0 × 10−6–1.0
× 10−5

2.0 ×10−5–6.0
× 10−5

3.0 × 10−6–1.0
× 10−5

2.0 × 10−5–6.0
× 10−5

Slope (μA/mM) 76.93 24.20 30.54 11.31 49.05 14.19
Intercept (mM) −0.03 −0.08 0.03 −0.12 0.09 −0.05
Determination
coefficient 0.999 0.999 0.999 0.999 0.999 0.999

LOD (M) 3.0 × 10−7 2.0 × 10−6 1.0 × 10−6 1.0 × 10−6 3.0 × 10−7 1.0 × 10−6

LOQ (M) 1.0 × 10−6 6.6 × 10−6 2.0 × 10−6 4.0 × 10−6 1.0 × 10−6 4.0 × 10−6

Within-day
Repeatability
(RSD %) *

1.20 1.74 1.45 1.42 1.68 1.67

Between-day
Repeatability
(RSD %) *

1.48 1.72 1.83 1.51 1.87 1.98

* Average of the five values.

Figure 5. AdSDPV of sensor in various concentrations of (a) EZE and (b) ROS using the AdSDPV
technique in 0.1 M H2SO4 (stripping conditions: accumulation potential of 0.0 V and accumulation
time of 15 s).
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4.6. Determination of Ezetimibe and Rosuvastatin in Biological Samples

In optimized conditions, the electrochemical method was also applied for the detection
of EZE and ROS in buffer, spiked human serum, and urine samples, and reported in terms of
recovery. Using the suggested method, the purified samples were used for the simultaneous
determination of EZE and ROS. Recovery studies were performed by adding ROS and
EZE in certain amounts to the human urine samples and serum samples by the proposed
technique. The recovery studies of ROS and EZE were assessed based on the data given
in Table 1. The proposed technique of RSD% and the average recovery results confirmed
suitable accuracy and precision. The applicability of the developed method was indicated
by constituting calibration graphs for ROS and EZE in the presence of spiked urine and
serum samples. The developed technique was used for the accurate determination of ROS
and EZE in biological samples without any pretreatment procedure. The outcomes of
the calibration calculations and related parameters obtained in human urine and serum
samples are given in Table 1. Recovery results of ROS and EZE were controlled with the
corresponding calibration equations, obtained in human urine and serum samples, and
found acceptable (Table 2). All results indicated the potential applicability of the developed
method for evaluating human urine and serum samples.

Table 2. Recovery results obtained from the analysis of ROS and EZE in human urine and serum
samples by AdSDPV method in 0.1 M H2SO4 (stripping conditions: accumulation potential of 0.0 V
and accumulation time of 15 s).

ROS EZE

Human Urine Human Serum Human Urine Human Serum

Added (mg) 5.00 5.00 5.00 5.00
Found (mg) * 4.87 4.92 4.82 4.89
Recovery (%) * 97.4 98.4 96.4 97.8
RSD (%) 1.10 0.80 1.30 0.90
Bias (%) 2.60 1.60 3.60 2.20

* Average of the five values.

5. Conclusions

In this study, the electrochemical behavior of ROS and EZE was studied simultane-
ously for the first time. AdSDPV was used for the reliable detection of ROS and EZE
in a 0.1 M H2SO4 solution with commercial deproteinated human serum samples and
human urine samples using a GCE, and results were reported in terms of recovery. The
developed simple and low-cost method showed high sensitivity, a low limit of detection,
good repeatability, and good linearity. In the proposed technique, we monitored linear
relationships varying from 1.0 × 10−6 M to 2.5 × 10−5 M for EZE concentrations and from
5.0 × 10−6 M to 1.25 × 10−5 M for ROS concentrations. LOD values were found for ROS
and EZE as 3.0 × 10−7 M and 2.0 × 10−6 M, respectively. As is stated in the literature, for
patients taking 40 mg ROS daily, the average plasma concentration of ROS (Cmax) was
9.8 ng/mL (0.0098 μg/mL) [9]. Furthermore, after one dose of EZE, average EZE peak
plasma concentrations (Cmax) of 3.4 to 5.5 ng/mL (0.0055 μg/mL) were obtained within 4
to 12 h (Tmax) [10]. These values are higher than our limit of detection value, indicating
that the proposed method can be used to detect ROS and EZE in real samples.
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Abstract: UV filters (UVFs) are widely used in personal care and in industrial products for protection
against photodegradation. In recent years, their potential toxicological and environmental effects
have received growing attention. Due to their excessive use, their residue levels in the environment
are gradually increasing and they tend to accumulate on biological wastewater treatment sludge.
The utilization of sludge as fertilizer could be one of the main routes of UVF contamination in the
environment. Therefore, the development of a reliable and sensitive method of analyzing their trace
level residues in waste sludge samples is of great importance. The success of the method largely
depends on the sample preparation technique in such complex matrices. This study presents a rapid,
sensitive and green analysis method for eight UVFs in sludge samples, selected for their rather
low no-observed-effect concentrations (NOEC). For this purpose, the QuEChERS methodology was
coupled with in-port derivatization for subsequent detection of the targeted UVFs via GC–MS/MS.
The analysis time was substantially shortened using this method, and reagent utilization was also
reduced. The method was validated in the sludge samples, and high recovery (66–123%) and low RSD
values (<25.6%) were obtained. In addition, major contributing uncertainty sources and expanded
uncertainties were determined.

Keywords: UVFs; QuEChERS; in-port derivatization; waste sludge

1. Introduction

UVFs are the general name for the chemical group that absorbs ultraviolet light, through
which the adverse effects of UV light are eliminated. UVFs can be grouped as inorganic,
such as TiO2 or ZnO [1], and organic, mostly used in personal care products, as well as in
plastics, automobile paints and rubber industries to increase resistance towards UV light
degradation [2]. These compounds can reach to water bodies through industrial and domestic
effluents. Since their utilization in personal care products and industrial applications are
widespread, the UVF residue levels in the environment are increasing extensively [3].

Organic UVFs are a wide range of compounds that differ in their structures and
properties. These highly persistent compounds in the environment tend to accumulate in
water [3–5], suspended particles, soil [6], sediment [7] and sludges [8–10]. Organic UVFs
can also accumulate in biota and disrupt the endocrine systems of aquatic organisms by
increasing their estrogen-induced cell proliferation [11]. It has been clearly stated that
UVFs affect different hormonal targets as well as estrogenic activity in mammals and fish,
and are therefore known as endocrine-disrupting chemicals (EDCs) [12,13]. Consequently,
one of these compounds has recently been included in the Watch List by The European
Water Framework Directive as a future priority pollutant [14]. Although the use of these
compounds in cosmetics is legally restricted [15], there is no limit to their concentration in
water and sewage sludge matrices. However, studies on the presence of UVFs in waste
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sludge have revealed that their concentration range from a few to thousands of μg/g in
dry mass [16]. The use of this sludge as fertilizer is another concern due to the widespread
distribution of UVF residues in agricultural soils and the possible contamination of crops.

Since their concentrations are very low, an appropriate preparation technique must
be applied to the samples to isolate and preconcentrate these filters. Current trends in the
determination of organic UVFs in environmental water samples based on microextraction
techniques have been reviewed [3,17,18]. However, their determination in sludge samples
faces difficulties due to the complexity of the matrices and their impact on the environment.
To date, one of the techniques used for UVF extraction from sewage sludge comprises
liquid–liquid extraction (LLE) followed by solid-phase extraction (SPE) [19–22] where
the excessive use of solvent is the main drawback of the method. The other technique
is pressurized liquid extraction (PLE), applied alone or coupled with SPE [23–29] or gel
permeation chromatography (GPC) [30]. Despite the advantage of using a smaller solvent
volume in the PLE technique, special equipment is required to conduct this method.

In the last few decades, method development studies have been devoted to modern
sample preparation techniques based on shorter analytical periods and the minimization of
organic solvent utilization for a wide range of pollutants. One of these modern techniques,
called QuEChERS (which is an acronymic for quick, easy, cheap, effective, rugged and
safe) has been well-established to improve laboratory efficiency and throughput. The main
advantage of this method is its small quantities of solvent utilization. The method has
already been tested for UVFs in human milk [31] and seafood samples [32], followed by
liquid chromatography systems coupled with mass detectors (LC-MS) and sludge samples,
and then, by detection using gas chromatography (GC–MS) [16,21–23]. LC-MS systems
are preferred for the analysis of polar UVFs, and no derivatization step is required in
accordance with the physicochemical properties of UVFs [33–36]. GC–MS has been used
for rather non-polar and volatile UV filters. Although the GC method provides high
separation efficiency, high selectivity and good sensitivity, it displays some disadvantages
such as the derivatization step, in which more reagents, greater reaction time and more
labor are required. Fortunately, the in-port derivatization technique is a practical and
environmentally friendly solution to these issues wherein the reaction takes place in the
injection block rather than in an off-line interaction. The analysis time can be substantially
reduced using this method and the selectivity can be improved since the technique enables
extra purification for the matrix effect.

In the present study, we aimed to detect eight UVFs in sludge samples. Benzophenone-
3 (BP-3), 3-benzylidene camphor (3BC), 2-ethyl hexyl-4-(dimethyl amino) benzoate (EDP),
2-ethyl-hexyl-4-trimethoxy cinnamate (EHMC), ethylhexyl salicylate (EHS), homosalate
(HMS), isoamyl p-methoxycinnamate (IAMC) and 4-methylbenzylidene camphor (4-MBC)
were selected according to their no-observed-effect concentration (NOEC) values. Their
chemical structures and NOEC limits are presented in Table 1. Considering the hydropho-
bicity (logKow: 3.79–6.16) of the analytes, the QuEChERS method was adopted; however,
due to the low volatility of these analytes along with their weak acidity (pKa: 7.56–8.13),
the analytes were derivatized using an in-port silylation technique prior to subsequent
quantification using the GC–MS/MS system. To the best of our knowledge, this is the first
report in the literature about the combination of QuEChERS with in-port derivatization
followed by GC–MS/MS for a wide variety of UVF analyses in waste sludge. This method
extensively decreases solvent or chemical consumption and shortens the analysis time
compared to off-line derivatization. The method validation parameters, major contributing
uncertainty sources and expanded uncertainties were determined.
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Table 1. Chemical Structures, IUPAC names and NOEC concentration of selected UVFs.

3-BC: 3-benzyline camphor
(3-benzylidene-1,7,7-trimethylbicyclo [2.2.1] heptan-2-one)

NOEC: 0.022 mg L−1

BP-3: benzophenone-3
(2-hydroxy-4-methoxy phenyl)-phenyl methanone

NOEC > 0.01 mg L−1

EDP: 2-ethyl hexyl-4-(dimethylamino) benzoate
NOEC: 0.012 mg L−1 EHMC: 2-ethyl-hexyl-4-trimethoxy cinnamate

NOEC: 0.003 mg L−1

EHS: 2-ethylhexyl 2-hydroxybenzoate (ethylhexylsalicylate)
NOEC: 0.008 mg L−1

HMS: 3,3,5-trimethylcyclohexyl 2-hydroxybenzoate
(Homosalate)

NOEC: 0.005 mg L−1

IAMC: isoamyl p-methoxy cinnamate
(3-methylbutyl (2E)-3-(4-methoxyphenyl) acrylate)

NOEC: 0.013 mg L−1 4-MBC: 4-methylbenzylidene camphor
NOEC: 0.008 mg L−1

2. Materials and Method

2.1. Reagents and Standard Solutions

The chemical standards of 2-ethylhexyl salicylate (EHS), 2-hydroxy-4-methoxyben-
zophenone (benzophenone-3, BP-3) >98%, 3,3,5-trimethylciclohexylsalicylate (homosalate,
HMS) >98%, 4-methylbenzylidene camphor (4-MBC) 99%, 2-ethyl-hexyl-4-trimethoxy
cinnamate (EHMC) 99%, and 2-ethyl hexyl-4-(dimethylamino) benzoate (EDP) 99% were
obtained from Dr. Ehrenstorfer (Augsburg, Germany). 3-benzylidene camphor (3BC) 99%,
isoamyl p-methoxycinnamate (IAMC) and % were acquired from Sigma-Aldrich (St. Louis,
MO, USA), Toronto Research Chemicals (Toronto, ON, Canada) and Chemservice (West
Chester, PA, USA), respectively.

LC-MS-grade methanol and acetonitrile, GC–MS-grade ethyl acetate (EtAC) and acetone,
sodium chloride, sodium sulfate and orthophosphoric acid were purchased from Merck
(Darmstadt, Germany). Bis(trimethylsilyl) trifluoroacetamide with 1% trimethylchlorosilane
(BSTFA + TMCS; 99:1, v/v) from Macherey-Nagel was used as derivatization reagent. This
reagent was stable for only 3 h during analysis. 2-dodecanol, 2-dodecanone, and 1-undecanol
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from Sigma were used as extraction solvents. Anhydrous magnesium sulphate (MgSO4),
primary and secondary amine exchange bonded silica sorbent (PSA) and octadecylsilan (C18)
were obtained from Supelco (Bellefonte, PA, USA) for the extraction step.

The stock solutions of individual UVFs (1000 μg mL−1) and mixtures of UVFs
(50 μg mL−1) were prepared in ethyl acetate to optimize the injection port derivatization con-
ditions in methanol to validate the QuEChERS method. These solutions of 1000 μg mL−1

and 50 μg mL−1 were stable for about 5 months and five days at −20 ◦C, respectively. The
working aqueous solutions were prepared daily from standards in methanol at different
concentrations using ultrapure water and environmental water. The sludge samples were
collected from a domestic wastewater treatment plant in Izmir, Turkey. Sludges were
air-dried and stored in the dark at −20 ◦C until analysis.

2.2. Sample Extraction

The procedure for extracting UVFs from sludge is a modified version of the method
reported previously [16]. As shown in Figure 1, a 0.5 g sewage sludge sample was dried
at room temperature and a spiked sample was transferred into a conical-bottom 15 mL
polypropylene tube containing 10 mL of ACN, vortexed for 2.5 min, and then, left in an
ultrasonic bath (J.P. Selecta, Barcelona, Spain) for 15 min. Then, the organic phase was
separated via centrifugation at 3500 rpm for 15 min and transferred to a conical-bottom
15 mL polypropylene tube containing 500 mg MgSO4, 410 mg C18 and 315 mg PSA. The
extract was then vortexed for 2.5 min and centrifuged for 15 min. After the supernatant
was transferred to a 10 mL tube, it was evaporated to dryness under N2 gas. Then, the
extract was dissolved in 1000 μL EtAC, instead of hexane as performed by Ramos et al. [16],
for the in-port derivatization step as previously applied to a surface water sample by our
research group [37]. The extract dissolved in EtAC was filtered through a 13 mm, 0.22 μm
PTFE filter, and then, it was transferred to a 1.5 mL amber vial. Finally, 2 μL of BSTFA
and 2 μL of extract were derivatized in the injection port using the sandwich technique.
In this technique, two aliquots of 2 μL BSTFA and 2 μL extract in EtAc, separated with an
air gap, are drawn into the microsyringe of a PAL autosampler, and then, injected to the
GC–MS/MS system.

Figure 1. Schematic illustration of the whole procedure.
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2.3. GC–MS/MS Analysis

GC–MS/MS analysis was performed using an Agilent 7890 B gas chromatograph
coupled with a triple quadrupole mass spectrometer (MS 7000C) and a PAL autosampler
(GC Sampler 80). For derivatization, the injection port temperature was held at 70 ◦C for
3 min, then, increased to 300 ◦C at a rate of 400 ◦C min−1 in splitless mode with a purge-off
time of 4.5 min. The oven temperature started at 70 ◦C for 4 min, increased to 180 ◦C at
25 ◦C min−1, then, increased to 230 ◦C at a rate of 5 ◦C min−1 and to 300 ◦C at a rate of
25 ◦C min−1; it was held for 10 min at this temperature. The injector was operated using
programmed temperature evaporation (PTV).

Separation was performed on 5% phenyl-arylene/95%-dimethylpolysiloxane HP-5MS
(30 m × 0.25 mm i.d. 0.25 μm film thickness) supplied by Phenomenex (Torrance, CA, USA).
Helium (99.999% purity) was used as the carrier gas at a constant flow of 1 mL min−1. In
MS/MS analysis, the temperatures of the ion source and the transfer line were 280 and
300 ◦C, respectively. The multiple reaction monitoring (MRM) technique was applied, and
electron ionization (EI) mode was used. The retention times (Rt) obtained, the optimized
MRM transitions and the collision energies (CE) for each UVF are given in Table 2. The
bold parent and product ions in the table show the quantification transitions.

Table 2. Experimental GC–MS/MS parameters of UVFs.

UVFs
Rt

(min)
MW

(g mol−1)
Parent Ions

(m/z)
Product Ions

(m/z)
CE

(eV)

3-BC 14.443 240.35 240.0
149.2
225.1
92.10

5
9

12

EHS 14.452 250.34 195.0
177.0
159.0
75.00

15
25
30

HMS 15.610 262.36 195.0
177.0
159.0
75.00

15
25
27

IAMC 15.737 248.32 178.1
161.0

161.1
133.0

15
10

4-MBC 16.120 254.37 254.0
239.0
105.0

15
25

BP-3 16.527 228.25 285.0 242.0 25

EDP 19.014 277.41
277.0
148.0
165.0

164.9
104.2
148.6

10
30
32

EHMC 19.501 290.41
161.0
178.0
290.0

133.1
133.1
178.1

8
22
6

2.4. Validation Studies

The matrix match method was used for the calibration curves. In this method, the
curves were constructed by subtracting the peak area values of the real sludge sample from
the spiked extract and plotting against the concentration of the UV filter added into the
real sludge sample.

The linear range, intra-day and inter-day repeatability, Limit of Detection (LOD),
Limit of Quantitation (LOQ) and recovery parameters were determined, and measurement
uncertainties of the method applied for UVFs were calculated. For the linearity of UVFs,
sludge samples were spiked with 40, 80, 200, 600 and 1200 ng g−1 UVF standards. The
extracts were evaporated to dryness under nitrogen gas, and they were diluted to 1000 μL
using ethyl acetate. The LOQ and LOD were calculated according to S/N = 10 and
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S/N = 3, respectively. Intra-day and inter-day repeatability studies were performed at low
(80 ng g−1), medium (300 ng g−1), and high (600 ng g−1) concentrations, with 3 replicates.

The selected test material was analyzed repeatedly under different conditions such as
on different days, using different analysts and different equipment, etc. The total variation
in the whole cluster can be represented as the combination of variances (s2) between
(Sbetween) and within groups (Sr). The repeatability (intra-day) and intermediate precision
(inter-day) values were calculated via ANOVA [38]. The standard deviation of Sr was
calculated by taking the square root of the within-group mean square term, as shown in
Equation (1), and the contribution of the grouping factor to the total variation was obtained
from Equation (2). In Equations (1) and (2), MSw is the within-group mean square term
and MSb is the between-group mean square term.

Then, intermediate precision (SI) was calculated by combining the within-group and
between-group variance components, as shown in Equation (3).

Sr =
√

MSw (1)

sbetween =

√
MSb − MSw

n
(2)

SI =
√

Sr2 + Sbetween
2 (3)

The intra-day (n = 3) and inter-day (n = 2) relative standard deviations (RSD%) of the
QuEChERS followed by GC–MS/MS were obtained using spiked solutions of the analytes
at different concentration levels. According to the 2015/1787 directive, if the RSD% value
of the applied method is less than 25%, the precision of this method is acceptable for
organic compounds.

Recovery studies to determine the accuracy of the method were carried out by
adding the UVF standards to the sewage sludge samples at concentrations of 80, 300 and
600 ng g−1. The recovery percentages were calculated from Equation (4) where, Cpre − Ext
and Cpost − Ext are the concentrations of sludges in which analytes were added before
and after extraction, respectively. Csample is the concentration of UVFs in sludges without
the addition of the analyte.

Recovery % =
Cpre − Ext − Csample
Cpost − Ext − Csample

× 100 (4)

The measurement uncertainty is a parameter that was included with the measured result
and characterizes the distribution of values that can correspond to the measurand. Knowing
the uncertainty means increased confidence in the accuracy of the measurement result. This
value is very important in comparing the measurement results of two different methods and
deciding whether the results are within the defined limits. Measurement uncertainty consists
of many components. Some of these components are derived from the statistical distribution
of the results of repeated measurement series to obtain the standard deviations. Combined
standard uncertainty (u(c)) is the standard uncertainty that considers contributions from all
important uncertainty sources by combining the relevant uncertainty components, and it
was calculated as shown in Equation (5). The expanded uncertainty provides the range of
an analyte concentration believed to be spread at a higher confidence level. The expanded
uncertainty (U) is calculated by multiplying the combined standard uncertainty by “k”, which
is equal to 2 at 95% confidence level [39]. In this study, the uncertainty sources were defined
first; then, the uncertainty of each parameter was determined, and finally, the combined
Uc(y) and expanded uncertainties (U) were calculated.

u(c) =
√

u2
calibration + u2

SI + u2
Recovery (5)
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3. Results and Discussion

3.1. Optimization Studies

For the extraction of targeted UVFs from sludge samples, the QuEChERS methodol-
ogy was adopted for the in-port derivatization and the extract obtained was dissolved in
1000 μL ethyl acetate (EtAc) instead of hexane. In a previous study carried out in this lab,
in-port derivatization conditions were optimized for a wide range of UVFs extracted from
surface water via vortex-assisted dispersive liquid–liquid microextraction based on the so-
lidified floating organic droplet (VA-DLLME-SFOD) technique. It was determined that the
injection temperature was a statistically significant factor and the optimal temperature was de-
termined to be 260 ◦C [37]. The effect of injection temperature for the studied UVFs in sludge
samples was further studied to see any deviation from the optimal conditions determined.
The temperature varied between 260–320 ◦C, and the peak areas are given in Figure 2.

Figure 2. The effect of injection temperature on peak areas of UVFs.

As can be deduced from the figure, even though the mean peak areas of the UVFs
are not substantially different from each other for the studied injection temperatures, a
slight decrease was observed for 300 ◦C. However, this injection temperature was chosen
for further studies since the carry-over effect occurred in samples up to 290 ◦C. The sharp
peaks in UVFs with injection port derivatization, after QuEChERS, of the spiked sludge
sample were obtained, as shown in Figure 3.

3.2. Validation Studies

The linearity and linear range of a method should unequivocally be determined for any
analytical method. It is a fact that the lowest concentration of the calibration curve should
be very close to the LOQ value for the accurate analysis of analytes with known precision
at an LOQ-level concentration. Table 3 depicts the linear equations for the working range
of 40–1200 ng g−1 with correlation coefficients close to unity (R2 > 0.9970).
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Figure 3. Chromatograms of the UV filters in sewage sludge spiked with UVFs at 300 ng g−1.

Table 3. Analytical merits of the GC–MS/MS method coupled with QuEChERS for UVF determina-
tion in sludge samples.

Analyte a * b * R2 LOD (ng g−1) LOQ (ng g−1)

3-BC 30.154 −591.4 0.9991 10.1 39.6

EHS 888.02 −23,900 0.9987 10.0 33.3

HMS 515.64 −11,424 0.9984 9.90 33.0

IAMC 170.2 −285.3 0.9996 9.50 31.8

4-MBC 24.748 −159.2 0.9997 8.00 26.7

BP−3 276.81 −10,099 0.9980 4.30 14.1

EDP 214.00 −1290 0.9996 12.1 40.2

EHMC 204.46 −3367 0.9970 8.00 26.8
* Y = ax + b.

LOQ is defined as the lowest concentration that can be measured with acceptable
precision (20% RSD) and accuracy [40–45]. Three different methods are used to determine
the LOQ value. The most common approach for LOQ calculation in chromatographic
analysis is the signal-to-noise ratio (S/N) [45]. This ratio can be defined as the difference
between the height of the analyte peak (signal) and the highest and lowest points of the
baseline (noise) in each area around the signal. For LOQ, S/N usually needs to be at
least equal to 10. In the second method, a specific calibration curve should be studied
using samples containing an analyte in the range of the LOQ. The residual standard
deviation of a regression line or the standard deviation of the y-intercepts of regression
lines may be used as the standard deviation [39]. The third approach is the concentration
corresponding to a response 10 times greater than the SD of the analysis at the minimum
concentration [37,41,45].

The LOD and LOQ values were calculated based on the S/N = 3 approach and
S/N = 10, respectively. The LOQ values calculated using this method were found to be
in agreement with previous studies on the analysis of UVFs in sludge [17,24,26]. In-port
derivatization provides lower detection limits by converting polar analytes to more volatile
compounds, as reported earlier [46–48]. For most of the compounds, the LOQ is close to or
less than the lowest concentration level of the calibration curve. The RSD% values obtained
in this study are below 25% as seen in Table 4.
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Table 4. Intra-day (n = 3) and inter-day (n = 2) relative standard deviations (RSD%) calculated for the UVFs.

UVFs
Intra-Day RSD% (n = 3) Inter-Day RSD% (n = 2)

80 ng g−1 300 ng g−1 600 ng g−1 80 ng g−1 300 ng g−1 600 ng g−1

3-BC 4.3 8.7 3.2 10.8 9.1 7.1

EHS 9.9 9.7 17.2 10.9 10.9 19.3

HMS 13.1 12.1 21.9 19.8 13.7 25.6

IAMC 5.2 8.2 3.4 15.1 17.9 19.8

4-MBC 4.0 8.1 3.2 10.1 10.7 7.2

BP-3 16.2 11.6 13.6 17.7 13.7 15.5

EDP 4.9 11.2 2.3 15.0 14.4 15.4

EHMC 9.2 12.9 3.4 22.6 15.9 18.8

The recoveries were in the range of 66%–23% as depicted in Table 5. Although, the
recoveries are almost the same as the results obtained in other studies [17,24,26,31], our
method provides certain advantages such as the lack of special apparatus and compara-
tively shorter analysis times.

Table 5. Recoveries of UVFs from sludge samples spiked with different concentrations.

UVFs
% Recovery ± RSD (n = 3)

80 ng g−1 300 ng g−1 600 ng g−1

3-BC 115 ± 4.49 93 ± 10.1 98 ± 4.03

EHS 113 ± 6.83 98 ± 10.2 96 ± 7.34

HMS 87 ± 11.1 109 ± 12.5 104 ± 25.8

IAMC 121 ± 2.70 118 ± 8.80 113 ± 4.70

4-MBC 97 ± 2.35 75 ± 9.12 66 ± 3.05

BP-3 88 ± 18.1 87 ± 14.9 66 ± 14.7

EDP 106 ± 2.25 103 ± 12.1 103 ± 3.21

EHMC 123 ± 7.49 108 ± 14.4 107 ± 4.43

3.3. Measurement Uncertainty

Here, the main uncertainty components such as ucalibration, uSI and uRecovery were cal-
culated for the analysis of two different UVF concentrations, as given in Table 6. The
uncertainty of the QuEChERS-GC–MS/MS method for UVFs is between 13.2–47.4% at a
concentration of 300 ng g−1 and between 6.9–43.6% at a concentration of 600 ng g−1, which
are quite satisfactory in such a complex matrix. Uncertainties regarding the recovery and
calibration curve were the largest source contributing to measurement uncertainty.

Table 6. Expanded uncertainties of QuEChERS followed by the in-port derivatization method for
studied UVFs.

UV Filter Description
Value (ng g−1)x Standard Uncertainty u(x)

Relative Standard
Uncertainty u(x)

300 600 300 600 300 600

EHS

Repeatability 1 1 0.0559 0.0860 0.0559 0.0860
Bias (recovery) 0.8700 0.9948 0.0336 0.0582 0.0385 0.0585

Calibration 300 600 14.855 15.075 0.0495 0.0251
u(c) 0.0841 0.1070

Expanded U(x) 0.1681 0.2139
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Table 6. Cont.

UV Filter Description
Value (ng g−1)x Standard Uncertainty u(x)

Relative Standard
Uncertainty u(x)

300 600 300 600 300 600

HMS

Repeatability 1 1 0.0696 0.1267 0.0696 0.12673
Bias (recovery) 0.8367 0.9183 0.1719 0.0939 0.2054 0.1022

Calibration 300 600 16.826 17.0757 0.0561 0.0284
u(c) 0.2241 0.1653

Expanded U(x) 0.4481 0.3306

3-BC

Repeatability 1 1 0.0502 0.0182 0.0502 0.0182
Bias (recovery) 0.9064 0.9294 0.0361 0.0268 0.0398 0.0288

Calibration 300 600 12.634 12.822 0.0421 0.0214
u(c) 0.0767 0.0403

Expanded U(x) 0.1534 0.0805

IAMC

Repeatability 1 1 0.0473 0.0198 0.0473 0.0198
Bias (recovery) 0.9653 0.9527 0.0677 0.0756 0.0702 0.0793

Calibration 300 600 8.2934 8.2934 0.0276 0.0138
u(c) 0.0890 0.0829

Expanded U(x) 0.1780 0.1658

4-MBC

Repeatability 1.0000 1 0.0465 0.0185 0.0465 0.0185
Bias (recovery) 0.6423 0.6257 0.0262 0.0167 0.0408 0.0266

Calibration 300 600 6.6834 6.7825 0.0223 0.0113
u(c) 0.0657 0.0343

Expanded U(x) 0.1315 0.0687

BP-3

Repeatability 1 1 0.0670 0.0784 0.0670 0.0784
Bias (recovery) 0.8426 0.6435 0.0507 0.0342 0.0602 0.0531

Calibration 300 600 18.7049 18.9821 0.0623 0.0316
u(c) 0.1096 0.0998

Expanded U(x) 0.2191 0.1997

EDP

Repeatability 1 1 0.0645 0.0135 0.0645 0.0135
Bias (recovery) 0.8690 0.9033 0.0477 0.0505 0.0548 0.0559

Calibration 300 600 14.1641 14.3741 0.0472 0.0240
u(c) 0.0970 0.0623

Expanded U(x) 0.1939 0.1246

EHMC

Repeatability 1 1 0.0747 0.0193 0.0747 0.0193
Bias (recovery) 0.7552 56,847 0.1589 1.2119 0.2104 0.2132

Calibration 300 600 23.9792 24.3341 0.0799 0.0406
u(c) 0.2371 0.2179

Expanded U(x) 0.4743 0.4357

3.4. Comparison with Other Methods

The recovery values obtained for all analytes are similar to those of studies with
laborious and expensive techniques. In some studies, recovery values at a single con-
centration were determined [21,22,27,36], while in others, recovery values at different
concentrations were investigated [16,19,23,33]. Our results indicated that for 4-MBC, only
at a high concentration (600 ng g−1) was the recovery value lower than that of the reported
ones. Fortunately, good recovery values were obtained at lower concentrations. In addition,
to the best of our knowledge, method validation for the analysis of 3-BC, EHS, HMS and
IAMC in sludge was attained successfully. Analytes (EHS, HMS, BP-3) were derivatized
using the in-port derivatization technique, which is fast, reliable and eco-friendly without
being affected by the complexity of the matrix.

The LOD values of the selected UVFs in the spiked sludge sample ranged from
8 ng g−1 to 12.1 ng g−1. These limits are quite successful when compared to other stud-
ies (Table 7). The LOD values obtained for UVFs were lower than previous studies for
4-MBC, EHMC [23,27], BP-3 [23,36] and EDP [16]. On the other hand, the LOD values for
4-MBC [21,22,33], EHMC [16,21,22], BP-3 [19,27,33] and EDP [23] were higher.
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Table 7. Comparison of QuEChERS method with previous microextraction studies in sludge samples.

UV Filters
Extraction

Method
Instrumental

Method
LOD

(ng g−1)
Recovery (%) RSD% References

4-MBC
OC

EHMC
ODP
BP-3
BP-1
4HB

4DHB

PLE UPLC-MS/MS

12
18
19
0.2
1.0
60
5.0
5.0

102
70
90
85
70
30
95
96

16–10
4–9

5–10
7

5–9
9–14
4–11
3–6

[27]

EHS
HMS
IAMC
BP-3

4-MBC
EDP

EHMC
OC

PLE + SPE GC–MS

17 *
34 *
34 *
61 *
26 *
22 *
24 *
33 *

95–101
78–96
80–107
89–106
79–86
88–93
73–90
84–85

7
5–6
4–6
6–11
4–5
6–7
5

5–12

[23]

BP-1
BP-2
BP-3,
BP-4
PBSA

PLE LC-MS/MS

2.5 *
2.5 *
25 *
5 *
5 *

74 ± 9
99 ± 11

104 ± 14
114 ± 28
118 ± 19

9
11
14
28
19

[36]

BP-1,
BP-2
BP-3
BP-8

1H-BT
5Me-1H-BT

TBHPBT
4-OH-HB

LLE + SPE LC-MS/MS

0.41
0.67
0.67
0.41
0.67
0.67
0.1

0.41

38.3–116 3.14–13.8 [19]

4-MBC
EHMC

OC
LLE-SPE GC-MS

4
3
6

94.6
101.2
87.5

13.1
10.5
7.5

[21]

4-MBC
EHMC

OC
LLE-SPE GC–MS

4
3
6

95
101
87

2
13
7

[22]

BP
BP-3

4-MBC
QuEChERS UPLC-MS/MS

0.3
0.3
0.6

63–82
60–86
86–95

0.1–1.0
0.2–0.5
0.1–6.0

[33]

BP
4-MBC

EDP
EHMC

OC

QuEChERS GC-MS/MS

26
59
31
5
6

92–101
85–88
82–86

113–125
81–94

2–6
2–7
1–2
1–5
3–5

[16]

3-BC
EHS
HMS
IAMC
4-MBC

BP3
EDP

EHMC

QuEChERS GC–MS/MS

10.1
10.0
9.90
9.5

8.00
4.30
12.1
8.00

93–115
96–113
87–109

113–121
66–97
66–88

103–106
107–123

3.2–10.8
9.7–19.3

12.1–25.6
3.4–19.8
3.2–10.7

13.6–16.2
2.3–15.4
3.4–22.6

This study

1H-BT: 1H-benzotriazole, 5Me-1H-BT: 5-methyl-1H-benzotriazole, TBHPBT: 2-(5-t-butyl-2-hydroxyphenyl) benzo-
triazole, 4-OH-HB: 4-hydroxy benzophenone. * LOQ values.
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The developed method was applied to sludge samples collected from a domestic
wastewater treatment plant. The concentrations of UV filters were found to be 66.9, 161.9,
54.5, <LOQ and 79.9 ng g−1 for EHS, HMS, BP-3, EDP and EHMC, respectively. These
results indicate that even in domestic wastewater sludge, high concentrations of UVFs
could be found, and the sludge used for soil conditioning or fertilization purposes could
raise environmental concerns.

4. Conclusions

In this study, eight different UVFs were extracted from sludge samples using a well-
established QuEChERS methodology, and then, in-port derivatization was applied for
more polar and less volatile analytes. The method combining QuEChERS and in-port
derivatization, which ensures extra sensitivity, was shown to be accurate, reproducible and
sensitive. This method also provided substantially reduced analysis time and solvent or
chemical consumption compared to off-line derivatization. Method validation resulted
in high recovery of UVFs (66–123%), meaning good accuracy; moreover, low inter-day
RSD% (10.1–25.6) indicates high precision, and low values of LOD (<2.1 ng g−1) and LOQ
(<40 ng g−1) show the sensitivity of the analysis for a matrix as complex as waste sludge.
This study can be extended to the analysis of UVF degradation metabolites in sludge
samples using QuEChERS with in-port derivatization followed by GC–MS/MS.
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Abstract: The potential of antioxidants in preventing several diseases has attracted great attention
in recent years. Indeed, these products are part of a multi-billion industry. However, there is a lack
of scientific information about safety, quality, doses, and changes over time. In the present work,
a simple multisample methodology based on chemiluminiscent imaging to determine chlorogenic
acid (CHLA) in green coffee samples has been proposed. The multi-chemiluminiscent response was
obtained after a luminol-persulfate reaction at pH 10.8 in a multiplate followed by image capture
with a charge-coupled device (CCD) camera as a readout system. The chemiluminiscent image was
used as an analytical response by measuring the luminescent intensity at 0 ◦C with the CCD camera.
Under the optimal conditions, the detection limit was 20 μM and precision was also adequate with
RSD < 12%. The accuracy of the proposed system was evaluated by studying the matrix effect,
using a standard addition method. Recoveries of chlorogenic acid ranged from 93–94%. The use of
the CCD camera demonstrated advantages such as analysis by image inspection, portability, and
easy-handling which is of particular relevance in the application for quality control in industries.
Furthermore, multisample analysis was allowed by one single image saving time, energy, and cost.
The proposed methodology is a promising sustainable analytical tool for quality control to ensure
green coffee safety through dosage control and proper labelling preventing potential frauds.

Keywords: antioxidants; chlorogenic acid; chemiluminiscence; CCD camera; green coffee; on-site

1. Introduction

The increasing consumption of antioxidants raises public health concerns about their
efficiency, safety, and real benefits for human health. Antioxidants are widely available
and commonly used, especially in the women’s health market [1]. However, there is a
lack of information about the composition, doses, potential degradation, and function of
antioxidants [2]. Mainly, the benefits of antioxidant supplements are associated with their
interaction with free radicals and hence protect health against oxidative stress [3]. The
interaction mechanism depends on the chemical nature and reactivity. These compounds
are classified as direct and indirect antioxidants and they mediate oxidative stress through
different mechanisms. Nevertheless, there are controversial results and conclusions about
the real level and function of these compounds [4].

What is certain, is that the antioxidant nutraceutical market is now a multi-billion
dollar industry experiencing a continuous increase, and this has led to regulations that
ensure safety, proper labelling, and more information about the ingredients, which means
there is a real need to ensure the concentration of the antioxidant compounds, and that
they are within safety limits, in particular in quality control studies [5].

Focusing on direct antioxidants, chlorogenic acid (CHLA) is an abundant water-
soluble antioxidant in the human diet. Indeed, it is available from a wide variety food
and beverage sources. In particular, CHLA is linked to green coffee and green coffee
extract-based products’ health benefits. That fact, together with the relevance of the global
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coffee market, has led to a growing interest in the development of analytical methods for
the quantification of this antioxidant [6].

In this context, the development of analytical strategies that facilitates the determi-
nation of CHLA, in commercial products is mandatory to help the regulation, labelling,
and warming of potential side effects [7]. Basically, the main methods to determine this
compound are based on separation techniques such as HPLC and UPLC, coupled to dif-
ferent detectors such as DAD, luminescent, and MS [8–12]. Their performance has been
demonstrated, yet they required specialized laboratory instrumentation, trained personnel,
and a large instrumental investment. Thus, more recently simple, cost-effective, rapid,
easy-handling, and portable analytical procedures have been proposed.

These new strategies are principally based on optical readouts with the added value of
providing visual responses that allow semiquantitative determination by visual or image
inspection and on-site determination [13]. Colorimetric-based sensors using paper-based
devices and a metal nanooxide array have been recently published [14,15].

Among the different on-site strategies, chemiluminiscence (CL) is attracting attention
since it allows for the achievement of sensitivity in short analysis times [16]. Going a
step forward, chemiluminiscent imaging is a powerful alternative since it combines the
typical CL properties with visual inspection and portability [12,17]. In this case, the use
of charge-couple device (CCD) cameras has been demonstrated to be a feasible detector
for this aim [18]. Fundamentally, the photons produced in the hemiluminescent reaction
are captured by the CCD camera and subsequently, an image is displayed based on the
light generated, the intensity measurement can be correlated with the target analyte. The
key parameters in the application of these systems are mainly based on the control of
experimental variables since the CL efficiency depends on the kinetic emission CCD camera
response time. From the analytical point of view, there is scarce knowledge of the potential
application of CCD cameras as analytical response read-out systems. This strategy has
been proposed for environmental analysis [18], however, other application areas and in
particular for quality control of human consumption products, are still unexplored.

The objective of the present work was to demonstrate the utility of chemiluminiscent
imaging employing the CCD camera to estimate CHLA in natural products, in particular
green coffee samples. The novelty relies on the combination of an on-site portable device
with high-performance analytical parameters for quality control of commercial products.
Optimization of the reaction parameters was aided by the use of a portable luminometer.
For this aim, the instrumental parameters were optimized and the analytical properties were
established. Finally, the practical application and validation of the proposed methodology
were evaluated by analysing commercial samples.

2. Experimental Section

2.1. Reagents

Sodium hypochlorite 10% was obtained from Panreac (Barcelona, Spain). Sodium
persulfate, Trolox, CHLA, and luminol were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Sodium carbonate and sodium hydroxide were from VWR Chemicals (Radnor,
PA, USA).

Standard solutions of sodium persulfate (50 mM) in carbonate buffer 0.3 M (pH 10.8)
were prepared weekly. Trolox (1.1 mM), luminol (20 mM), and CHLA (2.0 mM) were
prepared in carbonate buffer (0.3 M, pH 10.8). Working standard solutions of Trolox and
CHLA were prepared by adequate dilution in carbonate buffer.

2.2. Equipment

The CL response was measured by using a 338L Mono CCD Camera themoelectrically
cooled at 5 ◦C (Atik Cameras, Norwich, UK. In addition, an LB 9509 portable tube lumi-
nometer (Berthold Technologies, Bad Wildbad, Baden-Württemberg, Germany) was also
used to determine the optima chemiluminiscent reaction conditions.
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2.3. Procedure
2.3.1. Optimization and Measurement of the CL Response

In the preliminary studies, the optimization of the reaction parameters, such as oxidant,
concentration, pH, and analysis time was carried out using the luminometer and CHLA
analytical grade standards (see Section 2.1). Oxidants such as sodium persulfate and
sodium hypochlorite were evaluated. For this aim, 100 μL of luminol was mixed with
100 μL of persulfate or hypochlorite of luminol and the response was registered every 5 s,
for 1 min. The study of persulfate and luminol concentrations were performed in the range
of 0.7–10 mM, and 1.4–4.8 mM, respectively, by measuring the signal at 60 s. Finally, the
influence of pH was studied in the interval 10.0–11.5, using persulfate (10 mM) and luminol
(4.8 mm).

Once the optimal reaction conditions were established, the CCD camera instrumental
parameters were studied to monitor the CL imaging response.

2.3.2. CCD Measurements

The CCD camera was studied as a readout system. In this case, contrast, temperature,
and exposition time were previously optimized. Under the different conditions, the images
were processed by the software Artemis Capture, and the luminescent intensity (I) for each
spot was registered. Standards and samples were deposited on a multiplate and placed
inside the CCD camera dark chamber for its measurement. The device used to perform the
CCD measurements is shown in Figure 1. It should be noted that exposition distance was
optimized in previous work [18].

Figure 1. Schematic diagram of the CCD camera dark chamber used for the determination of CHLA.

The measurement was performed in a multiplate by mixing luminol (100 μL) and
persulfate (100 μL). After 5 min, 100 μL of the blank, working standards, or samples,
prepared in a carbonate buffer (0.3 M, pH 10.8), were added, and the image was registered.
The working concentration interval was up to 500 μM for CHLA. Trolox was also measured
as another example of the antioxidant analyte.

2.4. Analysis of Commercial Green Coffee Samples

The application of the proposed method was validated by the analysis of three com-
mercial green coffee samples acquired in a local store. Sample preparation was carried out
as follows: a capsule of each sample was dissolved in ultrapure water and sonicated during
5 min, to extract CHLA. Subsequently, the extract was diluted in carbonate buffer (0.3 M,
pH 10.8). Samples were measured following the proposed procedure. The analysis was
performed in triplicate. In addition, the accuracy of the proposed method was evaluated
by using the standard addition method (SAM). For this aim, the calibration curve was
performed following the procedure described in Section 2.3 and spiking the sample with
known concentrations of CHLA standards.
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3. Procedure

3.1. Study of Chemiluminiscent Imaging as an Analytical Response

In the previous experiments, the CL response was optimised considering the hypothe-
sis that the reaction between luminol and an oxidant in basic media, induces the generation
of a luminescent signal that can be monitored, and the presence of antioxidants such as
chlorogenic acid may inhibit the CL signal as a function of the concentration. Hence, the
first step was the optimization of the CL reaction, taking into account that the CCD camera
will be the readout system, which means that detection time is a key parameter. Figure 2
shows the variation of the CL response as a function of the experimental parameters
(measurements done with the portable luminometer).

Figure 2. (A) Variation of the luminescent signal (RLU) produced by luminol using 0.25 mM
hypochlorite (blue) and 0.7 mM persulfate (red); Luminol = 1.4 mM, carbonate buffer 0.3 M, pH 10.8.
(B) Variation of the RLU as a function of luminol concentration, (C) Variation of the RLU as a function
of persulfate concentration, (D) Variation of the RLU signal in presence of CHLA (50 μM, pH 10.8)
for blank (1, grey), luminol-persulfate, CHLA addition at t = 5 min (2, red) and persulfate-CHLA
luminol addition at t = 10 min (3, blue). Conditions: 10 mM persulfate, 1.4 mM luminol.

As can be seen in Figure 2A, the use of hypochlorite as an oxidant resulted in a fast
reaction kinetic with a signal decay in 10 s. Meanwhile, persulfate provided a constant
CL signal up to 60 s. Therefore, persulfate was selected as an oxidant, taking into account
the exposition time that subsequently will be needed for the measurement in the CCD
camera. Regarding luminol and persulfate concentrations (see Figure 2B,C), 4.8 mM, and
10 mM were the optimum concentration, respectively, since they maximized the CL signal,
and hence the sensitivity of the target analytes by inhibition of this CL response. It is well
known the dependence of CL reactions with pH, thus, this parameter was also studied.
NaOH and carbonate buffer were studied. The results indicated that carbonate buffer 0.3 M
and pH 10.8, provided satisfactory intensity, taking into account the concretion level of the
samples of interest.

Under the above-mentioned conditions, the influence of the addition of antioxidants
was evaluated. Previous reports indicated that antioxidants give rise to a decrease in the
CL response and the mechanism involved is not yet clear, since some authors pointed to
CL quenching in addition to the inhibition of luminol oxidation by the antioxidants that
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has also been reported [17]. In this scenario, different strategies were evaluated. In the
first case, persulfate and CHLA were mixed, and after 10 min, luminol was added. In the
second experiment, luminol and persulfate were mixed, and after 5 min, CHLA was added.
Figure 1D shows the results obtained. As can be seen, in the second condition, a decrease
of the CL signal was observed with the addition of CHLA. Hence, that was the strategy
selected for further experiments.

By another hand, the variation of the CL decrease as a function of CHLA concentration
was also studied in order to establish the potential use as a quantitative methodology. Firstly,
the reaction time between persulfate and luminol, before the addition of the antioxidant
was studied. For this aim, additional times of 180 and 300 s were studied. Figure 3A shows
the variation of the response as a function of time, and at two antioxidant addition times.
The addition of the target analytes at 300 s was advantageous since the stability of the
response was higher than at 180 s, more likely due to a slower kinetic of the antioxidants
since, persulfate in the reaction media is lower at 300 s than at 180 s. This stability was
a key parameter, since, the CCD camera required a stability interval to properly register
the image. The inclusion criteria, in this case, was that the signal was stable for up to 30 s.
Figure 3B shows the variation of the kinetics at different concentration levels. By measuring
the signal at 30 s after the addition of chlorogenic acid, the CL decrease could be linearly
correlated with the concentration level (sensitivity = −1400 ± 50 μM−1, R2 = 0.9930), hence
the quantitative potential was demonstrated under these conditions with a detection limit,
LOD = 2 μM.

Figure 3. (A) Variation of the RLU in presence of CHLA (500 μM) after 180 s (blue) and 300 s (red).
(B) Variation of the RLU over CHLA concentration under the optima reaction conditions.

Remarkably, it should be considered that in presence of other antioxidant compounds,
the decrease in the luminescent signal would be a result of the total antioxidant content
extracted under the extraction conditions described in Section 2.4. In order to demonstrate
this, the RLU signal for trolox was also measured. The results indicated the same behaviour
as CHLA, however, the decrease of the luminescent signal was slightly higher, achieving
a detection limit of 0.7 μM. Hence, in this case, the luminescent signal would provide a
measurement of the total content of CL active compounds under the extraction conditions.

Once the reaction parameters were optimized, the CCD camera instrumental param-
eters, the contrast parameters, exposition time, and temperature were studied. The CL
response was established by capturing the image and processing that image with Artemis
Capture software. Figure 4 shows the schematic representation of the set-up and the images
obtained for different blanks measured at different times under the contrast parameters
white 2000, black 450, and log 1.5 for CHLA. It should be noted that the image shown in
Figure 4 was a real image, where the responses were specific dots for each blank. In this
case, the analytical response was the luminescent intensity (I) of each sample, and hence
the balance between black and white intensity and grey contrast was fundamental to obtain
adequate image quality. As can be seen, the profile of the CL image signal was similar to
that measured with the luminometer. Hence, it was expected, that the addition of CHLA to
the plate would result in a decrease in the CL that can be monitored by the CCD camera.
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Figure 4. Schematic set-up of the CCD camera to measure CL image, the real image of the variation
of the bank signal as a function of time, and the representation of the luminescent intensity for
each image.

To demonstrate the response as a function of CHLA concentration, the target analyte
was added and the experiment was performed at two temperatures. The results indicated
that the temperature of the CCD camera was a key parameter. Mainly at high a temperature,
the background noise or dark current gave rise to a low-resolution image. Meanwhile, work-
ing at 0 ◦C, the resolution was satisfactory, and the difference in the blank signal compared
with the CHLA standard could be monitored by the image. Figure 5A shows the CL images
carried out at 0 and 23 ◦C for CHLA compared with blanks at the same temperature.

Figure 5. (A) Effect of the CCD camera temperature on the chemiluminiscent image (CHLA 100 μM),
(B) Variation of the chemiluminiscent intensity over CHLA concentration, and (C) Correlation of the
CL intensity as a function of CHLA concentration.

The variation of the luminescent intensity with the exposition time can be seen in
Figure 3, the readout measurement is stable up to 30 s due to the chemistry of the reaction.
Hence, exposition times from 5 to 20 s were studied. The results indicated, that at times
lower than 10 s, the image resolution was poor. At exposition times higher than 10 s, the
resolution was satisfactory, however, there was no improvement of the longer times (20 s)
used. Therefore, 10 s was selected for further experiments.

Finally, and under the above-mentioned instrumental parameters, the variation of the
CCD camera response was studied as a function of the concentration of CHLA. Figure 5B
shows the image obtained. These results clearly demonstrated that the decrease of the CL
signal as a function of the concentration of CHLA was linearly correlated (Figure 5C). It
should be noted that the image parameter black and white, which enhanced the intensity
of black and white, and the grey contrast up to 1.5 (log parameter) gave rise to an adequate
image quality that allowed the determination of the target analyte up to 400 μM.
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3.2. Analytical Parameters of the Procedure

Table 1 summarizes the analytical parameters such as sensitivity as the slope of the
calibration curve, linearity, and detection limit. Moreover, intra-and interday precision was
also evaluated as the relative standard deviation (%RSD)

Table 1. Analytical parameters and precision (%RSD) values for the determination of CHLA by the
CCD camera.

Analytical Parameters

Working interval (μM) 50–400
a ± sa 200 ± 4

b ± sb (μM−1) 0.470 ± 0.017
R2 0.999

LOD (μM) 20
RSD intraday (%) 2.0
RSD interday (%) 12.0

a: intercept; sa: standard deviation of a; b: slope, sb: standard deviation of b; LOD: detection limit, RSD: relative
standard deviation.

The results indicated that when using a chemiluminiscent image as an analytical
response, the working interval was up to 400 μM, and the limit of detection was 20 μM.
This LOD was satisfactory for the application in dietary products, however, a more sensitive
determination will require the use of other analytical responses, such as the use of a portable
luminometer. Intraday and interday precision was also evaluated. In both cases, satisfactory
RSD values were achieved for practical applications.

As mentioned before, previous methods based on HPLC have been proposed, and
the comparison reveals that, in general, chromatographic methods provided LOD slightly
lower than the LOD obtained with the CCD method, recoveries were also satisfactory,
and, obviously, selectivity was better when using separation methods [19]. Capillary
electrophoresis with CL detection has resulted in an adequate method for the analysis of
natural products, however, the LOD was higher than that obtained with the proposed
method [20]. NIR has also been proposed for CHLA determination, with successful results.
However, multivariate calibration was necessary [21]. Regarding the in situ-based analytical
systems, sensors and biosensors have also been studied in depth. A review focused on
this topic has been recently published by Munteanu and Apetrei [6]. Recent advances in
sensitive materials for electrochemical sensors and biosensors have led to methodologies,
with low μM detection limits, which is an advantage if the content of this type of antioxidant
is at a trace level [22]. However, precision depends on the accuracy and expertise in the
preparation of the sensitive material. Therefore, the proposed methodology shows some
advantages over these previously proposed methods; since the determination of CHLA
can be performed by image inspection, a semiqualitative analysis for sample screening is
possible. In addition, quantitative analysis can be also carried out for samples with contents
higher than 20 μM. By another hand, cost of the CCD is lower than chromatographic
electrophoretic methods.

3.3. Procedure Validation: Application to the Analysis of Green Coffee Samples

In order to validate the proposed procedure for its practical application, the analysis
of three different green coffee samples, being CHLA the active compound. In addition, and
in order to evaluate the matrix effect and the potential interference of other ingredients
present in the sample composition, the standard addition method (SAM) and a recovery
study were carried out and the slopes of the calibration curves were compared with external
calibration. Figure 6 shows the images of both calibration strategies. As was expected, the
luminosity intensity of the blank in the external calibration was higher than in the first
sample of the standard addition method due to the presence of CHLA, and in both cases,
there was a decrease in the CL intensity over the CHLA concentration.
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The slopes of the SAM calibration were −0.49 ± 0.3, −0.37 ± 0.02, −0.37 ± 0.01 μM−1

for samples 1, 2, and 3, respectively. The statistical analysis of the SAM slope and the slope
of the external calibration (see Table 1) demonstrated that the sample matrix may influence
the luminescent intensity, and hence, it may be necessary for SAM as a calibration method.
In the samples analysed in this work, only sample 1 was not affected by the matrix effect,
since there were no statistical differences in the slope of the calibration graph. However,
that influence depended on the commercial product, the matrix effect was observed in
samples 2 and 3. The calculated CHLA contents were 145 ± 10, 220 ± 12, and 204 mg
CHLA/ capsule for sample 1, sample 2, and sample 3, respectively. These results were then
compared with the labels of the commercial products. Sample 1 and sample 2 were labelled
with a CHLA content of 157 mg/capsule and 234 mg/capsule, respectively. The statistical
comparison with the quantitative analysis carried out with the proposed methodology
revealed no statistical differences, and hence, accuracy was demonstrated. In the case of
sample 3, the content of CHLA was not labelled. However, the analysis of the sample
determined 207 mg/capsule, expressed as CHLA. Recovery values were in the range
between 93 ± 8 and 94 ± 9 %. These results indicated that the proposed methodology
can be a relevant methodology to evaluate the content of CHLA in the analysed samples,
since commercially, some of these products are not properly labelled, and that matrix effect
has to be evaluated as a function of the analysed samples. It has been demonstrated that
standard addition methods provided satisfactory results in the case of the matrix effect.

Figure 6. Comparison of the CL image for external calibration and standard addition method in
sample 1.

4. Conclusions

In this work, an on-site methodology based on chemiluminscent imaging has been
proposed to estimate the concentration of CHLA in green coffee samples. The fundamentals
of the proposed strategy relied on the use of the CL to decrease the presence of antioxidants,
in particular CHLA, produced in the reaction luminol-persulfate under basic conditions.
Under the optima chemical conditions, the results indicated that the addition of CHLA
induced a stable analytical response that can be used as an analytical signal for the CCD
camera as the detection system. The image taken by the CCD camera was processed. At
a T = 0 ◦C and an exposition time of 10 s, the decrease in the luminiscent intensity was
linearly correlated with CHLA concentration, with a LOD of 20 μM and RSD values up
to 12%. The satisfactory analytical performance was validated by applying the proposed
strategy for the analysis of commercial green coffee samples. The results demonstrated that
the matrix effect should be considered when analysing real samples. SAM was adequate
for the calibration since the sample matrix may influence the luminosity intensity, however,
that effect depended on the sample. The analysis of samples was validated by comparing
the results with the labelled products, indicating that satisfactory accuracy was obtained.
Hence, it can be concluded that the proposed strategy can be a potential on-site tool
to estimate the concentration of antioxidants in dietary products. The analysis of the
chemiluminiscent image in the set-up allowed the multisample detection resulting in a cost-
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and energy-efficient protocol with reagent consumption at μM level. That demonstrated
that the proposed method is a promising sustainable analytical tool for quality control to
ensure supplement safety and proper labelling, preventing potential fraud.
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Abstract: The aim of this research is to define optimal conditions to improve the stability of gold
and silver nanoparticles’ anti-zearalenone antibody conjugates for their utilisation in lateral flow
immunochromatographic assay (LFIA). The Turkevich–Frens method was used to synthesise gold
nanoparticles (AuNPs), which were between 10 and 110 nm in diameter. Silver nanoparticles
(AgNPs) with a size distribution of 2.5 to 100 nm were synthesised using sodium borohydride as a
reducing agent. The onset of AuNP and AgNP aggregation occurred at 150 mM and 80 mM NaCl
concentrations, respectively. Stable Au and Ag nanoparticle–antibody conjugates were achieved
at 1.2 mM of K2CO3 concentration, which corresponds to the pH value of ≈7. Lastly, the highest
degree of conjugation between Au and Ag nanoparticles and anti-zearalenone antibodies was at 4 and
6 μg/mL of antibody concentrations. The optimisation of the conjugation conditions can contribute
to better stability of nanoparticles and their antibody conjugate and can improve the reproducibility
of results of bioreporter molecules in biosensing lateral flow devices.

Keywords: antibody conjugates; biosensing; bioreporter; lateral flow devices; nanoparticles aggregation;
pH

1. Introduction

The detection of zearalenone via lateral flow immunochromatographic assays plays
a significant role in food safety and agriculture. Zearalenone is a mycotoxin, which is
produced by certain fungal species and poses significant risks to both human and animal
health when present in food and feed beyond a certain level. Rapid detection of zearalenone
through LFIA provides a cost-effective, user-friendly, and on-site screening device for
farmers, food processors, and regulatory authorities. It enables the timely identification of
contaminated crops and products, which facilitates immediate interventions to mitigate
health risks and economic losses. Moreover, the portability and simplicity of the assay
make it an essential tool in monitoring and ensuring the safety of our food supply chain.

In the LFIA, the signal labels are generally conjugated with a detection agent, such
as antibodies for the specific binding to the target analyte, like mycotoxins. This allows
a visible signal to be generated by the recognition elements to indicate the presence of
the antigen. The challenge in immobilising antibodies onto AuNPs or AgNOs is avoiding
aggregation and ensuring that the antibodies are orientated correctly to maintain the
functionality and the accessibility of their paratopes to conjugate with the antigens or
analyte [1]. In order for the signal labels to precisely and accurately detect zearalenone,
they must fulfil a range of criteria, which include having high stability, exhibiting little or no
non-specific binding, being cost-effective, and forming reproducible and efficient conjugates
without compromising the functionality and activity of the detection molecule [2].
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To effectively use antibody–NP (Ab-NP) bioconjugates for biosensing, it is vital to de-
velop robust and reliable techniques to ensure that the produced biosensor is reproducible,
selective, and sensitive. An efficient bioconjugation approach must preserve the colloidal
stability of the nanoparticles (NPs) while maintaining the capacity of Ab-NP bioconjugates
to identify their target antigen [3]. Nanoparticles can be conjugated by physical adsorption,
which is typically the preferred method for LFIA applications. It involves immobilising
detection molecules onto noble metal nanoparticle’s surfaces via hydrophobic, electro-
static interactions, hydrogen bonds, and Van der Waals forces [4]. The optimisation of this
process can be achieved by testing different pH values near the isoelectric point of the
binding molecule [5]. However, physical adsorption can lead to unreliable results due to
the erroneous orientation of detection molecules, leading to the blocking of binding sites
and poor reproducibility [6]. Controlling the pH between 7.5 and 8.5 can help control the
orientation of antibodies and improve direct binding to citrate-stabilized NPs [7].

To determine the optimal quantity of antibody for adsorption, the flocculation test
is conducted. This test identifies the minimum amount of antibodies needed to maintain
the stability of NPs against salt-induced aggregation. Usually, 10% of NaCl is used for
the flocculation test, which is followed by measuring the colour change in the colloidal
solution or the absorbance of the solution at its λ max [8]. An optimal conjugate can be
achieved by adding varying concentrations of antibodies to the AuNPs/AgNPs. If the
conjugate aggregates upon contact with sodium chloride, it indicates that the mixture does
not contain a sufficient number of conjugated antibodies, resulting in a colour change in
the solution from red to blue [9,10].

Changes in the environment of AuNPs/AgNPs often result in the formation of aggre-
gates. The term aggregate is used to refer to individual nanoparticles that have interacted
with each other to form a larger super-structure without altering the shape or size of in-
dividual nanoparticles [11]. As maintaining the stability of conjugates in LFIA strips is
crucial, it is essential to gain a deeper understanding of the nanoparticle conjugates for
the effective optimisation of their performance in lateral flow assay. This can be achieved
by characterising standard nanoparticles and conjugates using analytical techniques and
measuring different parameters such as size, shape, zeta potential, absorbance, and optical
density to monitor their stability [12].

The size of nanoparticles plays a crucial role in the sensitivity of LFIA. If aggregation
occurs, the colour of gold nanospheres in suspension changes from wine-red to darker
shades, affecting the intensity of the lines on the strip [13]. According to the study conducted
by Sahoo and Singh [14], the size of nanoparticles can be controlled by adjusting parameters
such as the concentration of sodium citrate, pH, and temperature. Nanospheres with
diameters in the range of 20–40 nm are commonly used in optimising parameters for LFIA
sensitivity, as larger nanoparticles can provide enhanced colour observation; however, they
are less stable [14]. As aggregation is a challenge during conjugation, monitoring the size
of standard nanoparticles as well as conjugates can aid in determining their aggregation
state [15].

The aim of this project was to develop stable gold and silver nanoparticle anti-
zearalenone antibody conjugates. It involved the synthesis and characterisation of AuNPs
and AgNPs and their anti-zearalenone antibody conjugates. Three main studies were per-
formed for optimising nanoparticle–antibody conjugate conditions. Various physical and
optical parameters were measured using DLS, SEM, and UV-visible spectroscopy. These
include absorbance, optical density, particle shape, particle size, polydispersity index (PDI),
and zeta potential. In the first study, the nanoparticles were studied under various concen-
trations of NaCl in a 96-well plate to examine the aggregation behaviour of nanoparticles
in an alkaline environment. A second study was performed to determine the optimum pH
at which successful nanoparticle–antibody conjugation can be achieved. It involved the
conjugation of nanoparticles with 2 μg/mL of antibodies under varying concentrations of
K2CO3 to adjust the pH of the reaction mixture. The NaCl concentration at which the onset
of nanoparticle aggregation occurred was added to determine the success of the conjugation
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process. The stability of the conjugates and the aggregation state were evaluated via the
characterisation of conjugates. A third study was carried out where the concentration
of K2CO3 and NaCl were kept constant, and the antibody concentration was varied to
determine the concentration at which maximum nanoparticle–antibody conjugation can be
achieved under a controlled environment. Therefore, this study provides a novel compara-
tive systematic analysis to develop stable gold and silver nanoparticle–antibody conjugates
to improve overall performance and to enhance the accuracy of LFIA test results.

2. Material and Methods

2.1. Materials

Gold (III) chloride trihydrate (HAuCl4·3H2O), trisodium citrate, AgNO3, NaBH4,
NaCl, K2CO3, and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich, Dublin,
Ireland. Anti-zearalenone [11C9] mouse monoclonal antibodies were procured from Abcam.
Deionised water (DI) was produced by using an Elix Reference Water Purification System
from Millipore, Ireland, and was used for the preparation of the solution. All the chemicals
were used as received from the supplier without further purification or modification.

2.2. Gold Nanoparticles Synthesis

According to the procedure outlined by Turkevich et al. (1951), colloidal AuNPs were
produced using the Turkevich–Frens technique [16]. A 250 mL glass beaker was filled with
250 μL of 50.5 mM HAuCl4 stock solution and 94.75 mL of deionised water. The mixture
was heated to a temperature of 100 ◦C and then placed on a hot stirrer. At a moderate
rate of mechanical stirring, 5 mL of 1% trisodium citrate was added to the boiling solution
at a rate of 1 mL/s. The solution started out faintly pink after two minutes and steadily
became darker over the course of approximately eight minutes. After a deep wine-red
colour appeared, the reaction was stopped by removing it from the water bath and allowed
to cool down at room temperature.

2.3. Silver Nanoparticles Synthesis

AgNPs were generated using the procedure outlined in [17]. An amount of 30 mL
of deionised water was used to dissolve 0.0023 g of NaBH4 to create a final concentration
of 0.002 M. AgNO3 was dissolved in 10 mL of deionised water to a final concentration
of 0.001 M using 0.0017 g of the reagent. The 0.002 M NaBH4 solution was incubated for
20 min in an ice batch. The NaBH4 solution was subsequently mixed with 0.001 M of
AgNO3 at a rate of 1 mL/s. A cold magnetic stirrer was used to vigorously stir the reaction
mixture. The solution turned pale yellow following the addition of 2 mL of AgNO3, and it
eventually turned bright yellow after incorporating the entire quantity of AgNO3.

2.4. Gold and Silver Nanoparticles Aggregation Study under the Influence of Salt

A total of 150 μL of colloidal gold/silver nanoparticles were loaded in a 96-well plate.
An amount of 150 μL of deionized water was added to the first three wells as the control.
Then, duplicate additions of 150 μL of NaCl at various concentrations (20, 40, 60, 80, 100,
180, 200, and 400 mM) were made. For approximately two minutes, the plate was left to
incubate at room temperature. The colour changed after two minutes. The SpectroMax
plate reader was used to quantify the OD and absorbance [12].

2.5. Investigating pH Changes by Using Various K2CO3 Concentrations against Silver and
Gold Nanoparticles

A micropipette was used to add 150 μL of colloidal gold/silver nanoparticles into the
wells of a 96-well plate. An amount of 150 μL of deionized water was placed into the first
three wells of the first row for control 1. Then, for control 2, 150 μL of deionised water
and 2 μg/mL of antibody solution were pipetted into the first three wells of the second
row. To achieve the following concentrations—0.0 mM, 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM,
1.0 mM, and 1.2 mM—and a final volume of 100 μL, various amounts of a 10 mM K2CO3
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stock solution were then added to subsequent rows. To each well, 2 μg/mL of the antibody
solution was added. To ensure the antibodies were evenly distributed throughout the
nanoparticle solution, the mixtures were reverse pipetted. For approximately 20 to 25 min,
the plate was set aside at room temperature. Next, to the Au and AgNPs, 200 mM and
80 mM NaCl, respectively, were added. The OD and absorbance were measured using the
SpectroMax plate reader once colour change occurred [12].

2.6. Study of Silver and Gold Nanoparticles at Different Antibody Concentrations

A micropipette was used to add 150 μL of colloidal gold/silver nanoparticles into the
wells of a 96-well plate. An amount of 150 μL of deionized water was added into the first
three wells of the first row for control 1. Then, for control 2, 150 μL of deionized water
and 2 ug/mL of antibody solution were pipetted into the first three wells of the second
row. With the exception of the control wells, 100 μL of K2CO3 optimal concentration was
introduced to each well. The antibody solution was then added in different concentra-
tions. Amounts of 2 and 4 μg/mL were employed for AuNPs. For AgNPs, antibodies
at concentrations of 2, 4, and 6 μg/mL were used. To ensure that the antibodies were
evenly distributed throughout the nanoparticle solution, the mixtures were reverse pipet-
ted. For approximately 20 to 25 min, the plate was left to rest at room temperature. Then,
for the addition of Au and Ag NPs, 200 mM and 80 mM NaCl were added, respectively.
The OD and absorbance were measured using the SpectroMax plate reader once colour
change occurred.

2.7. Particle Characterisation

On a Malvern Instrument Nano-Zetasizer, DLS measurements were performed. In
order to prepare the samples, 900 μL of deionised (DI) water and 100 μL of the nanoparticle
colloidal sample from Section 2.2 or Section 2.3 were mixed in a disposable plastic cuvette.
Prior to the measurement, the samples were allowed to adjust to 25 ◦C for approximately
2 min. After three successive runs with each sample, graphs of the size distribution by
intensity were analysed.

A pipette was utilised to transfer 800 μL of the sample from the disposable cuvette
to a Malvern Panalytical Folded Capillary Zeta Cell for ZP measurement. The UV-visible
spectrophotometer did not require dilution to measure absorbance. One millilitre of
the sample was added to a small cuvette before being placed in the sample container.
Transmission Electron Microscopy (TEM) was used to investigate the morphology and size
of AuNPs and AgNPs [9,18–20].

3. Result and Discussion

3.1. Characterisation of Gold and Silver Nanoparticles

The synthesis of AuNPs and AgNPs was achieved using trisodium citrate as the
reducing agent for AuNPs and silver nitrate for AgNPs. The reduction reactions were
conducted under carefully optimised conditions including controlled temperature and
reaction time to facilitate the nucleation and growth of stable nanoparticles. The particle
spectra and images are presented in Figure 1.

Figure 1a,b show the UV-visible spectra of the synthesised silver and gold NPs exhibit
distinct absorption peaks in the 300 nm to 800 nm spectral range. Evident within these
spectra are well-defined characteristic plasmon resonance peaks observed at 520 nm for
AuNPs and 400 nm for AgNPs. These plasmon resonance peaks indicate the collective
oscillation of electrons on the nanoparticle surface. This confirms the successful formation
of colloidal Ag and Au nanoparticles.
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Figure 1. Characterisation of gold and silver nanoparticles. (a) The UV-visible spectra of AuNPs,
(b) the UV-visible spectra of AgNPs, (c) a TEM image of AuNPs, and (d) a TEM image of AgNPs.

The TEM images revealed that both nanoparticles display a spherical morphology
with a relatively narrow size distribution (Figure 1c,d). AgNPs exhibited diameters ranging
from 17.6 nm to 25.8 nm, while AuNPs demonstrated an average diameter spanning from
5.95 nm to 11.9 nm. When conjugating the AuNPs and AgNPs with antibodies, the spherical
morphology of the synthesised AuNPs and AgNPs may be advantageous. This is primarily
attributed to the potential enhancement in achieving a well-orientated distribution of
antibodies across the nanoparticle surface. Consequently, this may potentially enhance
both the binding efficiency and sensitivity [21].

The size of nanoparticles holds the potential to significantly influence the overall
performance of the application in lateral flow assay [22]. Dynamic Light Scattering (DLS)
was employed to determine the hydrodynamic size distributions of the nanoparticles. The
obtained size distribution by intensity profiles, which indicates that the AuNPs exhibited
a size range of 9 nm to 120 nm, while the AgNPs were observed to range from 2.5 nm to
120 nm. These findings denote the presence of a well-dispersed population. The range
suggests that the nanoparticles are predominantly polydisperse. AgNPs have a relatively
broader range of hydrodynamic sizes compared to AuNPs. The introduction of larger
nanoparticles could be advantageous. According to their findings, increasing the nanoparti-
cle size to as high as 115 nm resulted in a significant drop in the limit of detection (LOD) [23].
The polydispersity index (PDI) and Zeta Potential (ZP) values are shown in Table 1.

Au and Ag nanoparticles had zeta potentials of −26.3 ± 4.6 mV and −20.07 ± 0.5 mV,
respectively, showing strong negative surface charges. They are relatively stable as zeta
potential values other than −30 mV to +30 mV are deemed stable [24]. Furthermore, the
zeta potential of the AuNPs was comparatively stronger than that of the AgNPs, indicating
better stability.
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Table 1. ZP and PDI of standard gold and silver nanoparticles measured using DLS.

Gold Nanoparticles Silver Nanoparticles

ZP (mV) −26.3 ± 4.6 −20.07 ± 0.5
PDI 0.209 0.564

It was reported that PDI greater than 0.7 is an indication of aggregated nanoparticles
in the solution [25]. The current result shows a PDI value of 0.2 for the AuNPs, indicating a
narrow size distribution, meaning that the majority of the particles are similar in size. On
the other hand, a PDI value of 0.5 was obtained for the AgNPs, which is typically acceptable
and suggests a broader size distribution.

3.2. Analysis of Gold and Silver Nanoparticles Aggregation Behaviour in Differing Alkaline
Environments

Prior to antibody conjugation, the stability of the synthesised Au and Ag nanoparticles
was investigated in NaCl concentrations ranging from 20 mM to 400 mM. The aim was to
investigate the effects of different NaCl levels on nanoparticle stability. For accuracy, the
experiment used a 96-well plate format with triplicate samples (Figure 2).

Figure 2. Gold and silver nanoparticles aggregation behaviour in differing alkaline environments.
(a) Image of AuNP with series of NaCl solution in the 96 well plate. (b) Image of AgNP with series of
NaCl solution in the 96 well plate. (c) Histogram of the hydrodynamic size of AuNPs and AgNPs
with and without 400 mM NaCl. (d) The spectra of AuNPs under different concentrations of NaCl.
(e) The spectra of AgNPs under different concentrations of NaCl.
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Figure 2 depicts the aggregation behaviour of AuNPs (Figure 2a,d) across various NaCl
concentrations. At NaCl concentrations of 20 mM, 40 mM, 60 mM, 80 mM, and 100 mM,
AuNPs displayed no aggregation while retaining their typical brilliant red colour and
stability. However, around 150 mM, a shift from red to pink-purple occurred, suggesting
that the physical and chemical characteristics had changed in response to unfavourable
alkaline conditions. At a NaCl concentration of 150 mM, the stability of AuNPs was
disturbed, resulting in aggregation. The observed grey colour indicates that saturation
was achieved at 400 mM. Similar trends were observed for AgNPs, with slight variations.
The onset aggregation of AgNPs was observed at 80 mM of NaCl, characterised by a
transition from brilliant yellow to light grey colouration (Figure 2b,e). Following that,
saturation at 150 mM of NaCl was observed, resulting in the development of dark grey
nanoparticles. These varied observations together highlight the complex relationship
between nanoparticle stability and NaCl concentration.

For additional insight into the behaviour of the AuNPs in the alkaline environment,
the optical density (OD) was measured at 520 nm and 630 nm to monitor changes in their
SPR properties as a function of NaCl concentration. The OD measurements obtained at
520 nm and 630 nm were plotted on a graph, which is shown in Figure 3.

(a) (b)

Figure 3. Optical density (OD) of AuNP and AgNP at varying NaCl Concentrations. (a) OD of AuNP
was taken at 520 nm and 630 nm. OD decreases at 520 nm and increases at 630 nm; (b) OD of AgNP
at varying NaCl Concentrations. OD decreases at 400 nm and increases slightly at 630 nm. Note:
0 mM (control), 20. NaCl Concentrations of 0 mM (control), 20 mM, 40 mM, 60 mM, 80 mM, 100 mM,
150 mM, and 400 mM were used.

The OD at 520 nm decreased slightly at NaCl concentrations 20 mM to 100 mM, while
at NaCl concentrations 150 mM to 400 mM, a more significant decrease was observed
(Figure 3a). This indicated a decrease in the concentration of dispersed nanoparticles as the
NaCl concentration increased due to increased aggregation. The SPR of the nanoparticles
slightly shifted to a longer wavelength at NaCl concentrations of 20 to 100 mM. These
shifts were more significant as the NaCl concentration increased beyond 100 mM; hence, a
significant decrease in OD was observed. This is consistent with the red shift in the SPR
peak observed in Figure 2d. These shifts in SPR occurred as a result of the interaction
of Na+ and Cl- ions with the surface charge of nanoparticles, with stronger interactions
occurring at higher NaCl concentrations. Conversely, at 630 nm, the OD increased with
increasing NaCl concentration (Figure 3b). This was clearly due to the shift in the SPR
of nanoparticles to longer wavelengths. The increase in OD became more significant at
150 mM, which is the concentration at which the onset of nanoparticle aggregation occurs,
as determined by the corresponding SPR peak on the UV-visible absorption spectra.

The hydrodynamic sizes of both gold and silver nanoparticles (without NaCl influence)
and with NaCl were measured using dynamic light scattering analysis (Figure 2c). The
data reveals the size of AuNPs in the control sample was in the range of 40–70 nm and
of AgNPs was 20–40 nm. After the addition of NaCl at the concentration of 400 mM, a
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change in colour was observed, which shows the aggregation of both AuNPs and AgNPs.
The aggregation was confirmed by checking the hydrodynamic size, zeta potential, and
PDI values of dispersions of AuNPs and AgNPs. The size was found to be in the range of
450–700 nm for AuNPs and 200–400 nm in the case of AgNPs. PDI values were also found
to be close to 1, along with zeta potential close to zero, indicating unstable and aggregated
dispersions. The colour changed to grey, indicating that high NaCl concentration led to
aggregation. Hence, for further experiments, the concentration of NaCl used was 150 mM
for AuNPs and 80 mM for AgNPs.

3.3. Influence of Colloidal Solution pH on Antibody Conjugation to Gold and Silver Nanoparticles

The effect of varying pH levels on the interaction between the nanoparticles and
antibodies was investigated. K2CO3 was employed to adjust the pH, with concentrations
ranging from 0.2 mM to 1.2 mM. To verify the conjugation, a suboptimal NaCl concen-
tration of 150 mM was introduced for AuNPs and 80 mM for AgNPs. The study aimed
to identify the optimal pH for antibody–nanoparticle (Ab-NP) conjugation. The pH of
colloidal Au and Ag nanoparticle solutions was regulated using K2CO3, while antibody
concentration remained constant at 2 μg/mL. The details of the K2CO3 concentrations used
to adjust the pH of the colloidal AuNPs and AgNPs solutions are provided in Figure 4a,c,
respectively. Figure 4 shows the effect of varying pH levels maintained via K2CO3 on
the interaction between the nanoparticles and antibodies. Figure 4a,c illustrates visually
monitored solutions for colour changes in the 96-well plate.

The image in Figure 4a shows the plate used for the colourimetric assay of Ab-AuNP
conjugates. Colour changes occurred at concentrations of 0.2, 0.4, 0.6, 0.8, and 1 mM,
signifying nanoparticle aggregation after NaCl addition. This indicated unsuccessful
antibody–AuNP conjugation due to suboptimal pH. Lower K2CO3 concentrations created
a low-pH environment, causing electrostatic bridging between antibodies and negatively
charged citrate-capped nanoparticles, resulting in aggregation. At 1.2 mM K2CO3, corre-
sponding to the pH 7.65, the nanoparticles exhibited minimal colour change compared to
the control, indicating successful antibody coating onto nanoparticle surfaces.

To investigate the effect of pH on AuNP optical properties, nanoparticle absorbance
was measured using UV-visible spectroscopy (300–750 nm). Figure 4b depicts the obtained
absorbance spectra. SPR peaks at around 520 nm, similar to standard AuNPs, were
identified. Control 1 (AuNPs and deionised water) and Control 2 (AuNPs, deionised
water, and antibodies) exhibited no changes in SPR, optimal antibody orientation on the
nanoparticle surface, and stability. As the reaction pH decreased, slight redshifts appeared,
suggesting augmented nano-moiety size. Changes in interparticle distances and dielectric
constants of the surrounding medium are two causing factors. Lower pH resulted in
larger, less defined SPR peaks, indicating destabilisation and aggregation of nanoparticle
conjugates. The SPR peak closely mirrored the control peaks at 1.2 mM K2CO3, indicating
stable antibody–AuNP conjugation in solution.

Figure 4c is an image of the 96-well plate employed for examining AgNPs. Control 1
contains AgNPs and deionized water, and Control 2 also includes antibodies. AgNPs
followed a similar aggregation pattern to AuNPs, aggregating at 0.2, 0.4, 0.6, 0.8, and
1 mM, evident by colour shifts from bright yellow to pale yellow to light grey. Retention of
bright yellow colour at 1.2 mM, which corresponds to pH 7.95, suggested optimal K2CO3
concentration for AgNPs-Ab conjugation.

The particle size distribution for control 1 (AuNPs and deionised water) was reported
between 10 to 140 nm, while the values changed from 8 to 90 nm for control 2 (AuNPs,
deionised water, and antibodies). At 1.2 mM K2CO3, the particle size distribution increased
from 10 to 410 nm following conjugation, which shows an increase in the nanoparticle
standard size and indicates the effective coverage of the nanoparticle’s surface with the
antibodies. Figure 4d presents UV-visible absorbance spectra of Ab-AgNP complexes at
varied K2CO3 concentrations. The SPR peaks are positioned around 400 nm. However,
a significant change in peak shape and intensity is observed at low concentrations of
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K2CO3, indicating aggregation stability. Conjugates showed a significant absorbance drop
at 400 nm for K2CO3 concentrations 0.2 mM to 1.2 mM, with 1.2 mM exhibiting a slightly
smaller yet well-defined peak, suggesting stability. Table 2 illustrates the zeta potential (ZP)
and PDI of AuNPs in control 1, control 2, and at 1.2 mM of K2CO3 concentration.

Figure 4. Gold and silver nanoparticle aggregation behaviour in differing alkaline environments.
(a) Image of AuNP with the series anti-zearalenone solution in the 96-well plate. (b) The spectra of
AuNP at varied anti-zearalenone concentrations. (c) Image of AgNP with the series anti-zearalenone
solution in the 96-well plate. (d) The spectra of AgNP at varied anti-zearalenone concentrations.

Table 2. ZP and PDI of gold nanoparticles in controls and at 1.2 mM of K2CO3 concentration.

K2CO3 Concentration ZP (mV) PDI

Control 1 −33.4 ± 8.2 0.229
Control 2 −30.9 ± 10.6 0.329
1.2 mM −23.2 ± 1.5 0.347
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Control 1, control 2, and Ab-AuNP at 1.2 mM K2CO3 all had significantly negative zeta
potential values of −33.4 ± 8.2 mV, −30.9 ± 10.6 mV, and −23.2 ± 1.5 mV, indicating highly
stable conjugates in Table 2. A slight reduction in ZP at 1.2 mM of K2CO3 suggested a
modest decrease in surface charge, presumably due to pH-driven changes in ionic strength
influencing electrostatic interactions between nanoparticles in the surrounding medium.
The Polydispersity Index (PDI) values were 0.229, 0.329, and 0.347 (Table 2).

Notably, the conjugates at optimum pH had a larger PDI, indicating a greater variance
in nanoparticle size and enhanced solution heterogeneity [26,27]. This corresponds to the in-
creased hydrodynamic diameter range of single AuNP–antibody conjugates. Similar results
were obtained for the AgNPs and their antibody conjugates at the 1.2 mM concentration of
K2CO3 (Table 3).

Table 3. ZP and PDI of silver nanoparticles in controls and at 1.2 mM of K2CO3 concentration.

K2CO3 Concentration ZP (mV) PDI

Control 1 −32.7 ± 0.26 0.179
Control 2 −31.5 ± 5.20 0.166
1.2 mM −33.6 ± 1.11 0.312

To gain further insights into antibody and nanoparticle behaviour across varying pH,
OD measurements were taken at 530 nm and 630 nm on different concentrations of K2CO3
(Figure 5).

Figure 5. Optical density (OD) of AuNPs and AgNPs at varying K2CO3 concentrations. (a) OD of
AuNP was taken at 530 nm and 630 nm. OD decreases at 520 nm and increases at 630 nm. (b) Optical
density (OD) of AgNP at K2CO3 concentrations. Note: 0 mM (control at K2CO3 concentrations
0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1.0 mM, and 1.2 mM.

At 530 nm, a decrease in OD values was observed, with a notable decrease from
control 1 to control 2. As pH increased, OD increased consistently. This pattern is
mirrored in the OD measurements at 630 nm—a significant increase from control 1 to
control 2—followed by a steady decrease with rising pH. The variations in pH influence
the surface charge of the nanoparticles, impacting the adsorption of antibodies. These
changes in surface properties can impact the SPR phenomenon, causing shifts towards
longer wavelengths as a result of more prevalent repulsive interactions between particles.
This is consistent with the redshift in SPR peaks at low K2CO3 concentrations observed
in the UV-visible spectra. The behaviour observed at both wavelengths suggests that
antibody–nanoparticle interactions are closely connected to pH-induced changes in surface
charge and nanoparticle stability (Figure 5a).

OD measurements of AgNPs-Ab conjugates in Figure 5b reveal a decrease at lower
pH and an increase at 1.2 mM at 400 nm. Contrastingly, variations at 630 nm are minimal.
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For conjugates at 1.2 mM K2CO3 concentration, the DLS data demonstrate a broad size
distribution of 10 to 400 nm, highly negative ZP of −33.6 ± 1.11 mV, and slightly higher
PDI of 0.312 compared to the controls (Table 3). These findings are similar to that of AuNPs
antibody conjugates in this study, providing evidence of successful antibody binding for
stable conjugates at 1.2 mM of K2CO3 concentration.

Kasoju et al. [12] found that the onset of nanoparticle aggregation occurred at 40 mM
and reached saturation at 80 mM. This differs from the findings of this study, as the nanopar-
ticles began aggregating at 80 mM and reached saturation at 400 mM. This means that
the nanoparticles in this study have a higher stability, are more resistant to aggregation,
and require higher NaCl concentrations to induce aggregation compared to the AuNPs
synthesised by Kasoju et al. [12]. Additionally, the higher concentration range for saturation
suggests that AuNPs have a comparatively higher sensitivity to changes in NaCl concentra-
tion. In this study, the AuNPs size ranged between 9 and 120 nm, while the AuNPs used by
Kasoju et al. [12] were approximately 18 to 20 nm. The difference in aggregation behaviour
can be attributed to the size distribution of the particles, as particle size plays an important
role in their stability and sensitivity to aggregation [28]. As the nanoparticles in this study
were larger, they exhibited higher stability and began aggregating at a relatively higher
NaCl concentration. This is advantageous for the use of these conjugates as they would
be less likely to aggregate during migration on the sample pad, therefore ensuring better
dispersion and enhanced signal generation for the lateral flow test strips. However, it is im-
portant to note that if the size of NPs is too large and excessively high NaCl concentrations
are required to reach saturation, it could result in reduced assay sensitivity [29,30].

3.4. Stability Study of Gold and Silver Nanoparticles at Varying Antibody Concentrations under
Controlled pH and NaCl Conditions

This study aimed to establish the optimal antibody concentration for enhancing nanopar-
ticle surface binding and subsequently amplifying signal output. The antibody concentration
was increased in 2 μg/mL increments, and pH was controlled using 1.2 mM K2CO3 concen-
tration. The experimentation was conducted within a 96-well plate setup, with a control
comprising nanoparticles, deionised water, and varying antibody concentrations. The
arrangement of nanoparticles in the plate is illustrated in Figure 6.

AuNPs and AgNPs were conjugated with 2,4 and 6 μg/mL of anti-zearalenone an-
tibodies at the optimised pH value of �7.5. After adding the required concentration of
antibodies and nanoparticles, NaCl solution was added. Nanoparticle conjugates exhibited
minor colouration changes when exposed to suboptimal NaCl concentrations of 150 mM
(AuNPs) and 80 mM (AgNPs). For further evaluation, OD measurements were taken at
520 nm, and variations in the OD of AuNP conjugates were evident (Figure 6b). Specifi-
cally, at 150 mM NaCl and 4 μg/mL of antibody concentration, the OD of nanoparticles
(0.250) closely resembled the control sample’s OD (0.298). This suggests that the SPR was
similar under these conditions, indicating successful antibody attachment. At 630 nm, a
similar pattern was observed, suggesting optimal conjugation at 4 μg/mL of antibody
concentration at 150 mM of NaCl. Similarly, in the case of AgNPs, the OD measurements
were taken at 400 nm. However, the extent of aggregation can be regarded as acceptable, as
the Ab-AuNP and Ab-AgNP conjugates retained a substantial degree of the nanoparticles’
original pinkish-red and bright yellow colour, respectively.

The influence of the varying antibody concentrations on the SPR of nanoparticle con-
jugates was evaluated via absorbance measurements employing UV-visible spectroscopy.
In the UV-visible spectra of AuNPs-Ab conjugates (Figure 6b), the SPR peak of the control
conjugates is distinct and well-defined. Conversely, the peaks corresponding to the AuNPs
conjugated with 2 and 4 μg/mL of antibody concentrations are relatively broader and
moved toward the higher wavelength, suggesting successful conjugation of AuNPs with
the antibodies.
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Figure 6. Colourimetric assay of AuNPs at varying antibody concentrations in an alkaline environ-
ment. (a) Row A is the control, which contains AuNPs, DI water, and antibodies. In rows B–D, the
concentration of NaCl and K2CO3 was kept constant at 200/150 mM and 1.2 mM, respectively. The
varying antibody concentrations were 2 and 4 μg/mL. R1, R2, and R3 are replicates. (b) A UV-visible
spectrum of AuNPs and various concentrations of anti-zearalenone antibody conjugates. (c) Row A
is the control, which contains AgNPs, DI water, and antibodies. In rows B–D, the concentration of
NaCl and K2CO3 was kept constant at 200/150 mM and 1.2 mM, respectively. The varying antibody
concentrations were 2, 4, and 6 μg/mL. R1, R2, and R3 are replicates. (d) A UV-visible spectrum of
AgNPs and various concentrations of anti-zearalenone antibody conjugates.

In the case of AgNP-Ab conjugates (Figure 6c), the UV visible absorbance spectra
display SPR peaks at 400 nm (Figure 6d). For conjugates at 2, 4, and 6 μg/mL of antibody
concentrations, SPR peak intensities are lower than that of the control. Notably, 2 μg/mL
exhibits the lowest intensity, while 4 μg/mL and 6 μg/mL share slightly higher intensities.
An optimal antibody concentration for AgNP conjugation may not be 2 μg/mL due to the
lowest SPR intensity, while 4 μg/mL and 6 μg/mL show comparable intensities, suggesting
either could be optimal. Since the study’s goal is to maximise the nanoparticle-to-antibody
conjugation, 6 μg/mL emerges as the optimal antibody concentration.

The OD measurements for AgNP conjugates revealed no distinct trend at 400 nm
and 630 nm, likely due to comparable surface plasmon resonances among conjugates at
varying antibody concentrations under controlled pH and salt conditions. Notably, control
containing only nanoparticles and antibodies exhibited significantly higher OD at 400 nm
compared to conjugates with varying antibody concentrations. This divergence implied
differing SPR bands, possibly due to non-optimised conditions for these control conjugates.
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The hydrodynamic diameter of AuNP-Ab conjugates at 2 μg/mL in 0 mM NaCl,
2 μg/mL in 150 mM NaCl, and 4 μg/mL in 150 mM NaCl were 10–90 nm, 150–450 nm,
and 150–400 nm, respectively. These measurements indicated that the conjugates exhibited
larger sizes compared to the control. The same pattern was observed for AgNP-Ab conju-
gates where the size distribution of the control and conjugates at 2 μg/mL, 4 μg/mL, and
6 μg/mL ranged from 1 to 110 nm, 1–500 nm, 150–350 nm, and 195–500 nm, respectively.
These observations strongly demonstrate the effective binding of antibodies to nanoparti-
cles within the controlled pH environment. ZP and PDI of AuNPs at varying NaCl and Ab
concentrations are detailed in Tables 4 and 5.

Table 4. ZP and PDI of gold nanoparticles at varying NaCl and Ab concentrations.

NaCl and Ab Concentration ZP (mV) PDI

Control −30.9 0.329
150 mM NaCl and 2 μg/mL Ab −0.529 ± 0.54 0.362
150 mM NaCl and 4 μg/mL Ab −32.5 ± 4.23 0.358
150 mM NaCl and 6 μg/mL Ab −30.53 ± 1.80 0.411

Table 5. ZP and PDI of silver nanoparticles at varying NaCl and Ab concentrations.

AgNPs (NaCl + Ab) ZP (mV) PDI

Control −31.5 ± 0.72 0.166
150 mM NaCl and 2 μg/mL Ab −22.9 ± 0.16 0.283
150 mM NaCl and 4 μg/mL Ab −32.3 ± 0.63 0.345
150 mM NaCl and 6 μg/mL Ab −36.01 ± 2.11 0.404

ZP measurements indicated comparable surface charges between control and antibody
conjugates at 4 μg/mL of antibody concentration in 150 mM of NaCl, with values of
−30.9 mV and −30.53 ± 1.80 mV, respectively. These highly negative readings denote
substantial stability. In contrast, nanoparticle conjugates at 2 μg/mL of antibody in 150 mM
of NaCl exhibited markedly lower negative ZP value of −0.529 ± 0.54 mV. This weak ZP
signifies insufficient antibody coverage on nanoparticle surfaces, causing interactions with
NaCl ions and the formation of large and destabilised nanoparticle aggregates. The low
ZP aligns with DLS data, revealing larger particle sizes for the sample with 2 μg/mL of
antibody concentration in 150 mM of NaCl. Additionally, the highest PDI appeared at
4 μg/mL of antibody in 150 mM of NaCl, indicative of increased heterogeneity and broad
size distribution in these conjugates.

These findings effectively underscore that a more efficient conjugation process can be
achieved at 4 μg/mL of antibody concentration in 150 mM NaCl with 1.2 mM of K2CO3
concentration. A similar study was conducted by Kasoju et al. [12], where AuNPs stability
was examined using varying NaCl concentrations ranging from 20 mM to 200 mM. The
aggregation pattern observed by the researcher was identical to the pattern observed
in this study, where the nanoparticles at low NaCl concentration are stable and exhibit
no colour change. Contrarily, at high concentrations of NaCl, the physical stability of
the nanoparticles is affected, resulting in the formation of aggregates. The ZP of AgNP-
Ab conjugates at 2 and 4 μg/mL of antibody concentrations were 0.329 ± 0.16 mV and
0.403 ± 0.639 mV, respectively. These lowly positive values typically suggest the potential
destabilisation of conjugates in the reaction mixture. However, this contradicts the well-
defined SPR peaks and comparable OD values, both indicative of conjugate stability. The
discrepancy may stem from potential contamination during reaction mixture preparation or
the conjugates’ quality compromised due to prolonged room temperature exposure during
analysis. The conjugates might have lost stability, possibly due to antibody sensitivity to
temperature fluctuations in the environment and their requirement for low temperatures to
preserve stability.

Conversely, in AgNPs at 6 μg/mL of concentration, the conjugates displayed a notably
negative ZP value of −36 ± 2.11 mV, underscoring robust stability under optimised pH
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and salt conditions. This strongly implies enhanced temperature resistance compared to
the 2 μg/mL and 4 μg/mL of antibody concentration conjugates, indicative of enhanced
shelf life and sensitivity for biosensing. Hence, the optimal antibody concentration for
AgNPs-Ab conjugation is 6 μg/mL. Bélteky et al. [31] performed a comparable study on
AgNPs to determine the effect of NaCl on the colloidal stability of AgNP suspension. The
results of the study also concluded that the SPR of the AgNPs declined with increasing
NaCl concentration. The reasoning behind this is that the relative permittivity of the
surrounding medium is increased with increasing NaCl concentration, thereby affecting
the SPR [32]. Moreover, Bélteky et al. [31] observed changes in SPR at 10 mM and 50 mM
of NaCl for AgNPs that were 10 nm and 20 to 50 nm, respectively, while in this study, this
pattern was observed at 80 mM NaCl for AgNPs that are 2.5 to 120 nm. Therefore, this
indicated that higher NaCl concentrations may be required to induce mild aggregation of
larger nanoparticles.

Lou et al. [19] conducted a comparable investigation to determine an appropriate
K2CO3 and antibody concentration for developing stable antibody-labelled AuNPs. The
results demonstrated that the stability of the conjugates improved as the antibody concen-
tration increased. This was because the nanoparticles were saturated by the antibodies,
and hence the conjugates were less sensitive to NaCl and K2CO3 in the reaction mixture,
preventing aggregation. A similar pattern was also observed in this study, where AuNP and
AgNP conjugates were stable when the antibody concentration increased from 2 μg/mL to
4 μg/mL and 6 μg/mL, respectively. It was also found that a higher pH value is required
for conjugating smaller-sized nanoparticles with antibodies compared to larger ones. This
contrasted with the results of this study, as a higher pH value was required for developing
stable AuNP and AgNP conjugates using Au and Ag NPs with a large hydrodynamic
diameter of up to 120 nm.

4. Conclusions

In summary, gold and silver nanoparticles’ anti-zearalenone antibody conjugates
were successfully optimised. Standard gold and silver nanoparticles were synthesised
using trisodium citrate and sodium borohydride, respectively, as reducing agents. AuNPs
and AgNPs exhibited SPR peaks at 520 nm and 400 nm on the UV-visible absorbance
spectra, respectively, which are the characteristic peaks of the nanoparticles. SEM analysis
revealed that the AuNPs and AgNPs have a spherical morphology and are estimated to
be between 5.78 nm to 11.8 nm and 30 nm to 150 nm, respectively. DLS analysis further
confirmed the size distribution of AuNPs and AgNPs to be 9–120 nm and 2.5–120 nm,
respectively. They exhibited highly positive ZP measurements of −26.3 ± 4.6 mV and
−20.07 ± 0.5 mV, confirming their high stability in the colloidal solution. Furthermore,
the AuNPs and AgNPs had PDI measurements of 0.209 and 0.564, respectively, indicating
that AgNPs have a comparatively broader size distribution. In the NaCl study of the
AuNPs and AgNPs, the NaCl concentration at which the onset of nanoparticle aggregation
occurred was determined to be 150 mm and 80 mM, respectively. This was demonstrated
by changes in the AuNP and AgNP colour from red to pink-purple to blue and bright
yellow to pale yellow to grey, respectively, indicating the aggregation of nanoparticles.
The broadening of SPR peaks plus a decrease in peak intensities, change in ODs, increase
in nanoparticle size, lowly negative ZP values, and high PDI confirmed the aggregation
behaviour of the nanoparticles. In the K2CO3 study, successful Au and Ag nanoparticle–
antibody conjugation was achieved at 1.2 mM K2CO3 concentration (pH ≈ 7). In the final
study, it was found that 4 μg/mL and 6 μg/mL are the optimum antibody concentrations
for achieving maximum Au and Ag nanoparticle–antibodies conjugation, respectively,
which can help to improve the sensitivity, reproducibility, and limit detection of the lateral
flow immunochromatographic assays.
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Abstract: This study aimed to determine the optimal UAE conditions for extracting anthocyanins
from pigmented corn using the Box–Behnken design (BBD). Six anthocyanins were identified in
the samples and were used as response variables to evaluate the effects of the following working
variables: extraction solvent pH (2–7), temperature (10–70 ◦C), solvent composition (0–50% methanol
in water), and ultrasound power (20–80%). The extraction time (5–25 min) was evaluated for complete
recovery. Response surface methodology suggested optimal conditions, specifically 36% methanol in
water with pH 7 at 70 ◦C using 73% ultrasound power for 10 min. The method was validated with a
high level of accuracy (>90% of recovery) and high precision (CV < 5% for both repeatability and
intermediate precision). Finally, the proposed analytical extraction method was successfully applied
to determine anthocyanins that covered a wide concentration range (36.47–551.92 mg kg−1) in several
pigmented corn samples revealing potential varieties providing more health benefits.

Keywords: anthocyanins; Box–Behnken design; optimization; purple corn; ultrasound-assisted
extraction

1. Introduction

Pigmented corn is recognized by orange, red, purple, and blue kernels [1,2]. In
Indonesia, varieties of purple and rainbow kernels are commonly available. Therefore,
anthocyanins are traditionally considered natural food coloring agents [3,4] and have been
used in Indonesia to reduce the use of artificial colorants. The varied colors of pigmented
corn kernels are defined by anthocyanins, which provide essential health benefits such as
anti-oxidant, anti-diabetic, anti-cancer, anti-inflammatory, and anti-obesity [5,6].

Several studies have reported high levels of anthocyanins in pigmented corn. Antho-
cyanin content in pigmented corn from Australia ranges from 2.2 to 4.4 g kg−1 [7]. The
highest reported anthocyanin content in whole fresh purple corn (16.4 g kg−1) was higher
than that in blueberries (3.9 g kg−1) [8]. Because it is a prominent source of anthocyanins, a
reliable method for identifying and quantifying anthocyanins in various pigmented corn
is necessary.

Solid–liquid maceration is the foremost extraction treatment for anthocyanins [9]. In
some cases, maceration to extract anthocyanins from purple corn requires a long extraction
time of up to 3 h, thereby promoting the degradation of anthocyanins [10–13]. Therefore,
advanced technology to accelerate extraction is continuously being developed to increase
efficiency [14].

Ultrasound-assisted extraction (UAE) is widely used because it is not limited by the
type of solvent, has low solvent consumption, and has a fast extraction time, thereby
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preventing component damage [15–17]. UAE provides higher anthocyanin recovery than
microwave-assisted extraction and maceration [12,18–21] by performing extraction in a
shorter time to avoid the breakdown of anthocyanin during the process [14].

The principle of analyte extraction from a solid matrix into a solvent is related to
the cavitation effect produced by ultrasound. The type of solvent and composition of the
mixture are essential factors because they are necessary for the cavitation effect on the
surface of the solid sample. Another critical factor is the solubility of the target compound in
the solvent medium. Anthocyanins are highly soluble in water and polar organic solvents,
whereas their glycoside forms are very soluble in pure water [3,22]. Therefore, a mixture of
polar organic solvents and water is suitable for extracting anthocyanins [23,24]. Methanol
was chosen as the extraction solvent because of its higher effectiveness in anthocyanin
extraction than ethanol [3,18,25]. A mixture of methanol and water was used to extract
anthocyanins from corn [7,26,27].

Factors associated with the chemical properties of the solvent, such as temperature and
pH, have been reported to affect extraction recovery [11,28] significantly. Anthocyanins in
pigmented corn include cyanidin, pelargonidin, and peonidin [7,27,29], which are generally
stable in acidic solutions, but the latter compound is also durable in high-pH solutions [3].
Other factors related to mass transfer effects, such as ultrasound power, pulse duty cycle,
and solid: liquid ratio, also considerably affect extraction efficiency [28,30–32].

As many factors must be optimized, a Box–Behnken design (BBD) in conjunction with
response surface methodology can help determine the condition providing the highest
recovery of anthocyanins from pigmented corn. Therefore, this study aimed to optimize
and validate the UAE method for recovering anthocyanins from pigmented corn. The pro-
posed analytical method was subsequently applied to determine anthocyanins in various
pigmented corns.

2. Materials and Methods

2.1. Chemicals and Reagents

HPLC-grade methanol was obtained from Fisher Scientific (Loughborough, UK). The
water was purified using a Milli-Q water purification system (Millipore, Bedford, MA,
USA). The pH of the extraction solvent was adjusted using 0.1 N hydrochloric acid (HCl),
0.1 M sodium hydroxide (NaOH), and formic acid (Panreac, Barcelona, Spain). Analytical
grade cyanidin 3-O-glucoside, pelargonidin-3-O-glucoside, and peonidin-3-O-glucoside
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Samples

Six corn samples, including red, yellow, purple, and mixed-color kernels, were ob-
tained from the local market in Indonesia (Figure 1). The samples were traditionally
sun-dried by a farmer and stored at ambient temperature. The dried samples were then
milled using a grinder (ML 130 Type SP-7406, JATA, Tudela, Spain) for 5 min with an on-off
interval every 30 s and passed through a 1 mm screen mesh using a vibratory sieve shaker
(AS 200, Retsch GmbH, Haan, Germany). The sample powder was homogenized and
stored in a closed container until analysis. A mixture of samples in the same proportions
was used to optimize the UAE experiments.
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Figure 1. Corn samples collected from Indonesian Provinces: (a) Riau, (b) Lampung, (c) West Java,
and (d) Central Java.

2.3. Ultrasound-Assisted Extraction (UAE)

Anthocyanin extraction from pigmented corn was performed based on
Gonzales et al. [33], with slight modifications. UAE utilized a Sonopuls HD 4200 Ultrasonic
Homogenizer (20 Hz, 200 W, Bandelin Electronic GmbH & Co. KG, Heinrichstrabe, Berlin,
Germany) with a titanium probe TS 104 (diameter 4.5 mm). The extraction temperature was
controlled using a water bath (Frigiterm-10, J.P. Selecta, Barcelona, Spain). The extraction
for every 1 g sample employed 25 mL of solvent with a certain percentage of methanol in
water at the defined pH based on the experimental design. The pH of the extraction solvent
was adjusted using HCl 0.1 N and NaOH 0.1 M and measured using a Crison GLP22 pH
meter (Barcelona, Spain). Extraction was carried out according to the experimental design
for 5 min using 0.5 s−1 of a pulse duty cycle. Subsequently, the supernatant was sepa-
rated from the solid material using a centrifuge (Centrofriger-BLT 230V, Selecta, Barcelona,
Spain) at 4000 rpm for 10 min. The supernatant was then placed into 25 mL volumetric
flasks to adjust the volume and pH (2). A 0.22 μm nylon syringe filter (Membrane Solu-
tions, Dallas, TX, USA) was used to remove impurities before injecting the extract into the
UHPLC-UV-Vis system.

2.4. Determination of the Anthocyanins by UHPLC-UV-Vis

Anthocyanin content was determined using UHPLC-UV-Vis based on Gonzales
et al. [33]. An Elite UHPLC LaChrom System (Hitachi, Tokyo, Japan) equipped with
an L-2200U autosampler, an L2300 column oven, and two L-2160U pumps was used for the
chromatographic analyses. Separations were performed on a reverse-phase C18 column
(2.1 × 50 mm and 2.6 μm particle size; Phenomenex, Kinetex, CoreShell Technology,
Torrance, CA, USA). The injection volume was 15 μL. Elution was performed using mo-
bile phases A (water with 5% formic acid) and B (pure methanol). Gradient separation
was performed as follows: 2% B, 0.00 min; 2% B, 1.50 min; 15% B, 3.30 min; 15% B,
4.80 min; 35% B, 5.40 min; and 100% B, 6 min. The flow rate was 0.7 mL min−1. The column
temperature was set to 50 ◦C. The system was coupled to a UV-Vis detector (L-2420U)
and set at 520 nm for anthocyanin quantification. Assuming that the absorbance values
of the various anthocyanins were similar and considering their molecular weights, the
total anthocyanin content was calculated by summing the detected anthocyanins. The
sum of anthocyanin-detected areas was measured and normalized to the experimental
design response. A calibration curve prepared based on cyanidin 3-glucoside was used to
quantify anthocyanins because more than 70% of the anthocyanins in pigmented corn are
cyanidin-based compounds [7]. The analyses were performed in triplicate, and the results
were expressed as mg of cyanidin 3-glucoside equivalents (CGE) kg−1 of dried corn kernel.
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2.5. Identification of Anthocyanins Using UHPLC-PDA-QToF-MS

Anthocyanins in mixed samples were identified using a UHPLC system coupled to a
photodiode array detector and a quadrupole time-of-flight mass spectrometer (UHPLC-
PDA–QToF–MS) model Xevo G2 (Waters Corp., Milford, MA, USA). Identification was
based on Gonzales et al. [33]. Separations were performed on a reverse-phase C18 column
(100 × 2.1 mm and 1.7 μm particle size). Elution was performed using mobile phases A
(water with 2% formic acid) and B (pure methanol). Gradient separation was performed
as follows: 5% B, 0.00 min; 20% B, 3.30 min; 30% B, 3.86 min; 40% B, 5.05 min; 55% B,
5.35 min; 60% B, 5.64 min; 95% B, 5.94 min; and 95% B, 7.50 min, with a flow rate of
0.4 mL min−1. Each analysis was conducted within 12 min, including 4 min to restore
initial conditions. The electrospray was operated in the positive ionization mode. The
desolvation gas temperature was 500 ◦C, and the flow rate was 700 L h−1. The source
temperature was 150 ◦C, and the capillary cone was set to 700 V. The cone voltage was set
to 20 V with a gas flow of 10 L h−1. The trap collision energy was 4 eV. The full scan mode
was used to identify anthocyanins in the 100–1200 m/z range.

Six anthocyanins were identified in kernel corn samples (Figure 2). The major antho-
cyanins [M+] were identified as cyanidin-3-glucoside (m/z 449), pelargonidin-3-glucoside
(m/z 493), peonidin-3-glucoside (m/z 463), cyanidin-3-malonyl glucoside
(m/z 535), pelargonidin-3-malonyl glucoside (m/z 519), and peonidin-3-malonyl glucoside
(m/z 549). The identified anthocyanins were the same as those described previously by
Colombo et al. [1].

Figure 2. Chromatogram of 6 anthocyanins identified in the mixture of pigmented corns: 1. Cyanidin-
3-glucoside, 2. Pelargonidin-3-glucoside, 3. Peonidin-3-glucoside, 4. Cyanidin-3-malonyl glucoside,
5. Pelargonidin-3-malonyl glucoside, 6. Peonidin-3-malonyl glucoside.

2.6. Experimental Design and Statistical Analysis

Box–Behnken design (BBD) with Response Surface Methodology was used to study
factors that may affect the extraction efficiency of anthocyanins from pigmented corn,
namely pH, temperature, solvent composition, and sonication power. The total area
covered by the six identified anthocyanins was used as the target response. A BBD with
four independent variables at three levels of factor values (−1, 0, and 1) was carried out.
The independent variables and their levels are listed in Table 1. The overall design consists
of 27 basic experimental units, as detailed in Table 2.
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Table 1. Selected independent variables and their levels.

Independent Variables
Levels

−1 0 +1

x1, pH 2 4.5 7

x2, Temperature (◦C) 10 40 70

x3, Solvent composition (% methanol in water) 0 25 50

x4, Ultrasound power (%) 20 50 80

Table 2. A Box–Behnken design for four factors with the measured responses.

DOE
Independent Variables Relative Measured Value to

Maximum Responses * (%)x1 x2 x3 x4

1 −1 0 −1 0 34.55

2 −1 0 +1 0 59.63

3 0 −1 −1 0 35.45

4 +1 +1 0 0 82.22

5 0 0 +1 +1 60.95

6 0 0 −1 −1 29.90

7 0 0 +1 −1 64.09

8 0 −1 0 −1 58.85

9 0 0 −1 +1 42.26

10 +1 0 0 +1 83.42

11 0 +1 0 +1 91.01

12 0 0 0 0 74.21

13 0 −1 +1 0 100.00

14 −1 −1 0 0 67.62

15 0 +1 +1 0 83.69

16 −1 0 0 +1 80.78

17 0 +1 0 −1 77.10

18 −1 +1 0 0 75.68

19 0 0 0 0 67.73

20 0 −1 0 +1 65.36

21 +1 −1 0 0 80.27

22 −1 0 0 −1 62.75

23 +1 0 +1 0 91.86

24 0 +1 −1 0 40.66

25 +1 0 0 −1 59.63

26 0 0 0 0 73.13

27 +1 0 −1 0 57.73
* Relative value to the total chromatographic area (520 nm) in the experimental design.

MINITAB (version X) (Minitab LLC, State College, PA, USA) generated the BBD and
established the RSM model. An analysis of variance (ANOVA, p = 0.05) in conjunction with
the Least Significant Difference (LSD, p = 0.05) test was used to determine the significance
of the difference between the means.
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2.7. Determination of the Optimal Extraction Time

The optimum extraction condition proposed by the RSM was used to evaluate the
extraction time. The optimal extraction time was determined by assessing the level of
anthocyanins at different extraction times (5, 10, 15, 20, and 25 min). The experiment was
performed in triplicate using a randomized block design.

2.8. Method Validation

The analytical method was validated based on ICH Q2(R1) guidelines [34]. In addition
to evaluating the analytical properties of the chromatographic procedure, the precision
and accuracy assessments of the extraction method were also included in the method
validation. The precision of the method was evaluated by performing repeatability (intra-
day) and intermediate precision (inter-day). Repeatability was assessed by repeating nine
analyses from a sample on the same day (n = 9), while intermediate precision was evaluated
by performing three extractions on three consecutive days (n = 3 × 3). Precisions were
expressed as the coefficient of variation (%CV). The trueness of the method was assessed
by calculating the UAE recovery (%R), which was determined by comparing the total
anthocyanin areas of the samples with and without spiking. The recovery was performed
by adding the concentrated sample as a spike solution in the 25–40% range.

3. Results and Discussion

3.1. Performance of the Chromatographic Method

The total area of the detected anthocyanins was the response used for the optimization
step, and the determination method for the compounds was validated for quality assur-
ance. Hence, chromatographic analysis was validated by measuring the linearity, limit of
detection (LOD), limit of quantification (LOQ), and precision of the method. A calibration
curve (y = 168.154x − 28.642) was prepared using the cyanidin 3-glucoside standard
(1−48 mg L−1) and measured at 520 nm. The resulting coefficient of determination
(R2) was 0.9999, as described by Gonzales et al. [33]. The slope and standard deviation
from regression were included in the calculation to define LOD (0.38 mg L−1) and LOQ
(1.18 mg L−1). The molecular weights of the other anthocyanins (pelargonidin, peonidin,
and malonyl derivatives) were used to calculate the total level of anthocyanins and were
expressed as cyanidin glucoside equivalents (CGE). The precision of the peak area in the
chromatographic results was evaluated by performing intra-day (CV, 1.52%) and inter-day
(CV, 2.11%) injections on the sample. The resulting CV values were less than the acceptable
level (2.7%) for analyte concentrations of 1–48 mg L−1, confirming the high precision of the
method [35].

3.2. Effect of the UAE Operating Variables in the Recovery of Anthocyanins

The BBD, consisting of 27 experiments, including three central points, was completed.
Subsequently, the effect of the studied UAE factors on the level of anthocyanins extracted
from corn kernels was assessed using analysis of variance (ANOVA). The statistical signif-
icance of each effect provided by the UAE factors was obtained by comparing the mean
square error with the estimated experimental error. The standardized values (p = 0.05) in
descending order of importance are plotted on a Pareto chart for the main, interaction, and
quadratic effects (Figure 3).

126



Methods Protoc. 2023, 6, 69

Figure 3. Pareto chart of the standardized effects from the UAE factors (x1, pH; x2, temperature; x3,
solvent composition; and x4, power of sonication).

The bars crossing the vertical line indicate the factors or combinations that significantly
affect the response. The two effects had p-values below 0.05, marking a significant difference
at the 95% confidence level. The main effect of solvent composition positively influenced
(p < 0.001) the extraction, which means that the higher the amount of methanol in water, the
higher the recovery of anthocyanins. The solvent composition has previously been reported
as an influential variable for the extraction of anthocyanins from other similar matrices, such
as purple corn cobs [4,36], purple corn flour [37], and red rice bran [38]. Hydroalcoholic
mixtures are also more efficient than pure solvents for extracting moderately polar or
amphiphilic molecules such as anthocyanins [39,40]. The polarity agreement between the
analyte and the extraction solvent could increase the solubility. Improving the methanol
in water as the extraction solvent provided higher recovery because the solubility of
anthocyanins increased, facilitating the mass transfer rate.

However, the quadratic solvent composition showed a significant effect (p = 0.013)
with an inverse relationship, which means that excess methanol in the solvent lowered the
recovery. Excess methanol in the solvent would decrease the extraction yield because it
creates a difference in polarity between the analyte and the extraction solvent, affecting
the solubility.

3.3. Prediction Model Using Response Surface Methodology

The purpose of optimization using Response Surface Methodology (RSM) was to
obtain the best combination of UAE factors to achieve the highest recovery results. A
mathematical model of a second-order polynomial Equation (1) was established, consid-
ering the significant main and quadratic effects of the solvent composition on the level of
extracted anthocyanins.

y = 0.7169 + 0.1831x3 − 0.1431x3x3 (1)

where y is the total area of anthocyanin as a response, x3 is the solvent composition, and
x3x3 is the quadratic solvent composition. The correlation between the measured and
predicted values of total anthocyanins obtained using the model is plotted in Figure 4.
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Figure 4. The measured and predicted areas of total anthocyanins in UAE extract.

The agreement between the measured and predicted total anthocyanin values was
evaluated by the average relative prediction error (9.73%). The measured vs. predicted
data values showed low variability (0.03–26.60%) around the mean value. A lack-of-fit test
was also performed to determine whether the selected model was suitable for describing
the measured data results. The resulting p-value for lack of fit (0.07) was non-significant,
indicating that the model chosen satisfactorily represented the data at the 95% confidence
level [30,31,39]. Hence, the equation model could describe the conditions of the UAE factors
that defined the response with satisfactory predictions, as plotted in Figure 5.

Figure 5. 2D Surface plot diagram of the level of anthocyanins in UAE extracts by solvent composition
and power.
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The dark blue area represents the lowest relative area, whereas the dark green area
represents the highest relative area. In this case, the region representing the highest recovery
in the DOE was obtained when the solvent composition and ultrasound power approached
their highest values in the studied range.

3.4. Optimization Conditions and Verification

The experimental design results suggested that the optimal extraction condition was
set at +0.43 for solvent composition, while the remaining conditions were at a level of +1 for
pH, +1 for temperature, and +0.78 for ultrasound power. Therefore, optimized extraction
of anthocyanins from mixed pigmented corn samples using UAE could be achieved by
applying 35.86% methanol in water at a pH of 7, a temperature of 70 ◦C, and a sonication
power of 73.33%. The predicted anthocyanin area was 495.52 V s.

Three experiments were conducted to verify the optimum condition using 36% methanol
in water with a pH of 7 at 70 ◦C and a sonication power of 73%. The resulting level of
anthocyanins, indicated by the peak area, was 449.57 ± 3.44 V s, with a deviation of 9.27%
from the prediction. These findings suggest that the Box–Behnken design successfully
optimized anthocyanin extraction with RSM.

Muangrat et al. [4] conducted optimization research on extracting anthocyanin from
purple corn cobs using UAE. The optimal conditions were similar to those determined in
this study, namely the temperature (64 ◦C). However, the solvent composition (50% ethanol
in water) and ultrasound amplitude (50 ◦C) differed from those observed in this study;
both factors could be closely related to the various parts of corn.

3.5. Optimal Extraction Time

The optimal extraction time was determined by varying the extraction time (5, 10,
15, 20, and 25 min). An ANOVA was used to analyze the results, which showed that
the extraction time significantly affected the extraction efficiency (p = 0.018). As shown
in Figure 6, when the extraction time was increased to 10 min, the level of anthocyanins
in the extract also increased. However, this level decreased when the extraction time
was increased to 20 min. A prolonged heating process may result in the degradation
of thermolabile compounds [41]. Extracted anthocyanins are also easily oxidized by the
environment if the extraction time is too long at high temperatures [42]. Thus, the extraction
time of 10 min was chosen as the optimal extraction time for anthocyanins in pigmented
corn. This value was much lower than the extraction times optimized in purple corn
cobs with UAE (30 min) [4], MAE (19 min) [13], and in purple corn kernels with stirred
maceration (30 min) [1].

3.6. Validation of the UAE Method

The accuracy of the method was assessed by measuring UAE recovery (%R). The antho-
cyanin extraction recovery was 92.81%. According to the AOAC guidelines
(80–110%), the recovery results were within the accepted range, indicating that the optimal
method has a high level of accuracy [35]. The precision of the method was evaluated by
performing repeatability (intra-day) and intermediate precision (inter-day) tests. The re-
sults of the repeatability and intermediate precision tests were 4.62 and 4.61%, respectively.
The acceptance limit for the precision of the analyte at a concentration of 1–10 mg L−1 was
11.0% [35]. The CV value obtained was less than the acceptance limit by the AOAC; thus,
the proposed method can be validated as providing high-precision results.

129



Methods Protoc. 2023, 6, 69

Figure 6. The total area of anthocyanins according to the different extraction times. The means with
different letters are significantly different (p = 0.05).

3.7. Applying the Optimized Method to Different Pigmented Corn

The extraction method was applied to extract anthocyanins from pigmented corn
to recover anthocyanins from various samples (Table 3). The studied pigmented corn
contained anthocyanins in the 36.47–551.92 mg CGE kg−1 range. Purple corn had the
highest anthocyanin content compared with red and white-purple corn. Purple corn has a
high chroma and is positively correlated with anthocyanins [36].

Table 3. Anthocyanin content of different pigmented corn matrices.

Location Color Picture
Anthocyanin Content

(mg CGE kg−1)

Lampung Red 281.56 ± 31.29

West Java Red 36.47 ± 6.65

Riau Purple 551.92 ± 14.02

Central Java Purple and white 47.01 ± 4.32
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Table 3. Cont.

Location Color Picture
Anthocyanin Content

(mg CGE kg−1)

Central Java Yellow <LOQ

Lampung Yellow <LOQ

Red corn from Lampung had a higher anthocyanin content than the red variety from
West Java. This is because red corn from Lampung has thicker red corn bran than that from
West Java. In addition, red corn from West Java has a thicker white endosperm than red
corn from Lampung. Purple corn from other regions of Indonesia also contains different
anthocyanins. For example, Manado has an anthocyanin content of 341 mg CGE L−1, and
Malang has an anthocyanin content of 376 mg CGE L−1 [10]. The anthocyanin content in
corn can vary depending on several factors, one of which is the growing conditions, such
as growth location [43].

4. Conclusions

A new ultrasound-assisted extraction (UAE) method was successfully optimized
using the Box–Behnken design to extract anthocyanins from pigmented corn. The optimal
condition was achieved by applying a solvent pH of 7 at 70 ◦C employing 36% methanol in
water and 73% sonication power for 10 min. The proposed optimal method was validated
with high levels of accuracy and precision. The developed UAE method was successfully
applied to determine the anthocyanin content of pigmented corn from several regions of
Indonesia. Pigmented corn contains anthocyanins in the 36.47–551.92 mg CGE kg−1 range.
Based on these results, it can be concluded that the newly developed UAE method in this
study is fast yet reliable for determining anthocyanin content in pigmented corn matrices.
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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic compounds coming from
natural or anthropogenic activities. Tree organs such as leaves and barks have been used to monitor
urban air quality and have achieved remarkable ecological importance. However, the potential of
many tree species as biomonitors is still unknown and efforts should be focused on conducting
studies that analyze their capabilities with a viable analytical method. In this work, an analytical
method for quantification of the 16 EPA priority PAHs from the leaves and bark of Sambucus nigra was
validated. In general, the method showed good linearity, detection limits, precision, and recoveries,
demonstrating that it is suitable for analyzing PAHs in both the leaves and bark of the Sambucus nigra
species for which no analytical method for PAHs is yet available. The high prevalence of fluoranthene
in the samples, which is a PAH related to coal combustion and biomass burning, and benzo[a]pyrene,
which has a carcinogenic effect, was identified.

Keywords: PAH; biomonitoring; air pollution; tree; HPLC

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a series of organic compounds con-
taining two or more fused benzene rings that form during the incomplete combustion of
organic matter [1,2]. Their emissions may be due to natural or anthropogenic activities [3].
Approximately 500 different PAHs have been detected in the air [4]. However, only 16 PAHs
have been classified by the United States Environmental Protection Agency (U.S. EPA) as
priority pollutants due to their high carcinogenic and mutagenic potential [5]. These are:
naphthalene (Naph), acenaphthylene (Acy), acenaphthene (Ace), fluorene (Fluo), phenan-
threne (Phen), anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), benzo[a]anthracene (BaA),
chrysene (Chry), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene
(BaP), dibenzo[a,h]anthracene (DahA), benzo[g,h,i]perylene (BghiP), and indeno [1,2,3-
cd]pyrene (IcdP).

PAHs exist in the atmosphere in the vapor and/or in particle-bound phase, and a
large portion of them are scavenged by vegetation via dry and wet deposition [6]. In
this sense, the use of vegetation, especially trees, in the assessment of atmospheric PAHs’
concentrations has gained great interest due to its low cost. Moreover, due to their high
spatial and temporal distribution, the use of trees provides the possibility of building high-
resolution maps of air pollution to detect risk areas in urban areas. However, differences in
the ability to accumulate PAHs between tree species have been identified [7–9].

The interception of pollutants by trees take place mainly in the upper portion of the
tree, such as leaves, stems, and barks. In this sense, different works have addressed the
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use of leaves/needles from different tree species to assess the presence of PAHs in urban
environments [7–9]. Stomata and outer cuticular lamellae are main vias for the uptake
of PAHs in the vapor phase, whereas particle-bound PAHs are accumulated on the leaf
surface [9,10]. Other vegetative parts of the tree, such as bark, have been less studied,
although some works have shown its good capacity to accumulate PAHs due to its high
lipid content, and porous and almost inert surface [11–13].

The evaluation of the atmospheric PAH concentrations using the leaves and barks of
different tree species is possible due to the development and application, in recent years,
of some analytical procedures. The processes proposed in the literature vary, due to the
complexity of the sample matrix. However, some steps in those protocols are similar,
including sample pre-treatment, extraction, clean-up, pre-concentration, and chemical
analysis. Furthermore, the ways of carrying out these processes are diverse.

Considering the sample pre-treatment, some studies include the use of drying tech-
niques such as freeze drying [14], stoves [15], and ovens [16]. Moreover, crushing techniques
using mortars [17], high-speed grinders [18], or liquid nitrogen [19] can also be used. How-
ever, there are many works where the intact samples are used, without any prior drying or
crushing treatment [11,20–22]. The pre-treatment step has been shown to be a bottleneck in
achieving adequate recoveries. Hence, it is important to pay attention to how the samples
are prepared, as using severe methods can greatly reduce these recoveries [14].

Regarding PAHs extraction, ultrasonic extraction [11,18,20], Soxhlet extraction [18,21,23],
accelerated solvent extraction [18,22,24], and microwave-assisted extraction [11,25] are the
most used techniques, which involve the use of different organic solvents for better yields.

Extract clean-up, which is a step that is often necessary to remove some matrix co-
extractant compounds, such as lipidic compounds and chlorophylls, which could cause
interference and introduce errors in the analysis [26,27], is usually performed by column
chromatography or solid-phase extraction (SPE) cartridges with different sorbents such
as florisil [7,28], silica gel [13,21,29], or alumina [30,31]. Regarding pre-concentration, the
rotary evaporator [17] and the nitrogen stream [32] are the common techniques used. For
instrumental analysis, gas chromatography coupled to mass spectrometry (GC-MS) is the
most widely used equipment for the detection and quantification of PAHs [14,22–25,33].
High-performance liquid chromatography with diode array (HPLC-DAD) and/or fluo-
rescence detectors (HPLC-Fl) is another technique used, although to a lesser extent than
GC-MS [20,21,32].

Although several analytical methods for the identification and quantification of PAHs
have been developed in recent years, a method developed for one tree species may not
be suitable for other ones. It may not even be suitable for another vegetative part of the
same tree. Therefore, the development of accurate and sensitive analytical methods is
necessary for the determination of PAHs in different tree species and their vegetative
parts. To the best of our knowledge, no study has been carried out for the leaves and
bark of Sambucus nigra. This is a deciduous multi-stemmed small tree native to Europe,
southwestern Asia, and northern Africa, and introduced and widely dispersed in Ecuador
and South America in general. This tree species has different medicinal and food uses. On
the one hand, their flowers and fruits have flavonoids, organic acids, essential oils, phenolic
acids, and anthocyanins showing an antiviral effect, strengthening the immune system and
providing inmuno-protection [34]. Moreover, their leaves, berries, and flowers seem to act
as antioxidants by neutralizing free radicals [35]. On the other hand, the fruit provides
flavor and color to certain foods, and it is used to prepare preserves, wines [36], sponge
cakes [37], among other foods.

Sambucus nigra can be found in pedestrian areas, parks, and main streets in urban and
sub-urban areas, being useful for extensive spatio–temporal sampling; thus, its study as a
biomonitor is interesting and necessary. Therefore, the aim of this work was to present an
analytical method for the quantitative extraction and determination of 16 US-EPA PAHs
in leaf and bark samples of Sambucus nigra. The analytical procedure includes the use of
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an ultrasonic bath for extraction, concentration, an SPE clean-up procedure, and the final
concentration before analysis by high-performance liquid chromatography (HPLC).

2. Materials and Methods

2.1. Sample Collection

Leaf and bark samples of Sambucus nigra were collected in a residential area (0◦10′38.5′′ S
78◦21′51.1′′ W) in the city of Quito, Ecuador. Sampling was performed from all directions
of the tree at a specific height and using a new pair of powder-free vinyl gloves for each
sample to avoid cross contamination. Specifically, eight branches were collected from the
outer part of the tree by using a pruning shear and at a height of approximately 2 m above
the ground. On the other hand, the bark was carefully removed from the boles of the tree
at a height of approximately 1.5 m above the ground using a steel knife. Between each
sampling, the pruning shear and the steel knife were cleaned with alcohol.

All the collected branches and barks were packed together in a single Ziplock bag,
respectively. The bags were then labeled on site with the name of the species tree, sample
type (leaf or bark), the date of collection, and GPS coordinates. To avoid photochemical
degradation and volatilization of PAHs, bags were wrapped in aluminum to protect them
from light and placed in cooler containing ice packs. Finally, samples were transported to
the laboratory and stored at −20 ◦C for four days, for subsequent sample treatment and
chemical analysis.

2.2. Sample Treatment

Prior to extraction, the samples were defrosted in a desiccator. Then, 2 g of leaves, of
identical length and with no evidence of chlorosis or necrosis, were randomly taken by
hand from the branches, taking care to minimize contact with the leaf surface, and weighed
in six 250 mL beakers. Likewise, 2 g of bark, without the presence of mold, fungi, lichens,
or foreign material such as spider webs, was weighed in six 250 mL beakers. Powder-free
vinyl gloves were used to avoid cross contamination (a new pair between each weighing).

To evaluate the performance of the method (%Recovery (%R)), 0.3 mL of a 10 μg mL−1

certified standard mixture of 16 EPA PAHs in acetonitrile (SigmaAldrich, purchased from
Supelco, Ecuador) was added into three of the six beakers with leaves and barks, respec-
tively (final concentration of 1.5 μg g−1). This allows determining the recoveries by the
matrix spike method in triplicate, which is a widely used procedure for evaluating the
performance of a method in the absence of a reference material [38–40].

2.3. PAH Extraction

For the extraction procedure to recover the target analytes, an ultrasonic bath was
used. This equipment is normally available in laboratories and has been used in different
research works to extract PAHs from plant material [11,18,20].

An amount of 20 mL of a dichloromethane/hexane (1:1 v/v) mixture was added to
each of the beakers (with the spiked and non-spiked sample) prepared in the previous
step. The tops of the beakers were covered with aluminum foil and immersed in a 420-W
ultrasonic bath for 10 min. This procedure was repeated two more times, using the fresh
solvent mixture, for a total of 30 min of extraction and 60 mL of dichloromethane/hexane
mixture for each sample. The three extracts of each sample were combined in a round
bottom flask (100 mL) and evaporated on a Buchi rotary evaporator at 30 ◦C, with a pressure
between 550 mbar and 170 mbar, to approximately 1 mL, and further cleaned-up.

2.4. Clean-Up and Final Concentration

Sep-Pak Alumina cartridges (6 cc, 1 g. Waters) were used for cleaning-up. Firstly, the
cartridges were placed in a Waters SPE Vacuum Manifold and conditioned by passing 10 mL
of the dichloromethane/hexane mixture through the bed with a flow rate of approximately
1.4 drops per second obtained by adjusting the vacuum. The mixture was collected in a test
tube and was discarded. Then, the column was loaded with the extract and 10 mL more
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of the dichloromethane/hexane mixture was added to allow the elution of the analytes
with the same flow rate of 1.4 drops per second, which were collected in a clean test tube.
Finally, 5 mL of dichloromethane was added. The eluted extract was transferred to a
round bottom flask (100 mL) to evaporate it again to approximately 1 mL under the same
conditions indicated above. After that, the extract was transferred to 2 mL Eppendorf
and concentrated to dryness using a Genevac miVac centrifugal concentrator at 40 ◦C for
30 min. Finally, the samples were reconstituted in 1 mL of acetonitrile, shaken, filtered
using a PVDF syringe filter (32 mm, 0.22 μm) attached to a syringe of 3 mL, and transferred
to 2 mL amber glass vial. This final filtration is carried out before the chemical analysis to
avoid the obstruction of the HPLC column due to the presence of any particle.

2.5. PAH Analysis

The samples were analyzed by a HPLC (Agilent 1260 system) using a ZORBAX
Eclipse PAH column (4.6 × 50 nm, 3.5 μm) and a UV detector (Agilent 1260 DAD G4212B)
operating with wavelengths (λ) of 220 nm, 230 nm, and 254 nm. The column temperature
was maintained at 25 ◦C, the injection volume was set to 20 μL, and the flow rate was
1.4 mL/min. The elution program was defined as follows (with acetonitrile (A) and water
(B) as mobile phases): 0–6 min isocratic 40:60 (v/v) A:B; 6–9.5 min linear gradient from 40 to
100% of A and 9.5–12 min isocratic 40:60 (v/v) A:B. The peak intensity of each PAH changes
depending on the UV wavelength; thus, the PAHs were calibrated at the wavelength where
the intensity was greatest for that PAH. Table 1 shows the retention time and the UV
wavelength at which the peak of each PAH was most intense. The PAH peaks in the sample
chromatograms were identified by a retention time matching between standard and sample
chromatograms. Quantification was performed by the peak area of each PAH using the
ChemStation software (Agilent Technologies, Santa Clara, CA, USA).

Table 1. Retention time and the UV wavelength (λ) at which the peak of each PAH is most intense.

Retention Time (min) λ (nm)

Naphthalene (Naph) 3.0 220.0
Acenaphthylene (Acy) 3.4 230.0
Acenaphthene (Ace) 3.8 220.0

Fluorene (FLuo) 4.0 254.0
Phenanthrene (Phen) 4.3 254.0

Anthracene (Ant) 4.7 254.0
Fluoranthene (Flt) 5.0 230.0

Pyrene (Pyr) 5.2 230.0
Benzo[a]anthracene (BaA) 6.1 220.0

Chrysene (Chry) 6.3 254.0
Benzo[b]fluoranthene (BbF) 6.9 254.0
Benzo[k]fluoranthene (BkF) 7.3 230.0

Benzo[a]pyrene (BaP) 7.5 254.0
Dibenzo[a,h]anthracene (DahA) 8.2 220.0

Benzo[g,h,i]perylene (BghiP) 8.5 220.0
Indeno [1,2,3-cd]pyrene (IcdP) 9.1 230.0

2.6. Method Validation

Linearity, limit of detection (LOD), limit of quantification (LOQ), repeatability, and
recovery were determined for validation of the HPLC method.

External standard calibration curves were obtained using the certified standard at
eleven different levels in the concentration range of 2.5–2500 μg L−1. The linearity of each
PAH was evaluated as the coefficients of determination (R2) by regression analysis.

Instrumental LOD and LOQ were calculated according to Equations (1) and (2), re-
spectively [14,41,42]:

LOD =
3.3σ

IC
(1)
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LOQ =
10σ
IC

(2)

where IC is the calibration curve inclination and σ is the standard deviation of the intercept
of the calibration curve with the y-axis.

Instrumental repeatability (precision) was studied as percent relative standard devia-
tion (%RSDinst) of three consecutive injections of the standard solution at 100 μg L−1, while
method repeatability was expressed as %RSDmethod of the concentrations determined in
duplicate spiked samples.

The recovery values (%R) were determined according to Equation (3) [43]:

%R =
PAH concentration in the spiked sample − PAH concentration in the non − spiked sample

known added PAH concentration in spiked sample
× 100 (3)

3. Results and Discussion

3.1. Method Validation

The concentration range of calibration and linearity for each PAH, the instrumental
limit of detection (LOD) and quantification (LOQ), instrumental and method repeatability
expressed in terms of percent relative standard deviation (%RSD), and recovery values are
reported in Tables 2 and 3. Moreover, as an example, Figures 1–3 show the chromatogram
of the certified standard at 1000 μg L−1, the spiked bark sample at 1.5 μg g−1, and the
non-spiked bark sample.

Table 2. Linear range, regression equation, coefficient of determination (R2), instrumental repeatabil-
ity expressed in terms of percent relative standard deviation (%RSDinst), and instrumental limit of
detection (LOD) and quantification (LOQ).

PAH

Linearity %RSDinst
LOD

(μg L−1)
LOQ

(μg L−1)

Concentration Range of
Calibration (μg L−1)

Regression Equation a R2

Naphthalene (Naph) 7.5–2500 y = 2.4 ± 0.02x − 35.9 ± 21.53 0.9998 0.3 0.2 0.6
Acenaphthylene (Acy) 5.0–2500 y = 1.1 ± 0.008x − 8.2 ± 9.0 0.9997 1.7 0.8 2.5
Acenaphthene (Ace) 10–2500 y = 0.8 ± 0.008x − 6.8 ± 9.6 0.9996 0.2 2.6 7.8

Fluorene (FLuo) 10–2500 y = 0.2 ± 0.004x − 3.7 ± 4.63 0.9993 0.006 5.5 16.8
Phenanthrene (Phen) 5.0–2500 y = 0.9 ± 0.007x − 8.2 ± 7.14 0.9998 0.1 0.8 2.6

Anthracene (Ant) 2.5–2500 y = 1.9 ± 0.02x + 1.3 ± 9.0 0.9996 3.8 0.7 2.2
Fluoranthene (Flt) 5.0–2500 y = 0.6 ± 0.006x − 9.9 ± 6.4 0.9996 1.1 6.3 19.0

Pyrene (Pyr) 5.0–2500 y = 0.7 ± 0.005x − 7.6 ± 5.6 0.9997 0.3 7.8 23.8
Benzo[a]anthracene (BaA) 10–2500 y = 0.6 ± 0.006x + 0.4 ± 7.1 0.9996 1.0 1.6 4.9

Chrysene (Chry) 7.5–2500 y = 1.2 ± 0.01x − 14.5 ± 11.1 0.9997 0.5 1.4 4.2
Benzo[b]fluoranthene (BbF) 7.5–2500 y = 0.6 ± 0.006x − 5.3 ± 5.1 0.9996 4.6 4.8 14.7
Benzo[k]fluoranthene (BkF) 7.5–2500 y = 0.5 ± 0.004x − 6.8 ± 5.2 0.9996 0.4 6.3 19.0

Benzo[a]pyrene (BaP) 7.5–2500 y = 0.4 ± 0.004x − 1.4 ± 4.8 0.9995 4.3 1.2 3.7
Dibenzo[a,h]anthracene (DahA) 7.5–2500 y = 0.6 ± 0.005x − 6.4 ± 5.8 0.9997 0.9 6.1 18.4

Benzo[g,h,i]perylene (BghiP) 25.0–2500 y = 0.7 ± 0.008x − 14.4 ± 9.3 0.9997 1.2 6.5 19.6
Indeno[1,2,3-cd]pyrene (IcdP) 25.0–2500 y = 0.4 ± 0.003x − 9.2 ± 3.8 0.9997 0.4 13.7 41.5

a Calibration curves constructed by linear regression of the peak area (y) of each PAH against their respective
concentrations (x) (μg L−1).

Table 3. Percentage recoveries (%R) and method repeatability expressed in terms of percent relative
standard deviation (%RSDmethod).

PAH
Leaves Bark

%R %RSDmethod %R %RSDmethod

Naphthalene (Naph) 74.8 3.7 56.7 6.3
Acenaphthylene (Acy) 64.8 1.3 58.6 5.5
Acenaphthene (Ace) 67.9 3.9 55.2 12.8

Fluorene (FLuo) 75.1 1.9 72.1 13.8
Phenanthrene (Phen) 106.4 2.3 100.6 4.5
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Table 3. Cont.

PAH
Leaves Bark

%R %RSDmethod %R %RSDmethod

Anthracene (Ant) 88.9 1.7 92.4 3.1
Fluoranthene (Flt) 90.2 3.3 79.9 1.0

Pyrene (Pyr) 77.4 1.7 69.8 3.2
Benzo[a]anthracene (BaA) 85.1 1.2 86.7 2.9

Chrysene (Chry) 95.7 2.7 82.1 5.0
Benzo[b]fluoranthene (BbF) 72.1 3.1 75.7 1.6
Benzo[k]fluoranthene (BkF) 70.0 7.6 73.2 5.8

Benzo[a]pyrene (BaP) 91.2 16.9 69.3 11.0
Dibenzo[a,h]anthracene (DahA) 83.9 5.1 74.7 10.1

Benzo[g,h,i]perylene (BghiP) 76.4 24.0 82.8 10.5
Indeno [1,2,3-cd]pyrene (IcdP) 75.7 32.8 64.3 45.8

Figure 1. HPLC chromatogram of the certified standard at a concentration of 1000 μg L−1 of 16 PAHs
at λ = 230 nm, 220 nm, and 254 nm. Each PAH was calibrated in the UV wavelength (λ) where their
signal was greatest.
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Figure 2. HPLC chromatogram of the spiked bark sample at 1.5 μg g−1 at λ = 230 nm, 220 nm, and
254 nm.

Figure 3. HPLC chromatogram of the non-spiked bark sample at λ = 230 nm, 220 nm, and 254 nm.
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All calibration curves show good linearity with R2 values ranging between 0.9993
and 0.9998 (Table 2). Instrumental LOD and LOQ ranged from 0.2 μg L−1 for Naph to
13.7 μg L−1 for IcdP, while LOQ values ranged from 0.6 μg L−1 for Naph to 41.5 μg L−1 for
IcdP (Table 2). The instrumental repeatability values (%RSDinst) ranged between 0.006% and
4.6% (see Table 2), being within the interval values found in the literature (1–47.3%) [44,45]
and indicating good instrumental precision.

In general, the method repeatability (%RSDmethod) was below 17% for the leaf and
bark samples (Table 3), which is acceptable at such low concentration levels. An exception
is observed for IcdP in both sample types and for BghiP in leaf samples. The high variability
of high-molecular-weight PAHs has also been shown in previous works [46] and could
be due to the remaining co-extracted interferences from leaves and bark. Moreover, the
%RSDmethod values were similar to those reported in the literature (up to 18.8% [8] and
31.4% [44]).

Regarding recovery, the lowest values were found for the lighter PAHs, mainly Naph,
Acy, and Ace (Table 3). The low recovery of the lighter PAHs could be due to the fact
that they are more likely to be lost during sample handling and treatment, mainly in the
evaporation/concentration step, and because lighter PAHs can penetrate further into the
leaf tissues [47], making their extraction more complex. However, most %R values are
within the 60−120% range, which is accepted as valid [48].

3.2. Real Contaminated Samples

Figure 4 shows the experimental data for the non-spiked leaf and bark samples,
specifically: (a) the distribution of PAHs according to the molecular weight classification
(light-molecular-weight PAHs (LMW: 2 and 3 rings PAHs), medium-molecular-height
PAHs (MMW: 4 rings) and high-molecular-weight PAHs (HMW: 5 and 6 rings)); and (b) the
individual PAH concentration. The concentration of each PAH was corrected based on the
subtraction of the values of procedural blanks (extraction and clean-up of reagents without
vegetative material) and the recoveries obtained in Table 3.
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Figure 4. Experimental results for the non-spiked samples: (a) distribution of PAHs according to the
molecular weight classification and (b) the individual PAH concentration.

It is observed in Figure 4a that there is a greater predominance of HMW PAHs,
followed by MMW, and finally LMW PAHs. The high incidence of HMW PAHs is due to
the high concentrations of BaP (Figure 4b), which could indicate a high human exposure
risk, as this PAH is the usual marker of carcinogenic levels of PAHs in environmental
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studies [49]. BaP is mainly attributed to gasoline exhaust emissions that are known to
contribute to more BaP emissions than diesel engines [50]. Moreover, in a recent work [51],
it was found that BaP is associated with acceleration and braking activities, i.e., with the
presence of speed-modifying devices, such as traffic lights, roundabouts, intersections,
curves, and speed bumps. On the other hand, the high incidence of MMW is attributed to
the high concentrations of Flt (Figure 4b), which is associated with coal combustion and
biomass burning [52]. The incidence of LMW PAHs was not as high and could be related
to their high vapor pressures (higher volatility) which causes them to be resuspended into
the atmosphere [8,30].

4. Conclusions

An analytical method for the detection and quantification of the 16 EPA priority PAH
in leaf and bark samples of Sambucus nigra was validated. The methodology combines
ultrasonic extraction, subsequent concentration and clean-up, final concentration, and
the chemical analysis by high-performance liquid chromatography (HPLC). Linearity of
the calibration curve, instrumental LOD and LOQ, instrumental and method repeatability
(precision) (%RSDinst and %RSDmethod), and recovery experiments were used to validate the
method. Good precision was observed, obtaining instrumental repeatability in the interval
of 0.006–4.6%, while most of the method repeatability was below 17%, with exception of
IcdP in both sample types (32.8% for leaf and 45.8% for bark) and BghiP in leaf samples
(24.0%). Most recovery values were within the accepted range of 60−120%. However,
lower values were obtained for Naph, Acy, and Ace, indicating that there has been a loss of
these analytes during sample handling and treatment, which probably occurred during
the concentration stage. Results from the actual contaminated samples indicated a high
incidence in the air of fluoranthene, which is associated with coal combustion and biomass
burning, and of BaP, which is a PAH highly associated with gasoline exhaust emissions
and has a carcinogenic effect.
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