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EDITORIAL

Analytical Chemistry is like the Fruit of an Apple
Tree

Victor G. Mihucz

Head of the Analytical Chemistry Department at the Institute of Chemistry, ELTE E6tvés Lorand University,
Budapest, Hungary

Analytical chemistry is deeply rooted in Europe. It started with the work of Liebig and Fresenius,
among others. Then Kirchhoff, as father of spectroscopy, contributed to the development of the modern
instrumental analysis techniques flourishing today. As soon as | started learning analytical chemistry at
university, | fell in love with it. At that time, | could not explain why | wanted to become an analytical
chemist. Having gained experience teaching and performing research in analytical chemistry, | know now
that | am attracted to it because this branch of chemistry is what an apple means to an apple tree - the
fruit of a myriad of results in fundamental research in chemistry, always offering solutions to real life
problems. | always wanted to become an analyst and to work at the analytical chemistry department
where | studied. One year ago, my life drastically changed at the institute when | was invited to apply to
lead the analytical chemistry department where | have been working since 2007. | must admit that | had
mixed feelings in the beginning. First of all, | was honored that my colleagues in the department fully
expressed their support. At the same time, | was confused and scared. | felt that | am not the right person
to lead a department with a history of almost 120 years, that | had no clear vision of what could | do for
my colleagues and for the students choosing our department. However, | wanted to express my gratitude
to my colleagues for their trust in me. In my application, | advocated to maintain the high-quality teaching
of analytical chemistry at the department and offered to implement challenge-based learning for students
choosing our department. In past years, | felt that the raison d’étre of analytical chemistry departments
as single entities would soon end. My colleagues working in other fields such as biology, geography and
geology, pharmacy and medicine, all purchased instrumental analytical equipment and started performing
research by themselves. Recently, analytical chemistry departments underwent important organizational
and structural changes. Some of them disappeared, others incorporated into their name environmental
chemistry, food chemistry, or biochemistry. Recent advances in instrumental analysis create the impression
that conducting chemical analysis is an easy task that no longer requires the expertise of chemists
devoted to this branch of chemistry. However, there is still a lot of work to do, especially in the field of
organic analytical chemistry. Thanks to innovations in mass spectrometry and related techniques, infrared
spectroscopy, miniaturization (lab-on-chips) and sensors, ultra trace analysis, green methodologies, and
elemental speciation, analytical chemistry is experiencing a second Golden Era. In last year alone, | was
surprised by the ever-increasing number of chemistry bachelor and major students knocking on my door
asking me to provide them with analytical chemistry-related research topics. That led me to contact faculty
working at the other institutes offering cooperation with the arsenal of our instruments to widen the research
topic choices in our department, advocating that we should unite and complement our efforts to create
synergies. Surprisingly, the response of those colleagues was very positive. In one year, | could almost
double the number of research topics for diploma work in our department. This is something that makes
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me happy and optimistic. | am confident that the development of analytical methods together with proper
sampling and sample preparation are still important and crucial steps to produce high quality and reliable
results. Moreover, participation of analytical chemists in these tasks is indispensable. The recent success
of the Brazilian Journal of Analytical Chemistry achieving an impact factor of 0.7 makes me also think that
analytical method development has still a bright future ahead. Long live Analytical Chemistry! Long live
Brazilian Journal of Analytical Chemistry!

Victor G. Mihucz has been working at the Department of Analytical Chemistry
of ELTE Eo6tvos Lorand University, Budapest, Hungary since 2007. In 2014, he
habilitated in Analytical Chemistry. In 2015, he was appointed as associate
professor. Currently, he is head of the Analytical Chemistry Department at the
Institute of Chemistry, ELTE. He obtained the DSc degree from the Hungarian
Academy of Sciences (MTA) in October 2022. He participated in about 20
national and international research, scientific cooperation, and educational
projects. His main research field is elemental analysis, mainly arsenic speciation
in water and food. Another research topic of Victor G. Mihucz is indoor air quality.
He was the secretary of the Spectrochemical Society of the Hungarian Chemical
Society (MKE) between 2015 and 2019, then its president (2019-2023). In 2019,
he was elected as a member of the MKE Steering Committee. He has been
secretary of the MTA Analytical Chemistry and Environmental Sciences Scientific Committee since 2018.
In 2016, he received the Erné Pungor award of MTA. In 2020 and 2022, he was awarded the Miklds
Preisich award of MKE and CHARM-EU Award of ELTE, respectively.
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INTERVIEW

Professor Patricia Smichowski,

a researcher who works hard to
contribute to science, kindly granted
BrJAC an interview

Patricia Smichowski'~ is a Licentiate in Chemistry (equivalent to a Master in Science) of the
University of Buenos Aires. She obtained an MS in Nuclear Engineering from the Engineering
School of the University of Buenos Aires in 1981 and received her Ph.D. in chemistry in 1995
from the Complutense University, Madrid, Spain. In 1982, she joined the Argentine Atomic Energy
Commission (CNEA) where she is currently Head of the Analytical Developments Division. She is
also Principal Researcher at the National Council of Scientific and Technical Research (CONICET).
She specializes in the development and application of atomic spectrometric techniques to
environmental and biological analysis. Her interests lie in the preconcentration, speciation, and
determination of trace metals and metalloids in a variety of matrices by employing plasma-based
techniques, atomic fluorescence spectrometry, and other coupled techniques.

She has conducted national and international projects aimed at characterizing the presence
of metals, metalloids, ions, and organic compounds in airborne particulate matter, as well as
elucidating their origin. She holds a patent, with other researchers, relating to the development of
a sorbent for arsenic retention.

Patricia Smichowski has published 130 peer reviewed articles and 12 book chapters, given 45
invited lectures at international meetings, and has co-organized several international conferences.
She is a member of the advisory board of four international analytical chemistry journals, as well
as the European Virtual Institute for Speciation Analysis.

How was your childhood?
| had a happy childhood in the province of Buenos Aires, Argentina where | was born. | lived a very happy
family life. My parents always supported me in my pursuits, and they were a great support throughout my life.

What early influences encouraged you to study chemistry? Did you have any influencers, such as
a teacher?

As a child, | wanted to be an architect (today my daughter is an architect) until the age of 16, when |
had an excellent chemistry teacher who made me discover the wonderful world of chemistry. At that time
| thought “chemistry is very easy”; today, | don’t think the same!!!

How was the beginning of your career in chemistry?
During my high school years, | already wanted to be a chemist. In 1980, | obtained a degree in Chemistry
(equivalent to a Master in Science) from the University of Buenos Aires, Argentina. Several years later,

Cite: Smichowski, P. Professor Patricia Smichowski, a researcher who works hard to contribute to science, kindly granted BrJAC
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| obtained my Ph.D. in Chemistry at the Complutense University of Madrid under the supervision of Dr.
Carmen Camara, who was, and still is, a great friend.

What has changed in your profile, ambitions, and performance since the time you started your career?

Many things have changed because science, research, and life have changed during all these years.
What hasn’t changed for me is that, if | had to start over, | would do exactly the same. | have come a long
way and | have had many satisfactions. Analytical chemistry is an exciting part of my scientific life.

Could you comment briefly on the recent evolution of analytical chemistry, considering your
contributions?

Analytical chemistry and spectrochemical analysis have evolved and, consequently, have changed and
improved significantly. These changes have gone in hand with instrumental development that has made
it possible for analytical chemists to determine lower and lower concentrations, determine inorganic and
organic species of the same element, combine separation and quantification techniques, and develop
methods framed in the precepts of green chemistry. The advances made in the design and application of
nanomaterials, biosensors, electroanalytical, sample introduction methods, chemometrics, and imaging
techniques provide clear evidence of the impact of analytical chemistry in different research areas.

What are your lines of research? You have published many scientific papers. Would you highlight
any?

| have two main lines of research: i) development of analytical methods that allow the preconcentration,
speciation, and determination of metals and metalloids at trace and ultra-trace levels using a variety of
analytical techniques and instrumental couplings; ii) Characterization of atmospheric particles and related
matrices, identifying the presence of metals, metalloids, ions, and organic compounds, as well as the
identification of their sources.

In the last 20 years, | have worked very actively in environmental analytical chemistry and | am very
satisfied with the work carried out and with the contributions that | and my group have made to this
discipline.

What is your opinion about the current progress of chemistry research in Brazil? What are the
recent advances and challenges in scientific research in Brazil?

Brazil is a huge country with great potential. My first visit to Brazil was in the 90s and, since then, | have
seen more and more research growing in quality and quantity. Today, we can say that there are many
groups that carry out top level research and that these research groups are competitive with the most
internationally recognized researchers.

For you, what have been the most important recent achievements in analytical chemistry research?
What are the landmarks? What has changed in this scenario with the COVID-19 pandemic?
In my opinion, instrumental developments, especially in mass spectrometry, have opened new fields of
research, especially in trace element analysis and -omics in biochemistry and environmental chemistry.
The COVID-19 pandemic has caused a worldwide backlog, as experimental work could not be done for
a long period. On the other hand, | want to remark that diagnostic tests developed during the pandemic
represented an important contribution to making appropriate clinical decisions in short periods of time.

There are, in Brazil and in the world, several conferences on chemistry. To you, how important
are these meetings to the chemistry scientific community? How do you see the development of
national chemistry meetings in Brazil?

Conferences are an important meeting point between scientists, students, and vendors. As Brazil is a
very large country, conferences in Brazil attract a large number of people. This impresses me in particular



Professor Patricia Smichowski, a researcher who works hard to contribute to science,
kindly granted BrJAC an interview

and | find it very positive. The only criticism | make, to Brazil in particular and other countries in general, is
the excessive number of conferences, often with some overlapping of topics.

What is the importance of awards for the development of science and new technologies?
Awards are always important for seniors and for young people. They are a recognition to effort and
dedication; recognition is a powerful incentive to stimulate quality work.

For you, what is the importance of the national funding agencies for the scientific development of
Brazil?

All over the world, funding agencies play a fundamental role in making it possible to carry out quality
research that will contribute over time to the continuous development of the country. Without the help of
these agencies, it is impossible to carry out sustained research.

At the moment, the situation for scientific research in Brazil is one of decreasing investment. How
do you see this situation, and what would you say to young researchers?

This is a situation that occurs in Brazil and in many other
countries. To young people, | say not to be discouraged and
to continue working hard to achieve their dreams. In addition,
there is a relatively small number of scientists in South
America compared to other regions of the world. In this
context, added to the decrease in funding, cooperation
maintain the scientific level that we have between different research groups in the region is crucial to
achieved with great effort. maintain the scientific level that we have achieved with great
effort.

...there is a relatively small number of
scientists in South America compared
to other regions of the world. In this
context, added to the decrease in
funding, cooperation between different
research groups in the region is crucial to

What advice would you give to a young scientist who wants to pursue a career in chemistry?

Young scientists bring new energies and perspectives to analytical chemistry research. | would advise
them to be good students, to engage in research activities, and to have an active participation in workshops
and conferences to be in contact with professors and researchers from Brazil and other parts of the world.
An important point to highlight is to enjoy every step of their careers. Briefly, the most important thing is to
be happy with what you are doing.

For what would you like to be remembered?
| would like to be remembered as an Argentine researcher who has worked hard for many years and
who has made a contribution to science.
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POINT OF VIEW

BrJAC 2023 — Growing and Building Bridges

Joaquim de Aratjo Nobrega = X

Full Professor in the Department of Chemistry at the Federal University of S&do Carlos (UFSCar), Sao Carlos, SP,
Brazil

Time, flowing like a river (Time, The Alan Parsons Project)

In 2010, in the first BrJAC Editorial, Kubota emphasized: “We are launching BrJAC — Brazilian
Journal of Analytical Chemistry to open a discussion about the real role of the Analytical Chemistry for the
development of the country and bring the improvement of the life quality. BrdAC is an Analytical Chemistry
journal whose goal is to debate, discuss, show trends, and needs with opinion editorials and interviews with
renowned investigators, besides publishing scientific papers from the academic and industry, fulfilling the
idealistic purpose of a group of people to achieve actual academic industrial integration towards innovation
and technical-scientific development.”

In this same issue | had the opportunity to write a Point of View and | stated: “The launching of Brazilian
Journal of Analytical Chemistry (BrJAC) is a milestone with full potential to expand the flow of knowledge.
The integration of academy and industry is a must and BrJAC will certainly play a major role in putting
them in contact.”

After a relatively short span of time (just 13 years!), it is amazing to think about how much was
accomplished. As announced since the beginning, each issue has a great combination of reviews, scientific
articles, points of view, letters, sponsors’ reports, releases, news, and interviews. This list of contents is
part of the identity of BrdAC and each section plays a special role. Of course, articles are the core of any
scientific journal, but to create and consolidate bridges we need to integrate academia and industry, so
different forms of communication are in the BrJAC fingerprint.

And how could we move ahead without listening to well-known analytical chemists? Fortunately, since
its beginning, BrdAC has opened its pages for interviews. We began in 2010 with Prof. Carol Hollingworth
Collins (Institute of Chemistry, State University of Campinas)® and travelled all the way to Dr. Joanna
Szpunar (National Research Council of France, CNRS) in the last issue.* | have no doubt that important
landmarks of the history of analytical chemistry in Brazil were revealed in a colloquial atmosphere in these
interviews.

Recently, Marco Arruda, the Editor-in-Chief, posted a letter on the journal website entitled, “From dream
to reality”® and invited us to celebrate the indexation of BrJAC by Clarivate and its starting impact factor
of 0.7. Certainly, the Brazilian community in analytical chemistry has a lot to celebrate and it is amazing to
reach this point when we think about the challenges along the 13-year road (and please keep counting!).
In his letter, Marco Arruda mentioned challenges related to logistics, economy, ethics, and scientific quality.
Surely, these are critical aspects.

We live in an increasingly complex society full of opportunities and challenges. | am not thinking about
political turmoil, social inequalities, and climate crisis. You know how big these challenges are. However, |
would like to mention two other major challenges that we have coped with (or we are coping with) during
the lifetime of BrJAC.
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One critical moment was the years of the COVID-19 pandemic and how they affected our way of life.
We are still trying to understand all that has happened and how we have changed. The economy was
affected. Work routines were affected. Families and friends were affected. Institutions were affected. Once
again, we have practiced important human values, such as solidarity, fraternity, and the shared goal to
move ahead as a society. Once again, science has rescued us.

Another major influence when thinking about complexity and the scientific literature comes from
predatory journals. The routinization of research and its diffusion are landmarks for the evolution of
science, technology, and innovation. Scientific journals are important foundations for dissemination of
research. Notwithstanding, nowadays we are coping with paper mills that produce fake papers just for
profit. Recently, we are starting to face the dangerous combination of paper mills and artificial intelligence
to produce polluted science.

Despite some clouds on the horizon, it is great to see how the BrJAC community was able to grow
during these hard times. We have achievements to celebrate and BrJAC is a great one.

Recently, The Analytical Scientist asked researchers about the biggest challenge facing the analytical
chemistry field.® | would like to highlight the comments expressed by Prof. Robert Graham Cooks: “A
lack of appreciation of the intricacies of analytical science by other disciplines (especially chemists) who
see it as little more than an exercise in measurement using commercial instrumentation. Like modern
day pharaohs, the organic synthetic chemist commands — “measure it!” — without pausing to recognize
the ingenuity that went into the slaves’ work of conceiving the method, building the instrumentation, and
achieving useful performance criteria. The “measure it” request at the end of that multi-year process is
often a simple application, but the process that allows it is a unique combination of new scientific insights
and skillful technology.”.

And Richard Zare: “Simply put, gaining more respect for analytical science’s importance to understanding
nature.”.

| do think BrJAC is part of the multifarious mechanism to bring better understanding and more respect
to analytical sciences. Let us keep our focus and strength. As always, “time keeps flowing like a river”
(Time, The Alan Parsons Project).
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For several reasons, mainly cost and local productivity, the world population does not have access to a
balanced diet that contains all the macro and micronutrients necessary to maintain physiological functions
for a healthy life. Nutritional education, supplementation, and consuming enriched (or fortified) foods
appear as alternatives to supply daily demands and minimize malnutrition. Adding essential elements
as salts (e.g., iron, calcium, and zinc) to ready-to-eat processed foods, such as milk, flour, and juices is
already adopted in several countries. The choice of the compound to be added, as well as the transport
vehicle (foods), must be very well evaluated since the cost, long-term consumption, and bioavailability of
the added chemical species are imperative to ensure the nutritional quality of enriched food.!

Another alternative to produce enriched foods is cultivating an enriched medium (Figure 1), adding
essential elements to soil or in nutritive solution (hydroponic procedure), irrigating leaves, or immersing
seeds.? In this case, the chemical species used to the enrich food must be absorbed, translocated, and

accumulated in the edible part.?
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Figure 1. Elemental chemical speciation studies in enriched food.
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Studies have shown that the iron enrichment of adzuki beans using iron nitrate or iron chloride was
unsuccessful since iron inorganic species interact strongly with the antinutrients (tannins or phytates)
present in the roots, forming insoluble complexes and preventing their translocation.?® Alternatives found
to overcome this obstacle were enrichment by applying iron complexes with EDTA (ethylenediaminetetra-
acetic acid)® or iron nanoparticles, mainly encapsulated.* The nanoparticle application has been gaining
prominence in agriculture, aiming to carry fertilizer, pesticides, and nutrients to stimulate plant growth and
increase macro and micronutrient availability and absorption efficiency.5®

Besides the interaction between essential elements with antinutrients, evaluating the competition
between elemental species is important, because synergistic or antagonistic effects can be observed.
In both cases, chemical species must interact with other components present in food or cultivation
medium, altering its chemical composition when compared to food cultivated in conventional conditions.
The antagonistic effect between selenium and mercury was observed in edible mushrooms, while the
synergistic effect was observed with lead and selenium.”® Finally, it must be evaluated if the enrichment
promotes the production of non-bioavailable or toxic species.

Regardless of the food enrichment strategy, itis important to highlight the need to identify and quantify the
elemental chemical species in the enriched foods by chemical speciation analysis. In the Figure 1 is shown
examples of elemental chemical species; they can differ according to their oxidation states, inorganic forms,
and organometallic or isotopic composition.® For chemical speciation studies, initial fractionation steps (e.g.,
extraction procedures) are carried out; subsequently, chromatographic, or non-chromatographic methods
can be used to identify/determine the chemical species. The hyphenation (Figure 1) between separation
techniques, mainly chromatography, with high sensitivity detectors, such as inductively coupled plasma
mass spectrometry (ICP-MS), is commonly applied.®'" Nonetheless, extremely creative procedures used in
non-chromatographic chemical speciation, working only with chemical reactions and solubility differences,
can also be applied to determine chemical species. Non-chromatographic strategies were applied for iron
(reaction with hydroxylamine and precipitation with trichloroacetic acid and HCI) and selenium (cloud point
extraction) speciation in enriched adzuki sprouts.?

In summary, food enrichment success is closely associated with chemical speciation studies since there
are chemical species that will be absorbed in a cultivation medium, as well as the chemical species that
are formed during translocation and accumulation, which must be in bioavailable forms, in order to act on
the different metabolic systems of the human body, including remedying prevalences. In this scenario, it is
imperative to go beyond determining the total concentration of essential elements, since quantifying their
species will provide information regarding essentiality and toxicity. Finally, the formation of bioavailable
chemical species will add nutritional quality and, consequently, economic benefits that are so essential for
countries with specific prevalences to combat in a predominantly agricultural economy.
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List of Abbreviations

AA Ammonium acetate

ACN Acetonitrile

AF Ammonium Formate

API Atmospheric Pressure lonization

CAS No. Chemical Abstracts Service Number

CcC Calibration Curve

ESI Electrospray lonization

FA Formic Acid

IPA Isopropyl Alcohol

IUPAC International Union of Pure and Applied Chemistry
LC Liquid Chromatography

LC-MS/MS Liquid chromatography with tandem mass spectrometry
LLE Liquid—liquid extraction

Log P Partition coefficient

mM milli-Molar

MPA Mobile Phase A

MPB Mobile Phase B

ng mol Nano gram per mole

pH logarithm of the reciprocal of the hydrogen ion activity
pKa Dissociation Constant

PK Pharmacokinetic

pg mol" Pico gram per mole

PP Protein precipitation

SPE Solid-phase extraction

SPME Solid phase micro extraction

UPLC Ultra-Performance Liquid Chromatography

INTRODUCTION

Melatonin is a naturally occuring indole amine, which is chemically identified as N-acetyl-5-
methoxytryptamine (Figure 1). The human body has many sources for the production of melatonin. lts
physicochemical and pharmacokinetic properties are listed in Table I. In humans, the pineal gland is the
major source of melatonin secretion however ocular light exposure hinders this. This secretion and inhibition
process is controlled by the hypothalamic suprachiasmatic nucleus hamster clock.” The suprachiasmatic
nucleus of the hypothalamus is the biological clock that modulates melatonin production and secretion
over the full day span of 24 h.?

Melatonin levels are generally increased during the night hours, but these levels start dropping with
the progression of the morning and decrease further throughout the day. Raised night levels of melatonin
facilitate target organs to enter into an appropriate homeostatic metabolic rhythm helping the human body
to protect itself from developing various diseases.® Therefore, subjecting the body to light at night may
result in a disturbance in the production and secretion of melatonin hence disrupting the circadian rhythm.
The human body has specific receptors for melatonin through which it regulates various physiological
functions.* Apart from the pineal gland, other organs that synthesize melatonin are gastrointestinal-tract,
lymphocytes, bone marrow and, skin.®
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Figure 1. Melatonin chemical structure.

Plants have a different synthesis pathway of melatonin than animals. In plants, decarboxylation of
tryptophan happens first, followed by hydroxylation resulting in the formation of serotonin. In animals,
hydroxylation of tryptophan happens first followed by decarboxylation leading to serotonin formation.
Serotonin is further acetylated and methylated to form melatonin.®

To start the production of melatonin, tryptophan serves as a starting molecule in cell species, followed by
other steps like decarboxylation, methylation, hydroxylation, acetylation, etc. However, the order in which
these steps take place varies from species to species. Serotonin first undergoes acetylation followed by
methylation to form melatonin. The synthesis of melatonin is represented in Figure 2.
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Figure 2. Synthesis of melatonin.

Melatonin is an endogenous hormone and potent neurotransmitter that helps regulate circadian rhythm
and sleep. Modulation of the body temperature, hormone levels, sleep, and metabolism is done by the
biological clock (also called as inner clock) by changing the physiology as per the different durations of the
day.’” Disturbance in this inner clock may lead to grave consequences for mental as well as bodily well-
being.?

For example, the scientific evidence advises that sleep-wake cycles affect the hormone regulation and
showing misaligned behavioural models (e.g., shift workers), so, it results by governing the risk of type 2
diabetes, obesity, cancers, and coronary diseases.®'®
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A recent study has demonstrated that youngsters with disturbance in circadian cycles are more prone
to develop drug and or alcohol abuse.''? Learning issues and cognitive impairments.' Since the circadian
rhythms regulate various hormone levels including melatonin, such hormones can be used as biological
markers or pharmacodynamic markers for diseases caused by a disruption in the circadian rhythms.

Melatonin is commonly used in the treatment of sleep disorders such as insomnia and jet lag, for the
reestablishment of circadian rhythms in cases of blindness and shift works. It has also found application in
the prevention of developing cancer, as adjuvant therapy in cancer, and to slow down neurodegenerative
diseases. Melatonin is also a highly effective antioxidant and free radical scavenger. One of the most
studied actions of melatonin is its antitumor effects, which include antiangiogenic effects in several types
of tumors. Additionally, melatonin plays an important role in regulating glucose metabolism and has been
found to have significant anti-proliferative and apoptotic effects on various cancer cells. This hormone is
also known for its pharmacological action in reducing oxidative conditions, as well as its ability to reduce
inflammation and modulate immune responses (Figure 3).
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Figure 3. Schematic overview of other main functions of melatonin.

There are several sample types which can be used for the measurement of melatonin as well as
testosterone, for example blood,'*'¢ urine,'® and saliva'®?°. However, due to the pain free and ease
of sampling, saliva is the most desired sample type.?' Numerous published literature studies show that
melatonin, testosterone, and cortisol all have well established correlations between hormone levels of
serum versus saliva.?>24

The success of any treatment solely depends upon the drug’s method of action, the patient’s trust in the
treatment (hence religiously following the regimen), and the optimum drug level in the blood. Bioanalytical
methods are best suited to check the drug level in the biological matrices and also to evaluate patient
adherence.

These bioanalytical methods have a noteworthy role to play in various therapeutic drug monitoring
studies, toxicology or pharmacological evaluation of bioavailability, and PK (pharmacokinetic) evaluation.?5?
Before subjecting the bioanalytical method to such usage, it has to be fully assured that the method is
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fit for the intended analysis by appropriate validation experiments. Bioanalytical method validation and
study sample analysis (ICH M10) provide recommendations for biological and chemical drug quantification
and their application in the analysis of study samples. However, if any significant changes in method
validation approach applicants can consult their respective regulatory authorities by providing proper
justification. Various regulatory specific guidelines for bioanalytical method validation are published and
updated from time to time by regulatory agencies like Food and Drug Administration and Therapeutic
Goods Administration?® European Medicines Agency.?

For various non-clinic and clinic usage, precise and accurate quantification of endogenous compounds
is of utmost importance. For absolute quantification, the standard curve needs to be prepared in the
same matrix as that of the unknown samples, to nullify the difference in extraction recoveries and the
matrix effect. However, for endogenous compounds, it’s not feasible to get a drug free matrix due to the
endogenous nature of the drug.

LC-MS/MS analyses are a crucial aspect of bioanalytical research in pharmaceutical industry. However,
one concern that arises in these analyses is the potential matrix effects, which can result in erroneous
results. To address this concern, several approaches are used namely, surrogate matrix, surrogate analyte,
background subtraction, and standard addition.

Surrogate matrix is prepared by stripping off the endogenous drug using some common adsorbent
(like activated charcoal) to generate drug-free matrix which are then used to prepare calibration curve
standards.?*3' During charcoal stripping, this has to be ensured that all the charcoal particles are efficiently
removed before spiking with analytes of interest. This may lead to significant false reduction of the quantified
analyte concentration if not done efficiently.

The use of surrogate analyte approach in method development is easy when there is availability of
stable-isotope-labeled standards. On the other hand, the surrogate matrix method requires extensive initial
method development efforts; however, the benefit is that it simplifies sample analysis in the long term.32

The use of the standard addition method offers the advantage of utilizing the identical matrix of each
study sample to construct its own calibration curve. Additionally, this method enables direct quantification
of endogenous analytes, without requiring manual subtraction of background peak areas.

On the other hand, the surrogate matrix approach involves using different matrices, including artificial,
stripped, and neat matrices, as substitutes for the actual matrix.?® The measurement of melatonin in serum/
plasma is further difficult due to ‘Melatonin’ being an endogenous substance with sub-nanogram levels in
biological fluids, imposing serious challenges in developing and validating a highly sensitive bioanalytical
method using. This issue has been addressed using water3* and charcoal stripped plasma?®® as a surrogate
matrix to prepare a standard curve.

Two maijor challenges are generally faced in melatonin quantification — basal melatonin levels (due to
endogenous nature) and the desired sensitivity. The melatonin levels in the human body are very dynamic
and are not same in day and night. So, blood/plasma collected for the preparation of standard and quality
control samples have varying degree basal melatonin level which will give erroneous quantification and
QC failure issues. The use of charcoal stripped matrix helps to get rid of this issue. Also, the correct basal
value estimation for the clinical trial or patient samples (which are normally in sub nanogram levels) is
very important to understand the requisite prescription dose for the patient. Hence, the sensitivity of the
quantification method becomes further important.

In recent times, various bioanalytical techniques have been reported by overcoming the imposed
challenges to improve the melatonin quantification using the powerful quantification instruments like LC-
MS/MS. The main aim of this review article is to collate the various published LC-MS/MS based melatonin
bioanalytical quantification methods in different biological matrices like serum, plasma, milk and saliva
etc. Accordingly, this review has been performed by doing a literature search using web of science,
Google scholar and PubMed. The keywords used are melatonin, biological matrix/matrices, LC-MS/MS,
mass spectrometry, bioanalysis, validation, pharmacodynamics, pharmacokinetics. Physicochemical and
pharmacokinetic properties of melatonin were given in Table I.
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Table I. Melatonin physicochemical and pharmacokinetic properties

Physicochemical Properties

Chemical Composition
IUPAC Name

Physical Description

C,.H. NO

13" 16 272

N-[2-(5-methoxy-1H-indol-3-yl)ethyl] acetamide
Solid

Color/Form White-cream to yellowish crystalline powder
Melting Point 117 °C
Solubility >34.8 [ug mL"] (The mean of the results at pH 7.4)
LogP 1.6
PKa 16.51 and -0.69 and is uncharged in the entire pH range
Mol. weight 232.28 g mol”
CAS No. 73-31-4
Pharmacokinetic Properties
Half-life 35 to 50 minutes
Majorly metabolized Liver
Oral bioavailability 3-15%
Maijor route of elimination Urine

Types of Extraction Methods Used in Sample Preparation

Sample clean-up is another way to enhance the extraction efficiency of any biological method resulting
in better sensitivity and specificity. Various samples like liquid-liquid extraction, protein precipitation and
solid phase extraction are the commonly employed ones for the sample cleanup prior to LC-MS analysis.3®

Solid-phase extraction (SPE)

SPE is an extractive technique employing a solid bed in the form of a cartridge which acts as an
extraction or separation media when liquid and/or treated matrix samples containing desired analytes are
passed through it under the influence of positive or negative pressure. It is thus far the most effective and
reliable extraction procedure especially for the separation of analytes of interest from the complex matrices
like blood, tissues, plasma or urine. This technique not only separates the unwanted interferences from the
desired analyte but a very effective way of concentrating the analyte also resulting in the enhanced method
sensitivity especially required for the complex molecules like melatonin. Out of the 21 methods reported in
the compilation Table II, 7 methods have employed solid phase extraction for melatonin sample clean-up.

Liquid-liquid extraction (LLE)

LLE is an extraction technique where the analyte gets partitioned between the two immiscible solvents
based on its affinity resulting in its separation. This extraction technique is generally used in case of less
complex matrices like saliva. Out of the 21 methods reported in the compilation Table Il, 8 methods have
employed LLE for melatonin sample clean-up. The biggest disadvantages of LLE include the use of large
solvent volumes. Also, the organic solvents generally used for LLE are highly carcinogenic, resulting in a
health hazard for the user.
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Protein precipitation (PP)

Protein precipitation is the desired method of extraction, especially for the discovery samples where
least method developments are desired. Out of the 21 methods reported in the compilation Table Il, 4
methods employed protein precipitation for melatonin sample clean-up. PP is a simple, fast and cost-
effective extraction method as the precipitation is done by using commonly available laboratory reagents
like acetonitrile or trifluoroacetic acid, or ammonium sulfate. PP has relatively poor sample cleanup and
therefore, Due to the presence of phospholipids and oligosaccharides that are not completely removed, it
is connected with high levels of ion enhancement or ion suppression. The only way to resolve high levels
of ion enhancement or ion suppression is to use a deuterated IS that co-elutes with its respective analyte.
As a result, protein precipitation was deemed the best method for estimating 19 analytes simultaneously
in breast milk using LC-MS/MS.%

Solid phase micro extraction (SPME)

SPME is a modern and highly sensitive method of sample preparation that does not require a solvent.
This innovative technique operates on the principles of adsorption and absorption, followed by desorption.
Out of the 21-method reported in the compilation Table Il, one method has been employed SPME for
melatonin sample clean-up.

Obtaining precise, sensitive, accurate and results in analysis of samples can be challenging due to the
complexity of sample matrices. To mitigate sample interference effects from the environment and enhance
the detection of the main analyte, prior to analysis it is crucial step to integrate suitable sample preparation
method. There are some alternative and more advanced sample preparation method discovered to achieve
the maximum efficiency of the main analyte of interest. Presently, there are multiple sample preparation
techniques in use including, liquid-phase micro-extraction, magnetic solid-phase extraction, dispersive
solid-phase extraction and stir-bar sorptive extraction and QUEChERS (quick, easy, cheap, effective,
rugged, and safe), Microextraction in packed sorben, Stir-Bar sorbent extraction and Fabric phase sorptive
extraction. These advanced extraction methods were used in the detection of samples of breast milk and
cow milk using LC-MS/MS techniques. But no such method has been reported with respect to melatonin
determination with LC-MS/MS.38

Till date, no such systematic review has been done for the measurement methods of melatonin in
biological matrices using LC-MS/MS. Table |l represents published assays covering main aspects
of internal standard, sample extraction, mobile phase, CC range, and instrument used for the LC-MS/
MS quantification of the melatonin in complex biological matrices.*® The prepared pie chart indicates
contribution of the use of each sample preparation techniques (Figure 4) as per the available literature.

Figure 4. Pie chart representation of mostly used methods for
sample preparation (LLE: Liquid-Liquid Extraction, SPE: Solid-phase
extraction, PP: Protein precipitation, SPME: Solid phase micro
ELLE mSPE mPP mISPME extraction).
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Table Il. Compilation of the published assays for the quantitation of melatonin

Calibration Curve

S. No Matrix Internal standard Samp!e Mobile Phase Instrument Chromat.o'graphlc References
Extraction conditions Range
] Column: Acquity BEH C18,
Melatonin-D4 MPA 7.5 mM AF AchIty UPLC 130 A’ 1.7 um, 2.1 x 100 mm LOWe.St
in H,O pH 2.65 coupled with concentration 2.2
Human 6-OH- 2 . column (Waters) .
1 Plasma Melatonin-D4 PP and SPE Xevo TQ-S with Col ¢ - 3500 nM for serotonin to 35
MPB: 0.1% FAin electrospray olumn temp.. o 1.0 pM for 6-OH-
ACN ionization source. Autosampler temp.: 10 °C Melatonin
Injection Volume: 10 pL
shimadzu Nexera
X2 UPLC coupled
2 "g;rl‘:\f‘a” Not available LLE NA with Sciex - 0.78 :;’J 100 P9 39
QT6500 mass
spectrometer
Mode: Isocratic Column: Kinetex C8 column
0.1% FAin ACN (30 x 3 mm, 2.6 ym)
3 Breast Milk Not used PP and 0.1% FAin 4000 QTRAP Column temp.: 45 °C 10 to 500 ng mL" 40
; from Sciex
H,O (Ratio not Autosampler temp.: 5 °C
found) Injection Volume: 4 pL
MPA: 2 MM AF in  Waters 2D UPLC ~ Column: ACQUITY UPLC
Human PP H,0 equipped with HSS T3 column (50%2.1 mm, 4
4 Milk Melatonin-D4 using ACN TQ-XS triple 1.8 um) 1101000 pg mL 41
MPB: 0.1% FA in quadrupole mass Column temp.: 45 °C
ACN spectrometer Injection Volume: 30 pL
. Agilent 1290 LC c - Ki Melatonin:
MPA: 0.1% FA in olumn: Kinetex® C18 )
Human H,O cgt_:_pled to a 65%0 column (50 x 2.1 mm, 2.6 7.5 tggog pg mL"
5 Urine Melatonin-D4 SPE rap equippe pm) from Phenomenex y ro.xy_ 37
MPB: 0.1% FA in with a.n ellect.ro Iniection Volume: 20 uL. melatonin:
'A.CN spray ionization ) : .“ 375 to 25000 pg
source Flow rate: 600 pL/min mL-
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A Brief Assessment of the Bioanalytical Methods by using LC-MS/MS for the
Quantitation of Melatonin: A Potential Biomarker for Sleep-Related Disorders

Table Il. Compilation of the published assays for the quantitation of melatonin (continuation)

S. No Matrix Internal standard Samp!e Mobile Phase Instrument Chromat_o.graphlc (CEUIIE L TR References
Extraction conditions Range
MPA: 2 mM AA in Column: C18 2.1x50 mm 2.6
Human H,0 Agilent 6490 ESI pm Kinetex Melatonin:
. Melatonin-D4 2 . " I . 2.15-430 pmolL™
6 Salivary Cortisol-D4 LLE source in positive Injection Volume: 20 pyL Cortisol:0 14—27 59 42
Samples MPB: 0.1% FA in mode. Flow rate: 250 pL/min nmoll”!
ACN Run time: 6 min
Column: Eclipse Plus C18
MPA: 0.1% FAin . column 4.6 mm x 100 mm,  Melatonin: 0.004-
. Agilent 6490 : : I
Rat Serum D4-Melatonin LLE H,0 LC-MS/MS with 3.5 um particle Agilent 0.5 ng mL
7 Samples D4 -Cortisol clectrospra ZORBAX Cortisol, T3, T4 43
L-Thyroxine-13C6 MPB: 0.1% FA in L pray Autosampler- 4 °C and Testosterone:
ionization source S 1
CH,OH Injection Volume: 15 pL 0.4-50 ng mL
Flow rate: 1 mL/min
In saliva
Melatonin:
15-2000 pmolL-'
Sali Xevo TQ-MS Column: Phenomenex® Luna  Cortisol: 0.60-75
aiiva Cortisol-D4 SPE mevo 1R Phenyl-Hexyl 2.0x100 mm, nmolL".
8 Plasma . NA triple in positive . 44
Melatonin-D4 ionizati d 3um In plasma:
ionization mode. Run time: 6.5 min Melatonin: 15-2000
pmolL-"
Cortisol: 40-5500
nmolL"’
Column: Inertsil ODS-3
column (50 mm x 2.1 mm,
Human . SPME 50% H,Oand ‘i) 4000 from AB umn { 0.2 — 50 pg mL"
9 Saliva Melatonin-D4 2 Sciex, in positive 5 pm) 45
50% ACN :
ion mode Column temp.: 30 °C
Flow rate:0.2 mL/min
Column: C18 Luna
40% of CH.OH (2.0 50mm, 3 pm)
. 0 O 3 . . o
10 Dog Desvenlafaxine LLE with 60% of 5 mM AA: AB Sciex Column temp.. 35° c 0.020-10 ng mL"* 46
Plasma ethyl acetate 0.1% FA Autosampler: 4 °C

Injection volume: 10 pL
Flow rate: 0.20 mL/min

(continues on the next page)
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Table Il. Compilation of the published assays for the quantitation of melatonin (continuation)

Calibration Curve

S. No Matrix Internal standard Samp!e Mobile Phase Instrument Chromat.o-graphlc References
Extraction conditions Range
MPA: 80% of 5
Human mM AF in H,0 and , ,
11 Milk 7-D Melatonin SPE 20% CH.oH  Adilent 6460 with - 11to 150 pg mL" 47
3 ESI source
Samples
MPB: CH,OH
MPA: Water, ACN
and (mixture-1
containing 45%
Cotton swab of ACN ,45%
. of IPAand 10% Melatonin :0.004
with a rotator, .
Melatonin-D7 Samples were dimethyl ether) . (0 0.431
Oral Fluid . and mixture-2 LC-MS/MS with Hypersil Gold column Cortisone: 5.5 to
12 Samples Cortisone-D7 extracted and consists of 0.1% ESI source 50 x 2.1 3 277.4 48
P Cortisol-D4 purified, separated oo ' mm 2.1 mm, 3 Hm o
by using a Turbo of ammonium Cortisol: 0.55 to
hydroxide in ACN) 27.59 nmolL"
Flow
MPB: 1.5 mM
AF: 30 mM FAin
CH,OHand H,0
Toa dillute_dtsalivla MPA: 0.1% FA in Column: Symmetry C8
sampie, interna H.O API-3200 (150x3.9 mm internal
Salivar standard was ’ tandem mass diameter; 5 ym)
13 y Melatonin-D7 added into the Cire o ' 3.91- 1000 pg mL-" 49
Samples MPB: 15% CH,OH spectrometer Injection Volume: 50 pL
auto sampler G, ACN with 0.1%  Analyst software - i
vial and injected FA -170 y . Flow rate: 0.8 mL/min
directly. Run time: 8 min
Sea MPA: 1 mM of Shimadzu LC
Lamore perfluorohexanoic with Quattro
14 Bra?in y Melatonin-D7 SPE acid in water micro mass - 0.5-100 ng mL"*! 27
Tissues spectrometer from
MPB: ACN waters.
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Table Il. Compilation of the published assays for the quantitation of melatonin (continuation)

Chromatographic

Calibration Curve

S. No Matrix Internal standard Samp!e Mobile Phase Instrument s References
Extraction conditions Range
Column: ZORBAX Eclipse
XDB C18 (4.6 mmx 150 mm,
LLE MPA: 2 mM AF in API 6460 LC-MS/ 5 um)
. o . "
15 Human . with H,Owith 0.1% FA  MS in positive Column temp.: 20 °C 1-5000 pg mL-" 34
Plasma tryptamine dichloromethane electro spray o ]
MPB: ACN ionization mode. Injection Volume: 10 pL
Flow rate: 0.5 mL/min
Runtime:11 min
. [») .
. ,;A"l/:écge?ic/:;;d Waters Symmetry Shield Melatonin:
ha . . RP18 column 1165-116500 pg
Human in H,0and 5% of ~ TSQ coupled with (2.1x100 mm, 3.5 um) mL-"
16 Melatonin-D4 LLE ACN an lon Max HESI ’ . 50
Plasma source Column temp.: 50 °C N-acetyl serotonin:
MPB: 5% of H,0 Autosampler temp.: 5 °C 10.95 - 1_?95 Pg
and 95% of ACN Injection volume: 20 pL mL
MPA: 2 mM AA _ 1'\ge(')ft5°;‘é”;1
with 0.1% FAin Agilent 6460 Column: Kinetex C18 ol
Human Melatonin-D4 H,0 operated in 2.1 mm x 50 mm 2.6 pm (FJ)ortisoI'
17 . Cortisol-D4 LLE positive ion mode Column temp.: 40 °C L 51
Saliva ) . 0.5-90 nmolL""
Testosterone-D3 MPB: 2 mM AA with Electrospray Autosampler temp.: 8 °C Testosterone:
and 0.1% FAin ion source Flow rate: 0.5 mL/min ’
-V 15.6-622.8
CH.OH :
3 pmolL"
’V”zk 20 mM AAL” Column: silica-based
90% %g gr;d 10% Finnigan AQA octadecyl silica (ODS)
X .
1g  fuman Melatonin-D7 SPE mass with an :g'”;“”;apczli 'jzzmgl 5-1000 pg mL" 52
MPB: 5 mM AA in ionization zou);ce P pm, i m
50% H,0 and 50% Shiseido
CH,OH Column temp.: 40 °C
40 to 95% CH,OH .
19 Human 7-D-Melatonin SPE for 3 min and 95% AP)2000withan — Waters Symmetry C8 150 5 4 ) 19
Saliva APCI source mmx 3.9 mm

CH_,OH for 2 min
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Table Il. Compilation of the published assays for the quantitation of melatonin (continuation)

S. No Matrix Internal standard Samp!e Mobile Phase Instrument Chromat.o-graphlc (SEIEFEUE TR References
Extraction conditions Range
g Triplle Oasis® HLB extraction
9 quadrupole mass cartridge Waters column
Human N-acetyl On-Line Sample 9506 of ACN and spectrometer with g 0.500 to 200 ng
20 : . 5% of 5 mM AF . (2.1%x20 mm) 3 53
Serum tryptamine Extraction H 4 HP1100 variable ) ) mL
p wavelength UV Flow ratg. 0.2 mL./mln
detector Run time: 9 min
h%/|\1/|1308y;taesr’rs1 Melatonin: 4 to 80
9 i E
21 Human Melatonin-D7 LLE 17.5% OfACN n spectrometer - ng mL Heroxy 54
Plasma 25 mM FAin H,O . melatonin
with electrospray P
. 20 to 400 ng mL
interface.
d4-melatonin, Column: ODS Plastisil C18
Human serotonin, ammonium tandem mass Dikma) 0.1 pg/mgto 1.0
22 Hair d4-6- SPE acetate (95:5% spectrometer-ESI . X o5 oC -1pg /n% . 55
hydroxymelatonin, 7 positive ionization olumn temp.. pg/mg
44-6- VIV) mode Volume: 10 pL

sulfatoxymelatonin

Flow rate: 200 pL
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A Brief Assessment of the Bioanalytical Methods by using LC-MS/MS for the
Quantitation of Melatonin: A Potential Biomarker for Sleep-Related Disorders

Method Validation Parameters

In the literature various studies were analysed for the compilation of the bioanalytical method validation
parameters depicting that the method developed and used were reliable and reproducible for intended
use.

Selectivity is the ability of an analytical method to differentiate and measure the analyte, interfering
substances and internal standard. Magliocco et al. depicted the method to be very selective as no interfering
peaks were observed at the retention time of the compound in water and urine matrix which were collected
from different volunteers in late night hours,*” Zhao et al., reported the non-observance of interfering peaks
at the RT of melatonin and used Internal standard in the tested blank matrix.*

Carry-over is the appearance of the analyte from previous injection in the current chromatogram.
Karunanithi et al., and Fustinoni et al., reported carryover problem was not observed.*04!

Specificity is the capability of the developed method to differentiate the analyte from its related
substances. Karunanithi et al., reported specificity by analysing 20 blank milk samples. The used blank
milk batches were first treated with activated charcoal for overnight resulting in the absorption of the matrix
melatonin hence making them free from melatonin The melatonin free milk samples (n =20) were analysed
for specificity.*

Extraction Efficiency/Extraction Recovery is the amount of the analyte recovered after sample clean
up processing steps of the extraction method. The percent efficiency/recovery of analyte was calculated
with respect to response of the same amount of standalone standard analyte. Demeuse J. et al., reported
recovery or the extraction efficiency above 70%. Monfort et al., reported the extraction recovery ranging
from 87.3 to 110.8% with % CV ranging from 2.3 to 14.8%.4243

The matrix effect is generally evaluated to monitor the effect of different matrix or sources. Monfort et
al., reported the Matrix effects variance RSD of 11.4%.% Magliocco et al., reported the mean IS-normalized
matrix effects between 100-109% (RSD < 5%) indicating absence of any significant matrix effect.®”

Method Precision and Accuracy

Weigi Jin et al., depicted inter-day and intraday batch accuracy and precision on three validation
batches. Each batch consisted of six replicates of Quality control samples in human breast milk samples at
higher, mid and low levels. The intra and inter-assay precision depicted 4.1% and 6.8% RSD respectively.*
Magliocco et al., reported the accuracy data within the acceptance criteria range for melatonin and
6-hydroxymelatonin 92.4-104.6% and 94.0-102.6%, respectively (85-115% of the theoretical value).
Precision values for all QC samples of both analytes were within 15%. Good repeatability was depicted
i.e., 3.4—-10.4% for melatonin and 4.2—-7.9% for 6-hydroxymelatonin.®’

Reinjection reproducibility, as the name suggests is assessed by reinjecting a run at low, middle and
high QCs after storage for appropriate duration and temperature conditions. The precision and accuracy
of the reinjected QCs decides the validity of the processed samples. Weiqi Jin et al., reported re-injection
of processed-sample after 48 h and compared with first analysis i.e., 0 h. The accuracy was depicted to be
within £12.3% deviation, and the precision was depicted to be 2.8% RSD.*

Dilution integrity depicts the method ruggedness in case the matrix sample needs to be diluted, if the
sample volume is not sufficient or it's required to be diluted to bring within the calibration curve range
Monfort et al., reported dilution integrity, to affirm the sample integrity if samples are to be diluted, at
dilution factors of 10x and 100x. The accuracy was depicted to be within (85.0-113.5%) after dilution and
precision was shown to be (1.4 —10.1%).%®

Stability of the analyte in the matrix is evaluated using low and high concentration quality control
samples. Aliquots of the low- and high-quality (and sometimes mid also) control samples are analysed at
time zero (freshly) and after the stipulated storage requirement. The mean concentration at each quality
control samples level should be within +15% of the nominal concentration.

Monfort et al., reported short-term stability at room temperature for one day and at -20 °C for 14 days.
Long term stability was evaluated by analysing lower quality control samples and high-quality control
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samples after storing them at -80 °C for 30 days. Freeze-thaw stability was evaluated for 3 cycles of
freezing at -80 °C and unassisted thawing at room temperature and all the results were found to be
within the acceptance criteria.*®* Zhao et al., depicted the melatonin stability in dog plasma. The short-term
plasma stability at room temperature was depicted to be 4 hr and long-term plasma stability at -70 °C was
depicted to be for 25 days. Also, the sample were found to be acceptably stable after three freeze thaw
cycles and in processed samples at 4 °C for 24.%°

DISCUSSION

Some distinctive procedures are covered in this section to demonstrate variations in the bioanalysis of
melatonin. Firstly, quantifying melatonin in various biological matrices that is, endogenous substances with
ultra-low levels make it difficult. The blank of the biological matrix is not “blank”. This leads to a serious
issue in the validating a method by LC-MS/MS which appeared to be difficult to removal by using the
regular procedures for overcoming the same water used as calibration matrix An-Qi Wang et al. (2011)3*
and in few cases, charcoal pretreatment Duraisamy Karunanithi et al. (2013)*” was carried out to eliminate
interference.

Sebastian Hartter et al. (2001) reported a bioanalytical method for estimating melatonin and its major
metabolite in plasma, including enzymatic hydrolysis and one-step liquid—liquid extraction using 17.5%
ACN in FAin H,O and separation was done by using Luna C-18 column. As reported in Table Il, the method
was used for the plasma sample analysis from the healthy volunteers after administering a single 35 mg
dose via the oral route. The C__ for melatonin & 6-hydroxymelatonin was observed to be 19.2 ng mL" &
694 ng mL" respectively. With a T__ of 1.5 hours for both analytes after melatonin intake.>

Shuming Yang et al. (2002) reported a fast measuring of melatonin in human serum by LC-MS/MS.
N-acetyl tryptamine was used as ISTD. It applies ESI-MS-MS detection along with online preparation
of the samples. Using this method, unextracted serum samples were injected directly. The technique
has a wide linear range, is precise and sensitive and has excellent reproducibility with a total run time of
9 minutes per injection. This method can be used for the pharmacokinetic study of melatonin in human
serum and blood.*

The estimation of melatonin was reported by Kare Eriksson et al. (2003) using HPLC-MS/MS. The limit
of quantification and limit of detection was 3.0 pg mL"and 1.05 pg mL"respectively. This reported method
depicted better sensitivity and increased specificity for melatonin quantification in saliva samples and the
results were observed to be more reliable than immunoassay.®

Motoyama et al. (2004) reported a bioanalytical method for direct estimation of endogenous melatonin
using Mobile Phase A (MPA) as 20 mM of AAiin 90% H,O and 10% CH,OH and Mobile Phase B (MPB) as
5 mM of AAin 50% H,O and 50% CH,OH using ODS C18 column. The developed method by Motoyama
et al. was the very first method to perform direct quantification of endogenous levels of melatonin is human
saliva samples using the column switching technique. The method depicts a good throughput due to its
smaller run time resulting from the minimal sample pretreatment. The method has been validated for
5-1000 pg mL" and can be very useful for melatonin clinical trials.5?

The first method for estimation of melatonin and cortisone in saliva in a single run was reported by
Jensen MA et al. (2011) Samples were extracted using liquid-liquid extraction.®

Melissa D. et al. (2011) reported a method by using nano flow LC-MS/MS and electro spray LC-MS/MS
for estimation of melatonin and nor melatonin in human plasma by Gradient Elution using 95% of 0.2%
CH,COOH in H,O and 5% of ACN (95:5) in MPA and 5% of H,0 and 95% of acetonitrile (5:95) in MPB.
Waters symmetry shield RP 18 column was used for separation of human plasma by using liquid-liquid
extraction. This method used nano-LC for sample injection and was validated over range of 11.65-1165 pg
mL" & 10.95-1095 pg mL"' for melatonin and N-acetyl serotonin respectively. The usage of nano-LC has
resulted into enhanced sensitivity for endogenous melatonin levels up to sub-picogram levels.*

An-Qi Wang et al. (2011) validated bioanalytical method in plasma for melatonin by LC-MS/MS using
water as a calibration matrix by using 2mM ammonium formate and 0.1% FA in H,O in MPA and ACN
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in MPB and chromatographic separation was carried out on XDB C18 column manufactured by Agilent.
Two complementary quality control approach were used to validate the method. The PA batches for low
concentration (1 pg mL" and 10 pg mL") and potential matrix effect experiments were run using water as
matrix whereas pooled plasma was used to perform PA batches and matrix effect at high concentration
(50, 500 and 5000 pg mL™"). The accomplished method was employed to plasma melatonin exogenous
and endogenous levels quantification for dog samples.

The developed method was employed to check the PK profile of exogenous melatonin and daytime
baseline level of endogenous plasma melatonin in beagle dogs after oral administration.®*

Huiyong Wang et al. (2012) first reported an estimation of melatonin and neurotransmitters in brain
tissues by LC-MS/MS. Separation was done by using a reversed-phase column with MPA as 1 mM of
perfluorohexanoic acid in water and MPB as ACN. SPE Extraction method was used to extract and purify
the analyte from the tissue of brain samples. Different types of solid phase extraction beds were tried
during method development resulting in the extraction recoveries from 71.3 — 95.3%, however the best
recovery was obtained using Bond-Elut C18 cartridges. The limit of detection for both the analytes were
less than 200 pg mL-". The method described here is appropriate for quantifying norepinephrine, dopamine,
5-hydroxytryptamine and melatonin levels in biological samples with high accuracy, reproducibility and low
inter and intra-day variation.%®

Sohil A. Khan (2013) reported a LC-MS/MS technique for observing sleep disorders in children with
melatonin concentrations in saliva. The separation was done by using a gradient mobile phase 0.1% FAin
H,O in MPA and 15% CH,OH in ACN with 0.1% FA in MPB with C8 column. The method was found to be
depicting no matrix effects and was successfully applied clinically for both children and adult samples for
diagnosis purpose.*®

First automated assay for the parallel estimation of melatonin, cortisone and cortisol in oral fluid samples
was reported by Fustinoni S. et al. (2013) by LC/MS in saliva by using turbo flow system was operated by
using 2 sets of mobile phases. The MPA consists of H,0, ACN, mixture-1 (containing 45% of ACN, 45% of
IPA and 10% DME) and mixture-2 (consists of 0.1% of NH,OH in ACN). The MPB consists of 1.5 mM AF
to 30 mM FAin CH,OH and H,0.*®

This assay qualifies for all the checks of an ideal method like high-throughput, requirement of small
specimen volumes with very minimal manual interventions. These characteristics along with the non-
invasive sample collection (oral fluid) has led to its application in epidemiological studies.

Quantification of melatonin in milk was validated by using LC-MS/MS and reported by Duraisamy
Karunanithi et al. (2013) in which solid phase extraction cartridges were used to purify dichloromethane
before it was used to extract the samples.*’

Earlier developed methods for melatonin quantification in milk samples using radioimmunoassay have
severe selectivity concerns due to the cross reactivity from the milk components. Fluorescence detection
with HPLC and GC-MS were found to be having good sensitivity but the method was time consuming due
to the involvement of derivatization step.

This LC-MS/MS method was reported to be more selective and specific. Further a better LOD without
the tedious derivatization can be obtained. This LC-MS method was employed for melatonin quantification
of milk samples.

Huimin Zhao et al. (2015) developed a method for melatonin measurement in dog plasma, and the
dog plasma samples were prepared using ethyl acetate as solvent by liquid-liquid extraction method and
separation was done by using C18 column with isocratic mobile phase. The reported method has been
employed to measure the melatonin in dogs. In all blank matrix samples, At the retention times of melatonin
and IS, there were no endogenous compounds’ peaks that could have caused any significant interference.
The detected peak in plasma collected the day before administration accounted for less than 20% of the
lower limit of quantification area. There was no carryover after upper limit of quantification injection.*®

Ishizaki, et al. (2017) developed a sensitive, simple and rapid method to estimate melatonin using SPME
equipped with LC-MS/MS. Chromatographic separation was done within 3 min by using an Inertsil ODS-3
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column. This method was successfully applied to the analysis of saliva samples without any charcoal Peaks
in pretreatment and interference. The reported method was applied to estimate the melatonin changes
levels in saliva associated with lifestyle changes and light stimulation. This method can be considered as
a helpful tool for the evaluation of sleep disorders and stress.*

M. van Faassen et al. (2017) reported a correlation between cortisol and melatonin in saliva and
plasma. This is the primarly reported LC-MS/MS technique for comparison of melatonin in saliva and
melatonin in plasma. The validation LC-MS/MS method for measuring cortisol and melatonin levels in
healthy adults’ free, total saliva and plasma. The results for saliva and plasma with respect to cortisol and
melatonin were found to be satisfactory. Saliva collection through Salivette or passive drooling showed
no significant difference; A substantial difference between salivary and free plasma melatonin (average,
36% higher), with salivary melatonin levels being, on, suggests that potential melatonin production in the
salivary glands.*

Cristina Domenech-Coca, et al. (2019) reported an accurate analytical procedure for the assessment
of the melatonin, testosterone, triiodothyronine, thyroxine and cortisol in serum. The samples of rat serum
were extracted by using LLE and quantified by using HPLC coupled with tandem MS and separation
was done by using MPA — 0.1% formic acid in Water and MPB — 0.1% formic acid in methanol. The
established method has been used to examine the changes of testosterone, melatonin, thyroxine, cortisol
and triiodothyronine in serum of rat by induced the light exposure.*

The application of this method holds high clinical significance as it enables the simultaneous assessment
of hormones with dissimilar chemical structures, such as cholesterol derivatives and amino acid for the
mood disorders and depressive illnesses.

Sunghwan Shin, et al. (2021) reported a method in saliva for estimation of melatonin and cortisol in
single run & differentiated this method with immunoassays. SPE was used for the preparation of samples
and analyzed using 2 mmol L' ammonium acetate in water in MPA and acetonitrile with 0.1% formic acid
in MPB and Chromatographic separation was done on XDB C-18 column. Compared with the immuno
assays method, HPLC coupled with tandem MS method provides more reliable and more sensitive in the
estimation of melatonin and cortisol in saliva.*?

A newly developed high-throughput sensitive bio analytical validation method was reported by Weiqi
Jin et al. (2021) which is sensitive, simple, fast and high-throughput for measuring melatonin in human
milk and gives an appropriate platform to quantify human milk melatonin in large scale studies. This
quantification may be very useful for the development of the infant mil formula who cannot be breastfed.
This quantification method can be a reference gold standard for the human clinical research implying
quantification of melatonin detection in milk samples.*'

Estimation of 19 analytes simultaneously was validated by using HPLC coupled with tandem mass
spectrometry published by Anaelle Monfort et al. (2021) and it successfully applied to samples of nursing
women. This method is very useful due to its simple extraction method, allowing the measuring of multiple
drugs over a 1:1000 x concentration range.*°

Demeuse J. et al. (2021) published a sensitive procedure in saliva for the estimation of melatonin. It
allows the estimation at day time with a high accuracy and selectivity. The experiments showed a recovery
rate of 70% and matrix factor of over 90% for the analyte. Inter-run and intra-run accuracies ranged from
89% to 113%, and the Coefficient of Variations for both were between 1% and 7%. The limit of quantification
is the lowest concentration at which it was possible to easily integrate the qualitative transition’s peak was
found to be 0.78 pg mL".3°

Philippe J. Eugster et al (2022) first time reported a procedure for the detection of serotonin and its
main metabolites included melatonin in human plasma by using HPLC coupled with tandem MS. Samples
extracted by using protein PP followed by solid phase extraction. Improved sensitivity allows the detection
of serotonin and its metabolites including melatonin even at their lowest day time concentrations of 2.2 nM
for serotonin to 1.0 pM for 6-OH-Mel.*
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Minhui Zhu et al. (2022) reported a LC-MS/MS method for the accurate measurement of melatonin,
glucocorticoids and its metabolites in human hair. The method was also aimed to investigate how the
concentrations of these biomarkers are related to sleep state. The developed method can quantify six
endogenous compounds in hair, including cortisol and cortisone, which are important stress biomarkers.
While LC-MS/MS methods exist for other sample types, such as saliva, blood and urine, there is limited
research on detecting melatonin in human hair. This developed LC-MS/MS method can simultaneously
quantify melatonin, N-acetyl-serotonin, 6-O-melatonin, cortisol, and cortisone in human hair. The method
had a convenient hair sample pretreatment procedure and high sensitivity with limit of quantification ranging
from 0.1 pg/mg for melatonin to 1.0 pg/mg for cortisol and cortisone. Analysis of 65 undergraduates’
hair samples revealed relationship between poor sleep quality and higher hair cortisone content. Further
investigation of hair cortisone as a biomarker for long-term sleep state in a larger sample is warranted for
future studies.>®

Dermanowski et al. (2021) developed a method for the measurement of melatonin in plasma and saliva.
Further a comparison under dim light for the measurement of melatonin was carried out, since itis perceived
as the most precise objective bio-marker for determining the circadian phase. The LC-MS/MS validation
was done as per the European medicine agency recommendations. From twenty-one volunteers between
the ages of 26 and 54 plasma and saliva samples had been taken at five different times (between 8:00 PM
and 12:00 AM). Melatonin concentration was measured by using LC-MS/MS. Dim light melatonin onset
was defined as the time at which melatonin concentration was recorded in plasma and saliva surpassed
7 pg/mL and 20 pg/mL, respectively. The saliva/plasma melatonin concentration ratio was 2.87, and the
correlation between plasma and salivary melatonin concentration was r = 0.764 (p < 0.001). Finally, the
validated method of salivary melatonin determination enabled the dim light melatonin onset assessment
with potential clinical implications in monitoring and diagnosing circadian rhythm disorders.®’

Over the years the melatonin bioanalysis has evolved significantly. In the late 90s the achievable
quantification limits were in ng/mL however due to significant advancements in MS technologies pg
concentrations are being achieved comfortably. Earlier the quantification matrix being used was plasma
or serum only even though the collection procedure for these matrices is being painful. However, with the
advancement in instruments and better sensitivities, the pain-less source of matrices e.g., hair samples
can also be used these days. Also, the extraction procedures have evolved significantly from protein
precipitation, liquid- liquid extraction to SPE to SPME with better recoveries and least solvent wastage. In
the upcoming years, bio analysts can witness the development of fully automated estimation with minimal
human intervention for better reproducibility.

CONCLUSION

Melatonin research is expected to advance significantly through the use of LC-MS/MS, a powerful
analytical technique for precise and sensitive measurement of melatonin in biological samples. LC-MS/
MS’s capability to selectively detect and quantify melatonin in complex biological matrices, such as blood,
urine, and saliva, offers the potential for more accurate measurements, even at low concentrations. This
heightened sensitivity and selectivity may open up new opportunities for studying the diurnal rhythm of
melatonin, investigating its physiological and pathological roles, and evaluating its therapeutic potential. This
review describes various bio analytical methods developed and validated to estimate melatonin in various
matrices such as serum, plasma, milk and saliva etc. The summary of review articles would help in the
preparation of the latest bioanalytical methods. This review article presents various developed bioanalytical
methods by using LC-MS/MS which covers key aspects of internal standard, sample extraction, mobile
phase, CC range and instrument used. The application of LC-MS/MS has enabled tremendous quantitative
capabilities in MRM mode with high sensitivity, selectivity and specificity. The usage of gradient programs
helped in separation and quantification of drugs to prevent the matrix enhancement/suppression from the
matrix compounds and to remove the analyte carry over from injection to injection. LC-MS/MS is a rugged
and dependable instrument and it is extensively used for the quantification of melatonin because of its
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shorter run time, sensitivity and selectivity. The review article provided a survey of various methods and its
conditions to start new method development for melatonin.
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Preparation of NIR Spectral of A facial freshener, also known

training set sample Training set sample

Chemometric analysis as toner, is a cosmetic product
(Calibration model) .

that is commonly used to
invigorate the face after a busy
day. Ethanol serves as a key
component in toner, serving
multiple purposes such as being
a solvent, preservative, and
antimicrobial agent. However,
it's important to note that toner formulated for normal skin types typically contain ethanol in small
concentrations, adhering to a limit of not more than 10%. Therefore, this study aims to determine ethanol
levels in toner using the NIR spectroscopy and chemometric techniques. The NIR spectra of the simulated
samples were correlated with ethanol concentration using chemometric calibration model. The calibration
models used were partial least square (PLS), principal component regression (PCR), and support vector
regression (SVR). The calibration model was validated by leave one out cross validation (LOOCV) as well
as the external validation, and the precision and accuracy of the method was evaluated. Among the
calibration models, the PLS model exhibited the best performance, yielding an impressive R? 0.9976; with
an RMSEC value of 0.4364 and RMSECYV value of 0.4704. The internal validation yield R? value more than
0.99 and RMSE of less than 0,4198. Furthermore, external validation showed the R? and RMSEP value of
0.989 and 0.920 respectively. The %recovery and RSD value were 101.2% and 0.129%. Comparing
ethanol measurements obtained through the NIR chemometric method with those obtained using gas
chromatography as the reference method, no significant difference was observed at a 95% confidence
levels, as indicated by a significance value of 0.231.

Application in Validation of
real sample model

Keywords: NIR spectroscopy, chemometric, facial freshener, ethanol, toner

INTRODUCTION

Cosmetics refer to substances or mixtures used externally on the human body, such as the skin, scalp
hair, nails and the outer parts. They serve the purpose of cleaning, maintaining, enhancing attractiveness,
and protecting the body, excluding the medicinal applications.” One of facial cosmetics that is commonly
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used by women, especially Indonesia, is a face freshener (toner). Toner is used to cleanse the face after
daily activities, refresh the pH balance of facial skin, and achieve optimal equilibrium.? They are typically
composed of various natural ingredients. For normal skin types, toner often include moisturizing agents
to restore hydration after using facial cleansers.® In the formulation of toner, ethanol can be used as a
solvent, preservative and antimicrobial. It helps in dissolving active ingredients or substances that are
insoluble in water.* Toner are usually recommended for individuals with normal and oily skin types.® The
concentration of ethanol used in toner for normal skin is limited to no more than 10%, as it provides the
desired therapeutic effect.®

According to previous studies, the determination of ethanol content was carried out using several
method. In a study by Aimeida et al (2021), the determination of ethanol and fragrance content in cosmetics
was carried out using gas chromatography method.” According to the study by Pinu et al (2017), ethanol
content in fermented foods and beverages were determined using the gas chromatography method.®
Valentina et al (2010) examined the determination of ethanol content in branded foods using chemometric
NIR (Near Infrared) spectroscopy method.® Mmaabo (2022) examined the determination of ethanol
content in various types of alcoholic beverages using the gas chromatography method.'® Rebecca’s (2021)
explored the determination of ethanol content in beer using gas chromatography method." However, no
study has reported the determination of ethanol content in cosmetic samples, especially toner, using either
gas chromatography or NIR spectroscopy method. The gas chromatography method offers numerous
benefits, including high sensitivity, but it has the drawback of being time-consuming and requiring the
preparation of a chemical mixture. In this study, the determination of ethanol content was carried out
using the NIR spectroscopy method. This method is not only applicable to cosmetic toner samples but
also enables the assessment of alcohol content in beverages like beer.’? One of the major advantages of
the NIR spectroscopy is its ability to provide quick analysis results without causing pollution, as it solely
relies on simple preparations without the need for chemical compounds.’ However, the NIR spectroscopy
has drawbacks, including spectra that require further interpretation due to spectrum overlap and low
sensitivity. To overcome these challenges, chemometric method are employed in conjunction with the NIR
spectroscopy to rapidly identify and analyze spectra.™ In this study, toner simulation samples with ethanol
concentrations ranging from 0% to 30% were used for the NIR method.

This study aims to determine ethanol content in toner using the NIR chemometric method and compare
the results with gas chromatography as a reference method in order to ascertain if there is a significant
difference between the NIR spectroscopy method and gas chromatography.

MATERIALS AND METHOD
Materials

In this study, the materials used were ethanol (Merck), n-butanol (Merck), cucumber extract, lemon
extract, tween 80 (GBM), propylene glycol (Brataco), NaOH (Merck), nipagin (GBM), nipasol (GBM),
lemon perfume (GBM), aquabidest (Wida). The real sampels of toner were purchased from the market in
Jember, East Java, Indonesia.

Instrumentation

The tool used were the NIR Spectroscopy (Brimrose Luminar 3070), gas chromatography (GC-FID
Thermo Scientific-Trace 1300), Software The Unscrambler X 10.4 (Oslo, Norway), pH meter, and laboratory
glassware.

Sample Simulation Preparation

Sample simulation preparation involved the creation of a sample training set and a test set. The
formulation ingredients, including cucumber extract, lemon extract, tween 80, propylene glycol, NaOH,
nipagin, nipasol, and lemon perfume, were mixed together. Ethanol and aquabidest were then added to
achieve various concentrations in the training set samples (ranging from 0% to 30% v/v) and the test set
samples (ranging from 2.5% to 29.5% v/v).

34



Febriyanti, W. E.; Kristiningrum, N.; Wulandari, L.

Sample Measurement Using the NIR Spectroscopy

Sample measurements were carried out using the Brimrose NIR spectroscopy instrument. Furthermore,
200 pL of each sample was placed on the sample compartment using a micropipette. Each simulation
sample was scanned in the range of 850-2000 nm. The measurements were replicated three times, with 10
shooted in each replication. The NIR spectroscopy used consisted of a 3070 brimrose luminar spectrometer
with a sampling area measuring 5 x 3 mm and assisted by a computer set. The NIR Spectroscopy technique
was based on measuring the light reflected by a sample. The NIR spectrum was obtained by converting
the energy transferred from the radiation into mechanical energy through the movement of atoms and
chemical bonds within molecules. Initially, the sample was exposed to a light source at a wavelength
between 780-2500 nm and the light reflected or transmitted by the sample collected on the detector which
was then converted into a spectrum.

Model Calibration and Validation

For model calibration and validation, the NIR spectras obtained were analysed by The Unscrambler
X 10.4. The multivariate analysis used for calibration model were partial least square (PLS), principal
component regression (PCR), and support vector regression (SVR)."® The calibration models (PLS, PCR,
and SVR) were formed by correlating the transmittance of the NIR spectra with ethanol concentration. The
selected model was validated using leave one out cross validation (LOOCV) using 30 concentation samples
training set and external validation using 10 concentration samples test set.’®* LOOCV was evaluated by
remove one set of data in training set and the remaining data were used to form new calibration model.
The precision and accuracy of the method was evaluated based on BP 2022.""

Real Sample Application

The selected calibration model that has been validated was applied to determine ethanol content in the
commercial sample. For each commercial sample, 200 uL was placed on the NIR spectroscopy sample
compartment and scanned three times for replicability. The real samples analyzed were five samples of
toner containing ethanol purchased from the market in Jember, Indonesia.

The determination of ethanol by gas chromatography and validation method

To prepare the standard ethanol solution, ethanol was diluted in aquabidest (distilled water) to achieve
a concentration range of 2-29% ethanol, with 1.0% n-butanol as the internal standard.”® Real sample
preparation involved adding 0.99 mL of the sample to 0.01 mL of n-butanol. The real samples were then
subjected to gas chromatography analysis with three replicates. Subsequently, ethanol content was
analyzed using the gas chromatography method with a detector temperature of 300 °C and an injector
temperature of 200 °C, and the analysis was carried out by directly injecting 1 yL of sample in split mode
with a split flow ratio and split ratio of 1:143. The initial temperature on the heater (oven) was set at
40 °C and held for the first 1 minute, after which it was increased by 10 °C per minute until reaching
70 °C. Subsequently, the temperature was increased at a rate of 70 °C per minute until reaching the final
limit temperature of 200 °C, which took 6 minutes. The pressure in the carrier gas was maintained on the
column at 60 kPa. The gas flux used for the detector was 350 mL per minute for synthetic gas and 35 mL
per minute for hydrogen. Precision and accuracy were evaluated using three levels of simulated samples
and replicated three times.

To compare ethanol levels in the real samples determined using the NIR chemometric and gas
chromatography, a paired t-test was performed on the samples. The significance levels (p-value) for the
test was set at 0.05 (two-tailed).
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RESULTS AND DISCUSSION

The simulation sample consists of 31 samples calibration set with a concentration range of 0%-30% v/v
and 10 samples test set with a concentration range of 2.5%-29.5% v/v. The concentration range was wider
than concentrations commonly used in commercial toner (1% - 10% v/v). The wider the range of calibration
set sample used the better the calibration model obtained.

The spectra of ethanol, simulated samples of 0%, 10% ethanol concentrations and commercial
samples are shown in Figure 1. Ethanol spectrum, simulated samples and commercial samples has the
same pattern, only the transmittance intensity is different as shown in Figure 1.
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Figure 1. IR spectra of ethanol, simulation sample with ethanol concentration 0%, 10% (SS 0%, SS 10%) and
commercial sample toner (A, B, C, D, E).

The calibration model for the NIR method was established using spectral data from a training sample
set comprising 750 data points. Each concentstins in the training set samples was scanned using the NIR
spectroscopy, resulting in 25 spectrum data for each concentration. In total, there were 30 concentrations,
which produced 750 spectrum data used to build a calibration model. Among the calibration model tested,
the best performance was achieved by the PLS using one latent variable with R? 0.9976; RMSEC 0.4364
and RMSECYV 0.4704 (Table I). The R? of internal validation (LOOCV) was more than 0.99 and RMSE less
than 0,4198. When evaluating the calibration models, the key figures of merit considered were R?, RMSE
and RMSECV." A higher R? value closer to 1 indicates a better calibration model, as it signifies a stronger
correlation between the NIR spectra and ethanol concentrations. A smaller RMSE and RMSECYV value
suggest a better model calibration, as they indicate lower average prediction errors and better predictive
performance.
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Figure 2. Graph of variations in the RMSECV values of the calibration samples in the PLS model.

Table I. The results of the formation of the calibration model

No Model RMSE R?
1 oLs Calibration 0.4364 0.9976
: Validation 0.4704 0.9972
Calibration 0.6909 0.9940
2 PCR Validation 0.7081 0.9937
Calibration 0.4199 0.9959
3. SVR Validation 0.4194 0.9959

The PLS model was selected as the optimal calibration model because it demonstrated an R? value
of 0.9976, which is very close to 1. This high R? value indicates an excellent fit of the model to the data,
suggesting a strong correlation between the NIR spectra and ethanol concentrations. Additionally, the
PLS model exhibited a small RMSE value of 0.4364, which is below the threshold of 1.5. The RMSE
value measures the average prediction error of the calibration model, and a smaller value indicates better
accuracy in predicting ethanol concentrations. The selected PLS model satisfied the requirements for a
good calibration model, as it had an R? value close to 1 and an RMSE value below 1.5. These criteria
ensure that the model is capable of accurately predicting ethanol levels in toner samples based on the NIR
spectra.?°
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Figure 3. External validation of the PLS model.
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The comparison method has been validated with the results of the parameter assessment of each
validation stage listed in Table II.

Table Il. Method validation results

Validation Parameters GC method TI!’T; nr;zt:;;i
Linearity

Linierity range (%V/v) 2-29 0-30
Correlation coefficient (r) 0.999 -
Correlation coefficient (R?) - 0.989
Coefficient of variation (Vx0) 2.511%

RMSEP - 0.920
LOD 1.70 yg mL™" -
LOQ 5.12 ug mL"’ -
Accuracy (%recovery, n=3x3) 101.9% 101.2%
Precision (RSD, n=3x3) 0.197% 0.129%

The results in Table Il, show that GC method have the correlation coefficient of 0.999 and the coefficient
of variation of 2.511%. This means that this method meets the requirements of linearity, the correlation
coefficient (r) = 0.99, and the function variation coefficient (Vx0) < 5%. The % recovery and RSD value
were 101.9% and 0.197%, respectively. These results meet the accuracy and precision requirements that
were % recovery within 95.0-105.0% and RSD value less than 2%.2" For the NIR spectroscopy method,
the external validation showed good results. The R? and RMSEP value using one of latent variable were
0.989 and 0.920 and the % recovery and a RSD value were 101.2% and 0.129%, respectively (Figure 3).

The commercial sample toner used were five samples with sample codes A, B, C, D and E. The results
of ethanol levels in commercial samples are listed in Table III.

Table Ill. Results of the determination of ethanol content in commercial samples
Ethanol content (%v/v) £ SD (n=3)

Sample code

NIR spectroscopy Gas chromatography
A 15.548 + 0.032 15.212 £ 0.128
B 7.669 £ 0.009 7.481+0.136
C 12.169 £ 0.012 12.131+ 0.159
D 5.404 £ 0.012 5.468+ 0.141
E 12.121 £ 0.019 12.114+ 0.341

The comparison of ethanol levels in toner was conducted using the NIR-chemometric method and gas
chromatography through a paired sample t-test. In order to proceed with the analysis, it was necessary to
ensure that the data met the assumption of normal distribution (p > 0.005).2? To assess the normality of the
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variables, a Kolmogorov-Smirnov test was performed using the IBM SPSS program. The normality test
results obtained from the NIR method and gas chromatography were 0.702 and 0.615 respectively, the
condition for normally distributed data is significant if the value is > 0.05. These data met the requirements,
meaning both method were normally distributed and suggest the paired sample t-test could be continued.
The paired t-test yielded a significant value of 0.231 with a 95% confidence levels. The results of the
comparison obtained are said to be meaningful if the p value (sig.) in the 2 groups is> 0.05 with a degree
of confidence reaching 95%, meaning that there is no significant difference between the two method.

CONCLUSION

In conclusion, ethanol content in toner sample was successfully determined using the NIR spectroscopy
and chemometric method using PLS model with R? 0.9976; RMSEC 0.4364 and RMSECV 0.4704. The
PLS calibration method exhibited favorable results with an R? value of 0.9976, RMSEC of 0.4364, and
RMSECYV of 0.4704. The validation tests also met the requirements, demonstrating an R? value exceeding
0.99 and an RMSE below 0.4198. External validation showed an R? and RMSEP of 0.989 and 0.920. The
% recovery and RSD value were 101.2% and 0.129%, respectively. There was no significant difference
between ethanol content obtained from the NIRS-chemometric method and the gas chromatography
method, as confirmed by the paired sample t-test with a significance value of 0.231 (> 0.05). Therefore,
the NIRS-chemometric method can be considered reliable, relatively fast, easy and simple method for
determining ethanol content in toner.
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ELEMENTAL ANALYSIS The closed-vessel conductively
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CS FAAS). The CHDS method
was optimized using a fractional
factorial design with five
variables (HNO, concentration, H,O, volume, temperature, holding time, and pre-digestion time) at two
levels. The accuracy of the CHDS procedure was checked by the analysis of reference materials from the
National Institute of Standards and Technology (NIST SRM 1577b Bovine Liver and 2976 Mussel Tissue)
and Brazilian Agricultural Research Corporation (Embrapa MR-E1002A Fish Food). Also, the digestion
efficiencies were calculated from residual carbon contents (RCCs). The RCC and blank values in the
CHDS digested samples were consistently low, which is suitable for determinations using ICP OES and
ICP-MS techniques. For comparison, all samples were also digested by microwave-assisted digestion in
closed vessels (MW-AD). Results for Na, K, Cu, Fe, Mn, and Zn determined in sample digests obtained by
CHDS were not statistically different at a 95% confidence level from those observed for MW-AD. Limits of
quantification (LOQ) calculated from digests in CHDS and MW-AD were comparable, and the values
provided adequate limits for elemental determinations in dog foods. Data from mineral composition and
moisture were employed in a clustering analysis (HCA) and the discrimination of the samples among
different manufacturers and food for dogs at different life stages was possible.
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INTRODUCTION

The pet industry has been experiencing substantial growth, with the global pet care market valuation
around US$ 138 - 179 billion in 2020 and expected to reach US$ 240 - 270 billion by 2030."2 The pet food
segment stands for 70% of those values, and pet owners have been increasing their concerning about
providing appropriate nutrition and healthier diets to their animals,® considering the quality of ingredients
as the main characteristic to be taken into consideration for the food selection.* Considering the high
demand, large-scale production of dry pet foods under controlled conditions requires manufacturers to
implement good practices and strict quality control.® Macronutrients such as Na and K are essential in a
dog’s acid-base balance, regulation of osmotic pressure, and nerve impulse generation and transmission.
Micronutrients are also vital in processes as the synthesis of blood components and energy metabolism
(Fe); defense against oxidative damage and formation of connective tissue, blood cells, melanin, and
myelin (Cu); enzyme functions, bone development and neurological function (Mn); and enzyme reactions,
cell replication, protein and carbohydrate metabolism, skin function and wound healing (Zn).> Whereas
the supplementation of essential minerals in dry pet food is crucial for health maintenance, the inorganic
element analysis takes an important role in food safety and quality of both raw materials and commercial
products formulated to achieve diet requirements for specific breeds and life stages.>®

Most spectrometric techniques for inorganic elemental analysis rely on sample introduction systems
basically fit for aqueous solutions. Thus, the solid samples must be chemically digested by dry or wet
decomposition methods.” Wet digestions using liquid reagents in closed vessels are frequently employed
in most spectroscopy methods.® Microwave-assisted digestion systems (MW-AD) using closed vessels are
well-established, robust, and highly efficient, but the acquisition and maintenance of equipment are costly,
which impairs MW-AD implementation in most small to medium-sized laboratories.®

The conductively heated digestion system (CHDS) is a simple and low-cost combination of closed
vessels and conductively heating in digester blocks. This sample preparation technique has been applied
for raw meats, milk, chocolate, coffee, biomass (sugarcane, eucalyptus, banana), vegetables, biochar,
oyster shell flour, bone meal, swine manure, aiming at the elemental determinations by atomic absorption
and plasma-based spectrometry.®'3

The elemental composition of dry dog foods obtained by chemical analysis may be a useful input to
perform classifications by means of hierarchical cluster analysis (HCA), which is scarcely explored in the
literature.™ Also, the multivariate optimization and the digestion of dry dog food by CHDS have not yet
been evaluated. The present work aims to evaluate the CHDS for digestion of dry dog foods (from distinct
manufacturers and intended for different stages of pet development) for determination of K, Na, Cu, Fe,
Mn, and Zn by HR-CS FAAS. The accuracy was assessed by analysis of bovine liver, mussel tissue
and fish food reference materials. For comparative purposes, all dry dog foods were also analyzed after
digestion by MW-AD.

MATERIALS AND METHODS
Instrumentation

All dry dog food samples and certified reference materials were digested using a conductively-heated
digestion system (CHDS) composed of a 28-slot heating block, a temperature control terminal and two
cooling fans built-in an acid-resisting cabinet with an acrylic safety shield. Further details on the CHDS
instrumental setup can be found elsewhere.'" A Multiwave microwave-assisted sample preparation system
(Anton Paar, Graz, Austria), equipped with a 6-position rotor for 50 mL quartz vessels was used for
comparison. The digestion efficiencies were evaluated by the quantification of the residual carbon content
(RCC) using a TOC-L CSH/CSN (Shimadzu, Kyoto, Japan) carbon analyzer system.

The elemental determinations were performed in a contrAA® 300 high-resolution continuum source
flame atomic absorption spectrometer (Analytik Jena AG, Jena, TH, Germany) equipped with a 300 W
Xenon short-arc lamp XBO 301 (GLE, Berlin, BE, Germany) operating in a hot-spot mode as a continuum
radiation source, a compact high-resolution double-Echelle grating monochromator (with a spectral
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bandwidth < 2 pm per pixel in the far ultraviolet range) and a charge-coupled device (CCD) array detector.®
All measurements were performed in three repetitions using an injection module (SFS 6), with a load
time of 5.0 s, injection time of 10 seconds and the aspiration rate was maintained at 5.0 mL min'. The
spectrometer operating conditions were automatically optimized by the ASpect CS software (Analytik Jena
AG, Jena, TH, Germany), and the optimized parameters are described in Table |. Considering the fast-
sequential capability of the HR-CS FAAS technique, sample throughput was estimated at 48 samples h'.

Table I. Optimized instrumental operating conditions for the determination of Cu, Fe, K, Mn, Na and Zn by
HR-CS FAAS

Analyte Wavelength Acetylene gas  Air flow rate Air/acetylene  Burner height

(nm) flow rate (L h) (L h) ratio (mm)
Cu 324.754 50 486 9.7 6.0
Fe 248.327 60 486 8.1 6.0
K 404.414 80 486 6.1 8.0
Mn 279.482 80 486 6.1 6.0
Na 330.237 90 486 55 6.0
Zn 213.857 50 486 9.7 6.0

Reagents, materials, analytical solutions and samples

All sample digestions and analytical solutions were prepared using ultrapure water (resistivity 18.2 MQ
cm) produced from a Master System MS2000 (Gehaka, Sdo Paulo, Brazil), nitric acid 65% w w™' (Merck,
Darmstadt, Germany), and hydrogen peroxide 30% w w' (Merck, Darmstadt, Germany). For optimizations,
3.5and 7.0 mol L' HNO, solutions were previously prepared by simple dilution using ultrapure water. High-
purity acetylene (99.7%, Air Liquid, Sao Paulo, Brazil) and compressed air were used as fuel and oxidant
gases, respectively. All quartz digestion tubes, glassware, and polypropylene flasks were previously
decontaminated by overnight immersion in a 10% v v:' HNO, solution, followed by deionized water rinsing.

Multielement standard solutions were prepared by appropriate dilution of respective stock solutions
containing 1,000 mg L' Cu, Fe, K, Mn, Na, or Zn (SpecSol®, QUIMLAB, Sao Paulo, Brazil). Analytical
working solutions in the 0.03 - 0.2 mg L' Cu, 0.25-3.0mgL"'Fe,5-200 mgL"K, 0.1-0.5mgL" Mn,
10 —50 mg L' Na and 0.3 — 1.5 mg L' Zn were daily prepared in a HNO, 5% v v'' medium. The certified
reference materials NIST SRM 1577b Bovine Liver and NIST SRM 2976 Mussel Tissue Freeze-Dried from
National Institute of Standards and Technology (Gaithersburg, MD, USA), and MR-E1002A Fish Food
from Empresa Brasileira de Pesquisa Agropecuaria (Embrapa, Brazil) were used to check the accuracy
of the procedures. Dry dog foods for puppies, adults and senior animals from 3 different manufacturers
were purchased in a local market of Araraquara, SP, Brazil. The samples were ground using a mortar and
pestle, and dried at 75 °C in a TE-394/2 forced air oven (Tecnal, Piracicaba, SP, Brazil) to constant weight
for the determination of moisture. Then, dried samples were placed in polypropylene containers and stored
in desiccators.

Digestion procedures
Screening study of variables using a factorial design

The screening study of digestion conditions for the CHDS procedure was performed by means of a
fractional factorial design with 5 variables (V1 = concentration of HNO,, V2 = volume of H,O,, V3 = holding
time, V4 = temperature, and V5 = pre-digestion time) at 2 levels (-1 = low and +1 = high). The real values

for the low and high levels were 3.5 and 14.0 mol L' HNO, (V1); 0.5 and 1.0 mL of H,O, (V2); 12 and 24
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min (V3); 195 and 225 °C (V4); and 15 and 30 min (V5), respectively. The results of these experiments
were processed using the Statistica (TIBCO Software Inc. Data Science Workbench, version 14, 2020).
From this design (2%), the number of possible combinations would be 32, which was changed to (25?) in
order to reduce the number of experiments to a total of 8, corresponding to 1/4 fraction of the complete
design.'6"7

In each experiment, masses of 100 mg of dry dog food sample were accurately weighed and 2.0 mL of
HNO, solution (V1) was added. The vessels were closed and kept at room temperature for the selected
pre-digestion time (V5). After that, the selected volume of H,O, (V2) was added and the vessels were
sealed. The heating program was initiated using a 20 min ramp up to the chosen temperature (V4) and,
after reaching a plateau, this temperature was kept for the selected holding time (V3). After cooling down
for 30 min, the resulting solutions were transferred to polypropylene tubes and the final volume was made
up to 25 mL with ultrapure water. RCC determinations were performed in duplicates with pH adjusted
to a range of 5.5 to 6.5 with NaOH and a 100-fold dilution was made. A summary of the factorial design
parameters is depicted in Table II.

Table Il. Factorial design (252) for the CHDS digestion optimization

Level (real value)

Experiment V1 V2 V3 v4 V5
HNO, H,O, Holding Temperature Pre-Digestion
(mol L) (mL) time (min) (°C) time (min)
1 -1 (3.5) -1 (0.5) -1 (12) 1(225) 1(30)
2 -1 (3.5) -1 (0.5) 1(24) 1(225) -1 (15)
3 -1 (3.5) 1(1.0) -1 (12) -1 (195) 1(30)
4 -1 (3.5) 1(1.0) 1(24) -1 (195) -1 (15)
5 1(14.0) -1 (0.5) -1 (12) -1 (195) -1 (15)
6 1(14.0) -1 (0.5) 1(24) -1 (195) 1(30)
7 1(14.0) 1(1.0) -1 (12) 1(225) -1 (15)
8 1(14.0) 1(1.0) 1(24) 1(225) 1 (30)

Optimizations of HNO, concentration and sample mass

After the settlement of the optimal CHDS procedure and heating program parameters, the effect of the
HNO, concentration was further evaluated using the fish food CRM. In this experiment, 100 mg of sample
was accurately weighed and 2.0 mL of HNO, solution (7.0 or 14.0 mol L") along with 1.0 mL of H,O, were
added to the digestion vessels. The vessels were sealed and taken to the CHDS system for digestion using
the following heating program: i) a 20-min ramp from room temperature to 195 °C, ii) a 12-min plateau at
195 °C and iii) a 30-min cooling down to 40 °C. The resulting solutions were transferred to polypropylene
tubes and the final volume was made up to 25 mL with ultrapure water.

The effect of sample mass amount in the CHDS digestions was also evaluated using the fish food CRM.
In this case, sample masses of 50, 100, or 200 mg were weighed and the mixture of 2.0 mL of concentrated
HNO, and 1.0 mL H,O, was added to the quartz tubes. The samples were digested using the same heating
program described in the previous experiment. The resulting solutions were transferred to polypropylene
tubes and diluted to 25 mL with ultrapure water. The digested samples in both experiments (n=3) were
analyzed by HR-CS FAAS for the determination of macro and micronutrients in the fish food CRM.
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Digestion of CRMs and dog food samples

After the CHDS optimizations, 10 samples of dry dog food and 3 certified reference materials were
digested (n=3). Sample masses of 200 mg were directly weighed in the CHDS quartz tubes, followed by
the addition of 2.0 mL of concentrated HNO, and 1.0 mL of H,0O,. The samples were processed through the
same heating program described in section 2.3.2, which consisted of the following 3 steps: a 20-min ramp
from room temperature to 195 °C (step1), a 12-min plateau at 195 °C (step 2) and a 30-min cooling down
to 40 °C (step 3). The digested samples were then diluted to 25 mL with ultrapure water.

For comparative purposes, all dog food samples were digested using a closed-vessel microwave-
assisted digestion system (n=3). Sample masses of 200 mg were transferred to the microwave vessels
and a mixture of 2.0 mL HNO, (concentrated), 3.0 mL water, and 1.0 mL H,O, were added to react. The
vessels were placed to digest under the following heating program: i) 100-500 W ramp lasting for 5 min, ii)
800 W plateau for 15 min, and iii) 0 W cooling down for 15 min. The final volume was made up to 25 mL
with ultrapure water.

RESULTS AND DISCUSSION
CHDS optimizations

A fractional factorial design (252) with 5 variables and 2 levels was used for the optimization of several
CHDS parameters as HNO, concentration, H,O, volume, time of plateau, digestion temperature and pre-
digestion time, and using the measured residual carbon content (RCC) as the target response. From
these values, the organic matter decomposition efficiencies (%DE) were calculated using the following
relationship: %DE = (TCC — RCC)/(TCC) * 100, where TCC is the total carbon content. In this work, the
RCC contents were determined by the carbon analyzer and TCC values were obtained by considering
the whole sample mass used in digestion as composed only of carbon, thus the calculated %DE may be
considered as an estimated value. Results for RCC and %DE are depicted in Figure 1.

95

10

1 90
75

1 85

%DE

2,5 1 80

RCC (mg C/ 100 mg sample)

75

Experiment

Figure 1. Determination of residual carbon content (RCC, bar chart) and
estimated decomposition efficiency (%DE, dot chart) for the designed
experiments used to optimize the CHDS digestion parameters.

For all experiments, the digested samples presented a limpid aspect and the residual carbon contents
were generally lower than 9.6%. The lowest values for RCC were found in experiments 7 and 8, with carbon
contents in the 6.0- 6.8 mg C per 100 mg sample range and estimated %DE higher than 93%. In common,
these experiments presented high levels for the variables V1 (14 mol L' HNO,), V2 (1.0 mL of H,0,), and
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V4 (the temperature at 225 °C). The main differences between experiments 7 and 8 are due to the times
of pre-digestion (V5) and plateau (V3), where experiment 8 presented the higher levels for these variables
(30 and 24 min, respectively) and experiment 7 the lower levels (15 and 12 min, respectively). These
differences may explain the slightly lower levels of RCC for condition 8, as further matrix decomposition
was expected with increasing times. A closer look at the significance of the studied variables on the RCC
results using a Pareto chart'” is shown in Figure 2.

Pareto Chart of Standardized Effects
252 design; MS Residual=0.1178
Dependent Variable: RCC
p=0.05

Volume of H,0; (V2)

Concentration of HNO3 (V1)

Temperature (V4)

Holding time (V3)

Pre-digestion time (V5) }-0.031

0 1 2 3 4 5 6 7 8
Standardized Effect Estimate (Absolute Value)

Figure 2. Pareto chart for the influence of variables V1-V5 in the
digestion efficiency.

Figure 2 presents a standardized effect estimate for each of the variables in function of the RCC
results (dependent variable). The p-value equal 0.05 with a 95% confidence interval corresponds to an
effect standardized of 4.3027 (as absolute value). The minus signal of the effects indicates that variables
evaluated exert an antagonistic effect under the measured RCC.

The significant variables for CHDS digestions were the volume of H,0,, concentration of HNO, and the
temperature, as the times of pre-digestion and holding during the temperature plateau were not critical.
These findings corroborate with the results observed for the pairs of experiments 1-2, 3-4, 5-6, and 7-8,
in which the RCC contents are very close and the only difference between themselves was the levels
of the time variables (V3 and V5). In this sense, the subsequent experiments were performed without
a pre-digestion time and using the lower level of plateau time (12 min). Despite the significance of the
digestion temperature and relatively lower values of RCC obtained for 225 °C, the cooling down step can
be performed in shorter times for 195 °C and lower pressures were achieved, which can improve the safety
of the digestion procedure and increase the sample throughput. Thus, the following CHDS experiments
were conducted at 195 °C using 1.0 mL of H,0O.,,.

The influence of the HNO, concentration on the determinations of Cu, Fe, K, Na, Mn, and Zn by HR-
CS FAAS was further investigated using a fish food CRM (MR-E1002A). Residual acidity is a critical
parameter for sample introduction in spectrometric techniques, thus the digestions involved 100 mg of the
material and were done using 2 concentrations of HNO,, 7 and 14 mol L. Although it was not evaluated
in the experimental design, the concentration of 7 mol L' corresponds to half of the acidity found under
the previously optimized conditions. Other optimal parameters obtained using the factorial design (no pre-
digestion step, 1.0 mL of H,O,, 195 °C maximum temperature, and a 12-min plateau) were also employed

272
in this experiment and the results are shown in Table Il
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Table Ill. Results (mean + standard deviation) for the determination of Cu, Fe, K, Na, Mn and Zn in fish food
CRM by HR-CS FAAS after CHDS digestions of 100 mg of sample (n = 3) using 7 and 14 mol L' HNO,

Concentration of HNO,

Certified values

Analytes (mg kg") Zmrgoligl-';; %Agreement 1;;"?'9':; %Agreement
Cu 10.5+0.9 6.8+0.9 65 84+05 80
Fe 231.9+20.2 185+ 12 80 2095 89
K 5860.0 + 310.0 4282 + 130 73 4483 + 57 77
Mn 19.5+21 14 +3 72 18+3 93
Na 2160.0 £ 190.0 1876 + 158 87 1961 7 91
Zn 129.6 + 6.8 1145 88 1192 92

In general, accuracies were better when 14 mol L' was used for the CRM digestion, with quantitative
apparent recoveries in the 77-93% range. On the other hand, for experiments using 7 mol L' HNO,,
apparent recoveries lower than 75% were found for Cu, K and Mn, which could be due to the greater
presence of matrix as the RCC was higher than that found for 14 mol L HNO,. The influence of the sample
masses on the CHDS digestions of the fish food CRM (MR-E1002A) and HR-CS FAAS determinations
was also investigated (Table V).

Table IV. Results (mean + standard deviation) for the determination of Cu, Fe, K, Na, Mn and Zn in fish food CRM
by HR-CS FAAS after CHDS digestions (n= 3) of sample masses of 50, 100 and 200 mg using 14 mol L' HNO,

Sample masses

Certified values

Analytes

(mg kg™) 50 mg Agr((eoeATent 100 mg Agr?;or)nent 200 mg Agr((eoeATent
Cu 10.5+0.9 76+1.5 72 8.4+0.5 80 8.5+0.1 81
Fe 231.9+20.2 208 + 38 90 209 £5 90 209 £2 90
K 5860 + 310 3563 + 143 61 4483 + 57 77 5488 + 11 94
Mn 19.5+2.1 13.6+0.9 70 18+3 92 207 103
Na 2160.0+190.0 183367 85 1961+7 91 2188 + 81 101
Zn 129.6 +6.8 113.5+0.8 88 1192 92 122.1+0.7 94

In this case, the digestions of 50, 100, and 200 mg of the material were evaluated and the concentration
of HNO, was 14 mol L. The same optimized parameters involving 1.0 mL of H,0O,, temperatures up to
195 °C and a 12 min hold during the heating program were employed. In general, average recoveries
of 94, 87, and 78% were obtained for the digestion of 50, 100, and 200 mg of CRM, respectively. For
50 mg, the accuracies were systematically lower, and the apparent recoveries were situated in the 61 —
90% range. This may be explained by the use of mass amounts lower than recommended by the CRM
manufacturer, which can impair the homogeneity and representativeness of samples. The best results
were found using 200 mg of sample, thus this mass was employed through the next experiments.
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Analytical performance and sample analysis

The trueness and precision for the determination of Cu, Fe, K, Na, Mn, and Zn by HR-CS FAAS using
the optimal procedure were checked by analyzing the CRMs of fish food (MR-E1002A), NIST SRM 1577b
Bovine Liver and NIST SRM 2976 Mussel Tissue Freeze-Dried (Table V). These materials were selected
because of the similarity between the matrices, as dry dog foods are mainly composed by animal protein
and fat sources.

Table V. Results (mean * standard deviation) for the determination of Cu, Fe, K, Na, Mn and Zn in CRMs by HR-CS
FAAS after CHDS digestions (n = 3)

Analytes

Samples
Cu Fe K Mn Na Zn

Certified value 165,09 23195202 5860 + 310 19.5 + 2.1 2160 +190  129.6+6.8

(mg kg)
MR-E1002A  Determined
Fish Food img kg™ 8.5+0.1 209 + 2 5488 + 11 2047 2188 + 81 1221+ 0.7
Agreement (%) 81 90 94 103 101 94
Certified value 4161, g 184 + 15 9940+20  105+17  2420+60.0  127+16
NIST SRM (mg kg™)
1577b Determined
Bovine (g kg™ 124+1  1497+02 7811495 8.8+0.1 2638 + 71 124 + 2
Liver
Agreement (%) 78 81 79 84 109 98
NIST Certified value 5, 3 171.0+4.9 9700 + 500 33+2 35000 + 1000 137 + 13

SRM 2976 (mg kg™)

Mussel Determined

Tissue (mg k") 3.8+£0.1 1429+0.3 7792 + 67 29.3+01 33131 £ 227 1354
Freeze-

Dried Agreement (%) 95 84 80 89 95 929

Considering all the CRMs and analytes, quantitative results were typically obtained, for Fish Food (MR -
E1002A) recoveries between 81 and 103% were obtained with RSDs in the range of 0.2 at 1.2% (excluding
the 35% of uncertainty observed for Mn), Bovine Liver (NIST SRM 1577b) that showed recoveries of 78 to
109% with RSDs between 0.1 and 2.7% and, Mussel Tissue Freeze-Dried (NIST SRM 2976) with recoveries
in the range of 80 at 99% and RSDs from 0.3 to 3.0%. Precisions as relative standard deviations were
generally better than 3.0%, and the overall average precision was around 1.6%, except for the measures
of Mn in Fish Food that shown 35% of uncertainty in this determination, however in the CRM a value
greater than 10% was also shown for this analyte. Considering these results, the combination of CHDS
for sample digestions and HR-CS FAAS for determination provided adequate results for the analysis of
animal protein matrices.

The found values for the analytes in the CRMs were checked by unpaired f-test against the certified
values, statistical comparison shown a significant difference between these data, which can be explained
considering that the standard deviation of the digested measurements was for several samples much lower
than the uncertainty presented in the certificate. Only approximately 30% of values tested by unpaired t-test
were statistically concordant with the certified, however, the found recoveries shown a great accuracy for
72% these data considering an interval from 84 to 110% of recovery.

Figure 3 summarizes the results data presented in the Table V, are plotted the found values after CHDS
digestion and HR-CS FAAS determination versus the certified values for all CRMs (and analytes), in this
figure it can be observed that the obtained measurements were really concordant with the certified values
in these sample matrices.
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Figure 3. Comparison between found values obtained by FAAS after
CHDS digestion of certified materials and the certified reference values.

The developed procedure was then employed for the analysis of 10 real samples of dog food and
a comparison between the well-established microwave-assisted digestion (MW-AD) and the proposed
conductively heated digestion system (CHDS), both using closed vessels, was performed (Table VI). For
macronutrients (Na and K), the determined concentrations were in the 3221 — 6057 mg kg range and
for micronutrients (Cu, Fe, Mn, and Zn) the contents varied from 8 to 255 mg kg™. In general, the MW-
AD and CHDS methods were comparable, and no statistical differences were found at a 95% confidence
level (paired t-test) in all cases. Moisture is an important quality parameter which can impact shelf-life of
dog foods. Determined values for moisture were in the 3.7 — 6.1%, which are lower than 12% and may be

considered adequate.?!

Table VI. Results for moisture and digestions by CHDS and MW-AD (n= 3) for the determination (mean % standard
deviation) of Cu, Fe, K, Na, Mn, and Zn in dry dog food samples by HR-CS FAAS and t-test values (f-critical = 4.303)

Analytes (mg kg™)

Sample  More - Digeston
Cu Fe K Mn Na Zn

MW-AD 23.4+0.1 203+2 5095 * 67 61+2 5693 + 122 253 + 1

1 54 CHDS 23.3+0.1 235+2 4828 + 230 59.8+0.4 5691 + 282 255+8
t-value 0.66 2.85 1.58 0.47 0.01 0.39
MW-AD 10.1+£0.1 174 £13 5726 + 6 384106 4094 + 162 134 £2

2 4.7 CHDS 10403 1818 5724 + 48 38.4+0.9 4240 £ 18 1287
t-value 1.75 0.71 3.63 0.05 1.21 3.16
MW-AD 29+ 1 2014 5084 + 179 30.5+0.2 3282 +99 227 +2

3 3.7 CHDS 301 223+3 5038 + 70 30.6+0.3 3221+94 229 + 1
t-value 2.94 3.14 0.33 0.26 0.68 1.48

(continues on the next page)
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Table VI. Results for moisture and digestions by CHDS and MW-AD (n= 3) for the determination (mean % standard
deviation) of Cu, Fe, K, Na, Mn, and Zn in dry dog food samples by HR-CS FAAS and t-test values (f-critical = 4.303)
(continuation)

Analytes (mg kg™)

sampa Mopire - Digeston
Cu Fe K Mn Na Zn
MW-AD 9.4+0.6 176 £ 8 5951 + 125 42.7+0.6 4264 + 62 140 £ 4
4 6.1 CHDS 9%5 201 £1 5834 + 162 42.7+0.3 4141 £ 183 1373
t-value 0.06 4.25 2.66 2.39 1.11 0.83
MW-AD 12.6+0.2 2095 5132 + 61 41504 4988 + 395 122+3
5 5.3 CHDS 12.6+0.2 194 +6 4958 + 501 41.2+0.3 5150 + 107 121+4
t-value 0.04 0.41 0.65 1.21 0.69 0.06
MW-AD 11.8+0.7 198 £ 4 4728 + 159 40.6 £ 0.3 4795 + 132 128+ 3
6 6.3 CHDS 125+0.3 206 + 10 4702 + 56 41+1 4734 + 45 123+6
t-value 1.21 2.71 0.26 1.09 0.76 2.52
MW-AD 9.6+0.2 153.3+0.6 5268 + 157 55.7+0.3 4252 + 65 169+ 3
7 6.0 CHDS 9.3+0.6 163.5+0.2 5281 + 106 56 + 1 4175 + 245 175+ 8
t-value 0.98 2.41 2.18 0.27 0.53 1.24
MW-AD 94+0.7 149 +1 6057 + 107 46.7+0.5 3811 £ 39 119+3
8 5.7 CHDS 8+1 144 + 6 5876 + 269 48+2 3919 + 157 118 +4
t-value 1.45 1.86 1.1 1.29 1.16 0.18
MW-AD 111 1416 4753 + 84 47.2+05 4282 + 31 135+5
9 5.7 CHDS 10.1£0.6 156 + 16 4660 + 106 47.9+0.1 4387 £ 113 1382
t-value 3.94 1.29 1.03 1.81 1.55 2.96
MW-AD 11.9+0.5 152 £ 14 5416 + 80 38.0+0.7 3383 +85 140 £ 4
10 55 CHDS 11.6+0.5 157 £ 10 5478 + 35 40+2 3489 + 265 140+ 2
t-value 0.73 0.47 1.00 1.44 0.66 0.39

The elemental concentration ranges obtained in this work were compared with data from the literature
(Table VII). In general, the concentrations of macro and micronutrients in dry dog foods are in the same
range as those reported in the literature described in Table VII. Limits of detection (LOD) were calculated
according to the IUPAC recommendations, and the measurements were performed using the blank
solutions obtained from the MW-AD and CHDS procedure. LODs for MW-AD digestions were 3.4 (Cu), 11
(Fe), 60 (K), 0.5 (Mn), 128 (Na), and 3.5 (Zn) mg kg™, while for CHDS the values were 3.1 (Cu), 10 (Fe),
56 (K), 0.7 (Mn), 96 (Na), and 3.6 (Zn) mg kg'. In both cases, the LODs were comparable and low enough
to allow the determination of macro and micronutrients in dog food. Both foods intended for dogs and cats
are mainly based on animal sources of protein and fat, and the levels of these macromolecules are also
very similar. Thus, it is possible to infer that similar performance would be attained for CHDS digestions
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of these samples. In addition, pet foods are made primarily from animal protein sources, and the CHDS
system has already proven itself as a good alternative for the digestion of this raw materials.™

Table VII. Determined concentration ranges for macro and micronutrients for this work and comparison
with literature values

Determined concentration range (mg kg)

Analytes Presentwork  S9°rlon etal. Costa et al. Kelly et al. Eliasetal.  Duran et al.
20228 2013" 201320 2012% 2010%

Cu 8-30 7.0-30 15.5-341 7.7-18.0 - 3.3-16.6
Fe 141 - 223 50 — 450 147 - 606 56 - 220 188 — 646 23.9-711
K 4660 — 6057 4000 - 8000 1000 - 1300 - 5290 — 10500 -
Mn 30.5-61 20-90 6.5 - 149 16 -70 - 3.3-244
Na 3221 - 5693 2500 - 7000 - - 3180 — 7050
Zn 118 — 255 90 - 550 106 — 419 79 — 330 44 - 633 -

*Estimated from data plots

Sample discrimination

Concerning the dry dog food, samples 3 and 1 were from manufacturers A and B, respectively, and
samples 2, 4, 5, 6, 7, 8, 9, and 10 were from manufacturer C. As for the animal life stage, samples 1, 3, 5,
6, and 7 were destined for puppies, samples 2, 4, 8, and 9 for adults and sample 10 for senior dogs. As
the formulation of minerals may vary according to different manufacturers and the needs for nutrients at
different dog’s life stages, the determined contents of moisture, Cu, Fe, K, Na, Mn, and Zn using CHDS
and HR-CS FAAS were used for the proposition of hierarchical cluster analysis (HCA), aiming for the
discrimination between the samples (Figure 4). Samples discrimination may be considered an important
way to check for food fraud or mislabeling, for example.?* From the dendrogram, it is possible to check that
samples may be accurately separated into three distinct groups according to their manufacturer. From the
8 samples from manufacturer C (red lines), samples 2, 4, 8, and 10 are related to adult or senior dogs and
were clustered at a distance equal to 2. Moreover, samples 5, 6 and 7 are related to the puppy life stage
and were also grouped at the same distance. On the other hand, sample 9 which corresponds to adult dog
food was incorrectly grouped as puppy food. From the results in Table VI, it is possible to confirm that the
contents found for K, Mn, Na, and Zn in sample 9 were closer to the averages of the puppy food group than
the adult food group, thus explaining the incorrect clustering for this sample.
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Cluster distance

Sample 3
Sample 1
Sample 5
Sample 6
Sample 7
Sample 9
Sample 4
Sample 2
Sample 8
Sample 10

Figure 4. Hierarchical clustering dendrogram using mineral composition and
moisture data from dog food samples from manufacturer A (blue), manufacturer
B (green) and manufacturer C (red).

CONCLUSIONS

The application of a factorial design for CHDS digestion allowed the execution of only 8 experiments
to obtain the optimal conditions as 14 mol L""HNO,, 1.0 mL of H,0,, 195 °C of maximum temperature, 12
min of holding time, and no need for a pre-digestion step for the decomposition of dog food samples. In
spite of the greater efficiency of decomposition at 225 °C, safety conditions and sample throughput were
incremented when 195 °C was used. For all tested conditions, the volume of H,O,, concentration of HNO,
and temperature parameters were the most significant and the estimated decomposition rates were better
than 90%. Furthermore, the analysis of CRMs from animal food evidenced that the use of 14 mol L
HNO, for the digestion of 200 mg of sample provided the best accuracies. Under the optimal conditions,
accurate determinations of Cu, Fe, K, Na, Mn, and Zn by HR-CS FAAS were achieved for three CRMs
from animal protein sources. The developed CHDS procedure and a comparative MW-AD were applied
to 10 real samples from dry dog food and the results showed that both were statistically equivalent at a
95% confidence level. Limits of detection calculated using the blank solutions from CHDS and MW-AD
were comparable and adequate for the determination of macro and micronutrients in dog food. Although
the performances proved to be equivalent in terms of efficiency, preparation time and generation of
residues, CHDS may be considered simpler and less expensive than MW-AD. The hierarchical cluster
analysis using the moisture and mineral composition results demonstrated similarities for samples from
different manufacturers and, in most cases, for samples destined to different animal life stages for the
same manufacturer. The HCA has proven to be a valuable tool for samples discrimination, with potential
applications in checking for tampering and fraud in dry dog foods. The procedure combining CHDS
digestion and HR-CS FAAS determination provided sensitive, accurate and precise analytical conditions,
being a good alternative for dog food quality control
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after oxidizing DOS at 320 nm. The unreacted
cerium (IV) was treated with a large excess of iron (ll), which results in iron (Ill) and cerium (lll). The
surplus iron (1) forms a red colored complex with o-phenanthroline at a slightly higher pH was measured
at 510 nm in Method C. In Method D the iron (lll) formed in the redox reaction between unreacted cerium
(IV) and iron (Il) was made to form a red colour complex with thiocyanate and measured at 480 nm. The
methods are applicable over good linear ranges of 1.0-80.0, 0.25-10.0, 0.5-8.0 and 0.50-10.0 yg mL-"with
actual molar absorptivity values of 2.07 x 103, 3.11 x 104, 4.08 x 10* and 3.7 x 10* L mol-'cm- for Method
A, B, C and D, respectively. The validating parameters like limit of detection (LOD), quantification (LOQ),
Sandell sensitivity and others have been reported. The methods proposed were successfully applied to
quantify DOS in pharmaceuticals. The Fourier Transform Infrared (FT-IR) spectra of the post degradation
DOS were studied, compared with that of pure drug and reached to the possible effect of degradation to
stress by stability indicating property of Method A.
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INTRODUCTION

Dosulepinhydrochloride (DOS), also referred as dothiepin hydrochloride (Figure 1),"is (E)-3-(dibenzol[b,e]
thiepin-11(6H)-ylidene)-N,N dimethyl propan-1-amine, hydrochloride. It is a tricyclic antidepressant that is
used to treat endogenous depression and has anxiolytic qualities as well. DOS helps in relieving depression
by preventing the reabsorption of serotonin and noradrenaline into the nerve cells of the brain.?*

S

~
N - HCI

|

Figure 1. Chemical structure of DOS.

European Pharmacopoeia (EP) recognizes DOS as official one.® The EP describes a procedure of non-
aqueous potentiometric titration of DOS in acetic acid (AcOH) and acetic anhydride medium against 0.1 M
perchloric acid for quantification.

The results of the comprehensive literature review demonstrated that different methods were used to
ascertain DOS quantification in pharmaceutical and biological substances. The techniques covered here
include liquid chromatography,®-'° gas chromatography,'-'® high performance liquid chromatography, ' 14-20
conductometry,?'?? potentiometry,?2* and capillary electrophoresis.?®

Different authors also reported a number of spectrophotometric techniques in addition to these.
Sameer et al.® developed two techniques for spectrophotometric estimation of DOS by measuring the
drug in 0.1 M HCI at 229 nm and in methanol at 231 nm. The evaluation of the limit of detection (LOD),
limit of quantification (LOQ), and other regression parameters, successful application of the method to
dosage forms and recovery studies were also presented. Heba et al.* developed a spectrophotometric
method for DOS based on the formation of a binary complex with mercurochrome that was measured
at 557 nm with LOD and LOQ of 0.41 and 1.26 uyg mL"". The method was validated statistically. Three
techniques for determining DOS were developed by Wafaa?® and quantified at 423, 498, and 625 nm with
respectable sensitivity and regression parameters. Two approaches for quantifying DOS and other two
species were published by Hisham et al.?” based on the generation of mixed anhydrides with malonic and
acetic acids, which may be detected in the 329-333 nm range. A method for spectrophotometric detection of
DOS was established by Walash et al.?® in which DOS was measured at 540 nm in an acetate buffer at pH
3.7. The LOD and LOQ values were found as 0.18 and 0.54 ug mL"", respectively. The technique was used
with effectiveness in dosage formulations. Two spectrophotometric approaches have been published by
Basavaiah et al.?° based on the production of an ion pair complex of DOS with bromophenol blue (Method
1) and bromocresol green (Method 2) which were measured at 425 and 430 nm, respectively. For Methods
1 and 2, the LOD and LOQ were reported to be 0.18 and 0.53, 0.17 and 0.50 yg mL"', respectively. Two
spectrophotometric techniques based on the production of anion pair complex of DOS with bromocresol blue
and eriochrome black-T were also reported by Umamaheswar et al.* The complexes formed were extracted
and measured at 418 and 508 nm, respectively. The procedures were statistically evaluated. Two methods
for determining DOS were developed by Sameer et al.3' Method A was based on the formation of an ion
pair complex with Alizarin red-S, its extraction into dichloromethane, and quantification at 445 nm. Method
B was based on the breaking of the formed ion-pair complex and the measurement of free alizarin red-S at
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570 nm. The techniques were put to use with dosage formulations and the results were statistically validated.
Two techniques for quantifying DOS were reported by Elham.?2 The oxidation of DOS with alkaline KMnO,
was kinetically examined in Method A for a fixed 25 minutes. The coloured manganate’s wavelength was
fixed at 610 nm for measurements. The absorbance at 470 nm was determined at a set time of 60 minutes
for Method B, which was based on the reaction of DOS with 4-chloro-7-nitrobenzofurazan. By creating
binary compounds with bromophenol blue, bromothymol blue, bromocresol purple, and bromophenol red,
Sane et al.?® devised a spectrophotometric method for quantifying DOS. In order to measure DOS, Sameer
et al.3* reported two spectrophotometric procedures. The method was based on the addition of a known
excess of a bromate-bromide mixture in an acidic medium, which caused the bromination of DOS. The
excess of bromine was then estimated by measuring the absorbance at 540 nm with a fixed amount of
meta-cresol purple. The sensitivity and regression parameters were reported. Using the hydrochloride
of dothiepin as the n-donor and 2,3-dichloro-5,6 dicyano-p-benzoquinone (DDQ) or p-chloranilic acid
(p-CA) as the -acceptors, Elham et al.?® established spectrophotometric charge-transfer complex production,
which formed brightly colored complex. The colored products were spectrophotometrically detected using
DDQ and p-CA at 460 and 525 nm respectively.

Despite the large number of spectrophotometric methods that have been published, no reports were
found for the DOS using cerium (IV) following the direct and indirect method of estimations. The bulk
of them involve the use of expensive chemicals and organic solvents for extraction, making them not
environmentally friendly. Further, these techniques fell short in terms of accuracy and precision, and most
of them require specialized workers, well-equipped laboratories, and strict working conditions in order to
conduct analysis. Therefore, there is room for method development in terms of sensitivity and simplicity.

In light of this, an effort was made to create straightforward, precise, affordable, and cost-effective
methods for measuring the DOS, and the authors believe they have achieved their goal.

MATERIALS AND METHODS
Instruments

A flexible benchtop Agilent Cary 630 Fourier Transform Infrared (FTIR) spectrometer (Agilent
Technologies Ltd, Mumbai, India) have been utilized for measurements. It operates with the MicroLab
Pharma Software in the spectral range 4,000 to 400 cm™' with < 2 cm™ resolution. The thermal detector
containing 1.3 mm diameter, thermoelectrically-cooled deuterated triglycine sulfate (DTGS) and potassium
bromide pellet method were employed.

Shimadzu UV-Visible 1800 spectrophotometer capable of measuring the absorption in the wavelength
range of 190-1100 nm with a band width of 1.0 nm was used for UV measurements in the fast scan mode.
The quartz cuvette with 1 cm path length was utilized for the measurements.

Reagents

The chemicals and reagents utilized were all of the analytical variety. Except as otherwise noted, all
works were performed using distilled water (DW) of conductivity 1.34 uS cm'. The gift sample of pure DOS
was obtained from Taj Pharma India Ltd, Hyderabad.

Acme Generics LLP, Himachal Pradesh, India’s Prothiaden tablets (50 mg DOS/tablet) were bought
from commercial sources. The standard glacial acetic acid (AcOH, Merck, Mumbai, India, 98% Pure) was
diluted to resulting 0.1 M solvent. By diluting the necessary volume of concentrated H,SO,, a 2 M H,SO,
was created. The needed quantity of cerium (IV) sulphate (85-115% pure) (Loba Chemie Ltd, Mumbai,
India) was dissolved in 0.5 M H,SO, and heated. After cooling, the solution was standardised with sodium
oxalate solution.*® The requisite aliquots were pipetted and diluted to obtain 128 and 300 ug mL" cerium
(IV). In order to make 1000 ug mL"of ferrous sulphate solution, 1.0 g of FeSO,.7H,O (98% pure; from
Thermo Fisher Scientific India Pvt. Ltd. Mumbai) was dissolved in 5 mL of 2 M H,SO, and diluted to a
volume of 1 L using distilled water. The required volume of this was diluted to obtain 500 ug mL" with
respect to iron (). A 20% (w/v) ammonium thiocyanate (NH,SCN) solution was prepared by dissolving
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20 g of the chemical (S. D fine chem Ltd, Mumbai, India, 98% pure) in about 70 mL of water and made
up to mark with water in a 100 mL volumetric flask. A 1000 ug mL-" of o-phenanthroline was prepared by
dissolving 0.5 g of chemical (99.5% pure from Himedia Laboratories, Mumbai, India) in approximately 300
mL of water followed by heating and then adding water to the mark in a 500 mL volumetric flask. A 100 mL
volumetric flask was filled to the proper level with water after 20.50 g of sodium acetate (NaOAc) (S.D. Fine
Chem Ltd., Mumbai, 98%pure) was dissolved in approximately 80 mL of water to prepare 2.5 M NaOAc.

Experimental procedures
Method A

Different aliquots of the 100 ug mL"" DOS solution in 0.1 M AcOH, equivalent to 1.0-80 ug mL™", were
correctly measured and carefully placed into a series of 10 mL standard flasks. The flasks were added with
0.1 M AcOH to reach 10 mL. At 300 nm, the absorbance of each solution was recorded in comparison with
a reagent blank (10 mL aqueous solution contains 0.1 M AcOH).

Method B

Into a series of 10.0 mL volumetric flasks different aliquots of 25 ug mL-"of DOS to get 0.25 — 10 yg mL™"
solutions were measured and transferred carefully. One mL of 128 ug mL"' cerium (IV) has been added
to each flask and the contents were mixed well and allowed to stand for 10 min. DW was used to further
dilute the contents to the proper concentration. The absorbance of each solution was then measured at
320 nm in comparison to water.

Method C

Various aliquots of 40 ug mL" of DOS solution were introduced to a series of 10.0 mL volumetric flasks
to get 0.5 — 8.0 yg mL™" of DOS solution followed by the addition of 1 mL of 300 ug mL" of cerium (V).
Ten minutes were given for the contents to stand. To each of the flasks 1 mL of 500 ug mL" of FeSO,
solution was added, mixed, and allowed to stand for 5 min, followed by the addition of 1 mL of 1000 ug
mL-" o-phenanthroline and 1 mL of 2.5 M NaOAc. Each solution was brought to the mark with DW, mixed
and absorbance was measured at 510 nm against a reagent blank after the solutions had been well mixed.

Method D

Accurately measured aliquots of the 40 ug mL" DOS solution were transferred into a series of 10 mL
calibrated flasks to obtain 0.5 — 10 ug mL" standards. Each flask received 1 mL of the 300 ug mL"' cerium
(IV) solution. Ten minutes were given for the contents to stand. Each flask received 1 mL of a 500 ug mL"
FeSO, solution, which was mixed and left to stand for 5 minutes before adding 1 mL of 20% (w/v) NH,SCN
solution. The flask’s contents were thoroughly mixed and made up to the mark with DW. At 480 nm, the
absorbance of each solution was noted after against a water blank.

The calibration curves were constructed by plotting the absorbance measured versus the concentration
(ug mL") of DOS. The unknown concentrations were found by calibration graph or by regression equation
derived from concentration-absorbance data.

Procedure for tablets

Weighing and lyophilizing were done on ten Prothiaden tablets. The amount of tablet powder needed
for each method was 10 mg for Method A, 25 mg for Method B, and 40 mg for Methods C and D were
weighed and put into individual 100 mL volumetric flasks. Each was thoroughly shaken for 20 minutes with
about 70 mL of 0.1 M AcOH before being filtered using Whatman No. 1 filter paper into additional 100 mL
volumetric flasks. The filtrate was diluted to the mark with DW to get 100, 250, and 400 ug mL" of tablet
extract respectively. A 5.0 mL of each tablet extract of 250 and 400 ug mL" extracts were diluted 10 times
further with the working solvent and the solute of 100, 25 and 40 yg mL" DOS were put to use for the
analysis using the general process already mentioned in Methods A, B, C and D above.
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RESULTS AND DISCUSSION
Methodology

The chromophoric activity of DOS in 0.1 M AcOH is measured in method A. The wavelength maximum
for DOS in 0.1 M AcOH medium was found at 300 nm. The absorbance at 300 nm grows linearly along
with DOS concentration. As cerium (IV) is reduced to cerium (lll) by the DOS in Method B, the absorbance
of cerium (V) left was measured at its maximum wavelength of 320 nm. As the DOS concentration rises,
the absorbance falls. The absorption spectra of DOS in 0.1 M AcOH and cerium (IV) in 2 M H,SO, medium
are given in Figure 2.

Methods C is based on the measurement of absorbance of the red-coloured complex formed between
left over iron (I1) and o-phenanthroline complex at 510 nm. Method D involves the complexation of iron (I1I)
produced with thiocyanate and the resultant iron hexathiocyanate was measured at 480 nm. Method C and
D follow the indirect estimation of DOS, as the generated iron (lI)-o-phenanthroline complex concentration
increases linearly with the concentration of DOS, and the concentration of iron (lll)-thiocyanate complex
decreases linearly with the concentration of DOS.
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Figure 2. Absorption spectra of 0.1 M AcOH, DOS in 0.1 M AcOH and cerium (IV) solution.
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The probable reaction schemes proposed for Methods B, C and D are presented in Scheme 1.37:38

7

2 Ce(TV 2 Ce(II)
DOS + Known excess Ce (IV) _ ' . Unreacted Ce{IV)
Measured at 320 nm ( Method B))
+
DOS5 + Known excess Ce{IV) % . Ce(lll} + Ce{IV)
Left
CelIV) = Felf)
Left |
Fe(Il} = 3 (o- Phenanthroline) Fe(Ill} + 6 NH,SCN
L eft
;-‘}_;
E
=
W
od
1 '
Ee(ll} - {o-Phenanthroline) s [Fe(SCN):]*
— —3-
H
H lll 4
B #
S
A
I
# | s
R
M

Wavelength maximais 310 nun {Method C)
Wavelensth maximais 480 mm [MMethod D)

Scheme 1. Reaction schemes for Method B, C and D.
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Optimization of variables

By changing one variable at a time while holding the others constant, many factors, including the amount
of oxidant, the choice of acid, the acid concentration, the solvent, the concentration of metal ions, and the
concentration of ligands, were optimized one after the other. The optimization was based on the maximum
absorbance obtained at the respective A__ in each method. The effective chromophoric behaviour of
DOS was not seen when it was dissolved in solvents like H,O, alcohol and methylene chloride® but, the
chromophoric behaviour of DOS in AcOH was found to be satisfactory. So, 0.1 M AcOH was selected as
a solvent in Method A, DOS showed maximum absorbance at 300 nm in 0.1 M AcOH medium. At this
wavelength, the linearity was established between the absorbance and concentration of DOS in 0.1 M
AcOH, made it possible to find the linear concentration range of method A. It was discovered that 2 M
H,SO, was the best acid to utilize for all techniques except Method A after experimenting with various
acids of different concentrations. To fix the optimum amount of cerium (V) to oxidize DOS in Method
B, C and D, investigations were carried out using the oxidant, acid, reducing agent, viz, iron (Il) and
complexing agents namely o-phenanthroline and thiocyanate. Varying volumes of 1000 ug mL™" cerium
(IV) were placed in 10 mL standard flasks, acidified with 2 M H,SO, and added 1 mL of 500 ug mL" iron (II)
sulphate as reductant. After the rapid oxidation ensured to be completed, either the unreacted reductant
was treated with o-phenanthroline or oxidised reductant treated with thiocyanate in Methods C and D, the
contents were diluted to the mark with water and measured the absorbances at respective wavelengths
of maximum. The upper limit of absorbance as either ~1 or 1.33 in Method C and D were found when
the cerium (IV) present at 128 or 300 ug mL™'. Besides, the linearity was found excellent to satisfy the
Beer’s law up to these levels of cerium (IV). Hence, the upper Beer’s law limit for cerium (IV) was set by
preliminary examinations is found as 128 ug mL" for Method B and 300 ug mL" for Methods C and D. To
evaluate the DOS of detection range, different concentrations were reacted with 1 mL of 128 or 300 ug
mL-" of cerium (IV). Based on the absorbance data acquired for Methods C and D, different concentrations
of iron (II) were used and optimized at 500 ug mL™"'. After experimenting with various concentrations, the
sodium acetate (NaOAc) was optimized, and the greatest analytical signal was found at 2.5 M NaOAc. In
Method B, the absorbance measured at 320 nm with respect to cerium (IV) decreases as the concentration
of DOS increases. Similarly, in Method C, [Fe(o-phenanthroline).]*? absorbance increases linearly with
DOS concentration at 510 nm, while in method D, [Fe(SCN)J* absorbance declines linearly with DOS at
480 nm.

Study of DOS stability under various stressing media/conditions in Method-A

The stability of the DOS was ascertained by forced degradation studies of DOS solution equivalent to
60 ug mL" under different stressed conditions. The solution was treated with 0.1N HCI and 0.1N NaOH
starting from room temperature up to 70 °C for seven hours to check the stress degradation by hydrolysis
under acidic and basic conditions, respectively. Oxidative degradation was done by treating the solution
with 3% H,O, solution at neutral pH for seven hours. The solution was placed in hot air oven for 24 h at
105 °C to check the thermal degradation. For UV stress studies, solution was exposed to UV radiations
for 24 hours.*® The FT-IR (Figure 3) and UV (Figure 4) spectra of these stressed DOS samples were
compared with that of pure DOS spectra and the results were summarised in Table I.
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Figure 3. FT-IR spectra of: 3(A) — Pure DOS; 3(B) — Alkaline
degraded DOS; 3(C) — Thermal stressed DOS; 3(D) — UV
stressed DOS; 3(E) — Acid stressed DOS.
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The FTIR spectrum of pure DOS shows asymmetric and symmetric stretching bands for methyl group
in the region 2916-2950 cm™" and 3017-3063 cm™. The CH, stretching vibrations are also observed in the
region 2950-3020 cm™'. The band around 3035 cm™ generally represents the C-H stretching vibrations of
aromatic ring and the ring C-C stretching vibrations occurs in the 1420-1625 cm region. The asymmetric
and symmetric deformations are expected in the range 1420-1466 cm™. The band in the region 520-530
cm' represents the C-S stretching vibrations. For DOS the C-N stretching vibration modes are observed
in the region 728-1008 cm-'. The nitrogen present in DOS is tertiary in form, the corresponding onium salt
is commonly encountered and it displays strong broad N-H stretching vibrations in the region around 2500
cm™.

The degradation of DOS in the alkaline medium was evident from the comparison of FT-IR spectra of
pure DOS with the that of post alkaline degradation drug. The missing of a prominent peak at 2428 cm’
corresponds to the N-H stretching vibrations of ‘onium’ salt form of tertiary amine group and bands in the
region of 794-1033 cm™ due to C-N stretching vibrations indicates the degradation of DOS in alkaline
medium. Further, the extension of study of DOS by stressing it to oxidation with peroxide revealed more
than 50% degradation. The solid product left post-oxidation was found-insufficient. However, the resulted
content was dissolved in 0.1 M AcOH and was recorded the UV spectrum. The absorbance at 300 nm
indicated the recovery of 47.26% DOS and confirmed the degradation above 50%. Other than these, DOS
was stable under acid, UV and thermal stress, as there was no significant difference between their FT-IR
spectra and that of pure DOS. The FT-IR assignments were compared with the band regions calculated by
Generalized Gradient Approximation methods developed by Perdew and Wang (GGA-PW91) and Becke-
Lee-Yang-Parr (GGA-BLYP) and found to be robust.*°

The UV spectra of DOS under different stressed conditions indicated that, DOS did not degrade under
acidic, thermal and UV stressed conditions and the spectra is similar to that of spectrum of pure DOS in
0.1 M AcOH. The presence of wavelength shifted flat curve in the alkaline stressed DOS and the other with
less intensity at 300 nm confirms that, almost complete degradation and partial degradation of DOS in 0.1
M NaOH and 3% H,O.,, respectively.
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Figure 4. UV- spectra of Pure DOS in 0.1 M AcOH, H,O, and alkaline degraded DOS.
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Table I. Results of stability studies of DOS under various stressing conditions in Method A

Stressing media/condition %Recovery of DOS

HCI 101.73

NaOH 11.42

H,0, 47.26

Exposed to UV rays for 24 h 100.94

Exposed to high temperature for 24 h 101.08
Method validation

Linearity and sensitivity parameters

According to International Conference on Harmonisation (ICH) norms,*' validation checks on the
suggested methodologies were performed. The linear correlation between the absorbance at respective
A, and concentration of DOS were established in the range given in Table Il. The regression Equation 1
was derived for each calibration line.

Y=a+bX Equation 1
where Y is the absorbance of a 1 cm layer of solution, a is the intercept, b is the slope and
X is the concentration in ug mL™.

The obtained calibration curves (Figure 5) are experimental and calibration equations were derived
using the Least Squares method. The non zero intercept values reported are for the best curve fitting line.
For all the approaches, a, b, regression coefficient (R?), Beer’s law range, molar absorptivity, and Sandell
sensitivity values were computed and provided in Table Il. The limits of detection (LOD) and quantification
(LOQ) were calculated following to ICH guidelines*' using the formula LOD=3.3S/b and LOQ= 10S/b,
where S is the standard deviation (SD) of blank absorbance values and b is the slope of the calibration
plot.
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Figure 5. Calibration plots for: 5(A) — Method A; 5(B) — Method B; 5(C) — Method C; 5(D) — Method D.
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Table Il. Sensitivity and regression parameters for proposed methods

Parameter Method A Method B Method C Method D
Appae M 300 320 510 480
Linear range, ug mL-! 1.0-80.0 0.25-10.0 0.5-8.0 0.5-10.0
Molar absorptivity, L mol" cm™  2.067 x 10° 3.1086 x 10* 4.08 x 10* 3.70x 10*
Sandell sensitivity, ug cm 0.1605 0.0106 0.0081 0.0089
LOD, pg mL™ 0.2347 0.0883 0.1204 0.7070
LOQ, ug mL-’ 0.7113 0.2676 0.3650 2.1424

Regression Data, Y = a + bX

Intercept (a) -0.0082 0.9449 0.0020 1.3333

Slope (m) 0.0066 -0.0835 0.1230 -0.1190

Regression coefficient (R?) 0.9951 0.9895 0.9987 0.9980
Accuracy and precision

Triplicates of three different amounts of DOS were used to study the intra-day and inter-day variations
to test the accuracy and precision of the suggested approaches. Intra-day measurements include the
analysis of drug three times (forenoon, afternoon and at evening) within a day. Whereas, the inter-day
analysis was performed on three consecutive days under optimal experimental conditions using developed
procedures. The percentage relative error (%RE) and percentage relative standard deviation (%RSD)
between the amounts obtained by measurement and the amounts subjected were evaluated, and used to
assess the correctness and closeness of the proposed methods. The study findings presented in Table Il
imply a high degree of precision and accuracy between the computed and each individual values.

Table Ill. Intra-day and Inter-day Accuracy Precision

Inter-day accuracy and precision Intra-day accuracy and precision
Method DOS taken
-1 * *
Mg mL DOS fou_r:d %RE %RSD DOS fou_r1|d %RE %RSD

Mg mL Mg mL
10.00 10.05 0.51 1.45 10.10 1.00 2.21
A 20.00 20.12 0.63 1.83 19.93 0.34 1.12
30.00 28.93 3.56 3.05 29.07 3.07 0.77
2.50 2.53 0.01 1.54 2.53 1.46 1.24
B 5.00 4.96 0.36 3.71 5.17 3.48 2.48
7.50 7.63 0.16 1.67 7.56 0.86 0.48
2.00 1.94 2.72 2.42 1.91 4.08 4.25
Cc 4.00 3.98 0.34 3.12 4.01 0.34 3.10
6.00 5.91 1.36 1.37 6.05 0.90 2.05
2.00 2.04 2.20 4.10 1.96 1.96 4.28
D 4.00 4.1 2.90 3.1 4.03 0.84 3.18
6.00 5.93 1.02 2.16 5.99 0.09 2.80

*Mean values of three determinations
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Robustness and ruggedness

The proposed procedures were shown to be reliable, despite purposefully varying the acid content,
solvent, and other parameters, there was no appreciable change in RSD values above 5%.

Three analysts were performed the assays independently utilizing various lab instruments and
spectrophotometers to test the robustness of the methods. It was found that the % RSD values were less
than 5%, which amplifies the fact that the suggested approaches were reliable.

Applications to tablet analysis and statistical evaluation of results

Commercially available DOS tablets were evaluated using the suggested methodologies and the
standard procedure of a reference method. As mentioned in the reference method, 0.1 M perchloric acid
was the titrant for the potentiometric estimation of DOS in an anhydrous acetic acid and acetic anhydride
medium.® The true titrating agent, however, was the acetyl perchlorate that generated during the course of
titration.*2 The study findings were presented in Table IV. The results of proposed methods are not deviated
with respect to accuracy as well as precision as it can be realised from calculated F and t values in the
Table IV. Thus, the proposed methods are confirmed and as evolved at acceptable accuracy and precision.

Table IV. Results of analysis of prothiaden tablets by proposed methods and reference Method

Nominal DOS
amount (mg/tablet)

Found* (Percent label claim * SD)

Reference Method A Method B Method C Method D
method
99.92+0.64 100.06+0.59 99.93+0.87 100.17+0.81
50.00 100+0.57 F=126 F=107 F=233 F=202

t=0.21 t=0.16 t=0.15 t=0.39

*Mean value from three determinations
The tabulated F and t values at 95% confidence level for four degrees of freedom are 6.39 and 2.77, respectively.

Recovery study

To further evaluate and establish the reliability of the suggested procedures, the recovery tests were
carried out using a standard addition procedure. Pre-analyzed tablet powder was spiked with pure DOS
at three distinct concentration levels before being analyzed in triplicate. It was determined the total DOS
present. The percentage recovery of DOS ranged from 97.77 to 103.34% in all cases (Table V), indicating
that the co-formulated substances showed no effect on the test. This demonstrates that the assay methods
were precise and the percentage recovery values were acceptable.

Table V. Recovery study of Prothiaden Tablets by the standard addition method

Method DOS in tablet Pure DOS added Total found* %DOS recovered
Mg mL! Mg mL-! Mg mL! (Percent * SD)
20.00 10.00 29.33 97.77 + 1.06
A 20.00 20.00 41.33 103.34 + 1.02
20.00 30.00 49.33 98.66 + 0.89
2.50 1.25 3.75 100.03 + 0.78
B 2.50 2.50 4.99 99.95 + 0.66
2.50 3.75 6.25 100.02 + 0.71
2.00 2.00 3.95 98.83 + 0.84
C 2.00 4.00 6.09 101.56 + 1.09
2.00 6.00 7.95 99.41 +1.05

(continues on the next page)
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Table V. Recovery study of Prothiaden Tablets by the standard addition method (continuation)

Method DOS in tablet Pure DOS added Total found* %DOS recovered
Mg mL* Mg mL-! Mg mL! (Percent * SD)
4.00 2.00 5.91 98.62 + 0.53
D 4.00 4.00 8.16 102.06 + 1.10
4.00 6.00 9.98 99.83+1.18

*Mean value from three determinations

CONCLUSION

For the purpose of determining DOS, four new spectrophotometric methods were designed and validated
using 0.1 M AcOH as solvent in Method A. The oxidative ability of cerium (IV) was used in developing
Methods B, C and D. Iron (ll), o-phenanthroline and thiocyanate used as reagents in the oxidation and
complexation steps post reaction between DOS and cerium (IV). It was possible to determine DOS
concentrations as low as 0.71, 0.26 and 2.14 ug mL"" with confidence and a justifiable level of accuracy and
precision. The procedures required no harsh experimental conditions and were straightforward, precise,
rapid, cost-effective, and free from interference from common diluents and additives in the formulations.
The reaction of cerium (IV) with DOS was used to design an assay procedure for the indirect quantification
of DOS by reacting excess cerium (IV) with iron (Il), followed by complexation of excess iron (ll) with
o-phenanthroline in Method C and stoichiometrically generated iron (lll) with thiocyanate in Method D.
The techniques for figuring out DOS in tablets worked well. Due to their straightforward operation and use
of inexpensive instruments, these methods offer an advantage over currently used instrumental methods
for DOS. Chemicals that were inexpensive and easily accessible were sufficient for the experiment, which
increases the cost-effectiveness. It was advised that the techniques be applied in quality control labs.
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This study focused on the examination of six rock pictorial panels and
a solitary figure from four archaeological sites in the Sierra de las
Cacachilas (Sector A) in the Region del Cabo, Baja California Sur,
Mexico. Scanning Electron Microscopy-energy dispersive X-ray
spectroscopy was utilized to analyze tiny samples of the pictorial
layers, patina, rocky supports, and natural pigments. The
concentrations of C, Mg, Al, Si, P, S, K, Ca, Cr, Ti, Mn, and Fe were
subjected to statistical methods and the samples were divided into
various clusters. Iron and calcium compounds appear to be the
primary constituents of the pictorial layers. The red pigment spectra
obtained through Fourier-transform infrared spectroscopy revealed
the presence of inorganic compounds and the likelihood of a flora-
based composite as the binding agent. The minerals identified
through X-ray diffraction in the rocky supports were determined to be
intrusive igneous rocks. These findings are significant for the
conservation and preservation of the artwork in the Sierra de las
Cacachilas.

Keywords: Archaeometry, Rock-paintings, Baja California Sur
México, Raw materials, SEM-EDS, XRD

INTRODUCTION

Rock paintings are widespread and serve as a testament to the lives of prehistoric people, found in
diverse places such as secluded caves and visible rock formations. The preservation of these paintings
depends on various factors such as the microenvironment, the composition of the paint, and human-made
events, among others. Recently, the study of rock paintings has gained increased attention and significance
from various perspectives including discovery and location, documentation, and archaeometry.™®
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Research conducted in Europe (France, ltaly, Spain), South America (Colombia, Chile, and Argentina),
and Mexico (Baja California Sur) involved the utilization of diverse analytical techniques including XRD,
PIXE, RBS, EDAX, FRXT, FT-IR, MS, and EDAX. These studies aimed to determine the composition of
the pictorial layer in terms of various colors, minerals, rock substrates, and organic materials employed
in paint manufacturing. The results provided valuable insights for interpreting certain connections within
the extensive operational process.'® Despite the variations in methodologies and objectives among these
studies, the overall focus remained on comprehending the operational processes involved in creating
pictorial panels.

The Region del Cabo, shown in (Figure 1), is located in the southern part of the Baja California peninsula
in Mexico. Itis a large, barren, and remote area inhabited by hunter-gatherer-fisher groups, the Guaycuras,
and the Pericues.
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Figure 1. Map of localization of the Region del Cabo and the pictorial sites (in
Sierra de las Cacachilas, Sector A): Cerro Pintada 1 (triangle) Cerro Pintada 2
(star) Castrefia 2 (rhombus) Joyita de la Sierra de la Huerta (pentagon).

The pictorial rock art in this region was first recorded by Spanish missionaries in the 18" century
and has since been studied by explorers and researchers, resulting in increased knowledge about the
location, spatial distribution, quantity, designs, styles, and techniques used to create the art. However, no
analytical studies have been conducted thus far. The main styles found in the Region del Cabo are the
Cabo Representational and Cabo Abstract styles.'®" The ancient pictures in the Region del Cabo are a
valuable contribution to Mexico’s cultural heritage.

The Sierra de las Cacachilas, specifically Sector A, is part of the Region del Cabo. Among the numerous
rock painting sites in this Sierra, the research selected four sites, Cerro Pintada 1, Cerro Pintada 2,
Castrena 2, and Joyita de la Sierra de la Huerta (Figure 1), based on certain criteria. These criteria
included the preservation status of the pictograms, the variety of styles and designs, minimal impact from
the environment, ease of access to the site, and official recognition. Other factors considered were the
absence of humidity, organic matter (such as fungi, bacteria, and insect nests), and contaminants (such
as smoke from fires or spray paint) on the pictograms. As a result, six pictorial panels and a solitary figure
were selected.
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The goal of this research was to conduct a physicochemical characterization of the raw materials used
in the creation of six pictorial panels, and one isolated figure found at the mentioned sites. This involved
analyzing pictorial layers, patina, rocky supports, and natural pigments. The elemental composition was
determined using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS).
Fourier-transform infrared spectroscopy (FTIR) was used to identify the presence of organic and inorganic
compounds, while X-ray diffraction (XRD) was used to determine the mineralogical composition. This
groundbreaking study aims to provide new insights into the pictograms of the Sierra de Las Cacachilas,
including the color palette used by prehistoric artists and the nature of the rocky supports.

MATERIALS AND METHODS
Materials

Figure 2 shows an example of one of the pictograms. Table | provides a brief overview of the characteristics
of the pictorial panels at each site, including the style (Representative or Abstract), the predominant color
(typically various shades of red), and the dimensions.

30

Ocm 10 20 30 60

A B C D = F

Figure 2. General view of Pictorial Panel 1: zoomorphic figures (deer and fish)
and stains in Joyita de la Sierra de la Huerta. Cabo Representational style.
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Table I. Description of the pictorial panels of Sierra de las Cacachilas (Sector A). (*) R: Representational; A: Abstract

i i Dimensions (cm
Site Zone (Nr) Style (% Design Color Manufacture  Pictorial Isolated (cm)
technique panels figure Height Width
1 98 1.52
Cerro G12D8303001 R Zoomorphic and Red (various Manual, hands
Pintada 1 (1801) phytomorphic tonalities) and fingers
1 14 24
Cerro G12D8303002 . Red (various Manual, hands
Pintada 2 (1803) A Crossed lines tonalities) and fingers ! 69 45
1 59 78
Castrefia 2 G12D8303118 R Zoomorphic and Red (various  Manual, hands
(46095) phytomorphic tonalities) and fingers
2 178 112
: 1 25 55
J(_)ylta de la G12D8303108 Zoomorphic and Red-ocher and Manual, hands
Sierra de la R&A - )
(46085) stains orange and fingers
Huerta 2 68 2.00
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Methods

Photographs and videos of each piece of pictorial art were taken using a Sony Alpha 6300 digital
camera. Afterward, a portable optical microscope (Dino-Lite, model AM3011, VGA) was used to perform
vertical and horizontal scans of the rocky surface, with a resolution ranging from 10X to 220X. At the same
time, a grid (consisting of 10 cm? square marked by letters and numbers) was drawn for each pictogram
using Adobe lllustrator CS5A software. The conservation status of the pictorial layer and the uniformity
or variation of color on the surfaces were evaluated at the points where the quadrants intersected, which
helped in determining the optimal area for sample extraction.

Small samples of the pictographs (as well as three from the patina) were collected by carefully attaching
a 1 cm? carbon strip, which was then removed using a clamp and fixed to an aluminum sample holder.
To prevent any harm to the design and size of the pictographs, between four and eight samples were
taken from each. The samples collected on the carbon strips were properly labeled and stored for further
analysis in the laboratory. Additionally, during the inspections of the pictorial sites, some granitic rocks with
vivid red and orange veins were encountered, which were analyzed as well.

Photomicrographs and X-ray spectra of pictograph and patina samples were taken with a low vacuum
scanning electron microscope (SEM) JSM-6610LV with a coupled Oxford probe, for elemental microanalysis
EDS. Chemical compositions were determined by EDS analysis of several points chosen at random on the
photomicrographs.

Fourier-transform infrared spectroscopy analyses of four red pigment samples of pictorial layers were
carried out by a VARIAN® model 640-IR. The samples were crushed in an agate mortar and then the KBr
pellets were prepared. Spectrum against that of the background from 4000 cm™' to 400 cm, with 40 scans
and a resolution of 4 cm™. The total number of data points was 1869.

A mineralogical analysis by XRD was performed for the rocky support samples at room temperature
with a Siemens D-5000 diffractometer using Cu Ka radiation with a graphite monochromator; the
diffraction pattern was collected from 2.5 to 70° 26 with a step size of 0.02° 26 to acquire X-ray patterns
with sufficiently high intensities to identify the minerals present. For the qualitative identification of the
mineralogical composition, the data file XRD JCPDS was used.

RESULTS AND DISCUSSION
Table Il lists the 73 samples that were analyzed using SEM-EDS for each site and figure, with 66
samples representing the pictorial layers, three for the patina, and four for the rocky supports.

Table Il. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of
cluster is according to the statistical analysis of chemical compositions.

Site Figure Key Cluster Nr.

Cerro la Pintada 1 Biznaga M 17 C1
Biznaga M 18 C1
Biznaga M 19 C1
Biznaga M 20 C1
Biznaga M 21 C1
Coyote M 22 C4
Coyote M 23 C1
Coyote M 24 C3

(continues on the next page)
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Table Il. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of
cluster is according to the statistical analysis of chemical compositions. (continuation)

Site Figure Key Cluster Nr.
Cerro la Pintada 1 Deer M 11 C1
Deer M 12 C1
Deer M 13 C1
Deer M 14 C1
Deer M 15 C1
Deer M 16 C1
Sea urchin M1 C5
Sea urchin M 2 C4
Sea urchin M3 C5
Sea urchin M 4 C1
Sea urchin M5 C1
Whale M 6 C1
Whale M7 C1
Whale M 8 C1
Whale M9 C1
Whale M 10 C1
Patina M 25 C1
Patina M 26 C1
Patina M 27 C1
Rocky support M177 C6
Cerro la Pintada 2 Fingerprint lines M 28 C3
Fingerprint lines M 29 C1
Fingerprint lines M 30 C3
Fingerprint lines M 31 C1
Rocky support M180 C6
La Castrefia dos Male deer M 59 C1
Male deer M 60 C1
Male deer M 61 C4
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Table Il. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of
cluster is according to the statistical analysis of chemical compositions. (continuation)

Site Figure Key Cluster Nr.

La Castrefia dos Male deer M 62 C1
Male deer M 63 C1
Male deer M 64 C3
Female deer M 65 C2
Female deer M 66 C2
Female deer M 67 C1
Female deer M 68 C3
Female deer M 69 C3
Female deer M 70 C4
Female deer M 71 C3
Female deer M 72 C1
Pitahaya M 53 C1
Pitahaya M 54 C1
Pitahaya M 55 C1
Pitahaya M 56 C1
Pitahaya M 57 C1
Pitahaya M 58 C5
Rocky support M183 C6

Joyita de la Sierra de la Huerta Fish M 32 C3
Fish M 33 C3
Fish M 34 C3
Fish M 35 C3
Deer (incomplete) M 36 C3
Deer (incomplete) M 37 C1
Deer (incomplete) M 38 C1
Deer (incomplete) M 39 C1
Fingerprint lines 1 M 49 C1
Fingerprint lines 1 M 44 Cc2
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Table Il. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of
cluster is according to the statistical analysis of chemical compositions. (continuation)

Site Figure Key Cluster Nr.

Joyita de la Sierra de la Huerta Fingerprint lines 1 M 46 C2
Fingerprint lines 1 M 47 Cc2
Fingerprint lines 1 M 45 C4
Fingerprint lines 1 M 43 C5
Fingerprint lines 2 M 48 C2
Fingerprint lines 2 M 50 Cc2
Fingerprint lines 2 M 51 Cc2
Orange stain M 52 C2
Rocky support M181 C6

The X-ray spectra of EDS were used to identify and evaluate the following chemical elements C, Mg,
Al, Si, P, S, K, Ca, Cr, and Fe, as demonstrated in a typical spectrum displayed in Figure 3 and Table Ill.
Only a limited number of samples showed the presence of elements such as Ti and Mn, with Ti being found
in 4 out of 73 samples (ranging from 0.3% to 4%) and Mn in 7 out of 73 samples (ranging from 0.3% to
9.3%). The average values of the element concentrations in each sample were calculated, and statistical
treatments were performed by taking the log values of these average concentrations (excluding Ti and
Mn).

The MURR (Missouri University Research Reactor) procedures refer to the use of a specific software,
provided by that institution. This software, which is written in the GAUSS language,'? has been used to
conduct statistical analyses. The software calculates the probabilities of an individual sample belonging
to various clusters, taking into consideration the Mahalanobis distance. For the analysis, the elemental
concentrations are transformed into a logarithmic scale. The software also aids in visualizing these
statistical outcomes. It helps in plotting principal component diagrams, which result in the artifacts being
grouped into distinct clusters. Further, it enables drawing a diagram of vectors corresponding to those
elemental concentrations that define the separation in clusters.
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Figure 3. EDS spectrum and SEM micrograph typical of the samples of Cluster 1.
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Table lll. Elemental compositions of the statistical clusters formed. Data obtained by EDS, in %.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6
(n=39) (n=9) (n=12) (n=5) (n=4) (n=4)

Element Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max
C 13 5-24 <0.1 <0.1 21 8-58 17 8-25 9 6-12 16 10-24
Mg 0.7 0.1-2.7 1 <0.1-4 <0.1 <0.1 <0.1 <0.1-1 3 2-4 3 2-5
Al 3.6 0.8-9 7 3-14 4 <0.1-10 2 1-4 5 3-6 6 6
Si 21 4-31 25 15-37 12 2-21 15 9-22 21 16-26 22 15-33
P 1.7 0.1-5.3 3 <0.1-9 1 <0.1-2 1 <0.1-2 1 1-2 1 <0.1-2
S 0.4 0.1-2.8 <0.1 <0.11 1 <0.1-9 2 <0.1-8 <0.1 <0.1 2 <0.1-7
K 0.8 0.1-1.3 2 <0.1-5 <0.1 <0.1-1 1 <0.1-1 3 2-6 4 2-7
Ca 4 1-16 3 1-11 8 <0.1-20 2 1-7 2 1-4 1 <0.1-2
Cr <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 6 1-9 2 <0.1-6 1 <0.1-6
Fe 1.5 04-4.8 1 <0.1-8 <0.1 <0.1-1 28 4-43 10 8-13 12 6-21

Data of Table Ill show that trace elements were not detected and major elements (Si, Al) are similar
for all samples; therefore, they are not significant for differentiation. Minor elements are the main ones for
the separation of clusters. Figures 4A and 4B depict the diagrams of the principal components calculated.
The first illustrates the grouping of the samples, while the second highlights the differentiation vectors.
The main vectors of differentiation (Figure 4B) are based on the levels of C, Cr, and Fe, but Mg, K, P, and
Ca played a role as well. Through this statistical analysis, we were able to identify six distinct clusters.
Table | outlines the cluster number of each sample, and Table Il presents the chemical composition data
associated with each cluster. The results of the statistical analysis revealed six distinct clusters of samples.
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Figure 4. Principal component diagrams based on the concentration of ten chemical elements of
73 samples of pictorial layers. A) Clusters. B) Vectors.
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Cluster 1 is the largest and its samples are present in all pictographs. Clusters 1, 2, and 3 do not show
any significant presence of chromium, with values below the detection limit of the EDS technique. Cluster 2
has a virtually absence of carbon, while Cluster 3 has high levels of carbon and calcium, but no significant
presence of iron.

The primary components of Cluster 3 could be either calcite (CaCO,) or a combination of calcite and
gypsum (CaS0,) as sulfur was detected in some of its samples.

The highest concentration of iron can be found in the orange and red layers of C4, while the iron content
in Clusters 1 and 2 is not as abundant but the samples possess a rich orange and red hue. The red and
orange pigments might be composed of minerals such as hematite (Fe,O,), goethite (a-Fe**O(OH)), and/
or limonite (FeO(OH)-nH,0)." There is also evidence suggesting that the pigments could be derived from
clays that contain hematite.'*'s

Figure 5 presents the FTIR spectrum of a red pigment sample; the spectra obtained from the other four
samples were virtually indistinguishable. Table 1V lists the functional groups of both organic compounds
(alcohols, ketones, benzene, and phenols, among others) and inorganic compounds that were identified.
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Figure 5. Typical FTIR spectrum of the analyzed pictorial layers.

Table IV. Data of the FTIR spectra of the pictorial layers

Wavenumber, cm™ (*) Functional groups (**) Compounds

3427 (s) -OH Str. Alcohol

2920, 2854 (m) -C—-H_ Str. Alkyl, aliphatic aromatic
1730 (w), 1517 (w) -C=0 Str. Ketone and carbonyl
1630 (s) -C=C- Benzene stretching ring
1455 (w) -O-CH, Methoxyl

1380 (w), 1317 (w) -CH, Methyl

1232 (sh) -C-O-C Str. Aryl-alkyl ether linkage

(continues on the next page)
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Table IV. Data of the FTIR spectra of the pictorial layers (continuation)

Wavenumber, cm™ (*) Functional groups (**) Compounds

1211 (sh) -C-0O Str. Phenol

1087 (sh) Ca-O Calcium carbonate
900 — 1100 (s) Si-O Str. Feldspar

400-800 (s) Si-O Flx Feldspar
400-1065 (s) Fe-O Hematite

(*) s: strong, m: middle, w: weak, sh: shoulder. (**) Str.: stretching, FIx: Flexing.

The Fourier-transform infrared spectroscopy spectrum was compared to those obtained from the typical
components of biomass, such as cellulose, hemicellulose, and lignin. The region between 1300 cm™' and
1700 cm™ is indicative of the presence of lignin,'® and the main band in Figure 5 is situated at 1620 cm™’
(C = C). The presence of lignin in the pictorial layer suggests the presence of plant matter. The absorption
bands between 900-1000 cm™ and 400-800 cm™' are related to the Si-O bond of inorganic compounds
such as feldspars, while the bands between 440 and 1065 cm™ are linked to hematite. In contrast, the
bands of calcium carbonate (1408 cm™', 873 cm™', and 712 cm™)? are only faintly visible in the spectra.

The spectrum displayed in Figure 5 was also compared to those of the Nopal Cactus (Opuntia Ficus-
Indica),"”” Nopal pectin,’® and animal fat."® The spectra of these substances exhibit the bands related to
carboxylic acids at 1712 cm™ and 1224 cm, which are absent in the spectrum of Figure 5, indicating that
these substances were not used as the binding agent in the pictorial layer.

The minerals identified in the samples of the rocky supports (La Castrefia, Boca del Alamo and Cerro
Pintada) through XRD analysis, as shown in Figure 6, include mainly: quartz, pholopita, albite, and
anorthoclase. These mineral phases are consistent with the granitic structure typically found in igneous-
plutonic rocks, as previously identified in the northern Baja California peninsula.? It's important to note that
the Sierra de las Cacachilas, Sector A, is located on a surface made up of intrusive igneous rocks from the
Cretaceous period, primarily granite and granodiorite.

The selection of the rocky support was important in the creation of the pictorial images. Some surfaces
were smoothed with stone tools, but examination of the surfaces with a handheld optical microscope
showed that this was not done in the case of the rocky supports of the specified area, as no signs of
carving were found.

The natural pigments of red and orange colors sourced from the granitic rocks located in the pictorial
sites were abundant in iron. The SEM-EDS results showed 11-20% of iron, likely due to hematite. The
presence of silicon, aluminum, potassium (potentially from feldspars), and carbon was also identified. The
elemental composition of these rocks was found to be similar to that of the pictorial layers, indicating that
they were used as raw materials for the creation of rock art.
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Figure 6. XRD spectra of the rocky supports from La Castrefia (A), Boca del Alamo (B) and Cerro Pintada (C).
The crystalline phases are: 1. Quartz, 2. Phlogopite, 3. Albite, 4. Anorthoclase.

CONCLUSIONS

This is the initial examination of the pictograms of the Sierra de Las Cacachilas. A comprehensive study
using multiple techniques on small samples gave us insights into the components used in the creation of
the pictograms (pictorial layers, patina, rocky supports, and pigments). The combination of the various
techniques used provided a comprehensive understanding of the samples and their context.

SEM/EDS can detect C, Mg, Al, Si, P, S, K, Ca, Cr, Ti, Mn, and Fe in pictorial layers, patina, and
rocky supports. Statistical calculations identify differences in element concentrations, with data grouped
accordingly. Most pictorial layers had a similar chemical composition (C1), while other groups differed
mainly in C, Cr, and Fe. Rocky support (C6) composition differed from C1 to C4 and was richer in Fe while
scarce in Ca and Cr. The composition of C5 was similar to C6, potentially indicating a measurement of the
rocky support in those samples.

Orange and red are the predominant colors in most pictorial layers, possibly due to the presence of
iron compounds like hematite. Alternatively, the presence of calcium, carbon, and sulfur may suggest the
presence of loading materials like calcite and gypsum. The pigments’ origin may be from granitic rocks
containing iron oxides found in the region where the pictorial arts were created.

Fourier-transform infrared spectroscopy analysis of red pigment grains identified both inorganic and
organic compounds. Inorganic compounds included feldspars from the rocky support and hematite,
supporting the previous considerations of these compounds in the pictorial layers. Organic compounds
were compared with typical biomass components reveling the presence of lignin. A composite of flora may
have been used as a pigment binder, but its origin remains unclear.

Based on these results: a) Dark red colors (Red 2.5YR 4/4/6) correspond to a high concentration of
iron oxides (red pigment), and sometimes Ti (dark red pigment), with little evidence of carbon (binder not
identified), but a high gypsum content (CaSO,-2H,0) as loading. b) Light red colors (Red 2.5YR 4/4/8)
may be a mixture with low Fe content (red pigment), high carbon content (binder not identified), and a
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low percentage of gypsum (loading). c) Dark colors (Greenish black 2.5/2.5/1 10G) are related to carbon
content (pigment and binder) and gypsum content (loading).

Lastly, based on the mineral phases identified by XRD in the rocky supports (feldspars, quartz, and
mica), it can be concluded that the structure is of granitic origin, specifically igneous-plutonic rock. The
surfaces appear to be in their natural state, with no signs of previous polishing.

The findings obtained through the application of various analytical techniques provide significant
knowledge for the conservation of ancient pictorial art in the Sierra de las Cacachilas region and in general
they result useful for other archaeological studies.
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Use of Smartphone and Image Analysis in the
Quantification of Vitamin C in Golden Berry
(Physalis peruviana L.) Juice
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Reaction Image Acquisition Data Analysis Conventional methods used to quantify
—— vitamin C require expensive equipment;

however, the image analysis method has
proven to be effective in quantifying various
bioactive compounds and could be useful
for small industries due to its low cost. In
this sense, the objective of the present
work was to evaluate the use of a
Smartphone and image analysis in the
quantification of vitamin C in golden berries
juice. Calibration curves were elaborated

(i

Principal component analysis

y = 2.4553% + 2.6703
R2=0.9941 .

with ascorbic acid standards (2.5 -

- 20 mg L' and the Folin-Ciocalteu
Folin-Ciocalteu o o 0 .

10 % viv 5 707520 25 30 3 40 Ascorbic acid standard curve chromophore reagent (10%). Fifteen color

RGB values .
parameters (analytical responses) were

obtained from images obtained with a smartphone and the ImageJ program of the colored samples
using four backlight colors, to which a principal component analysis was applied using the integrated
development environment for R, RStudio. Subsequently, one-way ANOVA and mean comparisons by
Tukey’s method (a = 0.05) were applied to the best-scoring analytical responses. Ultimately, the
quantification of vitamin C in golden berry juice was performed using the image analysis method, which
exhibited superior linearity and sensitivity (R? = 0.9941 and m = 4.91). A comparative assessment was
conducted against a spectrophotometric method utilizing the {-Student test for independent samples
(a = 0.05), demonstrating no statistically significant difference between the two methods (p > 0.05).

Keywords: Folin-Ciocalteu, ImageJ, RGB model, low-cost analysis, principal component analysis (PCA)

INTRODUCTION

Vitamin C (VC) is an important antioxidant and should be consumed daily between 75-90 mg to maintain
healthy blood vessels, skin, teeth, bones, and cartilage. It is also essential in anti-allergic treatments,
strengthens the immune system, and prevents flu and infections.? In this sense, the golden berries fruits
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(Physalis peruviana L.) contain an important amount of VC ranging from 23.3 to 46.0 mg per 100 g of
berries.>® Additionally, there are exotic fruits that contain significant amounts of VC, which can be assessed
by on-site investigations with portable and low-cost methods of analysis.®

On the other hand, one of the methods that are gaining momentum in the analysis and determination
of biochemical compounds is the use of digital image analysis.” These methods proved to be effective and
fast, efficient, and low-cost.2 These methods have also demonstrated high sensitivity and good linearity
based on the slope value and coefficient of determination (R?) of the calibration curve in different studies.”
Similarly, dos Santos et al.® demonstrated the possibility of using the method based on image analysis in
the environment where it is required, being a portable method.

Nowadays, mobile devices have ceased to be a sumptuary object to become objects of common use
with multiple utilities, one of them being the application in the capture of images of chromophore analytical
samples.287910 |ts availability in almost all types of social environments makes it possible to use it in the
analysis of bioactive compounds in situ, mainly in communities with limited economic resources, even
in small companies that do not have sophisticated analysis equipment, where a quick analysis of VC is
required.®

In this sense, the main objective of the present work was to evaluate the use of a smartphone and
image analysis in the quantification of VC in golden berries juice (Physalis peruviana L.).

MATERIALS AND METHODS

The golden berries fruits were purchased from the wholesale market “Nery Garcia Zarate” in
Ayacucho city, province of Huamanga, department of Ayacucho. Folin-Ciocalteu reagent (Loba Chemie
PVT Ltd, India). Ascorbic acid (Sigma Aldrich, Germany). Tartaric acid (Insumos Quimicos Peru. Peru).
Trichloroacetic acid (Oxford, India).

Vitamin C standard preparation

It was performed according to the methodology of Jagota & Dani'" with some modifications. 0.05, 0.10,
0.15, 0.20, 0.25, 0.30, 0.35, and 0.40 mL of ascorbic acid stock solution (100 mg L") were taken in test
tubes. Subsequently, the samples were supplemented with a tartaric acid solution (200 mg L) to a final
volume of 2 mL, resulting in concentrations of 2.5, 5.0, 7.5, 10, 12.5, 15.0, 17.5, and 20 mg L' of VC. In
addition, the blank was made by placing 2 mL of tartaric acid solution (200 mg L") in a test tube. Then, 0.2
mL of Folin-Ciocalteu’s reagent diluted to 10% (v/v) was added to the nine prepared standards and allowed
to react for 10 minutes. The calibration curve was elaborated by linear regression with the absorbance
values (A = 760 nm) and using the colorimetric analytical responses.

Determination of VC in a sample

The determination of VC used the technique described by Jagota & Dani' with some modifications.
Five units of golden berries fruits were crushed in a mortar and pestle. 2 mL of the golden berries juice and
8 mL of 10% (w/v) trichloroacetic acid were added to a centrifuge tube and then centrifuged (P. Selecta,
S240, Spain) at 3000 rpm for 15 min. Subsequently, VC determination was performed with 0.2 mL of the
supernatant.

Acquisition and image processing conditions.

The VC standards contained in test tubes were placed on a stand adapted to place the samples in front
of a personal computer screen (HP, 250 G8, USA) that provided four backlight colors (BC); these are:
white, red, green, and blue (Figure 1). In addition, 50% backlight brightness and 50 cm image acquisition
distance were used.
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Figure 1. Screens with backlight colors.

Images were acquired with a smartphone camera (LG, H440F, China), 8 MP (Megapixel), and an image
acquisition resolution of 3264x2448 pixels. Furthermore, the numerical data of the images, corresponding
to the values of the R, G, and B channels of the region of interest, were acquired using ImageJ 1.53k.

Obtaining analytical responses (S)

Different analytical responses (S, to S,;) were explored by mathematical combinations of the RGB
color space and CIE Lab parameters (Table ). Equations (1) to (15) were used for this purpose. The color
parameters lightness (L*), redness (a*), and yellowness (b*) were obtained using the worksheet (Microsoft
Excel®) developed by Boronkay'? called Colour Conversion Centre (4.0a), using the RGB channel values.

Table I. Mathematical combinations of the RGB color space and CIE Lab parameters

Analytical responses (S) Equation Reference
R; + G; + B;
L= % (1) Osorio et al.™
S, = 0.299R; + 0.587G; + 0.114B; (2) Zhao et al.**
R;
S3 =—log|— (3) Zhao et al.*
Ro
G;
S, =—log|— (4) Zhao et al.**
Go
B;
Sy =—log | — (5) Zhao et al.™
By
Se =Ry —R; (6) Porto et al.?
S; =Gy — G; (7) Porto et al.?
Sg =By —B; (8) Porto et al.?

(continues on the next page)
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Table I. Mathematical combinations of the RGB color space and CIE Lab parameters (continuation)

Analytical responses (S) Equation Reference

So =+/(Ryg — R)? + (Gy — Gy)? + (By — B;)? 9) Abderrahim et al."s
Sio=Ly—L; (10) \é\t/(;rlw.?ghanyakram
Siu=ay—a; (1) \e/\t/oar;.?;hanyakram

S12 = by — b} (12) \E/}\t/c;rlw.%]:hanyakram

Sia = (o = £0)" + (ag — )" + (55 b;)’ (13) oo Sghanyaieam

Sia =Va? +b*? (14) Otalora et al."”

S5 = ? arctan <Z—:> (15) Otélora et al.’”

Red (R), green (G), and blue (B) are color parameters from the RGB color space. The color parameters lightness
(L*), redness (a*), and yellowness (b*) from the CIE Lab color space. The subscripts “i” and “0” correspond to the
values of the color parameters at different concentrations of vitamin C and without vitamin C, respectively.

Statistical analysis

The statistical software RStudio (version 2022.12.0, Build 353) was employed as the integrated
development environment for R (version 4.2.2). The ‘stats’ library was utilized for the analysis of variance,
while the ‘EnvStats’ library was utilized for obtaining the lack of fit analysis. Multivariate analysis,
specifically Principal Component Analysis (PCA), was conducted using the ‘missForest’, ‘FactoMineR’,
‘ggplot2’, and ‘factoextra’ libraries. Mean comparisons were performed using Tukey’s method at a 95%
confidence level, with the ‘agricolae’ library employed for this purpose. The t-Student test for independent
samples (a = 0.05) was applied using the ‘stats’ library.

RESULTS AND DISCUSSION
Vitamin C calibration curves (VCCC)

In the realm of analytical chemistry, linear regression has conventionally been employed, although it
may not always be the optimal approach. To ascertain the model’s suitability and evaluate linearity, it is
crucial to assess both the ANOVA and the “lack of fit” value.'®'® In our study, the models displayed high
significance (p < 0.001), indicating their linearity and effective utilization as calibration curves. Additionally,
the lack of fit value was determined to be non-significant (p > 0.05), implying that the experimental data
align well with the mathematical model in all three examined cases (Table Il).

Table IlI. p-value for the model and lack of fit for different linear models

Source of variation Red Green Blue
Model < 0.001 < 0.001 < 0.001
Lack of fit 0.9646 0.9700 0.9121

Figure 2 illustrates the concentrations of vitamin C (CVC) and their corresponding analytical responses
based on color channels (R, G, and B). Notably, the red channel exhibits more pronounced changes
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in the analytical response as the CVC varies, whereas the blue channel demonstrates a comparatively
lower response. In both cases, the analytical response shows an inverse relationship with the CVC. This
finding aligns with the work of Fan et al.,” who emphasized that the color of a sample can be related to
its concentration within a specific range, often exhibiting linearity. Consequently, establishing a standard
curve enables sample analysis.

180
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v 140

130 B =-1.7368x + 171.02
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G =-2.5852x +175.02
R? =0.9955
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Figure 2. Vitamin C concentration with respect to analytical response (R, G, and B).

Principal component analysis (PCA)

To the fifteen analytical responses (S, to S, ) shown in Table |, a PCA analysis was applied with respect
to the applied background color (BC). The purpose of this analysis was to explore this relationship and
its effect on the slope values and the coefficient of determination (R?) of the VCCC. In this regard, it was
observed that certain background colors were associated with certain analytical responses.

The slope values of the VCCC were represented in the PCA-Biplot graph shown in Figure 3-a, and
it was observed that BC were grouped in different areas of the graph. In addition, the slope values that
had the lowest dispersion were those that worked with white BC. Also, this is located in the first quadrant,
which indicated that it contributes significantly to dimension 1 (Dim1), which had a higher contribution
value (47.7%). By reducing the variables (Figure 3-b), it was possible to better observe the analytical
responses that provided the greatest contribution to increasing slope values. The analytical response’s:
S,,S,, and S, had a high positive correlation with respect to Dim1. This is due to the angles formed, these
were closer to zero. On the contrary, the S,,, had a negative correlation with respect to Dim1, and probably
the slope values obtained with this analytical response are lower in relation to the analytical response’s
found in quadrant 1 of the PCA-Biplot. However, the highest values obtained with this analytical response
were with the blue BC. On the other hand, analytical response 88 did not show a correlation in Dim1, but
it did show a correlation in dimension 2 (Dim2). The PCA analysis accounted for 77.9% of the variability
in the model, specifically in relation to the slope values of the calibration curve. On the other hand, Attar
et al.?? mentioned that the opposite directions of the arrows indicate inverse correlations between groups
of factors. Therefore, the analytical response’s that are in the first quadrant provide higher slope values
for the white BC and lower values for the blue BC, the inverse happened for the S,,. On the other hand,
Ballesteros et al.® suggested that a higher slope value in a calibration curve would be indicative of a higher
sensitivity of the method, which is why the analytical response’s “S.”, “S”, and “S,” was chosen, in addition
to the white BC.
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Figure 3. PCA-Biplot in the analysis of the VCCC slope. (a) Complete variables and (b) with variable
reduction. PCA-Biplot in the analysis of the R? of the VCCC. (c) Complete variables and (d) with variable
reduction.

There was no defined group in the analysis of the coefficient of determination with respect to the BC
because they appear to form a single group (Figure 3-c). However, the red BC dominates the entire graph,
and its center point is on the right, and higher R? values can be obtained with this BC. On the other hand,
the white BC is in the first quadrant, and its values were not as dispersed as those of the red BC. The
analytical response’s that contributed the most were S, S,, and S, (Figure 3-d). In this second evaluation,
the PCA analysis for the R? variable explained 55.2% of the model variability. It should be noted that a
higher R? value would provide greater linearity of method.?' In addition, Fan et al.” analyzed several studies
where an R? greater than 0.9577 showed good linearity.

After the multivariate analysis, an analysis of mean comparisons was performed using Tukey’s method,
and evaluated at 95% confidence. Table Ill shows that the slope value using the analytical response “S;’
was higher and was significantly different (p < 0.05) with respect to the analytical response’s “S,” and “S,”.
However, when the R? was evaluated, none of the analytical response’s had significant differences (p >

0.05) and their values were above 0.99.
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Table Ill. Comparisons of means between the chosen color parameters

Analytical response’s Slope R?
S, 4.56 + 0.07722 0.9960 + 0.00142
S, 2.72 £ 0.0411° 0.9957 + 0.00122
S 2.56 £ 0.0473¢ 0.9960 £ 0.0016°

Different lowercase letters (a,b and c) indicate significant differences (p < 0.05) in the
same column. Values were expressed as mean * standard deviation (n = 9).
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Figure 4. VCCC by spectrophotometric UV-Vis method (a) and image analysis (b).

Analysis of VC in golden berries juice using a smartphone

The VCCC shown in Figure 4 showed high coefficients of determination (R? > 0.99). According to
Fan et al.,” this result means that the linearity of the method is very good. On the other hand, the VCCC
obtained with the analytical response S, and the white BC gave a slope value of 4.91 (Figure 4-b). The
LOD and LOQ values of the new method were 1.28 and 3.87 mg L' VC, respectively. In this regard, Porto
et al.2 found a LOQ of 5.4 mg L' VC. In our study, the obtained value was slightly lower. However, based
on this result, we can still conclude that the new method could be suitable for the analysis of VC in golden
berries juice.

Table IV displays the VC values obtained using both the spectrophotometric and image analysis
methods utilizing a smartphone. The analysis of VC using these two methods did not yield any significant
differences (p > 0.05) when evaluated through the t-Student method for independent samples with a 95%
confidence level. As a result, it can be concluded that there is insufficient evidence to support the claim that
the VCC values obtained differ significantly between the two analysis methods.

Table IV. Vitamin C according to method of analysis

Methods mg of vitamin C 100! mL""
Spectrophotometric* 34.9 + 0.6822
Image analysis 36.4 £ 1.8422

*UV-Vis method (A = 760 nm). Values expressed as mean + standard deviation
for n = 3. Values with equal letters indicate non-significance between treatments
according to the Student’s t-test for independent samples (a = 0.05).
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CONCLUSIONS

The utilization of a smartphone and image analysis for quantifying vitamin C (VC) in golden berries juice
(Physalis peruviana L.) was successfully evaluated, resulting in a value of 36.4 mg VC 100" mL™" of juice.
The Euclidean distance of RGB (S,) and white backlight color proved to be the optimal analytical response
and backlight color, respectively.

Different backlight colors exhibited variations in method sensitivity. However, linearity remained
consistent, with high coefficients of determination observed across all backlight colors. Moreover, when
employing various color parameters as analytical responses, the method’s sensitivity showed significant
variability, with slope values ranging from 2.86 x 10~ to 4.69.

The quantification of VC via smartphone image analysis demonstrated itself as a fast, simple, and
cost-effective tool. It exhibited high accuracy comparable to traditional methods. Moreover, this method
holds potential for implementation in higher education institutions located in remote areas, where it can
be utilized for teaching a low-cost colorimetric analysis method. Furthermore, it opens avenues for the
analysis of VC in other sample types.
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This study proposes a matrix separation procedure
based on micellar-mediated extraction (cloud point
extraction - CPE) for determining As, Cd, Pb, and Se
(potential contaminants) in nickel alloy and steel
samples. Structural characterization and qualitative
analysis of Ni alloy were conducted on the nickel
alloy using scanning electron microscopy-energy-
dispersive X-ray spectroscopy (SEM-EDS). After
sample decomposition, ammonium o0,0-diethyl
dithiophosphate (DDTP) was used to complex the
analytes and Triton X-114 as a non-ionic surfactant
in CPE for matrix separation and extraction.
Methanol acidified with 0.1 mol L" HNO, was added
to the surfactant-rich phase before the analytes
determination by graphite furnace atomic absorption
spectrometry (GF AAS). Parameters such as pH,
complexing agent and surfactant concentrations,
acid medium, complexation time, and type of diluent

were evaluated. The obtained results indicated that the ratio DDTP:As was 3:1, DDTP:Cd and DDTP:Pb
was 2:1, and DDTP:Se was 1:1. The enrichment factors were 6, 8, 14, and 13, and limits of detection
were 1.5, 0.06, 0.31 and 0.27 ug g for As, Cd, Pb, and Se, respectively. The method was applied for
As, Cd, Pb, and Se determination in Inconel 625 nickel alloy and standard reference materials (AISI
4340 Steel - SRM® 361, AISI 94B17 Steel - SRM® 362, Chromium-Vanadium Steel - SRM® 363, and
Nickel Alloy UNS - SRM® 864). Analyte recoveries lay above 88%, and relative standard deviations were
lower than 5%. Application of cloud point extraction for matrix separation allowed the determination of
low concentrations of As, Cd, Pb, and Se, constituting an environmentally friendly method.
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INTRODUCTION

The production and global trade of metals and alloys are critical to modern industrial infrastructure.
Continuous improvement of metallurgical processes and manufacturing technologies have paved the way
for developing nickel alloys," commonly employed under circumstances requiring strength and corrosion
resistance at high temperatures, e.g., for application in nuclear, chemical, and petrochemical plants as
aerospace and navigation industry.? Several factors influence the properties of nickel alloys, including
the major constituent elements, the production process, and the thermal treatment of the intermediate
product.® Moreover, the presence of trace contaminants such as Ag, As, Bi, Cd, Pb, Sb, Se, Sn, Te, Tl, and
Zn at concentrations above a certain limit may impacts the mechanical and magnetic properties of these
materials negatively. Remarkably, As, Cd, Pb, and Se can affect the properties related to the mechanical
and thermal resistance of steel and nickel alloys by lowering the melting point, which leads to severe
disruption and a disastrous failure of the final product.*®

Quality control with respect to elements concentration is crucial to ensure the development and
application of nickel alloys. However, trace elements determination is a challenging task, considering that
the alloy matrix is quite complex.* To prevent interferences, matrix separation has been employed in trace
element determination.” Cloud point extraction (CPE) has also been employed for purpose; it complies
with green chemistry principles® has some advantages: it is safe to operate (the reagents are not volatile
or toxic); it generates a lower amount of laboratory residues (small volumes of reagents are used); and it
allows pre-concentration of many species with good enrichment factors.%°

CPE is based on micelles formation by surfactants in aqueous solutions. They promote phase separation
upon a change in temperature or the addition of a salting-out agent. The surfactants, above the critical
micelle concentration (CMC), can self-assemble in water into supra-molecular aggregates and, when
heated at a given temperature (cloud point), result in a biphasic system with a surfactant-rich phase of a
small volume containing the hydrophobic compounds initially present in the solution and a surfactant-poor
phase that can be separated from the surfactant rich phase. Inorganic species, which are hydrophilic,
are is extracted in the surfactant-rich phase by using a complexing agent that produces hydrophobic
compounds under suitable conditions."'? Different complexing agents have been used in CPE, e.g.,
ammonium pyrrolidine dithiocarbamate (APDC)," 1,2-tiazolylazo-2-naphthol (TAN),' 8-hydroxyquinoline
(8-HQ),"™ and ammonium O,O-diethyl dithiophosphate (DDTP). DDTP has a sulfur atom as the electron
donor. They behave like a soft base and can complex elements that are mildly acidic and does not form a
stable complex with alkaline metals. This selectivity is desirable since it avoids the potential matrix effects
as in the case of metal alloys analysis.'®""

Ammonium O,O-diethyl dithiophosphate has been employed for As preconcentration and subsequent
determination in corn and rice samples by hydride generation coupled to atomic fluorescence
spectrometry,’® Cd and Pb in urine' and Cd, Pb, and Pd in blood, with subsequent determination using
graphite furnace atomic absorption spectrometry (GF AAS).2° DDTP has also been used for As, Bi, Cd, and
Pb preconcentration in river water, wine, fertilizer, and urine prior the analytes determination by inductively
coupled plasma optical emission spectrometry (ICP OES).?!

Cloud point extraction has already been employed in the analysis of alloy samples as reported by
Kassem and Amin, who determined rhodium in a metallic alloy using 5-(4'-nitro-2',6'-dichlorophenylazo)-
6-hydroxypyrimidine-2,4-dione (NDPHPD) as a complexing agent and Triton X-114 as a surfactant?? and
Bahchevanska et al. determined vanadium in aluminum alloy using 1-(2-thiazolylazo)-2-naphthol (TAN)
and complexing agent and Triton X-114 as a surfactant.?? However, this approach has yet to be explored
for other elements and metal alloys.

In the present work, CPE is proposed for As, Cd, Pb and Se separation from Ni alloy and steel
digestates of cloud point extraction, followed by the determination of analytes by GF AAS. The proposed
CPE procedure involves analyte extraction with the complexing agent DDTP in the presence of the non-
ionic surfactant Triton X-114.
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MATERIALS AND METHODS
Samples

Carbon steel saw was employed to cut the nickel alloy sample (Inconel 625) into the most diminutive
possible dimensions. After this procedure, pieces with a rectangular shape, measuring 1x1 cm and weighing
approximately 2.5 g, were obtained. For accuracy evaluation, samples of the following standard reference
materials (CRMs) were analysed: AISI 4340 Steel (SRM® 361), AlISI 94B17 Steel (SRM® 362), Chromium-
Vanadium Steel (SRM® 363), and Nickel Alloy UNS N06600 (SRM® 864), produced at the National Institute
of Standards and Technology (NIST).

Reagents and solutions

Experiments were performed with reagents of analytical grade. Ultrapure water (resistivity of 18.2
MQ cm'), obtained from a Milli-Q® water purification system (Millipore, Billerica, MA, USA), was used to
prepare the reagents and solutions. All the glassware was decontaminated in 30% (v v'') HNO, for 48 h
and rinsed in ultrapure water for a few minutes.

To decompose the Inconel 625 nickel alloy sample and CRMs, 37% m m™ HCI (JT Baker) and 65%
m m” HNO, (JT Baker) were employed.

Concerning CPE, the Cd and Pb solutions were prepared by diluting stock standard solutions
containing 1000 mg L' of the respective analytes (Titrisol® standards from Merck). A standard stock
solution of 4000 mg L' As was prepared by dissolving 0.1 g of As,O, (Acros) in 25 mL of previously
heated water containing 3 mL of 37% m m" HCI (JT Baker). A 7.5 mg L' Se(IV) solution was obtained
from a 1000 mg L' standard solution of Se(VI) (Fluka) by heating this solution in 6 mol L' HCI for 30 min
at 100 °C. A5% (m v') ammonium o,0-diethyl dithiophosphate solution was prepared daily using the
DDTP ammonium salt (Aldrich) dissolved in deionized water. 37% m m-' HCI (JT Baker) was employed
to adjust pH of solutions. A 5% (m v'') octylphenoxypolyethoxyethanol (Triton X-114) solution was
prepared by weighing 2.5 g of the reagent (Sigma-Aldrich) in a graduated tube followed by the addition
of 50 mL of water. To reduce the viscosity of the surfactant-rich phase, methanol (Panreac) acidified
with 0.1 mol L" HNO, was used. Ascorbic acid (Sigma-Aldrich) and citric acid (Carlo Erba) were
used for Fe and Ni interference studies, respectively. The chemical modifier Pd(NO,), + Mg(NO,),
employed in Cd and Pb determination was prepared by mixing 1 mL of Pd(NO,), 10 g L (Fluka) and
100 pL of Mg(NO,), 10 g L" (Merck) in a graduated flask, followed by addition of 10 mL of deionized
water. For As, Pd(NO,), was employed as chemical modifier, which was prepared by diluting 1 mL of
10 g L"" Mg(NO,), in 10 mL of water in a graduated flask. For Se, Ni + Mg(NO,), was used as chemical
modifier, which was prepared by mixing 801 pL of 1000 mg L' Ni standard solution (Fluka) and 79 uL
of 10 g L"" Mg(NO,),, followed by the addition of 1 mL of water.

Instrumentation

The nickel alloy sample and CRMs were decomposed in a metallic block (TE-040/25, Tecnal, Piracicaba,
Sao Paulo, Brazil). For the CPE experiments, a water bath with controlled temperature (MA127, Marconi,
Piracicaba, Sao Paulo, Brazil) and a centrifuge (Z 326K, Hermle Labortechnik, Wehingen, Germany) were
employed.

Arsenic, Cd and Se were determined using an atomic absorption spectrometer (AAnalyst 800,
PerkinElmer, Norwalk, CT, USA) whereas Pb was by using with a high-resolution continuum source
atomic absorption spectrometer (ContrAA 700, Analytik Jena AG, Jena, Germany). Both instruments were
equipped with an autosampler for sample introduction and a transversely heated pyrolitic graphite tube.
Twenty microliters of sample or reference solutions, 5 uL of the chemical modifiers Pd(NO,), + Mg(NOQO,),
for Cd and Pb and Pd(NO,), for As, or 10 pL of Ni + Mg(NO,), for Se were pipetted into the graphite tube.
Argon with 99.998% purity (White Martins, Sertdozinho, Sado Paulo, Brazil) was used as the purge gas.
Tables Sl and Sl (Suplementary information) summarize the instrumental parameters.

The graphite furnace temperature programs given in Tables SlIl and SIV were run during As, Cd, Se,
and Pb determination.
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Structural characterization of the nickel alloy sample

The structural characterization and qualitative analysis of the Inconel 625 nickel alloy sample were
carried out using a scanning electron microscope (EVO 50, ZEISS - Carl Zeiss, Cambridge, England)
equipped with an EDS system (IXRF Systems 500 Digital Processing Si(Li) diode, Liechtenstein). The
detector was employed in the secondary electron mode, the chamber pressure was 1.8 x 10-° Torr, and the
accelerating voltage was 20 kV.

To avoid possible contamination during the cut of the Inconel 625 sample. It was placed in a glass
beaker containing 50 mL of 2-propanone (Merck) and sonicated in an ultrasonic bath (USC-1400, Unique,
Indaiatuba, S&o Paulo, Brazil) for 15 min.

Sample preparation

Regarding the decomposition of the nickel alloy sample before As, Cd, and Se determination, each
fragment was weighed (2.5 g of a fragment of 1x1 cm), placed in a glass flask, to which with 24 mL of an
acid mixture containing 37% HCI (m m™) and 65% HNO, (m m™) (3:1 ratio) were added. Experiments were
conducted in triplicate. The flasks were placed in a digestor block, and the mixture was heated from 50 to
85 °C. Between 2 and 4 h was required for complete sample digestion. After cooling, the solutions were
transferred to graduated tubes, and the volume was adjusted to 30 mL with water. This procedure was
also applied to check the analytes recovery, where sample aliquots were spiked to obtain 20 ug L As,
0.45ug L' Cd, 10 ug L' Pb, and 8 ug L' Se to assay analyte recoveries. The sample solutions were then
submitted to CPE. The same methodology was employed to decompose the standard reference materials;
however, in this case, the sample mass was 0.250 g, and the volume of the acid mixture was 8 mL.

For Pb, 25 mL of 65% (m m™) HNO, were added to the sample. The mixture was heated at 50 to 120 °C
for 24 hin this case, a more extended period was necessary for complete sample decomposition. Analyte
recovery was assessed for samples aliquots spiked to contain 10 ug L' Pb. The same procedure was
followed to decompose the CRMs; however, the sample mass was 0.250 g, and the 65% HNO, (m m™)
volume was 5 mL.

Cloud point extraction

Initially, aliquots of digestate (100 uL), ascorbic acid (0.1 g) (for the elimination of Fe interference), and
37% HCI (m m™) (for pH adjustment, ensuring the best absorbance for each analyte) were transferred
to graduated flask. The volume was adjusted to 9 mL with water, and the mixture left to rest during 15
min for the complete dissolution of the ascorbic acid. Subsequently, different amounts of DDTP solution
were added (according to the optimization of CPE parameters) and the solution left resting for 20 min.
Then, Triton X-114 was added, and the volume was adjusted to 15 mL with water. The solutions were
heated in a water bath at 50 °C for 20 min, followed by centrifugation at 1233 G for 20 min. Next, the
flasks were immersed in an ice bath for 15 min and then the sobrenatant aqueous phase was removed
with a micropipette. 500 uL of methanol containing 0.1 mol L HNO, was added to the extracts to reduce
the viscosity of the surfactant-rich phase before the determination of analytes by GF AAS. Calibration
solutions and analytical blanks were also submitted to CPE in the same conditions as the samples. The
concentrations of DDTP, Triton X-114, and HCI, the acid medium for complexation, the type of diluent for
the surfactant-rich phase, and the complexation time were evaluated.

Optimization of CPE

Analyte preconcentration using CPE requires careful optimization of experimental parameters because
it affects the extraction efficiency, phases separation and enrichment factor. As such the HCI, complexant,
and surfactant concentrations, acid medium, complexation time, and type of diluent of the surfactant-rich
phase were considered.

The complexation time was for 20 min, and 0.1 mol L' HNO3 in methanol was used to dilute the
surfactant-rich phase unless stated otherwise.
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RESULTS AND DISCUSSION
Structural characterization of the nickel alloy sample

The structural characterization and qualitative analysis were carried out using scanning electron
microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS). In Figures 1 and 2 shows the SEM-EDS
images obtained from the nickel alloy sample.
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Figure 1. Image obtained of the nickel alloy sample by SEM-EDS in the secondary electron mode (a)
and respective EDS spectrum (b).
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Figure 2. Image obtained of the internal structure of the nickel alloy sample by SEM-EDS (a) and
respective EDS spectrum (b).

All the SEM imaging was carried out using the secondary electron mode, which can provide helpful
information about the material surface and topography. Considering the analyzed region, represented in
red color in Figure 1 (a), the surface portion of the nickel alloy sample demonstrates that Cr, Fe, and Ni
were present in this material, constituting respectively, 11, 44 and 33% of the analyzed portion. Besides,
Nb (2%) and Mo (4%) were also present in this portion. The presence of these elements was expected, as
they are constituents of the Inconel 625 nickel alloy.?42%
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With respect to the images of Ni internal portion, Figure 2 (a) and (b), elements present were Fe (94%)
oxygen (5%), and carbon (1%). Unlike the surface portion, Ni and Cr were not observed. This is y due to
the differences of the material, as the surface has a coating of Inconel 625, and the internal part is carbon
steel.

Identifying the major chemical elements is possible using SEM-EDS; however, the elements evaluated
in this study (As, Cd, Pb, and Se) were not detected. The SEM-EDS technique does not have sufficient
sensitivity to detect elements present as impurities in the alloy, reinforcing the need to employ other
techniques to ensure the quality control of the alloy. These elements (as impurities) are commonly present
in Ni alloys in concentration bellow 100 mg kg and therefore, not detected using SEM-EDS.

Concentration of DDTP

The complexing agent concentration must be enough to compensate for any reagent consumption by
other elements that can compete with the analytes. Furthermore, complexing agents with lower partition
coefficients must be presentis large excess for efficient analytes complexation and subsequent separation.?®

In this study, the DDTP concentrations evaluated, ranged from 0 to 2% (m v™') for As and Pb, 0 to 3%
(m v") for Cd, and from 0 to 0.3% (m v') for Se. Figure 3 shows how the As, Cd, Pb, and Se absorbances
changed as a function of the logarithm of the DDTP concentration. The As signal increased with the DDTP
concentration increase up to 0.5% (m v') of DDTP. After that, the As signal decreased gradually because
charged complexes were produced at higher DDTP concentrations. This phenomenon can reduce the
extraction efficiency because uncharged complexes are preferentially extracted in the hydrophobic core of
the micelles.'®2¢ Furthermore, according to Fiorentini et al., the excess of DDTP reduces the As absorbance,
which can be attributed to the increase in the organic content injected in the atomizer.?” For 0.5% (m v')
DDTP the highest absorbance of As was observed.

The Cd absorbance increased up to 1% (m v') of DDTP. It stabilized around 0.3% (m v'') of DDTP,
increased slightly up to 1% (m v') of DDTP, and then decreased. The Pb absorbance also increased
with the DDTP concentration increase up to 1% (m v') DDTP. Regarding to Se, its absorbance was
slightly affected by the DDTP concentration whereas the highest absorbance was observed for 0.06%
(m v') DDTP. Thus, considering the highest absorbance observed, the DDTP concentration in the later
experiments was 0.5% (m v') for As, 1% (m v'') for Cd and Pb, and 0.06% for Se.

1.0 T T T v T v T v T v T v T T T
0.9+ -
0.8—. = As ]
1 -o- Cd 1
071  |a se ]
o 06- v Pb .
o 4 4
& 054 ]
2 | ]
g 044 .
Q J 4
< e §
0.2 4 -
0.1 4 A A A -
0.0 i
0.1 T L T

E T . T : T g T g
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
-log DDTP concentration, % (m v1)

Figure 3. Effect of DDTP concentration on 50 ug L™ As(lll), 1 ug L™ Cd(ll), 20 pg L™
Pb(Il), and 10 pg L' Se(IV) in the following conditions: As - 0.96 mol L' HCI, 0.5%
(m v*) Triton X-114; Cd - 0.3 mol L'" HCI, 1% (m v') Triton X-114; Pb - 0.32 mol L
HCI, 1% (m v") Triton X-114; Se - 0.1 mol L' HCI, 0.2% (m v*') Triton X-114. (n = 3).
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The differences observed in Figure 3 are due to the affinity of the elements with the DDTP affinities,
according to Pearson’s theory, which will be discussed further in section “Determination of the ratio DDTP:
analysis in the complex”.

Concentration of HCI

Optimizing the pH is also crucial for CPE, especially for ionizable species such as metals. An appropriate
pH range is mandatory in which uncharged analyte species exist and can be incorporated into micelles,
allowing a quantitative extraction of the analyte.?

The cloud point increases with the solution pH decrease because the attractive forces between the
surfactants and the water molecules increase. Consequently, surfactant molecules become more repulsive,
leading to lower extraction efficiency and a smaller volume of the surfactant-rich phase. In addition, high
acid concentration and temperature can accelerate DDTP decomposition,?® mainly if HNO, is used, as it
is a strong oxidant.

In the present study HCI concentrations ranging from 0 to 1 mol L* HCI for As, Cd, and Se and from 0
to 0.75 mol L' HCI for Pb were evaluated to find the best conditions for CPE. Figure 4 illustrates how the
HCI concentration affected the As, Cd, Pb, and Se absorbances. The As absorbance increased when
the HCI concentration was up 0.32 mol L' HCI, but remained constant for HCI concentrations above
0.32 mol L' (pH = 0.49). The Cd absorbance remained constant for 0.1 to 0.2 mol L' HCI, increased
slightly for 0.32 mol L' HCI and stabilized afterward. Hence, 0.32 mol L' HCI was used in subsequent
experiments for Cd and As. The more appropriate HCI concentration for the Pb CPE was 0.1 mol L'
(pH = 1), considering that it corresponded to the highest absorbance for of Pb. The maximum Se
absorbance was observed using 0.1 mol L' HCI. Therefore, 0.1 mol L' HCI was used for Cd and Ob in
further experiments.
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Figure 4. Effect of HCI concentration on 50 ug L™ As(lll), 1 ug L Cd(ll), 20 pg L
Pb(ll), and 10 pg L' Se(lV) in the following conditions: As - 0.5% (m v') DDTP,
0.5% (m v') Triton X-114; Cd and Pb - 1% (m v') DDTP, 1% (m v') Triton X-114;
Se - 0.06% (m v'') DDTP; 0.2% (m v') Triton X-114. (n = 3).

Triton X-114 concentration

An effective CPE also depends on the surfactant concentration. The, surfactants molecules can
aggregate above the CMC and form micelles where the complexed analyte is retained. The analyte
extraction from solution increases with the increasing surfactant concentration up to a maximum value,
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providing quantitative analyte recovery. If the surfactant concentration is too high both the extraction and
preconcentration factor are worsened; excess of surfactant increases the volume of the surfactant rich
phase that became too diluted.*°

On the other hand, if the surfactant concentration is lower than the necessary it results in inefficient
extraction analyte, probably because the micelles cannot capture the hydrophobic complexes quantitatively.?°
In this study, the surfactant Triton X-114 was employed because it has a relatively low CPE temperature
(between 22 and 25 °C), is low cost and is not volatile or toxic.®

The Triton X-114 concentration influence on the analytes absorbances is depicted in Figure 5. Triton
X-114 at 1% (m v') yield the highest As absorbance As, and this concentration was selected for As.
For Triton X-114 concentrations below 0.05% (m v'), a surfactant-rich phase was not obtained; i.e., the
critical micelle concentration (CMC) and/or cloud point were not attained under the experiment conditions.
Concerning Cd, the volume of the surfactant-rich phase obtained at higher Triton X-114 concentrations
was visible. The absorbance increased until the surfactant concentration was 0.5% (m v') decreasing
thereafter, and the same condition was observed for Pb. Therefore, 0.5% (m v') Triton X-114 was further
employed for Cd and Pb experiments. The same concentration of Triton X-114 (0.6%) was also used in the
determination of Cd in food, by to Anzum et al.?" On the other hand, Rihana-Abdallah employed a lower
Triton X-114 concentration (0.2%) in Pb and Cd determination in water samples using CPE.3? Regarding
to Se, the highest absorbance was observed when the Triton X-114 concentration was 0.1% (m v'). For
surfactant concentrations lower than 0.025% (m v') solution turbidity and phase separation were not
observed. As such, 0.1% (m v') Triton X-114 was adopted for Se.
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Figure 5. Effect of Triton X-114 concentration on 50 ug L' As®', 1 ug L' Cd#,
20 pg L' Pb?* and 10 pg L' Se* in the following conditions: As - 0.5% (m v')
DDTP, 0.32 mol L' HCI; Cd - 1% (m v') DDTP, 0.32 mol L' HCI; Pb - 1% (m v')
DDTP, 0.1 mol L'* HCI; Se - 0.06% (m v') DDTP, 0.1 mol L' HCI.

Considering the stability of DDTP in strong acid medium,'® a study was conducted to determine the
appropriate medium for the analyte complexation and subsequent CPE; 0.96 mol L' HCI or HNO, (pH =
0.018), 0.3 mol L" HCI or HNO, (pH = 0.5) and 0.32 mol L' HCI or HNO, (pH = 0.49) were used for As,
Cd, and Pb, respectively. It was observed that the absorbances of the analytes were not affected by the
type and acid concentration. However, considering the oxidant property of HNO,, which can react with
the DDTP and degrade it,* HCI (0.1 mol L for Pb and Se, and 0.32 mol L' for As and Cd) was the acid
adopted for CPE of As, Cd and Pb. For Se, the effect of HCI concentration was not evaluated, since Se
(VI) must be reduced to Se (IV) because DDTP complex only with Se (IV). To this end, before the CPE
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procedure the Se(VI) solution in 6 mol L' HCI was heated at 100 °C34 for 30 min. This step is crucial to
guarantee that all Se is present as Se(lV) since only this Se species complexes with DDTP."”

To verify whether the type of diluent for the surfactant-rich phase could influence the analyte signal,
methanol, ethanol, and methanol or ethanol acidified with 0.1 mol L HNO3 were evaluated. Differences
for As, Cd, Pb, and Se absorbances were not observed for the diluents evaluated. However, considering
that methanol is volatile and adding HNO, favors its stabilization via hydrogen bonding, methanol with
0.1 mol L' HNO, was chosen as diluent of the surfactant-rich phase for the four analytes.

The complex formation rate is worth considering in the case of species separation by CPE. Complexation
time is a critical parameter for on-line procedures as it requires the reaction to be as complete as possible in
a short time for efficient extraction. The complexation time between the analytes and DDTP was evaluated
and there were no significant differences for time periods up to 60 min. Hence, the previously adopted time
of 20 min was maintained. The optimized conditions of CPE are summarized in Table .

Table I. Optimized conditions for CPE

Parameter As Cd Pb Se
DDTP (% m v™) 0.5 1 1 0.06
HCI (mol L) 0.32 0.32 0.1 0.1
Triton X-114 (% m v") 1 0.5 0.5 0.1
Time (min) 20 20 20 20
Diluent Methanol in HNO, Methanol in HNO, Methanol in HNO, Methanol in HNO,

Determination of the ratio DDTP: analysis in the complex

Da Silva et al.?® have developed a mathematical approach based on the absorbance values in the
graph constructed for the optimized DDTP concentration, to determine the ratio between the ligand and
the analyte in the complex formed in a study dealing with CPE.

The distribution ratio (D) is the ratio between the complex analyte concentration in the surfactant-rich
phase and the analyte concentration in the aqueous phase. This parameter is essential for CPE because
the more hydrophobic the surfactant, the greater the D value. In this study, D values were calculated from
normalized absorbance values obtained from the DDTP concentration optimization graph for As, Cd, Pb,
and Se (Figure 3), according to Equation 1:

(A —4Ay)

= — Equation 1
(Ao — Ac) q

A_ is the analyte absorbance for a given DDTP concentration, A, is the absorbance when no ligand is
used, and A_ is the absorbance for the maximum extraction. Under the conditions used in this study, the
free ligand concentration was assumed to be approximately equal to the total ligand concentration.

Values of D calculated with Equation 1 were employed to obtain Equation 2, where n is the charge of
the analyte ion in the complex, Kp’, Bn', and [HL] are the conditional distribution constant, total formation
constant, and the free ligand concentration, respectively.

log D = log (Kp’Bn’) + nlog [HL| Equation 2

Considering that the pH is constant, the charge (n) of the analyte ion in the complex can be found using
Equation 3.
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_ 0 logD _
n = 3 log[HL] . Equation 3

The value of n also can be found by plotting of the logarithm of D (log D) versus the logarithm of free
ligand concentration (log [DDTP]) for As, Cd, Pb, and Se gives straight lines, and the angular coefficient
provides information on the ligand/analyte proportion in the complex formed (which is the value of n),
according to Figure 6. The absorbance values taken from linear regions of the graphs shown in Figure 3;
010 0.1,01t0 0.125, 0 to 0.04 and 0 to 0.0035% (m v'") for As, Cd, Pb, and Se, respectively.
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Figure 6. Determination of the proportion between DDTP and As ( B ),
Cd(®),Pb(A) andSe ().

For As, the angular coefficient of the line shown in Figure 6 was 2.81, which indicates a 3:1 ratio
DDTP:analyte. This ratio value had not yet been reported for As complexed with DDTP. The logarithm of
the product of conditional constants K_ (distribution constant) and _ (total formation constant) (log Kp’Bn’)
obtained from equation 2 was 2.77.

The angular coefficient values of the lines (Figure 6) for Cd and Pb were 2.02 and 1.84, respectively,
corresponding to a 2:1 ratio DDTP:analyte. This is consistent with the value reported by Borges et al.?°
The logarithm values of the product of conditional constants (log Kp’Bn’2 for Cd and Pb were 2.35 and 3.08,
respectively. Regarding Se, the angular coefficient of the line in from the graph of Figure 6 was 0.8, which
indicates a 1:1 ratio DDTP:analyte. The pH of the medium was 1.0 where the predominant species of Se
are monovalent dimers.** Moreover, the logarithm of the product of conditional constants (log Kp’Bn’) was
equal to 2.02.

According to the Pearson acid base concept, DDTP is a soft base and forms complexes preferentially
with soft (Cd?*) and borderline acids (Pb?*). Se** and As®*" are defined as hard acids* and also complex
with DDTP, however, as calculated, the conditional constants are lower than for Pb. Considering that the
product of the conditional constants (log Kp’Bn’) indicates the extent of the reaction between the analytes
and DDTP is:

2.02 (Se) < 2.35(Cd) < 2.77 (As) < 3.08 (Pb)

It demonstrates that the distribution of the species between the aqueous and the surfactant-rich phases
is influenced not only by the complexation with DDTP but also by the oxyethylene units in the Triton X-114
molecule.
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Pyrolysis and atomization curves

The pyrolysis and atomization temperatures were optimized by constructing pyrolysis and atomization
curves for As, Cd, Pb, and Se (Figure 7). Experiments were conducted using reference solutions of the
respective analytes and solutions of acid digested Inconel 624 sample to evaluate matrix effect. All solutions
were submitted to CPE at the optimized conditions.
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Figure 7. Pyrolysis and atomization temperature curves for (A) 50 ug L' As and nickel alloy sample
solution spiked with 20 ug L' As. Conditions: 0.5% (m v') DDTP, 0.32 mol L' HCI, 1% (m v') Triton
X-114; (B) 1 pug L' Cd and nickel alloy sample spiked with 0.45 ug L' Cd. Conditions: 1% (m v)
DDTP, 0.32 mol L' HCI, 0.5% (m v") Triton X-114; (C) 20 ug L' Pb and nickel alloy sample spiked with
10 ug L' Pb. Conditions: 1% (m v') DDTP, 0.1 mol L™* HCI, 0.5% (m v') Triton X-114; and (D) 10 ug L™
Se and nickel alloy sample spiked with 8 ug L' Se. Conditions: 0.06% (m v-') DDTP, 0.1 mol L' HCI,
0.1% (m v') Triton X-114. All solutions were submitted to CPE.

Figure 7A depicts the pyrolysis and atomization curves obtained, in both solutions the element
absorbance was almost stable up to 1200 °C and then decreased. Therefore, this pyrolysis temperature
was adopted in As determination in the samples. Regarding the atomization temperature, more symmetrical
and stable peak arose at 2000 °C for As in reference solution, and although the absorbance increased
at temperature higher than 2200 °C for spiked sample, to avoid compromising accuracy, the temperature
adopted for As determination in the samples was 2000 °C.

As shown in Figure 7B, the Cd absorbance for reference solution remains almost stable for temperature
in the range of 400 to 700 °C while the absorbance for spiked sample solution remains stable up to 900 °C.
On the other hand, a similar behavior on the Cd absorbance is observed for both solutions in respect to
the atomization temperature. Thus, the pyrolysis and atomization temperatures used for Cd determination
in the samples were 700 and 1300 °C, respectively.
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The pyrolysis and atomization temperatures curves for Pb in Figure 7C demonstrate similar absorbance
behavior for both solutions. The pyrolysis and atomization temperatures chosen for Pb were 900 and
1900 °C. They were chosen in view of the better shape of transient signals observed.

Concerning Se, whose pyrolysis and atomization temperature curves are shown in Figure 7D, similar
absorbance is observed for both solutions. Thus, taking into account the highest observed absorbance and
signal stability, the pyrolysis and atomization temperatures chosen for Se in the analysis of the samples
were 900 and 1600 °C, respectively.

Figures of merit of the method
Table Il lists the figures of merit of the developed method for As, Cd, Pb, and Se determination in Ni alloy
and parameters of calibration curves.

Table Il. Figures of merit and parameters of calibration curves

Analyte
Analytical parameter
As Cd Pb Se

Limit of detection (ug L'; ug g™') 0.8;1.5 0.01; 0.06 0.2;0.3 0.1;0.3
Limit of quantification (ug L"; ug g™) 2.8;5.0 0.04; 0.2 0.6;1.0 0.5;0.9
Linear correlation coefficient 0.996 0.998 0.999 0.997
Relative standard deviation? (%) 4 3 2.5 3.4
Enrichment factor 6 8 14 13
C trati f calibrati

oncentration range of calibration 10-50 0.15-1.2 520 915
curve (ug L)

a:n=5(50 pg L' As®; 1 ug L' Cd?; 20 pg L' Pb?; 8 ug L' Se*)

The limits of detection and quantification were calculated according to IUPAC recommendations by
means of Equations 4 and 5.%¢

3s

Limit of detection (LOD) = — Equation 4
m
. o 10s .
Limit of quantification (LOQ) = P Equation 5

in which s is the standard deviation of ten consecutive measurements of the
analytical blank and m is the slope of the calibration curve.

The LOD and LOQ values in ug L' and pg g in Table | correspond to instrumental limits (in ug L")
LODs and LOQs, method limits (in ug L") considering the Inconel 625 sample mass (2.5 g), the digestate
diluted to 30 mL, dilution of 200 times for CPE, and respective enrichment factor. Low limits of detection
and quantification were achieved, particularly for Cd, demonstrating appropriate sensitivity concerning As,
Cd, Pb, and Se determination in Ni alloy.

The maximum specification limits for the analytes in nickel alloys are 50 ug L' (As and 495 Cd),
2 ug L' (Pb), and 1 ug L' (Se) according to AMS 2280. Thus, the LOQs obtained (Table |) comply
with the legislation. The obtained linear correlation coefficients values were higher than 0.995, which
is highly acceptable for the CPE method. The relative standard deviation, which express the method
precision, was below 5% which is acceptable.
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The enrichment factor values were considered satisfactory. They were obtained from the ratio of
the slopes of the calibration curves constructed with calibration solutions submitted or not to CPE for
the respective analytes. When CPE was not used the calibration solutions were matched to the final
surfactant-rich phase (matrix-matched calibration curve); containing Triton X-114, and methanol mixed
with 0.1 mol L-" HNO,.

Sample analysis
The As, Cd, Pb, and Se concentrations found in the Inconel 625 nickel alloy sample and standard
reference materials analyzed by following the developed method are given in Table lIl.

Table lll. Arsenic, Cd, Pb, and Se determination in the nickel alloy sample (Inconel 625) and standard reference

materials (CRMs) (n = 3)

Sample
SRM® 361 SRM® 362 SRM®363 SRM°® 864
Analyte Inconel 625 (AISI 4340 (AISI 94B17 (Chromium- (Nickel alloy
Steel) Steel) Vanadium Steel) UNS N06600)

As Certified (ug g™) 170 + 10 920+ 5 100 + 10

Found (ug g™) <LD 173+9 904 + 11 9445 <LD

Added (ug L) 20 20

Obtained (ug L) 18.6 £ (0.5) 19.9 + (0.3)
Ccd Certified (ug g')

Found (ug g) <LD <LD <LD <LD <LD

Added (ug L) 0.45 0.45 0.45 0.45 0.45

Obtained (ug L) 0.45 + (0.01) 0.46 + (0.01) 0.42 + (0.03) 0.47 £ (0.01) 0.44 + (0.02)
Pb Certified (ug g)

Found (ug g™) <LD <LD <LD <LD <LD

Added (ug L) 10 10 10 10 10

Obtained (ug L) 9.1 £ (0.6) 9.5+ (0.3) 9.4 £ (0.3) 9.8 +(0.4) 9.7 £(0.3)
Se Certified (ug g)

Found (ug g™) <LD <LD <LD <LD <LD

Added (ug L) 8 8 8 8 8

Obtained (ug L) 8.1+ (0.6) 8.2+ (0.3) 7.6 £ (0.07) 7.0£(0.2) 7.7+(0.3)

Considering that Inconel 625 contains Ni (65.5%) and Fe (1.1%) capable of forming complexes with
DDTP, the interference of these elements on As, Cd, Pb, and Se extraction was investigated. According to
Pearson’s theory, DDTP is a soft base and tends to interact preferentially with soft acids or intermediated
acids such as Cd?*, Ni?*, or Ag*; and besides this, Ni also interferes in CPE due to the high ionic strength."”
Citric acid helped to eliminate the interference of Ni because it has a masking effect on this element.?”
Ascorbic acid aided the elimination of Fe because Fe** reacts with DDTP, consuming the complexing agent
and forming a black precipitate. Upon reaction with ascorbic acid, Fe®** was reduced to Fe?*, which does
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not form a complex with DDTP.2° Moreover, because both reagents have an acid character, experiments
were conducted with and without pH adjustment with HCI.

Arsenic, Cd, Pb, and Se were not detected in the analytical samples, with the exception of As in three
CRMs. For this reason, analyte spiking was carried out to assess the method’s accuracy. Better analyte
recovery was obtained by adding ascorbic acid and HCI to the sample solutions whereas non reproducible
results were obtained using citric acid only. The analytes recovery in Inconel samples ranged from 91 to
101% when acid ascorbic and citric acid were used.

For the CRMs SRM® 361, SRM® 362, and SRM® 363, an unpaired t-test of As results showed thar
they agreed with certified values, and no differences were found for a 95% confidence level and recovery
ranged from 88 to 104%.

CONCLUSIONS

This study demonstrated the efficiency of CPE for matrix separation/analyte extraction of As, Cd, Pb,
and Se in nickel alloy samples. Among the variables investigated for CPE optimization, DDTP, HCI, and
Triton X-114 concentrations were the most meaningful.

The SEM-EDS characterization of the samples identified Fe, Ni and Cr as the major elements and due
to the possible interference of Fe®* in CPE, ascorbic acid was added to reduce Fe®" species to Fe?* which
does not complex with DDTP. Due to the low concentration of As, Cd, Pb, and Se in Inconel samples (lower
than limit of detection), their determination was not possible.

Therefore, the Inconel samples and standard reference materials were spiked with known concentrations
of analytes to assesses their recovery which presented satisfactory results (88 — 104%) demonstrating 