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Forensic Analytical Chemistry: Connecting 
Science and Justice
Márcia Andreia Mesquita Silva da Veiga  
Guest Editor of this special edition on Forensic Analytical Chemistry

Associate Professor in the Department of Chemistry at the Faculty of Philosophy, Sciences and Letters 
of Ribeirão Preto, University of São Paulo (FFCLRP-USP), Ribeirão Preto, SP, Brazil

EDITORIAL

Currently, analytical chemistry is more than simply its division into classical and instrumental. It is an 
interdisciplinary area that involves notions of biology, toxicology, statistics, computer science, and physics, 
among others. There are several areas of knowledge applied in the development of a chemical analysis, 
which is configured as all the processes necessary for the identification and quantification of the different 
components of a sample. When this sample is a trace material from a crime scene, analytical chemistry 
assumes a central role in the conversion of this sample into material evidence with legal value through 
consolidated and validated procedures, obtained by exhaustive investigative and methodological studies. 
The responsibility assumed is in the confidence of the result obtained, which will only be possible with 
the validation of the method. Although not all methods are perfect, a quantitative determination requires a 
precise and accurate methodology. Therefore, analytical chemistry is very important to forensic chemistry. 
Material evidence has a great influence on a trial because it is clothed in technical characteristics, and the 
expectation is that it will help to unequivocally clarify the truth of the facts. It is this expectation that makes 
the work of the analytical chemist so important in conducting an analytical procedure for forensic purposes. 
The result obtained may or may not incriminate someone.

Another analytical challenge in forensic analysis is the collection and preparation of a sample that has 
a criminal trace profile. Such procedures should preserve as much of the criminal evidence as possible. 
At a crime scene, several samples can be considered evidence: soils, fibers, glass, gunshot residues, 
explosives, among others. Locard’s principle of exchange states that whenever two objects come into 
contact, an exchange of materials occurs between them and, thus, a connection is established between 
the suspect and the crime scene or between the suspect and the victim based on the transfer of fragments 
of the materials. Once again, analytical rigor will play a relevant role in the preservation and experimental 
conduct of the traces. A failure in the analytical procedure may make it impossible to use a trace as 
material evidence in a court of law, jeopardizing its use in the conviction of the judge or jury. It is up to the 
forensic analysts to provide a result with credibility and legal security, i.e., to rigorously follow the analytical 
protocols.

Forensic research is dynamic. One example is the demand for analytical methods that encompass 
the wide variety of newly emerging psychoactive substances (NPS), formerly known as “designer drugs”, 
which must continually be detected and catalogued. In the Interview in this volume, Dr. Barry Logan tells us 
about this challenge in his career. I want to register my special thanks to Prof. Dr. Bruno Martinis from the 
Department of Chemistry at the Faculty of Philosophy, Sciences and Letters of Ribeirão Preto, University 
of São Paulo (DQ-FFCLRP-USP), who mediated and made possible the interview for BrJAC of one of the 
most prominent scientists in the area. 

http://dx.doi.org/10.30744/brjac.2179-3425.editorial.mamsveiga.N34
http://dx.doi.org/10.30744/brjac.2179-3425.editorial.mamsveiga.N34
https://orcid.org/0000-0003-2320-3348
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In his Point of View, Federal Criminal Expert Marcus Andrade tells us about the complexity of forensic 
chemical analysis of works of art. The analysis of the surface of a painting requires, besides the historical 
study of the piece, the physical-chemical characterization of its components through an interesting 
combination of non-destructive analytical techniques such as microscopy, X-ray fluorescence, infrared 
spectroscopy, among others, which are powerful tools in the process of authenticating a work of art. 
Nevertheless, the art market, due to the high added value, has attracted organized crime in money 
laundering in cases of active and passive corruption.

Prof. Dr. Jesus Antônio Velho, Federal Criminal Expert and lecturer at the DQ-FFCLRP-USP, addresses 
the new trends in analytical chemistry for the examination and interpretation of traces of crimes: the 
determination of the origin of seized drugs (chemical profile), the investigation of document fraud, and the 
analysis of the evaluation of works of art. Professor Jesus’ letter is the result of his long experience in the 
field and his exceptional insight into the forensic sciences. The author of several books in the field, his text 
is a gift to us all.

We hope readers will enjoy this special edition of BrJAC. Forensic professionals, students, professors, 
and researchers seek to contribute to criminal justice more broadly through tireless dedication. When 
we apply forensic analytical chemistry to a crime scene, more than an expert report, we give voice to the 
victims, who, through their traces, reveal to us the truth of the facts.

Márcia Andreia Mesquita Silva da Veiga is currently an Associate Professor in 
the Department of Chemistry at the Faculty of Philosophy, Sciences, and Letters 
of Ribeirão Preto, University of São Paulo, Brazil. She has a degree in Chemistry 
(Federal University of Amazonas, 1991), a master’s in physical chemistry, and a 
doctoral in Analytical Chemistry (Federal University of Santa Catarina, 1996 and 
2000), and post-Doc in Analytical Chemistry at the Institute of Chemistry, University 
of São Paulo (2005). Leads the research group L.Q.A.I.A. (Laboratory of Applied 
Instrumentation and Analytical Chemistry), and nowadays, is coordinator of the 
professional master’s degree in Chemistry (PROFQUI) at the University of São 

Paulo. She works mainly with optical techniques for trace and isotopic analysis. Her current research focus 
is on sample preparation procedures, detection and quantification of nanomaterials and their application, 
bioaccessibility assays in foods and soils, the potential of high-resolution graphite furnace molecular 
absorption spectrometry for elemental and isotopic analysis, detection and quantification of gunshot 
residues, and new technological approaches to chemistry teaching. 

http://lattes.cnpq.br/8310606506676864
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INTERVIEW

Barry Logan PhD, F-ABFT, Chief Scientist NMS Labs, and Executive Director at the Center for 
Forensic Science Research and Education (CFSRE)
Adjunct Professor at Thomas Jefferson University, Forensic Toxicology Program 

Cite: Logan, B. Barry Logan, a prominent toxicologist and forensic analytical chemist, kindly spoke with BrJAC about his research 
into drugs of abuse, the legacy and inspiration for future generations. Braz. J. Anal. Chem., 2022, 9 (34), pp 3-9. doi: https://
dx.doi.org/10.30744/brjac.2179-3425.interview.blogan

Dr. Barry Logan is a world leading forensic toxicologist currently serving as Chief Scientist at 
NMS Labs, and Executive Director at the Center for Forensic Science Research and Education 
(CSFRE) in Willow Grove, Pennsylvania. He was born and completed his undergraduate and 
graduate education in Glasgow, Scotland, completed a postdoctoral fellowship at the University 
of Tennessee in Memphis TN, then served for eighteen years as State Toxicologist for the State 
of Washington, with an appointment at the University of Washington in Seattle. For nine of those 
years he also served as Director of the Washington State Crime Laboratory System, which 
provided services in forensic biology, toxicology, chemistry, document examination, serology, 
DNA analysis, firearms and crime scene support. In 2008, Logan joined the United States leading 
forensic toxicology and chemistry reference laboratory – NMS labs – in Pennsylvania to direct their 
toxicology services. In 2010 he founded the CFSRE and in 2017, established www.NPSDiscovery.
org the leading clearing-house for the dissemination of newly emergent drugs in the United States.

He has over 150 publications and 600 presentations in forensic toxicology and analytical 
chemistry, including work on the effects of methamphetamine, cocaine and marijuana on 
drivers, and drug caused and related death. His recent work has focused on the analytical and 
interpretive toxicology of novel psychoactive substances (NPS). Dr Logan’s other appointments 
include Executive Director of the Robert F. Borkenstein course at Indiana University, and 
academic appointments at Arcadia University, and Thomas Jefferson University in Philadelphia. 
In recognition of his work and contributions, Dr. Logan has received numerous national and 
international awards, and in 2013-14 served as President of the American Academy of Forensic 
Sciences (AAFS). A recent bibliometric analysis of the impact of the world’s forensic scientists, 
positioned him as the leading contributor to research in the field of forensic toxicology in the 
United States, and sixth in the world. 

In the last ten years Dr. Logan has had extensive involvement with forensic scientists in Brazil, 
hosting graduate students from the Federal University of Rio Grande do Sul, University of São 
Paulo, and University of Campinas at his laboratory in the United States, and visiting scientists from 

Barry Logan, a prominent toxicologist 
and forensic analytical chemist, kindly 
spoke with BrJAC about his research 
into drugs of abuse, the legacy and 
inspiration for future generations

https://dx.doi.org/10.30744/brjac.2179-3425.interview.blogan
https://orcid.org/0000-0003-2400-4711
https://www.npsdiscovery.org/
https://www.npsdiscovery.org/
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the Federal Police and State Crime Laboratories. He has presented multiple times at Interforensics, 
ENQFor, and Brazilian Academy of Forensic Sciences meetings. The CSFRE supports participation 
of young scientists from Brazil in the AAFS meeting and a reciprocal opportunities for young US 
scientists to attend Interforensics.

Which factors influenced your education? When did you decide to study chemistry? What motivated 
you? How was the beginning of your career?

I grew up in western Scotland outside Glasgow in the 1960’s and 70’s and remember being very excited 
about my first chemistry classes in secondary school, and the lab aspects of it. The idea of learning by 
doing experiments, discovering things, putting individual results together to answer bigger questions was 
very appealing to me. That’s eventually what led me to an interest in forensic science. I enjoyed chemistry 
much more than my other science classes, physics was too mathematical, and biology was lacked the 
finality of a conclusion. I especially liked the idea of using chemistry to solve problems, and figure things 
out and remember reading an article in a school science magazine, called “Detectives in White Coats” 
about forensic science. I cut it out and took it to my career teacher who told me I’d have to go to medical 
school to get into that field. 

The idea of learning by doing 
experiments, discovering things, 
putting individual results together 
to answer bigger questions was very 
appealing to me.

 Undeterred, I read whatever I could 
about forensic science, not so easy before the internet, and 
eventually discovered a neighbor, Keith Eynon, who worked 
for the Strathclyde Police Forensic Laboratory. He told me 
chemistry was the way to go, so I applied to chemistry degree 
programs and attended Glasgow University, earning a 
bachelor’s degree in chemistry. I really enjoyed my 
chemistry courses, both the analytical aspects and the theoretical. I enjoyed quantum chemistry, group 
theory, and chemical physics too, but the math was too off-putting for me. My interest in analytical chemistry 
was reaffirmed by the organic chemistry labs where we had to characterize the products we synthesized 
based on color reaction, UV and NMR data. One of my professors, Charles Brooks, established the first 
Gas Chromatography-Mass Spectrometry (GCMS) Unit in a UK University with a grant from the Science 
Research Council, and one of his graduate students, Bob Anderson, was hired to implement the technique 
at the Department of Forensic Medicine and Science at Glasgow University.

After graduating with my chemistry degree, I interviewed in the forensic medicine department for a 
PhD scholarship. It was a terrible interview. I was so very nervous that I sweated profusely through the 
whole interview. At one point the interviewer handed me a box of tissues to dry my face. In spite of 
that performance I was offered the position and spent the next four years working on my PhD. My first 
forensic toxicology assignment was to collect urine from the greyhounds racing at Shawfield Stadium 
and test it for doping drugs. I followed the dogs around with a stainless-steel bowl until they were ready 
to provide a sample. We used thin layer chromatography for alkaloids, UV-visible spectrophotometry for 
barbiturates, and gas chromatography with nitrogen phosphorus detection for other drugs. GCMS was not 
used for routine casework at the time it was too cumbersome, subject to breaking down, too expensive, 
and computers were only just being interfaced with analytical instruments. My PhD program introduced 
me to postmortem toxicology also for the Procurator Fiscals office, and I went to court to see my boss 
John Oliver testify in a drunk driving case. That experience confirmed for me that I wanted to be a forensic 
toxicologist. I headed off to the United States for a postdoctoral position at the University of Tennessee 
in Memphis, under David Stafford, a former graduate student of Harold McNair an early pioneer of GC in 
forensic toxicology in the United States.
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What has changed in the student profile, ambitions, and performance since the beginning of your 
career?

Academia has changed markedly since I went to University, so I see many differences. Universities are 
a business now, due to less support from governments. It seems to me that being a student today is less 
fun than when I was at school. Getting an education is a rite of passage, and a requirement for getting a 
good job, as opposed to learning for the love of learning. After my first year, almost every class I took was a 
chemistry class and they were illuminating – even areas unrelated to where I made my career, like quantum 
chemistry and group theory. I enjoyed every minute of my undergraduate degree, and the friendships and 
connections I made; I hope today’s students still take the time to enjoy their time. As students, it was much 
more up to us to keep up and meet our commitments. I think we respected (and feared) our teachers a 
lot more than students do today. All our professors were researchers first, and teachers second, and their 
academic success was based more on their accomplishments as a researcher than as a teacher. Today, 
there is much more emphasis on student success, and academicians are recognized and rewarded for 
their teaching activities which is much better for the students. Universities are run a lot more like businesses 
today which is both good and bad. Students often feel that they are customers of the institution, and that 
the institution owes them an education. I always talk about earning my degree from Glasgow University, 
not just receiving my degree. There is more accountability today for how both teachers and students spend 
their time, but less time for pursuing more esoteric, risky and exploratory avenues.

What are your lines of research? What work are you currently developing?
My career took me from my PhD program to a postdoctoral program which was a great track. A postdoc 

gives you the opportunity to take the lessons you learned from your doctoral program from how to be a 
scientist, how to perform someone else’s research, find what topics interest and fascinate you, explore 
your own ideas, make your own mistakes, critically evaluate your own theories and perspectives, to forming 
your own philosophy of your science. My experience as a postdoc gave me a much greater love for 
research than I got from my PhD program, and a lot more confidence in myself. After my postdoc, I took a 
path within forensic toxicology that was more service oriented and included the application of science to 
answering questions in court and with medical professionals about cause and manner of death, addiction, 
poisoning, overdose, homicide, and impairment. I spent ten years working as the State Toxicologist for the 
State of Washington in Seattle in the US pacific northwest. The focus at this time was 

My experience as a postdoc gave me 
a much greater love for research 
than I got from my PhD program, 
and a lot more confidence in myself.

documenting the effects of various drugs on the appearance and 
behavior of suspected drug impaired drivers, examining, the 
behavioral observations, driving effects and toxicological findings. I 
produced over 30 papers on drug driving related findings during this 
time. Even in that service role, which was extremely rewarding 
intellectually, and from a community service point of view, I 

recognized the value of more applied research in learning from real world cases and applying that learning 
to the resolution of future cases. I started publishing case series and looking for patterns and trends in drug 
related deaths and impairment, especially in drug-impaired driving. Generating reference data for the 
interpretation of drug related death is an incredibly important resource for practicing forensic toxicologists 
and is easily achievable by young scientists in the course of their routine casework. The application of 
analytical tools and strategies to forensic casework is a unique opportunity for scientists working in this 
more applied field to contribute and grow. I continue my work on the role of drugs and alcohol in impaired 
driving, and have recently focused on the creation of guidelines for more consistent best practices by 
forensic toxicology laboratories, to ensure better data on this significant societal problem, leading to better 
policies and strategies in reducing alcohol and drug impaired driving.

My current focus on emerging novel psychoactive substances (NPS) started in 2010 with the advent of 
the research chemical or designer drug movement. I remember attending a conference in Glasgow in 2009 
and sitting next to someone at the conference dinner who I hadn’t met before who told me about “Spice”- a 

Barry Logan, a prominent toxicologist and forensic analytical chemist, kindly spoke with BrJAC about 
his research into drugs of abuse, the legacy and inspiration for future generations
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new drug showing up in drug seizures. This was very interesting as besides the traditional drugs of abuse, 
and a slow but steady pipeline of new therapeutics, there was relatively little turnover in new drugs in 
forensic casework. “Spice” turned out to be the first of the synthetic cannabinoids, JHW-108 and HU-210, 
drugs that had been pirated from the drug development research literature and synthesized for distribution 
on the street as “Legal Highs”, novel substances for which there were at the time no controls, allowing them 
to be widely sold and distributed openly at gas stations, and convenience stores as novelty products. By 
this time, I was working at NMS Labs, a commercial independent reference laboratory in Philadelphia PA. In 
the private sector innovation is especially important in order to provide a service that adds to the resources 
available to the country’s public sector laboratories. We began developing and offering tests for these new 
“designer drugs”, which later were renamed as novel psychoactive substances (NPS). This included the 
“Bath Salts” novel stimulants and hallucinogens in the amphetamine, methylenedioxyamphetamine, and 
pyrovalerone classes, many more synthetic cannabinoids, novel opioids, including many deadly fentanyl 
analogs, and novel illicit benzodiazepines.

In addition to my work as Chief Scientist at NMS Labs, I was also invited by the company’s owners, 
Eric and Michael Rieders, to lead their non-profit Foundation, the Fredric Riders Family Foundation and 
its Center for Forensic Science Research and Education (CFSRE), after their father Fredric Rieders Sr. 
At the Foundation, I created the program NPS Discovery (www.npsdiscovery.org), an initiative designed 
to conduct focused research on the identification, surveillance, and monitoring of new substances, and 
provide early identification and notification of their penetration in the United States Drug Supply. Once 
identified, the program characterizes and studies to toxicology, chemistry and epidemiology of the drugs, 
including the preparation of public health alerts, trend reports, new drug monographs, and publications on 
the analysis, quantitation, metabolomics, and receptor binding and functional activity of these new drugs. 
This enables the program to provide an informed early warning system to public health and safety agencies 
in the United States to promote data collection, analysis, harm reduction, interdiction, supply reduction, 
and scheduling to better monitor and control NPS. NPS Discovery has identified over 75 new substances 
in the United States in the last three years. This work continues apace, and it has been a great opportunity 
for our energetic young scientists, including several from Brazil, to contribute to this knowledge.

For you, what have been the most important achievements in the analytical research field recently? 
Could you briefly comment on recent advances and challenges in analytical chemistry considering 
your contributions?

In the 1990’s and 2000’s forensic toxicology became very routine. The focus turned appropriately to 
improving quality, validation, and reliability of the results produced in forensic laboratories. Instrumental 
platforms had the levels of sensitivity required for detection of most drugs at toxic and therapeutic 
concentrations, a few new substances were launched each year from the pharmaceutical pipelines, but 
at a rate where it was easy to keep up. Attention turned to method improvement, to accreditation, better 
documentation of methods and procedures, and more validation of methods. More laboratories also began 
determining measurement uncertainty for assays that had critical cut-off points, such as drug impaired 
driving cases in states where there were legally adopted concentration limits.

Towards the end of the 2000’s more laboratories began to have access to LCMSMS, whereas before, 
GCMS was the most common technique. LCMSMS allowed for more rapid sample preparation and 
eliminated the need for chemical derivatization of many polar compounds and metabolites which had been 
required for GCMS. LCMSMS is best suited to confirmatory quantitative procedures, and GCMS remained 
the choice for screening, until the increase in availability of economical high-resolution mass spectrometry 
(HRMS) platforms in the 2010’s.

HRMS has been a revolutionary technique for drug screening and confirmation, as it allows the 
identification of unknowns based on measurement of the accurate mass of the parent compounds and 
their fragments, allowing both chemical formula determination and structural determination – especially 
important for the identification of novel emerging drugs and NPS. In addition, HRMS allows for the prospect 
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of retrospective data mining of non-targeted acquisition data sets to be able to look back in time for the 
presence of novel compounds discovered today, in archived data without having to retest those samples. 
This has greatly enhanced NPS Discovery’s ability to do trend analysis of the life cycles of new drugs from 
the first case through their proliferation, plateau and decline, and the appearance of successor compounds.

There are several meetings of chemistry experts that take place around the world. What is the 
importance of these meetings to the development of the area?

The first of the five pillars of NPS Discovery is Intelligence gathering. This phase of an effective new 
drug early warning system is understanding the universe of compounds that may be at large in the world, 
and rapidly identifying those that are rising to the level of a public 
health threat. Key to this Intelligence phase is our communication 
with our colleagues around the world. The scientific staff of the 
CFSRE attend scientific meetings in the United States and 
internationally to network with colleagues, create new collaborators, 
identify funding resources and breaking down international barriers. 
During 2020 and the impacts of COVID-19, we learned the hard 
way how much opportunity we lose to make these new connections 
when we can’t travel to meetings or meet face to face. We have 
found ways to make online meetings and virtual meetings work for 
keeping up, for checking status, for sharing information, but they 
are not well suited to getting to know new people, to build the 
personal relationships and trust relationships that come from 
talking at a break, going to dinner, or sitting in a bar after a long day 
of presentations.

Conferences in the field of forensic toxicology that I have 
found to be the most dynamic and fruitful are the multidisciplinary 
meetings like the American Academy of Forensic Sciences, and 
the American Society for Mass Spectrometry, these are great for 
the cross-pollination of ideas between fields or areas of analytical 
science. Subject matter specific meetings are also critical, because 
of their focus and the strong relevance of the content. My favorites 
are the international meetings, since its great to be able to travel 
to a new location, to broaden your horizons, but also to hear from 
people you wouldn’t typically hear from in your own backyard. I 
enjoy attending The International Association of Forensic Toxicologists (TIAFT) meetings because of the 
large number of academic programs represented there, more so than in the United States. I have attended 
several conferences in China and Brazil, and although I speak no Chinese or Portuguese, have been 
amazed at the capabilities of Google translate to read posters and communicate with many more people 
than I would ever do if not there in person.

No scientific discipline flourishes 
when people work in isolation, and 
collaborations are key. Scientific 
professional groups and their 
conferences help facilitate that.

   No scientific discipline flourishes when people work in isolation, 
and collaborations are key. Scientific professional groups and their 
conferences help facilitate that. I’d encourage all young scientists to 
find a sponsor, join an organization, volunteer, listen, participate. 
Never be afraid of asking a senior professor or department chair to 
support your application, without exception, its an easy thing to do, 
and may open more channels for communication with your sponsor. 

Barry Logan, a prominent toxicologist and forensic analytical chemist, kindly spoke with BrJAC about 
his research into drugs of abuse, the legacy and inspiration for future generations

Dr. Logan at the 57th Annual Meeting of 
TIAFT 2019 in Birmingham, UK.
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Do you believe that the current graduate programs produce quality researchers in the field of 
analytical chemistry? Is there need for further integration? 

Research is a challenging assignment and not every scientist is cut out for it. As part of an undergraduate 
or Master’s degree program if you are lucky enough to have research exposure, enjoy it for the lessons 
learned about how difficult it is, and to develop an appreciation for those who choose it as a career. From 
my perspective, research teaches you about the scientific method, hypothesis testing, critical thinking, 
time and resource management, and appreciation for bias and uncertainty. All are valuable lessons for 
every scientist. The research experience may also benefit the academic institution, the student’s ultimate 
employer and the profession, so should be viewed as a means to an end in higher education as much as 
it is an end in itself.

To be properly prepared for research, I believe that you need either the discipline of a doctoral program, 
with a number of years dedicated to your research project, or a strong mentor and peers who teach you 
essentials of the scientific method, the patience to get things right, the skills in critical analysis of your work, 
and the writing skills to communicate it to your peers. I think the latter path to research is actually more 
important than the former. I also highly respect scientists for whom research is a subsidiary endeavor to 
their more routine work. It speaks to their commitment to discovery, and their passion for their science, and 
always adds value to the field.

Research is a calling, and especially so in forensic toxicology. It is important that researchers have a 
deep appreciation for the field. In addition to the applied research that falls out of learnings from more 
routine experience in service work or casework, there is always a need for people who are inspired to 
follow big ideas, which sometimes succeed and sometimes fail, but that drive forward knowledge and 
discovery. To dedicate your professional life to that is a calling.

Dr. Logan and his long-time collaborator Fran Diamond.

For you what is the importance of the support of funding agencies for the scientific development 
of the country?

Research and exploration cost money. There is no way around that. Not every research project results 
in a discovery, or a product, or an application, but perhaps it presents an opportunity to avoid dead ends 
or fruitless approaches to solving forensic problems. Research funding is a luxury when countries or 
governments have other human rights and basic human needs to meet, at least in degree. However, 
nurturing your country’s academies, seeding today’s and tomorrow’s scientists and researchers, keeping 
your scientific community up-to-date with the world’s technologies and new discoveries is an investment in 
the future of humankind, and in the advancement of knowledge. Research funding should be consistently 
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a percentage of a country’s gross domestic product, proportionate to what its economy can support, and 
viewed as an investment its future. Of course, countries need to prioritize where that money should be 
spent, but investment in scientific support for criminal justice, social justice, and civil society all depend on 
the resources and objective information that forensic sciences provide to the prosecutors, the defense and 
the courts, and must not be overlooked. At the CFSRE we seek out like-minded collaborators and invest 
our own resources in developing proof-of-concept studies to collect pilot data that can support robust 
and compelling grant applications. These give the funders confidence in our ability to execute and follow 
through on our proposed objectives.

What sort of a career could someone expect in the field of analytical chemistry could pursue? What 
advice would you give to a newcomer to this area?

I love the fact that the forensic sciences are both a career in their own right, but also an opportunity to 
attract young scientists into careers in science in general, and a gateway to other careers in pharmaceutical 
sciences, environmental sciences, law and medicine. Becoming a scientist is hard! It involves learning 
the language, concepts, principles, scientific method, technology, and the history of science. Analytical 
chemistry introduces young scientists to the fundamentals of chemistry, the nature of matter and materials, 
measurement science, identification. Analytical chemistry services so many other aspects of synthetic, 
industrial, and forensic disciplines, and should be a part of all undergraduate chemistry curricula. 

How would you like to be remembered?
Very few scientists are lucky enough to discover or invent something that has a multi-generational 

impact, so I hope I have a pragmatic expectation about my legacy. I think that as scientists the opportunity 
we have to influence beyond what we accomplish in our own work, is to inspire the people closest to us 
in our agencies, institutions and professional organizations – our students, our young scientists, and our 
peers. I hope a few of my presentations or publications, or projects I started have inspired some reflection 
and inspiration to the current and upcoming generations of people working in my field, but mostly I would 
like to think that there is an echo of my perspective that shows up in the work of my graduate students, or 
mentees, and that they in turn can accomplish more than I could in the time allotted to me.

Dr. Logan with a group of high school students and mentors in the 
summer science program at the Center for Forensic Science Research 
and Education – CFSRE.

Barry Logan, a prominent toxicologist and forensic analytical chemist, kindly spoke with BrJAC about 
his research into drugs of abuse, the legacy and inspiration for future generations
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In 2008, Nicolas Eastaugh, founder and chief researcher at Art Discovery, a renowned London company 
for the analysis and research of artwork, discovered the presence of the white titanium (titanium dioxide) 
pigment in a painting attributed to the Dutch naturalized expressionist artist Heinrich Capendonk. The work 
had reached a record value of EUR 2.4 million at an auction in 2006. However, in 1915, the year in which 
the work was supposed to have been created, white titanium was not even available for use as a pigment, 
which would happen about 20 to 30 years later. The analytical result achieved by Eastaught revealed 
one of the biggest schemes of artwork forgeries ever discovered. The forger, Wolfgang Beltracchi, made 
a fortune, (under)estimated at EUR 30 million, built over 25 years acting in the art market. There are 
several cases of counterfeiting schemes involving artwork, large fortunes, renowned galleries, museums, 
collectors, specialists, and masterpieces. Cases like the one revealed by Eastaugh’s analyses or the 
millionaire counterfeit scheme involving the century-old North American Knoedler Gallery [1] are illustrative 
examples of how the art market is vulnerable to this kind of crime.

The International Monetary Fund (IMF) and the United Nations Office on Drugs and Crime (UNODC) 
estimated the total annual trade in art and antiques in 2018 at around USD 70 billion, of which about 
USD 6 billion may have been due to illegal transactions related to theft, counterfeiting, smuggling, and 
organized crime. Still according to those institutions, half of that amount involved financial crimes and 
money laundering [2]. In Brazil, within the scope of the Lava Jato Operation, the Federal Police seized 
842 pieces of art and historical and cultural heritage, including paintings from different historical periods, 
sculptures, and other pieces, which add up to an estimated value of over BRL 33 million [3]. All the pieces 
were related to investigations involving money laundering in cases of active and passive corruption.

As other forms of money laundering resulting from various crimes have been curtailed by world 
authorities through specific legislation, the art market world has become increasingly attractive to crime. 
This scenario, combined with the great financial relevance of the legitimate art market, caused a very 
considerable increase in the demand for works by renowned authors and, as a direct consequence, a 
proportional increase in the number of forgeries and adulterations. As a result, the quality of counterfeits 
has also experienced a great improvement, requiring a proportional gain in technology and expertise in 
forensic analysis and authentication fields [4]. Similarly, the high speculation in prices of artworks also 
increased the interest in new and advanced analytical techniques for determining authenticity, authorship, 
origin, and materials used by the authors [5].

The refinement of counterfeiting and adulteration techniques has demanded a multidisciplinary and 
technological approach to the authentication process, and, at this point, we are faced with a considerable 
degree of complexity in the already difficult process of authenticating works of art. The authorship or 
authenticity determination of a painting is unavoidably based on a triangle formed by three disciplines: art 
history, preservation sciences, and materials sciences [1,6]. The voices of our benches and equipment are 
unlikely to be able, on their own, to unequivocally conclude the authenticity of a work of art. Likewise, the 
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most trained eyes of a professional connoisseur are no longer able to face the most astute counterfeiters. 
The best results of authenticity studies will always be achieved when these three distinct disciplines come 
together and complement each other in the search for comprehensive, technical, and artistic knowledge 
about the work. In addition to the historical study of the piece, the physical–chemical characterization 
of materials and components or elementary and multispectral imaging become powerful tools for fraud 
detection and even characterization and individualization of the authentic piece [6].

The simplest techniques, generally used for initial documentation, to the more complex, analytical 
resources are used to extract the greatest amount of information from the different parts that make up a 
painting. In its diverse and complex layers, from the support to the final coating, paintings are composed of 
multilayers of heterogeneous mixtures of varied organic and inorganic compounds. A thorough investigation 
of this scenario always requires the use of advanced and combined techniques to better understand each 
case, depending on their nature [7]. The analysis of the painting surface by a stereo-microscope will 
reveal genuine – or artificially produced – craquelure or brushwork patterns compatible with the artistic 
style proposed by the author of the work. Likewise, the UV fluorescence properties of the painting may 
differentiate between old and new additions of paint to the piece. However, it is in the deepest layers of 
an artwork that the most sophisticated analytical techniques contribute most incisively. X-ray radiography 
and infrared reflectography, coupled with ultra-sensitive charge-coupled devices (CCD), began to detect 
underdrawings that were invisible to the previously available methods. Several works have demonstrated 
the usefulness of tools such as synchrotron radiation, microimaging by X-ray fluorescence (XRF), and 
Raman or Fourier-transform infrared (FTIR) spectroscopies, combined with the versatility of portable 
spectrometric identification techniques, where pigment particles less than 1 micrometer in diameter can 
be analyzed. Even the power of pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) to identify 
novel synthetic organic polymers, which greatly assists in the analyses of pigments, coatings, binders, and 
other painting components, can, in many cases, reveal anachronisms present in the counterfeits. Other 
techniques such as laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), isotope-
ratio mass spectrometry (IRMS), and accelerator mass spectrometry (AMS) allow for the determination of 
isotopic ratios of heavy and light elements, which are decisive to determining the geographical origin of 
some pigments and the age of a painting canvas or its wooden frame. Such techniques used in association 
with multivariate analysis tools, artificial intelligence, and machine learning help achieve increasingly 
conclusive results, requiring less time and effort from the entire team of researchers [1]. Each of the analytical 
techniques, evaluated for their versatility, resolution power, type of information generated, portability, and 
employment, have the potential for greater use in combined and multimodal work. This approach makes 
the description of the artwork much more precise and richer in details since it individualizes not only its 
components, support, and coating materials, but also the context in which they were used. The wisdom in 
better bringing together the analytical resources available and performing the analyses required by each 
case determines the success of a forensic examination of a forgery or the authenticity of a work of art [8].

It is not hard to see that it is unlikely that a single company or laboratory, whether public, private, 
academic, or not, will own all the technological resources to exhaust such an analysis. Furthermore, it 
is not uncommon for crimes involving works of art to be transnational. All this leads us to the last step of 
our range of complexity: laboratories, museums, forensic, and research institutes involved in examining 
the authenticity of artworks should operate on secure and integrated networks, generating data that 
is widely shared between partner institutions. Several institutes in the world already work in this way, 
such as INTERPOL, the INTERNATIONAL COUNCIL OF MUSEUMS (ICOM) [9], the Federal Bureau of 
Investigation (FBI), UNODC, and the Integrated Platform for the European Research Infrastructure on 
Cultural Heritage (Iperion CH). This has proven to be one of the most effective ways to curb this type of 
crime, which, sneakily, erodes our history and cultural heritage [10].
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Forensic sciences are generally described as the application of the scientific method to the analysis of 
traces in order to identify the authorship and materiality of a crime (Figure 1). Forensic scientists evaluate 
different types of materials, and the type of scientific method and techniques employed depend on the 
questions to be answered within a given context [1,2].

Forensic chemistry is one of the most far-reaching areas within the forensic science field. With the 
increase in technology and the development of analytical techniques, chemistry has been used more and 
more to elucidate legal controversies. Therefore, knowledge in chemistry is indispensable to solve crimes 
[3]. In this letter, the applications of analytical chemistry will be discussed within emerging forensic themes: 
the determination of the origin of seized drugs (chemical profiling), the investigation of document fraud, 
and the valuation analysis of pieces of art.

Figure 1. Techniques in analytical chemistry are used for 
the resolution of legal matters through the forensic sciences.

Chemical profiling consists of a series of chemical analyses that provide the concentration of the 
components present in the seized drugs, present as major or minor components, or event those present 
only in trace levels [4]. Using different analytical methods, complex chemical profiles are obtained for each 
drug sample analyzed, giving these samples a chemical “signature” based on the presence of impurities 
of natural origin and added diluents/adulterants. Therefore, such studies generate relevant data that make 
it possible to establish connections between samples and materials of different seizures, classifying them 
into chemically correlated groups. Through these connections, it is possible to establish specific links 
among suppliers, drug dealers, and users, designing distribution network patterns and providing subsidies 
for the identification of the origin of the drug, including its geographical origin [5].

Another striking forensic application of analytical chemistry is age determination and the authenticity of 
papers and inks. Once an ink is deposited on a support (paper), it is exposed to air, light, and moisture, 
and the following physical–chemical processes occur: coloration degradation, solvent evaporation, 
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and hardening (polymerization) of the resins. These processes have been used in the complex task of 
determining the absolute or relative (comparative) age of manuscripts on paper. The largest number of 
publications refer to ballpoint pen inks. Ezcurra and collaborators [6] published a comprehensive review 
on the dating of paints by modern instrument writers. Analytical paint dating exams essentially consist of 
quantifying how paint components vary over time [7].

Last but not least, the authentication of pieces of art used as a tool to fight crime is a recent area of 
activity of analytical chemistry in Brazil. Operation “Lava Jato” shed light on the possibility that criminal 
use of the art market is a widespread method among agents of corruption and that it is much more 
complex and structured than previously thought. It is up to criminal experts to determine the authenticity of 
a piece of art. In general, the analytical investigations are guided by the identification and quantification of 
substances used in the production of the art piece, using non-destructive methodologies, such as Raman 
spectroscopy [8].
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Wastewater-based epidemiology has emerged as a 
new analytical strategy for monitoring licit and illicit 
drug use in a population by measuring the levels 
of biomarkers in wastewater. The main concept 
of this approach is that chemical substances 
ingested by the population will be excreted in 
urine and feces, which will be discarded into the 
sewage network and may accumulate at the 
wastewater treatment plant. Several licit and 
illicit substances such as ethanol, nicotine, 
cocaine, amphetamine, methamphetamine and 
morphine have been investigated and reported 
in wastewater in worldwide. In recent years, this 
approach has also been explored for 
environmental monitoring of novel psychoactive 
substances (NPS) as well, since analyses of 

wastewater represent a fast and cost-effective way to evaluate collectively drug intake in a given population 
served by a sewage network. In this paper, a comprehensive and interdisciplinary review of the forensic, 
toxicological, chemical and microbiological aspects of the analysis of “traditional” drugs of abuse and NPS 
in wastewater and examples of applications reported in recently published papers is provided. Wastewater 
analysis is a very promising strategy in monitoring drug use in the context of Forensic Chemistry and 
Toxicology, and has been implemented by many researchers in the analysis of drugs of abuse, as supported 
by many recent literature reports.
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INTRODUCTION 
According to the United Nations Office on Drugs and Crime (UNODC) (2020), drug use has increased, 

from estimated 210 million users in 2009 to 269 million users in 2018 [1]. The illicit drug market is also 
becoming more complex [1], with the emergence of novel psychoactive substances (NPS). UNODC 
defines NPS as “substances of abuse, either in a pure form or a preparation, that are not controlled by 
the 1961 Single Convention on Narcotic Drugs or the 1971 Convention on Psychotropic Substances, but 
which may pose a public health threat” [2]. NPS are new drugs of abuse that are usually produced to 
avoid legislation and scheduling controls [3], which can lead to the emergence of new, “legal” synthetic 
drugs, if they are not prohibited or scheduled yet. Many classes of NPS have been reported, such as novel 
stimulants, designer opioids, designer benzodiazepines, synthetic cannabinoids and novel hallucinogens 
[3]. Until December 2019, more than 950 NPS were reported to UNODC [2]. Since many of these drugs 
are unknown, information regarding their mechanisms of action, effects, metabolism and poorer. This is a 
significant challenge for forensic chemists and toxicologists, physicians, coroners, law enforcement agents 
and several other professionals involved in this field, as these new synthetic drugs represent a great threat 
in public health and safety. Therefore, several strategies are required to endure the NPS problem. 

The analysis of drug residues in wastewater is an innovative analytical and epidemiological approach 
used in the estimation of drug use proposed in 2001 [4], explored for the first time in 2005 [5], which has 
been utilized in several other studies since then [6]. This approach called wastewater-based epidemiology 
(WBE) can provide useful public health information by measuring human biomarkers of drug use excreted 
in urine [7]. Any chemical substance consumed by humans may be excreted into urine and feces in the 
unmodified form and/or as metabolite(s) and eliminated into a particular sewage network or directly into 
surface waters [4,8]. Drugs and/or metabolites accumulated at the wastewater treatment plant (WWTP) 
during certain period should represent the compounds excreted by a given population into the sewage 
network that reached the WWTP in the same period, if these substances are stable in wastewater 
and efficiently transported through sewage networks [9,10]. Considering drug’s pharmacokinetics and 
environmental fate, these amounts of drugs and/or their major metabolites can be used for estimating drug 
intake by a given population [5]. Therefore, the analysis of drugs in wastewater is a valuable analytical 
strategy that can aid in the assessment of drugs consumed by a community covered by a particular 
sewage network [8–10], providing anonymous population-normalized data [4,11], in a non-invasive [4,5] 
and timely approach [12]. 

DRUG TESTING IN WASTEWATER AND FORENSIC APPLICATIONS
The analysis of illicit drugs in wastewater can be an alternative/complementary approach to monitoring 

drug use in a given population in Forensic Chemistry and Toxicology [13]. For example, combining the 
analysis of wastewater with chemical profiling of seized materials can be a valuable strategy to expand the 
knowledge regarding the illicit drug use and market [14]. These studies can be used for the direct analysis 
of wastewater to monitor variations of drug use due to special events [8], which has been evidenced by 
some studies during music festivals [15], holidays [16], sports competitions [14] and, more recently, the 
pandemic of COVID-19 [17]. For example, WBE has been explored in the study of spatial and temporal 
trends of alcohol (ethanol), tobacco and illicit drugs use [7]. The investigation of clandestine laboratories 
may also be supported by the analysis of chemical waste in the sewage, such as the specific chemical 
profile of wastewater due to the disposal of waste from illicit production of stimulants [18]. Analysis of 
chemical markers in wastewater provide association to specific synthetic routes of amphetamine [18]. 
The advantages of wastewater analysis over other epidemiological approaches include more objective 
estimations, reduced costs [8], guarantee of the anonymity and privacy of people [4], and almost real-
time assessment of drug use [14], with no need to collect biological specimens from individuals. However, 
wastewater analysis is associated to some uncertainties that should always be considered. The analysis in 
wastewater itself cannot inform data on drug use pattern and prevalence and purity of drugs [19]. Especially 
in Forensic Chemistry and Toxicology applications, it is noteworthy that drugs present in wastewater may 
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reach the sewer and WWTP from different sources besides human excretion, including direct disposal 
of the drugs and other synthesis products [4]. For example, drugs in the form of powders, tablets or 
vegetable materials, usually forms they are available for illicit use, can be discarded through the sewer, 
dissolve in wastewater and reach the WWTP. In this context, it is important to consider this possibility and 
a recommended approach is to include products of the human metabolism of these drugs in the scope of 
the method, to avoid biases [9]. On the other hand, metabolism studies may be required for some drugs, 
especially new synthetic drugs. In addition, enantiomeric profiling needs to be used in the analysis of chiral 
compounds, to obtain information related to the source of a particular drug (e.g., illicit use, metabolism or 
direct disposal), such as in the analysis of amphetamine-like drugs [9,20]. Several countries and agencies 
have been already implementing monitoring tools through wastewater analyses, for example, the National 
Wastewater Drug Monitoring Program (NWDMP) [21], the Sewage Analysis CORe group Europe [22] and 
the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) [19].

WBE has potential as a promising to support forensic intelligence strategies, including drug enforcement 
and control [23]. In general, studies on drug testing in wastewater have shown agreement and correlation 
with other epidemiological data, being able to complement data from reports on drug seizures, population 
surveys and more [8]. In the field of drugs of abuse, epidemiological analysis in wastewater can be applied 
in different aspects, such as monitoring and rapidly assessing drug trends, efficacy of drug abuse control 
programs and comparison with population surveys [9]. Data provided by wastewater analysis can lead to a 
comprehension of the size and the changes of drug market, making possible an indirect assessment of the 
impact of specific criminal groups after dismantled by law enforcement [23]. From a forensic intelligence 
perspective, the combination of all these data, including results from wastewater analysis, can support 
a better understanding of the drug abuse problem, supporting strategic control and treatment initiatives 
[13,23]. Data obtained by law enforcement operations and investigations can strengthen the results obtained 
by wastewater analysis, which are subjected to uncertainties [23]. Considering the emergence of NPS, the 
approach of combining data provided by wastewater analysis, law enforcement investigations/operation, 
drug seizures and toxicological analysis of intoxication cases could be a very useful and interesting strategy 
[23]. The analysis of wastewater can be an additional early warning system, to communicate potential new 
abuse substances available in the drug market. Nonetheless, for the analysis of NPS in wastewater, the 
toxicokinetics and the drug fate in wastewater need to be known and reference materials are required, in 
particular for targeted methods; alternatively, high resolution mass spectrometry (HRMS) can be used for 
NPS identification in non-targeted methods, including retrospective analysis [12]. These aspects will be 
discussed in details in the following sections. 

GENERAL CONSIDERATIONS
Quantification of parent drugs or metabolites in wastewater can provide data related to the amount 

of compounds reaching the WWTP and to the mass load, which can provide useful information on the 
estimated amount of drugs being consumed by a population, considering toxicokinetics and fate of each 
drug and characteristics of the sewage network [9]. Combining target analytes concentration in influent 
wastewater and toxicokinetics, environmental and WWTP data, back-calculation can be done to estimate 
drug consumption, in mass/day or doses/day, and further normalized to 1,000 inhabitants, based on the 
population served by the WWTP [4,9,19], enabling the comparison of data from different locations [9]. 

The back-calculation of drug intake based on wastewater levels is based on the concentration, which 
is defined as the amount of the parent compound or one of its metabolites found in wastewater (in ng/L), 
the flow rate corresponding to that of the sewage network (in L/day), the correction factor related to the 
metabolism/excretion of each analyte and the population is the total population served by the WWTP 
[6,12]. The correction factor is based on drug’s toxicokinetics/pharmacokinetics, accounting for the drug’s 
excretion rate and the molecular mass ratio between parent drug and its metabolite [12], in the case of 
using a metabolite as biomarker. 
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The toxicokinetics of each target drug (absorption, distribution, metabolism and excretion) is one of 
the key factors determining the amount of each drug/metabolite that will be eliminated into the sewage 
network [4]. Toxicokinetics, in turn, is influenced by some factors such as the type of drug, dose, route of 
administration and individual characteristics (e.g., age and health conditions). Moreover, the gut microbiota 
may play a role in the biotransformation of xenobiotics in the body, influencing the formation of metabolites 
that might be excreted into urine/feces and eventually reach the sewage [4]. It is important to consider 
that potential biases in the estimation of drug intake by a population may influence interpretation of results 
and there is a need for minimizing the uncertainty of this estimate [24]. Information on chemical identity 
of relevant metabolites, excretion rates in parental or metabolite forms and proportion parent/metabolites 
especially in urine need to be considered [25], for the selection of the target analytes in the sample and 
for further calculations. In back-calculation, specific correction factors account for the metabolism and 
excretion (mainly urinary) of a drug [12]. Some authors recommend is to refine the correction factors by 
extensive review and study of pharmacokinetics data available, in order to select the proper correction 
factor data for estimations [12]. The selection of metabolites (instead of the parent drug) as biomarkers in 
wastewater analysis is also very important since it may distinguish human active consumption of a drug 
from direct disposal or synthesis [4], such as in case of cocaine (parent)/benzoylecgonine (BE) (major 
metabolite). The estimation of drug intake based on doses may also have some associated uncertainties 
since the “standard dose” is highly variable according to the drug, administration route and use patterns 
(chronic, occasional and heavy users) [9]. Therefore, pharmacokinetics data are required. A challenge 
in the analysis of drugs of abuse in wastewater is that human toxicokinetics/pharmacokinetics data on 
traditional drugs of abuse are limited and for NPS, data are even scarcer [25]. Pharmacokinetics studies 
involving drugs of abuse are very complex due to safety and ethical constraints and are conducted only in 
authorized research centers [12]. 

Processes that may cause structural modifications of the drug/metabolite from the point of disposal 
of excreta to the point of sampling is another aspect to consider [26]. Processes of mass transfer 
(including sorption, partitioning and transportation), besides chemical and biological reactions, can occur 
in wastewater and define the fate of each target drug, affecting their final concentrations in wastewater 
[24]. The adsorption of drugs into suspended particulate material may also affect the overall concentration 
of these drugs in wastewater [24]. Furthermore, it should be taken into account that wastewater samples 
are usually adjusted to acidic pH at the time of collection and that acidification potentially modifies the 
partitioning of drugs between liquid phase and particulate matter [27]. Therefore, when the particulate 
fraction of wastewater is not analyzed, the intake can be underestimated for some drugs, such as reported 
for methadone and cannabis [28]. 

Abiotic and biotic processes occurring in the environment can be responsible for the conversion of 
emerging pollutants into transformation products (TP) [29], which may also apply to illicit drugs and 
metabolites present in the aquatic environment, particularly in the sewage. Known processes primarily 
inducing the formation of TP are reactions of oxidation, hydroxylation, hydrolysis, conjugation, cleavage, 
dealkylation, methylation and demethylation [29]. Biotransformation occurring within human, animal and 
microbial metabolisms, in natural or engineered systems, are considered biotic processes whereas abiotic 
processes include hydrolysis and photolysis occurring in the natural environments and WWTP [29]. The 
microbiome of wastewater can induce the biotransformation of drug metabolites excreted by humans, 
directly affecting the interpretation of analytical findings [30]. For example, in-sewage biotransformation 
has a role in the final concentration of cocaine and its biomarkers and thus in the back-calculation of 
cocaine use [26]. In influent wastewater, there is a high diversity of bacteria [31] and the high diversity of 
wastewater microbiome leads to many potential microorganisms being responsible for the transformation 
of drugs and their metabolites, and having a role in the overall microbial metabolome [30]. Microorganisms 
can also affect pharmacological active substances exhibiting chiral properties [32]. Illicit drugs can undergo 
microbial biotransformations in wastewater under aerobic or anaerobic conditions, which may be mediated 
by bacterial enzymes [24]. Enzymatic reactions occurring in microbial metabolism include hydroxylations, 
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N-oxidations, S-oxidations, dealkylations, dehalogenations, nitro reductions and hydrolysis of amides and 
carboxylesters, among others [29]. For example, a recent study studied showed that the biotransformation 
of pyrrolidinophenone-type psychoactive substances in incubation with a Pseudomonas putida strain 
isolated from wastewater, reporting that a similar TP was formed also when the drug was incubated 
with wastewater as inoculum [30]. It is noteworthy though that human metabolites and microbial TP may 
present common metabolic pathways, converging into the formation of similar compounds, which makes 
challenging to discern the origin of metabolites [29]. Another consideration is that drugs and metabolites 
may be subjected to wildlife biotransformation as well [29]. 

There are other factors that are considered in wastewater analysis. The features and conditions of the 
sewage network/WWTP need to be assessed and considered in WBE studies as well [9]. The daily flow 
rate, dissolved oxygen concentration, pH, presence of sediments and temperature can model the conditions 
and composition of wastewater [24], which ultimately may affect the stability of drugs. For calculations, 
the total population covered by the WWTP and the flow rate are required [9]. A limitation is assessing the 
total population served by a given WWTP [8], which can be challenging since the population may exhibit 
fluctuations in specific seasons [9,19]. Two combined approaches, the estimation based on chemical 
markers in wastewater or census and sewage capacity data, can be used for determining the population 
served by a sewage network and WTTP [12]. Census and sewage capacity data may not account for 
seasonal fluctuations in the total population served by a given WWTP [33]. The parameters of water quality 
(e.g., chemical oxygen demand, biological oxygen demand, total nitrogen and total phosphorus) may be 
used but non-anthropogenic sources can affect the estimations of population based on these markers [33]. 
Another marker recently proposed is ammonium ion, which could be less sensitive to non-human sources 
[33]. However, more research is required to establish biomarkers to calculate the population served by the 
WWTP and to monitor eventual fluctuations [12]. 

Another factor is that processes occurring within the WWTP might play a role in the fate of drugs and 
metabolites in wastewater, particularly when the analysis is performed in effluent (treated) wastewater. 
A conventional WWTP is designed to provide the removal of any pathogens and coliforms present in 
wastewater and to reduce loads of carbon, nitrogen and phosphorus [34]. Chemical treatment in WWTP 
and hydrolysis/photolysis naturally occurring in the environment thus can also lead to TP [29]. For 
example, a study explored the effects of photolysis by simulated sunlight or UV irradiation to cocaine and 
metabolites, unveiling the formation of several TP [35]. Usually, wastewater is not exposed to sunlight 
or UV radiation but two products from cocaine and benzoylecgonine identified in photolysis experiments 
were also detected in influent and effluent wastewater samples in that study [35]. The authors concluded 
some of these products might be result from in vivo elimination, but other products might be derived 
of other processes occurring in sewage, such as bacterial biotransformation [35]. In another study, the 
effects of hydrolysis, chlorination and photolysis to 11-Nor-9-carboxy-delta-9-tetrahydrocannabinol (THC-
COOH) were investigated [36]. The identified products of transformation of THC-COOH were not found in 
influent wastewater samples but hydrolysis and photolysis products were detected in effluent wastewater 
and surface water samples [36]. Some of the WWTP use processes of UV irradiation, chlorination and 
ozonation [36], which might lead to physicochemical transformations of drugs and metabolites. 

ANALYTICAL CONSIDERATIONS 
Chemical analysis of illicit drugs and metabolites in wastewater is paramount for WBE studies, 

since the quantification of these compounds in the wastewater is needed for back-calculations and 
drug intake estimations [37]. Thus, Analytical Chemistry is one of the bases of WBE [12]. Wastewater 
is a high-complexity matrix, which contains solids, dissolved and particulate matter, microorganisms, 
nutrients, metals and micro pollutants [24,38]. Drugs and metabolites are usually present at very low 
concentrations in wastewater, in the range of ng L-1, much lower than in human biological fluids, which 
adds another level of complexity to the chemical analyses of this matrix [9,37]. Therefore, the analysis 
of chemical substances in this type of specimen may be challenging and requires analytical techniques 
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of high sensitivity combined with sample preparation prior the analysis. Another important consideration 
is the quality control in wastewater analysis. Method validation is of greater importance, using reference 
materials and quality controls, assessing figures of merit (e.g., limit of detection and limit of quantification) 
and confirming positive findings, to assure the quality of the results [12]. In addition, it is recommended to 
include chemical markers of wastewater in the scope of the method, as a quality control and normalization 
factor [4]. These markers can be either indicators of either human use of substances (as caffeine or 
nicotine) or human activity (as coprostanol present in feces or creatinine present in urine) [4]. The use of 
high sensitivity, accuracy and precision, validated analytical methods is needed. Inter-laboratory exercises 
are also recommended in order to standardize analytical procedures and calculations [12,24].

Wastewater sampling is a critical step in WBE studies and the selection of a proper type and frequency 
of collection can avoid misinterpretation of the findings [12]. The active collection of wastewater samples 
can be performed mainly by composite or grab sampling [9,39]. Composite wastewater samples consist in 
a pool of influent, raw wastewater collected during 24 h, to be representative of an entire day of elimination 
into the sewage [9,39]. Composite samples are representative of the average daily conditions of the 
wastewater during the period when sampling was occurring [40]. Grab samples are collected as a single 
sample or a set of samples collected over a period no longer than 15 minutes, and it should reflect the 
conditions of wastewater at the moment of sampling [40]. The major limitation of using grab samples is 
that these samples may be biased by fluctuations in concentrations, especially due to special events or 
environmental conditions [4]. 

Another possibility consists in a passive sampling, in which a polymeric-based sorbent material is 
deployed at the WWTP for longer periods (days or weeks) and provides a long-term accumulation of 
chemical substances present in sewage [11]. An example of this approach is the use of polar organic 
integrative samplers (POCIS) [9]. This approach is particularly interesting for monitoring NPS considering 
some of these drugs might be used in a low rate by a population [11] or the prevalence fluctuations related 
to cycles of emergence-disappearance common to some NPS. However, passive sampling methods 
required calibration and quantification, for a better understanding on the mechanism by which compounds 
are collected and potential variability [11]. 

Sample preparation is a very important step in wastewater analysis. It is used to concentrate the 
target analytes and to reach low limits of detection (LOD) and of quantification (LOQ), besides acceptable 
recoveries [9], since the levels in wastewater are usually in reduced magnitude in comparison to the levels 
at the moment of excretion (caused by dilution, microbial degradation/biotransformation and sorption to 
particulate material) [4]. Preparation of wastewater samples is also required to remove matrix interferences 
that can affect the analysis, especially considering the ionization in liquid chromatography coupled to mass 
spectrometry (LC-MS) based methods [9]. 

After the collection, wastewater samples are kept and stored at low temperatures (4 ºC or -20 ºC, 
according to the estimated time) [9]. Usually, the pH of wastewater samples is adjusted by acidification, 
right after sampling [9] or prior to sample preparation. This procedure is recommended to improve sample 
stability, by decreasing bacterial activity [27]. For example, it has been reported the acidification of filtered 
or non-filtered wastewater samples increases the stability of many classes of NPS [11]. In addition, 
acidification of wastewater samples is also required if a solid phase extraction (SPE)-based method 
using mixed-mode cation exchange phase is performed to extract basic drugs [27]. However, acidification 
of wastewater samples can promote the biotransformation of THC-COOH [37]. The addition of sodium 
metabisulfite has also been explored for preserving wastewater specimens [37], such as to improve the 
stability of cocaine [24] and synthetic cannabinoids [11]. Therefore, stability studies are required to assess 
the optimal conditions for storing wastewater samples, to avoid degradation of target compounds and 
misinterpretation of results.

For sample preparation, several studies described in the recent literature have combined filtration, 
centrifugation and solid phase extraction (SPE). Filtration with membrane of glass fiber filters or centrifugation 
is required in order to remove all solid components present in wastewater samples [9,37,39]. SPE is well 
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known as a high selectivity extraction technique, which provides both good clean-up and pre-concentration 
of target compounds. In addition, SPE is a traditional technique adopted by many forensic laboratories. 
Offline and online SPE have been used in many studies for extracting target drugs and metabolites from 
wastewater samples, but offline SPE is the most commonly used approach in wastewater sample preparation 
reported in the literature [12,37]. Other solid phase-based sample preparation techniques have also been 
used, such as solid phase microextraction (SPME) and molecular imprinted polymers (MIPs)-SPE [41]. 
MIPs-based SPE resulted in high selectivity, accuracy and precision for the analysis of amphetamines 
and methylenedioxy derivatives in wastewater [41]. In another study, SPME was used for extracting Δ9-
tetrahydrocannabinol (THC) and THC-COOH from wastewater samples, obtaining satisfactory precision 
and accuracy [42]. Liquid-liquid extraction (LLE) has also been used in some studies, and, for example, 
in comparison with SPE, minimal differences in the recovery of cannabinoids from wastewater have 
been reported for both methods [43]. Wastewater samples collected using POCIS are usually processed 
using a different approach. POCIS present sorbents similar to those of SPE cartridges in the membrane, 
enabling the collection of hydrophilic drugs [9]. In a recent study published in the literature, the extraction 
was performed from POCIS using methanol, two times, and combined both extracts, which were further 
analyzed by LC-MS/MS [44]. According to the authors, findings obtained from samples collected with 
POCIS showed an underestimation in comparison to 24-h composite collected samples, which could 
be explained by the potential blockage of the POCIS surface with solid materials during filtration and 
consequent reduced trapping of drugs [44].

Drug testing in wastewater has become plausible due to great advancements in analytical technologies, 
making it possible to detect trace levels of drugs and metabolites in this type of sample [8]. Coupling 
chromatography and mass spectrometry is the best analytical strategy for chemical analysis of wastewater, 
in order to reach the needed sensitivity and selectivity [37]. Several studies have used LC-MS techniques 
for detection and quantification of drugs in wastewater samples [12], with recent studies reporting both 
high-performance and ultra-performance liquid chromatography (HPLC and UPLC, respectively). Ionization 
in LC-MS methods are usually performed by electrospray (ESI) in both positive and negative modes, 
depending on the type of analyzed compounds. For example, in recent studies, ESI in a negative mode was 
used in the detection of ethyl sulfate (EtS), metabolite of ethanol, whereas other illicit drugs were detected 
using ESI in positive mode [17,45]. Several detection systems in mass spectrometry (MS) have been used, 
including hybrid and high-resolution systems. Low-resolution MS including ion trap and triple quadruple 
analyzers are the most used techniques in quantification of illicit drugs and metabolites in wastewater [37]. 
However, the use of HRMS has been increasingly explored in recent years [37]. Some examples include 
triple quadrupole mass spectrometry (e.g. [45–47]), quadrupole-ion trap mass spectrometry (QTrap) (e.g. 
[16,17,48]), quadrupole-orbitrap mass spectrometry (e.g. [49,50]) and quadrupole-time-of-flight mass 
spectrometry (QTOF) (e.g. [49]). These techniques can provide high sensitivity and selectivity, reaching 
good results, especially considering the complexity of wastewater samples. Particularly LC-HRMS-based 
methods can provide a comprehensive screening of illicit drugs and NPS, their metabolites and TP [37]. 
Direct analysis by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) systems 
(without extraction) has also been reported. In a study published in the literature, wastewater samples 
were directly injected into LC-MS/MS after filtration without any extraction, reaching limits of detection 
(LOD) between 0.05 and 30 ng L-1 and median limit of quantification (LOQ) of 31 ng L-1 [51]. The authors 
found that using SPE for clean-up did not increase the sensitivity of the method in comparison to direct 
injection and exhibited decreased sample throughput, adding more time to the process [51]. 

Gas chromatography-mass spectrometry (GC-MS) is another technique of high selectivity and 
sensitivity but it requires a derivatization step for many compounds of forensic interest, which can extend 
the analytical workflow [37]. In the literature, GC-MS has been used by some studies. For example, GC-
MS with an ion trap detector was recently used in enantiomeric profiling of several compounds including 
amphetamine, methamphetamine, 3,4-methylenedioxy-methamphetamine (MDMA) and norketamine [52]. 
Wastewater samples were filtered, acidified and further extracted using SPE followed by chiral derivatization 
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with (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride ((R)-MTPA-Cl) [52]. Authors obtained a 
good separation for several diastereomers of the target analytes, without using a chiral column [52]. In 
another study, GC-Ion trap-MS/MS was used in combination with SPE and MSTFA derivatization for the 
determination of illicit drugs in grab samples collected from 5 WWTPs [53]. Cocaine and its metabolite, 
benzoylecgonine, THC and its metabolite THC-COOH, codeine and morphine were unequivocally detected 
in wastewater by GC-MS/MS [53]. However, the authors stated that the method used was not able to 
detect the methadone metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) and requires 
more time for analysis than LC-MS-based methods, considering the derivatization step of 90 min [53]. In 
addition to chromatographic-spectrometric techniques, other techniques have been explored in wastewater 
analysis. A recent example is in which the application of surface-enhanced Raman spectroscopy (SERS) 
sensor was used in the detection of methamphetamine in wastewater [54]. According to the authors, the 
SERS-based method exhibited results comparable to those obtained by a LC-MS-based method, high 
sensitivity, good selectivity to methamphetamine and good reproducibility [54]. 

The use of HRMS has introduced many possibilities in forensic analyzes. The many features of HRMS 
instrumentations including mass accuracy and sensitivity allows the investigation of a high number of 
analytes, including additional compounds present in the sample that were not previously targeted [37]. 
Time-of-flight (TOF) and Orbitrap are the most frequently used analyzers for HRMS [37]. Based on HRMS 
techniques, another approach in the analysis of wastewater is the suspect screening/analysis, in which any 
compound that is in the instrument’s library is qualitatively analyzed in a sample [11,55]. In this approach, 
there is no need for selecting analytes and using reference materials for method development [11]. However, 
each entry in the instrument’s library requires data of each compound (e.g., exact mass, retention time 
and fragments), which depends on the availability of reference materials; if there is no reference material 
available, the data for including the compound in the library is more limited but the tentative identification 
might still be possible by inspecting the high resolution mass spectra [37]. In addition, in silico models can 
be used for predicting chemical structure and properties of unknown compounds, which can include or 
exclude potential chemical structures and increase the level of confidence in the identification, in case no 
reference materials or data are available [11].

The application of the techniques mentioned above can be used for targeted and non-targeted analysis. 
Targeted analyses are performed for a limited number of compounds present in the scope of the method 
[55], which leads to high sensitivity and selectivity but do not detect any other compounds present in the 
sample that were not included in the scope of the method [37]. In general, targeted analyzes are performed 
using GC-MS or LC-MS techniques [37]. In wastewater samples, LC-MS/MS, with triple quadrupole or ion 
trap analyzers (low-resolution mass spectrometry), have been successfully used for analysis of drugs and 
NPS in wastewater samples [11,37]. On the other hand, non-targeted analyses consist in the investigation 
of any compound present in the sample detectable by the analytical technique in use [47], without selecting 
any analytes [11] and providing any information of the analyte of interest prior to the analysis [37]. In 
this approach, both chromatographic profile and accurate mass spectrum are thoroughly investigated 
for tentative identification [11]. This approach is difficult when applied to wastewater due to the complex 
chemical composition of the samples, the potentially high number of compounds present, and at low 
concentration [37]. 

In addition to parent drugs, human metabolites and TP may also be investigated in wastewater as 
biomarkers of drug use, in the absence of the parent or as a complement to the parent compound. 
Combining toxicokinetics and stability in wastewater data on drugs of abuse is a critical step to perform WBE 
studies since these data will be used for calculation and estimations [25]. The selection of the appropriate 
biomarker for a specific drug is paramount for chemical analysis of wastewater as well as for further back-
calculations and estimations. In general, parent drugs or their metabolites present in urine are selected as 
biomarkers for illicit drugs use in the analysis of wastewater [37]. Data on human metabolism and identity 
of major metabolites is available for many known drugs of abuse whereas for NPS such information is 
much more limited [37]. In this context, studies on biotransformation occurring in-sewage are needed [12]. 
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If the identity of a metabolite or a TP is known then it can be added to the scope of the method and in the 
library of an analytical instrument, to be considered for analysis in wastewater, routinely or retrospectively 
[29,37]. However, if the identities of those compounds are not described, alternative approaches need to 
be adopted. The structural elucidation of metabolites or TP might be done by the study of high-resolution 
mass spectra, based on fragmentation patterns of the parent drug and unknown compounds, but also 
on the chromatographic profile, especially if there are additional peaks at retention times corresponding 
to the fragments under investigation [37]. This can also be performed retrospectively, reanalyzing other 
compounds that were not initially targeted in previous data acquisition [37]. 

In vitro studies may be explored for characterization of potential human metabolites, which can further 
be used as biomarkers of drug intake in wastewater. In vitro models can be used to assess toxicokinetics 
data for classic and novel drugs of abuse, predicting the human metabolism of drugs [25]. There are 
several in vitro models available including cells, cell fractions and organs, such as human hepatocytes and 
human liver microsomes. In these models, the target parent drug is incubated within systems containing 
liver enzymes and samples are further analyzed to characterize potential metabolites [25]. Using in vitro 
models, there are no concerns regarding ethical and safety issues, in contrast to in vivo studies, and the 
costs are usually lower. On the other hand, for in vitro assays, reference materials of the drug of interest 
and high resolution analytical techniques are required (e.g. HRMS). In regards to NPS, especially recently 
emerged ones, reference materials may not be available yet [25]. In silico studies may also be performed 
to predict human metabolites or TP [37]. For example, the software SMARTCyp of the University of 
Copenhagen is an in silico platform that predicts the molecular sites where a potential Cytochrom P450 
metabolic reaction can occur [25,56]. Another example is the EAWAG-BBD Pathway Prediction System, 
which predicts the microbial biotransformation of chemical substances based on its database and it has 
been successfully used for predicting the fate of environmental contaminants [25,57]. Once potential 
metabolites and TP are predicted, these compounds can be investigated in data obtained by HRMS, 
extracting the exact mass from chromatographic data based on several positive identification criteria and 
tentatively characterizing the structure based on fragmentation data [37]. Although both models (in vitro 
and in silico) are very useful to predict potential human metabolites, it is still possible they are not formed 
in vivo or excreted in urine, in a real user scenario. Nonetheless, these models are considered powerful 
tools to predict a list of potential metabolites that can be eventually be tested as target compounds using 
high-resolution mass spectrometric methods [25]. 

Research on drug stability in wastewater has been conducted over the recent years and there is 
information available in the literature for some drugs and their metabolites. In-sample stability has been 
assessed for some drugs and metabolites but in-sewage stability subjected to different conditions is not 
well-understood [24]. Therefore, studies assessing biotransformation/biodegradation kinetics, microbial 
kinetics and stability can be very powerful tools to characterize the fate of drugs, metabolites and TP in 
wastewater. In addition, characterization of the microbiome present in wastewater through metagenomics 
can support the investigation of the functional potential of the microbiome for the biotransformation/
biodegradation of drugs. The combination of in vitro or in vivo metabolic profiling and biotransformation/
degradation studies of drugs is a suitable analytical strategy to obtain data on known and unknown 
metabolites and TP, which might be further investigated in wastewater samples and assessed as potential 
biomarkers for WBE studies [37]. 

The analysis of drugs, metabolites and TP in real sewage would be ideal for understanding the biological, 
physical and chemical behavior of these substances, under sewage networks in normal operation conditions; 
however, this is a complex and limited approach that would require several studies to obtain accurate 
data [24]. In-laboratory studies on drugs’ stability in wastewater should consider: (1) inclusion of biofilms 
present in sewage during stability assessments; (2) physical-chemical characterization of wastewater to 
assure the reproducibility; (3) effective spiking concentrations considering the purpose of the study; (4) 
quality controls (positive control, negative control and abiotic controls); (5) suitable experimental design 
and sampling [14]. A detailed discussion on each of these recommendations can be found elsewhere [24]. 
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DRUGS REPORTED IN WASTEWATER
The applications of WBE in forensic research has been performed since the middle-2000s, with one 

the first studies on the analysis of cocaine and BE in wastewater published in 2005 [5]. Since then, many 
researchers have evaluated licit and illicit drugs in wastewater around the globe. Among licit substances, 
nicotine is a substance highly available in the world, which can be measured itself in wastewater. Additionally, 
nicotine can be used as a marker of human consumption, for quality control and data normalization 
purposes [4]. In wastewater samples, there are several studies available in the recent literature detecting 
nicotine metabolites cotinine or trans-3′-hydroxycotinine to assess nicotine use (e.g. [17,45,46,50,59–65]). 
Ethanol is one of the most commonly consumed substances in the world [59] and ethanol intake can also 
be measured in wastewater. In the body, ethanol is mainly metabolized to acetaldehyde and acetic acid, 
with minor fractions metabolized to ethyl sulfate (EtS) and ethyl glucoronide (EtG) [66]. EtS and EtG are 
common metabolites of ethanol found in urine after alcohol intake [59,66]. It has been suggested that 
EtS is a more recommended metabolite for ethanol consumption estimation based on wastewater levels, 
since EtG instability in effluent wastewater has been previously reported [67]. Additionally, it is important 
to consider that the source of ethanol present in wastewater can be the direct disposal of alcoholic 
beverages and other products (e.g. hand sanitizers) [67]. This might be a factor for wastewater research 
conducted during the pandemic of COVID-19, since there are many ethanol-based hand sanitizers being 
used. However, in the presence of ethanol in sewage, the probability of formation of EtS in wastewater is 
minimal, thus not affecting the selection of EtS as a biomarker [67]. In wastewater samples, EtS has been 
proposed for estimating ethanol consumption (e.g. [17,45,61,64]).

Cannabis is the most used drug reported by UNODC, with 192 million users around the world in 2018 
[1]. Trends in cannabis use have been influenced by its legalization in some countries, and according to 
the UNODC, it will take time to assess the impacts of non-medical use legalization measures and the 
cannabis market should be under close monitoring [1]. In regards to cannabinoids, THC-COOH is the 
THC metabolite commonly used as biomarker of cannabis use in wastewater [43], usually at greater 
concentrations in influent wastewater in comparison to effluent wastewater [36]. THC-COOH has been 
detected in wastewater, in several studies (e.g. [15,17,43–45,47,49,50,61,64,65,68–73]). In the literature, 
the detection of THC itself was also reported (e.g. [63,71]). Another metabolite of THC, THC-OH has 
also been reported in wastewater (e.g. [68,71]). It is important to consider that due to their lipophilicity, 
metabolites of THC may be eliminated through the feces, adsorb and deposit to particulate content present 
in wastewater [43]. THC-COOH may interact with particulate material present in wastewater and failure 
in measuring its content in this fraction of wastewater may lead to underestimations [28]. CBD is another 
cannabinoid present in cannabis, with therapeutic but not psychoactive properties. CBD is excreted in 
urine mostly in the parent form [74]. In a recent study, CBD and the metabolites CBD-7-OH and CBD-7-
COOH were searched in wastewater but only CBD was detected [43]. Considering the current landscape 
of legalization of cannabis for medical and/or recreational purposes, the concentrations of THC-COOH 
could increase in environmental waters [74], and this could eventually be observed with other cannabinoids 
present in cannabis. 

In the literature, stimulants are a class of drugs frequently detected and reported in wastewater. In 
recent days, cocaine is still one of the most largely produced drugs, with estimated 19 million users in 
2018 [1]. In wastewater samples, cocaine and/or benzoylecgonine have been detected (e.g. [13,17,44–
46,49,51,60–65,68–71,73,75–78]. Other cocaine metabolites have been reported in some studies: a 
few examples include ecgonine methyl ester (EME) [63], norcocaine [68,71], anhydroecgonine methyl 
ester (AME) [60] and cocaethylene [60,68,69,71]. Another group of stimulants, amphetamines seized 
between 2009 and 2018 has significantly increased [1]. The estimated number of amphetamines and 
prescription stimulants users in 2018 was 27 million [1]. In wastewater samples, amphetamine and/or 
methamphetamine have been detected (e.g. [13,15–17,44–52,54,60–65,68,70,71,73,75–81]. However, 
these drugs are metabolites of others such as fenproporex, selegeline and famprofazone, and these 
findings in wastewater can overestimate the use of amphetamine or methamphetamine [9,82]. Therefore, 
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it is noteworthy to highlight that by enantiomeric analysis it is possible to differentiate between legal and 
illegal sources of amphetamine-like compounds [82]. The amphetamine-like drugs MDMA and MDA have 
also been determined in wastewater samples (e.g. [13,15–17,44–47,50–52,60–65,68–71,75–78,81]. 
According to the UNODC, in 2018 21 million people have used ecstasy [1]. MDMA metabolites, HMMA and 
HMA, have been reported in wastewater samples in some studies as well (e.g. [7,60,83]). Some authors 
even recommend including HMMA [83,84] and HMA [83] in the scope of analytical methods to estimate 
MDMA use. 3,4-methylenedioxy-N-ethylamphetamine (MDEA), another illicit stimulant similar to MDMA, 
has been also reported in some studies (e.g. [7,68,71]). An important consideration regards to the chirality 
of methylenedioxy derivatives, such as MDMA and MDA. For example, chiral analytical methods can help 
to understand the source in wastewater of MDMA (MDMA use vs. direct disposal) and MDA (MDA use vs. 
MDMA metabolism) [20]. 

Opioids are a class of substances largely used in the treatment of moderate to severe pain [85]. This 
class includes pain reliever prescribed drugs such as oxycodone, hydrocodone, codeine, morphine and 
others, as well as heroin (an illegal drug) and other synthetic opioids such as fentanyl [86]. In 2018, it was 
estimated that 57.8 million people used opioids, including opiates and pharmaceutical opioids [1]. Morphine 
(e.g. [17,44,45,48,60–64,68,71,73,75,76]), codeine (e.g. [44,48,60–63,65,71,75,81]), methadone and its 
metabolite EDDP (e.g. [13,17,44,50,60,62,63,65,68,69,71,75,76,81]) are some of the most commonly 
detected opioids in wastewater, which in turn is one of the main sources of opioids present in superficial 
waters [39]. In two recent studies, normorphine [60,63] was also targeted and reported in wastewater 
analysis. Heroin was also measured in wastewater in some studies (e.g. [15,71]) and, although 6-MAM 
is a unique heroin metabolite, this compound may not be commonly reported in wastewater samples due 
to its low levels in these samples [9]. For example, concentrations of 6-MAM in wastewater were recently 
as low as 15.4 ng/L [50]. 6-MAM was also reported in wastewater in other studies (e.g. [60,64,70,71,76]). 
In wastewater analysis, it is challenging to estimate heroin use based on morphine, considering that 
morphine can be present in wastewater resulting from therapeutic use of morphine and codeine [9] or illicit 
use of morphine. When estimating heroin use based on morphine levels, the amount of morphine used 
therapeutically and the amount of morphine from codeine metabolism need to be taken into account [9,60]. 
It is also important to consider that the ingestion of poppy seeds can result in the formation and excretion of 
morphine in urine [87]. Norcodeine, a codeine metabolite, has not been usually targeted in the wastewater 
codeine testing, which can be explained due to its low levels in wastewater specimens, requiring high 
sensitive analytical techniques [88]. However, examples of studies detecting norcodeine in wastewater are 
available (e.g. [60,63]). Another metabolite of methadone, 2-ethyl-5-methyl-3,3-diphenylpyrroline (EMDP), 
was also targeted [6]. 

In addition to morphine, codeine and methadone, other opioids have been reported in wastewater 
studies. Hydromorphone is available in the pharmaceutical market, which poses an analytical challenge to 
assess whether the source of hydromorphone present in urine is hydromorphone intake or hydrocodone 
metabolism [89]. The detection of hydromorphone in urine though is not necessarily an indicator of 
hydromorphone use [90]. Therefore, this should be considered in the analysis and interpretation of 
hydrocodone and hydromorphone levels in wastewater and consumption estimates. Hydromorphone has 
been detected and reported in several recent studies in the literature (e.g. [44,60,68,71]). Dihydrocodeine, 
a metabolite of hydrocodone, and dihydromorphine, a hydromorphone metabolite, were also detected 
in wastewater samples [60]. Similarly, hydrocodone and norhydrocodone were detected in wastewater 
samples, according to some studies available in the literature (e.g. [44,63,68,71,75]). Oxycodone is another 
semisynthetic opioid, derived from codeine [91]. In wastewater specimens, oxycodone, noroxycodone 
(major metabolite of oxycodone) and oxymorphone (a minor metabolite) [92], have been detected in some 
studies (e.g. [44,50,51,60–62,65,68,71,75]). Tramadol is an orally active, synthetic opioid [93], analog of 
codeine [94], with pharmaceutical use. The illicit (non-medical) use of tramadol has also been reported, 
such as in some countries in West, Central and North Africa [1]. Tramadol, in its parent form, has also been 
found in wastewater samples (e.g. [17,44,50,60,62,65,76,79]). The metabolites N-desmethyltramadol and 

Campos, E. G.; De Martinis, E. C. P.; De Martinis, B. S.



26

O-desmethyltramadol have been detected in wastewater samples as well (e.g. [63,75]). A compound 
named O-N-bisdesmethyltramadol was also reported in wastewater [63] but no additional information on 
this compound was found, and it may be the metabolite O-N-didesmethyltramadol of tramadol reported 
elsewhere [95]. An analog of tramadol, tramadol-N-oxide was also reported [63]. Buprenorphine is a 
semisynthetic opioid, derived from thebaine, medically used in pain management and in the treatment of 
opioid dependence [96]. Buprenorphine and/or its metabolite norbuprenorphine have been determined 
in wastewater (e.g. [44,46,61,68,71,75]). Additionally, the conjugated metabolite norbuprenorphine-
glucoronide was detected in wastewater samples [50,65]. Finally, another opioid highly relevant in Forensic 
Toxicology and Chemistry is fentanyl, characterized by its high potency (80 times higher than morphine) 
and reduced duration of action [97]. However, the illicit use of fentanyl and the emergence of illicit analogs 
have been causing public health problems in many regions, including the US and Europe [98]. In 2018, 
fentanyl was associated with two thirds of 67,367 deaths by overdose in the USA [1]. In recent studies 
available in the literature, fentanyl and/or its metabolite norfentanyl have been detected in wastewater (e.g. 
[61,63,68,71]). Fentanyl detection in wastewater can be analytically challenging. Its elimination occurs in 
urine and feces, mainly in the form of the inactive metabolites (primarily norfentanyl) [99,100], with small 
fractions corresponding to the unchanged and free forms of fentanyl [99–101]; thus this drug might not be 
detected in wastewater samples due to its low levels. However, in case fentanyl is detected in wastewater, 
it might be present as a result of direct disposal, similarly to other drugs. In addition, fentanyl can also be 
present in other drugs (e.g., heroin, cocaine, methamphetamine and MDMA) as adulterant [86], which is 
particularly important when estimating drug intake and comparing it with other epidemiological or seized 
data. 

Benzodiazepines comprise a number of drugs, which includes diazepam, oxazepam, temazepam, 
alprazolam and more [102]. The frequent prescription of benzodiazepines is made due to their 
pharmacological properties, useful in the treatment of anxiety, insomnia, convulsions, as sedative, amnesic 
and relaxant agent [102,103]. However, misuse of benzodiazepines has also been reported [104]. One of 
these drugs is diazepam, which exhibits a complex metabolism, with other active metabolites, including 
nordiazepam and temazepam (minor), which can be both further metabolized to oxazepam, another active 
compound that is conjugated in Phase II metabolism (oxazepam glucuronide) [102,103]. The metabolism 
of oxazepam occurs mainly by glucuronidation [105]. Oxazepam and temazepam are also pharmaceutical 
drugs. In recent literature, the detection of diazepam and nordiazepam have been reported in wastewater 
(e.g. [51,63,68,71]). Oxazepam and/or temazepam have been detected in wastewater as well in some 
studies (e.g. [17,44,46,50,51,60,62,63,65,68,71,75]). Alprazolam is another benzodiazepine drug, with 
short-duration action [106], used mainly in the treatment of anxiety and panic disorders [102]. Alprazolam 
has been detected in wastewater samples in several studies (e.g. [63,68,71]). The metabolite α-OH-
alprazolam was also quantified in wastewater samples [107]. Clonazepam is a benzodiazepine prescribed 
in the treatment of anxiety and seizures [108]. A few studies have reported the detection of clonazepam 
in wastewater, [34,65]. Clonazepam’s metabolite, 7-aminoclonazepam, was also detected in WBE studies 
(e.g. [75]). In blood, clonazepam and other nitrobenzodiazepines exhibit instability, which is especially 
remarkable in postmortem blood contaminated with bacteria [108]. In a similar context, the microbiome 
of sewage might play a role in the stability of clonazepam in wastewater, similarly to biological fluids 
such as blood. Although it is not a benzodiazepine, zolpidem exhibits a mechanism of action similar to 
benzodiazepines [105] and it is used therapeutically as hypnotic [109], being part of the group called 
“Z-drugs” [110]. These drugs, including zolpidem, have been associated with several cases of misuse, 
dependence and even fatal intoxications [110]. In the literature, zolpidem and its metabolite zolpidem 
4-phenyl carboxylic acid were detected in wastewater in some studies [79,111]. 

Other substances eventually involved in forensic casework have also been reported in wastewater. 
Lysergic acid diethylamide (LSD) is a semi-synthetic hallucinogen, derived from lysergic acid present in 
fungus ergot Claviceps purpurea [112]. In wastewater, both substances, the parent and its metabolite 
2-oxo-3-OH-LSD, have been detected in studies available in the recent literature (e.g. [50,65]). Ketamine 
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is a derivative of phencyclidine (PCP) and shows anesthetic, analgesic, hypnotic and amnesic properties 
[113]. It is well described that ketamine is responsible for inducing dissociative anesthesia [114]. However, 
similarly to other drugs, the illicit use of ketamine for recreational purposes is well known. Ketamine 
and norketamine have been determined in studies recently published on wastewater (e.g. [44,48–
51,60,65,70,75,76,81]). It is important to highlight that clinical and veterinary prescriptions, as well as illicit 
use of ketamine can all contribute for its release into the environment [115], which includes into the sewage. 
gamma-hydroxybutyric acid (GHB) is a chemical substance endogenously produced, resulting from the 
gamma-aminobutyric acid (GABA) metabolism [116]. However, GHB has been used illicitly, as a drug of 
abuse, since the 1990s [117] and as a dietary supplement and sleep inducer [118]. GHB has also been 
used as a chemical agent in drug-facilitated crimes (DFC) [119]. In wastewater, as expected, GHB can be 
excreted into sewage as a product of endogenous metabolism, as a component of dietary supplements or 
as an illicit drug [120]. In a recent study, GHB has been detected in wastewater and authors concluded that 
the GHB present is probably from endogenous metabolism, based on its levels [120]. 

In the context of Forensic Chemistry and Toxicology, NPS represent a challenge in clinical, toxicological, 
public health and public safety aspects. As a result of its emergence in the drugs of abuse market, this 
group of “new” drugs have been frequently reported in biological samples collected from intoxication cases 
and in seized materials. Therefore, it is not surprising that some of these substances also started to be 
reported in wastewater. Examples of recent studies reporting NPS are summarized in Table I. However, 
the detection of NPS in wastewater can be especially challenging for many reasons. Some NPS may 
be present in wastewater either after being directly disposed through the sewage network or also as 
a contaminant within “traditional” drugs. For example, fentanyl analogs can be used as adulterants of 
heroin, cocaine and other drugs and also as fake pharmaceutical opioids [1]. Another example is 4-ANPP, 
which can be either a metabolite or a precursor of fentanyl analogs in synthetic processes [121]. Since 
the metabolism of some new drugs is still unknown, it is difficult to target potential human metabolites in 
wastewater, as it has been done with other classical drugs. Some NPS or their metabolites may not have 
been reported until now in wastewater samples due to their unknown identity. Thus they are not known 
and not currently being targeted, or because of unavailability of reference materials for identification and 
method development purposes. 

Table I. Examples of studies in the recent literature covering the detection of NPS in wastewater

List of NPS reported in wastewater Reference

Ethylone, mephedrone and N-ethyl-pentylone [16]

Methcathinone, 4-methyl-pentedrone, 1-(3-chlorophenyl) piperazine (mCPP), 4-methyl-
amphetamine and 4-ANPP [68]

4-methylethcathinone (4-MEC), methedrone and mephedrone [51]

Methylone [61]

Mephedrone [60]

Carfentanil, methoxyacetylfentanyl, furanylfentanyl, MAB-CHMINACA, methcathinone, 
4-methylpentedrone, 2-methyl-4′-(methylthio)-2-morpholinopropiophenone (MMMP), mCPP 
and 5-(2-Aminopropyl) Indole (5IT)

[122]

25-iP-NBoMe, 3,4-dimethylmethcathinone (3,4-DMMC), 4,4’-Dimethylaminorex (4,4-DMAR), 
α-methyltryptamine, buphedrone, methcathinone, mephedrone and ephenidine (NEDPA)
Detected only: 2-phenethylamine, 25E-NBOMe, 4-chloro-α-PPP and 2,5-dimethoxy-4-
isopropylamphetamine (DOiP)

[49]
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List of NPS reported in wastewater Reference

Mephedrone [70]

Cathinone, mephedrone and 1,3-benzodioxolyl-N-methylbutanamine (MBDB) [50]

2C-D, dimethoxyamphetamine (3,4-DMA), 4-methyl-pyrrolidino-propiophenone (MPPP), 
cathine/ norpseudoephedrine and para-fluorofentanyl [63]

Methylone, ethylone, butylone and mephedrone [64]

Cathinone, mephedrone and MBDB [65]

5.6-methylenedioxy-2-aminoindane (MDAI), AB-CHMINACA, methoxetamine, 4′-Methyl-α-
pyrrolidinopropiophenone (MePPP), methedrone, 5-OH-DMT, dimethyltryptamine (DMT), 
2-phenetylamine, N-ethylamphetamine, methoxyphenamine, methylbenzylpiperazine (MBZP) 
and ethylphenidate

[120]

5-fluoro-APINACA, JWH-073 (4-hydroxypentyl) and MDMB-CHMICA [43]

Dipentylone [78]

3-MMC, 4-FA, 4-MEC, Alpha-PVP, butylone, ethylone, mephedrone, methiopropamine, 
methoxetamine, methylone, N-ethylpentylone, pentedrone, pentylone, PMA and eutylone [123]

3-MMC, 4-FA, 4-MEC, ethylone, methylenedioxypyrovalerone (MDPV), mephedrone, 
methcathinone, methylone, N-ethylpentylone and pentylone. 4-chloromethcathinone, 
4-fluoromethamphetamine, acetyl fentanyl, mitragynine and eutylone

[124]

CONCLUDING REMARKS
Wastewater analysis is very promising in Forensic Chemistry and Toxicology. Much information can 

be extracted from the analysis of these specimens and data obtained from WBE studies can support 
multiple strategies in public health and security. Although the goal of this study is not a systematical and 
exhaustive review of the literature, rather it is a comprehensive review on this topic, many reports in the 
literature support that classic and novel drugs of abuse could be monitored in wastewater. However, 
studies involving the analysis of wastewater need to address many considerations and there are current 
limitations and uncertainties, which require further research. It is important to consider the stability and 
fate of drugs in wastewater, features of the sewage network and WWTP and environmental conditions. 
Although data required for calculations and estimations is available for some drugs such as excretion rates 
and parent/metabolite ratios, data availability is still very limited for new synthetic drugs, indicating that 
gathering more data will aid in estimations based on wastewater levels.
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Questioned documents comprehend analysis of identity 
theft, forged signatures or texts, documents alterations 
and falsification of security documents or banknotes. 
Questions involving inks or paper require chemical 
analysis, and multivariate analysis or chemometrics has 
been an emerging tool for data evaluation and 
interpretation after instrumental data collection in this 
area. The goal of this study is to identify previous articles 
that applied multivariate analysis within questioned 
documents for forensic purposes. The search for articles 
was performed in four databases (Google Scholar, 
Science Direct, Pubmed and Scopus). Sixty studies, 
published in the last ten years, were selected. Thirty-
four articles described pen inks analysis; fourteen 

articles comprehended printed documents studies; eight articles evaluated paper analysis, and four articles 
included banknotes analysis. Spectroscopy, mass spectrometry, chromatography, thermo gravimetric 
analysis and multivariate image analysis were the analytical methods applied to collect chemical data. 
Chemometrics methods included mainly unsupervised pattern recognition techniques, regression methods, 
and supervised pattern recognition techniques, amongst other methods. This review summarized and 
discussed multivariate analysis techniques applied in different questioned documents sub-areas, 
highlighting the importance of this knowledge for forensic analysts. In addition, it shows new research 
topics such as different printing and pen inks, papers and security documents analysis herein not included. 
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INTRODUCTION
Questioned documents is an important area of Forensic Sciences, comprehending document fraud 

analysis such as identity theft, forged signatures or texts, documents alterations and falsification of 
security documents or banknotes. While physical analysis is widely applied in questioned documents, 
many situations demand the chemical analysis of inks and support paper [1–3]. 

Writing and printing inks are formulas composed by pigments or dyes, resins, solvents, driers and 
drying oils, extenders and additives, such as surfactants, conductive salts, biocides, composite carriers, or 
adhesion promoters [4]. Writing inks comprises different types of pens, such as ballpoint pens (oil-based 
inks composed of dyes or pigments and organic solvents), gel pens (water-based inks composed mainly 
of pigments), and rollerball, fountain and felt-tip pens (water-based inks composed of dyes and ethylene 
glycol) [4]. The most prevalent printing inks are inkjets and toners. Inkjet inks can be solvent-based, water-
based, UV curable, and phase-change, depending on the printer instrument; toner inks are dry powders or 
liquid-dispersed powders, mainly constituted of pigments and resins [4].

The paper production from wood demands pulping and bleaching process, using chemical agents 
such as sodium sulfide (Na2S), sodium hydroxide (NaOH), chlorine monoxide (Cl2O), calcium carbonate 
(CaCO3), ozone or oxygen, with metallic oxides. Thus, the final paper products contain cellulose and 
particular compounds, specific of each production set [1]. 

In questioned documents forensic examination, inks and papers characterization and transformation 
are often required for differentiation and age estimation, respectively [2]. In addition, counterfeit security 
documents and banknotes must be differentiated from the authentic ones. In this regard, numerous different 
analytical methods have been studied [1,3,5–8]. Many analytical methods, for the chemical analysis of 
inks and paper, produce a huge amount of data outputs, demanding an efficient and accurate method 
for results interpretation. Multivariate analysis in chemistry, or chemometrics, are statistical approaches 
for chemical data analysis [9,10]. Additionally, it can be used for planning and simulations of chemical 
experiments [9,10]. Chemometrics offer trustworthy tests for classification, discrimination or models 
development for different chemical samples datasets [11]. Thus, chemometrics are emerging tools in 
Forensic Sciences , as mathematical and statistical tools are potential methods to enrich and to correlate 
forensic analytical data in many areas besides questioned documents (biological, physical and chemical 
sciences, toxicology, ballistic, anthropology) [11]. While many analytical methods are applied for inks and 
paper examination, chemometrics can improve results interpretation and data presentation towards a 
forensic document investigation. Chemometrics increases the data analysis objectivity in a comparison 
study, and it is a powerful tool to perform databases research. Hence, chemometrics is a growing trend in 
questioned documents data analysis, and this knowledge is important for forensics analysts [3]. 

The aim of this work is to review questioned documents topics which were studied by multivariate analysis 
or chemometrics approaches, highlighting its importance in the field. This review summarizes research 
studies that applied chemometrics in questioned documents analysis, and if offers a brief explanation of the 
most applied chemometrics techniques. It also identifies the most covered research topics in questioned 
documents, and the analytical methodologies performed prior to chemometrics analysis. Therefore, this 
review detects areas and methodologies that could be explored in further research. 

MATERIALS AND METHODS
Figure 1 summarizes the articles search method. The search for articles was performed in November and 

December 2020, on four different databases, using the descriptor “multivariate analysis” or “chemometrics” 
and questioned documents. The search was performed in the last ten years (2010-2020). The initial search 
from Google Scholar (1610 results/55 articles selected), Science Direct (190 results/16 articles selected), 
Pubmed (70 results/10 articles selected) and Scopus (21 results/18 articles selected) retrieved 62 articles, 
when analyzing titles and abstracts. The inclusion criteria consisted of any study within the questioned 
documents area, as long as it applied multivariate analysis or chemometric data analysis. Questioned 
documents articles that did not describe these techniques were excluded of the search. Only original 
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articles written in English or Portuguese were included. After the exclusion of repeated and review papers, 
50 articles were selected and organized by area (pen inks, printed documents, paper and banknotes 
analysis). 

In order to find as many articles as possible, complementary searches were performed on Google 
Scholar. For these searches, the term “questioned documents” was substituted from the descriptor 
“multivariate analysis” or “chemometrics” and questioned documents, by using specific terms related to 
each area, one at a time: “pen inks”, “printed”, “prints”, “printing”, “inkjet”, “toners”, “stamps”, “packages”, 
“packaging”, “banknotes”, and “paper analysis”. Finally, references from questioned documents review 
papers [1,3] were also analyzed, to retrieve any missing article applying chemometric approaches in the 
last ten years.

A total of 60 studies applying multivariate analysis/chemometrics in the questioned documents field 
were selected. 

Figure 1. Articles search strategy.
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RESULTS AND DISCUSSION
Four major questioned documents areas were contemplated with multivariate analysis/chemometrics 

studies. Figure 2 shows the articles distribution among the different areas. 

Figure 2. Multivariate analysis/chemometric articles distribution among different 
questioned documents areas.

Pen inks analysis comprehended 34 articles (57% from total studies). Table I summarizes these studies. 
Among these, 7 articles utilized mainly spectroscopy techniques to study ballpoint pen ink dating; 16 
articles utilized spectroscopy, mass spectrometry and multivariate image analysis to study ballpoint pen 
inks differentiation; 4 studies applied spectroscopy techniques for marker pen inks, gel pen inks and fiber 
tip pen inks differentiation, and 4 studies evaluated different types – or classes – of pens, using multivariate 
image analysis, mass spectrometry and spectroscopy methods. Thus, 4 studies analyzed pen ink crossing 
lines, between ballpoint pens, between gel pens or between ballpoint and gel pens, using spectroscopy 
and mass spectrometry techniques. 

Table II shows 14 studies applied on printed documents and printer inks, representing 23% from total 
studies. These documents comprised food packages, pharmaceutical packages, and stamps. Printed inks 
included toners, inkjets, off set and intaglio inks. Also, crossing lines studies involving printing inks, papers 
and pen inks were conducted. Although spectroscopic methods were the most applied techniques in this 
area, mass spectrometry and multivariate image analysis were also studied. 

Table III shows 8 studies applied on paper analysis, which represents 13% from total studies. Among 
these studies, 3 articles aimed to characterize or to discriminate different types of paper, while 5 articles 
focused on paper age estimation. Spectroscopy methods were the most prevalent techniques applied for 
paper analysis, along with analytical pyrolysis combined with gas chromatography/mass spectrometry and 
thermo gravimetric analysis.

The last questioned documents area comprehended banknotes analysis. Table IV shows 4 studies (7% 
of total studies) of banknotes – mainly Brazilian – classification and counterfeit/authentic bills differentiation, 
applying spectroscopy techniques, spectrometry, and multivariate image analysis.

Braz. J. Anal. Chem., 2022, 9 (34), pp 35-51.
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Table I. Studies concerning pen inks analysis and multivariate analysis/chemometrics approaches

Main Objectives Samples Analytical 
Method 

Multivariate 
Analysis Software Reference

Ballpoint pen ink dating 11 blue ballpoint 
pens from 6 brands Vis-MSP¹ PCA20, HCA21, 

and OPLS22 SIMCA 15.0.2 Ortiz-Herrero et 
al. [12]

Ballpoint pen ink dating
505 ballpoint pens 
inks (384 blue and 
121 black)

DI-MS² ULT23 Analyst® TF 1.6 Costa et al. [13]

Ballpoint pen ink dating 37 blue and 27 black 
ballpoint pens ATR-FTIR3 PCA20 and 

HCA21 Chemostat® Bello de Carvalho 
et al. [14]

Ballpoint pen ink dating 4 black and 1 blue 
ballpoint pens UV-Vis-NIR4 PLS24 SIMCA 13.0 Ortiz-Herrero et 

al. [15]

Ballpoint pen ink dating Blue ballpoint pen UV-Vis5 PCA20 and 
MLR25 SPSS® Sharma & Kumar. 

[16]

Ball tip pen inks dating 35 blue ball tips pens UV-Vis5 PCA20, LDA26 
and PLSR27

Unscrambler X 
10.4 Sauzier et al. [17]

Ballpoint pen inks 
characterization and 
dating

10 blue ballpoint 
pens

UV-Vis5, IR6 and 
HPTLC7 PCA20 Microsoft Excel Senior et al. [18]

To differentiate 
ballpoint pen inks

12 blue ballpoint 
pens from 9 brands MIA8/Smartphone PCA20, HCA21, 

and PLS-DA28 PhotometrixPRO® Gorziza et al. [19]

To differentiate 
ballpoint pen inks

7 different blue 
ballpoint pens Raman Imaging MF-ICA29 MATLAB® Teixeira et al. [20]

To differentiate 
ballpoint pen inks

33 blue and 36 black 
ballpoint pens Orbitrap MS9 PCA20 and 

HCA21 Chemostat® Bello de Carvalho 
et al. [21]

To differentiate 
ballpoint pen inks

11 unbranded black 
ballpoint pens FTIR10 PCA20 and 

HCA21 Minitab® Kamil et al. [22]

To differentiate 
ballpoint pen inks

36 black ballpoint 
pens from 6 brands PS-MS11 PLS24 MATLAB® Amador et al. [23]

To differentiate 
ballpoint pen inks

57 blue ballpoint 
pens

ATR-FTIR3 and 
HPTLC7 PCA20 SPSS-20® Sharma and 

Kumar. [24] 

To differentiate 
ballpoint pen inks

30 ballpoint pens 
(blue and red) from 5 
brands

Raman 
Spectroscopy PCA20 Minitab® Asri et al. [25]

To differentiate 
ballpoint pen inks

24 black ballpoint 
pens of 6 different 
brands

micro-ATR-FTIR3 PCA20 SPSS-15® Lee et al. [26]

To differentiate 
ballpoint pen inks

155 black ballpoint 
pens of 9 different 
brands

micro-ATR-FTIR3 PCA20 SPSS-15® Lee et al. [27]

To differentiate 
ballpoint pen inks

57 blue ballpoint 
pens UV-Vis-NIR4 PCA20 SPSS-20® Kumar and 

Sharma [28]

To differentiate 
ballpoint pen inks

24 blue ballpoint 
pens from 6 brands FTIR10 PCA20 and 

HCA21
XLSTAT 2011 Halim et al. [29]

To differentiate 
ballpoint pen inks

14 pen ink classes of 
blue ballpoint pens

Raman 
Spectroscopy

PCA20, HCA21 
and PLS-DA28 Not informed Borba et al. [30]

To differentiate 
ballpoint pen inks

21 blue ballpoint 
pens from 10 brands LA-ICP-MS12 MANOVA30 SPSS® Alamilla et al. [31]

Chemometric Approaches in Questioned Documents: A Review
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Main Objectives Samples Analytical 
Method 

Multivariate 
Analysis Software Reference

To differentiate 
model variation of 
Papermate® pens

37 black ballpoint 
pens micro-ATR-FTIR3 PCA20 SPSS-12® Lee et al. [32]

To differentiate marker 
pen inks 24 markers pen inks UV-Vis5 and UV-

NIR13
PCA20 and 

DA31 SPSS-16® Sharma et al. [33]

To differentiate gel 
pens

45 gel pen inks (blue, 
red and black) from 5 
brands

HSI14 PCA20 Minitab® Asri et al. [34]

To differentiate gel 
pens 10 gel pen black inks LIBS15 PCA20 N/I Ballah and 

Nassef [35]

To differentiate gel 
pens 45 black gel pen inks HSI14 PCA20, HCA21 

and SAM32 Statistica Chlebda et al. 
[36]

To differentiate fiber tip 
pens

48 fiber-tip pens 
(black, red, green 
and blue)

ATR-FTIR3 PCA20 and 
LDA26

Unscrambler X 
10.5.1 Yadav et al. [37]

To differentiate black 
pens

55 different classes 
of black pens

VSC®600016 and 
LC/MS-TOF17 PLS-DA28 MATLAB® Silva et al. [38]

To differentiate blue 
pens

25 different classes 
of blue pens VSC®600016 PLS-DA28 MATLAB® Silva et al. [39]

To differentiate pen 
inks

42 blue pen inks from 
different types and 
brands

MIA8/iPhone® PLS-DA28 MATLAB® Valderrama and 
Valderrama [40]

To differentiate pen 
inks

16 black pen inks 
from different types 
and brands

HSI-NIR18 PCA20 and PP33 MATLAB® Pereira et al. [41]

To determine ballpoint 
pens crossing lines 
order

3 black ballpoint 
pens

ToF-SIMS19 PCA20 and 
MCR34

MATLAB® Goacher et al. 
[42]

To determine ballpoint 
pens crossing lines 
order

7 blue ballpoints pen 
brands

VSC6000®16 MCR-ALS35 MATLAB® Martins et al. 
[43]

To determine gel pens 
crossing lines order

8 blue and black gel 
pens from different 
brands

Raman 
Spectroscopy

MCR-ALS35and 
PLS-DA28

MATLAB® Brito et al. [44]

To determine ballpoint 
and gel pens crossing 
lines order

21 black ballpoint 
and gel pens from 
different brands

HSI-NIR18 PCA20, MCR-
ALS35 and PLS-

DA28

MATLAB® Brito et al. [45]

N/I: not informed; ¹Vis-MSP: Visivel-Microspectrophotometry; ²DI-MS: Direct-Injection Mass Spectrometry; 3ATR-FTIR: Attenuated Total Reflectance 
Fourier-Transform Infrared Spectroscopy; 4UV-Vis-NIR: Ultraviolet-Visible-Near-Infrared Spectroscopy; 5UV-Vis: Ultraviolet-Visible Spectroscopy; 6IR: 
Infrared; 7HPTLC: High-Performance Thin Layer Chromatography; 8MIA: Multivariate Image Analysis; 9Orbitrap MS: Orbitrap Mass Spectrometry; 
10FTIR: Reflectance Fourier-Transform Infrared Spectroscopy; 11PS-MS: Paper Spray Mass Spectrometry; 12LA-ICP-MS: Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry; 13UV-NIR: Ultraviolet-Near-Infrared Spectroscopy; 14HSI: Hyperspectral imaging; 15LIBS: Laser-Induced Breakdown 
Spectroscopy; 16VSC®6000: Video Spectral Comparator; 17LC/MS-TOF: Liquid Chromatography Quadrupole Time-of-Flight; 18HSI-NIR: Hyperspectral 
Imaging Near-Infrared; 19ToF-SIMS: Time-of-Flight Secondary Ion Mass Spectrometry; 20PCA: Principal Component Analysis; 21HCA: Hierarchical Cluster 
Analysis; 22OPLS: Orthogonal Partial Least Squares; 23ULT: Unsupervised Linkage Threshold; 24PLS: Partial Least Squares; 25MLR: Multiple-linear 
Regression; 26LDA: linear discriminate analysis; 27PLSR: Partial Least Squares Regression; 28PLS-DA: Partial Least Squares-Discriminant Analysis; 
29MF-ICA: Mean-field Approach Independent Component Analysis; 30MANOVA: Multivariate Analysis of Variance; 31DA: Discriminant Analysis; 32SAM: 
Spectral Angle Mapper; 33MCR: Multivariate Curve Resolution; 33PP: Projection Pursuit; 34MCR-ALS: Multivariate Curve Resolution with Alternating Least 
Squares.

Table I. Studies concerning pen inks analysis and multivariate analysis/chemometrics approaches (Continuation)
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Table II. Studies concerning printed documents analysis and multivariate analysis/chemometrics approaches

Main Objectives Samples Analytical 
Method 

Multivariate 
Analysis Software Reference

To characterize lard on 
food packages inks Not specified FTIR¹ PCA15 and 

SIMCA16
Unscrambler X 

10.3
Ramli et al. 

[46]

To identify counterfeit 
pharmaceutical 
packages

124 paperboard 
packages 
representing the 
secondary packaging 
of 6 pharmaceutical 
products

LIBS² and ATR-
FTIR³

PCA15, KNN17, 
and LDA18 JMP Pro 14 Haase et al. 

[47]

To discriminate 
authentic and 
counterfeit stamps

8 counterfeits 
revenue stamps

XRF4 
Spectroscopy PCA15 Pirouette 3.11 Perez et al. 

[48]

To classify pigments 
and inks

10 blue and black 
inks on paper

Raman 
Spectroscopy 

and LIBS²

PCA15, 
SIMCA16, 

PLS-DA19, and 
SVM20

Unscrambler X 
9.8 and 10.1

Hoehse et al. 
[49]

To create a database 
of 76 toners, 78 inkjets 
inks, 79 offset inks, and 
86 intaglio inks

319 specimens 
representing four 
major types of 
printing inks

FTIR¹, SEM-
EDS5,LA-ICP-

MS6, DART-MS7, 
and Py-GC-MS8

PLS-DA19

SYSTAT, JMP, 
Excel 2011, Plot 

for mac OSX, 
Mathematica and 

MATLAB®

Trejos et al. 
[50]

To discriminate among 
printing devices from 
laser, inkjet, and 
photocopier machines

45 printout samples ATR-FTIR³ PCA15, HCA21, 
and LDA18 SPSS-20® Kumar et al. 

[51]

Classification of inkjet 
prints 22 different printers FT-NIR9 DA22, LDA18, 

and QDA23
Unscrambler X 

10.3
Oravec et al. 

[52]
To correlate toners of 
unknown origin 10 black toners NIR10 PCA15 V-PARVUS 2009 

package
Materazzi et al. 

[53]

To discriminate and 
classify toners

40 different black 
toners sources each 
for laser printer 
and photocopier 
machines

FE-SEM-EDS11 PCA15, HCA21 
and LDA18

 Microsoft Excel 
and SPSS-20®

Verma et al. 
[54]

To discriminate and 
classify toners

100 samples from 
printouts taken 
from laser printers 
and photocopier 
machines 

UV-Vis12
PCA15, DP24 
and Varimax 

Rotation
SPSS-20® Verma et al. 

[55]

To differentiate black 
toners

49 types of laser 
printers of latter 
brands

FTIR¹ PCA15 and 
MANOVA25 Unscrambler X Gál et al. 

[56]

To discriminate paper 
brands and crossing 
lines order

12 different paper 
brands,2 toners and 
3 blue ballpoint pens

FTIR¹ and AFM13 PCA15 Unscrambler X 
10.3

Farid et al. 
[57]

To distinguish 
documents by papers 
and colorants

8 printer papers, 
marker pen inks, 
inkjets and printer 
toners

NIR10 PCA15 MATLAB® Sugawara et al. 
[58]
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Main Objectives Samples Analytical 
Method 

Multivariate 
Analysis Software Reference

To determine the 
chronological order of 
crossing lines

1 inkjet, 1 toner, 20 
blue ballpoint pens, 
16 rollerball pens, 16 
felt-tip pens and 8 gel 
pen inks

MIA14/iPhone® PLS-DA19 MATLAB® Valderrama et al. 
[59]

¹FTIR: Fourier-Transform Infrared Spectroscopy; ²LIBS: Laser-Induced Breakdown Spectroscopy; ³ATR-FTIR: Attenuated Total Reflectance 
Fourier-Transform Infrared Spectroscopy; 4XRF: X-Ray Fluorescence; 5SEM-EDS: Scanning Electron Microscopy-Energy Dispersive X-Ray 
Spectroscopy; 6LA-ICP-MS: Laser Ablation Inductively Coupled Plasma Mass Spectrometry; 7DART-MS: Direct Analysis in Real Time Mass 
Spectrometry; 8Py-GC-MS: Analytical Pyrolysis combined with Gas Chromatography-Mass Spectrometry; 9FT-NIR: Fourier Transform Near-
Infrared; 10NIR: Near-Infrared; 11FE-SEM-EDS: Field Emission Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy; 12UV-Vis: 
Ultraviolet-Visible Spectroscopy; 13AFM: Atomic Force Microscopy; 14MIA: Multivariate Image Analysis; 15PCA: Principal Component Analysis; 
16SIMCA: Soft Independent Modelling by Class analogy; 17KNM: K-nearest neighbors; 18LDA: Linear Discriminant Analysis; 19PLS-DA: Partial 
Least Squares Discriminant Analysis; 20SVM: Support Vector Machines; 21HCA: Hierarchical Cluster Analysis; 22DA: Discriminant Analysis; 23QDA: 
Non-Linear (Quadratic) Classification Analyses; 24DP: Discrimination Power; 25MANOVA: Multivariate Analysis of Variance.

Table III. Studies concerning paper analysis and multivariate analysis/chemometrics approaches

Main Objectives Samples Analytical 
Method

Multivariate 
Analysis

Software for 
Analysis Reference

To characterize and 
to discriminate paper 
relics

15 types of paper ATR-FTIR¹

PCA4, SIMCA5, 
PLS-DA6, LS-
SVM7, PCA-
LDA8, and 
PLS-LDA9

MATLAB® Xia et al. 
[60]

To discriminate papers
24 different kinds 
of writing/printing 
papers

Thermogravimetric 
Analysis PCA4 N/I Kumar et al. 

[61]

To characterize and to 
discriminate papers.

24 different kinds 
of writing/printing 
papers

ATR-FTIR¹ PCA4 SPSS-16® Kumar et al. 
[62]

Paper dating 45 books from 
1940 to 1980 FTIR²

PCA4, LS-
SVM7,and 

sPLS10
N/I Xia et al. 

[63]

Paper dating
3 types of paper 
(white, recycled 
and notebook)

Py-GC/MS³ PCA4 SIMCA 13.0 Ortiz-Herrero et 
al. [64]

Paper dating Reports from 15 
different years FTIR² PLS11 and 

PCA4 MATLAB® Silva et al. 
[65]

Paper dating 6 samples of 
common papers ATR-FTIR¹ CE12, MLR13 

and PLSR14 SPSS-20® Sharma et al. 
[66]

Paper dating Several types of 
historic paper

THz time-domain 
spectroscopy PLS11 Unscrambler v.9.7 Trafela et al. 

[67]

N/I: not informed; ¹ATR-FTIR: Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy; ²FTIR: Fourier-Transform Infrared 
Spectroscopy; ³Py-GC-MS: Analytical Pyrolysis combined with Gas Chromatography/Mass Spectrometry; 4PCA: Principal Component Analysis; 
5SIMCA: Soft Independent Modelling by Class Analogy; 6PLS-DA: Partial Least Squares with Discriminant Analysis; 7LS-SVM: Least squares 
support vector machines; 8PCA-LDA: Principal Component Analysis-Linear Discrimination Analysis; 9PLS-LDA: Partial Least Squares-Linear 
Discrimination Analysis; 10sPLS: Sparse Partial Least Squares; 11PLS: Partial Least Squares; 12CE: Curve Estimation; 13MLR: Multiple Linear 
Regression; 14PLSR: Partial Least Squares Regression.

Table II. Studies concerning printed documents analysis and multivariate analysis/chemometrics approaches (Cont)

Braz. J. Anal. Chem., 2022, 9 (34), pp 35-51.
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Table IV. Studies concerning banknotes analysis and multivariate analysis/chemometrics approaches

Main Objectives Samples Analytical 
Method 

Multivariate 
Analysis Software Reference

Classification of 
banknotes

4 authentic and 12 
falsified Brazilian 
banknotes

MIA¹/ 
Smartphone PCA² Photometrix PRO® Vittorazzi et al. 

[68]

Characterization of 
banknotes

42 counterfeit 
Brazilian banknotes

Portable X-ray 
fluorescence 
and Raman 

Spectroscopy

PCA² and 
PLS³ MATLAB® Rodrigues et al. 

[69]

Characterization of 
banknotes

1 Dollar bill, 1 Euro 
bill and 6 Real bills

Portable X-ray 
Fluorescence PCA² Not informed Appoloni et al. 

[70]

To differentiate 
authentic and 
counterfeit banknotes

Original and 
counterfeit Brazilian 
banknotes

Raman 
Spectroscopy PLS-DA4 MATLAB® Almeida et al. 

[71]

¹MIA: Multivariate Image Analysis; ²PCA: Principal Component Analysis; ³PLS: Partial Least Squares; 4PLS-DA: Partial Least Squares with Discriminant Analysis.

Overall, spectroscopic techniques are the most studies methods to acquire chemical data from 
questioned documents, prior to multivariate analysis (Figure 3). Mass spectrometry, chromatography, 
thermo gravimetric and x-ray-based techniques were also studied. Besides a few exceptions, most of 
these methods are non-destructive techniques, which is an advantage in the questioned documents 
area, maintaining documents integrity for counterproof. In addition, the method variability allows for many 
possibilities of documents analysis across different Laboratories. However, it is necessary for Forensic 
Experts to understand the chemometrics data analysis to conduct appropriate results interpretation and 
data presentation in reports. 

Figure 3. Analytical methodologies applied on questioned documents to capture 
chemical data. 

Chemometric Approaches in Questioned Documents: A Review
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Prior to multivariate analysis, all the chemical data produced with analytical methodologies (or 
multivariate image analysis) need to be organized into a matrix. For instance, this matrix associates each 
sample in lines, while the variables are displayed in columns [72,73]. Thus, sample pre-processing can be 
performed to minimize undesirable variables, which could rise during data acquisition and interfere with 
the analysis results [72,73]. Figure 4 shows the most applied multivariate analysis techniques following 
analytic methodologies.

Figure 4. Multivariate analysis techniques involved on data examination from 
questioned documents.

Multivariate analysis/chemometric techniques can be divided at: a) unsupervised pattern recognition 
techniques, including principal component analysis (PCA) and hierarchical cluster analysis (HCA); 
b) regression methods, including partial least squares (PLS) and multiple linear regression (MLR); c) 
supervised pattern recognition techniques, including linear discriminant analysis (LDA), partial least 
squares discriminant analysis (PLS-DA), k-nearest neighbor (kNN), soft independent modeling of class 
analogy (SIMCA) and support vector machine (SVM). Other techniques included mean-field approach 
independent component analysis (MF-ICA), multivariate analysis of variance (MANOVA), spectral angle 
mapper (SAM), multivariate curve resolution (MCR) and multivariate curve resolution with alternating least 
squares (MCR-ALS), among others. A summary of these techniques is shown in Table V.

Braz. J. Anal. Chem., 2022, 9 (34), pp 35-51.
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Table V. Concepts of the main chemometric techniques applied in questioned document analysis

Method 
Classification

Multivariate 
Analysis Concept

UNSUPERVISED 
PATTERN 
RECOGNITION 
TECHNIQUES

PCA

This method projects multivariate data into a smaller space, reducing the spatial dimensionality of the original data set, without affecting 
the relation between samples. It is a type of controlled loss of information that is compensated by a better understanding of the data 
inside the data set. This method allows for visualizing and interpreting the differences between the variables and examining the relations 
that may exist between the samples. The method is also capable to detect samples with an anomalous behavior: the data projection 
makes the differences evident [72].

HCA

This method is originated from numerical taxonomy. It is useful for reducing the dimensionality of large data sets by gathering samples 
into groups of samples that are most similar to each other. Thus, both internal homogeneity within groups and heterogeneity between 
groups are maximized. The results are presented in a hierarchical tree denominated dendrogram, and the tree branches show a degree 
of similarity between the samples. This similarity is calculated over a distance: similar samples from one group have a shorter distance 
between them when compared to samples from other groups [73].

REGRESSION 
METHODS

PLS

It is a biased method that applies factor analysis, and it is the most popular regression method in chemometrics. The purpose of this 
technique is to estimate the space of original measures into one of reduced size. The model is built in a single step, in which the 
information from matrix “X” and values of interest are considered during the data decomposition and compression. Some restriction is 
imposed on the decomposition of matrix “X” (of samples and variables), directing it to a solution whose target is the property of interest. 
This is justifiable, if the values of the property of interest are reliable [73].

MLR The general purpose of this method is to quantitate the relationship between several independent or predictor variables and a dependent 
variable. The MLR model is built with descriptive variables using the least squares methods to minimize the residuals [74].

SUPERVISED 
PATTERN 
RECOGNITION 
TECHNIQUES

LDA

it is a linear combination of the sample’s set original attributes, characterized by producing the maximum separation between two 
populations. The main objectives of this method are a) to confirm whether the groups are correctly discriminated, b) to classify unknown 
observations, and c) to verify which are the most important variables for the discrimination of these groups. It takes a different approach 
to consider the existence of classes for the data; it involves projecting the data distribution probability on the graphic’s axes. Therefore, 
the method not only maintains but it also highlights a linear separation of the data, if it exists [75].

PLS-DA

It is a method that determines which class an unknown sample belongs, based on the information provided to the system. The method 
applies multivariate regression by partial least squares (PLS), which has been previously discussed. PLS is an inverse calibration 
method, in which a direct relationship is sought between the instrumental response (matrix X) and the property of interest (matrix Y 
or vector y). The classification model is built using the same PLS model. However, in PLS-DA the property of interest is a categorical 
variable that describes the sample’s class assignment. Generally, a value of 1 is assigned to the class of interest and a value of 0 is 
assigned to the other class [76].

kNN

This deterministic model is defined based on a training set, followed by the classification model construction. When building the model, 
each sample of the training set is deleted and then classified based on the remaining samples. The distances between the excluded 
sample and the remaining samples of the training set are calculated in the dimensional space. The excluded sample is then classified 
according to a majority of “votes” from its closest neighbors, and the sample is attributed to the most voted class. This process is applied 
to all training samples, with a summary of successful analyzes and errors at the end [77].

Gorziza, R. P.; González, M.; de Carvalho, C. M. B.; Ortiz, R. S.; Ferrão, M. F.; Limberger, R. P.
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Method 
Classification

Multivariate 
Analysis Concept

SUPERVISED 
PATTERN 
RECOGNITION 
TECHNIQUES

SIMCA

This method assumes that the measured values for a group of similar samples will tend towards a uniform and modellable distribution. 
By increasing the number of samples, the uniform distribution becomes more visible. The probabilistic distribution allows for estimating 
the degree of certainty in the classification. This model allocates the main component model to be adjusted to each class in the training 
set, giving rise to a classifier for each one. The number of factors, suitable for modeling each class, can be determined by doing a cross-
validation to maximize the predictive capacity of the individual models in relation to the training set. If it is necessary to include a new 
class, it is possible to build an independent model for each class by adding it to the existing model, without having to repeat the entire 
modeling process [77].

SVM

It is a supervised machine learning algorithm that can be employed for both classification and regression purposes. It is based on the 
idea of finding a hyperplane that best divides a dataset into two classes. Intuitively, the further from the hyperplane the data points lie, 
the more confident the results are, which means they are correctly classified. Therefore, the goal is for the data points as far away from 
the hyperplane as possible, while still stands on the correct side of it. When adding new testing data, the side of the hyperplane in which 
it lands will define the data class [78].

OTHER 
METHODS

MF-ICA

Independent component analysis (ICA) is a computational method for separating a multivariate signal into additive subcomponents. This 
is done by assuming that the subcomponents are non-Gaussian signals and that they are statistically independent from each other. In 
MF-ICA we derive an expectation-maximization algorithm, in which the expectation step is performed using different medium field (MF) 
approaches: variational, linear response, and adaptive TAP (Thouless, Anderson and Palmer). The MF theories produce estimates of 
later source correlations of increasing quality, needed for the maximization step in the estimate for the multivariate signal and the noise 
[79].

MANOVA
It is a test to perform the relationship analysis between several response variables and a common set of predictors at the same time. It 
requires continuous response variables and categorical predictors. MANOVA has several important advantages over performing several 
ANOVAs, one response variable at a time [80].

SAM

It is an algorithm that allows for the measurement of spectral similarity between two spectra. This is expressed as a numerical scale 
(from 0–no similarity to 1–identical spectra). In this approach, selected spectra are treated as vectors in n-dimensional space, in which 
the number of dimensions is equal to the number of recorded spectral lines. This allows for the calculation of the spectral angle. It is worth 
mentioning that the SAM method is resistant to illumination variation [36].

MCR

The MCR method was first created for process analysis purposes, but nowadays it is also applied to non-evolutionary multicomponent 
systems. Thus, the MCR method was created and classified as a two-way data analysis method, i.e., a valid method to analyze single 
data matrices. However, the general applications of MCR relates to the possibility to work with multi-way and multiset data structures, 
i.e., with several data tables simultaneously [81].

MCR-ALS
It is an algorithm that solves the MCR basic bilinear model, using a constrained Alternating Least Squares algorithm. The constraints 
improve the profiles interpretability in pure spectra matrices and the related concentration profiles for each of the compounds in the 
system [81].

Table V. Concepts of the main chemometric techniques applied in questioned document analysis (Continuation)

Braz. J. Anal. Chem., 2022, 9 (34), pp 35-51.
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As we can observe in Tables I, II, III and IV, different software can applied to perform multivariate 
analysis or chemometrics, and MATLAB®, SPSS-20®, Unscrambler®, SIMCA®, Minitab®, Microsoft Excel®, 
Chemostat®, and Photometrix PRO® are the most applied.

In this review, a substantial number of papers applying chemometrics approaches in questioned 
documents were identified and summarized. These studies show a growing trend for the chemometrics 
importance to the field, over the past ten years. In this matter, it is crucial for questioned documents 
experts to understand how to perform data analysis and how to present the results for forensic purposes. 
For this reason, this review included a brief summary of the most applied chemometric techniques, that 
should be known by forensic experts. Deviterne-Lapeyre [3] have discussed the challenge of chemical 
data evaluation for a document examiner scientist. The author emphasized that experts should understand 
principles and theories about chemometrics, to better explain the results. 

Most of the studies herein presented used chemometrics approaches for classification and/or 
differentiation of samples. Considering the comparison examination, while analytical methods can provide 
accurate inks and paper chemical data, chemometrics analysis can increase the discriminating power of 
these techniques [3]. However, research articles should also include intra-variability analysis as a goal, 
in order to demonstrate the methods limitations as well [3]. Another important role of chemometrics in 
questioned documents area is the development of databases [3], especially for samples identification, 
such as pen or paper brands. However, only one of the 60 articles in this review have aimed for a database 
creation, for printing inks [50]. This is a promising topic for research in questioned documents applying 
chemometrics. A few articles applied chemometrics for ageing studies of pen inks [12–18] and paper 
[63–67], but chemical document dating remains as a research topic until a complete standardization is 
performed [3]. 

Overall, ballpoint pen inks are the most studied topic of chemometric approaches in questioned 
documents. Although different types of pen inks, printing inks, paper and banknotes were also studied, 
these topics are not completely explored and further research using different analytical methodologies and 
chemometrics data analysis can be performed.

CONCLUSION
This review compiled a significant number of papers that applied chemometrics in the questioned 

documents area, describing a brief summary of the most applied chemometrics techniques. These studies 
show different analytical methodologies applied in pen inks, printed documents, paper, and banknotes 
analysis. Regression methods, unsupervised and supervised pattern recognition techniques were applied 
for data analysis with different purposes in forensic science, such as discrimination and classification of 
samples, ageing estimation, determination of crossing lines chronological order and counterfeit banknotes 
identification. Under light of these studies, the importance of chemometrics in questioned documents is 
highlighted, and this knowledge should be included in forensic experts training. The chemometric approach 
for databases development and implementation is a promising research topic for questioned documents, 
as well as inks and paper ageing studies and new analytical methods for non-ballpoint pen inks, printing 
inks, paper, banknotes and different security documents. 
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but they are more expensive. With the appearance of New Psychoactive Substances (NPS), identifying 
and characterizing illicit substances has become more challenging. This paper focuses on presenting 
information about NPS characteristics and analysis. For this purpose, we have reviewed the literature to 
address the main aspects of five groups of NPS: amphetamine-type stimulants, synthetic cannabinoids, 
N-methoxybenzyl-methoxyphenylethylamine (NBOMe), synthetic opioids, and benzodiazepines. We 
present the main characteristics of each group and certain aspects of presumptive and confirmatory tests 
regarding these groups. Our findings show obstacles in developing methodologies that can correctly 
identify these substances, and problems can increase as new structures appear. This information can be 
helpful to drive research into identifying NPS and inform law enforcement and law practitioners about the 
main characteristics of each group and the main questions involving their identification.

Keywords: New Psychoactive Substances, presumptive tests, confirmatory tests, amphetamine-type 
stimulants, synthetic cannabinoids, NBOMes, synthetic opioids, synthetic benzodiazepines.
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INTRODUCTION
The use of recreational drugs of abuse (DOA) has always been present in different historical moments 

and societies and has increased over the years. Excessive prohibition of substance use in the drug war 
model has produced and consolidated illegal markets controlled by criminals [1]. Drug war prohibitions and 
policies have created a phenomenon that has given rise to New Psychoactive Substances (NPS) [2,3], 
which bear structural modifications of well-known substances such as cocaine, lysergic acid diethylamide 
(LSD), and cannabis, among others. The idea behind NPS is to provide the consumer with an alternative 
that is both recreational and non-illegal. According to the United Nations Office on Drugs and Crime 
(UNODC), 899 NPS were reported between 2009 and 2018 worldwide, and that number continues to 
grow [4,5].

Drug regulation mainly deals with conventional substances, and the prohibition is based on specific 
structural information. Because of this, most NPS are under-regulated: as the legislation starts to target 
newly discovered structures, new analogous substances or derivatives continue to emerge to circumvent 
the regulations, in a faster movement than the legal system and regulatory agencies can cope with [6]. 
Countries are using a total ban on structural classes as an alternative procedure [7–9]. Nevertheless, this 
strategy has disadvantages; for example, access to more detailed research into NPS may be unavailable, 
not to mention that an unregulated and unrestricted market can cause as much damage as the prohibitive 
model [2,10,11].

The rise of NPS represents a challenge for both legal control and health. From the legal aspect, scientific 
knowledge about these substances is lacking. Classifications for controlling psychoactive substances 
consider factors related to culture, production, manufacturing, consumption, market, and factors that can 
be characteristic of the country. However, prohibitions lack a scientific basis given that there are not enough 
studies to prove the harmful effects of these substances on the user or the society. Science is rarely part 
of the decision-making process and, when it can offer recommendations, they are seldom considered. If 
the undesirable effects of a specific substance cannot be proven, showing its possible benefits is beyond 
the scope of the evaluation. Without a scientific basis for establishing harm or benefits, the repression 
associated with a particular substance can be disproportionate and require a great deal of effort in law 
enforcement. Thus, NPS monitoring demands forensic, toxicological, and clinical data [12–14].

The conventional drug monitoring model considers only a small number of well-known and controlled 
substances. Forensic and toxicological analytical approaches can detect, identify, and, depending on 
the technique, quantify substances in seized or biological samples. It is essential to understand that the 
traditional way of responding to illicit drugs may not suit NPS [14]. In forensic terms, proper identification of 
substances is crucial when assessing suspect seized samples and evaluating cases of possible intoxication 
and requires reliable and accurate identification methods [6]. 

Among other factors, knowing the effects of using a particular drug can be necessary to elucidate post-
mortem aspects and to assist in cases involving drug-facilitated crimes. Drugs can have consequences 
concerning human behavior, leading to consequences within the legal system [15]. Drug detection in 
biological samples can present problems. The lack of pharmacokinetic and pharmacodynamic knowledge 
can compromise the identification of metabolites [14,16]. 

From the analytical point of view, the correct identification of NPS is a significant challenge. The difficulties 
inherent in NPS evaluation include the diversity of changes to molecules and the speed with which they 
appear in the market. New molecules emerge faster than the development of analytical protocols. One of 
the main problems is the lack of certified standards for reference [14]. 

Analytical protocols involve presumptive detection, which is usually qualitative, and later confirmation 
[16]. Presumptive detection methods are called presumptive or field tests. These tests allow rapid and 
low-cost identification in both the clinical and forensic fields and indicate the presence or absence of a 
substance of interest and drug abuse. They can identify a particular group of chemicals, but they are not 
selective enough to indicate the substance within the group. They have advantages such as not requiring 
specific training, equipment, or sample preparation and being highly sensitive and portable, facilitating 
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substance identification on site. These characteristics and advantages have enabled their extensive use 
for law enforcement despite their low discretion performance [16–20]. With the increase in drug‐facilitated 
crimes and addiction, these tests may be useful in point-of-care for harm reduction actions [21,22].

For law enforcement, a confirmatory test is required after presumptive identification to establish the 
chemical nature of the substance(s). Confirmatory drug identification is more trustful than presumptive 
tests. However, confirmatory tests demand sophisticated analytical equipment, specialized knowledge, 
and complex sample preparation, which can be destructive [14,23,24].

The appearance of new drugs has been increasing. Legal actions to try to control these substances 
have not been enough to stop their production. It is necessary to understand their diversity and to develop 
analytical methods to identify them. Analytical methods developed for classic drugs may not be able to 
identify these substances correctly [26,27]. 

Enhancing the use of accepted and validated scientific practices involving accurate and reliable 
analytical methods requires time. It may not keep pace with the appearance of these substances in real-
time. Analytical techniques and methodologies shall be able to help to understand how the drug market 
evolves. Trustful methods shall assure that the new compounds can be correctly determined. Furthermore, 
producing or acquiring reference standards is essential [6,15,25]. All these situations share challenges: 
correctly identifying substances, obtaining standards for comparison, assessing the toxicological potential 
associated with them, and establishing harm reduction mechanisms. 

This paper aims to provide an overview of five groups of synthetic classes of NPS: amphetamine-type 
stimulants (amphetamines and cathinones), cannabinoids, N-methoxybenzyl-methoxyphenylethylamine 
(NBOMe), opioids, and benzodiazepines. These sets comprise stimulants, hallucinogens, and depressants 
[28]. The overall idea is to present the characteristics of each group and particularities regarding their 
testing. This paper does not aim to exhaust the subject, but the intention is to show that there is a lot to 
learn about these substances. The information presented here can help the reader interested in drug 
analysis to understand the issue of NPS diversity and how it affects the identification of these substances. 
It can be helpful to increase the knowledge of researchers, forensic scientists, and law practitioners about 
these substances.

METHOD
We conducted a literature-based review to collect information about NPS. We delimited our research 

into four sections:
•	 Section I: Information about NPS publication. This section shows the interest in publishing research 

about NPS. We performed a search of both the SCOPUS and Web of Science databases. First, we focused 
on the broad publications by using the search keyword “New Psychoactive Substances”, and the keywords 
regarding the groups of synthetic substances amphetamines, cathinones, cannabinoids, NBOMes, opioids, 
and benzodiazepines. We also collected information about presumptive and confirmatory tests for the 
previous keywords. This search was delimited in a twenty-year interval.

•	 Section II: The basics of presumptive tests. This section provides an overview of presumptive tests 
for drugs.

•	 Section III: The basics of confirmatory tests. This section presents information about the main 
confirmatory tests for use in drug identification.

•	 Section IV: Characteristics of the different groups of NPS. This section presents the main 
characteristics of each group of NPS and comments on presumptive and confirmatory tests for them.

For Sections II-IV, we collected information from academic and scientific works, social data, grey 
literature, institutional websites, and news published on the Internet. Most of the cited references are current 
ones. Around 65% of them were published in the last five years (2017–2021); 29.5% were published after 
2008 because, according to the literature, this date is related to the appearance of NPS [7,29]. The rest of 
the references (around 5.5%) were necessary for background information. 
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Section I: Information about publication on NPS
Figure 1 shows the SCOPUS database results. Figure 1(a) presents the overall publications for 

the terms “New Psychoactive Substances” and those regarding the groups of synthetic substances: 
amphetamines, cathinones, cannabinoids, NBOMes, opioids, and benzodiazepines. Figures 1(b) and 1(c) 
show information about presumptive and confirmatory tests for each case. Figure 2 shows information 
from the Web of Science database. Figures 2(a)-(c) follow the same organization presented in Figure 2.

Figure 1. Articles published about NPS in the last 20 years in the SCOPUS 
database: (a) results for the terms “New Psychoactive Substance” and for 
each group of NPS; (b) results for presumptive tests; and (c) results for 
confirmatory tests.

(a)

(b)

(c)
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Figure 2. Articles published about NPS in the last 20 years in the Web of 
Science database: (a) results for the terms “New Psychoactive Substances” 
and for each group of NPS; (b) results for presumptive tests; and (c) results 
for confirmatory tests.

In both databases, we observed an overall increase in the studies for all groups of substances. Synthetic 
cannabinoids and synthetic opioids have received greater general interest. 

Synthetic amphetamines were the first group to be studied regarding presumptive tests. We can 
observe similarities in the patterns for these publications in the two databases. There is no constant 
research production for these issues. Still concerning presumptive tests, synthetic cannabinoids are the 
most studied group of NPS.

(a)

(b)

(c)
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For confirmatory tests, both databases show that there have been more publications on synthetic 
cannabinoids. The SCOPUS database showed growing interest for most drugs, except for NBOMes. The 
same trend could be observed in the Web of Science dataset, where there are no publications on NBOMes. 
These results strengthen the importance of studying these issues for seized NPS.

Section II: The basics of presumptive tests
When a suspicious substance is found, a presumptive test is usually the first step in the analysis. This 

test is generally run at the place of arrest and aims to indicate the presence or absence of a suspected 
illicit substance. There are new technologies to run this test on-site, and portable equipment has been 
developed for this purpose, such as infrared and Raman spectroscopy, and mass spectrometry, which 
is easy to use and enables fast identification within just a few minutes. However, portable advanced 
analytical techniques are expensive, and the team is not expected to have this equipment available 
during apprehension [20,30]. Electrochemical, voltammetric, and piezoelectric devices have also been 
extensively tested for presumptive drug tests to allow the presence of a broader range of drugs to be 
determined [20,30–32].

There are several presumptive tests. Among them, colorimetric and immunoassay tests are worthy 
of note. Colorimetric tests are generally the most common. In this case, reagents are added to a small 
amount of the suspected substance, and the appearance of a specific color may indicate the presence 
of the illicit substance. In immunoassay tests, the alleged substance reacts with a particular antibody. 
This reaction is also characteristic of chemical classes [20,33]. For immunoassay tests, it is necessary to 
have antibodies that specifically bind to the structures. It can be a problem for NPS because of their fast 
emergence in the market [34].

Because colorimetric tests are low-cost, portable, and sensitive, they are widely used. Color variation 
occurs due to specific reactions within a functional group within a class of drugs. The color test must be 
selective for its class of drugs [6,17,20,26,30]. Despite the apparent advantage of colorimetric tests, there 
are concerns about their application, and agents must be aware of the possible results. A presumptive 
test can provide accurate results, i.e., it can correctly indicate the substance. However, false results; that 
is, false-positive and false-negative results, are also possible. It is undesirable because they can prevent 
the law from being correctly applied. For example, a false negative means that the test cannot detect 
the substance even if it is present in the sample. Consequently, the law cannot be enforced, and the 
banned substance can freely circulate, endangering society. On the other hand, false positives indicate the 
presence of an illegal substance that is not present in the sample. They happen because colors can react 
with impurities or similar compounds to reveal the presence of a specific class of substances, which may 
be mistaken for the illicit substance [20,30]. It is worrisome because a person carrying a lawful product 
can suffer the legal consequences related to the banned substance. A typical example is cocaine, which 
can be confused with other substances, such as caffeine, lidocaine, and procaine. In contrast, cocaine 
identification by spot tests can return false positives because it is not frequently sold in the pure form. 
Given that drug screening aims to identify the substance correctly and to assist in future confirmation, 
studies are being published to avoid misidentification [35].

Colorimetric tests are primarily used because a chemical reaction yields a color change [21,36]. These 
tests have gained prominence and have been widely applied for traditional substances, as shown in Figure 
3, which illustrates an example of a forensic analysis route for an unknown seized substance.

Colorimetric tests do not demonstrate the same effectiveness for NPS: responses can vary according 
to the NPS concentration in the sample [37]. Besides, a broad spectrum of color responses is possible 
[38,39] because of the absence of control in NPS production, which can provide reaction residues, which 
affect the color results [38,40,41]. Bearing in mind that instabilities in presumptive test results occur even 
for well-known traditional substances, NPS analysis poses additional challenges, and uncertainties in NPS 
color tests require a better presumptive tool. This situation calls for more frequent application of advanced 
analytical equipment at the apprehension sites.
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Figure 3. Schematic representation of the use of colorimetric tests as a filter to indicate possible 
substances [17,21,38,40,42].

Section III: The basics of confirmatory tests
After a positive presumptive test, the substance structure must be confirmed. In this step, the use of 

reliable analytical equipment is mandatory. 
The Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG) recommendations [43] 

establishes three categories of techniques grouped according to their highest level of selectivity (see Table 
I). In each identification category, the techniques are grouped according to the selectivity. For Category 
A, selectivity is based on structural information. For Category B, selectivity is based on chemical and 
physical characteristics. For Category C, selectivity is based on general or class information. Additionally, 
the SWGDRUG recommendations state that: 

•	 When a Category A technique is incorporated into an analytical scheme, at least one other technique 
from Category A, B, or C that explores different chemical or physical properties of the analyte must 
be used to support identification. 

•	 When a Category A technique is not used, at least three different techniques must be employed; two 
must be Category B techniques, whose combination should provide a high degree of selectivity. The 
third technique (Category B or C) is required to support the identification.

For the analyte to be successfully identified, the test results must be positive, meet all quality control 
requirements, and achieve the required selectivity. The UNODC’s Manual for use by National Drug Analysis 
Laboratories [44] recommends that at least three entirely different analytical techniques (e.g., color tests, 
chromatography, and spectroscopy) be used.
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Table I. SWGDRUG recommended techniques [43]

Category Technique

A
Selectivity based on Structural Information

Infrared Spectroscopy
Mass Spectrometry
Nuclear Magnetic Resonance
Raman Spectroscopy
X-Ray Diffractometry

B
Selectivity based on Chemical and Physical 
Characteristics

Capillary electrophoresis
Gas chromatography
Ion mobility spectrometry
Liquid chromatography
Microcrystalline tests
Pharmaceutical identifiers
Thin layer chromatography

C
Selectivity based on General or Class 
Information

Color tests
Fluorescence spectroscopy
Immunoassay
Melting point
Ultraviolet spectroscopy

There are disadvantages associated with confirmatory tests. Sample preparation can be significant and 
time-consuming. Besides that, the sample can be destroyed during the testing process, and consumable 
materials could be required [45–47].

Amphetamine-type stimulants – ATS (amphetamines and cathinones)
Phenylethylamines (phenylethan-2-amine) correspond to a group of small alkaloids with a basic 

structure containing a benzene ring and an ethyleneamine carbon chain (Figure 4(a)) [48]. Amphetamines 
and cathinones are among the molecules that belong to this group. Both structures are known as 
substituted phenylethylamines. α-Methylphenylethylamine is the simplest amphetamine known to date 
(Figure 4(b)) [49]; α-aminopropiophenone is a cathinone (Figure 4(c)) [50,51]. Along with synthetic 
cannabinoids, these two groups are the main classes of substances that have fostered the rapid growth 
of NPS’s worldwide phenomenon [52–55]. Cathinones and amphetamines have similar structures and 
hence similar stimulating effects [56]. Their effects are comparable to the effects of cocaine on the body 
[57–59]. Specifically, they act by inhibiting the return of the monoamine transporter proteins from the 
synaptic cleft to the pre-synaptic neuron [60–62]. Although there are three monoamine transporters — 
serotonin transporter (SERT), dopamine transporter (DAT), and norepinephrine transporter (NET) [63–65] 
— nonspecific transport between serotonin, dopamine, or norepinephrine and SERT, DAT, or NET has 
been reported [66,67]. Cathinones and amphetamines are divided into classes depending on the carrier 
they preferentially act [68,69]. The stimulating effects are complex but similar to the effects of cocaine 
[61,69], and they include paranoia reflexes, delirium, tachycardia, hypertension, aggressive behavior, and 
pulmonary edema [24,68,70–72].
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Figure 4. Schematic representation of the molecular structures of (a) Phenylethylamine, (b) Amphetamine-like 
substances, and (c) Cathinone-like substances.

Amphetamines and cathinones have a similar chemical structure [73], which is challenging for their 
characterization and differentiation. When colorimetric tests are used for initial evaluation, detection is not 
based on structures but on a chemical reaction characteristic of specific functional groups. This reaction 
causes a certain color to appear when the result is positive. However, false positives and false negatives 
can occur because there are tests which lack specificity [74,75]. For example, the Marquis Test (Color test 
- Category C) [38] provides a positive response for methylenedioxymethamphetamine (MDMA), fentanyl, 
and tramadol [40], whose structures belong to different classes of drugs. It is necessary to have specific 
detectors aligned with NPS demands, minimizing errors in presumptive tests. Possibilities include new 
molecules for detection [76,77], nanomaterials [78–80], and macromolecules in sensors [81,82].

For amphetamines and cathinones, Category B techniques can chemically differentiate between them 
due to differences in lipophilicity. The most straightforward structures may not have groups that alter 
lipophilicity. Differentiation is possible due to the presence of β-ketone in the cathinone derivatives, making 
them less lipophilic than amphetamines [4].

Different laboratory techniques can be applied to confirm presumptive tests. Mass spectrometry (MS) 
[83–86] provides characteristic fragmentations for amphetamines and cathinones. Due to the presence of 
the β-keto group in cathinones, chromatographic techniques can identify them [87–91]. Techniques such 
as nuclear magnetic resonance (NMR) [92–96], spectroscopy in the infrared region (IR) [21,97–99], and 
X-ray diffraction [100,101], among others [88,102–104], can accurately distinguish between amphetamines 
and cathinones. From a legal perspective, the technical professional that carries out the analyses must be 
able to distinguish between these substances because there is no consensus on banning amphetamines 
and cathinones.

Although validation methodologies are available, detection techniques pose challenges. One of them is 
that a condition of polysubstance may exist during apprehension. Substances such as caffeine, paracetamol, 
and methaclopramide, among others, may structurally resemble amphetamines and cathinones. Besides 
that, degradation products or residues from the synthesis of these substances must be considered [105]. 
Preparing samples from simple biological material, such as urine and saliva, does not require extensive 
and complex procedures [83,89,106,107]. For more complex biological samples, like blood, meconium, 

(a)

(b) (c)
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or other unconventional matrixes [108–111], preparation requires steps that include the use of liquid or 
solid extractions [112,113]. When the substances are still in their commercial form, in powders or tablets, 
analysis can be directly performed by spectroscopic techniques or through dissolution for further analysis 
[114–116]. Despite the constant challenges in analyzing amphetamines and cathinones, techniques have 
been reported for their identification and characterization, including molecular imprinting extraction [117], 
analysis of stable isotopes [118], methods based on electrochemical techniques [119–122], nanoparticles 
or macroparticles [123,124], and miniaturization [125], all of which can be combined with chemometrics 
[126–129]. 

Synthetic cannabinoids
Δ9-tetrahydrocannabinol (THC) and other cannabinoids are distributed differently in the brain, with high 

concentrations in the neocortical, limbic, sensory, and motor areas. Cannabis affects almost every system 
in the body; acts as anxiolytic, sedative, analgesic, and psychedelic agent; stimulates appetite; and has 
systemic effects [130,131].

THC and other CB1 cannabinoid receptor agonists react to the responses of the central nervous, 
providing beneficial analgesia, attenuating nausea, and vomiting in cancer chemotherapy, reducing 
intraocular pressure, stimulating appetite in stressful syndromes, relieving muscle spasms/spasticity in 
multiple sclerosis, and decreasing intestinal motility. However, undesirable side effects accompany these 
therapeutic responses, such as changes in cognition and memory, dysphoria/euphoria, and sedation 
[132–135].

Cannabis impairs cognitive and psychomotor performance. Its effects resemble the effects of alcohol 
and benzodiazepines and include reaction deceleration, motor incoordination, specific defects in short-term 
memory, difficulty concentrating, and impairment in complex tasks requiring divided attention. Cannabinoids 
produce dose-related tachycardia that can reach rates of up to 160 beats/minute or more, but tolerance is 
developed with chronic use. Chronic marijuana smoking is associated with bronchitis and emphysema. At 
high doses, the effects can change and (i) lead to recent memory loss and difficulty performing tasks that 
require mental performance, (ii) cause anxiety, and (iii) trigger or aggravate a psychotic condition [130]. 
Synthetic cannabinoids comprise different products with chemical structures that resemble the structure 
of THC (Figure 5), the primary psychoactive principle of natural cannabis. The structural characteristics 
of synthetic cannabinoids allow them to bind to one of the known cannabinoid receptors, namely CB1 
or CB2, present in human cells. The emergence of synthetic cannabinoids such as NPS, sold under 
names like “Spice” and “K2”, was first reported in 2004. Since then, new drugs have been increasingly 
reported in different parts of the world [136,137]. Synthetic cannabinoids encompass various structurally 
different substances, with the possibility of structural changes, potentially modifying affinity for cannabinoid 
receptors. In general, they represent a diverse group of potent psychoactive substances that can result in 
agonistic, inverse agonistic, or antagonistic effects [136].

   
Figure 5. Schematic representation of the molecular structure of synthetic cannabinoid-like substances.
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The large variety of molecular structures poses a challenge for forensic analysis and the identification 
of synthetic cannabinoids [138]. The most common presumptive tests for Cannabis sativa L. are Fast Blue 
B (FBB) and Duquenóis-Levine, which are based on the reaction of the analyte with the phenolic groups 
present in the chemical structure of the FBB and Duquenóis-Levine reagents [139]. The emergence of 
synthetic cannabinoids has posed significant problems for their presumptive identification by traditional 
color tests. Despite being marketed and sold as “legal high” products, these substances do not contain 
the active constituent present in marijuana, THC, so that Duquenóis-Levine test could be inappropriate. 
Synthetic cannabinoids are a diverse class of NPS that contain different sub-class structures [17]. A specific 
test for these substances is challenging because analogous compounds present in vegetables can behave 
similarly [139]. Literature shows studies on tests with synthetic cannabinoids. There have been reported 
tests for the cannabinoid JWH-019 which provide false positives results [140]. The Fast Blue BB reagent 
(FBBB) has been studied to test three cannabinoids: THC, cannabidiol (CBD), and cannabinol (CBN). 
There are commercial teas which have been used for comparison and proven to interfere in the test 
when extracted with polar solvent [141]. Microcrystal testing is not an alternative for analyzing synthetic 
cannabinoids, either, because herbal mixtures have low concentrations of analytes. Commercially available 
tests do not provide satisfactory results for all synthetic cannabinoids [136,142]. There are examples of 
experimental conditions to determine specific synthetic cannabinoids by thin-layer chromatography (TLC) 
[143].

Color and microcrystal tests are unsuitable for analyzing herbal products due to the low concentration 
of analytes and possible interferents. In this case, ion mobility spectrometry (IMS) can be considered a 
sensitive screening method for use as a presumptive test. IMS is a fast and sensitive technique that can 
detect traces of organic compounds, does not require extraction, and allows easy sampling and handling. 
The technique can be used as a rapid field detection technique [30,136].

The analytical approach for obtaining information about the chemical structure of synthetic cannabinoids 
differs from the classic analysis of phytocannabinoids. An essential aspect to consider is sampling: 
although each product is sold under a specific commercial name, the same group or lot might have different 
contents. Sensitive methods are necessary to analyze low concentrations of synthetic cannabinoids 
(usually 1–30 mg g-1), and matrix interference may be possible. Several methods can assist in the analysis: 
gas chromatography with flame ionization detector (GC-FID), gas chromatography with infrared detector 
(GC-IRD), gas chromatography with mass detector (GC-MS), TLC, Fourier transform infrared (FTIR), and 
attenuated total reflectance FTIR (ATR-FTIR) [136].

Simple extraction procedures are crucial for chromatographic analysis because active substances 
usually adhere to the surface of the plant material. GC-MS analysis can be considered the gold standard 
because it provides excellent chromatographic resolution. Furthermore, it allows active ingredients to be 
identified by their spectra with cold electron ionization (GC-MS-EI). However, this technique can be limited 
when position isomers are analyzed. The analyst should consider performing additional measurements 
with other IR or GC-IRD techniques to distinguish between them and to provide unambiguous identification 
[136,144].

Different synthetic cannabinoids exist, so GC-IRD is a valuable tool to identify similar molecules, such 
as regioisomers, diastereomers, and other isobaric molecules that exhibit almost identical MS spectra.

TLC is a cheap and fast technique that allows large numbers of samples to be processed. When 
coupled with ambient mass spectrometry techniques, such as Desorption Electrospray Ionization-Mass 
Spectroscopy (DESI-MS), a wide range of analytes can be identified [145].

In general, an extraction step allows a good IR spectrum to be obtained by evaporating the extract 
directly into the ATR diamond cell. Mobile FTIR systems are also helpful for fast sorting of materials seized 
in the field [146].

For quantitative analyses, techniques such as GC-FID, ultra-high performance liquid chromatography 
(UHPLC), and liquid chromatography coupled to mass spectrometry (LC-MS/MS) can be used [136]. 
GC-FID can be employed for both qualitative and quantitative determinations. For samples with very 
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low concentrations of the analyte, a more sensitive technique, such as liquid chromatographic methods, 
should be used. This is because there are fatty acid derivatives can interfere in gas chromatography 
methods. LC-MS/MS is suitable for analyses of low concentrations of synthetic cannabinoids in complex 
herbal mixtures. Its low detection limits allow tracking and analysis of biological specimens, such as blood 
and hair [147,148].

Other techniques and approaches can be applied to analyze synthetic cannabinoids in herbal products 
[136]. Direct analysis in real-time mass spectrometry (DART-MS) or desorption atmospheric pressure 
photoionization (DAPPI) can be directly used in plant material, without the need for extraction or sample 
preparation [149,150]. High-resolution mass spectrometry (HRMS) can be used to determine the precise 
elementary compositions of new synthetic molecules, double bonds, and precise mass of ions/fragment 
[151]. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF-MS) enables direct 
qualitative analysis of herbal mixtures, offers fast and straightforward operation, provides high analysis 
performance, and can be used for initial “screening” of confiscated material [152]. As for NMR, it allows the 
structure of new unknown synthetic cannabinoids to be identified and elucidated [153].

NBOMes
NBOMes appeared in 2013 and were initially sold on the Internet as a legal alternative to LSD. They 

are known as N-Bomb, Smiles, Pandora, and Dime. Increased consumption of these substances can be 
attributed to their low price and wide availability, and they can be sold as powder, pills, ampoules, and 
stamps. They are usually associated with intoxication and even death and have no reported therapeutic 
use or adverse effects. This group consists of class 2C hallucinogens; more specifically, phenethylamines 
(Figure 6). Despite their structural diversity, one of the most common NBOMes belong to the 25C-NBOMe 
group [154–157].

The “2C” indication describes the chemical structure in which the phenylamino group is separated by 
two carbon atoms. The appearance of NBOMes in the underground drug market was favored by the fact 
that 2C substances contain substituents such as N-(2-methoxybenzyl) phenethylamines. NBOMes are 
classified according to their substitution in the 4th position of the dimethoxy phenyl ring, to give substances 
like 25I-NBOMe (Iodine), 25B-NBOMe (Bromine), 25C-NBOMe (Chlorine), and 25H-NBOMe (Hydrogen) 
and organic groups such as 25D-NBOMe (Methyl), 25E-NBOMe (Ethyl), and 25N-NBOMe (nitro). A 
“complexant” called hydroxypropyl-b-cyclodextrin can be added to NBOMes during manufacture to make 
these substances cross membranes more easily, which potentializes their effects. Studies on the activity 
of NBOMe structures have indicated that the 5-HT2A receptor significantly increases the activity of these 
substances and hence their pharmacological action. Their hallucinogenic effect stems from activation 
of these receptors (which imply the same pathophysiology of depression and schizophrenia) given that 
N-benzyl derivatives have a greater affinity for receptors than analogous “2C” substances. Like lysergic 
acid, NBOMes are active in minimal doses, so they are often sold as an alternative to LSD [4,156,158–
160]. Because NBOMes are new, there is a lack of information about their toxicological properties. They 
were prohibited only a short time ago.

Analytical Challenges for Identification of New Psychoactive Substances
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Figure 6. Schematic representation of the molecular structure of NBOMe-like substances.

One of the presumptive tests for detection of NBOMes is the Marquis reagent. This reagent consists 
of a mixture of 37% formaldehyde and glacial acetic acid, and drops of sulfuric acid [161]. In contact with 
NBOMe samples, the reagent may reveal different colors. According to the PRO Test 2021 color chart 
from Chemical Safety, the colors are as follows: orange for 25C-NBOMe, 25D-NBOMe, 25G-NBOMe, 
and 25T-NBOMe; greenish for 25B-NBOMe; pink for 25E-NBOMe; reddish-brown for 25IP-NBOMe and 
25N-NBOMe; and brown for 25H-NBOMe and 25I-NBOMe. The Mecke test, which consists of adding 
selenous acid to sulfuric acid, can also be used [161]. According to the same color table mentioned 
previously, the revealed colors are green for 25E-NBOMe and 25IP-NBOMe, dark brown for 25I-NBOMe 
and 25N-NBOMe, greenish yellow for 25D-NBOMe, dark green for 25H-NBOMe, and lilac for 25T-NBOMe. 
Bearing in mind that the Marquis test is also used to detect MDMA and amphetamines and can react 
with common substances such as sugars, false positives can occur because the same colors that would 
correspond to a specific NBOMe can be revealed when in fact other substances are present in the sample. 

The most recommended confirmatory tests to detect and to quantify NBOMe derivatives are liquid and 
gas mass spectrometry, high-performance liquid chromatography (HPLC), and FTIR. Analysis of NBOMes 
on blotter papers usually does not require sample preparation when infrared methods are employed. 
This analysis is non-destructive and preserves the characteristics of the sample, being interesting for 
forensic objectives. As for liquid chromatography, electroanalytical, and gas chromatography methods, 
they demand organic solvent extraction, usually methanol. Analysis of biological samples, like blood, 
urine, serum, vitreous humor, liver, and gastric content, requires extraction with organic solvent for 
most techniques [162–166]. In samples seized on stamps, GC-MS or LC-MS/MS are generally used. 
Spectrometric techniques are advantageous: they are not destructive, so the samples are preserved 
after analysis. Another advantage of these confirmatory tests is the possibility of quantifying and verifying 
possible impurities. Despite the reliability of these tests, special attention is still needed in the case of GC-
MS. Depending on sample preparation, it can be confusing for 2C molecules. These confirmatory tests are 
mainly applied for seized and biological samples such as fluids and tissues [167–169].

Synthetic opioids
Opioids and opiates are different. Opiates are alkaloids directly isolated from opium, an extract from 

poppy (Papaver somniferum), a plant with medicinal properties. Morphine, codeine, and thebaine are 
prominent examples of opiates. Chemical modifications to these opiates afford semi-synthetic opioids. 
Heroin is the most remarkable example of this class – it is obtained by deacetylation of morphine. In turn, 
synthetic opioids are entirely produced in the laboratory, and they simulate pharmacophoric groups of 
morphine. All these substances have agonist activity at opioid receptors and present similar mechanisms 
of action, symptoms, and effects, but potency, time, and duration of action are different [170].
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New Synthetic Opioids (NSO) started to appear in 2010. In 2013, they became a serious public health 
issue, starting the so-called opioid epidemic in the United States of America (USA) and the European 
Union (EU). NSO can be divided into fentanyl analogous substances and non-fentanyl-related substances. 
Fentanyl analogous substances (Figure 7(a)) are known as Nonpharmaceutical Fentanyl (NPF) and include 
substances of the class 4-anilidopiperidine, which have been synthesized clandestinely or have not been 
approved for medical use. In addition to fentanyl itself, the main fentanyl analogous substances include 
carfentanyl, 3-methylfentanyl, alfentanil, acetylfentanyl, butyrfentanyl, furanylfentanyl, and p-fluorofentanyl, 
among others. Non-fentanyl-related substances are less varied and do not belong to a single structural 
class. Their terminology is linked to the pharmaceutical industry or to the researcher who synthesized it. 
The main examples of these substances are U-47700, U-50488, AH-7921, MT-45, and fenampromide 
(Figure 7(b)–(e)) [171,172].

   

   
Figure 7. Schematic representation of the molecular structure of (a) Fentanyl-like substances, (b) 
U-50488, (c) AH-7921, (d) MT-45, and (e) Fenampromide.

(a)

(b) (c)

(d) (e)
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The most used technique for detection of synthetic opioids is chromatography; more specifically, 
GC-MS and LC-MS/MS and liquid chromatography coupled to high-resolution mass spectrometry (LC-
HRMS) [173–175]. High-performance liquid chromatography coupled to ultraviolet detector (HPLC-UV) 
or amperometric detector (HPLC-AD) [176], ultra-performance liquid chromatography coupled to mass 
spectrometry (UPLC-MS/MS) [177], and ultra-high performance liquid chromatography coupled to mass 
spectrometry (UHPLC-MS /MS) are also used [178]. Other techniques include IMS and direct analysis of 
thermal desorption in real-time mass spectrometry (TD-DART-MS) [179], Raman and Infrared spectroscopy 
[180], and NMR [181]. 

Analyzed matrixes include blood (whole blood, serum, and plasma), urine, liver, bile, vitreous humor, 
brain, gastric tissue, kidney, seized samples, and sewage. As for extraction techniques, dilution, liquid-
liquid extraction (LLE), solid-phase extraction (SPE), and protein precipitation (PP) are generally used 
[88,173].

The presumptive tests that are most used to detect synthetic opioids are colorimetric tests, thin-layer 
chromatography, strip tests, and immunoassays [21]. Among the colorimetric tests, the commercially 
available Marquis test and Scott test stand out, as well as the Eosin Y test, which is not yet commercially 
available. These three tests provide adequate results for the presumptive detection of 18 fentanyl analogs. 
The fentanyl analogs react with the Marquis reagent, to form an orange color immediately and a dark 
brown color after five minutes. MDMA, heroin, codeine, and morphine also respond to the Marquis reagent, 
albeit with different colors. The Scott reagent reacts with the fentanyl analogs, benzocaine, and cocaine, to 
form a blue tint. The Eosin Y reagent reacts with the fentanyl analogs, to give a dark pink color, and with 
benzocaine, procaine, caffeine, acetaminophen, cocaine, codeine, morphine, and heroin, to result in a light 
pink color. The discriminating ability of TLC (SiO2, chloroform-benzene-methanol (10:2:1v/v/v)) has been 
tested for fentanyl, 4-ANPP, and heroin analogs. TLC can detect the analytes with the modified Dragendorff-
Ludy-Tenger reagent, and their retention factors (Rf) have been recorded. Although discrimination of all 
the 18 fentanyl analogs is not entirely possible, discriminating the fentanyl analogs from N-phenyl-1-(2-
phenylethyl)-4-piperidinamine (4-ANPP) and heroin is feasible under these conditions [88].

Immunoassay-based strip tests have been tested for 28 fentanyl analogs. The selectivity and sensitivity 
of the tests allow between 21 and 24 analogs to be detected. The tests depend entirely on the concentration 
of the drug solution [182]. Evaluation of immunoassay-based tests has shown that they can detect 11 
fentanyl analogs [183]. Immunoassays for opioids use mainly morphine to indicate the result, which 
can make detection difficult when various drugs are present in the seized sample, making identification 
impossible [33].

Benzodiazepines
Benzodiazepines, or benzos, are central nervous system depressants with a fused benzene and a 

diazepine ring system [184]. Figure 8 shows their basic chemical structure. They are classified as sedative-
hypnotic medications. They have been prescribed since the late 1960s in the United States because they 
are highly effective for several medical disorders and short-term treatment of mental health disorders 
such as anxiety, insomnia, and panic disorder, with the advantage that they are safer than other drugs, 
especially barbiturates [184–189]. The most common benzodiazepines are diazepam (Valium), lorazepam, 
and alprazolam, and their abuse has been discussed by Cole and Chiarello [185].
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Figure 8. The classical structure of benzodiazepines is based on a 5-aryl-1,4-
benzodiazepine structure. “R” labels denote common locations of side chains, 
which give different benzodiazepines their unique properties [44].

The abuse potential of benzodiazepines was recognized as soon as they started being prescribed, 
which led the United Nations Convention on Psychotropic Substances 1971 to place 38 benzodiazepines 
under control [54,190]. Benzodiazepines are one of the most prescribed drugs in the world. They have 
been linked to a relevant number of deaths. Indeed, many people who were prescribed these drugs for 
legitimate medical treatment became addicted to them and developed abusive behavior. In the United 
Kingdom (UK), 21 million benzodiazepine prescriptions take place every year, and 1.5 million people are 
estimated to be addicted to them [188,191,192].

The abuse of benzodiazepines is a global issue, and an increasing number of NPS-benzodiazepines have 
appeared in various countries [186,187,193,194]. Elliot and Evans [186] reported that benzodiazepines were 
present in 38 of 203 cases related to NPS between 2010 and 2012. By 2013, new benzodiazepines such 
as etizolam and flubromazepam had emerged. Benzodiazepine abuse was reported to have contributed to 
45% of the opioid-induced deaths in Australia in 2016. Furthermore, in 2017, sedative hypnotic substances 
represented 33% of the overall NPS reported to UNODC for the first time at global level [195].

Manchester et al. [190] mentioned the emergence of NPS-benzodiazepines in many countries all over 
Europe. Several of these substances have never undergone the clinical testing that is required of licensed 
medicines, so their increasing availability poses serious health risks to polydrug users and benzodiazepine-
dependent patients who can no longer obtain their prescription and may turn to other means of obtaining 
benzodiazepines.

In the case of benzodiazepines, which are usually supplied as tablets, capsules, or liquids to be 
injected, the presumptive test is the Zimmerman test [18,44]. This test is not specific for benzodiazepines, 
so analysts are advised to combine TLC and cooler development after spraying with selected reagents 
as a presumptive test. In seized samples, benzodiazepines are commonly present as the free base, 
hydrochloride, mesylate, or salt.

TLC is a technique that gives good separations for several benzodiazepines. Different preparation 
methods and visualization are prescribed, and results have been reported for three solvent systems [44]. 

A colorimetric test based on cobalt thiocyanate has been developed for presumptive identification of 
benzodiazepines. Such test can be used to quantify these substances and has the advantage of being rapid, 
highly specific, and low-cost. This color test produces green color for eight benzodiazepines – nitrazepam, 
temazepam, diazepam, bromazepam, clonazepam, estazolam, lormetazolam, and alprazolam, whereas 
developed color was absent in other controlled or pharmaceutical substances tested during the study. 
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Therefore, this test can be a helpful presumptive screening tool for benzodiazepines in suspected illicit 
samples and pharmaceuticals [196].

GC-FID can analyze most benzodiazepines. However, many of these substances may undergo thermal 
degradation. GC-MS provides precise spectral data for individual analytes in complex mixtures, often 
without prior separation. HPLC presents limitations regarding compound separation with benzodiazepines. 
However, there are recommended methods for qualitative and quantitative analysis of the substances 
under international control. LC-MS/MS represents a rapid, simple, and overly sensitive procedure for 
simultaneous analysis of fourteen benzodiazepines. IR usually provides unequivocal identification of 
benzodiazepines. Still, there are cases of poor solubility in chloroform samples, so the drug cannot be 
separated in its pure form, which is a limitation of this method and requires other preparation methods [44]. 

Analytical methods for determining benzodiazepines in human biological specimens have also been 
reported [190,197,198].

CONCLUSION 
Correct identification of illicit substances is essential for law enforcement and health care and driving 

justice and public policies. Although drug testing is routine in Forensic Laboratories, new analytical challenges 
have emerged with the rise of new psychoactive substances. Even though various methodologies can be 
used for drug identification, there is no specific testing methodology for NPS. 

In the case of presumptive tests, joint problems and pitfalls include the fact that these tests cannot 
differentiate numerous compounds that are prohibited. The alternative would be using portable spectroscopic 
equipment to increase reliability. However, such equipment is expensive and inaccessible to investigative 
bodies. On the other hand, reliable confirmatory tests are costly and require special conditions for analysis. 
They can require extensive sample preparation and may be destructive. One of the significant challenges 
is obtaining analytical standards that can serve as a reference. Even though these tests are reliable, the 
lack of analytical standards does not allow correct definitive identification. Furthermore, analysis is subject 
to the analyst’s interpretations, which can be subjective. Even when resources for confirmatory tests are 
available, they may not be sufficient to provide accurate information, thus limiting correct identification 
[199]. 

In this paper, we have provided an overview of five classes of compounds. We have presented 
characteristics and made comments regarding their testing. Information about these drugs is widespread 
in the literature. It is essential to highlight that there is no ideal method for NPS identification. Combining 
different analytical tools might be necessary when evaluating these substances. Besides that, new 
analytical approaches can be constantly searched to improve detection and identification [28,138,200]. 

There is a constant demand for new information about the chemical characteristics and effects of 
these substances. Concrete data on seizures, quantity, and types of substances are essential to feed 
collaborative actions in law enforcement, regulation control, and harm reduction and help set drug policies.
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Additive-manufacturing is one of the 
major pillars of the new industrial 
revolution and the three-dimensional 
(3D) printing technology has been 
highlighted in this scenario. Among the 
many areas benefited by 3D-printing, 
the development of electrochemical 
sensors has appeared in evidence in 
the last years. One potential application 
of 3D-printed electrochemical sensors 
is devoted to forensic chemistry, which 
demands for portable analytical 
methods that can provide on-site 
measurements and thus bring a 

relevant information in loco. In this context, this review highlights the recent contribution of 3D-printing 
technology on the development of electrochemical sensors with great promises for on-site analysis in 
“real-world” forensic scenarios. From the detection of trace explosives, gunshot residues, illicit drugs and 
chemical threats, to the measurement of adulterants in food and fuels, we show the wide range of 
applications that 3D-printed electrochemical sensors have been proposed and future demands that can be 
addressed by such a powerful, affordable, and accessible tool.

Keywords: Forensics, Illicit drugs, Crime Scene, Electrodes, Composite.

Abbreviations: 3D, three dimensional; AAS, atomic absorption spectroscopy; ABS, acrylonitrile butadiene 
styrene; ASTM, American Society for Testing and Materials; BIA, batch injection analysis; CB/PLA, 
carbon black/polylactic acid; DMF, dimethylformamide; DNT, 2,4-dinitrotoluene; DPV, differential pulse 
voltammetry; EIS, electrochemical impedance spectroscopy; FDM, fused deposition modeling; G/PLA, 
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graphene/polylactic acid; GSR, gunshot residue; HMTD, hexamethylene triperoxide diamine; HPLC, 
High performance liquid chromatography; ICP OES, inductively coupled plasma with optical emission 
spectrometry; ICP-MS, inductively coupled plasma with mass spectrometry; IMS, ion mobility spectrometry; 
LIBS, laser-induced breakdown spectroscopy; NAA, neutron activation analysis; NPS, novel psychoactive 
substances; PB, Prussian blue; PETN, pentaerythritol tetranitrate; PGE, pencil graphite electrode; 
RDX, cyclo-1,3,5-trimethylene-2,4,6-trinitramine; SEM/EDX, scanning electron microscopy with energy 
dispersive X-ray analysis; SLA, stereolithography; SLM, selective laser melting; SPE, screen-printed 
electrode; SWASV, square-wave anodic stripping voltammetry; SWV, square-wave voltammetry; TATP, 
triacetone triperoxide; TNT, 2,4,6-trinitrotoluene;

INTRODUCTION 
Three-dimensional (3D) printing, which is considered an additive manufacturing technology, has been 

considered one of the pillars of the fourth industrial revolution due to the enormous benefits brought to 
several areas, including dentistry, medicine, electronics, aerospace, engineering, civil construction, food 
and many others [1]. The chemistry area has also been greatly impacted by 3D printers, as they can provide 
fast and low-cost fabrication of geometrically complex 3D structures and many parts or objects to replace 
broken pieces of instruments inside research and teaching laboratories [2]. Moreover, 3D printing can be 
used to fabricate versatile reaction ware for chemical synthesis [3] as well as electrodes for rechargeable 
batteries [4]. Probably, electrochemistry and analytical chemistry are two major traditional areas that 
have been taken several advantages from this technology for several applications as reported in recent 
revisions for electrochemical energy application [5], electrochemical sensors [6], analytical detectors [7] 
and microfluidic devices [8].

One field of investigation that can be greatly benefited by 3D printing is the forensic science, specifically 
forensic chemistry. A recent review highlighted the applications of 3D printing in forensic science, including 
crime scene reconstruction, ballistic reconstruction, pattern and impression evidence, forensic archeology, 
medicine, anthropology, taphonomy, odontology and engineering; however, there are no mentions 
of forensic chemistry [9]. Aiming to inspire forensic chemistry researchers, this review shows potential 
applications of 3D printing for electrochemical sensing of different molecules of forensic interest. The focus 
on electrochemistry is explained by the inherent advantages provided by electrochemical methods for 
portable analysis, which is an Achilles tendon in forensic chemistry, for instance most analytical methods 
for onsite monitoring of chemical evidences are based on colorimetric assays. Hence, this review aims to 
shed light on electrochemical sensors for forensic analyses as well as on the introduction of 3D printing 
in the development of affordable and large-scale electrochemical devices aiming at obtaining chemical 
evidences to aid police forces or regulatory agencies to solve criminal issues. The review is divided into 
three sections (a: explosive and gunshot residue; b: illicit drugs; and c: food and fuel) in which 3D-printed 
electrodes were successfully applied. Special attention is given to the fused deposition modelling (FDM) 
which has been demonstrated a powerful tool for the fabrication of low-cost electrochemical devices. As 
conclusions, many other possibilities of 3D printing for forensic electrochemistry are envisaged showing 
great perspectives of such a powerful tool.

EXPLOSIVES AND GUNSHOT RESIDUE
The development of new analytical methods for the detection of explosives is one of the fields of 

forensic analysis that has attracted great interest by different research groups [10,11]. This interest is a 
consequence of the need for finding alternatives to improve public security, since explosives are commonly 
used in terrorist attacks [12]. In this context, the application of chemical knowledge combined with portable 
instrumentation has made possible the development of analytical devices that enable the detection of 
traces of explosives at the crime scene to provide information to assist in the identification of suspects. 
Some of the widely used explosive compounds are 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT), 
cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX), pentaerythritol tetranitrate (PETN), triacetone triperoxide 
(TATP), and hexamethylene triperoxide diamine (HMTD) [10,13]. 
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The literature presents some methods commonly used in the identification and determination of these 
explosives, with great emphasis on ion mobility spectrometry (IMS), Raman and colorimetric detection 
methods, which have been widely used over the past few years [11]. Additionally, electrochemical 
methods have also been widely explored due to some special features, such as sensitivity, low cost, easy 
miniaturization, and portable instrumentation, which can be combined with chemically-modified electrodes 
to generate electrochemical sensors with improved selectivity and stability [10,14]. Among the main 
conductive materials used for the development of electrochemical sensors, we highlight the large number 
of studies involving carbon-based electrodes [15–19]. 

With the increase of interest in 3D printing, a variety of electrochemical devices have emerged, and 
the analysis of explosives has also become the object of study by several research groups, as showed 
in Table I. Tan et al. demonstrated the utilization of a gold plated-3D printed stainless steel electrode 
for the determination of TNT and DNT, as summarized in Table I – Line A [20]. The 3D-printed metallic 
sensor was built using the SLM printing technique, and subjected to a gold electroplating step. Differential 
pulse voltammetry (DPV) was the selected electrochemical technique for the analysis of explosives. To 
evaluate the performance of the proposed sensor, the authors performed comparative studies with a 
glassy carbon electrode (GCE). Importantly, on bare 3D-printed electrode, no electrochemical signs of 
DNT and TNT were observed, which highlights the need for modifications of the electrode surface to 
improve the electrochemical performance of such electrodes. This improvement was attributed to the 
increase in surface area and electrocatalytic properties of the sensor. The gold-plated 3D-printed metallic 
sensor showed better sensitivity, 3.6 times greater than GCE in the determination of DNT, while for TNT, 
the sensitivity was 1.4 times greater than GCE. The results also evidenced a good linear range for DNT 
using the 3D-printed electrode (60 to 220 µmol L-1) in comparison with GCE (1 to 200 µmol L-1). For TNT, 
the obtained linear range was set between 220 and 400 µmol L-1. 

In addition to explosives, the authors also demonstrated the application of the sensor for the determination 
of fenitrothion, a pesticide that may be found in contaminated natural waters [20]. Considering that metallic 
electrodes can be used for several applications in electroanalysis, including forensic electrochemistry, 
the selective laser melting (SLM) technique would provide great promises for electrochemical sensing; 
however, an SLM 3D-printer presents a very high cost compared with other 3D printers, such as FDM, and 
thus is less accessible to many laboratories.
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Table I. 3D printed electrochemical sensors applied for the determination of explosives and gunshot residue

Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

Gold plated-3D 
printed stainless 
steel
(Line A)

— SLM
TNT
and
DNT

Explosives DPV [20]

G/PLA
(Line B) 

Chemical 
activation FDM Picric Acid Explosives CV [21]

G/PLA
(Line C)

Thermal 
annealing FDM Picric acid Explosives CV [30]

G/PLA
(Line D)

Mechanical 
polishing FDM TNT Explosives SWV [31]
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Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

CB/PLA
(Line E)

Electrochemical 
activation 3D printing pen TNT Explosives SWV [35]

Dual bioink printed
nose 
(Line F)

— - TNT Explosives EIS [36]

Ring-based 
screen-printed 
sensor
(Line G)

— FDM DNT Explosives SWV [38]
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Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

G/PLA
(Line H)

Mechanical 
polishing 

and chemical 
activation 

FDM Pb2+ and 
Sb3+

Gunshot 
residue SWASV [62]

Electrochemical device: G/PLA: graphene/polylactic acid; CB/PLA: carbon black/polylactic acid.
3D printing technique: SLM: selective laser melting; FDM: fused deposition modelling.
Analytical technique: DPV: differential pulse voltammetry; CV: cyclic voltammetry; SWV: square-wave voltammetry; EIS: electrochemical impedance spectroscopy.
Images reprinted with permission from American Chemical Society:
● Tan, C.; Nasir, M.Z.M.; Ambrosi, A.; Pumera, M. 3D Printed Electrodes for Detection of Nitroaromatic Explosives and Nerve Agents. Anal. Chem., 2017, 89 (17) 8995–9001 (https://
doi.org/10.1021/acs.analchem.7b01614). Copyright © 2017 American Chemical Society. [20]
● Palenzuela, C.L M.; Novotný, F.; Krupička, P.; Sofer, Z.; Pumera, M. 3D-Printed Graphene/Polylactic Acid Electrodes Promise High Sensitivity in Electroanalysis. Anal. Chem., 
2018, 90, 5753–5757 (https://doi.org/10.1021/acs.analchem.8b00083). Copyright © 2018 American Chemical Society. [21]
● Novotny, F.; Urbanova, V.; Plutnar, J.; Pumera, M. Preserving Fine Structure Details and Dramatically Enhancing Electron Transfer Rates in Graphene 3D-Printed Electrodes via 
Thermal Annealing: Toward Nitroaromatic Explosives Sensing. Applied Materials, 2019, 11, pp 35371−35375 (https://doi.org/10.1021/acsami.9b06683). Copyright © 2019 American 
Chemical Society. [30]
● Sempionatto, J. R.; Mishra, R. K.; Martín, A.; Tang, G.; Nakagawa, T.; Lu, X.; Campbell, A. S.; Lyu, K. M.; Wang, J. Wearable Ring-Based Sensing Platform for Detecting Chemical 
Threats. ACS Sensors, 2017, 2 (10), pp 1531–1538 (https://doi.org/10.1021/acssensors.7b00603). Copyright © 2017 American Chemical Society. [38]
Images reprinted with permission from Elsevier:
● Sensors and Actuators B: Chemical, Vol. 292, Cardoso, R.M.; Castro, S.V.F.; Silva, M.NT.; Lima, A.P.; Santana, M.H.P.; Nossol, E.; Silva, R.A.B.; Richter, E.M.; Paixão, T.R.L.C.; 
Muñoz, R.A.A.,3D-printed flexible device combining sampling and detection of explosives, Pages No. 308-313, Copyright 2019, with permission from Elsevier. [31]
● Analytica Chimica Acta, Vol. 1132, Cardoso, R.M.; Rocha, D.P.; Rocha, R.G.; Stefano, J.S.; Silva, R.A.B.; Richter, E.M.; Muñoz, R.A.A., 3D-printing pen versus desktop 3D-printers: 
Fabrication of carbon black/polylactic acid electrodes for single-drop detection of 2,4,6-trinitrotoluene, Pages No. 10-19, Copyright 2020, with permission from Elsevier. [35]
● Analytica Chimica Acta, Vol. 1130, Castro, S.V.F.; Lima, A.P.; Rocha, R.G.; Montes, R.H.O.; Santana, M.H.P.; Richter, E.M.; Muñoz, R.A.A., Simultaneous determination of lead 
and antimony in gunshot residue using a 3D-printed platform working as sampler and sensor, Pages No. 126-136, Copyright 2020, with permission from Elsevier. [62]
Images reprinted with permission from Wiley: 
● Jodat, Y. A.; Kiaee, K.; Jarquin, D. V.; Hernández, R. L. D. la G.; Wang, T.; Joshi, S.; Rezaei, Z.; Melo, B. A. G. de; Ge, D.; Mannoor, M. S.; Shin, S. R. Adv. Sci., 2019, 7, 1901878 
(https://doi.org/10.1002/advs.201901878). Creative Commons Attribution License 2020, with permission from Wiley. [36]
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Palenzuela et al. performed the determination of picric acid using as electrochemical sensor a 3D-printed 
electrode fabricated by FDM and using a thermoplastic filament composed of graphene and polylactic 
acid (G/PLA) [21]. The commercialization of conductive filaments has strengthened the development of 
devices for electrochemical application, including sensing and biosensing [6]. FDM is the most affordable 
3D-printing technology and for this reason has become very popular, which has encouraged new users 
of such 3D-printers. However, generally the FDM 3D-printed carbon-based PLA electrodes requires a 
surface treatment to improve their electrochemical activity as evidenced by cyclic voltammetric experiments 
of redox probes before and after treatment [22–29]. The work by Palenzuela et al. proposed a simple 
treatment with dimethylformamide (DMF) (immersion of the 3D-printed electrode for 10 min) [21]. The 
electrodes were printed in two different designs: disc and ring-shaped electrodes (Table I – Line B). 

For these two designs, the calculated electroactive area was about 2.6 and 1.9 times greater than 
the geometric area of the electrodes in ring and disc-shaped, respectively, which is directly related to the 
higher roughness of the 3D-printed electrodes. Due the larger active area, the authors chose to use the 
ring-shaped electrode for the determination of picric acid. For this, the cyclic voltammetry was used to 
study the electrochemical behavior of the analyte, which was similar to that obtained on a GCE, in addition 
to allow the determination of the analyte in a wide linear range at low concentrations (5 to 350 mg L-1). 
Moreover, the determination of ascorbic acid was also demonstrated to expand the application of the 
sensor in different fields [21].

The determination of picric acid was again performed on a 3D-printed G/PLA sensor developed by 
Novotný et al., as showed in Table I – Line C. The main novelty of this work was a new chemical-free pre-
treatment of the FDM 3D-printed electrode surface [30]. This treatment consisted of a thermal annealing in 
a vacuum oven, which promoted a great improvement in the electrochemical activity of the material that was 
evidenced by cyclic voltammetric scans before and after treatment. Compared to a chemically activated 
electrode with DMF, the results were also superior, with lower values of capacitance and resistance to charge 
transfer (Rct). This new type of treatment also provided lower values of ΔEp (difference between oxidation 
and reduction peaks) and RSD in inter-electrode tests (n = 3) when compared with an electrode without 
any treatment and treated with DMF. The durability of the 3D-printed electrode was evaluated by carrying 
out analyses after 8 weeks of manufacture and the results showed the conservation of the electrochemical 
performance. With promising initial studies, the determination of picric acid was successfully performed 
in a range from 5 to 50 mg L-1, obtaining a LOD of 0.1 mg L-1, results similar to those obtained using 
the chemically-treated electrode and GCE, which demonstrates that this form of chemical-free treatment 
emerges as a viable alternative of treatment. 

Important for forensic applications, a novel application of 3D-printed G/PLA electrodes was demonstrated 
as sampler of explosive residues. The sensor was 3D-printed using the FDM technique and treated by a 
simple mechanical polishing. After this, the device was used for the collection of TNT residues by swiping 
the sensor over suspected surfaces (working as a swab), and next placed in an electrochemical cell (Table 
I – Line D), filled with supporting electrode, and the presence of TNT residues was detected by square-
wave voltammetry (SWV) [31]. This strategy can be considered as a voltammetric approach of immobilized 
particles [32], because the voltammetric scan occurs immediately after immobilization of TNT particles that 
likely continues adhered on the electrode surface during the voltammetric scan. The adherence of the TNT 
particles is evident because the first scan presents a much higher current response than the following 
scans for the same 3D-printed electrode used for TNT sampling. Considering experiments is solution, 
TNT can be quantified within a linear range of 1 to 870 µmol L-1 and LOD of 0.4 µmol L-1. Moreover, the 
proposed sensor has a satisfactory intra and inter-electrode precisions, with RSD values lower than 10%. 
For the samples, the amount of TNT collected was estimated using Faraday’s Law and the results showed 
that the 3D-printed sensor acted as a good collector, as it was able to collect 3.2, 20 and 15 ng of TNT on 
granite, metal and glove surfaces, respectively [31]. 

Another possibility for obtaining 3D printed sensors was presented by Cardoso and coauthors who 
performed a comparative study between electrodes obtained by a desktop FDM 3D-printer and a 3D 
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printing pen [33]. The 3D-printed electrodes were constructed using a carbon black/polylactic acid (CB/
PLA) filament and were evaluated in two designs: 1) single disc-shaped working electrode placed in an 
electrochemical with conventional counter and references electrodes and 2) three-electrode system on a 
planar substrate similar to a commercially-available screen-printed electrode (Table I – Line E). In both 
cases, the 3D-printed electrodes were electrochemically activated in 0.5 mol L-1 NaOH solution [27,34]. 
The three-electrode planar system presented better inter-electrode reproducibility (RSD = 4%) and 
electrochemical performance for the sensing of TNT in a single drop. These results demonstrated the great 
potential of 3D printing pens in the construction of new devices for the determination of explosives, with a 
linear range of 5 to 500 µmol L-1 and LOD of 1.5 µmol L-1, with high precision between measurements [35].

Although the analytical parameters are not superior in comparison to other works reported in the 
literature, for example the work by Cardoso and collaborators that also proposes the determination of TNT 
using 3D-printed electrodes [31], this work brings as main advantages the lower cost, the portability of the 
three-electrode platform and the possibility of analysis in a single drop, which considerably minimizes the 
consumption of reagents. Moreover, the authors highlight the possibility of reuse of the sensor up to three 
times through a mechanical polishing step that promotes the renewal of the surface [35]. 

In addition to the sensors described above, some research groups have used the advantages of 3D 
printing for the development of more sophisticated electronic devices combined with electrochemical 
techniques for the determination of explosives. Jodat et al. developed a dual bioink-printed nose constructed 
with an integrated biosensing system (Table I – Line F) and demonstrated the potential of the device 
for detection of explosive odor (TNT vapor) [36]. For this, the authors used electrochemical impedance 
spectroscopy (EIS) associated with a gold-based biosensor functionalized with a TNT-specific peptide. The 
system was capable to mimic the mechanism of odor detection carried out in the olfactory epithelium and 
allowed the detection of explosives with high sensitivity, with a wide linear range between 1 and 1000 pg 
mL-1 and LOD of 0.38 pg mL-1 of TNT. These results are superior to another bioelectronic nose developed 
by Gao and collaborators for the TNT detection [37]. Due to the characteristics of the device developed by 
Jodat et al. [36], they also evaluated the degradation of the peptide after the biosensor functionalization 
process and observed a stability of use for up to 5 days, which indicates a new functionalization step of the 
substrate every 5 days [36]. Then, this strategy appears as a very interesting alternative for the detection 
of the explosives in vapor phase using a 3D printed system with high sensitivity, since the vast majority 
of works, such as those described above, are focused on performing analysis in solution [20,31,35] and 
residual solid particles [31]. 

Sempionatto et al. presented a wireless wearable ring-based multiplexed chemical sensor platform that 
was applied in the determination of DNT in liquid and vapor phase, as showed in Table I – Line G. The 
device consists of a 3D-printed ring containing electronic microstructures integrated with a screen-printed 
carbon electrode. For explosive detection, the authors used a semisolid agarose hydrogel to cover the 
electrode surface and SWV was selected as electrochemical technique for DNT determination [38]. To 
evaluate the stability and the performance of the proposed sensor, the authors performed experiments in 
0.1 mol L-1 PBS solution, in which it was possible to observe the occurrence of two clear and well-defined 
peaks referred to DNT reduction. The linear range was obtained between 0 and 100 µg L-1, with clear signals 
from 10 µg L-1 and an LOD estimated to be 4 µg L-1. The excellent performance of the system enabled the 
detection of DNT vapor. The studies were performed with the presence of 5, 50 and 100 mg of DNT in the 
system constructed by the authors and which contained the ring as a detector, and the SWV scans showed 
the increase in the current proportional to the mass of DNT. It is important to emphasize that the increase 
in the incubation time of explosive in the container also results in an increase in the electrochemical signal, 
which indicates an accumulation effect. Analytical parameters such as reproducibility and selectivity were 
studied and again the results are promising.

This method appears as an excellent alternative, especially due to the low cost of screen-printed 
electrodes, which can be easily replaced to ensure the continuous operation of the device. However, 
the wearable ring has a limitation related to the stability of the agarose gel, which is susceptible to water 
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loss and can influence currents acquired by SWV. Stability tests showed that, in a sealed container and 
in the presence of the analyte, the gel remains stable for a period of 24 h. In addition to this application, 
the authors also demonstrated the possibility of using the 3D-printed ring for the determination of H2O2 
and organophosphate, demonstrating the great potential of this device for different voltammetric and 
amperometric analyses [38].

The papers discussed above demonstrate a crescent interest by research groups in applying the 
advantages of 3D printing technology in the construction of devices with portable characteristics. Taking 
that into account, the main highlight is the use of the FDM technique that has been widely explored in the 
development of devices with the most varied designs. Moreover, most of these works showed the need 
for a surface pre-treatment of the FDM 3D-printed electrode surfaces to improve their electrochemical 
activity, with a great emphasis on electrochemical treatments and thermal annealing, since they are more 
ecological alternatives. Along with this, the use the 3D pen offers great promises since they can also 
be used construct electrochemical devices with similar performance to desktop 3D-printers. Additionally, 
the use of 3D pens presents as advantages the lower acquisition cost and the use of small amounts of 
conductive filament to manufacture the sensor [39,40].

Regarding the analytical performance, it is observed that the sensors showed excellent sensitivity, 
evidenced by the low values of LOD and wide linear ranges at low concentrations. The results are 
comparable to other sensors already reported in the literature for the determination of picric acid 
[41,42], DNT [43–45] and TNT [17,46]. However, especially for TNT, it was observed that the analytical 
characteristics of sensors obtained by 3D printing are still inferior to several studies involving the use of 
modified electrodes [43,47–49]. At the same time, this type of electrode is commonly associated with 
previous steps of modification that increase the time and cost of analysis. On the other hand, 3D printed 
electrodes, in the most of the time, only require simple surface treatments that bring great improvements 
in their electrochemical performance. 

It is important to highlight that the vast majority of the works described here bring low cost as one of 
the main characteristics of 3D printing, making the sensors disposable. The exception observed is in 
the work of Cardoso et al. [35], which demonstrated the potential for the reuse of the sensor through 
surface renewal carried out by mechanical polishing. However, although the sensors are considered 
disposable, the authors did not present proposals or ways to correctly dispose these devices, which could 
be an environmental problem. TNT, for example, is considered an environmental pollutant and can cause 
problems for human health, such as discoloration of hair and skin, aplastic anaemia and liver function 
disturbances [50]. Therefore, procedures to correctly dispose these sensors aimed at forensic analysis 
still need to be further explored. 

Also related with public security, another area that has attracted great interest in recent years is the 
examination for the presence or absence of gunshot residue (GSR). These residues are generated during 
the shot and contain organic and inorganic components, for instance, lead, barium and antimony, which are 
the main inorganic components [10]. These particles can often adhere in hands and clothes of individuals 
who fired and can also be found on surfaces closes to the location where the shot was fired [51]. The 
search for these residues on different surfaces is an important step in the investigation process and can 
provide information to help elucidate the dynamics of crime events, such as the identification of suspects 
or the collection of elements forward the identification. As a result of it, highly sensitive and fast methods 
are necessary, and several researchers have been working to solve these demands.

For the identification of inorganic gunshot residue, the main method used during investigations is 
scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX). This technique allows the 
identification of microparticles formed between metals and the collection of this microparticles is performed 
by devices called as stubs, which favor the adhesion of the residues through abrasive contact with the 
contaminated surface [52]. Although SEM/EDX is a reliable and reproductive method, a limitation is the 
lack of portability of the system, which requires the sample to be stored and transported to the laboratory 
for analysis. In addition, other methods that have also been reported in the literature for this purpose, such 
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as using neutron activation analysis (NAA), inductively coupled plasma optical emission spectrometry 
(ICP OES), inductively coupled plasma mass spectrometry (ICP-MS), and laser-induced breakdown 
spectroscopy (LIBS), among other techniques [53]; however, they also make use of bulky instrumentation.

In the field of electrochemistry, several sensors have been explored for the identification of GSR, mainly 
associated with voltammetric stripping methods. The main sensors used for this aim are mercury-based 
electrodes [54–56] and several types of screen-printed electrodes [57–61].

The use of 3D printing for the development of an electrochemical sensor aimed at the identification of 
GSR also began to arouse the interest of researchers and was recently reported for the first time by Castro 
et al. In this work, the authors used a G/PLA electrode obtained by FDM 3D printer to identify the presence 
of GSR on clothes and hands of shooters; the device and electrochemical cell are summarized in Table I 
– Line H. The dual device (printed rectangular piece), used as a sampler/sensor, was previously subjected 
to mechanical polishing, followed by chemical treatment (immersion in DMF for 10 min), and later used as 
a residue collector through direct contact with the studied surfaces. After this, the rectangular piece was 
coupled to a 3D-printed cell and, through a square-wave anodic stripping voltammetry (SWASV) scan, the 
detection of nanograms of Pb2+ and Sb3+ was possible, two of the main components present in this type of 
sample [62]. Prior to the sample analysis steps, the method was optimized in solution and the analytical 
parameters were evaluated. The authors obtained a wide linear range for the simultaneous determination 
of Pb2+ and Sb3+ (from 50 to 1500 µg L-1), and LODs estimated to be 0.5 and 1.8 µg L-1, respectively.

The sensor was also evaluated through intra and inter-electrode studies, with proper RSD values 
obtained for both analytes, indicating the precision of the sensor during measurements and also the 
reproducibility of 3D printing and previous treatments performed. Due to complexity of GSR samples, 
the sensor was also evaluated as a function of its selectivity in the presence of other metals and, again, 
satisfactory results were obtained. Additionally, the authors also demonstrated the possibility of reusing 
the sensor up to 3 times without considerable loss of performance, performing simple steps of mechanical 
polishing between each reuse, which is enough to promote cleaning and renewal of the electrode surface. 
Then, the obtained analytical parameters as well as the results achieved with the samples are comparable 
and even superior to other works reported in the literature [63,64]. 

One of the challenges related to electrochemical analysis of GSR is the determination of barium. 
However, due to the need for application of extreme potentials [65], new strategies such as surface 
modification with bismuth (incorporation of bismuth in the polymeric matrix) or other material to reduce the 
hydrogen overvoltage can be investigated. Anyway, this work demonstrates how 3D printing can bring new 
alternatives for the analysis of GSR in portable systems and opens up opportunities to study new materials 
and develop new methods to try to solve this limitation and make possible the simultaneous determination 
of barium, lead and antimony through electrochemical scans.

ILLICIT DRUGS
Over the recent years, it has been increasing the inquires towards the forensic traces of drugs at 

crime scenes [66]. Generally, these drugs can be used for recreational purposes due to its sedative, 
hallucinogenic and/or stimulant effects [67,68]. The attractive properties of 3D-printing technology (ease 
construction of device, low cost and large-scale production, rapid prototyping of complex structures) have 
allowed its use for the development of portable systems for forensic applications [6,69,70]. Moreover, 
3D-printing technology could help the scientific police in the control of drugs, as well as, in the development 
of portable devices to obtain crucial information and chemical evidence on site, avoiding the laborious 
steps in conventional analysis procedures [31,62]. Currently, colorimetric tests are widely available for 
qualitative and semi-quantitative preliminary tests of illicit drugs in seized samples [10,68,71,72]. These 
types of tests are known to have desirable characteristics such as rapidity, simplicity, portability and low 
cost [73–75]. However, the presence of contaminants/adulterants in the sample matrices may induce to 
false positive or negative results if colorimetric tests are used [76]. The chemical profiling is also carried out 
in forensic laboratories of many countries using spectroscopic and chromatographic techniques [77,78]. 

Braz. J. Anal. Chem., 2022, 9 (34), pp 79-105.



89

Nevertheless, they require laborious sample pre-treatment steps, high-cost instrumentation, laboratories 
with good infrastructure and time-consuming. In this context, electroanalytical methods provide portability, 
low-cost instrumentation, and adequate limit of detection. The combination of such advantages with large-
scale and low-cost production of 3D printed electrodes has great potential to increase the popularity of 
electroanalysis for forensics applications [6,13,68]. Table II highlights the main applications devoted to the 
determination illicit drugs.

Cocaine is one of the most illegal drugs used in the world and can be found with diluents and/or 
adulterants to increase the bulk and pharmacological effects [79,80]. In addition, the determination of 
adulteration patterns in seized drug samples is important for forensic analysis in which allows to understand 
the traffic route since the compounds or patterns used to adulterate the cocaine [71,77].

In this sense, Rocha et al. showed for the first time a potential application of 3D-printed electrodes for 
the identification and quantification of cocaine and adulterants in a forensic scenario [28]. For this purpose, 
a 3D-printed three-electrode electrochemical cell was used for all electrochemical measurements, which 
was manufactured using acrylonitrile butadiene styrene (ABS) filament. The 3D-printed working electrode 
was printed using the commercially-available G/PLA filament. It is worth highlighting that initially the 
electrochemical response of cocaine was evaluated using non-treated electrodes; however, no cocaine 
oxidation peak was obtained. Thus, different surface activation procedures of 3D printed electrodes (DMF 
immersion or electrochemical activation) were explored based on the literature [26,29,34]. The best results 
were achieved by the application of +1.76 V (vs. Ag|AgCl|KCl(sat.)) for 900 s followed by application of -1.76 
V (vs. Ag|AgCl|KCl(sat.)) for 50 s [29] using 0.1 mol L−1 phosphate buffer solution (pH = 7.4) as the supporting 
electrolyte. Interestingly, the CB/PLA filament was also evaluated to print electrodes for cocaine detection; 
however, their voltammetric response was not satisfactory even after the same surface treatment applied 
to G/PLA electrodes, which indicates that graphene or surface functional groups formed after treatment 
contributed to the improvement electrochemical activity of G/PLA. Using the proposed 3D-printed portable 
system, the electrochemical sensing of cocaine was described with an acceptable limit of detection (7 
µmol L-1) and good linear response (from 20 to 100 mol L-1). The on-site screening of cocaine and its 
most common contaminants (phenacetin, caffeine, levamisole, lidocaine, paracetamol, procaine and 
benzocaine) in spiked samples using the proposed system was successfully demonstrated. Hence, the 
proposed 3D-printed sensor can be used as a quicky test to determine cocaine in the presence of most 
common adulterants [28]. 

Rocha and coworkers [81] proposed a new surface treatment of CB/PLA 3D-printed electrodes based 
on a Photo-Thermal approach with a CO2 laser to improve their electrochemical performance; such 
electrodes were applied for the detection of the contaminant paracetamol in a real seized cocaine sample. 
A scheme of the 3D-printed electrode and cell is showed in Table II – Line J. The authors highlighted 
that the as-printed electrode provided ill-defined peaks and low conductivity for paracetamol using cyclic 
voltammetric measurements. However, after the surface post-treatment, a significant enhancement in the 
electrochemical response of paracetamol was achieved and an increase in peak current of about 3-fold 
and anticipation of potential peak were acquired. Thus, using the proposed surface treatment of 3D-printed 
electrodes, the authors estimated an LOD of 0.154 µmol L-1. Moreover, a standard addition method was 
used to determine paracetamol in spiked seized cocaine sample and a recovery value of 97.8% was 
obtained. 

Similar analytical results were acquired using high-cost commercial carbon-based electrodes [79,82–
84]. It is important to mention that most of the examples found in the literature for detection of cocaine or 
adulterants include screen-printed electrodes in which can be used for portable analyses [13]. However, 
3D-printing technology enables lower cost of production and customized electrodes, including the 
manufacture of three electrodes with a reduced cost. 
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Table II. 3D printed electrochemical sensors applied for the determination of illicit drugs and contaminants in food and fuel samples
Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

G/PLA (Line I) Electrochemical 
activation FDM — Cocaine Illicit drugs SWV [28]

CB/PLA (Line J)
Reagentless 

and sub-minute 
laser-scribing 

treatment
FDM Paracetamol in 

cocaine sample Illicit drugs SWV [81]

PGE (Line K) Electrochemical 
activation 

Body of device: 
SLA — Clozapine Illicit Drugs FIA-AD [86]

CB/PLA G/PLA 
NG/PLA GS SPE 
(Line L)

CB/PLA 
and G/PLA: 

Electrochemical 
activation

NG/PLA: no 
treatment

3D printed flow 
cell: SLA

3D printed 
electrodes: FDM

NBOMes Illicit drugs HPLC-AD [92]
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Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

G/PLA (Line M)
Mechanical 

polishing and 
electrochemical 

activation
3D printing pen — Atropine Illicit drugs SWV [96]

NR (Line N) NR FDM 
Δ9-THC and 

11-nor-9-
carboxy-THC

Illicit drugs CV [99]

G/PLA (Line O)
Chemical and 

electrochemical 
activation

FDM Mycotoxin Food CV [100]

3DGrE/PB 
(Line P)

Electrochemical 
activation FDM H2O2 Food BIA-AD [106]
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Table II. 3D printed electrochemical sensors applied for the determination of illicit drugs and contaminants in food and fuel samples (Continuation)



Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

PB/G/PLA (Line Q) Chemical 
activation FDM H2O2 Food BIA-AD [109]

CB/PLA (Line R)
Mechanical 

polishing and 
electrochemical 

activation 
FDM Cu2+ Fuel SWASV [118]
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Electrochemical 
device

Treatment/
Activation

3D printing 
technique Design Analyte Class Analytical 

technique Ref.

CB/PLA (Line S) Electrochemical 
activation 3D printing pen Pb2+ and Cu2+ Fuel SWASV [39]

Electrochemical device: G/PLA: graphene/polylactic acid; PGE: pencil graphite electrode; CB/PLA: carbon black/polylactic acid; NG/PLA: nanographite/polylactic acid; GS: graphite 
sheet; SPE: screen-printed graphite microelectrode; NR: not reported; 3DGrE/PB and PB/G/PLA: 3D printed graphene electrode with Prussian blue;
3D printing technique: SLA: stereolithography; FDM: fused deposition modelling
Analytical technique: SWV: square-wave voltammetry; FIA-AD: flow injection analysis with amperometric detection; HPLC-AD: high performance liquid chromatography with 
amperometric detection; CV: cyclic voltammetry; BIA-AD: batch injection analysis with amperometric detection; SWASV: square-wave anodic-stripping-voltammetry.
Images reprinted from Elsevier: 
● Journal of Electroanalytical Chemistry, Vol. 876, João, A.F.; Castro, S.V.F.; Cardoso, R.M.; Gamela, R.R.; Rocha, D.P.; Richter, E.M.; Muñoz, R.A.A., 3D printing pen using conductive 
filaments to fabricate affordable electrochemical sensors for trace metal monitoring, Pages No. 114701, Copyright 2020, with permission from Elsevier. [39]
● Chemical Engineering Journal, Vol. 425, Rocha, D.P.; Ataide, V.N.; de Siervo, A.; Gonçalves, J.M.; Muñoz, R.A.A., Paixão, T.R.L.C.; Angnes, L., Reagentless and sub-minute laser-
scribing treatment to produce enhanced disposable electrochemical sensors via additive manufacture, Pages No. 130594, Copyright 2021, with permission from Elsevier. [81]
● Electrochemistry Communications, Vol. 115, Nasir, M.Z.M.; Novotný, F.; Alduhaish, O.; Pumera, M., 3D-printed electrodes for the detection of mycotoxins in food, Pages No. 106735, 
Creative Commons 2020, with permission from Elsevier. [100]
● Talanta, Vol. 219, Rocha, R.G.; Stefano, J.S.; Cardoso, R.M.; Zambiazi, P.J.; Bonacin, J.A.; Richter, E.M.; Muñoz, R.A.A., Electrochemical synthesis of Prussian blue from iron 
impurities in 3D-printed graphene electrodes: Amperometric sensing platform for hydrogen peroxide, Pages No. 121289, Copyright 2020, with permission from Elsevier. [109]
Images reprinted from The Royal Society of Chemistry: 
● Elbardisy, H. M.; Richter, E. M.; Crapnell, R. D.; Down, M. P.; Gough, P. G.; Belal, T. S.; Talaat, W.; Daabees, H. G.; Banks, C. E. Anal. Methods, 2020, 12 (16), pp 2152–2165 (https://
doi.org/10.1039/d0ay00500b) - Published by The Royal Society of Chemistry. [92]
Images reprinted from Brazilian Journal of Forensic Sciences:
● Oiye, E. N.; Ribeiro, M. F. M.; Ferreira, B.; Botelho, R. C. B.; Oliveira, M. F. Brazilian Journal of Forensic Sciences, Medical Law and Bioethics, 2020, 9 (4), pp 521-533 (https://doi.
org/10.17063/bjfs9(4)y2020521-533) – Published by Brazilian Journal of Forensic Sciences, Medical Law and Bioethics. [99]
Images reprinted with permission from American Chemical Society:
● Katic, V.; Santos, P. L.; Santos, M. F.; Pires, B. M.; Loureiro, H. C.; Lima, A. P.; Queiroz, J. C. M.; Landers, R.; Munoz, R. A. A.; Bonacin, 3D Printed Graphene Electrodes 
Modified with Prussian Blue: Emerging Electrochemical Sensing Platform for Peroxide Detection, J. A. ACS Appl. Mater. Interfaces, 2019, 11, pp 35068–35078 (https://doi.org/10.1021/
acsami.9b09305). Copyright © 2019 American Chemical Society. [106] 
Images reprinted with permission from Springer:
● Analytical and Bioanalytical Chemistry, Additive-manufactured sensors for biofuel analysis: copper determination in bioethanol using a 3D-printed carbon black/polylactic electrode, 
João, A.F.; Squissato, A.L.; Richter, E.M.; Muñoz, R.A.A., Copyright © 2020. [118]
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Clozapine is a therapeutic, antipsychotic drug approved for the treatment of schizophrenia and, due to 
its sedative effect, has been used as date rape drug or drug of abuse. This type of drug is commonly given 
to victims for non-medical reasons (abuse intentions). For this reason, the situation generates a demand 
for selective and sensitive methods to detect clozapine and its metabolites in biological samples collected 
from the victims [85]. In this context, Senel and Alachkar developed a 3D-printed sensing microfluidic 
device with amperometric detection using graphite pencil as working electrode (Table II – Line K) [86]. 
The 3D model of the electrochemical cell is entirely fabricated by 3D printing using a stereolithography 
(SLA) 3D printer. The authors highlighted the use of SLA for microchannel printing due to its ability to 
produce high-accurate and isotropic parts in a range of advanced materials with smooth surface finish. 
Moreover, the resolution of SLA printing is higher than FDM-based 3D printing technique for the formation 
of microstructures. As working and reference electrodes, 0.5 mm pencil graphite rod and 0.5 mm silver 
wire were inserted into commercially available threaded fittings along the 3D printed microfluidic channel. 
Nevertheless, the electrodes were not directly adapted in the 3D printed device, that was adapted in a 
threaded fitting and connected to the device. Before use, the pencil graphite electrode (formed by the 
pencil graphite rod) was electrochemically activated by 50 cyclic voltammograms in the range 0.0 V to 
+1.2 V (vs. PGE) with a scan rate of 100 mV s-1 in 0.1 mol L-1 phosphate buffer (pH = 7.4) [87]. The device 
was successfully applied to detect clozapine in serum samples with a limit of detection of 24 nmol L-1 and 
good recovery values (96-108%).

Novel psychoactive substances (NPS) are a class of compounds that have been designed to mimic 
recreational drugs and are commonly produced in clandestine laboratories [88,89]. An important class of 
NPS are phenethylamine derivatives, such as, 25F-NBOMe, 25C-NBOMe, and 25F-NBOMe. This class are 
potent agonist of the 5-HT2A receptor and can produce psychoactive effects [90,91]. Recently, Elbardisy 
et al. reported that a complete electrochemical system (wall jet flow cell and working electrodes) can be 
produced by 3D-printed technology in order to coupling high performance liquid chromatography and 
amperometric detection [92]. The 3D-printed flow cell was designed to allow the use of different working 
electrodes such as screen-printed sensors, graphite sheets, and FDM 3D-printed electrodes (fabricated 
with Proto-Pasta®, Black-Magic® and homemade conductive filaments [93]). The 3D printed flow cell was 
produced using an SLA 3D printer and photopolymer resin. The working electrodes (printed rectangular 
pieces) were produced using a FDM 3D printer and were positioned at the bottom of the flow cell and the 
geometric area was delimited with a rubber O-ring (single unprinted part) (Table II – Line L). 

Before use, the 3D-printed working electrodes were activated using procedures described in the 
literature [29,34]. The 3D-printed carbon black electrode (produced with Proto-Pasta® filament) was 
electrochemically activated using 0.5 mol L-1 NaOH as supporting electrolyte (+1.4 V/200 s followed 
by -1.0 V/200 s) [34]. On the other hand, the 3D printed G/PLA (produced from Black Magic® filament) 
was electrochemical activated using the procedure described by Santos et al. (+1.8 V/900 s and cyclic 
voltammetric scans from 0.0 V to -1.8 V in 0.1 mol L-1 phosphate buffer; pH 7.4) [29]. As a proof-of-concept, 
the performance of the three 3D-printed electrodes was tested through the amperometric detection of four 
NBOMes (NBOMe derivates, 25F-NBOMe, 25C-NBOMe and 25F-NBOMe) after their chromatographic 
separation. The following ranges of limits of detection (10.2 – 15.3, 4.4 – 11.0, 3.2 – 5.0, and 14.4 – 16.1 µg 
mL-1) and recoveries values in simulated drug samples (98 – 103, 96 – 100, 99 – 101, and 97 – 103%) were 
obtained with SPEs, activated 3D-printed CB/PLA, graphite sheets and 3D printed homemade filament as 
working electrodes, respectively. 

According to the authors, the AM/3D printed flow cell had several advantages over the commercial 
systems: (i) simple geometrical configuration, (ii) short production time, (iii) low cost, (iv) higher sensitivity 
of the wall-jet design, (v) efficient mass transport of the analyte onto the electrode surface, (vi) simple 
assembly, (vii) versatility toward working electrode substrates and, (viii) high flow rate tolerance (2.5 mL 
min-1).
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Atropine is a natural tropane alkaloid from the Datura stramonium (jimsonweed) and Atropa belladonna 
(deadly nightshade) and usually employed for medicinal purposes. Moreover, atropine can be used in 
criminal activities by poisoning beverages. The most popular case using atropine as a deadly poison was the 
case of Dr. Paul Agutter who tried to murder his wife by spiking her beverage with atropine. Chromatographic 
methods are generally employed for determining atropine [94,95], however, this type of analytical method 
involves high cost and sample preparation in which are not attractive for forensic applications where a rapid 
and portable sensing approach is required. Electrochemical procedures can be used to overcome these 
limitations, because they enable versatile, low-cost and portable analytical methods. Therefore, João and 
coworkers [96] developed a method for detection of atropine in beverage samples (white wine, vodka, 
whisky and energy drink) using 3D-printed G/PLA electrodes (Table II – Line M). 3D pen was employed to 
construction of working electrode using customized acrylic substrates to guide the reproducible application 
of the G/PLA filament by the pen. Before use, the 3D-printed electrode was electrochemically activated in 
basic medium to expose the conductive sites, improving the analytical response of atropine. 

Thus, using square-wave voltammetric determination, a linear concentration range between 5 and 60 
µmol L-1, with a limit of detection of 1 µmol L-1 and good recoveries values (104-120%) were achieved. 
Considering that the victim drinks around 250 mL of beverage, the atropine average fatal dose is 1.38 mmol 
L-1, thus the proposed method is appropriate to determine atropine in this type of the sample. 

Cannabis, also known as Marijuana, is the most commonly addictive drug used worldwide. It stimulates 
cells in the brain to release dopamine, creating euphoria and memory loss. The chemical responsible for 
most of marijuana’s psychological effects is the tetrahydrocannabinol (THC) [97]. In the human body, THC 
is metabolized in 11-nor-9-carboxy-THC (also known as 11-COOH-THC), being found in biological fluids 
such as plasmas and oral fluid between 3 and 6 hours after consumption [98]. 

In this sense, Oiye et al. [99] proposed a method for the detection of THC in aqueous solution and its 
metabolite (11-COOH-THC) in saliva using 3D printing technology for construction of device. The electrode 
design was similar to screen-printed electrodes commercially-available on the market, as summarized in 
Table II – Line N. After printing, the reference electrode was covered with a silver ink to create a silver 
pseudo reference electrode. The authors showed a detection of 15 µmol L1 THC in aqueous solutions 
and 170 µmol L1 11-COOH-THC in real saliva samples. Moreover, the analysis using different electrodes 
presented a variation of 8% in the current peak response that indicates good reproducibility of the proposed 
method. It is important to mention that Oiye and coworkers did not present important analytical parameters, 
such as limit of detection and quantification, linear range and recovery values for the analysis of spiked 
samples; however, the proposed method is a promising work to expand the results in forensic area.

In regard to the analytical performance of these sensors, all works presented herein show appropriate 
limit of detection values for forensic applications. Moreover, electrochemical procedures associated to 3D 
printed technology are versatile alternatives by reason of being low cost, good reproducibility, portable 
and acceptable limit of detection. However, the electrochemical response of the as printed electrodes is 
relatively poor if compared to other carbonaceous surfaces (glassy carbon, carbon paste, etc.). Thus, all 
works found in the literature highlighted the need of pre-treatments (activations) to reduce of insulating 
polymer, exposing of the conductive material. 

FOOD AND FUELS
The 3D-printing technology, specially FDM, has also enabled the production of electrochemical sensors 

for food and fuel analysis and depicted in Table II. Food analysis is an important topic for discussion among 
international institutions, particularly, in view of the potential from terrorism, also known, bioterrorism 
[100]. This term is defined as deliberate release of biological agents (fungi, bacteria, viruses, and other 
microorganisms) to cause death or damage to health in humans, animals or plants. These agents are 
typically found in nature or synthetized and mutated by humans. This practice started during World War I, 
when the bacterium Bacillus anthracis was used to cause infection anthrax [10]. In this context, one class 
of compounds which has received great attention are the mycotoxins. Mycotoxins are naturally metabolites 
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produced by certain fungi in which can be found in foodstuffs, including cereals, nuts, spices, dried fruits, 
apple and coffee beans. This class of compounds can cause a variety of adverse human health effects 
such as immune deficiency and cancer [101]. 

In this sense, Nasir and coauthors proposed a 3D-printed electrode for the detection of the Zearalenone, 
a type of Mycotoxins, produced by the Fusarium fungi species, using commercially-available conductive 
filaments composed by G/PLA (Table II – Line O) [100]. For this purpose, the authors submitted the 
3D-printed electrode an immersion in DMF for 10 minutes. After washing and drying, electrochemical 
activation was achieved at a potential of 2.5 V (vs. Ag|AgCl|KCl(sat.)) in phosphate buffer solution (pH 7.2) 
[102]. The activated 3D-printed G/PLA electrodes displayed a good linear response in the concentration 
range of 10 to 300 µmol L-1 with a limit of detection of 0.340 µmol L-1. The authors did not present results 
in real samples, but the results were promising for the electrochemical detection of mycotoxins in food 
samples.

The modification of 3D-printed electrode surfaces using chemical modifiers has been investigated for 
the development of electrochemical sensors for the detection of analytes in food samples with improved 
detectability, sensitivity and selectivity. Prussian blue (PB) is a relatively cheap and stable electrocatalyst 
used as an electrode modifier, due to its good spectroscopic and electrochemical characteristics [103,104]. 
Briefly, PB is a structure containing alternate Fe (II) and Fe (III) atoms connected by cyanide that can be 
easily oxidized or reduced according to the applied potentials. PB is also known as an artificial enzyme 
peroxidase due to its properties of electrocatalytic reduction of hydrogen peroxidase at potentials close 
to 0.0 V [103]. The electrochemical properties of this material make its use an attractive strategy for 
H2O2 sensing to control food adulteration, such as milk samples [105]. H2O2 has been commonly used a 
preservative in milk as well as disinfectant agent in milk processing equipment; however, this molecule is 
considered an adulterant and its content in milk requires routine monitoring.

Katic et al. reported the use of PB for the modification of 3D-printed G/PLA electrodes for selective 
detection of H2O2 in milk and mouthwash samples (Table II – Line P). The PB synthesis was achieved by 
applying a potential of +0.4 V (vs. Ag|AgCl|KCl(sat.)) for 600 s in a solution containing 1 mmol L-1 [Fe(CN)6]3- 
and 1 mmol L-1 FeCl3, using 0.1 mol L-1 KCl acidified with 0.01 mol L-1 HCl as the supporting electrolyte 
[106]. The performance of the 3D-printed G/PLA electrode modified with PB was compared with results 
obtained with other working electrodes (glassy-carbon, platinum and gold). According to the authors, the 
PB film showed higher stability of the 3D-printed electrode surface in acid medium. Thus, the authors 
showed the applicability of the modified 3D printed electrode for detection of H2O2 in milk samples. For that, 
the 3D-printing modified electrode was coupled to a 3D-printed batch injection analysis (BIA) cell [107]. 
The proposed method presented a wide linear range (1.0 to 700 µmol L-1) and a limit of detection of 0.37 
µmol L-1 for the selective detection of H2O2 at 0.0 V (vs. Ag|AgCl|KCl(sat.)). Moreover, milk and mouthwash 
samples were analyzed and good recoveries values (97 to 120%) were obtained, which indicates absence 
of sample matrix effects. Finally, an interference study was performed considering potential interfering 
species commonly found in biological fluids (dopamine, ascorbic acid, and uric acid). In this study, the 
selective detection of hydrogen peroxide using the modified 3D-printing electrode was confirmed. 

Commercially conductive filaments for FDM 3D-printers have enabled the rapid development of new 
sensors, mainly the filament based on PLA and graphene. However, Browne and collaborators reported the 
presence of metallic impurities in this type of commercial filament (G/PLA from BlackMagic®). In addition, 
as already reported in the literature, the presence of metallic impurities can affect the electrochemical 
characteristics of the 3D-printed material, such as for water splitting [108]. PB films can be designed 
electrochemically in the presence of iron (III) cations and ferricyanide, as described above [104]. In this 
sense, Rocha and coworkers proposed the electrochemical synthesis of iron hexacyanoferrate, using 
the Fe(III) provided as impurities in the commercially-available filament used in the experiment (Table 
II – Line Q) [109]. The presence of iron impurities was confirmed by X-ray spectroscopic analysis. For 
the PB formation, two hundred voltammetric cycles were performed in presence of 1 mmol L-1 potassium 
ferricyanide, using 0.1 mol L-1 KCl acidified with 0.01 mol L-1 HCl over -0.3 to +1.2 V (vs. Ag|AgCl|KCl(sat.)) 
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and scan rate of 50 mV s-1. Before the surface modification, the 3D-printed electrode was submitted to 
DMF immersion for 30 min to remove insulating material [23]. 

After this procedure, a typical profile of PB-modified electrodes was observed by cyclic voltammetry. 
This modified 3D-printed electrode was then evaluated for amperometric detection of H2O2 and a linear 
response between 1 and 700 µmol L-1 and the limit of detection of 0.56 µmol L-1 were obtained. Moreover, 
the authors showed the detection of H2O2 in milk samples with good recoveries (between 94 and 101%).

The use of alternative fuels has increased dramatically over the last several years, as more people look 
for ways to save money, reduce environmentally harmful emissions, and decrease their dependence on 
fossil fuels [110]. Biofuels were introduced to reduce engine emissions and provide better environmental 
concerns and socioeconomic issues, in addition to being renewable energies over mineral fuel [111,112]. 
Fossil fuels are still being created today by underground heat and pressure, so they are being consumed 
more rapidly than they are being created. For that reason, fossil fuels are considered non-renewable; that 
is, they are not replaced as soon as we use them. Renewable energy is a promising alternative solution 
because it is clean and environmentally safe [113]. 

Modern society’s quality of life undoubtedly depends on liquid fuels for the development of agricultural, 
commercial, and industrial activities [10]. Biofuel quality control involves the determination of metal and 
metalloid content. These species play an important role because they may modify the efficiency of biofuel 
production as well as the stability of these products. Furthermore, some metals are toxic and generate 
environmental pollution [114]. Due to the growing use and manufacture of biodiesel, both commercially 
and inhouse, the exposure to combustion of these fuels is increasing. Metals are adsorbed or attached 
on the structures of organic compounds or hydrocarbons emitted from combustion of vehicle engines and 
can be of different toxicological proprieties. The chemical composition of particle emission is related to the 
quality of the burned fuel and vehicular exhaust condition and may affect its toxicity. Many people who 
make biodiesel at home are working with several gallons of fuel at a time [110] and the attendants of gas 
stations are daily exposed to the inhalation of smoke from the engine combustion that carries particles 
of heavy metal and gradually degrades their health. Many death cases are reported regularly which are 
investigated forensically to determine the cause and manner of death so as to establish them as the 
cases of homicidal, suicidal or accidental metal poisoning and to know whether poisoning resulted from 
acute, chronic or acute-on-chronic exposure [115]. Studies suggest that exposure to nanoparticles causes 
serious damage to health, such as lung inflammation, asthma, chronic obstruction of arteries and lungs, 
cell death, obstruction and accumulation in the olfactory bulb, access to brain damage, tumor necrosis, 
oxidative stress, neural effects, heart problems, and even death [116].

Additionally, the content of metals in engine oils and fuels can be helpful in forensic cases involving 
automobile accidents [117]. The concentration profile of metals in used oil or fuels found at the accident 
scene can aid in the identification of the cars involved in the accident. Hence, the determination of metals 
in such samples (oils and fuels) can be an important evidence in the forensic scenario. 

Recently, the upgrading and replacement of products have become rapidly increasing. On other hand, 
the 3D printing or additive manufacturing is emerging as a technology that could revolutionize how studies 
are conducted in numerous scientific research fields [102]. On the research front, additive manufacturing 
technology is creating new paradigms in different research fields, such as bioprinting, electronic printing, as 
well as environmental-related fields. Currently, 3D-printed conductive filaments containing carbonaceous 
materials have been presented as promising electrochemical sensors for control and monitoring bioethanol 
fuel quality [39,118].

3D-printed CB/PLA electrodes have been successfully applied for copper detection in fuel bioethanol 
samples [118]. The electrochemical cell and working electrodes were 3D-printed in a similar way that was 
previously reported in the first section. Copper is one of the metals controlled by regulatory agencies of 
fuels due to its catalytic action on the degradation of fuels. The main regulatory framework for ethanol 
biofuel quality monitoring are the American Society for Testing and Materials (ASTM D4814), the Brazilian 
National Agency for Natural Gas and Biofuels [119,120] and the European Standardization (EN 15376). 
These agencies establish the specificities and basic rules of fuel quality monitoring. In their protocols, 
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some contaminants, antioxidants, metal deactivators, and dispersants used to improve the stability of 
middle distillate fuels limits and physicochemical properties of biofuels are indicated. Considering the 
contamination with copper, techniques involving high instrumentation costs and bulky equipment, such 
as ICP OES, ICP-MS, and atomic absorption spectroscopy (AAS), are proposed as official methods. 
In this context, 3D-printing technologies provide a tool for prototyping simple or complex structures for 
electrochemical sensing, due to its ability to produce highly versatile, tailored-shaped devices in a low-cost 
and fast way with minimized waste. Table II – Line R shows the use of an electrode printed with CB-PLA 
filament was proposed for the determination of copper in bioethanol [118]. The analytical features of the 
proposed voltammetric method include a wide linear response concentration range of 10 to 300 μg L−1 
(R = 0.999), high inter-day precision 8% (n = 10, for 20 μg L−1) and a LOD of 0.097 μg L−1 using 180 s as 
deposition time. Bioethanol samples were simply diluted in the supporting electrolyte (0.1 mol L-1 HCl) 
before analysis (30:70 v/v ethanol:water proportion). The upper limit concentration of copper in bioethanol 
samples is 56 μg L−1 (according to the Brazilian and European agencies that present a stricter limit for this 
metal). Therefore, the method can be used for quality control of bioethanol samples.

Sensors used in previous works were prepared following laborious and time-consuming steps, such 
as synthesis of composites [121–123] or modification of sensor surface [124,125]. Furthermore, the use 
of mercury film modified electrodes, despite their excellent properties in electrochemical determination of 
metals, have fallen into disuse due to the toxicity of the metal to analysts and environment [126]. Therefore, 
the use of 3D-printing technology may provide advantages in the manufacture of electrochemical sensors 
with better detection properties than commercial gold disk [127] or screen-printed gold electrodes [128].

The combination of a 3D pen with 3D printers to fabricate low-cost electrochemical sensors was also 
explored to determine metals in bioethanol [39]. 3D-printed templates produced using a FDM printer and 
ABS filament were manually filled with conductive CB/PLA material using a 3D pen to fabricate sensors as 
previously reported (Table II – Line S) [33,35]. Bioethanol samples were similarly diluted in 0.1 mol L-1 HCl 
used as the supporting electrolyte for the simultaneous determination of copper and lead. The presence of 
lead as well copper in bioethanol can be associated with corrosion of metallic components. Although the 
content of lead is not controlled by regulatory agencies, the presence of lead in bioethanol results in higher 
emission of this toxic metal to the atmosphere. The analytical features of the development method using 
SWASV for the determination of both metals provided wide linear ranges, up to 200 μg L−1 for Pb(II) and 
up to 400 μg L−1 for Cu(II) and, LOD values of 1 and 2 μg L−1 for Pb(II) and Cu(II) using a deposition time 
of 100 s. The inter-electrode precision (for n = 3) was 2.8% which indicates that the electrode construction 
procedure is highly precise as well as the SWASV determination. The presence of other metallic interfering 
species, such as Fe(III), Cd(II), Zn(II) and Hg(II), was evaluated and no interference was verified in the 
detection of Pb(II) and Cu(II). Recovery values (ranged from 83% to 107%) for the analysis of fortified 
samples also attested for the absence of sample matrix. Some additional interesting observation of this 
work is the increase in the analytical response of both metals by the presence of mercury, which is likely 
to occur considering previous works using mercury-film electrodes and increase in the sensitivity of lead 
detection when copper is also present in solution (the literature also has shown benefits of copper films in 
the detection of lead).

The sensor obtained by combination of a 3D pen with 3D printers has better or equivalent performance 
in terms of detection limit when compared with previously published works. The limit of detection is closely 
dependent on the deposition time applied to the measurements. Nascimento et al. [129] and Tormin et al. 
[124] using shorter preconcentration times (30 s and 90 s, respectively) obtained lower LOD values for 
both metals; however, they used sensors which are not environmentally friendly and cannot be used as 
disposable electrodes. Several works employed commercial electrodes which have a relatively high cost 
compared to a 3D-printed electrode, and electrodes prepared following laborious and time-consuming 
steps, such as synthesis of composites [122,130] or modification of electrode surface [121,124,125]. 
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CONCLUDING REMARKS AND PERSPECTIVES
This review shows that forensic chemistry can be largely benefited by the 3D printing technology. FDM 

3D printers have enabled the fabrication of electrochemical sensors for a wide range of analytes of forensic 
interests. Carbon-based filaments have explored and quickly adapted for the printing of electrodes and 
devices applied for the detection of explosives, metallic GSR, illicit drugs, and contaminants in food and 
fuels. The knowledge on electrochemistry of carbon-based electrodes have been extended to understand 
the electrochemical processes occurred at the 3D-printed thermoplastic electrodes. New contributions 
have been reported, including the need for surface treatment for improved electrochemical activity. Other 
3D-printing techniques, such SLM, have been explored to produce sensors, although they may be not so 
advantageous considering the high cost. However, many other 3D-printing techniques can still be explored 
for unlimited applications. Lab-on-a-chip devices taking the advantage of printing microfluidic channels 
with printed electrodes embedded along the channels by means of single-step fabrication protocols are 
highly promising for on-site analysis of complex forensic samples. 

The preliminary works highlighted in this review using 3D-printed carbon-based electrodes have shown 
the excellent performance for sensing nitroaromatic explosives. Potentially, the simultaneous determination 
of two or more types of explosives is a challenge to be overcome. The same is true for the simultaneous 
determination of illicit drugs or at least the selective detection of single illicit drug in suspected sample. Most 
forensic samples require the selective identification of an illicit substance that can be attained by using 
chemical modifiers incorporated at the 3D-printed surface or within the polymeric matrix. The challenge still 
remains on the proper incorporation of the chemical modifier in a way that stable, reproducible, selective 
and sensitive electrode are obtained. PB-modified 3D-printed electrodes are a successful proof-of-concept 
case herein presented.

Due to the immeasurable possibilities that 3D printing offers, new applications can be envisaged going 
beyond the applications herein presented. Creative designs coupled with innovative surface modification 
protocols can be one feasible direction to be followed towards the development of high-performance 
electrochemical sensors and devices for forensic applications.
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In this article we have studied the 
electrochemical behavior of cocaine 
hydrochloride on the surface of a 
carbon paste electrode chemically 
modified with a Schiff base complex, 
namely [FeIII(salen)], [ZrOII(salen)], or 
[NiII(salen)], during voltammetric 
analyses. Among the tested 
complexes, [NiII(salen)] provided 
amperometric and thermal stability 
and it was only degraded at 
temperatures above 400 ºC. To 
prepare the cocaine hydrochloride 
was used hydrochloric acid (HCl 1 mol 

L-1) after we tested the electrode, the HCl did not cause electrode passivation. In this study we can see that 
the voltammetric analyses revealed a satisfactory result, that the peak current obtained between 0.1 and 
0.2 V (vs. Ag/AgCl) varied linearly with cocaine hydrochloride concentration and the average amperometric 
sensitivity, the LOD, and the LOQ were 5.5 μmol L-1, 0.945 μmol L-1, and 3.16 μmol L-1, respectively.

Keywords: forensic chemistry, cocaine, chemically modified electrodes, voltammetry, Schiff base complexes 

INTRODUCTION
About 275 million people use drugs worldwide. Among drug users, 21 million people, aged between 

15 and 64, use cocaine (Figure 1, IUPAC nomenclature: methyl (1R,2R,3S,5S)-3-(benzoyloxy)-8-methyl-
8-azabicyclo-[3.2.1]-octane-4-carboxylate, C17H21NO4). Cocaine is an alkaloid that stimulates the central 
nervous system, causing addiction, high blood pressure, and psychiatric disorders [1-3]. It is used as a 
recreational drug, but it is also taken by people who live on the streets and have to deal with adverse 
everyday circumstances [4-7].
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Figure 1. Molecular structure of cocaine.

Cocaine can be found in Erythroxylon bushes, which are native to South America. Coca leaves have 
been found in the burial tombs of early Incas; only the royalty used cocaine at the time. Later, in the sixteenth 
century, Europeans gave coca leaves to slaves to take hunger and fatigue away and hence make them 
work harder. In 1855, the German Friedrich Gaedecke extracted the active ingredient from coca leaves 
and called it Erythroxylon. In 1859, the chemist Albert Niemann isolated an alkaloid from coca leaves and 
called it cocaine. This allowed cocaine to be transported to other countries because it circumvented the 
issue of leaf degradation and the consequent loss of its properties. Cocaine thus became an illicit drug and 
since then has been cause for concern [8-9].

The dire consequences of drugs of abuse to our society have encouraged research into electrochemical 
analyses to identify and to quantify illicit drugs in seized samples. Indeed, public agencies that are 
responsible for drug seizures worldwide need reliable, practical, and fast tests to help fight crime and 
to aid the judicial system in passing fair sentences. In this scenario, tests relying on fast and simple 
techniques are essential for preliminary analysis of the seized drug and for moving on to further analysis. 
Most preliminary tests are based on color reaction and turbidity. They are inexpensive and easy to produce, 
and they can be transported everywhere.

Numerous methods for cocaine analysis have been described in the literature, including voltammetry, 
which offers advantages such as high sensitivity in a linear concentration range, low limits of detection and 
quantification, and good precision. Voltammetry allows various matrixes to be analyzed within a short time 
(within seconds), requires only a small volume of the sample (usually in the range of microliters), and is 
simple to perform.

Electrodes used in voltametric analyses can be chemically modified. The modifier is of paramount 
importance because it will interact with the target analyte. Chemically modified electrodes have high 
sensitivity [10] for several target compounds, are inexpensive and easy to produce (given that their surface 
can be renewed), and can have the electrodynamic potential range adjusted depending on the target 
analyte [11-12].

Recently, Schiff base complexes have been employed to develop chemically modified electrodes 
for the production of voltammetric sensors for forensic purposes. Great results have been achieved for 
voltammetric sensors that can detect and quantify cocaine in seized samples, as described by Oliveira 
et al. (2013) [13,17] and Ribeiro et al. (2015) [14], who used Schiff base complexes to modify electrodes. 

In this study, we have developed new carbon paste electrodes chemically modified with a Schiff base 
complex, namely [FeIII(salen)], [ZrOII(salen)], or [NiII(salen)]. We have studied the electrochemical activity 
of cocaine hydrochloride on the surface of these electrodes and assessed them as voltammetric sensors 
for cocaine hydrochloride detection and quantification, with a view to their application in the analysis of 
seized cocaine samples.

MATERIAL AND METHODS
Thermogravimetric analyses

The stability of the [FeIII(salen)], [ZrOII(salen)], and [NiII(salen)] complexes was evaluated by TGA studies 
on the TGA Q 5000 V3.13 build 261 apparatus. The melting point of these complexes was established by 
DSC studies on the DSC Q 1000V9.9 build 303 device. 
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 SEM 
The carbon paste electrodes chemically modified with [FeIII(salen)], [ZrOII(salen)], or [NiII(salen)] were 

analyzed by scanning electron microscopy (SEM) (Carl Zeiss AG - EVO® 50 Series) and dispersive energy 
spectrometry (DES) before and after voltammetric analysis of cocaine hydrochloride. The SEM and EDS 
analyses were performed on 500 Digital Processing equipment; IXRF Systems (Houston, TX, USA).

Electrochemical measurements 
The electrochemical behavior of cocaine hydrochloride in carbon paste electrodes chemically 

modified with a Schiff base complex, electron exchange between cocaine hydrochloride and [FeIII(salen)], 
[ZrOII(salen)], or [NiII(salen)], and voltammetric sensors to quantify cocaine in seized samples were 
analyzed by voltammetry on a Metrohm® model AUTOLAB 128N potentiostat coupled to a computer. The 
voltammograms had the baseline corrected with the NOVA 1.8.17 software.

The seized cocaine samples were provided by the local scientific police laboratory, in a work partnership 
between our research group and Scientific Police of Sao Paulo State.

An electrochemical cell made up of three electrodes was employed. The reference electrode was Ag/
AgCl Metrohm®; the auxiliary electrode was a platinum spiral, and the working electrode was a carbon 
paste electrode chemically modified with [FeIII(salen)], [ZrOII(salen)], or [NiII(salen)]. The supporting 
electrolyte was 0.1 mol L-1 KCl.

The carbon paste electrodes chemically modified with a Schiff base complex were prepared by adding 
graphite (conductor) and Schiff base complex (modifier), at 70:30 ratio, and paraffin, as binding agent, 
to a crucible. The crucible was heated to 60 ºC, and the mixture was macerated until a homogeneous 
paste was achived. After the paste inside the electrode solidified, voltammetric analyses were carried 
out. The voltammetric measurements were conducted from -0.4 to 1.8 V, at scan rates varying from 5 
to 100 mV s-1.

RESULTS AND DISCUSSION
Amperometric stability of the chemically modified carbon paste electrodes

We evaluated the factors that could limit cocaine hydrochloride identification and quantification. First, we 
verified the stability of the amperometric current of the carbon paste electrode (CPE) chemically modified 
with [FeIII(salen)], [ZrOII(salen)], or [NiII(salen)]. 

Performing these electrode stability tests before starting the analysis with the analyte of interest is 
extremely important, since within a laboratory where there is a high demand for forensic analysis. In this 
work, we look for a modified electrode that loses its amperometric signal after (at least) five voltammetric 
cycles, as it is suggested that any chemical analysis, whether qualitative or quantitative, be performed 
in at least triplicate (ours were performed in quintuplicates). Therefore, the first primary analysis was the 
amperometric signal stability test, in which a screening was performed: a complex that had amperometric 
signal loss below 10% after the 5th scan was considered stable. Higher loss of amperometric signal could 
jeopardize the use of the modified working electrode to identify cocaine hydrochloride.

It is noteworthy that stability tests are performed in the absence of the analyte of interest (cocaine 
hydrochloride), thus, we performed the voltametric analyses of the chemically modified carbon paste 
electrodes in 0.1 mol L-1 KCl, as supporting electrolyte, for potential values ranging from -0.4 to 1.8 V (vs. 
Ag/AgCl) and scan rate of 100 mV s-1. Figure 2 shows the electrochemical stability analysis of the carbon 
paste electrode chemically modified with [FeIII(salen)]. An anodic peak emerged at 1.3 V (vs. Ag/AgCl), but 
it disappeared after the first scan.
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Figure 2. Cyclic voltamograms shown the amperometric 
stability of the carbon paste electrode chemically 
modified with [FeIII(salen)], at a scan rate of 100 mV s-1, 
in 0.1 mol L-1 KCl.

Figure 3 depicts the electrochemical stability analysis of the carbon paste electrode chemically modified 
with [ZrOII(salen)]. An anodic peak (oxidation) emerged at 1.2 V (vs. Ag/AgCl), but it lost amperometric 
amplitude after the first scan. 

As described above, the CPE[FeIII(salen)] and CPE[ZrOII(salen)] lose signal more than 30% of their 
amperometric signal before the 5th cycle. This phenomenon of instability was not interesting in the 
development of this study, since the demand for day-to-day analyzes is large in number of repetitions, 
and this could make it difficult for a professional to perform this analysis to perform the work, or generate 
false negatives, since as we will see later in the work, the detection of cocaine hydrochloride happens from 
the redox activity of the complex used as a working electrode modifier. Therefore, it is essential that the 
amperometric peak remains stable after consecutive sweep cycles.

Figure 3. Cyclic voltamogram of the amperometric 
stability of the carbon paste electrode chemically 
modified with [ZrOII(salen)], at a scan rate of 100 
mV s-1, in 0.1 mol L-1 KCl.

In contrast, Figure 4 presents the amperometric stability analysis of the carbon paste electrode chemically 
modified with [NiII(salen)]. A cathodic peak with amperometric stability emerged at 0.2 V (vs. Ag/AgCl). 
After 25 scans, the amplitude of the reduction peak decreased by only 6.36%. Therefore, the complex 
remained stable after many scans, and the loss of signal amplitude did not affect cocaine hydrochloride 
analysis. In other words, as we do not have a significant loss of amperometric signal even after 25 scans, 
this stability results in the discarding of false negatives, thus, an analyst can carry out his analyzes with 
greater security to issue his report.
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Figure 4. Cyclic voltamogram of the amperometric 
stability of the carbon paste electrode chemically 
modified with [NiII(salen)], at a scan rate of 100 mV s-1, 
in KCl 0.1 mol L-1 KCl.

The second primary analysis before we begin to describe the analysis of cocaine hydrochloride is the 
CPE[NiII(salen)] passivation test, since the solvent used to prepare the standard cocaine hydrochloride 
solution – hydrochloric acid (HCl 1 mol L-1) – could degrade the CPE[NiII(salen)], causing it to corrode 
or melt, causing passivation (damage to the [NiII(salen)]) and not making it viable for use in analysis in a 
forensic laboratory.

The carbon paste electrode chemically modified with [NiII(salen)], designated CPE@[NiII(salen)] 
hereafter, displayed good electrochemical stability, so we submitted it to a passivation test. Our aim was 
to evaluate whether the solution we used to prepare the cocaine hydrochloride solution degraded CPE@
[NiII(salen)]. To this end, we added aliquots of 100, 200, 300, or 400 µL of HCl solution (pH 3) to the 
electrochemical cell containing the supporting electrolyte, 0.1 mol L-1 KCl, and conducted experiments at 
a scan rate of 100 mV s-1 across the potential range. On the basis of Figure 5, CPE@[NiII(salen)] did not 
undergo passivation/degradation in acidic medium. Therefore, we used CPE@[NiII(salen)] to detect and to 
quantify cocaine hydrochloride.

Figure 5. Passivation test of the carbon paste 
electrode chemically modified with [NiII(salen)] by HCl 
1 mol L-1, at a scan rate of 100 mV s-1, in 0.1 mol L-1 
KCl. 

Finally, we evaluated which scan rate provided the highest amperometric peak, and hence the best 
amperometric sensitivity. The scanning speed at which the amperometric signal had the greatest amplitude 
was sought, as this reflects the greater efficiency of qualitative and quantitative analyses. According to 
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Figure 6, the optimal scan rate was 100 mV s-1 (without the addition of cocaine hydrochloride), which 
gave the highest anodic peak amplitude. Thus, we accomplished qualitative and quantitative analyses of 
cocaine hydrochloride at a scan rate of 100 mV s-1 in 0.1 mol L-1 KCl.

Figure 6. Scan speed study of CPE[NiII(salen) in 0.1 
mol L-1 KCl.

Electrochemical profile of the carbon paste electrode with and without modification
Given that CPE@[NiII(salen)] was the only chemically modified carbon paste electrode that presented 

satisfactory amperometric stability along successive potential scans, we carried out cyclic voltammetry 
analysis of the carbon paste electrode without modification and modified with the [NiII(salen)] complex.

On the basis of Figure 7, the carbon paste electrode without modification was not electrochemically 
active in the analyzed potential range between -0.4 and 1.2 V (vs. Ag/AgCl). After chemical modification, 
a cathodic peak emerged at 0.2 V (vs. Ag/AgCl).

Figure 7. Voltammetric profile of the unmodified 
carbon paste electrode and of the carbon paste 
electrode chemically modified with the [NiII(salen)] 
complex, at a scan rate of 100 mV s-1, in 0.1 mol L-1 
KCl.

CPE@[NiII(salen)] characterization
When we prepared the chemically modified carbon paste electrode, we heated the mixture to 60 ºC to 

promote agglutination of the paste. Therefore, we had to evaluate whether any [NiII(salen)] was lost along 
the process.
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Figure 8 shows the TG curve of the [NiII(salen)] complex, which indicated total weight loss of 79.2%. 
The complex underwent degradation at 400 °C, when nickel oxide emerged after a major mass loss. DSC 
revealed an exothermic peak at 400 °C and a heat flow of 160 Wg-1, associated with decomposition of the 
complex.

Figure 8. TGA and DSC of the [NiII(salen)] complex.

We also evaluated the uniformity and homogeneity of CPE@[NiII(salen)]. SEM analysis (Figure 9) 
showed that the complex was uniformly and homogeneously distributed on the CPE@[NiII(salen)] surface.

Figure 9. Uniformity and homogeneity of the carbon 
paste electrode chemically modified with [NiII(salen)] 
complex as analyzed by SEM.

Analysis of cocaine hydrochloride by cyclic voltammetry
After we conducted the stability tests and optimized the scan rate, we obtained satisfactory 

voltammograms for the cocaine hydrochloride standard at concentrations ranging from 1 to 15 µmol L-1 
in 0.1 mol L-1 KCl. Figure 10A shows the voltammograms obtained at different cocaine hydrochloride 
concentrations, in which an increase in the cathodic peak was observed in the range of 0.1 V – 0.2 V (vs. 
Ag/AgCl) as the standard of cocaine hydrochloride was added. Whereas Figure 10B shows the analytical 
curve profile for this analysis. The intra and inter-day repeatability studies (n = 3) indicated deviations of 
1.68 and 3.72%. The recovery test gave 94.43% recovery.
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Figure 10. (A) cyclic voltammograms obtained with 
addition of the cocaine hydrochloride standard by 
using CPE@[NiII(salen)] in 0.1 mol L-1 KCl and (B) 
analytical curve obtained for the addition of cocaine 
hydrochloride concentrations ranging from 1 to 15 
µmol L-1, where a reduction activity in the range of 
0.1 V – 0.2 V (vs. Ag/AgCl) is observed.

The chemical modification of CPE using NiII(salen) presented an increase in voltammetric response 
for cocaine species. In fact, Figure 11 exihibits the voltammetric response for cocaine in a CPE without 
chemical modification, being possible to observe an unsatisfactory and less specific response for cocaine. 

Figure 11. Cyclic voltammograms obtained with 
addition of the cocaine hydrochloride standard in 1.0 
µmol L-1 by using CPE in 0.1 mol L-1 KCl.

Table I shows the linear correlation coefficient (r), standard deviations, amperometric sensitivities (s), 
limits of detection (LOD, 3DP/s), and limits of quantification (LOQ, 10DP/s) for nine replicates on three 
different days.
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Table I. Statistical data from the analyses of cocaine hydrochloride standard by using CPE@[NiII(salen)], performed 
on different days

Sensitivity 
[µmol L-1] / [µA]

Intercept 
[µA]

Number 
of points

Standard 
deviation [µA]

LOD
[µmol L-1]

LOQ
[µmol L-1] r

Measurement 1, 
day 1 5.60 -4.91 15 1.16 0.62 2.07 0.992

Measurement 2, 
day 1 5.24 -3.14 15 3.77 2.15 7.19 0.991

Measurement 3, 
day 1 5.57 -3.97 15 0.94 0.50 1.68 0.996

Measurement 1, 
day 2 5.46 -4.12 15 1.58 0.87 2.89 0.993

Measurement 2, 
day 2 5.32 -4.87 15 2.55 1.44 4.79 0.992

Measurement 3, 
day 2 5.24 -3.78 15 4.45 2.55 8.49 0.995

Measurement 1, 
day 3 5.57 -3.87 15 0.95 0.51 1.70 0.995

Measurement 2, 
day 3 5.13 -3.99 15 1.01 0.59 1.96 0.993

Measurement 3, 
day 3 5.25 -4.15 15 0.89 0.51 1.69 0.998

As we can see in Table II, the new electrode developed on this article shows itself superior when 
compared on the literature, with anothers methods and anothers working electrodes. Table II shows various 
methods and theirs respectives working electrodes and their value of LOD. The best value of LOD is from 
the electrode developed on this study, showing its efficiency.

Table II. Comparison of different electrochemical results for quantification and determination of cocaine

Method Working Electrode LOD [µmol L-1] Ref.

Cyclic voltammetry GCE@[UIIO(salen)] 0.50 [1]

Cyclic voltammetry PtE@[UIIO(salen)] 0.29 [1]

Cyclic voltammetry CP@[UO2(5-MeOSalen)(H2O)] 0.15 [13]

Potentiometry Selective membrane electrode 0.4 [15]

Linear sweep voltammetry PANI-β-CD/fMWCNT/GCE 1.02 [16]

Cyclic voltammetry CP@[UIIO(salen)] 0.326 [17]

Cyclic voltammetry CP@[Mn(salen)] 0.9320 [18]

Cyclic voltammetry CP@[NiII(salen)] 2.55 This work

CP: Carbon Paste Electrode; PtE: Platinum Electrode; GCE: Glassy Carbon Electrode; β-CD: Beta-Cyclodextrin.

Development of Carbon Paste Electrode Chemically Modified with Schiff Base Complexes for 
Forensic Analysis of Cocaine
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Kinetics and mechanism of cocaine hydrochloride electroreduction on the CPE@[NiII(salen)] 
surface

Komorsky-Lovric et al. (1999) [19] and Pavlova et al. (2004) [20] reported that electron exchange 
between cocaine and the electrode surface occurs by diffusion. We evaluated this process by analyzing 8 
µmol L-1 cocaine hydrochloride at scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s-1. In Figure 
12, we present the curve ip vs. v1/2. The curve suggested that the exchange of two electrons during cocaine 
hydrochloride oxidation at CPE@[NiII(salen)] was controlled by diffusion, as suggested in the literature 
(Equation 1).

 ipc= 0.37899 v1/2 – 1.3380  r = 0,9907  n= 10  Equation 1

Figure 12. Study of cocaine mass transport for 8 µmol 
L-1 cocaine hydrochloride by using CPE@[NiII(salen)] 
in 0.1 mol L-1 KCl.

To understand the mechanism of electrochemical cocaine hydrochloride reduction on the CPE@
[NiII(salen)] surface, it is necessary to revisit the description of the fragmentation of cocaine during cocaine 
hydrochloride reduction on the surface of graphite electrodes reported by Komorsky-Lovric et al. (1999) 
and Pavlova et al. (2004). These authors found that the diffusion-controlled cathodic reaction occurred 
in the ester group; that is, the oxygen-containing groups were the electroactive centers of the cocaine 
molecule when the analyte was in close contact with the graphite surface [19-20].

Through the mechanism proposed by Castro et al. (2019) [18], we can assume that the exchange of 
electrons between the cocaine molecule and the complex [NiII(salen)] occurs in two concomitant steps: in 
the first step, when the oxidation potential is applied to the working electrode, the complex [NiII(salen)] is 
electrochemically oxidized, producing [NiIV(salen)]2+ on the electrode surface (this step was not observed 
in the worked potential range). In the second step (as noted), in scanning the cathode potential, the 
complex [NiII(salen)] is electrochemically regenerated; that is, the complex in the reduced form reacts 
with the reduced cocaine, consequently oxidizing the [NiII(salen)] complex to [NiIV(salen)]2+, which is 
electrochemically reduced, thus, as seen in Figure 7B, only the increase in the magnitude of the peak 
cathodic current obtained between 0.1 and 0.2 V (vs. Ag/AgCl) was proportional to the concentration of 
cocaine hydrochloride in solution.
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CONCLUSIONS
TGA and DSC analyses proved that the [NiII(salen)] complex that we used to modify a carbon paste 

electrode was thermally stable up to 400 °C, which was five times higher than the temperature that we 
used for the carbon paste agglutination. During voltammetric analyses, the cathodic peak current obtained 
between 0.1 and 0.2 V (vs. Ag/AgCl) increased linearly with the cocaine hydrochloride concentration. The 
prototype of the chemically modified carbon paste electrode developed in this work presented good and 
specific electrochemical activity for cocaine hydrochloride, and we can see that the complex reacts with 
cocaine, this behavior can be explained in two steps when we do the voltammetric analyses. 

The first step occurs when the oxidation potential is applied, the complex [NiII(salen)] is electrochemically 
oxidized, producing [NiIV(salen)]2+, this product can be found on the surface of the working electrode. The 
second step occurs in the cathode potential, when the complex [NiII(salen)] is electrochemically regenerated, 
thus the complex in the reduced form reacts with reduced cocaine, oxidizing the [NiII(salen)] in to [NiIV(salen)]2+, 
this process increases the magnitude of the peak cathodic current obtained between 0.1 and 0.2 V (vs. Ag/
AgCl), that was proportional to the concentration of the cocaine hydrochloride in the solution.

The linear correlation coefficient was 0.9760, the average amperometric sensitivity was 5.5 μmol L-1, 
and the LOD and LOQ were 0.945 μmol L-1 and 3.16 μmol L-1, respectively. 
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The growing consumption of illicit drugs in Brazil is becoming increasingly problematic for society. It is 
therefore critical to develop technologies to combat drug trafficking that allow for rapid, non-invasive 
evaluation of drug samples. Microfluidics is a technology that manipulates and studies small amounts of 
fluids, using structures with dimensions from ten to hundreds of micrometers (microdevices). The main 
advantages of microfluidic approaches are its low cost, speed, and ability to provide results in loco. Here, 
paper microfluidics were developed to perform the modified Scott test to calculate the cocaine hydrochloride 
content in seized samples of cocaine (n = 30) and crack (n = 30). A smartphone with the Photometrix® app 
was used to construct a model for quantifying the samples. A factorial model was developed to optimize 
microfluidic analytical parameters such as spot size (6, 8 and 10 mm), reagent content (50, 75, and 100% 
cobalt thiocyanate II), cocaine hydrochloride concentration (4, 6 and 8 mg mL-1) and response time (or 
analyte detection; t = 0, 0.5, 1, 12 and 24 h). After experimental planning, a diameter of ΜPADs = 8 mm - 
[Co(SCN)2] = 100% and a 1 h response time were identified as the best conditions. We observed that the 
cocaine hydrochloride concentration did not influence the model. A sample concentration of 15 mg mL-1 was 
used to quantify cocaine hydrochloride in street samples apprehended by the Forensic Police of Espírito 
Santo state (with n = 60). The quantification curve constructed to determine the cocaine hydrochloride 
concentration showed a determination coefficient, R2, of 0.98246 and RMSEC (root mean squares error 
calibration - mean square error of the calibration) of 0.39480, with a LOD and LOQ of 0.09 and 0.30 mg 
mL-1, respectively. For the crack samples, the cocaine hydrochloride concentrations ranged from 2.5 to 
60.8 wt% with an average purity content of 21.3 ± 13.3 wt%. For the seized cocaine samples, variation in 
hydrochloride content from 1.2 to 22.6 wt% was observed with a mean percentage of 14.19 ± 6.92 wt%. 
Finally, chemometric tools such as principal component analysis were used to assess the similarity among 
the samples.
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INTRODUCTION 
The commonly abused substances that cause psychological and physical dependence can be 

grouped into three major classes according to their main actions on the central nervous system (CNS): 
CNS depressants, CNS stimulants, and CNS disruptors. CNS depressants reduce brain activity and also 
have analgesic properties. People under the influence of these drugs become drowsy, lazy, careless, and 
unfocused. Among the main substance classes are highlighted: opioids, ethanol and barbiturates. CNS 
stimulants, which increase brain activity, accelerate the activity of particular neuronal systems, producing 
an exaggerated state of alertness, and insomnia. Cocaine, amphetamines, and methamphetamines (such 
as MDMA), and anorectic are examples of CNS stimulants. CNS disruptors distort brain functioning, 
producing altered states such as delusions, hallucinations, and changes in sensory perception. For this 
reason, CNS disruptors are also referred to as hallucinogens. Examples of CNS disruptors include LSD, 
psilocybin, mescaline, and cannabinoids [1-5].

Among these drugs, the cocaine, that is composed of a tropane alkaloid, inhibits the action of 
acetylcholine. Cocaine has a high local anesthetic action and is a potent stimulant of the central nervous 
system [6]. Cocaine belongs to the family of alkaloids (compounds with aromatic nitrogen) obtained from 
the leaves of the coca plant, Erythroxylum coca. The alkaloid content of the coca leaves varies according 
to different growing regions and varieties of the plant. The shrub grows in South America, particularly in 
Peru and Bolivia, and is found in the eastern Andes and above the Amazonic watershed. There are about 
200 plant species, but only 17 of them are used for cocaine extraction and production. Cocaine can be 
consumed as salt, cocaine hydrochloride, or as a free base (crack) [7].

Forensic sciences
Forensic sciences are based on the concept that crimes cannot occur without producing some evidence, 

such as skin cell fragments, microscopic fibers, or a small amount of poison present in a drop of blood. 
Increasingly, forensic sciences have evolved to include the use of sensitive and precise instruments [8]. 
In this context, forensic chemistry is a branch of forensic science aimed at identifying material evidence 
for criminal justice proceedings, through the analysis of substances such as licit and illicit drugs, poisons, 
accelerants and fire residues, explosives, waste firearms, fuels, paints, and fibers [9]. These new 
technologies allow for efficient confirmation of crimes by laboratory analysis [10]. However, the ability to 
confirm samples in loco could solve several problems more quickly.

Chewing and ingesting coca leaves has been a common practice in South America for generations due 
to the stimulating effects of coca. However, cocaine purified from coca leaves is a schedule II drug since 
it has a high potential for abuse. In the street, cocaine has the appearance of a fine white powder and is 
mixed with a wide variety of adulterants, such as benzocaine, lidocaine, caffeine and procaine, in order 
to inflate the mass of the product, increasing profits from sales. For forensic identification of cocaine, it is 
common to use colorimetric kits that react to the presence of cocaine hydrochloride; however, these tests 
can be interfered with, producing false positive results. Other analytical techniques, including infrared 
spectroscopy by Fourier transform (ATRFTIR) and visible in ultraviolet (UV-VIS), can be used to confirm 
samples [11-13]. 

Microfluidics 
Microfluidics, the study of the behavior of small fluid samples in small channels, has been applied in 

biochemical and pharmaceutical tests. However, a more detailed definition describes microfluidics as the 
science and technology of systems that manipulate and study small amounts of fluids, using structures 
(microdevices) with dimensions from tens to hundreds of micrometers [14].

To reduce the use of reagents and lower operating costs, microfluidics is increasingly being used in new 
equipment used in the chemical industry, and, consequently, in the forensic sciences. This trend is due 
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to the increasing miniaturization of electronic devices. Miniaturization began in the 1960s, when analog 
devices began to be replaced by digital devices which have smaller dimensions but equivalent efficiency. 
The miniaturization of electronics is apparent when comparing a television from the 70s with a current 
television or even when comparing a notebook to the first desktops [15].

In the 1990s, Manz et al. proposed the use of microsystems for total analysis, or simply µTAS. With 
the development of µTAS, it became possible to integrate in a single device several analytical steps, such 
as sample introduction, sample pre-treatment, chemical reactions, analytical separation, and detection 
[16,17]. Since several analytical steps, normally developed in a laboratory, were consolidated on a single 
chip, µTAS are also called “lab-on-a-chip” (LOC) [14]. µTAS, or LOC, transform chemical information into 
electrical or optical signals, enabling easy automation, becoming relevant to the clinical and environmental 
field in which the term “point-of-care” has been used [14,18]. These factors, coupled with portability, have 
driven the massive development of analytical microscale systems in recent years [19].

In the early 2000s, the 3D printer modified and accelerated the direction of microdevices. This technology 
uses a resin that stiffens in the presence of ultraviolet light, producing a sculpture perfectly aligned with 
the determinations indicated in specific computer programs. It is possible to easily create, for example, a 
channel system with micrometric measurements and printing. 

New methods that use microfluidics for analysis have increased in number as 3D printing technology 
technique has become more popular. Among these innovations, paper-based microdevices stand out in 
terms of their low manufacturing cost and high portability.

Microfluidic paper-based analytical devices (μPADs)
Paper-based microfluidic devices (or μPADs, from the term “microfluidic paper-based analytical 

devices”) were created in 2007 by Martinez et al., from Harvard University. The purpose of these devices 
is to perform colorimetric sensing in a low-cost biological analysis. The paper is mainly composed of a 
cellulose polymer, which makes it porous, allowing it to favor the liquid fluidity between the fibers due to 
capillarity action [20].

Advantages to using paper for devices include the following: great abundance, low cost compared 
to other platforms for sensing, easy to obtain and handle, compatibility with large-scale production of 
microfluidic devices, possibility of long-term storage, easy physical modification and surface chemistry 
for bioassays, easy disposal through incineration making it more environmentally friendly, ability to use 
reduced volumes of samples (microliters to nanoliters depending on the resolution of the barriers created 
on the paper), and white color (suitable for colorimetric tests). However, some factors can also hinder the 
use of paper devices such a matrix effect, humidity and the homogeneity of the structure [21]. It is worth 
noting that substances such as benzocaine, lidocaine, caffeine, and procaine, if mixed with the samples, 
can generate a false positive result [13].

While there are clear advantages to using μPADs for colorimetric analysis, there are some drawbacks. 
Applying μPAD technology cannot always be carried out directly, since pretreatment of the sample is 
necessary to avoid interference in the color of the solution, inconsistencies in lighting, lack of uniformity, 
or the presence of particulate contaminants that can confuse the interpretation of the colorimetric result. 
However, it is possible to couple these pretreatment processes in a single disposable paper device.

Wax printing is a method of producing μPADs by depositing wax using solid ink printers. After printing, 
the paper must be heated to the melting point of the wax so that it penetrates through the cellulose fibers. 
Heating can be carried out with a heating plate, which is a common piece of equipment in laboratories. The 
use of μPADs as colorimetric sensors is already widespread in the scientific literature, such as research on 
monitoring acid-base titrations, food analysis, forensic analysis, and tumor biomarker identification [22-27].

Smartphone app
Growing technological advances have led to a dramatic increase in digital photographic technology, 

both in terms of software and hardware, which is expected to continue in the coming years due to the 
easiness and low cost of acquiring images through digital and smartphone cameras. The relationship 
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between digital image and colorimetric tests favors obtaining both qualitative data and quantitative 
analytical measurements.

Digital images have been widely used to analyze food, beverages, fuels and other substances due to 
the low cost and speed of analysis and data collection. Studies to monitor and evaluate food quality, for 
example, are carried out visually where the use of digital image minimizes the recurrent subjectivity in 
these types of analyses. Digital images are matrices in which a point in the image is identified by lines and 
columns. The basic elements of this matrix are called pixels or image elements. Each pixel reports the 
intensity of the red, green, and blue colors, which are the three primary colors that produce different types 
of colors [28].

One of the software used is Photometrix®, which is used for image processing in the quantification of 
chemical substances. This application was developed by Professor Gilson A. Helfer and collaborators at 
the University of Santa Cruz do Sul in Rio Grande do Sul [29].

Use of chemometric tools
One of the most important tools in the current development of analytical methods is the design of 

experiments, which helps to reduce the high variability of results, analysis times and the costs involved 
[30]. Routine applications of chemometric methods flow from analytical chemistry literature, such as in 
extraction methods, since there are several influential factors in this process.

Experimental planning seeks both to describe the experiment and to explicitly identify inferences about 
the causes of the process and/or the relationships of the conditions. This allows us to infer what we 
produced or contributed to these events. While several approaches can be used during experimental 
planning, the best approach is selected based on the type of evaluation or response. Thus, planning can 
be carried out using the factorial model, the fractional factorial, the Doehlert, the central compound (Central 
Composite Design - CCD), the Box-Behnken (Box-Behnken Design - BBD), among other approaches [31].

Principal component analysis (PCA) is a widely used chemometric technique in analytical chemistry 
that utilizes pattern recognition without supervision. Thus, PCA was used in this work to identify cluster 
formation, enabling the detection of anomalous samples [32]. In addition, PCA forms the basis for numerous 
processes of classification, pattern recognition and multivariate calibration [33].

PCA is used for classification, pattern recognition, and multivariate calibration processes [33]. PCA 
derives the analysis of multi-point principal components (multiway principal component analysis - MPCA). 
Thus, MPCA is an extension of PCA for data sets with a high degree of complexity, in which the data cube 
X is unfolded in a matrix X (i, j, k). PCA is a pattern recognition technique without supervision that allows the 
identification of natural cluster formation and the detection of anomalous samples [32]. Another technique 
applied in this work was partial least squares regression (PLS), a technique that reduces predictors to a 
smaller set of non-correlated components and performs least squares regression for these components 
in place of the original data. PLS regression is particularly useful when predictors are highly collinear or 
when there are more predictors than observations Because PLS does not assume that predictors are 
fixed, as opposed to multiple regressions, predictors can be measured in error, making PLS more robust 
to measurement uncertainty [34].

Thus, this work seeks to design and optimize μPAD systems for the detection and quantification of 
cocaine. For this study, six factorial experimental designs with central points were developed using three 
different factors: spot diameter (6, 8 and 10 mm), cobalt II thiocyanate content (50, 75 and 100% in relation 
to a standard commercial supply provided by the Civil Police of the state of ES, CP - ES), and concentration 
of cocaine hydrochloride (4, 6 and 8 mg mL-1), where a different sample exposure time was used to assess 
the stability of the system produced (t = 0, 0.5, 1, 12, and 24 h). With the aid of analytical tools such as 
ANOVAs, Pareto Graphs, and Response Surfaces, the factors will be optimized to determine the ideal 
point for the analysis. The light intensity recorded by the Photometrix® application will be compared to an 
analytical curve with nine points of known concentrations. In addition, chemometric tools such as PCA and 
PLS will be used to group and predict the cocaine hydrochloride content present in seized samples.
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MATERIALS AND METHODS
Materials and reagents

The ΜPADs were built with the aid of a ColorQube 8880 wax printer on a sheet of A4 paper. The 
standard solutions were prepared from 100 mg of cocaine (standard produced by the Federal Police of 
Rio Grande do Sul). The photos were generated with a Samsung J8 Smartphone with a Photometrix® 
application. In total, 60 street samples were analyzed, including 30 of cocaine and 30 of crack.

Planning

Figure1. Optimization of μPADs.

μPADs were designed with the help of the Windows power point program. μPADs of three different 
diameters – 6, 8 and 10 mm – were designed, since this was one of the factors studied with experimental 
planning. The ColorQube 8880 printer was used to print μPADs on standard A4 chamex sheets. After 
printing, the sheet with the wax was fully impregnated with wax by placing the μPADs in a greenhouse at 
120 °C for 5 minutes.

The standard solutions for the analytical curve for cocaine hydrochloride were prepared. Exactly 100 
mg of sample was weighed and dissolved in 10 mL of ultrapure water. Using the prepared 10 mg mL-1 stock 
solution, parts of the solution were diluted to prepare eight additional standards of different concentrations 
– 9, 8, 6, 5, 4, 3, 2 and 1 mg mL-1 – which were used to construct the analytical curve. It is worth mentioning 
that constructing the analytical curve is important because it is another factor studied in planning – the 
influence of the cocaine hydrochloride concentration on the efficiency of the sensitivity of μPADs. The third 
factor studied was the percentage of cobalt thiocyanate II, [Co(SCN)2] added that could react with the drug. 
The original test uses the solution provided by the cooperation agreement, process 23068.011398/2012-
72, with the CP-ES. The study also assessed if the thiocyanate concentration increases the selectivity of 
the technique for cocaine. In this work, we tested 50, 75 and 100% values relative to the standard solution 
provided by PC-ES [35].

With the prepared μPADs and the cocaine hydrochloride and [Co(SCN)2] solutions, the next step was the 
construction of the experimental design. A factorial design was chosen, since there was no understanding 
of how each factor would influence the model. A total of six experiments were carried out. In the first, the 
factors chosen for planning were cocaine hydrochloride concentration, [Co(SCN)2] concentration and the 
diameter of the μPAD, keeping the detection time fixed. In the first experiment, the detection time was 
defined as t = 0 s, and the colorimetric test images were acquired immediately after the experiment. For 
the other five time periods, the waiting time factor was treated in a unidimensional way with values of 30 
min, 1 hour, 12 hours and 24 hours – waiting for the acquisition of images and analysis in the Photometrix® 
application.

Use of Paper Microdevices in the Identification and Quantification of Cocaine in Seized Street Samples
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A factorial design was set up with three factors, totaling eight experiments, with three experiments 
added to the central point, totaling 11 experiments (see Table I).

Table I. Experimental factorial design with 3 factors

Test Factor 1 Factor 2 Factor 3 Answer*

1 100 10 8

2 50 10 8

3 100 6 8

4 50 6 8

5 100 10 4

6 50 10 4

7 100 6 4

8 50 6 4

9 75 8 6

10 75 8 6

11 75 8 6

Factor 1 (% of thiocyanate), Factor 2 (Diameter (mm)) and Factor 3 (Cocaine Hydrochloride (mg∙mL-1)). 
Answer * is the accuracy of the model in prediction of the cocaine concentration obtained by predicting 
whether the application curve matches the actual sample concentration.

Each experiment used 3 µL of cocaine hydrochloride solution and 3 µL of Cobalt II Thiocyanate 
solution provided by CP-ES. For example, in experiment 1, 3 µL of 100% of the [Co(SCN)2] solution was 
pipetted, followed by waiting 5 minutes for the total and uniform impregnation of the μPAD. Next, 3 µL of 
hydrochloride solution was applied at a concentration of 8 mg mL-1. The other experiments were carried 
out using the same procedures. Following this, six experiments were built including one containing four 
factors, with the last factor being the waiting time for the response, which is used to determine the cocaine 
concentration using the Photometrix® app. In the other five schedules, the waiting time factor was treated 
in a unidimensional way with its waiting values – t = 0 s, 30 min, 1 hour, 12 hours and 24 hours – for 
analysis with the Photometrix®.

A PLS model was constructed using three different levels of concentrations and nine levels on the 
analytical curve. Since the concentrations of the solutions were known, the efficiency/accuracy – comparison 
between the measured and real values – was used as a response for each experiment performed, thus 
obtaining five plans.

Analyzed samples
With the planning completed and the analytical curve constructed, we analyzed the samples seized by 

the CP-ES, which included cocaine (n =30) and crack (n = 30) samples.
Each sample was processed using the same procedure, in which a mass of 30 mg was dissolved in 

2 mL of ultrapure water. After the construction of the μPADs with 8 mm in diameter, 3 µL was pipetted of 
100% [Co(SCN)2] solution, where a total and uniform impregnation of the ΜPAD was carried out for five 
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minutes, and then 3 µL of solution was applied for each unknown sample. After 1 hour, the Photometrix® 
software was used to build the PLS model and predict the cocaine hydrochloride content in each sample.

Finally, a PCA analysis was performed in order to determine the similarity between the seized samples 
of cocaine and crack.

Photometrix
To analyze the data, the Photometrix® software developed by the chemometrics research group of the 

University of Santa Cruz do Sul (RS, Brazil) was used. This software is available for free in the Android® 
and IOS® application store (http://www.photometrix.com.br). The software contains multivariate analysis 
tools and allows the user to perform principal component analysis (PCA), partial least squares regression 
(PLS), and hierarchical cluster analysis (HCA).

The application interface includes univariate and multivariate analyses. In the configuration interface, 
the user can determine the region of interest, camera settings, and register an email to export the data.

The PCA analysis method performed by the application was rapid and easy to carry out, with a few steps 
to the final data and without the need for image processing to interpret the results. For the construction of 
the graphs, channels R, G, B, H, S, V, L, and I was established with data centered on the mean.

To perform this test, the Samsung smartphone model J8 (16-megapixel camera, aperture F 1.7, digital 
stabilization, 4032x3024 pixel resolution and Android 8.1 operating system) was used. The samples were 
deposited in the ΜPADs followed by the reagents. After the pre-established time, a photo was taken with 
the μPADs nailed to a white background. Then the data was processed.

RESULTS AND DISCUSSION
Experimental plans

The experimental planning satisfied the imposed needs, allowing us to evaluate the best conditions to 
analyze the optimum concentration of cocaine hydrochloride. A total of six experiments were carried out 
as a result of five different times and a sixth planning in which the time was a fourth influential factor in the 
planning.

The analytical curve was constructed using the efficiency of the response obtained by the PLS model 
(Figure 5). Since the concentrations used at the three levels were known, the precision of the method – 
that is, how close the actual concentration is to the model – was used as a response for the experiments. 
This analysis was based on the modified Scott test, a forensic screening test widely used to identify 
cocaine hydrochloride, which was created by Scott in 1973 and modified by Fasanello and Higgins for 
analyzing crack samples. Scott’s test, equation 1, is performed using a solution of [Co (SCN)2] in an acid 
medium, which produces a blue-colored cobalt II complex in the presence of cocaine hydrochloride [35].

 Co2+ + 4SCN- + 2B: ↔ [Co(SCN)4B2]2- Equation 1
 Pink  Blue

Of the points analyzed, 3 µL was used from a 1 mg mL-1 solution, demonstrating that it is possible to 
produce a qualitative response to 3 µg of cocaine hydrochloride sample at low cost. Figure 5 shows the 
analytical curve of the analysis.

With the result of the calibration, tables can be constructed with responses for each experiment 
(supplementary material). Pareto graphs (Figure 1S), ANOVAs (Table 1S), and response surfaces (Figures 
2S and 3S) were constructed with the values obtained.

The ANOVAs assessed the fit of the models as well as the predictability of the models (supplementary 
material Table 1S). Two models with three factors with immediate waiting times (t = 0 min) and (t = 30 
min) showed a lack of adjustment (supplementary material, Table 1S – A and B). Thus, these models were 
discarded for analysis. Therefore, only other models were used in the study.

dos Reis, J. Z.; Romão, W.
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The study was carried out based on the experimental design with t = 1 hour, since the other times make 
the analysis unpracticable for a routine exam. However, the plans for t = 12 h and 24 h revealed that the 
image coloring became stable after a certain amount of time and was not influenced after t = 1 h. However, 
μPADs can be stored for a longer time, making their use very versatile for possible counter-proof. This was 
demonstrated through the factorial planning of four factors, which confirmed that time is not an influential 
factor in the efficiency of the model’s response (Pareto graph, Figure 2).

Figure 2. Pareto chart of planning with four factors.

The Pareto chart (supplementary material Figure 1S C – with t = 1 h) shows that the only influential factor 
is the concentration of hydrochloride in the sample in a negative form. It is due to its low concentration 
values, thus influencing, the photo resolution obtained that is directly proportional to the amount of revealed 
substance.

Thus, determining the response surfaces (Figures 2S and 3S of the supplementary material) were 
helpful in choosing the optimal points of the model (Figure 3). As described, the choice of the ideal points 
for the analysis was decided by observing the best efficiencies for each factor, which are found around the 
central points towards the ends of the model.

   
Figure 3. Response surfaces of hydrochloride concentration (A) versus spot diameter; and (B) spot diameter 
versus % cobalt thiocyanate II.
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With the analytical parameters of μPADs defined, including diameter information (8 mm), the percentage 
of the cobalt thiocyanate II solution (100%), and a response time of 1 h, the quantification of cocaine 
hydrochloride in seized street samples (n = 60) was carried out. It is worth mentioning that for the use of 
the technique in the field, all this construction of MPADs is only necessary once, and can be updated over 
time in order to make the analysis more accurate. For daily use, it is only necessary to transport the printed 
sheet, being activated and already impregnated with the Cobalt II Thiocyanate reagent [Co(SCN)2]. Thus, 
the qualitative result is instantly generated with the gain of the preliminary quantitative analysis, in case of 
using the PLS model previously loaded in the application already installed on any smartphone.

Seized samples
The methodology used for the analyses was similar to the methodology previously discussed. All 

samples analyzed (n = 60) showed a positive response for the cocaine hydrochloride identification (Figure 
4), and in some cases, the less intense bluish color is apparent (samples C16, C33, C35, and C44, for 
example) [13].

Figure 4. Result of the modified Scott test using the ΜPADs 
devices for seized samples of cocaine and crack.

The presence of a blue color confirms that the qualitative test has a good efficiency. According to 
the SWGDRUG recommendations, colorimetric tests are classified as C class, being recommended as 
preliminary test. Therefore, it is necessary to perform other chemical analysis that are classified as A or B 
(NMR, GC-MS, LC-MS, etc.). However, the positive result for the colorimetric analysis allows to conclude 
negative results, being valid as an initial proof and opening precept for flagrante delicto. Traditional 
colorimetric analysis requires cobalt thiocyanate II reagent and is normally applied to solid samples, being 
difficulty its detection in dark liquids such as wines and grape juices. Hence, the technique presented 
herein uses volumes so small of the analyte that even when dissolved, the contrast with the white of 
the leaf allows to obtain visually positive results. Thus, the main gain for the insertion of this analysis in 
the forensic scope with a simple preparation, having the possibility of preliminary identification even the 
samples being dissolved in dark liquids [36]. Each spot of μPAD consumes only 3 µL of aqueous solution, 
with virtually no sample loss. 

Use of Paper Microdevices in the Identification and Quantification of Cocaine in Seized Street Samples
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Figure 5. Cocaine hydrochloride analytical curve constructed by PLS.

The analytical curve and construction of a regression model for PLS was calculated (Figure 5). The curve 
produced a determination coefficient, R2, of 0.98246, in addition to a RMSEC (root mean squares error 
calibration: mean square error of the calibration) of 0.39480. The analytical curve generated a regression 
equation: y = 0.995 * x + 0.025 with a LOD and LOQ of 0.09 mg mL-1 and 0.30 mg mL-1, respectively [37].

For the crack samples, the hydrochloride concentrations ranged from 2.5 to 60.8 wt% with a mean 
average of 21.3 ± 13.3 wt% (Table II).

Table II. Hydrochloride concentrations (mg mL-1 and wt%) in crack samples

Sample (mg mL-1) wt% Sample (mg mL-1) wt%

K14 9.12 60.8 K26 1.35 9.00

K37 6.14 40.94 K34 2.96 19.74

K13 4.03 26.87 K31 2.86 19.07

K32 6.81 45,40 K16 2.34 15.60

K40 3.59 23.94 K19 1.29 8.60

K27 6.89 45.94 K03 2.08 13.87

K30 4.41 29,40 K07 2.70 18.00

K37 6.14 40.94 K34 2.96 19.74

K18 2.63 17.54 K15 1.94 12.94

K36 5.06 33.74 K35 1.51 10.07

K33 5.73 38.20 K28 2.83 18.87

K12 1.76 11.74 K23 2.32 15.47

K02 0.37 2.47 K05 1.66 11.07

K22 2.03 13.54 K38 0.54 3.60

K09 2.79 18.60 K01 1.97 13.14

 Average percentage = 21.30  Standard Deviation = 13.35
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For the seized cocaine samples, the hydrochloride content variated from 1.2 to 22.6 wt%, with an 
average cocaine hydrochloride percentage of approximately 14.19 ± 6.92 wt% (Table III), similar to values 
previously reported in the literature [13]. It is important to note that the hydrochloride values present in the 
seized samples may indicate cocaine as well as some impurities such as adulterants like lidocaine and 
phenacetin. Previous evidence has shown that the Scott test provides false-positive results for these two 
substances [38]. However, it is important to note that, like the traditional method of analysis, the technique 
applied in this work is not able to differentiate interfering substances. On other hand, colorimetry test in 
microfluids scale allows to produce qualitative and quantitative results simultaneously, with minor sample 
preparation, lower cost than the traditional one and being less environmentally invasive, since uses much 
less sample and is based on a sheet of paper.

Table III. Hydrochloride concentrations (mg mL-1 and wt%) in cocaine samples

Sample (mg mL-1) wt% Sample (mg mL-1) wt%

C06 0.97 6.47 C37 1.19 7.94

C16 3.39 22.60 C23 2.95 19.67

C03 0.19 1.27 C25 3.00 20.00

C35 3.22 21.47 C26 3.11 20.74

C46 1.01 6.74 C11 2.16 14.40

C18 1.02 6.80 C48 2.19 14.60

C27 2.75 18.34 C40 2.92 19.47

C17 1.94 12.94 CP 1.23 8.20

C28 0.22 1.47 C39 1.56 10.40

C38 -0.13 -0.87 C36 3.04 20.27

C31 0.74 4.94 C12 2.79 18.60

C33 3.19 21.27 C19 2.33 15.54

C49 2.54 16.94 C47 3.25 21.67

C24 2.86 19.07 C44 3.07 20.47

C20 2.29 15.27 C43 2.87 19.14

 Average percentage = 14.19  Standard Deviation = 6.92

Figure 6 shows a graph of the frequency of the concentration of hydrochloride for cocaine and crack 
samples, showing a higher concentration present in crack samples: 14 samples had concentrations 
ranging from 18 to 24 wt%, while cocaine samples, had concentrations ranging from 12 to 18 wt%, similar 
to street sample values previously reported [38].

dos Reis, J. Z.; Romão, W.
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Figure 6. Frequency graph of hydrochloride concentrations for cocaine and crack samples.

Finally, PCA analysis was performed using 60 street samples, which were classified into two groups: 
cocaine (identified by “C”) and crack (“K”; see Figure 7). Selection of the PC1 vs PC3 plot was based on 
the best visualization of separation of the groups. The K13, K27, K30, K32, K36, K37 and K40 samples 
(with [hydrochloride] from 27 to 45 wt%), which have a higher content of cocaine, were grouped together, 
analyzing the PC1>0 region. The first component separated the groups in an acceptable way and 
was responsible for explaining of more than 50% of variance; this component probably represents the 
hydrochloride content in the sample. The PC1 vs PC2 and PC2 vs PC3 plots did not clearly group the 
samples, therefore these plots are not shown.

Figure 7. PC1 vs PC3 plot for cocaine and crack (represented by Cn and Kn 
symbols, respectively. With the loadings that explain 80.6% of the variance.

In general, many seized cocaine samples were distributed around the center of the PC1 vs PC3 plot, 
likely indicating a lower concentration of cocaine. On the other hand, cocaine samples located in the 
PC1<0 region (samples C16, C23, C24, C26, C33, C35 and C44, with [hydrochloride] ≈ 20% w/w) had 
similar analyte concentrations. Therefore, PC1 was capable of separating samples into three large groups 
based on the concentration of cocaine hydrochloride present.

Braz. J. Anal. Chem., 2022, 9 (34), pp 118-137.
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CONCLUSIONS
In this work, choosing effective experimental designs saved hours of variation in factors, countless 

experiments as well as saving on reagents. The samples were preserved well, since there was a loss of 
approximately 3 µg per sample analyzed. The accuracy of the concentration can only be confirmed by 
cataloged analysis.

As our results show, it is possible to quickly classify samples as crack or cocaine. In addition, an 
analytical curve with R2 greater than 0.98 with hydrochloride content variated from 1.2 to 22.6 wt%, with an 
average percentage of approximately 14.19 ± 6.92 wt% for street samples of cocaine. For crack samples, 
the hydrochloride concentrations ranged from 2.5 to 60.8 wt% with a mean average of 21.3 ± 13.3 wt%.

These findings demonstrate that ΜPAD is a useful approach for analyzing cocaine and crack samples. 
This analytical approach is still evolving, given the possibility of combining this approach with high-tech 
resources such as a smartphone. It is also important to note that the financial savings of the analysis 
is satisfactory, since the application is free and the possibility of up to 70 analyzes on a sheet of plain 
paper has already been proven, requiring only wax printing, at a standard cost of 25 cents per sheet, 
and activation in the greenhouse. In addition, the curves can be saved and incremented by new samples 
making the analysis more refined in the application, facilitating its application in loco. Thus, we present a 
quick, non-invasive analysis that allows the analysis of the substrate even dissolved in liquids.
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SUPPLEMENTARY MATERIAL

Table 1S. ANOVA of the six statistical models: Immediate (a), 30 min (b), 1 hour (c), 12 hours (d), 24 hours (e) 
and time as variable (f), respectively.

Factor SS df MS F p

(1) % Thiocyanate 244.76 1 244.76 5.11 0.15

(2) Diameter 4.13 1 4.13 0.08 0.8

(3) Hydrochloride Concentration 2664.5 1 2664.5 55.63 0.02

1 by 2 144.5 1 144.5 3.01 0.22

1 by 3 453.76 1 453.76 9.47 0.09

2 by 3 79.69 1 79.69 1.66 0.33

Lack of Fit 2784.96 2 1392.48 29.07 0.03

Pure Error 95.79 2 47.89

Total SS 6472.1 10 A
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Table 1S. ANOVA of the six statistical models: Immediate (a), 30 min (b), 1 hour (c), 12 hours (d), 24 hours (e) 
and time as variable (f), respectively. (Continuation)

Factor SS df MS F p

(1) % Thiocyanate 10.99 1 10.99 0.37 0.60

(2) Diameter 1474.92 1 1474.92 49.15 0.02

(3) Hydrochloride Concentration 295.55 1 295.55 9.85 0.09

1 by 2 57.11 1 57.11 1.90 0.30

1 by 3 16.89 1 16.89 0.56 0.53

2 by 3 7773.49 1 7773.49 259.05 0.004

Lack of Fit 2392.73 2 1196.36 39.87 0.02

Pure Error 60.01 2 30.01

Total SS 12081.69 10 B

Factor SS df MS F p

(1) % Thiocyanate 88.61 1 88.61 0.81 0.46

(2) Diameter 310.94 1 310.94 2.85 0.23

(3) Hydrochloride Concentration 5043.85 1 5043.85 46.19 0.02

1 by 2 5.08 1 5.08 0.05 0.85

1 by 3 254.53 1 254.53 2.33 0.27

2 by 3 26.74 1 26.74 0.24 0.67

Lack of Fit 1342.52 2 671.26 6.15 0.14

Pure Error 218.40 2 109.20

Total SS 7290.65 10 C

Factor SS df MS F p
(1) % Thiocyanate 67.57 1 67.57 0.19 0.70
(2) Diameter 47.53 1 47.53 0.13 0.75
(3) Hydrochloride Concentration 2701.12 1 2701.12 7.68 0.11
1 by 2 540.38 1 540.38 1.54 0.34
1 by 3 4.13 1 4.13 0.01 0.92
2 by 3 1188.28 1 1188.28 3.38 0.21
Lack of Fit 1993.22 2 996.61 2.83 0.26
Pure Error 702.87 2 351.44
Total SS 7245.11 10 D
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Table 1S. ANOVA of the six statistical models: Immediate (a), 30 min (b), 1 hour (c), 12 hours (d), 24 hours (e) 
and time as variable (f), respectively. (Continuation)

Factor SS df MS F p

(1) % Thiocyanate 450.00 1 450.00 0.56 0.53

(2) Diameter 569.53 1 569.53 0.71 0.49

(3) Hydrochloride Concentration 625.69 1 625.69 0.79 0.47

1 by 2 1075.32 1 1075.32 1.35 0.36

1 by 3 2295.03 1 2295.03 2.88 0.23

2 by 3 55.12 1 55.12 0.07 0.82

Lack of Fit 260.97 2 130.48 0.16 0.86

Pure Error 1591.61 2 295.80

Total SS 6923.28 10 E

Factor SS df MS F p

(1) % Thiocyanate 0.43 1 0.43 0.0008 0.98

(2) Diameter 137.33 1 137.33 0.26 0.66

(3) Hydrochloride Concentration 179.73 1 179.73 0.34 0.62

(4) Thiocyanate Time 771.80 1 771.80 1.46 0.35

1 by 2 0.001 1 0.001 0.00 1.00

1 by 3 120.31 1 120.31 0.28 0.68

1 by 4 259.01 1 259.01 0.49 0.56

2 by 3 6305.35 1 6305.35 11.91 0.07

2 by 4 110.91 1 110.91 0.21 0.69

3 by 4 259.01 1 259.01 0.49 0.56

Lack of Fit 443.87 6 73.98 0.14 0.97

Pure Error 1058.46 2 529.23

Total SS 9646.21 18 F

Use of Paper Microdevices in the Identification and Quantification of Cocaine in Seized Street Samples
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Figure 1S. Pareto charts of the six statistical models: Immediate (a), 30 min (b), 1 hour (c), 12 hours (d), 
24 hours (e) and time as variable (f), respectively.
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Response Surfaces Confronting Hydrochloride Concentration X Diameter

   

   

   
Figure 2S. Response surface graphs of the six statistical models: Immediate (a), 30 min (b), 1 hour (c), 
12 hours (d), 24 hours (e) and time as variable (f), respectively.

dos Reis, J. Z.; Romão, W.
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Response Surfaces Confronting Hydrochloride Concentration X % Thiocyanate

   

   

   
Figure 3S. Response surface graphs of the six statistical models: Immediate (a), 30 min (b), 1 hour (c), 
12 hours (d), 24 hours (e) and time as variable (f), respectively.
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One way to access the toxicity of a fired 
ammunition is by analyzing the byproducts 
generated by shooting. This work has 
analyzed compounds produced by firing 
non-toxic ammunition (NTA) by Gas 
Chromatography-Mass Spectrometry (GC-
MS). In addition to standard NTA, NTA 
containing luminescent markers were also 
analyzed. Luminescent markers have been 
shown to be an excellent tool in the 
identification of Gunshot Residues (GSR) 
produced from NTA. As these markers are 
designed to tag NTA, they must not produce 
toxic byproducts. In this work, we focused 

on identification of volatile products that can be inhaled by shooter when firing and can represents risk to 
their health by acute and chronic exposition. For the NTA ammunition several toxic compounds, such as 
benzonitrile and naphthalene were found. They were related to de degradation of explosives, sensitizers, 
stabilizers, and other materials added to the gunpowder, indicating possible toxicity by shooters’ long 
exposure. Moreover, as some of the compounds found are classified as GSR indicators, the used 
methodology could be adapted for GSR identification. Besides the compounds identified in NTA samples, 
in marked samples, pyridine and benzene were identified. Pyridine was provided by dipicolinic acid and 
benzene was provided by trimesic or terephthalic acid, all used as binder in the structures of the markers. 
However, it can be concluded that the possible toxicity of the NTA is mainly not altered by the presence of 
the markers because of the small amount of marker added to ammunition and because only a small part 
of the marker is degraded, requiring an unreal number of shots to produce some acute effect. 
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INTRODUCTION 
The long-term exposure to gunshot residues (GSR) can be harmful to the health of frequent shooters, 

such as police and forensic experts, being the most known effect related to Pb-contamination [1]. After a 
series of studies [1–6] reported that frequent shooters had a high rate of lead in their blood, the ammunition 
industry developed heavy metals free ammunition (also called non-toxic ammunition, NTA). Despite the 
elimination of heavy metals represents an effective gain for the health of these professionals, the toxicity 
derived from other ammunition components, such as from degradation of the organic part of ammunition, 
has never been studied. 

The GSR produced by NTA is hardly identified due to the lack of characteristic metals (Pb, Sb and Ba) 
or a unique chemical signature [7,8]. In fact, chemical markers are already being used for NTA in Germany 
[9]. In order to overcome this problem, luminescent markers has proven to be quite helpful in identifying the 
GSR and in analyzing the crime scene [10,11]. Interesting results were obtained using some Lanthanide 
Metal-Organic Frameworks (LMOFs) as luminescent markers in GSR. This materials exhibit chemical and 
optical signatures with high quantum yield and very defined emission spectra, which allow the unequivocal 
identification as LGSR (luminescent gunshot residues) by several nondestructive analytical methods [12].

In the last years a series of compounds [13–18] have been developed and tested in situations that 
simulated the routine analysis of forensic experts. The addition of luminescent markers to ammunition 
helped to identify the shooter, the weapon used, the location of the shooter and the distance at which the 
shot was fired [19–21], using only and UV lamp. Besides, LGSR was able to be visualized in different types 
of fabrics [22]. Furthermore, markers with different chemical and optical signatures can be used to mark 
specific batches of ammunition, allowing an ammunition coding system [23,24]. However, as the markers 
are intended primarily for NTA identification, luminescent markers are, naturally, expected to be non-toxic. 

To access the toxicity of markers that could be used in NTA, Lucena et al. [25] evaluated the toxicity of the 
LMOF ∞[Eu(BTC)] by acute oral test (OECD #432). This compound, that acted as an efficient luminescent 
marker in ammunition, was classified in the least toxic Globally Harmonized System (GHS) category (5), 
with a LD50 of 5000 mg kg-1, which strongly suggests a wide security range for its application [25]. Also, 
Talhari et al. [26] evaluated the acute oral and inhalation toxicity of the MOF ∞[Eu(DPA)(HDPA)] (OECD 
#432 and #436), another efficient luminescent marker for ammunition. Even when used in high doses 
(1 mg L-1 of air in the inhalation test and 2000 mg kg-1 of body weight in the oral test), the marker presented 
no toxic effect. Based on the acute oral test, it was also classified in GHS category 5 (which is the least 
toxic one), with a LD50 of 5000 mg kg-1 [26]. 

Although these markers have not been shown to be toxic, presenting a wide safety margin for oral 
and inhalation acute poisoning, all studies were conducted with markers itself, adapting some protocols 
usually related to drugs or biomaterials. Furthermore, since these markers are considered thermally and 
chemically stable, so far, no study has been carried out considering a possible degradation of part of the 
marker during the shot, as well as the possible byproducts of this degradation. In this way, additional 
studies are required to understand the toxicity aspects better, not only of the pure markers and of the 
LGSR generated by them, but also of the NTA-GSR itself, since the removal of heavy metals from NTA 
does not assures that toxic residues cannot be generated after the shot.

In this work, the byproducts found in cartridges of marked and non-marked NTA were studied. The 
byproducts are expected to derive from degradation of the gunpowder and stabilizers, and in the case of 
marked ammunition, from the degradation of the marker itself. With this, we expected to shed some light 
on possible toxic effects for frequent shooters due to continuous exposure to GSR as well as to investigate 
if the addition of Metal-Organic Framework (MOF)-based luminescent markers can alter the toxicity of the 
non-toxic ammunition (NTA).

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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MATERIALS AND METHODS
Luminescent markers

The LMOFs used as luminescent markers were hydrothermally prepared, using a microwave reactor 
and autogenous pressure, with a maximum power of 400 W (Monowave 300 Anton Paar), as described 
by Arouca et al. [20]. The following markers were synthesized: EuDPA (∞[Eu(DPA)(HDPA)]), EuBDC 
(∞[Eu2(BDC)3(H2O)2]n) and EuBTC (∞[Eu(BTC)]), as shown in Figure 1. Each marker was individually added 
to a sample of NTA gunpowder (Clean Rage, CBC®) in the proportion of 10% wt, and ammunitions were 
reassembled for shots.

Figure 1. Asymmetric unit of the LMOFs: EuDPA, EuBDC and EuBTDC. The images were created 
using crystallographic information (CIF) from references [27–29], respectively.

Sample collection
 After shots, cartridges were immediately collected and kept in a 20 mL vial. The 
extraction of the volatile compounds was performed by headspace solid-phase 
microextraction (HS-SPME) using a 65 μm PDMS/DVB fiber (SUPELCO), as 
shown in Figure 2. Samples were collected from a single fired cartridge of NTA and 
a cartridge of marked-NTA. The samples were analyzed by gas chromatography 
- mass spectrometry (GC-MS) fitted with a single quadrupole mass analyzer. Two 
samples (replicates #1 and #2) of each marked ammunition and the pure NTA 
ammunition were collected.

SPME extraction
The SPME extraction was carried out in this sequence: incubation at 80 °C, at 

600 rpm, for 3 min. The equilibration time was 16 min and the desorption in the 
injector occurred for 20 min.

GC-MS condition 
The analyses were conducted using a mass spectrometer (Agilent model 5973), coupled to a 

gas chromatograph (Agilent model 6890N), with a phase capillary column poli(5% diphenyl / 95% 
dimethylsiloxane), dimensions 30 m x 0.25 mm x 0.25 µm (Rtxi-5ms RESTEK), equipped with CTC PAL 
multipurpose sampler, with the SPME module.

The injector temperature was maintained at 280 °C, in Splitless mode with Split valve closed for 4 min. 
The column was maintained with a constant flow of Helium for 1.3 mL min-1. The chromatographic oven 
programming: initial temperature of 40 °C, maintained for 1 min and then heated at a rate of 10 °C min-1 

Figure 2. Scheme of a 
9 mm cartridge in a GC 
vial to extract the volatile 
material after firing.

Arouca, A. M.; Vieira, M. L.; Talhavini, M.; Weber, I. T. 
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to 120 °C, remaining at this temperature for 1 min. Then the oven was heated at a rate of 5 °C min-1 up to 
180 °C, maintaining at this temperature for 1 min, and finally, the oven was heated at a rate of 60 °C min-1 
to 315 °C, maintaining this temperature for 25 min. The total analysis time was 50 min and 25 seconds.

The GC-MS interface was maintained at 280 °C, with the mass spectrometer operated in scan mode 
in the scan range from 30 to 500 m/z.

After the analysis, the chromatograms obtained for the marked ammunition were compared with those 
from NTA. Also, all mass spectra obtained at each chromatogram retention time were analyzed using the 
Chemstation Data Analysis program and the NIST Search program (version 2.0, NIST/EPA/NIH EI Mass 
Spectral Library).

Given the complexity of the matrix used (fired cartridge) and the fact that this is an exploratory study, 
we used only compounds that showed a match above 50% between the fragmentation pattern of the 
compound and the NIST data bank or those that were related to the degradation of the marker. For 
benzene and pyridine, standard solutions were used in other to determinate the retention time of each 
compound. 

RESULTS AND DISCUSSION
NTA byproducts

To identify the byproducts produced after the shot of an NTA, the mass spectra found in the 
chromatograms were compared with the NIST data base. A large variety of compounds were identified. 
These variations in the same ammunition type were already expected and can be associated with the 
complexity of the matrix and the volatility of some compounds present in the cartridges. Ammunition is 
not a homogeneous “sample”, just as pistols are not precision instruments. So, changes in the “burning 
pattern” can be expected, resulting in the formation of different byproducts. In addition, small variations in 
the sampling time, ambient temperature, and humidity of the moment that the experiment was carried out 
can also lead to some variability in volatilization before the cartridge was placed in the vial. Despite this, 
some trends could be observed. 

The following compounds were found in the pure NTA fired cartridge: glycidol (2.720–2.727 min), 
oxime-methoxy-phenyl (5.191 min), benzonitrile (6.668 min), naphthalene (9.992 min), 2,6-di-tert-
butylbenzoquinone (15.703 min), 2,4-ditert-butyl-6-nitrophenol (20.058–20.445 min), N,N’-diethyl-N,N’-
diphenylurea (24.059–24.452 min), as shown in Figure 3. N,N’-diethyl-N,N’-diphenylurea is used as 
stabilizer in the gunpowder [30], and naphthalene has already been described in GSR [31]. The other 
compounds found can be related to de degradation of explosives, sensitizers, stabilizers, flash inhibitors, 
plasticizers and others materials added to the gunpowder [32].

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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Figure 3. Chromatograms obtained from as-fired cartridge of pure NTA.

This result highlights an important aspect: despite being considered non-toxic, pure NTA also displays 
some hazardous byproducts after the shot. In fact, NTA is called as nontoxic ammunition because it is free 
from heavy metals. Nevertheless, it cannot be considered nontoxic because it produces some organic 
compounds that have known toxic effects. One of these compound found is naphthalene, a bicyclic 
aromatic hydrocarbon that is classified as Category 2B for as Carcinogenicity (possibly carcinogenic to 
humans) [33]. Carcinogenicity have been seen in rats studies, in which nasal tumors and non-neoplastic 
inflammatory changes has been identified [34]. In humans, naphthalene can cause hemolytic anemia with 
associated jaundice and cataract formation [34]. Also, form an acute exposure, hemolytic anemia and 
cataracts were observed [35].

Another compound found was benzonitrile. In humans, it was reported to cause severe respiratory 
distress, tonic convulsions, and periods of unconsciousness [36]. In animals, toxicity data are lethality and 
non-lethal effects in rats, mice, and rabbits [37].

Several other compounds are described as organic GSR by Goudsmits et al. [32], such as pyrene and 
anthracene, polycyclic aromatic hydrocarbons (PAH) classified as 3 and 2B, respectively, as well as benzyl 
nitrile, which have known toxic effects. Despite the presence of notoriously hazardous compounds derived 
from degradation of organic part of ammunition, a study about the toxicity of the organic GSR from both 
NTA or conventional ammunition (as was done with the Pb/Ba particles of the inorganic GSR) has not 
yet been carried out. The presence of the compounds listed above in the GSR may indicate that chronic 
exposure to vapors resulting from the firing of a NTA ammunition can produce toxic effects, requiring 
further studies.

Chromatographic Analysis of Byproducts from a Non-Toxic Ammunition and a Marked Ammunition: 
An Assessment of Toxicity
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LGSR byproducts
The study was focused on three previously studied MOF-based markers, in order to identify the 

presence of benzene in trimesic acid (H3BTC) and in terephthalic acid (H2BDC); or pyridine structures, in 
dipicolinic acid (H3DPA). These three compounds (H3BTC, H2BDC and H3DPA) are used as ligands (now 
on called BTC, BDC and DPA) to build up the LMOF structure (Figure 4). It is important to point out that 
these three markers have been studied before and have demonstrated potential as luminescent markers 
in ammunition (conventional and NTA) [19,20,24]. Moreover, EuBTC and EuDPA have been evaluated by 
oral or inhalation acute tests and shown as not harmful [25,26].

Figure 4. Ligands present in structures of tested markers and 
target byproducts.

For GSR-NTA marked with EuDPA, it was possible to observe, at 3.002–3.015 min, a peak referring to 
pyridine, as pointed in Figure 5. Also, less intense peaks corresponding to the following compounds were 
found: 2,4,7,9-tetramethyl-5-decyne-4,7-diol (14.357–14.362 min), 6-tert-butyl-4-ethyl-1,1-dimethylindan 
(19.155–19.156 min) and 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione (24.104 min). Their 
structures are shown in Figure 6. Other compounds found in the NTA, such as N,N’-Diethyl-N,N’-
diphenylurea and glycidol, were also found in the EuDPA´s chromatograms.

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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Figure 5. Chromatograms obtained from as-fired cartridge of NTA marked with EuDPA.

Figure 6. Structures of compounds found in NTA-GSR marked with EuDPA.

Arouca, A. M.; Vieira, M. L.; Talhavini, M.; Weber, I. T. 



145

For GSR-NTA marked with EuBDC and EuBTC, a peak corresponding to benzene was observed at 
2.231–2.248 min (Figure 7) and 2.260–2.268 min (Figure 8), respectively. Moreover, for GSR marked with 
EuBDC, the following compounds were found: alfa-methylbenzeneethanamine (3.298 min), benzaldehyde 
(6.235 min), nitrobenzene (8.244–8.249 min), biphenyl (13.820–13.872 min), acenaphthylene (15.346–
15.347 min), dibenzofuran (16.833–16.834 min) and benzophenone (19.255–19.258 min). While for 
GSR-NTA marked with EuBTC, the listed compounds were found: 3-(3-Carboxy-4-hydroxyphenyl)-d-
alanine (5.121 min), benzaldehyde (6.237 min), phenol (6.460 min), biphenyl (13.809–13.813 min) and 
acenaphthylene (15.347 min). All structures are shown in Figure 9. Again, the compounds found for the 
pure NTA ammunition were also found for the EuBDC and EuBTC marked GSR.

Figure 7. Chromatograms obtained from as-fired cartridge of NTA marked with EuBDC.

Braz. J. Anal. Chem., 2022, 9 (34), pp 138-161.
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Figure 8. Chromatograms obtained from as-fired cartridge of NTA marked with EuBTC.

Figure 9. Structures of compounds found in GSR-NTA marked with EuBDC or EuBTC.

Among the listed compounds, pyridine and benzene are related to degradation of the markers, while 
the other compounds, despite not appearing in the chromatograms of pure fired NTA, may be byproducts 
of pure ammunition or result of a reaction between the marker and the gunpowder during the shot. For 
example, compounds such as phenol, biphenyl, benzaldehyde and nitrobenzene (found only in the marked 
samples) have already been described in the literature as byproducts of fired NTA [31,32]. Of course, they 
also can be due to the degradation of the markers. 

Chromatographic Analysis of Byproducts from a Non-Toxic Ammunition and a Marked Ammunition: 
An Assessment of Toxicity
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This result indicates that the structure of the LMOFs generates at least two compounds (benzene and 
pyrene) which can be related to the addition of the marker to the gunpowder. These compounds may pose 
some risk to the health of a frequent shooter who suffers chronic exposure for a prolonged period.

According to IARC [38], an acute pyridine intoxication can cause several effects on the central nervous 
system resulting in dizziness, headache, nausea and anorexia. In addition, inhaling the material may 
cause necrotic damage of the nasal epithelium. Jori et al. [39] reported a study in which workers were 
exposed to pyridine vapors, in a concentration of about 125 ppm, for a period of 4 h per day, during one to 
two weeks; they found the workers presented symptoms such as headache, dizziness, insomnia, nausea 
and anorexia.

NIOSH [40] considers benzene a potential human carcinogen; exposure should be reduced and 
controlled in the work environment. Acute intoxication, in humans, can led to nerve inflammation, central 
nervous system depression and cardiac sensitization. Moreover, concentrations above 3000 ppm can lead 
to eye irritation, nose and respiratory tract. On the other hand, chronic exposure may lead to irreversible 
problems in the blood-forming organs and can cause leukemia [40].

Regarding the quantity of the byproducts found, previous studies have shown that a significant portion 
of the LMOF remains unchanged in the firing process, this fact can be visually identified because the LGSR 
particles deposited on the gun, hands or at the firing site remain luminescent after the shot (Figure 10). This 
fact has been corroborated by previous studies [21,24] which prove that the Raman and luminescence 
spectral profiles also remain unchanged, showing that only a small part of the marker has been degraded. 

Figure 10. LGSR particles deposited on the (a) hands of the shooter, (b) gun, (c) cartridge and (d) at the shooting 
site irradiated with an UV lamp (l = 254 nm).
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It is possible to estimate the number of rounds that are needed to produce an acute toxic effect 
regarding the degradation of the markers. In each ammunition, 40 mg of the marker was added to 400 mg 
of gunpowder. Supposing that about 30% of the marker undergoes degradation (based on experience, we 
believe that this value is overestimated), one shot of the ammunition marked with EuBTC would produce 
2.69 mg of benzene. Considering that shot was carried out in a closed space (200 m3), the amount of 
marker needed to saturate the environment and achieve a concentration above 3000 ppm, that cause 
some acute toxicity effect [40], it would be necessary to fire more than 220 thousand marked ammunition 
with EuBTC marker. In real-life situations, this is an unrealistic scenario. Furthermore, the amount of 
marker added to the ammunition can be reduced up to 2% wt, still making it possible to visualize the LGSR 
produced, as described in a previous work [19]. With this change, the level of security for the use of the 
markers can be increased.

So, although the markers generate some toxic byproducts, the acute toxicity of NTA, as understood in 
our study, is not significantly altered when the LMOF is added, considering the small amount of material 
formed. However, the long-term exposure needs to be evaluated for both pure and marked GSR-NTA, to 
define a safety margin for frequent shooters.

CONCLUSIONS
The gunshot residue of an NTA was analyzed with a GC-MS analysis, using SPME as the extraction 

method to identify byproducts formed, and relate its toxicity to a possible toxicity of the ammunition. Many 
studies have been carried out on the toxicity of inorganic GSR, however, none has been carried out on 
the toxic effect of organic GSR. The presence of organic compounds with known toxicity can indicate a 
possible toxic effect of the ammunition, these compounds are known to be dangerous and still imply that, 
since the amount used is small, the acute effect can be disregarded, nevertheless the chronic one can 
be quite dangerous. In fact, for NTA ammunition studies are needed to assess the chronic toxicity of the 
organic part of the GSR, just as done for the inorganic one.

The toxicity effect of the NTA marked with the LMOFs ∞[Eu(DPA)(HDPA)], ∞[Eu2(BDC)3(H2O)2]n and 
∞[Eu(BTC)] was also evaluated. The two target compounds found in fired marked cartridges were pyridine 
and benzene. Other compounds like phenol, biphenyl, and benzaldehyde were also identified. Although 
these compounds have a certain toxicity, the toxicity of pure NTA ammunition remained mainly unaltered, 
considering that some of those compounds could also be found in the firing of pure NTA. Furthermore, the 
amount of marker added to the gunpowder is too small to produce toxic effect. 
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Access to medical and recreational cannabis 
has been regulated in several countries. 
Cannabinoids are secondary metabolites 
used as chemical markers of Cannabis 
genus plants. Tetrahydrocannabinol (THC) 
and cannabidiol (CBD) are the most 
abundant cannabinoids and their proportion 
is used to differentiate hemp (THC/CBD < 1) 
from marijuana (THC/CBD > 1) varieties. 
Brazilian sanitary regulations permit 
prescription, importation and sale of 
cannabis-derived products by 
pharmaceuticals distributors and drugstores, 
even though their crops are still prohibited, 
and the current scenario is characterized by 
marijuana trafficking, legal trade of medical 
cannabis products, and cultivation and 

production of cannabis-derived products by patients and non-governmental organizations (NGOs), with or 
without judicial authorizations. Medical cannabis regulation is in progress and there is an urgent need to 
implement analytical methods for monitoring the chemical profile of cannabis crops. Thus, the goal of the 
present study was to propose a methodology based on presumptive and confirmatory methods to 
differentiate the two principal chemovars of Cannabis genus plants, i.e., CBD-rich (hemp) and THC-rich 
(marijuana). A color test and a validated high-performance liquid chromatography (HPLC) method were 
applied to six cannabis samples cultivated by patients with judicial authorization. The methodology proved 
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to be useful for forensic purposes and for quality control of medical cannabis. Plants cultivated by patients 
showed three profiles, classified as THC-rich, CBD-rich and approximately 1:1 THC/CBD ratio. 

Keywords: cannabinoids, hemp, marijuana, medical cannabis, forensic methodology

INTRODUCTION 
Cannabis access has been regulated in several countries and many of them have adopted two different 

framework regulations for the medical and recreational market [1,2]. Before the revolution in its regulation, 
cannabis fibers had already been legalized in United States of America, Canada and many European 
countries. Botanically, plants of the genus Cannabis are considered to be either monospecific with several 
subspecies, such as Cannabis sativa subsp. sativa, Cannabis sativa subsp. indica, Cannabis sativa subsp. 
ruderalis, Cannabis sativa subsp. spontanea, Cannabis sativa subsp. Kafiristanca [3], or a multispecies 
genus, such as Cannabis sativa and Cannabis indica [4,5]. Although the taxonomic organization is still 
debatable, all Cannabis genus plants contain cannabinoids (terpenephenolic compounds) as chemical 
markers. More than one hundred cannabinoids have been described, but the most abundant are 
tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA), both derived from cannabigerolic 
acid (CBGA). CBGA is converted to THCA, CBDA and cannabicromenic acid (CBCA) by THCA, CBDA 
and CBCA synthases [6]. 

Acid forms can be converted to decarboxylated derivatives, such as the neutral cannabinoids THC, CBD 
and cannabinol (CBN), which is a by-product from heat-induced THC degradation and heat-combustion, or 
accumulated as a result of plant-aging. Although neutral forms are the most pharmacologically active due 
to their role as modulators of several components of the endocannabinoid system, acid forms have also 
been associated with therapeutic properties [7].

The proportion between THC and CBD content in plants is used to differentiate chemovars types. 
According to the United Nations Office on Drugs and Crimes (UNODC), plants are classified based on the 
concentration of their main phytocannabinoids. For forensic purposes, in a gas chromatographic analysis, 
if the peak area ratio of [THC+CBN]/[CBD] is <1, then the cannabis plant is considered to be a fiber-
type (hemp). If the ratio is >1, it is considered drug-type (marijuana) [3]. US and Canadian regulations 
only permit hemp cultivars containing less than 0.3% THC to be grown for textile, cosmetics and food 
supplement markets [1]. 

Unlike countries in North America and Europe, Brazil has never permitted the cultivation of cannabis 
fiber-type (hemp) crops. Considering that the Brazilian Federal Drug Law No. 11343/2006 does not define 
which compounds and plant chemotypes are illegal within its territory, the Brazilian Health Regulatory 
Agency on Sanitary Surveillance (Agência Nacional de Vigilância Sanitária-ANVISA) regulates cannabis 
and cannabinoid utilization by “Ordinance No. 344/98” and other specific sanitary bills. At the present, the 
use of medical cannabis is permitted only in the form of pharmaceutically formulated products and CBD-
rich extracts containing no more than 0.2% THC can be used for any pathological conditions. Cannabis-
derived products containing more than 0.2% THC are restricted to palliative care, when either other 
therapeutic alternatives fail to improve patients’ welfare, or in the presence of irreversible or terminal 
clinical conditions. 

Although cannabis crops are still prohibited, some patients and NGOs have been turning to the courts to 
obtain permission to cultivate cannabis plants and produce medicinal extracts. Thus, Habeas corpus (the 
mechanism of urgent protection against arbitrary detentions) has been granted as a preventive measure 
for protection of cannabis cultivation. Currently, dozens of patients are being granted Habeas corpus 
and some NGOs have obtained legal permission to cultivate, produce and supply cannabis extracts to 
hundreds of people with different disorders, with anecdotal claims that they are serving thousands of 
patients. In this unusual scenario, a project called Farmacannabis has been created at the Faculty of 
Pharmacy of the Federal University of Rio de Janeiro in order to ensure pharmaceutical support for patients 
who cultivate cannabis under Habeas corpus, and to monitor cannabis-based therapies for children with 
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intractable epilepsy, patients with cancer, chronic pain, Alzheimer’s, Parkinson’s and other diseases [8]. 
Within the context of the Farmacannabis project, a methodology consisting of a presumptive color test and 
a confirmatory HPLC method has been developed, and the latter was validated, in order to differentiate 
CBD-rich and THC-rich cannabis samples. 

Medical cannabis regulation requires improvement in forensic analytical methodologies. Thus, the 
present study proposes the use of this methodology as a tool to clarify cases related to drug trafficking, 
individual cultivation for medical purposes and sanitary crimes, such as the sale of products that do not 
obey sanitary specifications.

MATERIALS AND METHODS
Chemicals and reagents

All certified reference standards (CRS) for CBDA, CBD, THCA, THC and CBN were purchased from 
Cerilliant® (Texas, USA) and stored at -20 °C. Methanol, ultrapure water and n-hexane at HPLC grade 
were purchased from Scharlau Chemicals® (Barcelona, Spain) and ethanol absolute (≥99.5%, reagent 
grade) was obtained from Tedia Company® (Ohio, USA). Ammonium formate and sodium hydroxide, which 
were used for preparation of mobile phase and presumptive test, respectively, were both purchased from 
Loba Chemie Pvt. Ltd. (Mumbai, India).

Sample collection
Dried flowers (n=5) and leaves (n=1) of cannabis plants cultivated by patients enrolled in a safety 

monitoring project [8] approved by Ethics Committee of Clementino Fraga Filho Hospital, Number 
2021817.0.00005257, were donated for this study between 2018 and 2019. Patients received 
pharmaceutical support from Farmacannabis project to monitor the crops cultivated and preparation of 
medical cannabis extracts. Cannabis plants were cultivated by clonal propagation, except Medikit CBD 
strain, which was germinated from a seed. Clonal propagation explants were obtained by cutting and 
rooting either in rockwool or jiffies at high humidity and light conditions. After root growth, the young 
plants were transplanted to pots assembled with coconut fiber, perlite, humus and substrate. The plants 
were maintained under light and moderate humidity at all times until the flowering period begins in 
indoor (Cinderella, Harle-Tsua and Harle-Tsub) and outdoor (Amnesia Haze, Tolomelli and Medikit CBD) 
cultivation. After completed the vegetative period plants were maintained in a 12-hour light/dark cycle to 
estimulate the flowering. The flowers were harvested when trichomes showed brown color, except for 
Harle-Tsub specimen, which was harvested in the beginning of flowering. The total period between plant 
rooting and flower harvesting ranged from four to six months. After harvesting, flowers and leaves were 
separated by grower and maintained in dark and dry conditions. Harle-Tsua and Harle-Tsub strains were 
transported to the laboratory still fresh, one day after their harvest. Tolomelli was transferred to lab after 
ten days and Cinderella, Amnesia Haze and Medikit CBD were taken to lab thirty days after harvest.

In the laboratory, samples were dried in a forced air oven (40 °C/15 hours) and stored at -20 °C until 
analysis.

Confirmatory method
Sample preparation

The efficiency between dynamic maceration (DM) and ultrasonic bath (US) as extraction procedures, 
besides absolute ethanol and methanol:n-hexane 9:1 v/v as extraction solvents, was compared. Dried 
inflorescences of a hemp strain were grinded and homogenized by mixing. The masses of 50, 100 and 200 
mg were extracted by proposed techniques. 

The sample to be extracted by DM was transferred to a beaker glass and 10 mL of extraction solvent 
was added to be stirred with a magnetic bar for 10 min. The extract was centrifuged at 2007 g and 
the supernatant collected. In the extraction by US, samples were transferred to polypropylene tubes 
and added 10 mL of extraction solvent, followed by bath in the Elma Schmidbauer® (Singen, Germany) 
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Elmasonic E30H during 10 min and followed by centrifugation at 2007 g. In both extraction techniques, the 
supernatants were collected into 25.00 mL volumetric flasks and the procedure was repeated twice with 
the same sample, using 10 and 5 mL of solvent each time. The extracts were filtered through a 0.22 µm 
membrane and analyzed by HPLC. In order to assess the recovery of extraction in the first-step procedure, 
the residual sample left after collection of supernatants was fully extracted again two more times and 
analyzed by HPLC.

HPLC-PDA analysis 
A quantification method by HPLC was developed and validated for five cannabinoids, THCA, THC, 

CBDA, CBD and CBN. The separation and identification were performed using a Thermo Fisher Scientific® 
(Breda, The Netherlands) HPLC-PDA equipped with a quaternary pump model 600, type Rheos 5600, 
an Accela autosampler and a 20 Hz PDA Accela detector. Data were processed with ChromQuest 5.0 
software. The HPLC separation was based on a method previously published [9], after modifications. A 
C-18 column (250 mm × 4.6 mm i.d., 5.0 µm) purchased from Advanced Chromatography Technologies 
Ltd. (Aberdeen, UK) was kept at a constant temperature of 30 °C. The mobile phase consisted of (A) 50 
mM ammonium formate buffer, pH 5.19, and (B) methanol at flow rate of 1.0 mL min-1. A gradient elution 
program was conducted as follows: a linear increase of 68%-85% B (0-10 min) and 85%-92% B (10-20 min) 
and finally 95% B over 5 min. After 25 min, the column was set to the initial condition and re-equilibrated 
for 5 min. The total processing time was 30 min. Full spectra were recorded in the range 200-400 nm and 
quantification was performed at 240 nm. Spectral conditions to calculate the peak purity were wavelength 
step 1, scan threshold 5 mAU and peak coverage 95%.

Method validation and preparation of secondary reference material
The method was validated according to the International Council for Harmonization of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) guideline Q2(R1) [10], the guideline for sanitary 
regulation of herbal medicines [11] and ANVISA’s guideline for analytical method validation, RDC Nº 
166/2017 [12]. The parameters considered for validation were as follows: selectivity, linearity, limit of 
detection and quantification (LD and LQ, respectively), repeatability (within-day precision) and intermediate 
repeatability (between-day precision), and accuracy.

The calibration curves were constructed with CRSs. CBDA, CBD, THCA, THC and CBN CRSs were 
diluted in methanol to obtain a stock solution at concentration 200 µg mL-1. The stock solution was diluted 
to obtain six calibrators whose concentrations were established at 2.00, 5.00, 10.00, 25.00, 50.00 and 
110.00 µg mL-1. Each calibrator was analyzed in triplicate and calibration curves were constructed by 
linear regression and the coefficient of determination (r2) was calculated. The calibration curves were 
used to quantify the five cannabinoids found in plant samples and to determine their concentration in 
the secondary reference material (SRM) produced by supercritical fluid extraction (SFE) and used in the 
repeatability, intermediate repeatability and accuracy assay.

The SRM was prepared from cannabis flowers by supercritical fluid extraction (SFE) in a Top Industrie® 
(Vaux le Penil, France) 100 mL model extractor (unpublished data). Dry CBD-rich and THC-rich cannabis 
flowers previously analyzed by HPLC method were grinded, mixed, inserted into the SFE cell and 
extracted with CO2 in supercritical state. Methanol was then added to the equipment’s separator in order 
to obtain a methanolic cannabinoid extract. The extract was stored overnight at -20 °C, filtered through a 
0.45 µm membrane and quantified according to the calibration standard curves constructed with CBDA, 
CBD, THCA, THC and CBN CRSs. The SRM was diluted in methanol in order to obtain a solution with 
approximate concentrations of 2.0 mg mL-1 for THCA and THC, 1.0 mg mL-1 for CBDA and CBD, and 0.5 
mg mL-1 for CBN. The final extract was analyzed by HPLC in eight replicates and the mean concentration 
of each cannabinoid was measured. The final concentrations were THCA=1.75 ± 0.06, THC=1.64 ± 0.05, 
CBDA=1.14 ± 0.05, CBD=1.25 ± 0.05, and CBN=0.53 ± 0.02 mg mL-1. The SRM was diluted in methanol 
in order to obtain the quality controls (QCs) used for precision and accuracy assays as shown in Table I.
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Table I. Concentrations of quality controls (QCs) used in 
precision and accuracy assays

Analyte
Concentration [µg mL-1]

QC1 QC2 QC3

THCA 18.0 52.0 105.0

THC 16.0 49.0 98.0

CBDA 11.0 34.0 68.0

CBD 13.0 37.0 75.0

CBN 5.0 16.0 32.0

For precision and accuracy assays, QCs were transferred to polypropylene tubes containing vegetal 
matrix to mimic the extraction conditions in a real situation. As there is no cannabinoid-free cannabis strain, 
the cannabis vegetal waste (CVW), which was obtained after cannabinoid extraction by SFE of plants 
cultivated by patients accompanied by Farmacannabis project for preparation of medicinal extracts, was 
used as vegetal matrix in precision and accuracy assays. CVWs were collected and analyzed eight times 
by HPLC to determine the average peak areas for cannabinoids, which were subsequently subtracted 
from the areas of cannabinoid peaks measured in QCs analysis. 

The LD was defined as the lowest concentration of each cannabinoid CRS that yielded a signal greater 
than noise and a good resolution of peak shape. The lowest concentrations were analyzed in duplicate for 
three runs and those which reached RSD≤10% were adopted as LD. The LQ was defined as the lowest 
point of the calibration curve constructed with CRS in the linear interval from 2.00 to 110.00 µg mL-1.

The selectivity was determined by the total peak purity and by analysis of nine non-cannabis species 
supplied by the Laboratory of Pharmacobotany (Faculty of Pharmacy, Federal University of Rio de Janeiro). 
The plant species were rhizomes of Glycyrrhiza glabra L. (alcaçuz), dry leaves of Artemisia annua, Atropa 
belladonna L., Brugmansia suaveolens, Erythroxylum coca, Digitalis purpurea, Mentha spicata, seeds of 
Paullinia cupana (guarana) and fruits of Cola nitida (cola nut). The non-cannabis species were selected 
based on availability of botanically characterized species. Considering that illicit cannabis can be diluted 
with several non-cannabis specimens, species containing psychoactive compounds, such as alkaloids 
and xanthenes, were also included.

Presumptive method
Beam test is based on an alkaline solution that reacts with CBD, resulting in a purple violet color [13,14]. 

The Beam reagent was prepared by 98% dilution of sodium hydroxide (NaOH) in absolute ethanol or in a 
hydroalcoholic solution (absolute ethanol:ultrapurified water, 1:1 v/v) to obtain three solutions as follows: 
(1) 1 mol L-1 NaOH alcoholic solution; (2) 1 mol L-1 NaOH hydroalcoholic solution and (3) 2.5 mol L-1 NaOH 
hydroalcoholic solution.

Dry flowers (10 mg) from same cannabis samples previously analyzed by HPLC were grinded and 
transferred to the center of a circular filter paper weight 80 g m-2, 70 mm diameter. Beam modified reagent 
was dripped on the sample with a Pasteur pipette, 3 drops in the center of sample. The color was observed 
after 5 minutes.
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Data analysis
Microsoft excel and GraphPad Prism 8.4.3 software were used for table plot and statistical analysis, 

respectively. The data of extraction optimization were compared by the Kruskal-Wallis test, followed by the 
Dunn’s post hoc test at the 0.5% level of significance.

RESULTS AND DISCUSSION
HPLC method

HPLC is the best choice in situations where it is required to differentiate cannabinoids in acid and 
neutral forms because the analysis does not require heating, in contrast to gas chromatography methods 
that favors decarboxylation [9,15]. The quality of raw medical cannabis material needs to be determined 
in order to differentiate acid and neutral forms and to clarify the conditions of cannabis storage that can be 
also useful for police intelligence. For instance, higher concentrations of acid forms found in fresh flowers 
can indicate recent harvesting or mild storage temperatures.

The cannabinoid extraction technique provides clean chromatograms with minimal interferences. 
Extraction with organic solvents is simple compared to other techniques, such as solid-phase extraction. 
Besides, methanol:chloroform 9:1 v/v, methanol:n-hexane 9:1 v/v and ethanol-based extractions are often 
described in HPLC methods [6,9,16–18]. Extraction with methanol:n-hexane 9:1 v/v mixture over a period 
of 10 to 30 minutes shows good cannabinoid yields in a single step [6].

In the extraction optimization assays, we compared the efficiency of extraction using different sample 
weights. The concentration of CBD extracted from dried plants was affected by the amount of sample 
analyzed (H = 7.200, Df = 2, p-value = 0.003), with 50 mg samples showing a slightly increased CBD 
concentration than 100 mg samples (p-value=0.021). CBDA and THCA extractions were not affected by 
initial weight of plant material (H = 5.067, Df = 2, p-value = 0.085 for CBDA; and H = 5.422, Df = 2, p-value 
= 0.071 for THCA; Figure 1.A). Furthermore, masses of 50, 100 and 200 mg showed a CBDA yield of 
more than 99% in the first extraction and CBDA concentrations near the detection limit for the second and 
third extraction (Figure 1.B). Next, we evaluated the impact of different extraction techniques on the total 
concentration of cannabinoids. Even though there was a significant difference between medians obtained 
for CBD and THCA (H = 9.359, Df = 2, p-value = 0.002 for CBD; and H = 7.423, Df = 2, p-value = 0.029 
for THCA; Figure 2), follow-up analysis by Dunn’s post hoc test did not show differences that reached 
the significance threshold established in our protocol (α = 5%) for any groups. Such difference was not 
identified for CBDA (H = 6.897, Df = 2, p-value = 0.050; Figure 2). It was selected the extraction technique 
based on 100 mg of vegetal mass in methanol:n-hexane 9:1 v/v because this same solvent is used to 
extract cannabis oily medicinal extracts in our laboratory [19] and 100 mg is the mass used to analyze 
terpenes by a non-destructive GC-MS method [20]. 
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Figure 1. Comparison of cannabinoid extraction according to 
sample mass and extraction technique. A: Sample mass data 
analyzed by the Kruskal-Wallis test followed by Dunn’s post 
hoc test; B: CBDA yields in the first, second and third extraction 
(CBD and THCA were not detected from the second extraction 
and therefore no data are shown for these compounds);  
C: Extraction technique data were analyzed by the Kruskal-
Wallistest, followed by Dunn’s post hoc test. *p-value < 0.05. 
Note: USMeHex: ultrasound with methanol:n-hexane (9:1 v/v); 
USethanol: ultrasound with ethanol; DMMeHex: dynamic maceration 
with methanol:n-hexane (9:1 v/v); DMethanol: dynamic 
maceration with ethanol.

Typical HPLC cannabis chromatograms (Figures 2 and 3) differed from those of other plant species 
such as Atropa belladonna (Figure 4), even in comparison with the CVW (Figure 5). The chromatographic 
conditions were selective in the separation of five cannabinoids, the peaks showed good shape and good 
resolution (Figure 6), with minimal interferences.
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Plant analysis is a forensic challenge because the chemical profile varies according to genotype and 
cultivation conditions (temperature, soil quality, humidity, light conditions, etc.) and a blank is not available 
since a plant is not expected to be free of typical secondary metabolites [21]. However, the chromatographic 
profiles of authentic samples were typical and can be combined with the spectra of cannabinoid reference 
standards to confirm the Cannabis genus. 

Figure 2. Chromatographic profile of the Harle-Tsu strain of cannabis.

Figure 3. Chromatographic profile of the Amnesia Haze strain of cannabis.
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 Figure 4. Chromatographic profile of the Atropa belladonna leaves.

Figure 5. Chromatographic profile of the cannabis vegetable waste after extraction by SFE.
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Figure 6. Chromatographic profile of QC3 solution.
Note: Cannabinoid concentrations: CBDA=68.0, CBD=75.0, THCA=105.0, CBN=32.0, THC=98.0 µg mL-1.

Unlike most countries in North America and Europe, the purchase of cannabinoid CRS in Brazil is an 
obstacle for method validation. There are no national suppliers and importation has become more difficult 
with the COVID-19 pandemic. Due to the lack of reference standards from plant-derived drugs, Brazilian 
regulation accepts secondary reference standards (SRS) to validate analytical methods applied to herbal 
medicines [11,22]. Thus, a methanolic cannabinoid extract prepared by SFE was used as SRS.

A blank plant matrix is not often available because secondary metabolites will always be present in 
plants. Thus, a cannabis vegetable waste after extraction by SFE (Figure 5) was used as reference matrix 
for precision and accuracy assay by a spiked technique. The validation results (Table II) satisfied the criteria 
recommended for herbal medicines [11,22]. LD and LQ were below the cannabinoid levels previously 
quantified in cannabis leaves (between 1.10% and 2.10%) and inflorescences (between 15.77% and 
20.37%) [6].

Table II. Validation results obtained by HPLC for the quantification of cannabinoids in cannabis samples

Parameter THCA THC CBDA CBD CBN

LD (µg mL-1) 0.40 0.70 0.60 0.80 0.50

LD (mg g-1) 0.10 0.18 0.15 0.20 0.12

LQ (µg mL-1) 2.00 2.00 2.00 2.00 2.00

LQ (mg g-1) 0.50 0.50 0.50 0.50 0.50

Linearity 
2.00 to 110 µg mL-1 (r2) 0.999898 0.999995 0.999708 0.999991 0.999992
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Parameter THCA THC CBDA CBD CBN

Repeatability (%RSD)

QC1 3.18 3.33 1.69 3.20 1.93

QC2 0.32 1.44 0.38 0.40 0.31

QC3 1.60 1.58 1.42 1.46 1.51

Intermediate repeatability (%RSD)

QC1 4.27 3.86 3.33 2.66 3.82

QC2 1.47 2.02 2.98 2.23 1.79

QC3 1.83 1.99 2.16 1.16 2.14

Recovery (%RSD) – Accuracy

QC1 76.92 109.76 88.32 94.77 114.82

QC2 82.07 119.28 94.71 99.45 116.85

QC3 79.95 115.06 91.52 96.07 113.21

LD=limit of detection; LQ=limit of quantification; LD and LQ were determined for cannabinoid CRSs (µg mL-1) and 
estimated for vegetal samples (mg g-1); QC=quality control in µg mL-1 is shown in Table I; RSD=relative standard 
deviation.

The proposed method was applied to five samples of cannabis inflorescences and one sample 
of cannabis leaves and tree different profiles were obtained: CBD-rich, THC-rich and approximately 1:1 
THC:CBD ratio (Table III). Total CBD and total THC values were calculated by the acid form plus the 
neutral form multiplied by the factor 0.88, which was used to adjust for the different molecular weights of 
the cannabinoid and carboxylic conjugative components: 314.46/358.47 for THC/THCA and 314.46/358.47 
for CBD/CBDA [23].

Concentrations of neutral and acid THC and CBD forms are used to identify marijuana and hemp 
plants types [6,24]. In this study, five cannabinoids (CBDA, CBD, THCA, THC and CBN) were present in 
most samples, except for sample with immature flowers (Harle-Tsub) containing 1.6% CBD and THC-free.

Table III. Cannabinoid content in six authentic samples analyzed by HPLC method

Concentration [mg g-1] % Ratio Classification

Variety CBDA CBD THCA THC CBN CBDtotal THCtotal CBD THC THC/CBD

Cinderella 4.23 1.06 12.76 0.11 0.33 4.78 11.34 0.48 1.13 0.42 marijuana

Amnesia Haze 3.28 1.80 33.57 170.24 1.70 4.68 199.78 0.47 19.98 0.02 marijuana

Tolomelli 37.83 4.52 26.71 12.29 1.06 37.81 35.79 3.78 3.58 1.06 intermediate

Harle-Tsua 60.04 6.30 6.29 1.91 nd 59.14 7.45 5.91 0.74 7.94 hemp

Harle-Tsub 15.55 2.51 nd nd nd 16.19 0,00 1.62 0.00 THC free hemp

Medikit CBD 75.88 100.31 4.84 5.67 1.55 167.08 9.93 16.71 0.99 16.83 hemp

Note: CBDtotal=CBDA*0.88+CBD; THCtotal=THCA*0.88+THC=; 0.88 factor: CO2 lost in the decarboxylation; nd: not detected.

Table II. Validation results obtained by HPLC for the quantification of cannabinoids in cannabis samples (Cont)
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Presumptive color test
Six cannabis samples analyzed by HPLC (Table III) were used to standardize the presumptive color test 

proposed to differentiate CBD-rich and THC-rich cannabis strains.
The Beam reagent was referred as a specific color test for CBD with positive result characterized by 

purple violet color [13,14]. The presumptive test was developed with a NaOH solution dripped on a 10 mg 
of pulverized dry sample, placed in the center of a circular filter paper. The color test has shown positive 
results in a presumed CBD concentration approximately above 2% (Figure 7). CBD-rich samples showed 
purple violet color based on CBD content. Considering the intensity of color reaction, the purple violet 
color was more intense for Medikit CBD, Harle-Tsua and Harle-Tsub, suggesting a possible correlation 
between CBD concentrations and color intensity. THC-rich samples, such as Cinderella and Amnesia 
Haze strains, showed no color change and samples with CBD and THC contents of approximately 1:1 w/w 
were positive (purple color). The Beam reagent was proposed in the last century as a color test reagent 
for the identification of cannabis samples. It was described as a 5% of potassium hydroxide solution in 
ethanol [25] and a 2% potassium hydroxide solution in ethanol or acidic medium (95% ethanol saturated 
with HCl) [14], but its use is no longer accepted by forensic laboratories because seized cannabis material 
has failed to yield a positive reaction with either reagent. The test was later shown to be specific for CBD, 
while no reaction is led by THC content [14]. In our study, acid solutions (HCl 1 mol L-1 alcoholic and HCl 
1 mol L-1 hydroalcoholic solutions) were tested on the six cannabis samples and the results were negative 
in all assays (no color change). 

Nowadays it is important to identify CBD-rich and THC-rich cannabis species for the medical and forensic 
areas. In the present study, a reagent consisting of a 1 to 2.5 mol L-1 NaOH alcoholic or hydroalcoholic 
solutions was able to identify CBD levels above 16 mg g-1 in dry samples. THC-rich samples with CBD 
levels below 5 mg g-1 showed negative results characterized by no color change. 

The 1 mol L-1 NaOH alcoholic solution showed more intense colorations and provided the best 
visualization of colors, especially for Harle-Tsub and a CBD level 16 mg g-1 which is suggested to be the LD.

Many patients enrolled in the Farmacannabis project reported buying Beam reagent on the internet, 
where it is sold as a rapid simple test for the identification of CBD in plants and cannabis extracts. However, 
the test does not identify THC-rich plants, besides THC/CBD ratio of approximately 1:1 w/w also result in 
purple violet color. The test is not useful to discriminate medical cannabis strains when THC represents 
a risk for treatment. For instance, epileptic children under treatment with CBD-rich cannabis may suffer 
increased seizure frequency if their extracts are prepared with a cannabis strain containing a THC:CBD 
ratio of approximately 1:1 w/w. 

The color test proved to be useful for forensic laboratories as a presumptive rapid test to discriminate 
hemp and marijuana cannabis strains and can be combined with botanic analysis and other classical 
color tests (Fast Blue B and Duquenois-Levine) to identify high-THC cannabis (marijuana or drug-type). 
For instance, a negative result in modified Beam color test and positive result in Fast Blue or Duquenois 
combined with a positive result in botanic analysis suggest a marijuana strain.
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Figure 7. Modified Beam color test applied to cannabis strains. [A] NaOH alcoholic 1 mol L-1; 
[B] NaOH hydroalcoholic 1 mol L-1; [C] NaOH hydroalcoholic 2.5 mol L-1.

   
Figure 8. Modified Beam color test applied to cannabis strains. [A] NaOH alcoholic solution 1 mol L-1;  
[B] NaOH hydroalcoholic solution 1 mol L-1; [C] NaOH hydroalcoholic solution 2.5 mol L-1.
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CONCLUSIONS
The proposed methodology, consisting of presumptive and confirmatory methods, is simple and less 

expensive compared to mass spectrometry-based methods, which could lead to its implementation in 
most Brazilian laboratories either for forensic purposes or sanitary inspections.

The proposed presumptive color test detects CBD at concentrations above 16 mg g-1 in minimal sample 
quantities (10 mg) and is useful as a presumptive test to differentiate marijuana from hemp-types, but not 
from intermediate types (THC:CBD ratio of approximately 1:1 w/w).

The cannabinoid profile of the cannabis samples donated by patients indicates three cannabis types, 
i.e., marijuana, hemp and intermediate types. The medical cannabis profile used in Brazil should be better 
investigated after increasing the sample size.
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The pandemic of COVID-19 has changed 
the landscape of scientific meetings in 2020, 
leading to the cancellation, postponement 
or change of format in many conferences. 
The latter type of change involved the 
conversion of in-person to virtual meetings. 
The decision as well as the logistics involved 
in these changes are not easy. However, the 
benefits and gains provided by virtual 
scientific conferences through 2020 in many 
disciplines have shown that this format can 
overcome many challenges and promote 
the diversity in Forensic Sciences 
conferences as well. In this paper, the 
benefits and potentials of virtual conferences 

in Forensic Sciences, including Forensic Chemistry and Toxicology, in promoting scientific communication, 
accessibility, diversity and continuing education is discussed, in the light of the experiences of the Brazilian 
Society of Forensic Sciences with the 2020 SBCF Online Congress. The experiences obtained with virtual 
scientific meetings in 2020 have shown that these formats are very promising and important, and should 
be increasingly incorporated in future scientific meetings, as an alternative strategy to promote scientific 
communication, reaching large audiences, without travel limitations and at reduced costs for the attendees. 
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However, this approach should not replace in-person meetings, which have many benefits that cannot be 
replaced by virtual meetings. Therefore, the combination of online and in-person meetings can be very 
useful strategies.

Keywords: Virtual conferences, scientific communication, continuing education, Forensic Chemistry, 
Forensic Sciences

INTRODUCTION
The pandemic of COVID-19 has been affecting many people and sectors of our societies in 2020, with high 

death tolls, elevated rates of unemployment and many other problems. The research and development of 
vaccines for immunization against the SARS-CoV-2 has been growing in many countries but there is some 
uncertainty about when the vaccines will become highly available for the majority of the population, mainly 
in low-income countries. Therefore, for now, the World Health Organization (WHO) still recommends that 
mask use and social distancing are the best tools for protection against the COVID-19 and for reducing the 
virus spread [1]. In order to help the spread of the virus following these recommendations, many activities 
involving a high number of people have been postponed or cancelled in 2020, which include scientific 
conferences. 

Scientific conferences have been directly affected by the pandemic of COVID-19, leading to an impact 
on other related sectors as well. These conferences are of great importance in academia, industry, public 
service and more as they serve as an important way for scientific communication and exchange [2], 
building and fostering partnerships and collaborations, meeting colleagues and promotion of career/job 
opportunities [3]. In addition, the effects of the pandemic on the mental health of young people and adults 
due to social distance are quite worrying. The increase in the number of individuals with symptoms of 
depression, anxiety, distress, use and abuse of licit and illicit drugs during the pandemic is significant, 
and often leading to suicide attempts and consummation. Maintaining and increasing the promotion of 
scientific / social activities with the ultimate goal of promoting continuing education, even if it is in a virtual 
format, can be a way of easing the effects of the serious and sad situation that the world is facing. More 
specifically, in Forensic Sciences, including Forensic Chemistry and Toxicology, these conferences are 
a great opportunity for students and professionals from academia, crime laboratories, law enforcement 
and public health agencies, private laboratories to reunite and discuss the latest advancements within 
their fields, to present their research, to foster collaborations and to interact with peers. However, in these 
unprecedented times, when these conferences cannot be held in-person, these opportunities are missed. 

In 2020, many important conferences have been cancelled or postponed [3]. The decision of cancelling 
such important and big events is not easy and involves many factors, especially considering the time 
lapse of just a few months to analyze the landscape and decide about the congress, as recently 
highlighted by some scientific societies organizing these meetings (e.g. [4,5]). On the other hand, with 
the pandemic of COVID-19 in 2020, many opportunities to organize and promote online conferences 
have arisen. Consequently, a high number of conferences and scientific meetings has been hosted online 
[2,6], respecting the social distancing recommendations demanded to control the pandemic. In the field of 
Forensic Sciences many events were hosted during the pandemic in 2020 and early 2021: the inaugural 
meeting of the International Alliance of Clinical and Forensic Toxicologist (IACFT) [7], the 2020 and 2021 
Online Forensic Symposium Series [8–10], The International Association of Forensic Toxicologists (TIAFT) 
Online Educational Symposium [11], 73rd American Academy of Forensic Sciences Annual Scientific 
Meeting (United States) [12], which also include the meeting of the Brazilian Society of Forensic Sciences 
(SBCF) [13].
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HOSTING A VIRTUAL CONFERENCE IN 2020: EXPERIENCES OF THE BRAZILIAN SOCIETY OF 
FORENSIC SCIENCES (SBCF) 

The Brazilian Society of Forensic Sciences (SBCF) is “a non-profit association whose objective is to 
promote research and teaching in Forensic Sciences, to stimulate contact between professionals in the 
area and to promote the progress of Forensic Sciences in Brazil” [14]. SBCF was founded in 2013 by 
professors of the BSc in Chemistry with a Major in Forensic Chemistry Program of the Department of 
Chemistry at University of São Paulo, in Ribeirão Preto, Sao Paulo State, Brazil, and since then has been 
hosting biannual in-person meetings in Brazil, jointly with the National Meeting of Forensic Chemistry 
(ENQFor). In 2020, the SBCF Online Joint Congress – 4th Meeting of the SBCF and the 7th National 
Meeting of Forensic Chemistry (ENQFor) was scheduled to be held in August 2020. However, due to the 
pandemic, the Congress was postponed to November 2020 and changed to an online format [13]. 

The SBCF Online Joint Congress (Meeting of the SBCF and the National Meeting of Forensic Chemistry) 
is already a traditional and expected Conference in Forensic Sciences communities in Brazil. The National 
Meeting of Forensic Chemistry has been hosted in Brazil since 2008 whereas the first meeting of the SBCF 
was hosted in 2014. The Conference is an invaluable opportunity to reunite students and professionals 
from different sectors to discuss the advances and challenges of Forensic Sciences in Brazil and abroad. 
Many of the students enrolled in the B.S. in Chemistry with a Major in Forensic Chemistry program, offered 
by the University of São Paulo in Brazil, attend the conference. It is a traditional conference on Forensic 
Chemistry in Brazil and a good opportunity to meet important professors and researchers in the field as 
well as to present research results, which may be developed during their internships. 

Based on all these aspects, the decision regarding hosting or not the Congress in 2020 was very 
difficult for the Board of Directors of the SBCF and the 2020 Organizing Committee. In the early stages 
of the pandemic in March 2020, this decision was put on hold, since the events were still unfolding and 
there were no clear indications about the world situation by the second semester of 2020. At that point, 
the Congress already had early bird registrations completed. However, with the spread of the COVID-19 
and the recommendations of health agencies and governments, an in-person edition of the Congress 
was definitely dismissed. From that moment, the Organizing Committee started to consider cancelling the 
Congress in 2020, to postpone the edition to 2021 or to host the Congress in 2020 in a virtual platform. 
Considering the importance of guaranteeing the safety of all the participants, the importance and impact 
of the Congress and the importance of providing continuing education for the forensic community in a year 
so greatly affected with the cancellation of several meetings, the Organizing Committee decided to host 
the Congress in 2020 in an online platform [13].

The 2020 SBCF Online Joint Congress was a three-day meeting, with workshops, thematic sessions 
and conferences. The conference was hosted online using Zoom® platform (https://zoom.us/meetings). 
Ten workshops were offered in the Congress first day: Evidences interpretation, Infringing conduct in 
adolescence, Ante mortem and Postmortem Forensic Toxicology, Validation of Analytical Methods 
in Forensic Chemistry, Stable Isotopes in Forensic Sciences, Investigation in the Dark Web, Portable 
Methods in Forensic Chemistry and Scientific Methods in Crime Scene Investigation [13]. During the 
Conference second and third days, twelve virtual thematic sessions were hosted simultaneously: Crime 
Scene Investigation and Forensic Ballistics, Legal Medicine, Legal Odontology and Forensic Anthropology, 
Environmental Crime Scene Investigation, Computer Forensics and Investigation in Audiovisuals and 
Electronics, Documentoscopy, Forensic Chemistry and Toxicology, Criminology and Forensic Psychology, 
Forensic Biometrics, Forensic Genetics, Errors in Forensic Science and the role of the Technical Assistant, 
Teaching in Forensic Sciences and Criminalistics in Latin America [13]. The session of Forensic Chemistry 
and Toxicology was the 7th National Meeting of Forensic Chemistry (ENQFor). Each one of these twelve 
sessions hosted four or more talks with experts from Brazil and abroad. In addition to these sessions, four 
panels were held in the Congress, to discuss interdisciplinary, forensic topics of interest. These conferences 
discussed: the access to trends and perspectives of Forensic Sciences; expertise/investigation in Brazil; 
organized crime in Brazil and; the interface between investigative journalism and crime investigation [13]. 
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The scientific program also included a special lecture on fake news and oral presentations sessions. 
Furthermore, during the online meeting, the fourth edition of the traditional ceremony of the “Prêmio 
Destaque Forense” award, granted by the SBCF during each biannual meeting since 2014, was also 
held [15]. The number of participants (including attendees and guest speakers) was 637, with 72 guest 
speakers from Brazil and 30 guest speakers from 13 countries (Switzerland, Canada, South Korea, 
Portugal, USA, Spain, Mexico, Australia, Chile, Argentina and Colombia) [13]. In the previous edition of 
the meeting, held in-person in 2018, the number of participants (including guest speakers) was of 364, with 
53 guest speakers. Among the attendees, there were undergraduate and graduate students, postdoctoral 
researchers, professors, experts with State and Federal Police and other forensic professionals [13]. The 
number of abstracts submitted and approved was 49, being 42 in the format of expanded abstracts and 
7 in the format of platforms [13]. The organizing committee of the event adopted the model of “expanded 
abstracts”, consisting in abstracts with the possibility of longer length and inclusion of figures and tables, 
with the latter being components that are not normally accepted in regular abstracts. Regarding abstract 
submission there was a great decrease compared to previous editions of the meeting that were held in-
person: in 2020, 49 abstracts were accepted in contrast to 126 abstracts accepted in the edition of 2018. 
However, some reasons associated with this reduced number of works submitted for presentation might be 
the short timeframe for submission, due to the change from in-person to online event, and the restrictions 
imposed by the pandemic, suspending or restricting researches in many laboratories. 

INCREASING THE ACCESS AND SCIENTIFIC COMMUNICATION THROUGH ONLINE 
CONFERENCES

An online conference has a high potential to promote national and international access to the event, with 
increased accessibility. Participants and speakers that would not have access to the in-person meeting 
have more chances to attend it online. Since there is no need to travel, no costs with transportation and 
accommodation and no need to have visas or passports to attend, the participation can be easier and 
limitations may be overcome for an increased number of attendees, including people from other regions in 
the world or with disabilities or vulnerabilities, for example [2,16]. Moreover, it is also a great opportunity to 
invite speakers from different countries, overcoming the physical distance, travelling issues and potential 
conflicts of agenda with other appointments. As an example, in the 2020 SBCF Online Congress, guest 
speakers and/or attendees from North America, South America, Asia, Europe and Oceania participated in 
the conference, which might not have been possible for an in-person conference.

A virtual conference in Forensic Sciences, such as in other Sciences, is also a great opportunity to foster 
international collaboration and rapid scientific communication. In Forensic Chemistry and Toxicology, there 
is a need for rapid communication and notification especially in some fields, such as in the notification of 
new synthetic drugs in forensic casework. This is of great interest for researchers, forensic chemists and 
toxicologists, law enforcement and public health agents and communities involved in this field. Therefore, 
online conferences can be a very useful tool for this purpose, making it possible hosting conferences 
and symposiums more frequently throughout the year and increasing the target audience. For example, 
biannual meetings could be hosted annually, alternating between online and in-person meetings. The 
potential to increase the target audience is also very beneficial, to promote the internationalization of these 
meetings and the exchange of information between forensic professionals. These professionals may be 
facing similar challenges in different countries or learn different strategies from other countries that could 
work in their casework, for example. 

OPPORTUNITIES FOR CONTINUING EDUCATION IN VIRTUAL CONFERENCES
Continuing education is highly important for students and professionals involved with Forensic 

Sciences in order to promote the advance of the field [17]. In this case, continuing education opportunities 
in conferences, workshops and symposiums are an excellent way to keep updated or gain knowledge 
in a specific topic or theme. In addition, these opportunities can be even more interesting for those that 
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were not able to attend an undergraduate or graduate program in Forensic Sciences but are interested in 
pursuing a career in this field. Educational programs (undergraduate and graduate) in Forensic Sciences 
are increasingly being designed and offered in many countries, but these specific programs may still be 
limited in some areas. Furthermore, in Forensic Sciences, certifying organizations may require continuing 
education and professional development for maintaining a certification of those certified professionals, 
which may include attending courses, workshops and conferences [18,19], such as the American Board 
of Toxicology [20] and the American Board of Forensic Toxicology (ABFT) [21] for example. During the 
scientific meetings promoted by associations partnered with these professional organizations, some 
activities grant continuing education credits, such as the ABFT, which accepts continuing education credits 
for the presentation of workshops, posters or platforms, for example, during the meetings of the American 
Academy of Forensic Sciences (AAFS), Society of Forensic Toxicology (SOFT) and The International 
Association of Forensic Toxicologists (TIAFT) [21]. In case these meetings are not offered by any reason 
or the professional is not able to attend the meeting, an invaluable opportunity for continuing education is 
missed. 

Virtual conferences may offer the opportunity for participants to access recorded lectures, workshops 
and other activities hosted in the event, in alternative schedules or even after the end of the event. In the 
2020 SBCF online meeting, the attendees had the possibility of access all the content of the event (which 
was previously authorized by the speakers and recorded) for up to 30 days after the end of the event (if 
member of the SBCF) or up to 10 days after the event (if non-member of the SBCF) [13]. 

 
THE BENEFITS AND REQUIREMENTS OF VIRTUAL PLATFORMS VIRTUAL CONFERENCES

Virtual conferences are hosted in online platforms, which can allow a number of benefits. For example, 
through virtual platforms, visualization and sharing of content and data can be easier and occur still during the 
conference [2]. The content of the presentations is displayed directly on the computer, tablet or smartphone 
screen. The use of the platform can also lead to a more rapid interaction between speakers, sessions 
chairs and audience, which can occur through chat or microphone/audio. The session chairs have more 
control of the questions and can organize the questions and answers sessions in a more effective way, 
grouping similar questions and optimizing time for more interactions. However, it is important to consider 
that each type of virtual platform has its own features and allows different types of interaction [6].

The use of virtual platforms also makes authorized recording of sessions easier, and the content 
can be offered for the attendees to watch or rewatch it on-demand after the conference [16]. During in-
person meetings, in general, sessions are not recorded and the participants need to choose to watch one 
presentation over another when they are occurring simultaneously, while in the online conference, they 
can watch one session through live streaming and the other one on-demand after the conference. This 
is particularly interesting in the field of Forensic Sciences. As multidisciplinary events, Forensic Sciences 
meetings usually host a number of different thematic sessions. In the 2020 SBCF Online Congress, the 
majority of the guest speakers authorized recording their lectures in thematic sessions or workshops, 
which were made available for the attendees. However, the guest speakers because of ethical issues 
regarding images, videos or data, which is not unusual in Forensic Sciences, may not authorize recording 
their lectures, and some of the lectures may not be offered on-demand to the attendees. For this reason, it 
is very interesting to inform the participants in advance which sessions are not being recorded and which 
ones will.

It should be noted that despite the benefits, there are some requirements in regards to the online 
platform. Some aspects should be considered when designing an online event: potential audience 
size, duration of the event, interactivity, recording options and technical support. First, if the goal of the 
conference is to reach large audiences and have no limit of public, the organizing committee should search 
and use platforms with no public limitation or with high capacity, in order to avoid any issues or limitations 
in registrations. In regards to the duration of the meeting, a similar approach should be used and platforms 
with no time limitation are recommended, especially considering that delays may occur and alter the 
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duration of each planned activity in the event. In addition to these topics, technical support is very useful, 
even for more experienced users of specific and on-line meeting platforms. It is recommended to have at 
least one technical staff in each virtual room of the conference, to support session chairs, guest speakers 
and attendees in case of any issue or to provide technical orientations. Although online meetings and 
classes are becoming more common nowadays, some people may not be familiar with new or less known 
platforms and having technical support is paramount. It is also a good strategy to keep a direct contact 
line between chairs of the sessions and technical staff, in case the chair of the session loses internet 
connection or similar issues. In this case, the session chair or moderator can easily communicate with 
the technical staff to communicate attendees and guest speakers. An interesting strategy adopted by the 
organizing committee of the 2020 SBCF Online Congress was to host a non-mandatory “training session” 
for all interested guest speakers, which were offered in different time-slots throughout two different days, 
in order to provide them with training in how to access and use the platform. Some of the speakers 
had interest in attending it and could train how to share their screen, see the attendees and more. The 
organizing committee organized two virtual rooms with a technical staff present and also provided the 
speakers with a guide and a tutorial to access the platform and use common tools such as microphone, 
video, screen share and chat. These approaches may be particularly interesting if a non-public available 
platform (e.g., an institutional platform) will be used for the conference.

There are several platforms available online, in free and paid versions. However, in general, most of 
these platforms have limited availability in free versions, limiting the use of it for large group meetings, 
during unlimited time and/or with technical support. For these reasons, it is more recommended to adopt 
paid versions of these platforms or to use alternative platforms that have no limitations on number of 
participants and time. In this context, it is important to find a platform that has these features. 

THE IMPACT OF MULTIPLE LANGUAGES IN ONLINE CONFERENCES
The promotion of diversity and inclusion is very important in Science. There is a need for searching 

strategies and approaches to promote access for very diverse audiences. This is surely very beneficial 
in any field, including the Forensic Sciences, because it can increase the access to scientific advances 
and, at the same time, it can promote the discussion, exchange of information in a very open and diverse 
environment. Therefore, as mentioned before, hosting an international online conference is a powerful 
tool to promote these actions in Forensic Sciences. However, the language barrier can be a challenge to 
overcome. 

A virtual conference is a great opportunity to foster international exchange of information and 
collaboration, including in Forensic Sciences. Offering translation and captioning during the presentations 
is a very useful and powerful tool to increase the access of people from different nationalities and/or with 
hearing or visual disabilities to these conferences [2]. This strategy applies not only to the attendees in 
general but also to guest speakers, and a diverse number of specialists from different nationalities can be 
invited to present and share their experiences. For example, one of the main characteristics of the SBCF 
biannual congresses is to offer translation of lectures and courses in English to Portuguese, to promote the 
inclusion and access to all the attendees who are not fluent in English, since the official language in Brazil 
is Portuguese. During previous in-person meetings, this service was offered and used by many attendees, 
who can attend the lectures of renowned specialists even without speaking the speaker’s language. In 
the 2020 SBCF Online Congress, the translation services were offered for almost all panels, lectures and 
workshops presented in English or French. The sessions in Spanish were not translated because there is 
more similarity between Spanish and Portuguese languages. In virtual conferences, this service is easier 
to use, since no accessory is needed (such as the use of headphones for hearing the interpreter rather 
than the speaker during in-person meetings) and there are specific features in the platform that allow 
selecting the language. 

It is important to note that the translation in an online conference involves the platform features, the 
technical staff and the interpreter. For this reason, previous tests before the conferences are useful to 
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coordinate these actions, especially if the speaker or the interpreter have no experience with the platform 
used. In the 2020 SBCF Online Congress, the Zoom® platform was used for the conference and the 
attendee had the option to choose between listening to the guest speaker’s audio or the interpreter’s audio. 
The experience was positive and worked well for all the sessions. However, the translation increases the 
access to all sessions and, overall, to the Congress and, for example, in Brazil, this service is costly, 
especially for highly-trained professionals. Therefore, this needs to be considered when these services are 
required. On the other hand, with the development of new technologies, translation apps and softwares 
might be more available nowadays, which allow the reduction of the translation-related costs. In the 2020 
SBCF Online Congress, based on the experiences of previous meetings with the presence of the interpreter 
and the lack of knowledge on translation apps, the interpreter was present for the translation, but it is 
important to highlight that there may be some alternatives to this approach. Overall, although there may be 
some limitation regarding costs with these services, the possibility of translation in the online conference 
has important benefits, increasing the access to all the sessions in a language other than the attendee’s 
language and supporting the goal of reaching larger audiences, and therefore, the internationalization. 
This can lead to more diverse audiences and events that are more inclusive. 

POSTERS AND PLATFORMS PRESENTATIONS IN VIRTUAL CONFERENCES 
Posters and platform presentations are core sessions of many scientific conferences. In online formats, 

these sessions are different and may not offer the same level of interaction. On the other hand, during 
virtual conferences, abstracts, platforms and posters may be more easily accessible and be available 
longer, making it possible to attend oral and poster presentations that are occurring simultaneously [2]. For 
example, in the 2020 SBCF Online Congress, the organizing committee offered two options for submitting 
abstracts for presentation: expanded abstracts and recorded oral presentations. Expanded abstracts were 
available by the beginning of the conference in the abstracts book and oral presentations were exhibited 
during the event for all the attendees. The experience with these two formats were both successful and led 
to an important part of the congress. However, the direct interaction between presenters and attendees for 
questions and comments was missed. 

In online conferences, it may be interesting to explore alternatives that allow the contact between 
presenters and audience conferences for questions and comments. In the event of the SBCF, due to the 
short time frame for restructuring the event, it was not possible to explore and search for different platforms 
that would allow the exhibition of posters and to host a session of oral presentations with time for questions 
(the oral presentations were prerecorded). For example, the presentations (poster or platforms) can be 
performed online, in which the attendees can see the poster or watch the presentation and ask questions 
to the presenter, who will be online in a specific period, such as in parallel virtual rooms [22]. For example, 
building a virtual exhibit hall for the event can be a strategy for fostering sponsorship opportunities [22]. 
In addition, if possible, this can also be a good strategy to exhibit posters submitted for presentation. For 
example, a virtual exhibit hall was implemented during the virtual event of the AAFS held in 2021 [12]. 
However, these strategies lead back to the discussion of which platform to select for the conference and it 
is important to consider the availability of technical resources for this. Although the level of interaction may 
not be the same when comparing online and in-person meetings, there are online tools that can provide a 
good level of interaction between presenters and attendees. 

PLANNING OF COSTS AND REGISTRATIONS IN VIRTUAL CONFERENCES 
In a fully online conference, there are no costs with venue and air tickets and hotels for guest speakers 

and organizers, which significantly reduce the overall costs of the event. In this sense, online conferences 
are usually less costly than in-person conferences for the organizing institutions [2]. However, as mentioned 
before, the “online facilities” have costs as well, including the platform and technical assistants. In addition, 
translation services, organizing companies and design and marketing services are still required and have 
costs as well. 
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There are two options for online conferences in regards to the registrations: free or paid registrations. 
In the 2020 SBCF Online Congress, the organizing committee has decided to charge for the registrations 
but at a much smaller fee in comparison to an in-person meeting. This needs to be rationalized considering 
attendees will not be offered a “physical structure” for the event and will not have the social part of the 
conference, which demands costs as well. However, a free-of-charge conference may be more accessible 
and increase the number of attendees. In this case, the support from sponsors and from the organizing 
society are invaluable sources of resources to host the online conferences. 

PERSPECTIVES OF VIRTUAL CONFERENCES IN FORENSIC SCIENCES 
Distance education is a pedagogical method that has been in use for a long time and that has moved 

from correspondence-based to internet-based courses over the years [23]. This methodology is interesting 
in many situations such as for students with limited access to a university or time to attend an in-person 
course, for example [23,24]. With the pandemic of COVID-19, the inclusion of online learning in many 
sectors has been accelerated, including scientific conferences. These conferences are very important 
in many areas and are the way some scientific associations have to discuss the advancements in their 
fields. Although with the pandemic some of these conferences had to be cancelled or postponed, in some 
cases such as in the 2020 SBCF Congress, conferences were moved to a digital platform. The virtual 
format for conferences certainly has several benefits in regards to access to the conference, scientific 
communication and interactivity.

The promotion of diversity and inclusion in Sciences is paramount and has been increasingly discussed. 
The diversity in the scientific environment should be and will be increasingly focused and approached by 
researches and funding agencies [2]. In Forensic Sciences, diversity and inclusion should be increasingly 
promoted as well. This field has been attracting and fascinating many people over the years, in many 
countries, especially young people searching for a career and degrees. Unfortunately, not all regions in the 
globe have opportunities, programs and events in Forensic Sciences. However, the opportunity of virtual 
scientific meetings can change this landscape and offer alternative ways to attend these conferences 
and advance the knowledge in this field. These virtual conferences can reach larger audiences over the 
world and promote increased access to the Forensic Sciences. Reduced-cost or free registrations and 
translations are some of the strategies that certainly can make these virtual conferences more accessible 
to diverse and larger audiences. Ultimately, this can lead to increased accessibility and more diversity in 
the audience, and scientific communication to larger audiences. 

The partnership with other scientific associations, institutions and sponsors in hosting online conferences 
can have benefits not only for the conference itself. As mentioned, when the conference is being hosted 
online, the extent of the conference is usually greater and more people can be reached. In this context, 
the publicizing of the organizing scientific societies and institutions is also increased. For example, when 
education institutions are sponsors of these conferences, there is an increased possibility of reaching 
potential students nationally and abroad. In addition, for scientific associations and certification associations, 
it is an increased opportunity to reach out for new members and to communicate the actions and projects of 
these institutions. For example, in the 2020 SBCF Online Congress, the SBCF offered special registration 
fees for members of other partner associations such as the Brazilian Society of Toxicology (SBTox) and 
the National Association of Federal Criminal Experts (APCF) [13]. 

Scientific communication and research collaborations can also be improved, reaching more people 
in the scientific community through virtual conferences. In the forensic community, these national and 
international collaborations are paramount, especially considering many aspects of the several disciplines 
within the Forensic Sciences. The need for effective and rapid notifications within the Forensic Sciences 
can help build a global network in several areas. Novel psychoactive substances, DNA analysis in 
human identification and sexual assault cases and cybercrimes are some examples of current topics of 
forensic interest that can reach more people and international stakeholders, benefiting the exchange of 
information and rapid notification. The potential of having presentations recorded can also benefit the 
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scientific discussion after the conference, promoting the collaboration between different research groups, 
institutions and agencies. Furthermore, online conferences help in reduction of carbon footprint [2].

For the success of the conference, good planning and best practices should be adopted and performed. 
Sessions chairs, guest speakers and attendees should be oriented regarding the functioning of the 
virtual platform, the ways of interaction available and best practices for the event. A good practice is 
to prepare a material with recommendations for the guest speakers, including orientations regarding 
accessing the virtual room, installing the platform, minimal requirements for internet connection and other 
recommendations such as environmental light and sounds. The chairs of the sessions should have a 
clear protocol to coordinate each session, including introducing the speakers and interacting with the 
audience as well as with the technical staff when needed. Technical support is a key factor in online 
conferences and it is recommended to have this support available during the live conference, and testing 
sessions with hosts and guest speakers before the conference are recommended as well [25]. Another 
important point to highlight is to consider several different strategies of marketing the conference, to reach 
large target audiences [25]. This step is an important part of the conference and can directly affect the 
number of participants. In order to promote internationalization and increase the access, using several 
ways to divulge the conference, including social media, and eventually marketing in different languages 
may increase the probability of reaching a larger audience. It is also useful to create mechanisms for both 
speakers and participants being able to communicate their participation in the conference, creating a 
different level of interaction [25]. Social media (e.g., Facebook, Twitter and Instagram) has been growingly 
used by scientific organizations to communicate their activities and share information. In this edition of 
the event of the SBCF, the event was publicized via official website [13], through the official pages of the 
SBCF on Facebook (https://www.facebook.com/SociedadeBrasileiraDeCienciasForenses/), Instagram 
(https://www.instagram.com/sbcf.oficial/) and LinkedIn (https://www.linkedin.com/company/sociedade-
brasileira-de-ciencias-forenses/) and also through the official page of the event on Instagram (https://www.
instagram.com/enqfor/).Therefore, this is a useful way to reach large audiences.

The experiences hosting online conferences in 2020 should not be completely replaced by in-person 
meetings in the near future, hopefully with the end of the pandemic of COVID-19. On the other hand, it is not 
the goal of this work to suggest the complete substitution of in-person conferences by virtual conferences. 
In-person conferences are invaluable sources of research communication and networking, with the unique 
possibility to host social activities to bring the forensic community together for more interactions. When the 
conference is held in-person, the attendees can meet their colleagues, friends and potential collaborators 
in the field. Another advantage is the possibility to interact directly with exhibitors in the booths, to discover 
new technologies and products offered by the company and to discuss potential collaborations. Some 
of these exhibitors usually bring instrumentations to the conference, demonstrating in-person how these 
instruments work, which allows a very helpful discussion for researchers and laboratories interested in 
those instrumentations. In addition, in-person conferences are a great way to promote the city/state/
country hosting the conferences, in social, economic and cultural aspects, which is only possible when 
these conferences are hosted in-person. Therefore, in-person meetings cannot be completely substituted. 
However, the gains obtained by online education strategies adopted in 2020 should be continuously 
adopted in the future.

Considering the benefits and limitations of both virtual and in-person conferences, there are some 
potential ways to promote the combination of these models, taking advantage of the benefits offered by 
both models. There are some potential ways to promote this. For example, it is possible to develop a 
hybrid model, where the attendees and speakers have the chance to attend the conference in-person or 
online [26]. If one is not able to attend the in-person conference then this person can register for the online 
conference and watch it live from home, office or laboratory. Another possibility is to include an online-
only edition of these conferences, eventually between in-person conferences, in order to promote higher 
access to those not able to travel and attend in-person. 

Trends in scientific communication and continuing education in Forensic Sciences during the pandemic of COVID-19: The role of 
virtual conferences and experiences of the 2020 Online Congress of the Brazilian Society of Forensic Sciences
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In summary, the benefits of virtual conferences should be considered for future conferences in Forensic 
Sciences, as another mode of scientific communication and networking, with potential for increased 
accessibility and diversity. This format can be useful in fostering and supporting international and national 
partnerships and collaborations and delivering scientific content. These virtual models can also be 
combined with in-person models, bringing the advantages of both types of scientific conferences together 
and increasing the impact of the event. 
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The screening and impurity profiling of drugs, like cocaine, is essential information that provides chemical 
and/or physical characterization to assist police agencies in understanding the trafficking and identifying 
drug origin. This work proposes to show the development and applications of two different electronic 
tongues (e-tongues) on the profiling study of cocaine seized samples. The developed intelligent devices’ 
primary objective is the simple, quick, and remote cocaine classification samples based on the individual 
cutting agents added. The paper-based colorimetric sensor was fabricated in the lab using chromatographic 
paper as a substrate, wax printing to produce spot zones of reactions, a smartphone as image detection, 
and an editing image software to extract the chemical information through RBG values. The voltammetric 
e-tongue applied a boron-dopped diamond electrode to extract the cutting agents’ electrochemical 
information through the square wave voltammetry (SWV) technique. In any case, both described sensors 
were coupled to chemometric tools for data analysis to construct the discrimination model. According to 
the objective, the unsupervised pattern recognition technique, Principal Component Analysis (PCA), was 
applied to test the capability of the device on individually discriminating the most common cutting agents 
of cocaine.
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INTRODUCTION
The ever-growing problem of drug consumption requires an increasing need for measurements 

to identify links and trafficking routes to assist drug intelligence agencies in containing drug markets’ 
expansion. According to World Drug Report (WDR) published on United Nations Office on Drug and 
Crime (UNODC) in 2020 [1], the COVID-19 pandemic may reflect in the evolution of drug markets as a 
consequence mainly of the lesser control by the authorities of illicit crop cultivation and the economic crisis 
which turns more people to illegal activities. The seized drug characterization and impurity profiling are 
scientific tools to provide helpful information for drug law enforcement investigative work, e.g., classifying 
materials of related samples and identifying origin and distribution networks. Therefore, drug profiling may 
create a databank for pattern recognition that supplies a guide for identifying new illicit laboratories and 
new manufacturing methods, providing great help to the contention process [2,3]. Once the drug market 
and use situations change rapidly, studies developing techniques to analyze must also be quick and 
adaptable to the new circumstances.

Among the well-known drugs, cocaine is still one of the most widely illicit substances consumed worldwide 
[1], affecting mainly the Central Nervous (CNS) and Cardiovascular Systems. Cocaine is a tropane alkaloid 
and was commonly used as a local anesthetic due to its blocking the sodium channels depolarization, 
inhibiting impulse transmission and, therefore, the pain stimulus. This drug is a potent stimulant of CNS, 
inhibiting the catecholamines recapture, promoting euphoria and chemical dependence [4]. Nowadays, 
cocaine is frequently commercialized on the illicit market with a large variability of chemical composition 
due to clandestine laboratories and manufacturers’ poor conditions [3]. Generally, pharmacological 
substances with similar properties, called cutting agents, are included in the manufacturing process to 
enhance or mimic the drug effects, increasing its profits by selling less cocaine  [5]. Within this situation, 
this drug’s impurity profiling could be a chemical signature assigned to every drug sample, providing a 
complete history of the sample as background support to the intelligent agencies [3].

In this context, Electronic Tongues and Noses are powerful tools to provide screening and chemical 
characterization with a high-quality and quick outcome. The classification of e-devices is related to the 
sample tested by the device used, like its mammalian analogs (tongue and nose). Liquid samples are 
evaluated by the e-tongue and gas samples by e-noses. Those devices are a kind of bionic detection 
approach similar to the mammalian recognition system. In another way, this device consists of a high-
stability sensor with high cross-selectivity [6], which provides complex information about the sample. 
Such complex analytic data must be processed by using multivariate data analysis to obtain the expected 
answer. Seeking to establish the pattern and fingerprinting information to discriminate and classify samples, 
the e-tongues have been widely used in the research for quality control [7], beverages adulteration and 
tracking [8,9], environmental monitoring [10], pharmaceutical analysis [11], and medical diagnoses [12]. 
Several types of e-tongues have been developed based on different principles [11,13,14]. Electrochemical 
and paper-based colorimetric e-tongues systems have received particular attention due to their quick 
response, flexible application, low cost, and portability to remote analysis [8,12,15].

Commonly, the cutting agent’s discrimination in cocaine samples is reported using Raman Spectroscopy 
[16] and gas chromatography-mass spectrometry [17] associated with multivariate analysis. This technique 
for detection is time-consuming, needs well-trained persons, and does not show possibilities for in-field 
applications by the police. Hence, this report presents the development and evaluation of two in-field 
different electronic tongues, voltammetric and paper-based colorimetric, to identify and discriminate, 
using non-supervised pattern recognition, the eight most common cutting agents found in cocaine seized 
samples [18]. All contaminants’ individual chemical information was registered and extracted using the 
electrochemical sensor in the voltammetric technique and a smartphone associated with an image extraction 
program to develop the colorimetric device. The pattern output was achieved using chemometric analysis.

Braz. J. Anal. Chem., 2022, 9 (34), pp 188-197.
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MATERIALS AND METHODS
Reagents

The cutting agents benzocaine, caffeine, procaine chloride, levamisole chloride, aminopyrine, 
acetaminophen, and phenacetin were obtained from Sigma-Aldrich (Steinheim, Germany). Each cutting 
agent’s stock solution was prepared in a mixture (1:1 v/v) of water/acetonitrile from Merk (Darmstadt, 
Germany). To the electrochemical procedures, all stock solutions were diluted in phosphate buffer 0.1 
mol L−1 (pH 6.8) purchased Synth (São Paulo, Brazil). The reagents iron(III) chloride, N-(1-Naphthyl)
ethylenediamine dihydrochloride, iodine, potassium iodide, potassium ferricyanide, cobalt sulfate II, 
silver nitrate, sodium nitrite, potassium meta periodate, sodium carbonate, methyl orange, ammonium 
metavanadate, sodium benzoate, and sulfanilic acid were obtained from Sigma-Aldrich (Missouri, 
EUA), Merk (Darmstadt, Germany), Nuclear (São Paulo, Brazil) and Synth (São Paulo, Brazil). The 
chromatographic paper (JP40) used to fabricate the paper-based device was purchased from JProlab 
(Paraná, Brazil). 

Electrochemical procedure
All the voltammograms were performed using a common system of three electrodes boron-dopped 

diamond (BDD), Ag/AgCl (Sat)/KCl (Sat.), and platinum as work, reference, and counter electrode, 
respectively. The BDD surface was electrochemically pre-treated applying amperometry procedure in 
sulfuric acid 0.5 mol L−1 solution: 3.0 V for the 30 s followed by -3.0 V for 120 s to surface activation and 
3.0 V for 10 s followed by -3.0 V for 30 s to ensure a consistent condition of the electrode surface between 
experiments. Square Wave Voltammetry (SWV) experiments were carried out from 0 to 1.7 V with the 
parameters: step (∆ES) = 5 mV, amplitude (∆EA) = 25 mV and frequency (ƒ) = 30 Hz, to extract the chemical 
information from the analytes.

Colorimetric device
The spot-test colorimetric experiments were performed using a paper-based system produced in the 

lab, procedure schematized in Figure 1. A previous pattern of the black background with white circles 
(diameter = 3 mm) was designed using CorelDRAW® for Windows and printed in chromatographic paper 
using a commercial wax print to produce the reactional zones. The printed paper was thermally pre-treated 
applying 120 °C for 3 minutes to fuse the wax printed and making a hydrophobic barrier in all the paper 
layers. Thus, eight reagent mixtures were immobilized on the constructed paper substrate to finish the 
device development. The composition of each reagent is found in Table I. Aim to perform the analysis; the 
device was exposed to the cutting agents’ solutions. After 5 min of reaction, the photographic images were 
taken employing a chamber coupled to iPhone 4S to provide a fixed focus distance and homogeneous 
lighting during all the registrations. The chemical information was extracted as an RGB pattern for each 
cutting agent using GNU Image Manipulation Program (GIMP2).

In this procedure, we evaluated the slopes from the analytical calibration curves for each RGB value to 
remove the concentration effect in the measurement. This mathematical procedure was necessary once 
both intensity and color values change with the concentration. Then, the chemometric treatment could 
detect this information as different samples for a different concentration of the same analyzed compound. 
Hence, we added the investigated compound in the sample in various concentrations and mathematically 
calculated the linear regression for each color channel (R, G, and B). Based on this information, the 
regression slope in each channel was used as input to remove the concentration problem since each 
cutting agent will have a unique slope pattern in the linear regression.  

Silva, T. G.; Paixão, T. R. L. C.
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Figure 1. Schematic representation of the measurement process for extracting and 
analyzing RGB values to discriminate cutting agents in cocaine seized samples.

Table I. Composition of each reagent used in the paper-based-colorimetric device

Reagent Mixture Components* Medium Oxidant** nº

Bouchardat (Wagner)
I2: 8 mmol L−1

KI: 24 mmol L−1

NaOH

H2O

HCl

No
Yes
No
Yes
No
Yes

1
2
3
4
5
6

Methyl orange Methyl orange: 20 mmol L−1
NaOH
H2O
HCl

No
No
No

7
8
9

Potassium Ferricyanide K3[Fe(CN6)]: 20 mmol L−1
NaOH

No
Yes

10
11

Iron III Chloride FeCl3: 20 mmol L−1 H2O

HCl

No
Yes
No
Yes

12
13
14
15

Cobalt II Sulphate CoSO4 ⋅	7 H2O: 20 mmol L−1 NaOH

H2O

No
Yes 
No
Yes

16
17
18
19
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Reagent Mixture Components* Medium Oxidant** nº

Silver Nitrate AgNO3: 20 mmol L−1 NaOH

H2O

No
Yes
No
Yes

20
21
22
23

Ammonium Metavanadate NH4VO3: 20 mmol L−1

NaOH

H2O

HCl

No
Yes
No
Yes
No
Yes

24
25
26
27
28
29

Sims-Horn

NED: 5 mmol L−1

NaNO2: 5 mmol L−1

Sodium Benzoate: 5 mmol L−1

Sulfanilic Acid: 5 mmol L−1

NaOH

H2O

HCl

No
Yes
No
Yes
No
Yes

30
31
32
33
34
35

*Final concentration at the spot. **Oxidant: Potassium meta periodate.

Data treatment and analysis
The extracted values of current from SWV were mathematically treated using baseline correction and 

normalization [19]. The chemometric analysis was performed applying the unsupervised pattern recognition 
technique, principal component analysis (PCA), using the RGB pattern and the current values extracted 
from the cutting agents as input data. The chemometrics experiments were performed using Statistica 
13.0 (StatSoft Inc., Tulsa, OK, USA).

RESULTS AND DISCUSSIONS
Electrochemical experiments

Cyclic voltammetry (CV) is commonly the first technique used in electroanalytic. It is possible to investigate 
electronic transfer processes and redox mechanisms due to their quick response to thermodynamic and 
kinetic parameters from the redox reactions. This work applied CV as an exploratory technique to choose 
the optimal conditions to extract the electrochemical information from the targets. Work electrode surface 
and hydrogen ion concentrations are among the varied parameters. Considering the purpose of qualitative 
study, to discriminate and classify cutting agents, the best signals separation was achieved with the boron-
doped diamond as work electrode, besides its large potential window that promotes more negligible surface 
adsorption, and phosphate buffer 0.1 mmol L−1 (pH 6.8) as electrolyte. 

We applied Square Wave (SW) voltammetry to obtain the discrimination model, combining all pulse 
techniques’ best aspects. It shows a lesser background current that results in a higher sensibility between 
all voltammetry techniques. Figure 2 shows the behavior of all cutting agents studied when the BDD 
electrode is applied. Note that some of them manifested specifics responses: aminopyrine has three 
electronic transfer processes, with Eox of 0.4, 0.6, and 1.2 V; acetaminophen shows a low value to the 
redox process, being close to 0.5 V; and three compounds, lidocaine, levamisole, and caffeine, present 
high Eox values of 1.1, 1.3 and 1.4 V, respectively. However, three compounds, procaine, benzocaine, and 
phenacetin, showed a slight difference in the redox process’s values, all-around 0.9 V.

Table I. Composition of each reagent used in the paper-based-colorimetric device (Continuation)
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Figure 2. SW voltammograms in presence of 
phenacetin (black), procaine (red), caffeine (blue), 
levamisole (green), acetaminophen (yellow), 
aminopyrine (dark blue), lidocaine (wine) and 
benzocaine (purple) at 1 mmol L−1. SWV Parameters: 
te = 10 s, Ei = 0.0 V, Ef = 1.7 V, ∆ES = 5 mV, ∆EA = 25 
mV, ƒ = 30 Hz.

The current values for potential were used as input data to the chemometric technique, PCA. In 
the beginning, the statistical model was constructed using the absolute current value without any pre-
treatment. However, the model can classify or discriminate none of the groups due to the reflection of the 
concentration-effect in the current values when the cutting agents were studied in different concentrations 
(data not shown). Or rather, once an increase of the compound concentration promotes a current value 
increment, the model could not identify any pattern between the cutting agent groups and overlapped 
all the samples. Aiming to eliminate this problem, the current values were treated mathematically, using 
baseline correction and normalization between 0 and 1 as reported in the literature [19], before being 
inputted to the chemometric tool. Figure 3 shows the study applying the sensor to discriminate the 
cutting agents over different concentrations, varying between 0.1 and 1 mmol L−1. The PCA model could 
satisfactorily discriminate six groups of cutting agents through the considerable dispersion of levamisole 
samples. This result shows significant differences between voltammetric behaviors from five groups over 
the similarities between redox processes of procaine, benzocaine, and phenacetin. Then, those three 
groups’ characteristics promote a model comprehension as only one big group, with a dense overlap of 
procaine’s and benzocaine’s groups. Additionally, the mixture of these six groups well discriminated here 
was evaluated two in a composition 1:1, and good discrimination was observed in the PCA score plots, 
data not shown.

Figure 3. PCA scores plot using pre-processed 
current values recorded by SW voltammetry with 
BDD electrode in the presence of phenacetin 
(black), procaine (red), caffeine (blue), levamisole 
(green), acetaminophen (yellow), aminopyrine (dark 
blue), lidocaine (wine) and benzocaine (purple). 
Concentration range = 0.1 to 1.0 mmol L−1.
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Colorimetric experiments
In analytical chemistry, colorimetric uses color intensity and variation to identify and measure the 

presence and/or concentration. Commonly, spectrophotometry techniques based in Lambert-Beer register 
the chemical information through colorimetric signals. However, these classic instrumentations require 
complex and equipped lab. The colorimetric spot test method of analysis is quick, simple, and, due to its 
instant answer and easy-to-use procedure, this type of sensing has been used in several areas of study 
[15,18-24] in the last years. The molecular recognition applying an array of colorimetric reactions was 
started by Dr. Suslick [25,26]. The employed reactions are generally based on acid-base, Van der Waals 
interaction, adsorption; precipitation; and others. This report presents the development of a colorimetric 
method based on a paper spot test to classify and discriminate eight cutting agents commonly added to 
cocaine seized samples.

Initially, several reactions were tested applying the cutting agents simultaneously, and some were 
taken from the literature [27-30]. Thus, 35 reactions using eight different reactant mixtures were chosen to 
discriminate the eight targets satisfactorily. Figure 4 shows the RGB extracted color representation using 
the paper-based colorimetric device when the reactions are applied to each cutting agent, and analytical 
blank, at 10 mmol L−1. Only employing eye visualization is impossible to identify the specific pattern of each 
cutting agent to classify them. Thereby, chemometric techniques are powerful tools when extensive data 
analysis is performed. In this case, 105 variables (35 reactions over 3 channels) were used as input data to 
the PCA model shown in Figure 5. The PCA model could satisfactorily discriminate all the nine groups, eight 
cutting agents, and analytical blank without any misclassified sample or group superposition. Although the 
manual technique to apply the reagents and analytes, the unsupervised pattern rightly recognized all the 
replicate samples, indicating the robustness of the developed method.

Figure 4. RBG in color representation in the cutting agents’ presence at 10.0 mmol L−1 after 5 min of reaction. 
Reaction 1 to 35 from left to right.

Figure 5. PCA scores plot using RGB values extracted 
in absence, blank (gray), and presence of phenacetin 
(black), procaine (red), caffeine (blue), levamisole 
(green), acetaminophen (yellow), aminopyrine (dark blue), 
lidocaine (wine) and benzocaine (purple) at 10.0 mmol L−1.

Silva, T. G.; Paixão, T. R. L. C.
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They succeeded in detecting and discriminating the cutting agents in one concentration, an experiment 
to test the method potential when the compounds are present in a range of concentrations (1, 5, and 10 
mmol L−1) were performed to reconstruct the reality with higher quality. Unfortunately, the same problem 
previously faced applying different cutting agent concentrations using SWV was obtained using RGB 
values as input data. Once varying the concentration value changes the intensity of color and the color 
itself, the model misclassified all the samples making a chaotic dispersion of the groups (data not shown). 
Due to the impossibility of creating an RGB pattern using untreated values when the compound is applied 
in different concentrations, mathematical techniques of data treatment could be employed to deal with this 
problem. Therefore, the RGB values extracted were linearly regressed, as reported in the experimental 
section, and their slope values were used as input data to construct the discriminative model. Worth 
mentioning, the input data was 105 variables of 35 slope values (one by reaction) to each channel (R, 
G, and B). Figure 6 shows the PCA plot obtained with the eight groups adequately discriminated against, 
without any misclassified sample or group superposition. This good result shows the great potentiality of 
the developed method for classifying unknown cocaine samples based on the cutting agent presence.

Figure 6. PCA scores plot using slopes values of 
RGB analytical curves in the presence of phenacetin 
(black), procaine (red), caffeine (blue), levamisole 
(green), acetaminophen (yellow), aminopyrine (dark 
blue), lidocaine (wine), and benzocaine (purple). 
Concentration range = 1.0 to 10.0 mmol L−1.

CONCLUSIONS
This study shows successful electronic tongue applications to identify and classify the cutting agents 

individually in seized cocaine samples, aiming to determine the drug’s chemical fingerprinting, demonstrating 
two good candidates for forensic analysis. The first device combines voltammetric technique, while the 
other applied colorimetric detection to chemometric data analysis. Both developed e-tongues set the main 
idea of first screening at the seizure moment, without the necessity of any complex equipment or sample 
pre-treatment. The proposed devices gather important characteristics to this field, such as fast, simple, 
easy-to-use, and low-cost compared to the classic analysis. In terms of fabrications, the sensor to the 
voltammetric device is commonly commercialized and accessible.

On the other hand, the colorimetric paper device is manually constructed by applying all reagents and 
targets using automatic pipettes, which may cause a robustness problem. However, nowadays, molecular 
printing is a growing field of study and might transform the manufacture of paper-based sensors. About the 
detection, the voltammetric e-tongue is portable to the remote analysis, though the necessity of a specific 
instrument. Simultaneously, the colorimetric approach includes one of the most used technology globally, a 
smartphone, which could be handled by any person and in any place. Both extracted data were analyzed 
using a chemometric method of pattern recognition, PCA. Each studied cutting agent’s unique pattern was 
successfully obtained to the colorimetric device without any misclassified sample or group overlapped. On 
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the other hand, the voltammetric detection could discriminate only six of eight groups due to three studied 
compounds (procaine, benzocaine, and phenacetin). Still, it seems to be more promising in initial studies 
for the discrimination of cutting agents mixture.
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In Forensic Chemistry, evidence collected at a crime scene is of paramount importance for any case to be 
properly elucidated. Ignitable liquid residues are important chemical evidence in investigations into cases 
of fire because these substances can be correlated to arson. Here, we describe an innovative technique 
for sampling and extracting gasoline and diesel from fire debris by using activated charcoal pellets (ACP). 
ACP can be an alternative to activated charcoal strips and can be easily produced on the laboratory scale. 
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The ACP approach allowed all the target compounds selected for gasoline and diesel fuels to be extracted. 
Among the six tested extraction conditions, optimal extraction occurred at 100 °C, after 240 min. These 
preliminary results showed the potential of ACP for detecting gasoline and diesel in fire debris. However, 
the ACP approach still requires analytical validation, so that its applicability in an authentic forensic setting 
can be explored.

Keywords: activated charcoal pellets, fire debris, ignitable liquid residues, accelerants, forensic chemistry

INTRODUCTION 
In Forensic Chemistry, evidence collected at a crime scene is of paramount importance for any case to 

be properly elucidated. During investigations into fires, the presence of ignitable liquid residues (ILR) in fire 
debris is an important finding that can discriminate between accidental fires and arsons [1–3]. ILR can be 
intentionally used to induce, to accelerate, and to spread fire [4,5]. These accelerants are usually volatile 
and easily flammable substances [6], such as products of petroleum distillation [2,6,7]. Some common 
substances include gasoline, diesel, kerosene, turpentine, paint thinners, and alcohols, among others [2,8,9]. 

Many factors make investigation of arson cases challenging. First, evidence collected in a fire scene 
may be damaged by the fire itself or by the efforts and measures used to control the fire [5,8,10]. For 
example, powders and foams employed in fire control may lead to interferences [5]. Moreover, given that 
large amounts of water are frequently used to control fires, ILR might be diluted or even washed [7], which 
requires sensitive analyses. It is important that any ILR analysis be carefully performed to avoid interpreting 
that the presence of low levels of ignitable liquids, which may be present in the scene for non-arson-related 
reasons, is due to arson [11]. The presence of ILR in fire debris does not necessarily confirm an arson 
because these substances may be present at the scene in normal conditions, especially if we consider 
that most products derive from petroleum [11,12]. Several matrixes including flooring, plastic materials, 
tires, and shoes may be composed of ignitable liquids [13]. In addition, the composition of IRL may vary, 
thereby hampering their classification and identification. One example is gasoline, which is commonly 
reported and easily detected in fire debris but may have variable compositions [13]. Another challenge 
is the potential degradation of ILR by the soil microbiome [5,13,14]. Microorganisms might interact with 
petroleum-derived products and degrade important target analytes (e.g., n-alkanes) [13], which could lead 
to a “false-negative” result if an ILR is completely degraded by microorganisms in soil.

During the scene investigation, samples of fire debris are collected and placed in clean containers, 
protected from leaks (to avoid loss of analyte), and further submitted to forensic laboratories for analysis, 
especially to search for ILR [4,6,9,15]. Information related to the type of ILR present in the sample can 
support the investigation in identifying the person that was responsible for the criminal fire [8]. Considering 
all the challenges inherent in this type of analysis, correctly selecting the analytical method and approach 
is fundamental. Many protocols have been developed and implemented for analysis of ILR in fire debris, 
especially by the American Society for Testing and Materials (ASTM) [16]. ILR in samples of fire debris are 
analyzed mainly by gas chromatography coupled to mass spectrometry (GC-MS) [1,2,5,15]. GC-MS has 
been replacing gas chromatography with flame ionization detector (GC-FID) because mass spectrometry 
(MS) can identify the structure of the compounds present in a sample [6,8]. A sample preparation step is 
necessary to isolate the ILR and to remove interferents before gas chromatography analysis is performed 
[1]. Such separation can be achieved via numerous techniques [8,17]. 

Examples of sample preparation techniques include solvent extraction, direct sampling, passive or 
dynamic headspace techniques, and solid phase microextraction (SPME) [4,10,18]. Regarding solvent 
extraction, this technique provides fast and simple sample preparation [18] and efficiently extracts heavier 
substances, with lower vapor pressure [5]. However, this technique requires a large volume for extraction, 
the amount of solvent must be enough solvent to cover the debris sample completely. Furthermore, solvent 
extraction is destructive and may be subject to potential interferences from the solvent employed during 
the extraction [5,18], which can be the same solvent used by the arsonist [18]. 
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In turn, headspace techniques offer analytical gains such as easy manipulation, reduced interferences 
(compared to extractions involving solvents) [1], and fast and non-destructive analyses [18]. Besides that, 
headspace techniques are good for screening ignitable liquids that may be present in the fire debris, to 
support technique selection [19]. Passive headspace with a concentration step involves extracting ILR 
from fire debris samples to an adsorbent material inside a vessel, under heating [1]. Activated charcoal 
strips (ACS) and SPME are the traditional sorbents in passive headspace approaches [1,9]. Sampling/
extraction based on SPME allows for fast, highly sensitive, and solvent-free analyses [5,6,9]. The fiber 
in the headspace is exposed for adsorption and the desorption, which occur directly in the GC injector 
[5,18]. Nevertheless, SPME fibers are expensive and frail, have a short lifetime [1], and may generate 
interferences after reuse [5,18]. In the case of passive headspace with ACS, a second step encompassing 
ILR extraction from the charcoal strips is performed with solvents (e.g., carbon disulfide) [9,10]. The ACS-
based technique offers advantages like high adsorption capacity for a broad range of substances [5], high 
sensitivity, easy sample preparation, and possibility of restoring and reanalyzing the remaining materials 
[1], and ACS are commercially available. However, the technique requires the use of organic solvents and 
may be time-consuming [1,5]. 

In this context, we propose an innovative method for extracting ILR from fire debris. The method consists 
of adsorption/extraction by activated charcoal pellets (ACP) followed by hexane extraction and GC-MS 
analysis. ACP are an alternative to ACS and have the advantages of reduced cost and rapid preparation 
in the laboratory, dismissing the need to acquire commercially available strips.

MATERIALS AND METHODS
Materials and apparatus

Reference materials for unleaded gasoline and diesel fuel (5000 µg mL-1 in methanol) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA) and used during method development. HPLC grade hexane 
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Gasoline and diesel fuels were acquired from a 
local store for extraction optimization assays. Analytical grade activated charcoal powder and anhydrous 
D-glucose were purchased from Synth (Diadema, SP, Brazil) and used to prepare the ACP materials by 
using a manual press.

ACP preparation and extraction
The use of charcoal powder as single component and the combination of charcoal powder with other 

substances (like pellet binder) were tested for ACP preparation. The tested substances included calcium 
dichloride, silica, and D-glucose as potential pellet binders. Several proportions of activated charcoal 
powder and binders were tested, including 1:1, 1:5, 1:10, 1:15, and 1:16 (m/m). After the best conditions to 
prepare the pellets were established, the powder materials were inserted into a cylindrical mold, manually 
pressed, and held in the supporting mold for five minutes. The pellets were further removed and heated at 
60 °C for 12 h to remove potential contaminants.

Carmona, L. H. P. B.; Campos, E. G.; Bigão, V. L. C. P.; Pereira, A. L. C.; 
Maia, F. D.; Telles, L. S.; De Martinis, B. S. 
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Figure 1. General aspects of the ACP.

Fire debris was simulated on the laboratory scale by burning cotton fabric and paper through direct 
flame contact. A portion of the simulated samples was placed in the bottom of the glass recipients, and 400 
µL of pure gasoline and diesel were added to the top of the debris (except for blank extraction, to which no 
fuels were added). The ACP were attached to the glass container lid through a 1-mm-thick cotton string. 
The entire apparatus was placed in the laboratory oven at 100 ºC for 240 min (Figure 2). 

Figure 2. A: Process for burning materials to simulate fire debris. B: The manual press where the 
pellets were fabricated and the cylindrical mold and C: Glass vial containing the simulated fire 
debris and the pellets suspended in the headspace.

After the samples were heated, the pellets were removed from the glass containers and transferred to 
glass tubes, and 1 mL of hexane was added to the tubes for extraction. Solvent extraction was performed 
by horizontal agitation at 120 rpm for 5 min. Then, 10 µL of the extract was collected, added to a 1.5 mL 
clean glass vial, diluted with 50 µL of hexane, and injected into the GC-MS. Six different extraction assays 
were accomplished, in duplicate, according to Table I. The experiments involved two glass containers with 
debris, containing the pellet suspended with gasoline and diesel, as described.

Braz. J. Anal. Chem., 2022, 9 (34), pp 198-209.
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Table I. Different temperatures and times tested for gasoline and diesel 
extraction from debris by using ACP

Condition Temperature (°C) Time (min)

1 50 240

2 60 155

3 60 325

4 75 120

5 75 240

6 100 240

Blank 100 240

Instrumentation
Analyses were carried out on an Agilent 7890A gas chromatograph equipped with an Agilent 7683 

automatic sampler and coupled to an Agilent 5975C mass spectrometer (Agilent Technologies®, Santa 
Clara, CA, USA). Chromatographic separation was performed on a DB-5MS fused silica capillary column 
(5%-phenyl)-methylpolysiloxane phase (30 m × 0.25 mm × 0.25 μm) (Agilent Technologies®, Santa 
Clara, CA, USA). Helium was used as carrier gas at a flow rate of 1 mL min−1. The injector temperature 
was maintained at 260 °C. The sample was introduced in the split injection mode. The following column 
temperature program was applied: initial temperature of 50 °C with holding time of 5 min, followed by an 
increase to 260 °C at 20 °C min−1, with final holding time of 0.2 min. The total analysis time was 15.7 min. 
The temperatures of the mass spectrometer interface, source, and quadrupole were 230 and 150 °C, 
respectively. The mass spectrometer was operated in the full scan mode.

Selection of target compounds in gasoline and diesel
To select the target compounds in gasoline and diesel for further monitoring during chemical analysis, 

the gasoline and diesel fuels were initially analyzed. The fuels were diluted in hexane (5000 µg mL-1) and 
analyzed by GC-MS in the full scan mode. The chromatographic peaks with the smallest width and highest 
abundance were selected, and their mass spectral profile was manually compared against the NIST library 
(NIST MS Search 2.0, 2009).

Qualitative ACP extraction evaluation
The ACP extraction efficiency was qualitatively assessed by verifying the volume of gasoline and diesel 

that was recovered and by identifying the target compounds. For this test, the ACP were attached to a 
polyamide string (0.25 mm diameter) in a 20 mL headspace vial, in the absence of debris. Headspace 
vials were used to standardize the extraction given that they have better seal capability, thereby avoiding 
losses by evaporation. The polyamide string was preferred to a cotton string because the former has no 
pores, and its diameter is smaller. Twelve samples (six with gasoline and six with diesel) were prepared 
and added at the bottom of the vials, in different amounts (1, 5, 10, 20, 30, and 40 µL). Blank samples 
consisting of the ACP suspended in the vial without, gasoline, or diesel were prepared and extracted, to 
evaluate any possible potential interferents from the vial or the polyamide string. The vials were incubated 
in a laboratory oven at 100 °C for 240 min. Gasoline and diesel were extracted from the ACP as previously 
described.

Activated Charcoal Pellets as an Innovative Method for Forensic Analysis of 
Ignitable Liquid Residues from Fire Debris by GC-MS
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RESULTS AND DISCUSSION
ACP preparation 

Using only charcoal powder to prepare the ACP gave poor results. When we pressed the charcoal 
powder, it did not agglutinate into pellets satisfactorily, and the pellet quickly disintegrated into the powder 
form. To address this problem, we tested three substances as pellet binder: calcium dichloride, silica, and 
D-glucose. The condition that provided more physically resistant pellets (i.e., pellets that did not disintegrate 
when they were removed from the mold or attached to the cotton string) was achieved by combining 
activated charcoal powder and D-glucose, as binder, at a 1:16 (m/m) ratio. Therefore, to prepare the ACP, 
we adopted a total mass of 0.3 mg of activated charcoal powder and D-glucose (1:16 m/m) for the study. 

GC-MS analysis of fire debris by using ACP
Figures 3 and 4 show the total ion chromatogram of the analysis of gasoline and diesel fuels, in hexane. 

The identified peaks are numbered from 1 to 6 for gasoline and from 7 to 14 for diesel. Tables II and III list 
the identities of the compounds selected for the targeted analyses.

Table II. Selected target compounds for gasoline

Number m/z Retention Time (min) Target Compound

1 105,120, 91 8.117 1-ethyl-3-methylbenzene

2 119,105,134 8.884 1,4-diethylbenzene

3 119,134, 91 9.548 1,2,3,5-tetramethylbenzene

4 117,132,115 9.754 1-methyl-2-(2-propenyl)benzene

5 117,132,115 9.84 1-methyl-4-(2-propenyl)benzene

6 131,146,115 10.191 2,3-dihydro-4,7-dimethyl-1H-indane

Table III. Selected target compounds for diesel

Number m/z Retention Time (min) Target Compound

7 57, 43, 41 9.332 Undecane
8 57, 43, 71 10.24 Dodecane
9 57, 43, 41 11.023 Tridecane

10 57, 43 ,41 11.731 Tetradecane
11 57, 43, 41 12.39 Pentadecane
12 57, 43, 41 13.011 Hexadecane
13 57, 43, 41 13.594 Heptadecane
14 57, 43, 41 14.145 Octadecane

Braz. J. Anal. Chem., 2022, 9 (34), pp 198-209.



204

Figure 3. Chromatogram of 5000 µg mL-1 gasoline, in hexane. The identified compounds 
are numbered and listed in Table II.

Figure 4. Chromatogram of 5000 µg mL-1 diesel, in hexane. The identified compounds are 
numbered and listed in Table III.

Evaluation of the optimal extraction conditions
After the target compounds were properly selected, we tested the extraction of gasoline and diesel 

fuels by the ACP to establish the conditions that would provide the best signal for each compound. We 
used a mixture of gasoline and diesel to optimize the extraction conditions for both fuels by considering the 
situation in which these two liquids would be found in a sample of fire debris. We randomly selected the 
extraction times to be tested in the experiments by considering extractions no longer than 6 h, to enable 
time-effective analyses. We tested each condition in duplicate and, to avoid carryover, we injected 1µL 
of hexane into the GC-MS between each chromatographic run. Initially, we tested temperatures higher 
than 100 °C for extraction (e.g., 105, 135, and 150 °C). However, at 135 and 150 °C, the pellets melted 
down. The results at 105 °C resembled the results obtained at 100 °C, so we conducted the tests at 100 
°C to ensure that the pellets would not deform or melt, thereby avoiding poor or no gasoline and diesel 
extraction.

Carmona, L. H. P. B.; Campos, E. G.; Bigão, V. L. C. P.; Pereira, A. L. C.; 
Maia, F. D.; Telles, L. S.; De Martinis, B. S. 
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Figures 5 and 6 illustrate the chromatogram peak areas obtained for each analyte, in each of the tested 
conditions. In the graph, the area values are the average area of the duplicate experiments in the same 
conditions for each compound; the standard deviation of these measures is shown. The numbers refer to 
the target compound monitored for gasoline and diesel according to Tables II and III, respectively. 

Figure 5. Response (peak areas) of each compound in gasoline (listed in Table II) obtained 
at different temperatures and extraction times.

The optimal extraction conditions for both gasoline and diesel (based on the best signal areas of each 
target compound) were 100 °C and 240 min (dark green bars). This temperature was the highest tested 
temperature at which the pellet maintained its physical stability, but heat could lead to interferences 
[20]. Therefore, we submitted a blank sample consisting of the glass container with debris and the pellet 
suspended without gasoline or diesel fuels to extraction at 100 °C for 240 min to investigate possible 
whether heat generated interferents from the pellets, glass container, or debris. We found no interferents 
in the blank chromatogram. Condition number 5 (yellow bars) resembled condition number 6 (dark green 
bars) for both gasoline and diesel, with the target compounds showing larger peak areas in condition 6. 
However, the standard deviation observed for condition 5 was higher if compared to condition 6, suggesting 
better (considering the higher areas) and more reliable/robust results under condition 6. We achieved the 
worst results for condition number 2 (60 °C for 155 min – blue bars), which gave reduced peak areas for all 
the compounds. In general, longer extraction time increased the peak area of each target analyte, except 
for compound 1 (1-ethyl-3-methylbenzene) in condition number 5 (75 °C for 240 min orange bars). For 
example, extractions performed at 50 °C for 240 min (brown bars) produced large peak areas compared 
to extractions conducted at 60 °C for 155 min (blue bars) even though higher temperatures provided 

Braz. J. Anal. Chem., 2022, 9 (34), pp 198-209.
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better responses (in terms of peak areas). In this sense, longer extraction times were positive factors for 
the overall quality of extraction with the ACP. However, further studies are necessary to understand the 
mechanism of analyte adsorption onto the ACP: some compounds were poorly adsorbed on the pellets, 
which could also explain the low recoveries in these tested conditions.

Figure 6. Response (peak areas) of each diesel compound (listed in Table III) obtained at 
different temperatures and extraction times.

We assessed extraction efficiency at the optimal condition (100 °C, 240 min) by extracting a set of 
samples using headspace vials without debris and separately adding different volumes of gasoline and 
diesel at the bottom of the vial (1, 5, 10, 20, 30, and 40 µL). We analyzed the chromatograms and searched 
for the target compound. According to the standard ASTM E1618-11 (2011), “an adequate chromatogram 
with sufficient data for comparison work is one in which the peaks of interest are 50 to 100% of full 
scale” [21]. On the basis of this information and by considering only the chromatograms that had all the 
target compounds, we found that the limit volume of extraction was 20 and 40 µL for diesel and gasoline, 
respectively. The volumes of 20 and 40µL represent the quantities present in the vial, recovered by the 
pellet, which resulted in the positive identification of diesel and gasoline, respectively, after extraction 
process.

Comparison between ACP and other sampling/extraction methods
Table IV compares the extraction efficiency/sensitivity findings of this study and of other studies is 

provided, encompassing traditional extraction methods standardized by ASTM [18,19,22–24] and new 
materials [7,15,25], such as ACP. The headspace technique is the least sensitive among all the traditional 

Activated Charcoal Pellets as an Innovative Method for Forensic Analysis of 
Ignitable Liquid Residues from Fire Debris by GC-MS
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methods [18], and volumes below 10 µL may not be sufficient for recovery and extraction [19]. However, 
the efficiency/sensitivity seems to be controversial [18], with limit volumes of extraction ranging from 1 to 
10 µL [18], but also being as low as 0.1 µL [22]. Being vapor concentration-based techniques, ACS and 
SPME are more sensitive than the headspace and solvent extraction techniques, [18]. Moreover, ACS and 
SPME are highly sensitive, reaching volumes lower than 0.1 µL [18]. As for new adsorbent materials, some 
exhibit limit volumes of extraction in line with the results reached with the ACP technique developed in this 
study. Hydrophobic pads and ACP produce closer results, but the former is more efficient in the recovery 
of lighter compounds [7], whereas ACP is more efficient for heavier compounds. A major advantage of the 
ACP approach proposed in this study is the possibility of rapidly producing adsorbents in the laboratory, 
at low cost. 

Table IV. Comparison between the efficiency of the ACP technique and some traditional techniques and new 
adsorbent materials

Reference Methods Limit volume of extraction Compounds

1 [19] Headspace Above 10 µL Better for low molecular 
weight compounds

2 [18,22] Solvent extraction 1 µL [22] / 10 µL [18] Better for high molecular 
weight compounds

3 [23] ACS 0.1 µL All range of compounds

4 [24] SPME 0.1 µL All range of compounds

5 [15] Limestone and British 
Fuller’s earth; 10:1 w/w Not specified All range of compounds

6 [7] Hydrophobic Pads 10 µL (A) and 25 µL (B)
A: heavier and B: lighter 
(six atoms of carbon or 
less) compounds

7 [25] Activated Charcoal 
Cloth (ACC) 10 µL

Lighter fluid, camp fuel, 
thinners, lamp oil, and 
kerosene

8 This study ACP 20 µL (C) and 40 µL (D) C: diesel and D: gasoline

CONCLUSIONS
ACP are a promising alternative for extracting gasoline and diesel from fire debris. This technique allowed 

all the target compounds selected from gasoline and diesel and added to the debris to be detected. ACP 
have two main advantages: reduced costs and possibility of preparing the pellets in a laboratory setting, 
dismissing the need for purchasing an adsorbent. The goal of this study was to report the preliminary 
development of this new approach, and we have shown its promising applicability in fire debris analyses. 
However, further studies are still needed to validate this method for routine applications, to understand the 
adsorption mechanisms occurring on the ACP and to evaluate analytical parameters such as recovery, 
limit of detection, and selectivity. These further studies will be essential to explore and to discuss other 
advantages and limitations of the method.
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Forensic studies are extremally 
important to investigate suspected 
adulterations of consumable products, 
such as Viagra®. This report describes 
the determination of sildenafil citrate 
(SC) in commercial and adulterated 
tablets based on square-wave 
voltammetry (SWV) measurements 
using disposable stencil-printed 
carbon electrodes. The conductive ink 
used for the manufacture of integrated 
electrodes was produced by combining 
graphite powder and glass varnish. To 
promote a reusable strategy for 
limiting the geometric area of the 
electrodes, a 3D-printed holder was 

constructed. Detailed morphological and electrochemical characterization studies revealed well-defined 
graphite flakes incorporated on the polymeric substrate and a fast heterogeneous electron-transfer rate 
constant (Ks = 1.3 × 10–3 cm s–1). Based on the analytical performance, a linear behavior was observed in 
a SC concentration range from 1 to 20 µmol L–1 with limit of detection equal to 0.2 µmol L–1. The selectivity 
of the proposed method was evaluated and the presence of potentially interfering compounds like 
phosphate, lactose, paracetamol and tadalafil and no difference higher than 15% was observed. The 
analysis of SC was performed in commercial and seized tablets and the achieved values were 50 ± 1 mg 
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for Viagra® tablet, 54 ± 1 mg for generic formulations 38 ± 1 mg for seized tablet. In addition, the proposed 
method offered satisfactory accuracy (98.2 – 102.0%) no noticeable matrix effect. Lastly, considering the 
achieved results, the use of stencil-printed carbon electrodes and SWV has demonstrated to be a powerful 
and robust analytical tool for forensic investigations.

Keywords: carbon-based sensors, electrochemical analysis, erectile dysfunction, forensic analysis, 
Viagra.

INTRODUCTION
In recent years, the development of compact electrochemical cells combining alternative and/or 

commercial conductive carbon-based inks and affordable substrates through “do it yourself” protocols has 
become increasingly popular. In general, electrochemical devices have been fabricated using low-cost and 
emerging platforms, including paper and plastic materials, and assembled into portable apparatus [1–3]. 
Besides the low-cost and affordability, instrumental simplicity, ease of operation, reproducibility, portability, 
and reduced sample consumption are also attractive features which boost the development of alternative 
electroanalytical devices [4-8]. As well-known, electrochemical sensors are often fabricated by printing-
based methods such as inkjet printing [9], screen-printing [10] and stencil-printing [11], which enable the 
large-scale production with satisfactory fidelity [2]. Cellulose fibers, ceramics and plastics are the most 
commonly employed substrates to produce printing-based electrodes [2,12,13]. Plastic is particularly 
advantageous over cellulose and ceramics because it presents interesting physical-chemical and 
mechanical proprieties, such as robustness, flexibility, durability, hydrophobicity, and optical transparency 
[4,8,14]. Furthermore, different polymeric materials are commercially available including polyester-based 
substrates.

As mentioned above, polymers are important substrates in the construction of robust printing-based 
electrodes. Electrochemical sensors have been explored for applications in different fields, including 
environmental [15], clinical, pharmaceutical, food and forensics sciences and even point-of-care or on-
site studies [2,12,16]. Considering forensic applications, impact areas such as authenticity screening 
or detection of adulteration in pharmaceutical compounds are extremely important to society because 
counterfeit or adulterated formulations are a threat to health and the purchase of these drugs through 
internet is quite easy [17,18].

According to the World Health Organization (WHO) and the U.S. Food Drug Administration, falsified, 
adulterated, smuggled or illegally marketed drugs do not comply with specifications and quality standards 
[19,20]. In this sense, the drug may contain the active principal in quantities lower than necessary or the 
consumer may even be defrauded by the addition of substances that do not have an active effect. It is 
important to mention that the absence of quality drugs is a recurring problem in the world and exposes 
people to serious risks, once the inadequate intake of falsified products may cause intoxication or even 
death [20–22].

Pharmaceutical products associated with erectile dysfunction treatment are one of the classes of drugs 
most often adulterated in Brazil [17]. Active principles based on tadalafil and sildenafil citrate (SC) are 
the most commercially popular drugs, in which SC is well-known as Viagra®. Their activity principles are 
based on selective inhibition of the enzyme phosphodiesterase type 5 (PDE-5), which is specific to cyclic 
guanosine (cGMP) and it is directly related to the regulation of erectile function. This drug has also been 
reported as an adulterant in food supplements and herbal products aiming to promote improvements 
in the sexual performance [23–25]. In this way, it is important to investigate possible irregularities 
in pharmaceutical products based on SC. Selective and robust analytical techniques, such as high-
performance liquid chromatography associated to UV detection [26–27], Raman spectroscopy [28] and 
electrochemistry [29–31] have been explored to aid the forensic authorities [31,36, 37]. In addition, flow 
injection analysis and batch injection analysis systems coupled with amperometric detection have been 
also explored as simple as powerful analytical tools for determining SC in erectile dysfunction drugs [38,39]. 
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As demonstrated by Backes and colleagues [38], the use of carbon-based printed electrodes has offered 
great analytical performance for accurate determination of SC in commercial drugs including Viagra® and 
Generics. In this report, we propose a simple combination of disposable stencil-printed carbon electrodes 
(SPCE) and square-wave voltammetry (SWV) measurements for the determination of SC in commercially 
available tablets. A compact electrochemical device containing working, reference and auxiliary electrodes 
was constructed in a single plastic platform using readily affordable materials like glass varnish [8,40] 
and graphite powder [14]. The electrode surface was characterized using scanning electron microscopy, 
Raman spectroscopy, contact angle and electrochemical measurements. The forensic feasibility of the 
proposed approach was demonstrated through the analysis of SC in six commercial tablets and one 
adulterated sample.

MATERIALS AND METHODS
Reagents and materials

Sildenafil citrate, tadalafil, acetonitrile, potassium ferrocyanide, potassium ferricyanide, potassium 
chloride, chloride acid, boric acid, phosphoric acid, acetone, paracetamol and lactose were purchased 
from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Apprehended tablets of SC were provided 
by the Brazilian Federal Police. Commercial tablets of SC were purchased from a local pharmacy. Stock 
and standard solutions were prepared using ultrapure water processed through a water purification system 
(Direct-Q®3, Millipore, Darmstadt, Germany) with resistivity of 18.2 MΩ cm.

Graphite powder, glass varnish and silver ink were acquired from Fisher ChemicalTM (New Jersey, 
USA), ACRILEX® (São Paulo, SP, Brazil) and Method Development Co. (Chicago, IL, USA), respectively. 
Thermoplastic filaments (ø = 1.75 mm), acrylonitrile butadiene styrene (ABS) and flexible poly(lactic) 
acid (Flex-PLA) were provided by 3D Fila (Belo Horizonte, MG, Brazil). Poly(dimethylsiloxane) (PDMS) 
structures were prepared using a Sylgard 184 elastomer kit (monomer and curing agent) from Dow Corning 
(Midland, MI, USA). Polyester thermal lamination pouches (250 µm thick) and vinyl adhesive (125 µm 
thick) were acquired from Yidu Group Co., Ltd (Hsi-Chih, Taipei, Taiwan) and Imprimax® (São Paulo, SP, 
Brazil), respectively.

Fabrication of the disposable carbon-based electrodes
The integrated electrochemical cell was manufactured using the stencil-printing technique [15,41]. 

Firstly, two layers vinyl adhesive (8 x 11 cm) were combined on the polyester substrate using a spatula 
tool. The layout of the integrated electrodes was designed using Silhouette Studio software and contained 
a working electrode (WE; ø = 4 mm), reference electrode (RE) and auxiliary electrode (AE). This layout 
was printed reductively on the vinyl adhesive using a cutting plotter from Silhouette (Belo Horizonte, MG, 
Brazil). Then, the adhesive structures containing only the electrode designs were removed from the vinyl 
adhesive/polyester backing using metal tweezers. This step allowed a vinyl stencil to be incorporated with 
the proposed conductive ink.

The conductive ink was prepared using a procedure adapted from the protocol described by Silva-
Neto and coworkers [40]. In brief, the graphite-based ink was based on a mixture composed of 1.5 g of 
graphite powder, 1.5 g of glass varnish (binder) and 4.0 mL of acetone. To ensure the homogeneity of 
the ink, these components were mixed under stirring at 1000 rpm for 30 min. Then, the conductive ink 
was incorporated onto the stencil and polyester substrate using a spatula. After 15 min, the electrode 
surface was exposed to mechanical polishing process through an alumina sandpaper (1200 mesh). The 
surface treatment was carried out based on circular mechanical movements. Next, the plastic stencil 
was manually removed for exposing the integrated electrochemical cell, as illustrated in Figure 1A. It is 
important to mention that this amount of conductive ink was enough to manufacture ca. 60 electrochemical 
cells. To forming a pseudo-reference electrode, the RE was painted with silver ink. The geometric area 
of the electrochemical devices was delimited using a 3D printed holder, as recently reported [42]. This 
3D-printed holder was designed through the SolidWorks® software and printed through a 3D printer model 

Rocha, D. S.; Silva-Neto, H. A.; Oliveira, L. C.; Souza, S. G. G.; Santana, M. H. P.; Coltro, W. K. T. 
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open-source from Prusa research (Prague, Czech Republic) via fused deposition modeling employing 
acrylonitrile butadiene styrene (ABS), flexible polylactic acid (PLA-flex) as the thermoplastic filaments 
(ø=1.75 mm). The geometric area delimitation was based on a sandwich assembling of the printed sensing 
electrodes, PLA-flex, PDMS and ABS films, as demonstrated in Figure 1B. 

Figure 1. (A) Schematic representation of the stencil-printing method for 
producing disposable carbon-based electrodes and (B) their assembling in a 
3D printed holder combining thermoplastic materials and PDMS film.

Instrumentation and SWV measurements
Electrochemical measurements were performed using a portable bipotentiostat/galvanostat, model 

μStat 400 from DropSens S.L. (Oviedo, Spain) equipped with DropView 2.9 software. The stock solution 
of SC (5 mmol L–1) was prepared in a mixture of acetonitrile and ultrapure water at the ratio 30:70 (v/v).

For preparing the Viagra® tablet samples, six different products purchased at a local pharmacy 
(Goiânia, Goiás, Brazil) and one tablet supplied by the Brazilian Federal Police were used. Each tablet 
was individually ground and solubilized in a mixture of acetonitrile and water (30:70 v/v) and exposed to 
an ultrasound bath for 20 min. Finally, samples were filtered (pore size = 0.22 µm) prior to use. To realize 
the SWV measurements, standard solutions and tablet samples of SC were prepared in Britton-Robinson 
buffer (0.03 mol L–1, pH = 8.0). The SWV parameters were optimized, and the best results were achieved 
applying 10 Hz frequency, 0.025 V amplitude and 0.004 V step ranging from 0.9 to 1.5 V vs Ag. All 
electrochemical experiments were performed at room temperature (25 ± 2 ºC).

Braz. J. Anal. Chem., 2022, 9 (34) pp 210-228.
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Characterization
The surface morphology, the structural characteristics as well as the faradaic performance of the 

proposed SPCE were characterized by scanning electron microscopy (SEM), Raman spectroscopy, 
contact angle (CA) and cyclic voltammetry (CV) measurements. SEM analyses were performed with a 
JEOL microscope (model JSM, 6610, Waltham, MA, USA). Raman spectra were obtained with a confocal 
Raman spectrometer (model Horiba LabRAM HR Evolution, HORIBA France SAS) using a laser of 
wavelength 532 nm and a spot size of 2.6 µm. CA experiments were carried out by a Xiaomi Redmi note 
10 smartphone camera fixed to a modular 3D-printed holder [43] and ImageJ software. CV measurements 
were recorded in 1.0 mmol L–1 [Fe(CN)6]4–/3– prepared in 0.1 mol L–1 KCl at scanning rates ranging from 10 
to 100 mV s–1. These electrochemical experiments were realized with the goal of estimating the standard 
heterogeneous rate constant (KS) based on the Nicholson method [44].

RESULTS AND DISCUSSION
Fabrication of the SPCEs

The stencil-printing technique is one of the most versatile techniques for manufacturing electrochemical 
sensors [45]. This fabrication strategy is particularly advantageous because it can use portable apparatus 
and low-cost resources, thus offering ability of creating microstructures in large scale with satisfactory 
fidelity [2,11]. The instrumentation required to prepare the masks by cutting plotter can be acquired for 
ca. USD 200. Also, this technology can enable the creation of alternative “do it yourself” conductive inks, 
which further reduces the cost of preparing components of the target analytical devices. In general, the 
electrochemical performance of SPCEs manufactured with alternative inks allows appreciable faradaic 
results with a huge potential for applications in different fields.

For the development of the alternative conductive ink, graphite powder was used as the conductive 
material and glass varnish as binder, as reported in a recent study [40]. The glass varnish is composed 
of an alkyd resin, which allows the formation of a solid composite with excellent conductive properties 
when incorporated with graphite flakes. Recently, Pradela et al. [8] manufactured carbon-based electrodes 
combining glass varnish and graphite powder on a PET substrate. The authors used permanent adhesive 
tape to delimit the geometric area of the electrochemical cell. As proof of concept, the proposed 
electrochemical cell was explored to detect estriol hormones in tap water and pharmaceutical formulation 
samples. In this current study, the SPCE was fabricated through a stencil-printing technique using these 
well-known low-cost materials. However, we used a reusable 3D-printed holder to delimitate the geometric 
area of the SPCE aiming drug analysis for forensic applications.

Morphological, structural, and electrochemical characterization
To evaluate the morphology and surface characteristics of the carbon-based material proposed herein, 

SEM images and CA measurements were recorded for WE surface. Figures 2A and 2B show SEM images 
recorded at different magnifications (30, 500 and 1000x) and captured images for CA measurements, 
respectively.
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Figure 2. (A) SEM captured imagens of the WE and (B) CA measurements to 
WE surface before and after the polishing process.

As it can be seen, the conductive material presents a surface with graphite flakes homogenously and 
extensively incorporated on the polyester surface with an absence of microcracks on the carbon-based 
flakes. This characteristic suggests that the transfer of the conductive ink to the substrate surface was 
successfully achieved. Based on the recorded images, the size of the graphite flakes and the real diameter 
of the WE were estimated to be 9 ± 4 µm and 3.7 ± 0.2 mm, respectively.

The calculated value for the WE diameter through SEM images was compared to the theoretical 
dimension (Ø = 4 mm) and it revealed satisfactory fidelity (~91%). Regarding the physical characteristics of 
the conductive material adhered to the substrate, it was noticed that the binder appeared partially to cover 
the conductive graphite flakes. For this reason, a mechanical polishing step was added to the preparation 
method aiming to remove the excess binder and expose more graphite flakes on the surface. This strategy 
was adopted to enhance the electrochemical performance of the proposed SPCE. The electrochemical 
responses achieved before and after polishing pre-treatment are summarized in Figure S1, available in the 
electronic supplementary information (ESI).

Likewise SEM images, CA measurements were obtained for the proposed SPCE surface before and 
after the polishing process. As denoted in Figure 2, the captured images of the electrode surface before 
and after mechanical polishing revealed CA values equal to 84 ± 0.2º and 77 ± 0.2º, respectively. These 
results suggest that the excess hydrophobic material was satisfactorily removed by mechanical polishing. 
In addition, Cumba et al. [46] demonstrated that the mechanical polishing process on screen-printed carbon 
electrodes surface promotes the insertion of carbon-oxygen groups, which can improve the electron transfer 
rate kinetics. For this reason, the noticeable improvement observed for the electrochemical response 
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is probably associated to a lower repulsion to the target analyte upon the electrode solid surface. It is 
important to mention that carbon-based electrodes with hydrophilic properties may have greater potential 
in biofunctionalization, which can be interesting for applications involving sensors and biosensors.

Raman spectra provide fundamental information of the sp2 and sp3 carbon-based microstructures [47]. 
For this reason, the carbon-based ink incorporated on the plastic structure was evaluated using unpolished 
electrodes. Figure 3A shows the Raman spectrum with bands D, G and 2D at 1350, 1586 and 2702 cm–1, 
respectively.

Figure 3. (A) Raman spectra ranging from 1000 to 3500 cm -1, (B) cyclic voltammograms and (C) 
peak current vs scanning rate1/2 plots involving electrochemical experiments in the presence of 1.0 
mmol L-1 [Fe(CN)6]4-/3- prepared in 0.1 mol L-1 KCl at scanning rates ranging from 10 to 100 mV s-1.

Based on the recorded intensity of D and G bands (ID and IG, respectively), the ID/IG ratio was calculated 
and the resulting value was 0.19. The obtained response provides structural defects information involving 
the graphite flakes incorporated on polymeric substrate. When comparing this value with that reported 
in the literature for pure graphite (0.014) [47], it is possible to observe a drastic increase in the structural 
defects in the carbon microstructures distributed on the SPCE surface. This behavior may be associated 
with the incorporation of the graphite flakes in the amorphous polymeric material used as binder, as 
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recently reported [48]. It is important to highlight that carbon-based microstructures with high numbers of 
structural defects have been used as material to manufacture of electrochemical sensors. Examples that 
are gaining prominence are the carbon allotropes such as graphene, graphite and carbon black. These 
materials present considerable structural defects, with ID/IG ratio ranging from 0.16 to 1.0 [47,49,50].

The electrochemical performance of the proposed electrochemical cell was investigated using 
[Fe(CN)6]4–/3– as redox probe aiming to evaluate the kinetic mass transfer (considering one electron) on the 
heterogenous electrolyte support/SPCE interface. Figure 3B depicts the recorded cyclic voltammograms 
at scanning rates ranging from 10 to 100 mV s–1. The peak-to-peak separation (ΔEp) values calculated 
for low (10 mV s–1) and high (100 mV s–1) scanning rates were 114 ± 6 and 195 ± 10 mV, respectively 

(n = 3). A linear behavior (R2 = 0.99) was observed for the peak current intensity versus square root of the 
scanning speed rate (Figure 3C), thus suggesting that the mass transfer is diffusion-controlled in a quasi-
reversible process. For this reason, the standard heterogeneous rate constant (Ks) was estimated based 
on the Nicholson method (n = 3). The achieved value was 1.3 (±0.2) × 10–3 cm s–1 and it is good agreement 
with other reports found in the literature for carbon-based electrodes [44,51,52], thus highlighting the high 
electrochemical performance of the proposed SPCE. It is important to mention that the current study 
has successfully demonstrated for the first time the Ks value for an electrode manufactured using glass 
varnish-based carbon conductive ink.

3D-printed holder, repeatability and reproducibility
A reusable 3D-printed holder was fabricated and combined with the electrode aiming to simplify the 

manipulation of the hydrophobic barriers on the SPCE. This step is important to promote the isolation 
of the electrical contacts and to delimit the electrode geometric area. To demonstrate that the present 
strategy is similar to non-reusable and traditional methods, a comparative study was performed using 
the 3D-printed holder and other reported strategies [4,48]. The CV technique was used in the presence 
of [Fe(CN)6]4–/3– using the SCPE combined with the present hydrophobic barrier, nail polish binder and 
laminated thermoplastic polyester. Figures 4A and 4B show the voltammograms and the resulting peak 
current intensities, respectively.

Figure 4. (A) Cyclic voltammograms and (B) current peak intensities recorded for a redox probe composed of 1.0 
mmol L-1 [Fe(CN)6]4–/3– prepared in 0.1 mol L–1 KCl using the proposed SPCE combined with hydrophobic barriers like 
nail polish, PDMS and polyester. CV conditions: scanning rate = 50 mV s–1 at potential window ranging from –0.5 to 
0.5 V vs C.
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As it can be seen in Figure 4, the obtained anodic peak current intensities did not change significantly 
between the PDMS, polyester and the 3D-printed support hydrophobic barrier. The electrochemical results 
in each case presented a relative standard deviation (RSD) lower than 1.5%. It is important to state that 
the 3D-holder associated with stencil-printing technology made use of a disposable SPCE and a reusable 
hydrophobic barrier to simplify the day-to-day use.

In addition, it is important to mention that the creation of hydrophobic barriers based on nail polish 
and thermal lamination requires manual painting and heating steps, respectively. Both manual protocols 
are instrumentally simple, however, they are dependent on visual perception and can be susceptible to 
low reproducibility during the fabrication step. When nail polish is used, for example, the binder invasion 
into working structure leads to the formation of different electroactive areas. In a similar way, the thermal 
stress used in the thermosensitive barrier process can create micro-fissures in the graphite surface, thus 
negatively affecting their electrical properties. On the other hand, the PDMS hydrophobic barrier is reusable 
as well as the 3D printed holder, i.e., once successfully printed, they can be used repeatedly [42]. This 
strategy is based on the formation of a sandwich arrangement (ABS support, electrode, PDMS film and 
PLA-Flex), which can be easily assembled or disassembled through compression and decompression of 
the 3D printed holder, respectively.

The repeatability and reproducibility of the SPCE fabrication protocol was also investigated through 
electrochemical measurements and the achieved data are summarized in Figure S2, available in the 
ESI. The obtained RSD values for repeatability and reproducibility were 1.4% (n = 10) and 7.8% (n = 5), 
respectively. The achieved results are comparable with those reported in studies on carbon-based 
electrodes constructed via screen-printing and pencil-drawn methods [5,53]. 

Analytical performance and forensic application
Forensic investigations by security and product control organizations are fundamental for human 

society [16]. Inspection of the quality of commercial products is one of the most important ability of forensic 
police, mainly in locations close to airports, docks and highways [16]. Products considered to be in high 
circulation in society and with considerable aggregate value, such as SC (Viagra®), are manufactured and 
sold illegally. These irregular formulations either have an absence or minimal presence of the expected 
active ingredient, or contain inactive substances or those harmful to human health [54]. For this reason, 
the manufactured SPCE was used in the analysis of SC in tablets of suspect origin.

To obtain a satisfactory analytical performance, important chemical conditions and electrochemical 
parameters were carefully evaluated, such as the pH and SWV parameters including frequency, amplitude 
and step. As can be seen in Figure S3, the potential (vs Ag) and peak current involved in the redox activity 
of SC are strongly influenced by the pH range of the supporting electrolyte solution. It is well-known that 
when buffer pH increases, the potential (vs Ag) changes to less positive values, as previously reported to 
the electrochemical cell based on graphite electrode vs Ag as pseudo reference electrode [38]. In addition, 
it was possible to observe a noticeable improvement of the electrochemical oxidation response to SC 
when the analyte solution is prepared in BR buffer at pH 8. In this way, the chemical conditions mentioned 
above were chosen for the subsequent electrochemical experiments. Likewise, it is well-known that the 
operating parameters such as frequency, step and amplitude influence on SWV responses. Then, these 
conditions were also investigated and the recorded results are displayed in Figures S3-S6 (available in the 
ESI). The optimized values revealed a noticeable gain in the peak current magnitude so that the chosen 
parameters were 10 Hz, 0.025 V e 0.004 V for frequency, amplitude and step, respectively. The best 
achieved conditions and parameters are summarized in Table I. 
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Table I. Evaluated and optimized conditions for the SWV detection of sildenafil citrate

Parameter Evaluated range Optimized value Unit

pH 2; 4; 8 8 -

Frequency 5; 10; 15 10 Hz

Amplitude 0.025; 0.050; 0.075 0.025 V

Step 0.002; 0.003; 0.004 0.004 V

The analytical performance of the proposed SPCE was studied under the optimized conditions. As 
presented in Figure 5, a linear behavior (R2 = 0.990) was observed in the SC concentration range from 1 to 
20 µmol L–1. Considering the data presented in Figure 5B, the limit of detection (LOD) was estimated based 
on the ratio between three times the standard deviation for the blank signal and the slope of the analytical 
curve (LOD = 3.0 × SDblank /slope). The obtained value was 0.2 µmol L–1 (n = 3) and this value is in the same 
magnitude order than those LODs reported in other studies employing glassy carbon [36] and boron-doped 
diamond [33] electrodes. It is important to emphasize that the LOD achieved using SPCE is suitable for 
forensic studies aiming the detection of SC since its analytical performance was considered satisfactory 
when compared to other electrochemical methods based on carbon-based electrodes [31,33,35,36,38]. 
The analytical parameters found in this current study were compared to reported electrochemical methods 
and they are summarized in Table SI (available in the ESI). 

Figure 5. (A) SWV responses and (B) the resulting analytical curve obtained for standard solutions of SC prepared at 
different concentrations (1 to 20 µmol L-1). Standard solutions were prepared in 0.03 mol L-1 Britton-Robinson buffer 
at pH 8. Linear regression equation: i(µA) = 0.52 + 0.118[SC].

Interference analyses
Pharmaceutical formulations are manufactured using the active principle and multiple other compounds 

to promote proper digestibility and functional performance. However, when considering adulterated tablets, 
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the interference possibilities are complex. For this reason, the selectively of the present method was 
investigated using compounds used as tablet excipients and other drugs, including those used for the 
treatment of erectile dysfunction (phosphate, lactose, paracetamol and tadalafil).

Electrochemical measurements were performed in the absence and presence of the possible interfering 
compounds considering a ratio of 10:1 (SC/interfering). The recorded CV measurements are presented 
in Figure S7. Based on achieved results, the percentage of interference causing an electrochemical 
signal increase in the presence of phosphate, lactose, tadalafil and paracetamol ranged from 6 to 14%. 
Electrochemical analysis of SC in the presence of tadalafil showed the greatest signal variation (14%). 
This level is statistically acceptable [55] and it can be associated with the similar oxidation potential (~1.0 V 
vs Ag). However, this oxidation potential can be strongly affected by the pH of the prepared samples [56].

Analysis of SC in commercial and seized tablets
The proposed SPCE devices were then explored to determine SC content in commercial samples 

including Viagra® (#1) and six different suppliers of generic products (#2, #3, #4, #5 and #6). In addition, 
the SC content was also determined in one sample seized and donated by the federal police (#7). The 
results are displayed in Table II.

Table II. Summary of the SC content in commercial and seized tables using SPCE and SWV 
measurements (n = 3)

Samples Labeled (mg) Found (mg)

#1 50 50 ± 1

#2 50 54 ± 6

#3 50 54 ± 4

#4 50 54 ± 6

#5 50 52 ± 1

#6 50 54 ± 1

#7 50 38 ± 1

As it can be seen in Table II, the achieved data using SPCE were compared to the labelled content 
by different suppliers. For samples #1-6, the differences observed ranged between 2 and 8%. On the 
other hand, the SC content obtained for sample #7 was ca. 22% lower than the labeled value. This was 
somehow expected since this sample was seized by the Federal Police due to suspected adulteration. The 
obtained data was statistically compared through t-test (95% significance) and the calculated t and t-critical 
values were –0.38 and 2.44, respectively. Considering the paired t-test, it can be inferred that the results 
obtained for samples #1-6 did not reveal statistical differences between the achieved and labeled values 
at confidence level of 95%. On the other hand, the paired t-test confirmed (calculated t value lower than 
t-critical) that the obtained SC values for seized tablet (sample #7) was lower than the expected content 
thus suggesting the adulteration of the active principle amount. Based on the achieved data, it can be 
inferred that the proposed SPCE emerges as huge potential as analytical tool for forensic investigations. 

The accuracy of the proposed SWV experiments using SPCE was investigated through recovery 
experiments. For this purpose, a solution containing SC ((50 mg per tablet) sample #1) was diluted to 
5 µmol L–1 and then spiked with three different levels of SC standard solution (5, 10 and 15 µmol L–1). The 
achieved results of the recovery experiment are shown in Table III. The recovery studies demonstrated 
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values ranging from 98.2 to 102.0% (n = 3), which suggest that the proposed analytical procedure did not 
suffer significant interference from the tablet matrix. In addition, the obtained percentages were within the 
range allowed by the regulatory agencies [55] and they are similar to the values reported in other studies 
dedicated to the determination of SC in commercial tablets [37,57].

Table III. Standard addition method for quantification of SC and recovery values considering to SWV 
experiments (n=3)

Spiking level
Sildenafil citrate (µmol L-1)

Recovery (%)
Added Found

#1 5 5.1 ± 0.1 102.0

#2 10 10.2 ± 0.4 101.3

#3 15 14.7 ± 0.3 98.2

CONCLUSIONS
In summary, simple and disposable stencil-printed electrodes have demonstrated great feasibility for 

forensic investigations based on voltametric determination of sildenafil citrate in commercial and seized 
tablets. The proposed device was fabricated using affordable materials and assembled in a sandwich 
arrangement composed of a 3D-printed piece, a PDMS film and a PLA-flex, offering robustness and 
reproducibility. The mechanical polishing pre-treatment of the electrode surface was essential to 
expose more conductive particles allowing to achieve noticeable improvements on the electrochemical 
performance. The proposed approach revealed to be a promising analytical tool for forensic screening 
since it has ensured accurate analysis of SC in commercial and seized tablets. Future studies will focus on 
a complete validation of the proposed approach involving a larger and more representative sampling and 
a comparison with a reference analytical technique. 
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Supplementary Material

Figure S1. Cyclic voltammograms recorded in 
presence of 1.0 mmol L-1 [Fe(CN)6]4-/3- prepared 
in KCl 0.1 mol L-1 using electrode without sanding 
and after polishing process with sandpaper. 
Electrochemical conditions: 50 mV s-1 ranging 
from -0.5 to 0.5 V vs C.
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Figure S2. Cyclic voltammograms responses obtained for (A) reproducibility and (B) repeatability electrochemical 
experiments. 

Figure S3. Square wave voltammograms 
measurements of sildenafil citrate involving the 
optimization study of buffer solution. Buffer 
solution conditions: 0.03 mol L-1 Britton-Robinson 
in presence of 500 µmol L-1 sildenafil citrate. 
Electrochemical conditions: 10 Hz frequency, 
0.025 V amplitude and 0.003 V step ranging 
from 0.9 to 1.5 V vs Ag.
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Figure S4. (A) SWV experiments of the frequency parameter optimization involving the sildenafil citrate oxidation. 
Buffer solution condition: 0.03 mol L-1 Britton-Robinson (pH = 8). (B) Peak current signal of sildenafil citrate oxidation. 
Optimized electrochemical conditions: 0.025 V amplitude, 0.003 V step and potential range 0.9 to 1.5 V.

Figure S5. (A) SWV experiments of the amplitude parameter optimization involving the sildenafil citrate oxidation. (B) 
Peak current responses of sildenafil citrate oxidation. Fixed SWV conditions: 0.003 V step, 10 Hz frequency ranging 
from 0.9 to 1.5 V vs Ag.

Disposable Stencil-Printed Carbon Electrodes for Electrochemical Analysis of 
Sildenafil Citrate in Commercial and Adulterated Tablets
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Figure S6. (A) SWV experiments of the step parameter optimization involving the sildenafil citrate oxidation. (B) Peak 
current responses of sildenafil citrate oxidation. Fixed SWV conditions: 0.025 V amplitude, 10 Hz frequency ranging 
from 0.9 to 1.5 V vs Ag.

Figure S7. Obtained electrochemical results to 
sildenafil oxidation realized in presence of 
possible interfering species.
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Table SI. Comparison of the type of electrode, electrochemical method, linear range and limit of detection 
(LOD) for sildenafil citrate detection

Electrode Sample Method Linear range (mol L-1) LOD (mol L-1) Reference

Glassy carbon Pharmaceutical 
formulations SWV 6.0x10-6 – 3.0x10-4 and 

4.0x10-6 – 3.0x10-4
6.3x10-7 and 

1.1x10-6 [1]

Boron-doped 
diamond electrode

Pharmaceutical 
formulations DPV 7.3x10-7 – 7.3x10-6 6.4x10-7 [2]

Scrren-printed 
carbon

Pharmaceutical 
formulations BIA 3.0x10-6 – 21x10-6 5.2x10-8 [3]

Screen-printed 
glassy carbon

Pharmaceutical 
formulations SWV 1.0x10-6 – 1.4x10-5 5.5x10-8 [4]

Screen-printed 
carbon electrode

Pharmaceutical 
formulations and 
adulterated tablet

SWV 1.0x10-6 – 20x10-6 2.0 x10-7 This study
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The main active compound of Cannabis 
sativa is Δ9-tetrahydrocannabinol, which is 
quickly transformed into 11-nor-Δ9-
tetrahydrocannabinol-9-carboxylic acid (Δ9-
THC-COOH) in the human body. This 
research aimed to validate an efficient, fast 
and low-cost technique for Δ9-THC-COOH 
analysis in urine with adaptations of existing 
analytical methods. The validation process 
was carried out in accordance with 
guidelines published by ANVISA and with 
international guidelines. The analyte was 
extracted by liquid-liquid extraction and 
identified/quantified by gas chromatography 

coupled to mass spectrometry. Linear curves ranges were from 5 to 300 ng mL-1 (r = 0.9993; y = 0.0269x 
– 0.0364). Intra and inter-day precision varied from 3.38 to 9.04% and accuracy was between 83 to 
112.9%. The Δ9-THC-COOH remained stable after 15-30 days of storage at -20 °C (long-term test), after 
5 freeze-thaw cycles and post-processing for up to 72 hours. The method is fast, low-cost, with detection 
limits and quantification below the cut-off (15 ng mL-1), which makes it useful and efficient for routine use 
at toxicology laboratories, for drug addiction and doping control, for forensic purposes and also for 
controlling the use of drugs of abuse by vehicle drivers. 

Keywords: Δ9-THC-COOH; human urine; liquid-liquid extraction; gas chromatography-mass spectrometry.

http://dx.doi.org/10.30744/brjac.2179-3425.TN-59-2020
https://orcid.org/0000-0001-9982-5798
https://orcid.org/0000-0001-7715-724X
https://orcid.org/0000-0002-6088-6291
https://orcid.org/0000-0002-5493-2351
https://orcid.org/0000-0002-5828-8073
https://orcid.org/0000-0001-5380-9186
https://orcid.org/0000-0003-2482-914X
https://orcid.org/0000-0001-9535-0983
mailto:simonegmossini%40gmail.com?subject=


230

INTRODUCTION
Cannabis is the most consumed drug in the world. In Brazil, even though it is illegal, the scenario is not 

different. Data from reports published by the Alcohol and Drug Research Unit (UNIAD) state that Cannabis 
is the most consumed illegal substance in Brazil. 5.8% of the adult population report having used Cannabis 
at least once in life and 2.5% report having used it at least once in 2012 [1]. The main psychoactive compound 
of Cannabis sativa is Δ9-tetrahydrocannabinol (Δ9-THC), which can be quickly bio-transformed by liver 
enzymes into several by-products. One of them is 11-hydroxy-Δ9-THC. The oxidation of 11-hydroxy-Δ9-
THC originates the inactive product 11-nor-Δ9-tetrahydrocannabinol-9-carboxylic acid (Δ9-THC-COOH). 
It can be conjugated with glucuronic acid and excreted in urine. Therefore, the identification of this analyte 
in urine is the best analysis procedure to check for an individual’s exposure to the drug [2]. Δ9-THC-
COOH is a major biotransformation product that can be identified in urine, blood and hair analysis by 
chromatography techniques. Most of the methods described for extraction of this analyte include mainly 
Solid Phase Extraction (SPE) and Liquid-Liquid Extraction (LLE), with separation and detection by GC-
MS and LC-MS or LC-MS/MS techniques [3-10]. LLE is a method for isolating many drugs from biological 
matrices based on drugs separation between the aqueous phase (biological) and an organic extraction 
solvent. LLE has advantages over other techniques, once it is a cheap and simple operation. It is also a 
fast technique that provides good repeatability and high recovery of most cannabinoids [9].

Andrenyak et al. [11] have achieved improved performance characteristics using LLE and MTSFA 
derivatization for the determination of cannabinoids in human plasma when compared with assays that 
used SPE as their main procedure. In another study, González-Mariño et al. [12] developed a LLE technique 
for the determination of cannabinoid and synthetic cannabinoid metabolites in wastewater as a simple and 
fast alternative to SPE protocols.

LLE procedures can be optimized in forensic analysis. Purshcke et al. [13] optimized a classical LLE 
technique for analysis of cannabinoids in human blood serum with a fully automated workflow, achieving 
fast and reliable results.

Most of these techniques used blood or hair as biological samples for drug analysis. Urine has several 
advantages over other matrices, such as the fact that its collection is less invasive. Besides, it can be 
obtained in large quantities and presents good conservation and stability of the analytes, which allows 
freezing [14].

When investigating a sample for psychoactive substances, the National Institute on Drug Abuse (NIDA) 
recommends associating screening methods with confirmatory techniques, such as gas chromatography 
coupled to mass spectrometry (GC-MS) [15] . Although most current methods use high performance liquid 
chromatography (HPLC), GC-MS is a standard Gold technique for the analysis of drugs. Its consumables 
are cheaper than in other techniques, and its specificity, sensitivity and limit of detection are good [9]. 
Moreover, GC-MS is available at many toxicology laboratories.

To provide a reliable determination of a certain analyte, the validation of methods is indispensable. It 
serves the purpose of demonstrating that a specific analytical technique has the performance characteristics 
required. In Brazil, the National Health Surveillance Agency (ANVISA) published the RDC Nº 27, May 
17th, 2012, and the RCD N°166, Jun 27th, 2017, which are guidelines for the validation of analytical and 
bioanalytical techniques to be carried out properly [16,17]. The parameters assessed through validation 
are also in accordance with the United Nations Office on Drugs and Crime (UNODC) [18].

Thus, this work aimed to adapt, optimize and validate a method for the detection and quantification 
of Δ9-THC-COOH in human urine by GC-MS. The compound Δ9-THC-COOH was chosen for analysis 
because it is considered a biomarker of exposure to Cannabis products and the most prevalent metabolite 
in urine samples [19]. The LLE-GC-MS technique proposed in this work combines the simplicity, speed 
and low cost of LLE together with the availability, low cost and effectiveness of GC-MS. 

Braz. J. Anal. Chem., 2022, 9 (34) pp 229-239.
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MATERIALS AND METHODS 
Materials

Standard solutions of Δ9-THC-COOH (1.0 mg mL-1 in methanol), along with their deuterated internal 
standards Δ9-THC-COOH-d3 (1.0 mg mL-1 in methanol) were purchased from Cerilliant Corporation® 
(Round Rock, TX, USA). The sodium hydroxide solution was provided by Biotec-LabMaster Ltda® (Paraná, 
Brazil). Acetic acid was supplied by Labsynth® (Diadema, Brazil). Methanol, n-hexane, ethyl acetate were 
purchased from Merck® (Darmstadt, Germany). BSTFA (bis-trimetilsilil-trifluoroacetamida) and TCMS 
(trimetilclorossilano) were purchased from Sigma Aldrich®, Round Rock, Texas, USA. Deionized water 
was provided by Milli-Q system, Millipore® (Barueri, Brazil). Working solutions were prepared through 
adequate dilution of the stock solutions with methanol for final concentrations of 10 µg mL-1. All solutions 
were stored in a freezer at -20 ºC. 

GC-MS analysis
The analyses were carried out by using a TRACE 1300 GC System Gas Chromatograph coupled to 

a Thermo Scientific® ISQ Series quadrupole mass-selective detector (MSD) (Thermo Fisher Scientific, 
Milan, Italy), with the coupling of an AI 1310 automated analyzer. Separation of the analytes was done by 
using a capillary column with 5% of Phenyl Polysilphenylene-Siloxane (TR-5MS) (30 m x 0.25 mm x 0.25 
μm), supplied by Thermo Scientific® (Milan, Italy). The temperature of the injector port was 280 °C, and the 
temperature of the interface was 250 °C. The oven ramp was set to initialize at 90 °C for 2 min, and then 
increase in 10 °C/min until reaching 220 °C, kept for 4 min and, then, increase again in 30 °C/min, reaching 
up to 290 °C, kept for 6 min. The whole process lasted approximately 23 min. The carrier gas (Helium) was 
adjusted to a constant flow rate of 1.0 mL/min, and 1 µL of the samples was injected in splitless mode. The 
mass spectrometer was operated in electron ionization mode (EI). Qualification and quantification of ions 
were performed in the selected ion monitoring (SIM) mode, and they were chosen based on selectivity 
and abundance, in order to maximize the signal-to-noise ratio in the extracts prepared. Three ions were 
monitored (the quantification ion is underlined): Δ9-THC-COOH m/z 371, 473 and 488.

Sample preparation
Urine samples free from the drugs (such as Cannabis) were provided by 10 volunteers who were 

nonusers. Five samples from drug abuse users were obtained by convenience sampling, as subjects 
were chosen according to sentinel events reports obtained via epidemiological monitoring programs at the 
University Hospital of Maringá (HUM) [20]. The study was approved by the Ethics Committee for Research 
on Human Beings from the State University of Maringá, under registration number 458.185. 

Analytes were extracted by LLE. For that purpose, 2 mL of the sample, 50 ng mL-1 of internal standard 
Δ9-THC-COOH-d3 and 100 µL of NaOH 10% (v/v) were placed in 15 mL propylene tubes and taken to an 
incubator for hydrolysis at 60 °C for 20 minutes. The tubes were taken out of the incubator until reaching 
room temperature. Then, 2 mL of deionized water, 2 mL of acetic acid 10% (v/v) and 8 mL of extractor 
solvent were added to the tubes (n-hexane: ethyl acetate, 9:1, v/v), submitted to mechanical agitation for 
30 minutes and centrifuged at 700 x g for 5 minutes. The supernatants were transferred to glass conical 
tubes and led to evaporate at 50 °C in water bath. For derivatization, 100 µL of BSTFA (bis-trimethylsilyl-
trifluoroacetamide) and 1% TCMS (trimethylchlorosilane) were added to the dried residues, which were 
kept in an incubator at 70 °C for 30 minutes. The tubes were centrifuged at 448 x g for 3 minutes, the 
volumes were transferred to 2 mL vials, and 1 µL were injected and analyzed on GC-MS (Figure 1). 

de Oliveira, K. O.; Scanferla, D. T. P.; da Silva, J. Q. P.; Madia, M. A. O.; Bando, E.; 
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Figure 1. Sample treatment and LLE procedure for Δ9-THC-COOH analysis in urine.

Validation procedure
After the adaptations and optimization described, the method was validated in accordance with 

ANVISA and UNODC [16,18], comprising parameters such as selectivity, linearity, limit of detection, limit 
of quantification, precision, accuracy, matrix effect, carryover and stability. 

Specificity / Selectivity
Specificity was assessed by evaluating the retention times (RT) of the peaks corresponding to the 

analytes evaluated. Two blank samples (with the addition of internal standards: 10 ng mL-1 of Δ9-THC-
COOH-d3) were analyzed, in addition to 10 urine samples from different sources without the addition 
of internal standards to verify the presence of possible interferences. The presence or absence of any 
interfering peaks (endogenous substances), at a significant level, close to the analyte retention time and 
the internal standard, were assessed. The responses of interfering peaks close to the internal standard 
retention time must be less than 5% of the internal standard response [16]. 

 
Linearity

Linearity was accomplished with blank urine (pool sample) spiked with Δ9-THC-COOH standard solutions 
at different concentrations (5 ng mL-1, 10 ng mL-1, 15 ng mL-1, 50 ng mL-1, 150 ng mL-1 and 300 ng mL-1). 
The analyses of different concentrations, within the range stablished, were carried out in six repetitions. 
Calibration curves of the analytes were obtained by correlation between the signal response (area ratio of 
the analyte peak and the internal standard) and analyte concentration in the sample. Acceptance criteria 
included the correlation coefficient (r) above 0.99. A linear calibration model was used with 1/x weighting 
(inverse of the concentration), generally recommended for bioanalytical methods. When the error variance 
is not constant across the quantification range of the analytical method, it is necessary to use the weighting 
that has the lowest value to sum the relative errors of the nominal values of the calibration standards 
versus their values obtained by the curve equation. Application of the 1/x factor adequately compensates 
for the occurrence of heteroscedasticity [16].

Braz. J. Anal. Chem., 2022, 9 (34) pp 229-239.
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Limit of Detection (LOD) and Limit of Quantification (LOQ)
Determinations of the LOD and LOQ were done by fortifying different blank (urine) samples, analyzed 

in quadruplicates, using signal-to-noise ratio and visual evaluation methods, respectively [16]. The LOD 
was determined by verifying what was the lowest concentration assessed to have resulted in qualitatively 
chromatographic peaks (their magnitudes must be at least thrice higher than the noise peaks, signal/noise 
ratio ≥ 3:1) [16]. Samples were fortified with decreasing concentrations of the analyte and assessed until 
no qualitatively chromatographic peaks were obtained. The LOQ estimated was considered to be the 
lowest concentration capable of obtaining detection (signal/noise ratio ≥ 10:1), identification, accuracy and 
precision criteria in all fortified samples. 
 LOD = 3.3σ/S  LOQ = 10σ/S

were σ = standard deviation and S = slope of the calibration curve

Intra-day and inter-day precision and accuracy 
Intra-day precision was evaluated through the analysis, on the same day, of six replicates (n=6) of blank 

samples enriched with the analyte at three (3) control levels: low control (10 ng mL-1), medium control (100 
ng mL-1) and high control (250 ng mL-1). Inter-day precision was evaluated during three consecutive days, 
in five repetitions. Precision was calculated by using the coefficient of variation (CV). The acceptance 
criterion was ≤ ±15% for all concentrations, except at the LOQ, in which ≤ ±20% was accepted [16,18]. 
The values can be considered acceptable when varying ≤ ±20% for the LOQ and ≤ ±5% for all the other 
concentrations. 

Accuracy was validated using 3 concentrations of the Δ9-THC-COOH standard (10 ng mL-1, 100 ng 
mL-1 and 250 ng mL-1, low, average and high concentrations, respectively), through the analysis during 
six consecutive days. It was calculated by using the percentage of the known concentration value (mean 
concentration measured/ theoretical concentration) x 100. The values can be considered acceptable when 
varying from 80% to 120% for the lower limit of quantification and from 85% to 115% for all the other 
concentrations [16,18]. 

Matrix effect
The matrix effect was determined by statistical evaluation of the slope coefficients of the calibration 

curves constructed with the analyte (standard) in solvent and with the sample (urine) fortified with the 
analyte (standard), with a level of significance of 5% (five percent) adopted in the hypothesis test [16]. The 
curve built in solvent was performed in deionized water, under the same conditions as the curve performed 
for linearity.

Stability
The stability parameter was evaluated in three situations: (1) long term, (2) freeze-thaw cycle and (3) 

post-processing [16]. In test (1), the time variation in which the matrix is stable when stored at -20 °C was 
evaluated. For that, samples were analyzed at two concentrations: low (10 ng mL-1) and high (250 ng 
mL-1), after an interval of 15 and 30 days of storage. In test (2), resistance of the analyte was evaluated 
for its degradation under freezing-thawing cycles. Then, the low (10 ng mL-1) and high (250 ng mL-1) 
concentrations of the analyte were evaluated in samples after five cycles. Finally, test (2) evaluated the 
extracted samples, injected after 24, 48 and 72 hours at room temperature and without resuspension. 
Again, the analyte concentrations in the sample were low (10 ng mL-1) and high (250 ng mL-1). 

Carryover
For the carryover evaluation, three injections of a single blank sample were made, one before and two 

after the injection of a sample at the highest point of the calibration curve (300 ng mL-1). The results of 
the blank sample injections were compared with those obtained from the LOQ. The signal should not be 
detected at a concentration higher than the LOQ [16].

Quantitative analysis of Δ9-THC-COOH in Human Urine by the Liquid-Liquid Extraction technique 
and Gas Chromatography-Mass Spectrometry: Adaptation, Optimization and Validation 
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RESULTS AND DISCUSSION
The methodology of this study was based on a simple LLE technique with adaptations of existing 

methods [3,13]. The retention time obtained for Δ9-THC-COOH was 20.15 minutes, and three ions were 
monitored (the quantification ion is underlined): Δ9-THC-COOH m/z 371, 473 and 488 (Figure 2).

Figure 2. Chromatogram (A) and mass spectra (B) of Δ9-THC-COOH obtained by LLE/GC-MS. Where: (A) 
20.15 min = retention time, (B) Quantifier and identification ion (m/z) of Δ9-THC-COOH (371, 473, 488). 

The hydrolysis step was performed because over 80% of the THC-COOH excreted in the urine are 
conjugated with the glucuronic acid [19]. Therefore, hydrolysis prior to GC-MS analysis is required to better 
quantify the total of cannabinoids. Moreover, alkaline hydrolysis is the most effective one for the Δ9-THC-
COOH glucuronide conjugate [2]. 

The chosen solvent mixture (n-hexane: ethyl acetate, 9:1, v/v) was the only one to have achieved 
quantifiable results in our extraction procedure. Other solvent mixtures tested, such as chloroform: ethyl 
acetate (80:20, v/v) did not present adequate sensitivity for chromatographic detection. With that mixture, 
it was not possible to quantify by GC-MS the analyte under study with precision and accuracy. Acetic acid 
was added to adjust the pH after the basic hydrolysis step. Derivatization using BSTFA and 1% TCMS 
proved to be more efficient than it is when using MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide), 
leading to better recovery rates for this technique. A good recovery rate was obtained using LLE. This 
technique is simple, cheap and fast to be performed at a laboratory of toxicological analyses.

The complete validation of LLE-GC-MS met a set of guidelines by national and international bodies 
[16-18,21]. Evaluation of samples with Δ9-THC-COOH standard addition and blank samples indicated no 
interference with the analysis of the analyte of interest, showing that there was adequate selectivity, with 
no interfering peak close to the retention time of all analytes and internal standards of interest. Figure 3 
shows the chromatogram for an ultrapure water sample containing Δ9-THC-COOH standard at 300 ng 
mL-1 (A), a urine sample without the analyte (blank sample, B), and a positive urine sample (C).

Braz. J. Anal. Chem., 2022, 9 (34) pp 229-239.



235

Figure 3. GC-MS Chromatogram obtained from LLE for samples containing Δ9-THC-COOH. Retention 
time of the analyte is 20.15. Where: (A) chromatogram of a urine sample not containing the analyte 
(blank sample), (B) concentration chromatogram of a positive urine sample at 121 ng mL-1, and (C) 
chromatogram of an ultrapure water sample containing Δ9-THC-COOH standard at 300 ng mL-1 

As for the linearity of the method, the calibration curves were generated at the concentration range 
tested (5 to 300 ng mL-1), and the coefficient of correlation was 0.9993 (linear regression equation: y = 
0.0269x – 0.0364). Those were correctly adjusted by indicating the mathematical models at the level of 5% 
[21]. This linearity interval represents concentrations of Δ9-THC-COOH, usually found in urine samples of 
Cannabis users (5 to 300 ng mL-1) [21,22]. 

The limits found in this study resulted in 5 and 10 ng mL-1 for LOD and LOQ, respectively. According to 
the Substance Abuse and Mental Health Services Administration (SAMHSA) [23], the suggested cut-off 
value in confirmatory assays for THC-COOH in urine is 15 ng mL-1 in routine analyses, usually performed 
by GC-MS. For LOD and LOQ values, the SAMHSA also preconizes that analytical methods for detection 
of Δ9-THC-COOH must be able to detect such analyte at values below the cut-off, which makes the 
method here tested in accordance with international guidelines and with other studies published in the 
literature [24,25]. 

The precision and accuracy parameters also presented satisfactory results. CV and RSD values were 
lower than 20% for LOQ concentration, and lower than 15% at other concentrations (Table I). Moreover, 
precision and accuracy were within acceptable ranges, as determined by the followed guidelines [16,18]. 
These parameters were also similar to those reported by other studies. Jamerson et al. (2005) obtained 
inter-assay precision ranging from 2.3 to 5.4% and intra-assay precision over 2% in their study with rapid 
quantification using GC-MS [26]. Nestić et al. (2013) obtained intra-assay precision ranging from 3.18 to 
9.01% and inter-assay precision ranging from 0.99 to 8.80% [27].

Validation guidelines establish that linearity must be performed in the matrix [16,18]. This study was 
complemented in the evaluation of the matrix effect, once the linearity parameter in water was performed to 
verify the similarity between the curves in the presence and absence of the sample (urine). This evaluation 
consisted of comparing the values of the straight slope (0.0286 and 0.0269 for deionized water and urine, 
respectively). The parallelism of the straight lines is an indicator of the absence of interference from the 
constituents of the matrix, and its demonstration must be carried out by means of an adequate statistical 
evaluation, with a level of significance of 5% [16]. This matrix effect test proves that there is a parallelism 
of the lines, which indicates the absence of interference from the matrix. This does not mean that the lines 
are equal, since only the slope is considered (the linear coefficient is not). This fact proved the absence of 
interference from the components of the urinary matrix.

de Oliveira, K. O.; Scanferla, D. T. P.; da Silva, J. Q. P.; Madia, M. A. O.; Bando, E.; 
Machinski Junior, M.; Marchioni, C.; Mossini, S. A. G. 
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Table I. Analytical parameters of the method developed for detection and 
quantification of Δ9-THC-COOH, as assessed by LLE-GC-MS*

Δ9-THC-COOH
Correlation coefficient (r) 0.993
LOD (ng mL-1) 5.00
LOQ (ng mL-1) 10.00
Intra-assay precision (CV%)
Low concentration (10 ng mL-1) 3.66
Average concentration (100 ng mL-1) 4.46
High concentration (250 ng mL-1) 9.04
Inter-assay precision (CV%)
Low concentration (10 ng mL-1) 3.38
Average concentration (100 ng mL-1) 4.46
High concentration (250 ng mL-1) 8.96
Accuracy (%)
Low concentration (10 ng mL-1)
Day 1 90.70
Day 2 112.90
Day 3 83.80
Day 4 93.80
Day 5 109.00
Day 6 83.00
Average concentration (100 ng mL-1)
Day 1 94.60
Day 2 107.60
Day 3 96.40
Day 4 102.00
Day 5 95.50
Day 6 92.70
High concentration (250 ng mL-1)
Day 1 100.70
Day 2 92.50
Day 3 91.80
Day 4 94.00
Day 5 95.90
Day 6 97.40

*LLE-GC-MS: liquid-liquid extraction-gas chromatography-mass spectrometry

The carryover and residual effect were not detected in the method we developed, even when we analyzed 
blank samples, injected after the last point of the calibration curve (300 ng mL-1). Therefore, there was no 
need for comparison with the chromatograms obtained for blank samples fortified with concentrations 
corresponding to LOQ. 

Braz. J. Anal. Chem., 2022, 9 (34) pp 229-239.
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The analyte remained stable after 15 and 30 days of storage at -20 °C and after 5 freeze-thaw cycles. 
Post-processing stability was evaluated by re-injecting samples into the GC-MS apparatus after 24, 48 and 
72 h. The results were compared with others obtained for freshly extracted samples that had a variation 
value lower than 15% (Table II). Stability results corroborate other results. Nestić et al (2013) used a spiked 
urine sample subjected to three freeze-thaw cycles and long-term stability. Those processed samples did 
not show significant change when analyzed [27]. 

Table II. Long-term, freeze-thaw cycle and post-processing stability of  
Δ9-THC-COOH in human urine assessed by LLE-GC-MS

Long-term stability (RSD%)

CB: 10 ng mL-1 CA: 250 ng mL-1

15 Days 3.21% 3.05%

30 Days 4.72% 4.61%

Freeze-thaw cycle stability (CV%)

CB: 10 ng mL-1 CA: 250 ng mL-1

After 5 Cycles 5.51% 8.32%

Post- Processing stability (CV %)

CB: 10 n g mL-1 CA: 250 ng mL-1

24 h 3.54% 4.40%

48 h 6.13% 9.93%

72 h 5.40% 10.98%

These results obtained by validation are similar to those described in other studies that also used urine 
as a biological matrix. Abraham et al. [28] described the following results: r = 0,999, intra-assay precision 
over 2.40% and inter-assay precision ranging from 2.60 to 7.40%. Nestić et al. [27] obtained the following 
results: r = 0,999, intra-assay precision ranging from 3.18 to 9.01% and inter-assay precision ranging from 
0.99 to 8.80%. However, these techniques aforementioned used extractions by SPE, which can increase 
the cost of the analyses.

According to the method validation parameters and given the simplicity of the validated method, together 
with the ease of obtaining the urine matrix, the developed method meets the needs of toxicological analyses 
and can be applied in forensic routine, assisting in solving cases of violent deaths, traffic accidents, doping 
and drug addiction control.

The method was applied to authentic urine samples from five individuals diagnosed with trauma in 
association with the use of drugs, who were taken care of at the emergency service. The following results 
were obtained: [1] positive (43.80 ng mL-1), [2] positive (46.70 ng mL-1), [3] positive (121.23 ng mL-1), [4] 
positive (73.95 ng mL-1) and [5] positive (95.02 ng mL-1). These results show that the LLE-GC-MS method 
could be used in laboratory routine, with reliable results.

Most current techniques use SPE as an extraction method [5-10]. The technique presented in this study 
was developed using an optimized LLE-GC-MS. It has proven to be a cheap, simple and fast alternative in 
routine laboratories and forensic analysis, with reproducible and reliable results. Using urine as a biological 
sample has advantages, such as the fact that its collection is less invasive. Besides, it can be obtained in 
large quantities and presents good conservation and stability of the analytes.

Quantitative analysis of Δ9-THC-COOH in Human Urine by the Liquid-Liquid Extraction technique 
and Gas Chromatography-Mass Spectrometry: Adaptation, Optimization and Validation 
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CONCLUSION
The LLE-GC-MS validated method was efficient, since it met all the required parameters, in accordance 

with international and national guidelines established for analysis of Δ9-THC-COOH in urine. Therefore, 
we provide a result that is applicable to the reality of most laboratories with scarce financial support. The 
use of a technique of extraction and identification that is easy to be put into practice, with low costs and 
reliability, as it is the case of LLE-GC-MS, is of great value for lower expenses in laboratories with few 
resources. Other previously mentioned techniques use more expensive instruments, such as HPLC, and 
also extraction methods that increase the costs of an analysis, which is unfeasible in laboratory routine. 
The search for the development of more modern techniques is a desirable requirement, but they often do 
not apply to the reality of many routine laboratories. In addition, we use one of the most requested samples 
for drug research, that is, urine.
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National Institute of Criminalistics

The National Institute of Criminalistics (INC) is the central criminalistics body of the Brazilian Federal 
Police, located in Brasília, linked to the Technical-Scientific Directorate of the Federal Police.

The INC has several laboratories of various specialties installed in the services and thematic sectors, 
which are: Computer Expertise Service; Documentoscopy Expertise Service; Engineering Expertise 
Service; Accounting and Economic Expertise Service; Audiovisual and Electronics Expertise Service; 
Laboratory Expertise Service; Forensic Genetics Sector; Ballistic Expertise Sector; Environmental 
Expertise Sector; Forensic Medicine and Dentistry Sector; Crime Scene Investigation Sector; Geographic 
Information Sector; and Specialized Group on Bombs and Explosives.

Dr. Ricardo Guanaes Cosso, Federal Criminal Expert and Director of the 
National Institute of Criminalistics

The INC conducts, standardizes and disseminates techniques and methodologies for analysis of the 
most diverse types of traces of criminal actions, such as drugs of abuse, medicines, fuels, pesticides, 
food and others, and authenticity tests of works of art. Modern analytical techniques are used, such as 
chromatography, high resolution and isotope ratio mass spectrometry, atomic spectrometry, infrared 
spectrometry, X-ray spectrometry, scanning electron microscopy and other complementary techniques.

According to Dr. Jesus Antonio Velho, Federal Criminal Expert and Head of the Institutional Development 
Sector, several techniques are used for forensics authenticity analysis of artwork, with Raman spectroscopy 
being a nondestructive technique for the work of art itself.

http://www.brjac.com.br/artigos/2021-V8-NX2/brjac-34-feature.pdf
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Laboratory of Instrumental Analytical Chemistry of the National Institute of 
Criminalistics

With regard to documentoscopy, Elvio Botelho, MSc, Federal Criminal Expert and Head of the 
Laboratory Expertise Service, highlights the chemical analyses of different colorants (dyes and pigments) 
used commercially in inks used in handwritten documents. There are two types of document dating 
examinations through chemical analysis of dye degradation:

I. Comparison of inks: with the purpose of verifying whether graphic records are contemporary and/or 
produced by the same pen.

II. Date comparison: between the alleged date (or informed in the document) and the one suspected 
(presumed) by the investigation. Due to the speed of degradation observed experimentally in pen ink dyes, 
pen ink dating examination requests should only be processed if the difference between the date in the 
questioned document and the date suspected by the police investigation is greater than several years.

Some prominent cases studied at the National Institute of Criminalistics
Operation “Carne Fraca” was an operation triggered by the Federal Police in March 2017 to investigate 

an alleged scheme of adulteration of meat sold in the domestic and foreign markets. This operation 
investigated the Ministry of Agriculture, Livestock and Supply (MAPA) and the largest companies in the 
sector in Brazil, such as JBS S.A., owner of the Seara, Swift and Friboi Vigor brands, and BRF S.A., owner 
of the Sadia and Perdigão brands.

In October 2007, Operation “Ouro Branco” uncovered frauds practiced by two milk cooperatives in the 
State of Minas Gerais (MG): the “Cooperativa dos Produtores de Leite do Vale do Rio Grande (Coopervale)”, 
based in Uberaba, and the “Cooperativa Agropecuária do Sudoeste Mineiro (Casmil)”, based in Passos. 
The fraud consisted of adding a chemical solution of caustic soda, citric acid, sodium citrate, salt, sugar 
and water to the milk to increase its volume and shelf life. According to the expert Botelho, as fraud in 
milk was not a type of case commonly found in forensic chemistry investigations, it was necessary to 
establish partnerships with several public research institutions for the development and performance of 
analysis using different analytical techniques for detecting substances used for the adulteration of milk: 
with the Farming National Laboratory (LANAGRO, MG), the addition of whey to milk was identified by gel 
permeation chromatography, the addition of alkaline substances was identified by ash alkalinity and the 
addition of sodium citrate was identified by ultraviolet/visible spectroscopy; with the Thomson Laboratory of 
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the University of Campinas (Unicamp, Campinas, SP), techniques were developed to detect maltodextrin 
addition by ion mobility mass spectrometry and vegetable fat addition by MALDI-TOF (matrix-assisted 
laser desorption/ionization–time-of-flight) mass spectrometry; with the Ezequiel Dias Foundation (FUNED, 
MG), the addition of sucrose and lactic acid was identified by high-performance liquid chromatography; and 
with the Instituto Adolfo Lutz (IAL, SP), the fatty acid profile in milk was determined by gas chromatography 
with flame ionization detection.

Projects in development at the National Institute of Criminalistics
In its final implementation phase, the National Laboratory for Stable Isotopes (LANIF) was designed 

to have two integrated laboratory bases, one at the INC in Brasília and the other at the Federal Police 
Department in Manaus, Amazonas. Both have isotope ratio mass spectrometry (IRMS) equipment. 
Additionally, LANIF can count on the technological park of a network of partner institutions. At the INC, 
an isotope ratio mass spectrometer (model DELTA V Plus) coupled to a FlashSmart elementary analyzer 
and a Trace GC 1310 gas chromatograph coupled to an ISQ7000 quadrupole mass spectrometer from 
Thermo Fisher Scientific are already in the installation/training phase. In Manaus, the laboratory is already 
in operation.

Laboratory of Isotopic Analysis of the National Institute of Criminalistics

The isotopic ratio technique makes it possible to determine or exclude the origin of criminal evidence of 
different types, such as drugs of abuse, explosives and wood. It also enables the development of efficient 
solutions to assist in the identification of missing people or check whether commercialized animals come 
from captivity or from nature. The technique has a transversal character, is innovative at the national level 
and will assist in the integration of investigations that involve different scientific themes at the same time.

A great advantage of the isotopic technique is the speed and objectivity of the laboratory analysis. This 
technique makes it possible to make important inferences regarding various aspects of criminal conduct, 
such as the origin of the trace or trafficked material, routes of criminal action, adulteration or counterfeiting 
processes and authorship, among others. Following this trend, the INC instituted the creation of isotope 
databases and the use of isotopic analysis in police investigations and criminal proceedings as strategic 
guidelines.

National Institute of Criminalistics
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Other projects developed at the National Institute of Criminalistics
•	 FARMONITOR – monitoring of legislation and trends in pharmaceutical counterfeiting.
•	 Drug chemical profiling (PeQui Project) – involving the seizure of cocaine and MDMA 

(3,4-methylenedioxymethamphetamine) followed by determination of the chemical profiles of the drugs 
seized across the country, establishing characteristics such as the origin of the drug, the products used for 
manufacture, the conditions of transport and the purity of each sample.

•	 Identification of new psychoactive substances (NPS) – characterization of NPS seized for the first 
time, using nuclear magnetic resonance spectroscopy, with the support of the Institute of Chemistry of the 
University of Brasília when necessary.

•	 Toxicology – validation of methodologies in the scope of ISO/IEC 17025:2017 accreditation.
•	 Preparation of certified reference materials and drug proficiency testing in partnership with the 

National Institute of Metrology, Quality and Technology of Brazil (Inmetro) and the National Secretariat for 
Drug Policy of the Ministry of Justice and Public Safety (SENAD/MJSP).

•	 CLOACIN Project – analysis of drugs in sewage, in partnership with the SENAD/MJSP.

Accreditation 
In September 2014 the Laboratory Expertise Service (SEPLAB) of the National Institute of Criminalistics 

received the accreditation certificate for compliance with the ISO/IEC 17025:2005 Standard, which defines 
the requirements for quality management in analytical laboratories.

It was the National Accreditation Board/FQS Forensic Accreditation (ANSI-ASQ) that granted the 
accreditation certificate to SEPLAB, which became the first laboratory of forensic chemistry in Brazil to 
receive this international recognition and one of the few in Latin America. Currently, Inmetro is the body 
responsible for maintaining SEPLAB accreditation in ISO/IEC 17025:2017.

Braz. J. Anal. Chem., 2022, 9 (34),  pp 240-243.
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Goal
To demonstrate the use of the Thermo Scientific™ iCAP™ RQ ICP-MS to accurately determine 

concentrations of elemental impurities in pharmaceutical products brought into solution using microwave 
digestion. All sample preparation, measurement and data evaluation to be compatible with the guidelines 
defined in USP chapters <232> Elemental Impurities – Limits and <233> Elemental Impurities – Procedures.

INTRODUCTION
Impurities in pharmaceutical products are of great concern not only due to the inherent toxicity of certain 

contaminants, but also due to the adverse effects that contaminants may have on drug stability and shelf-
life. This necessitates the monitoring of organic and inorganic impurities throughout the pharmaceutical 
manufacturing process, from raw ingredients to final products. United States Pharmacopeia (USP) General 
Chapter <231>, introduced in 1905, is a colorimetric test involving the co-precipitation of ten sulfide-forming 
elements and a visual color comparison to a 10 ppm lead standard. The limitations of this test are well 
understood (non-specificity, the test is based on limited understanding of trace metal toxicity, etc.) so that 
consequently the USP published two new general chapters to replace <231> starting January 1st, 2018.
•	 Chapter <232> Elemental Impurities [1] – Limits; defines the maximum limits of fifteen elements in 

pharmaceutical products.
•	 Chapter <233> Elemental Impurities [2] – Procedures; defines how the testing for these elements 

should be performed.

From that date onward, all elemental impurity testing and all elemental impurity testing must instead 
conform to the limits set out in Chapter <232>, using the procedures set out in Chapter <233>.

In addition to the requirements described in the USP documents, any analytical system used for the 
creation of analysis data for pharmaceuticals must also comply with the US Food and Drug Administration’s 
(FDA) 21 CFR Part 11 regulations regarding electronic records and validation of electronic signatures. 
These regulations are concerned with ensuring the integrity and authenticity of any electronic records 
and electronic signatures that ‘persons create, modify, maintain, archive, retrieve or transmit’ [3]. Control 
software used by analytical instruments in pharmaceutical production must therefore incorporate tools to 
maintain the integrity of the analytical method and subsequent results. In order to provide a transparent 
pathway to data generation, the control software should include support for audit trails and electronic 
signatures as well as security features to ensure that alterations cannot be made without clear indication 
of what has been changed, who changed it and why.

http://www.brjac.com.br/artigos/2021-V8-NX2/brjac-34-thermo-report-AN43325.pdf
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This note describes the effective application of the Thermo Scientific™ iCAP™ RQ single quadrupole 
(SQ) ICP-MS, to the detection and quantification of the 15 target elements specified in USP <232>, in 
accordance with the ICP-MS procedures described in USP <233>. In order to generate data compliant 
with the procedures described in 21 CFR Part 11, the Thermo Scientific Qtegra™ Intelligent Scientific 
Data Solution™ (ISDS) Software includes comprehensive features for the pharmaceutical industry, such 
as user access levels, audit trails, support for electronic signatures as well as integrated, secure data 
management.

Sample preparation 
It has been demonstrated that direct aqueous dissolution is suited for the preparation of water soluble 

pharmaceutical samples before subsequent USP <233> compliant ICP-MS analysis. Indirect dissolution 
via closed vessel microwave digestion, however, is recognized as the most universal sample preparation 
method for materials for subsequent elemental analysis by ICP-MS. An important advantage of the closed 
vessel microwave approach is the retention of volatile elements, in particular mercury that might otherwise 
be lost.

Three pharmaceutical products were selected for analysis as part of this study:
•	 Drug A: a phytotherapeutic (herbal) medicine
•	 Drug B: a vascular medicine
•	 Drug C: an antianxiety medicine

All three drugs were brought into solution via a microwave digestion procedure using an UltraWAVE 
closed vessel microwave digestion system (Milestone Inc., Shelton, CT, USA). Different microwave recipes 
are available to address specific sample matrices making this the most universal method of sample 
preparation for subsequent elemental analysis.

Samples of each drug (0.5 g) were weighed into 15 mL disposable glass vials. For Drugs A and B, 3 mL 
of HNO3 was added to each tube. For Drug C, 2 mL of HNO3 and 1 mL of H2SO4 was added to each vial. 
In compliance with the repeatability requirements defined in USP <233>, six separate preparations of each 
material were prepared.

Sample vials were transferred into the microwave digestion system which was then closed, pressurized 
with nitrogen at 40 bar and the temperature program shown in Table 1 was launched. High pressure 
digestions are recommended due to the use of lower temperatures minimizing the loss of volatile elements.

Table 1. Closed vessel microwave temperature program used for the dissolution of pharmaceutical products

Step Time (min) Temperature (ºC) Power (W)

1 15 200 1500

2 10 200 1500

When sufficiently cooled, the clear, colorless digested material was transferred to polypropylene vials 
and made up to 50 mL with ultrapure water. Each sample was then diluted by a factor of five into 15 mL 
polypropylene autosampler vials in a matrix of 1.2% HNO3 and 0.5% HCl + 200 μg L-1 of gold to give a 
total dilution factor of 500 from the original solid sample. This diluent was used to ensure stability of the 
target elements in solution and efficient washout of these elements between samples from the sample 
introduction system.

The samples were measured using an external calibration approach against calibration solutions 
prepared in the same diluent as the samples. The calibration solutions contained all of the elements listed 
under the Oral daily dose PDE (in µg g-1) in USP <232>. Internal standardization was applied, using Ga, In 
and Tl internal standards at 5, 10 and 10 µg L-1 respectively, added online via a T-piece.
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Calibration solution preparation
Sample analyses were carried out in accordance with the requirements described in USP <233> 

Elemental Impurities – Procedures. This document specifies that the elements to be measured should be 
calibrated against standard solutions at concentrations of blank, 0.5J and 2J where J = the concentration 
(w/w) of the element(s) of interest at the target limit, appropriately diluted to the working range of the 
instrument [2].

Target limits for each of the USP <232> controlled elements were calculated by dividing the permitted 
daily exposure based on a 50 kg person (PDE) by the maximum daily dose. For the three drugs used in 
this work, the maximum daily dose is 10 g.

Table 2. Target limits (J) for the fourteen elements specified in USP <232>

Element Oral daily dose PDE* (µg day-1) Target limit J (µg g-1)

Cadmium 5 0.5

Lead 5 0.5

Inorganic arsenic 15 1.5

Inorganic mercury 30 3

Iridium 100 10

Osmium 100 10

Palladium 100 10

Platinum 100 10

Rhodium 100 10

Ruthenium 100 10

Chromium 11000 1100

Molybdenum 3000 300

Nickel 200 50

Vanadium 100 20

Copper 3000 300
*PDE = permitted daily exposure based on a 50 kg person

With this target limit taken into account, and as the samples were diluted by a factor of 500 from the 
original sample, two multielemental calibration solutions were prepared at the concentration levels 0.5J 
and 2J in 2% HNO3.

RESULTS
Calibration Curves

Linear calibrations with low (sub ng g-1) blanks were obtained for all elements. Example calibration lines 
for the ‘big four’ elements are shown in Figure 1.

Analysis of Pharmaceutical Products for their Elemental Impurities with the Thermo Scientific iCAP RQ ICP-MS 
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Figure 1. Example calibrations for the ‘big four’ elements: As, Cd, Hg and Pb.

Instrumental and Method Detection Limits
Single digit pg g-1 instrumental detection limits (LoD) are typically obtained for all of the USP <232> 

defined elements (Table 3). Background equivalent concentrations (BEC) for the 1.2% HNO3 and 0.5% HCl 
calibration solution were also calculated. Low or sub pg g-1 detection limits (LOD) highlight the excellent 
detection power of the iCAP RQ ICP-MS for single mode He KED analysis for the USP <232> required 
elements.

However, while the instrumental detection limits in Table 3 illustrate the detection capabilities of the 
iCAP RQ ICP-MS for the analysis of the USP <232> required elements, they are not representative of 
what can practically be achieved on a routine basis. In order to assess this, method detection limits (MDL) 
were determined from the analysis of three (microwave digestion) procedural blanks from three separate 
analytical runs performed on different days. Three times the standard deviation of the mean of the blanks 
from each day was calculated, corrected for dilution and are compared to the Target Limit (J) in the solid 
(from Table 2). The comparison shows that the attainable MDLs for all elements are at least 50 times lower 
than the target limit in the solid.

As Cd

Hg Pb
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Table 3. Instrumental detection limit (LOD, based on 3 x the standard deviation of the calibration blank), 
background equivalent concentration (BEC) (reported as ng g-1) and resulting MDLs (reported as μg g-1) 
for the USP <232> defined elements

Isotope LOD (ng g-1) BEC (ng g-1) MDL (µg g-1) Target limit J (µg g-1)
51V 0.0035 0.0629 0.014 10
52Cr 0.007 0.042 0.008 1100
60Ni 0.0012 0.0163 0.100 20
63Cu 0.0049 0.0910 0.186 300
75As 0.0009 0.0087 0.0005 1.5
95Mo 0.0026 0.0013 0.027 300
101Ru 0.0003 0.00005 0.025 10
103Rh 0.0001 0.00005 0.026 10
105Pd 0.0036 0.0351 0.044 10
111Cd 0.00001 0.00009 0.006 0.5
189Os 0.0007 0.0003 0.043 10
193Ir 0.0005 0.0045 0.023 10
195Pt 0.0001 0.0002 0.024 10
202Hg 0.0099 0.0290 0.018 3
208Pb 0.0009 0.0035 0.009 0.5

Sample analysis results
The final concentrations determined for each target element in the pharmaceutical products tested 

(six repeat analyses per sample) are shown in Table 4. MDL and target limit (J) values are provided for 
comparison. Determined concentrations found to be less than the MDL are marked as ‘<MDL’.

Table 4. Final concentrations obtained for each target element from the six replicate analyses of the three drugs 
tested

Element Drug A (µg g-1) Drug B (µg g-1) Drug C (µg g-1) MDL (µg g-1) Target Limit J 
(µg g-1)

Cadmium <MDL <MDL <MDL 0.006 0.5

Lead 0.134 0.171 0.017 0.009 0.5

Inorganic arsenic 0.056 0.091 0.065 0.001 1.5

Inorganic mercury 0.032 <MDL <MDL 0.018 3

Iridium <MDL <MDL <MDL 0.023 10

Osmium <MDL 0.107 0.161 0.043 10

Palladium 0.073 <MDL <MDL 0.044 10

Analysis of Pharmaceutical Products for their Elemental Impurities with the Thermo Scientific iCAP RQ ICP-MS 
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Element Drug A (µg g-1) Drug B (µg g-1) Drug C (µg g-1) MDL (µg g-1) Target Limit J 
(µg g-1)

Platinum <MDL <MDL <MDL 0.024 10

Rhodium <MDL <MDL <MDL 0.026 10

Ruthenium <MDL <MDL <MDL 0.025 10

Chromium <MDL <MDL <MDL 0.008 1100

Molybdenum 0.121 0.647 0.073 0.027 300

Nickel 0.780 1.92 12.8 0.100 50

Vanadium 0.224 0.402 0.509 0.014 20

Copper 29.2 5.53 0.965 0.186 300

In each sample some elements were found to be below the calculated MDL but no element was found 
to be above the Target Limit, J.

Drift
Following the requirement detailed in USP <233>, the read back concentrations for one of the calibration 

standards analyzed before and after the sample solutions were compared. This comparison is made to 
ensure that the initial calibration remains valid over the entire analysis. The test is deemed to pass if the 
relative difference between two analyses of the calibration solution is less than 20%. All elements were 
found to be reproducible over the complete analysis period (three hours in total) with relative standard 
deviation (RSD) between 0.1% to maximum 4%, and hence well within the USP <233> defined limit for the 
calibration solution containing a 2J spike.

Validation procedure
The USP requires that the analytical procedure used to determine elemental impurities in each individual 

pharmaceutical product passes a series of validation tests before being accepted as suitable. In order to 
demonstrate the applicability of the iCAP RQ ICP-MS based method described above, its performance was 
assessed by testing the USP <233> defined criteria (accuracy, precision (repeatability), and ruggedness) 
[2] for the analysis of the three drugs used in this test.

Accuracy test
In order to assess the accuracy of the method, a series of spike recovery tests were made following the 

guidelines set out in USP <233>. The spike recoveries for each repeat of all three samples at the 0.5J and 
1.5J spike levels are given in Figures 2a and 2b.

Thermo Fisher Scientific’s Sponsor Report

Table 4 continuation. Final concentrations obtained for each target element from the six replicate analyses of the 
three drugs tested
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Figure 2a. Recoveries (in %) for the 0.5J spike level.

Figure 2b. Recoveries (in %) for the 1.5J spike level.

USP <233> states that the acceptance criteria for this test are recoveries of between 70 and 150% for 
the mean of the three repeat analyses of each sample at both spike levels.

Figures 2a and 2b show that these criteria are easily met using the iCAP RQ ICP-MS, with average 
recoveries at both spike levels ranging from 92 to 128%.

Precision test
The precision (repeatability) of the method was assessed by measuring six independent aliquots of 

each of the three materials tested spiked with the fourteen USP defined elements at the target limit (J). The 
results from these tests are shown in Tables 5a, 5b and 5c.

USP <233> defines that the precision (% RSD) from the six repeat analyses should not be greater than 
20%.

Analysis of Pharmaceutical Products for their Elemental Impurities with the Thermo Scientific iCAP RQ ICP-MS 
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Table 5a. Precision for six separate measurements of Drug A spiked at the target limit (J), expressed as percent 
recovery

Element Drug A - 1 Drug A - 2 Drug A - 3 Drug A - 4 Drug A - 5 Drug A - 6 Mean RSD (%)

Cadmium 99.0 100.0 98.6 97.0 97.8 99.2 98.6 1.1

Lead 112.6 110.6 109.6 113.6 112.6 109.6 111.4 1.5

Inorganic arsenic 118.0 114.6 114.6 114.6 111.3 114.6 114.6 1.8

Inorganic mercury 99.3 98.7 98.0 98.0 96.3 97.7 98.0 1.0

Iridium 101.5 100.0 100.5 100.5 99.0 100.0 100.3 0.8

Osmium 115.0 112.5 112.5 114.0 112.5 114.0 113.4 0.9

Palladium 98.5 99.0 98.5 97.0 97.0 97.2 97.9 0.9

Platinum 96.5 94.5 96.5 94.0 93.5 93.0 94.7 1.6

Rhodium 101.5 102.5 102.0 99.0 101.0 100.5 101.1 1.2

Ruthenium 100.0 101.5 101.0 99.5 100.0 99.5 100.3 0.8

Chromium 102.6 101.9 103.1 102.8 101.7 103.4 102.6 0.7

Molybdenum 109.0 112.0 110.5 109.0 109.5 109.0 109.8 1.1

Nickel 99.4 101 97.7 99.4 98.0 98.4 99.0 1.2

Vanadium 108.0 107.0 106.5 106.5 105.5 107.0 106.8 0.8

Copper 112.4 112.4 110.2 110.2 106.8 110.7 110.5 1.9

Table 5b. Precision for six separate measurements of Drug B spiked at the Target Limit (J), expressed as percent 
recovery

Element Drug B - 1 Drug B - 2 Drug B - 3 Drug B - 4 Drug B - 5 Drug B - 6 Mean RSD (%)

Cadmium 100.6 101.6 101.4 100.4 99.4 98.6 100.3 1.2

Lead 117.9 114.9 116.9 115.9 115.9 115.9 116.2 0.9

Inorganic arsenic 117.3 118.5 116.9 118.1 117.8 117.2 117.6 0.5

Inorganic mercury 98.0 97.7 98.0 98.7 98.0 98.2 98.1 0.3

Iridium 100.5 100.5 101.5 103.5 1001.0 101.2 101.2 1.2

Osmium 116.5 114.5 117.5 118.0 117.5 117.8 117.0 1.1

Palladium 97.5 98.5 99.5 98.0 97.5 97.5 98.1 0.8

Platinum 97.2 97.0 97.5 99.2 98.5 97.4 97.8 0.9

Rhodium 101.5 101.0 100.7 101.2 100.0 100.8 100.9 0.5

Ruthenium 100.8 101.1 101.4 100.6 99.8 100.9 100.8 0.5

Chromium 104.6 103.5 103.8 102.9 103.6 104.1 103.8 0.6
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Element Drug B - 1 Drug B - 2 Drug B - 3 Drug B - 4 Drug B - 5 Drug B - 6 Mean RSD (%)

Molybdenum 117.5 117.2 116.8 116.5 115.9 116.1 116.7 0.5

Nickel 98.5 97.5 99.5 100.0 98.2 97.6 98.6 1.0

Vanadium 105.8 108.0 108.6 107.7 107.4 106.8 107.4 0.9

Copper 99.2 98.5 100.2 99.8 98.0 96.7 98.7 1.3

Table 5c. Precision for six separate measurements of Drug C spiked at the Target Limit (J), expressed as percent 
recovery

Element Drug C - 1 Drug C - 2 Drug C - 3 Drug C - 4 Drug C - 5 Drug C - 6 Mean RSD (%)

Cadmium 100.1 98.6 99.4 99.6 99.8 99.6 99.5 0.5

Lead 100.4 99.8 100.7 100.5 100.5 101.3 100.5 0.5

Inorganic arsenic 116.9 117.5 117.9 115.5 118.1 117.1 117.2 0.8

Inorganic mercury 91.3 90.7 93.0 92.7 91.0 93.0 92.0 1.2

Iridium 100.1 100.9 104.5 102.8 102.1 102.5 102.2 1.5

Osmium 115.5 117.1 119.4 117.5 119.9 118.7 118.0 1.4

Palladium 96.5 97.8 100.4 99.8 100.6 99.9 99.2 1.7

Platinum 95.5 96.7 99.1 97.2 97.4 98.5 97.4 1.3

Rhodium 102.3 102.8 105.1 103.7 105.3 104.8 104.0 1.2

Ruthenium 98.0 99.1 100.0 99.4 100.8 99.7 99.5 0.9

Chromium 101.8 102.5 102.0 103.1 101.5 102.3 102.2 0.6

Molybdenum 112.4 113.8 114.2 113.6 114.8 114.6 113.9 0.8

Nickel 108.2 109.0 111.2 111.8 114.1 112.2 111.1 2.0

Vanadium 110.8 111.1 114.2 113.8 114.2 114.7 113.1 1.5

Copper 96.1 95.5 99.2 99.0 98.7 99.8 98.1 1.8

Tables 5a, 5b and 5c show that a precision of < 20% is easily achieved.

Ruggedness test
The ruggedness of the method was assessed by measuring six independent aliquots of each of the 

three materials tested spiked with the fourteen USP defined elements at the target limit (J), on three 
separate days. A final average and % RSD were calculated from the averages of the values obtained on 
each day. The results from these tests are shown in Tables 6a, 6b and 6c.

USP <233> defines that the ruggedness (% RSD) from three repeat analyses on different days should 
not be greater than 25%.

Analysis of Pharmaceutical Products for their Elemental Impurities with the Thermo Scientific iCAP RQ ICP-MS 
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Table 6a. Ruggedness for three repeat measurements of Drug A spiked at the target limit (J), expressed 
as percent recovery

Element Drug A - 1 Drug A - 2 Drug A - 3 Mean RSD (%)

Cadmium 98.4 96.8 98.0 97.7 0.9

Lead 97.2 95.2 93.2 95.2 2.1

Inorganic arsenic 95.0 96.0 97.0 96.0 1.0

Inorganic mercury 98.0 97.3 96.0 97.1 1.0

Iridium 100.0 100.0 98.0 99.3 1.2

Osmium 113.0 10.2 97.0 103.4 8.2

Palladium 97.6 95.8 96.5 96.6 0.9

Platinum 94.4 95.8 95.6 95.3 0.8

Rhodium 101.0 99.0 100.0 100.0 1.0

Ruthenium 99.9 98.7 99.0 99.2 0.6

Chromium 102.1 103.2 102.9 102.7 0.6

Molybdenum 109.0 107.0 106.0 107.3 1.4

Nickel 98.6 95.6 94.6 96.3 2.2

Vanadium 106.0 98.0 98.0 100.7 4.6

Copper 95.8 92.0 89.8 92.5 3.3

Table 6b. Ruggedness for three repeat measurements of Drug B spiked at the target limit (J), expressed 
as percent recovery

Element Drug B - 1 Drug B - 2 Drug B - 3 Mean RSD (%)

Cadmium 99.2 98.0 98.0 98.4 0.7

Lead 97.8 95.8 93.8 95.8 2.1

Inorganic arsenic 92.7 93.2 92.8 92.9 0.3

Inorganic mercury 97.3 96.7 95.3 96.4 1.1

Iridium 101.0 102.0 99.0 100.7 1.5

Osmium 116.0 99.0 104.0 106.3 8.2

Palladium 97.0 95.7 95.5 96.1 0.8

Platinum 96.7 97.8 96.6 97.0 0.7

Rhodium 100.0 99.0 98.0 99.0 1.0

Ruthenium 99.6 98.6 98.1 98.8 0.8

Chromium 103.5 102.9 103.2 103.2 0.3
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Element Drug B - 1 Drug B - 2 Drug B - 3 Mean RSD (%)

Molybdenum 115.0 113.0 111.0 113.0 1.8

Nickel 97.4 95.2 94.4 95.7 1.6

Vanadium 106.0 98.1 99.0 101.0 4.3

Copper 97.9 95.6 94.1 95.9 2.0

Table 6c. Ruggedness for three repeat measurements of Drug C spiked at the target limit (J), expressed 
as percent recovery

Element Drug C - 1 Drug C - 2 Drug C - 3 Mean RSD (%)

Cadmium 98.8 95.2 97.6 97.2 1.9

Lead 100.0 98.1 96.7 98.3 1.7

Inorganic arsenic 116.7 115.2 116.4 116.1 0.7

Inorganic mercury 91.3 89.3 90.7 90.4 1.1

Iridium 102.0 103.1 98.9 101.3 2.1

Osmium 117.1 107.8 99.2 108.0 8.3

Palladium 98.5 95.1 97.0 96.9 1.8

Platinum 96.7 99.5 95.6 97.3 2.1

Rhodium 102.8 102.1 99.7 101.5 1.6

Ruthenium 98.8 97.6 96.2 97.5 1.3

Chromium 101.5 102.8 103.5 102.6 1.0

Molybdenum 113.0 110.8 105.6 109.8 3.5

Nickel 123.4 117.4 119.6 120.1 2.5

Vanadium 113.7 105.0 102.2 107.0 5.6

Copper 97.5 94.3 92.2 94.7 2.8

Tables 6a, 6b and 6c show that a precision of < 25% across three days is easily achieved. The excellent 
measurement stability for µg L-1 levels of Mercury in each drug (< 1% precision over 3 days) is a result of 
the sample preparation method described and the stability of the iCAP RQ ICP-MS.

CONCLUSION
This application note has shown that the iCAP RQ ICP-MS is an ideal tool for elemental determination 

in pharmaceutical products after dissolution by microwave digestion. For the three drugs tested, method 
detection limits fifty times lower than the target limits were produced showing that the iCAP RQ ICP-MS 
is easily capable of accurately and precisely measuring all fourteen of the specified elements at the target 
limits listed in USP <232>. Based on this, when considering the continual change in regulations defined 

Analysis of Pharmaceutical Products for their Elemental Impurities with the Thermo Scientific iCAP RQ ICP-MS 

Table 6b continuation. Ruggedness for three repeat measurements of Drug B spiked at the target limit 
(J), expressed as percent recovery
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by USP and other National and International bodies, ICP-MS represents a future-proof investment for 
pharmaceutical laboratories embarking on elemental impurity analyses. The described method exceeds 
the analytical performance criteria described in USP <233> by a wide margin.

Finally, the range of security features, data management and audit trailing tools included in the advanced 
and flexible Qtegra ISDS Software provides the necessary support to meet the demands of 21 CFR Part 
11 in the highly regulated pharmaceutical industry environment.

REFERENCES 
1. General Chapter <232> Elemental Impurities - Limits, United States Pharmacopeia.
2. General Chapter <233> Elemental Impurities - Procedure, United States Pharmacopeia.
3. 21CFR11 2017, Food and Drug Administration.

Find out more at thermofisher.com/SQ-ICP-MS

This Sponsor Report is the responsibility of Thermo Fisher Scientific.

Thermo Fisher Scientific’s Sponsor Report

http://thermofisher.com/SQ-ICP-MS


256

PDFSPONSOR REPORT
This section is dedicated for sponsor responsibility articles.

Brazilian Journal of Analytical Chemistry
2022, Volume 9, Issue 34, pp 256-261

Detection of controlled substances in blood samples 
using the VeriSpray ion source with TSQ Altis MS for 
clinical research and forensic toxicology
Greta Ren1, Nicholas Manicke1, Cornelia Boeser2, Neloni R. Wijeratne2

1Indiana University - Purdue University Indianapolis, Indianapolis, IN
2Thermo Fisher Scientific, San Jose, CA

This report was extracted from the Thermo Scientific Technical Note 65420

Keywords: Illicit drugs, opiates, opioids, amphetamines, PS-MS/MS, TSQ Altis MS, VeriSpray PaperSpray 
ion source, TraceFinder, forensic toxicology, benzodiazepines

Application benefits
• Quick turn-around time
• Reduced cost per sample, increased ease-of-use and robustness
• Six drugs of abuse analytes in single quantitative method

Goal
To develop a robust, sensitive, reliable, and reproducible PaperSpray-mass spectrometry workflow for 

detection of illicit drugs in blood for clinical research and forensic toxicology using the Thermo Scientific™ 
TSQ Altis™ mass spectrometer connected with the Thermo Scientific™ VeriSpray™ PaperSpray system.

INTRODUCTION
The abuse of controlled substances is a serious ongoing problem worldwide, causing significant societal 

disruption and economic damage. One part of the overall strategy to mitigate the effects from the abuse of 
drugs requires high-performance methodologies for the screening and quantitation of these substances in 
biological matrices. Modern forensic toxicological and clinical research laboratories need simpler methods 
that provide higher throughput and faster analysis for the screening and quantitation of drugs of abuse.

PaperSpray technology combined with triple quadrupole mass spectrometry is an ideal choice for rapid 
drug screening and quantitation in clinical research and forensic toxicology applications for two main 
reasons. First, studies have demonstrated that low ng/mL or lower detection limits are obtainable directly 
from blood, which is sufficient for the detection of relevant drugs at target concentrations. Second, reduce 
the burden on the laboratory by simplifying method development, reducing the amount of bench work 
and thus decreasing time to result. Reports in the literature for screening by PaperSpray MS include 
the detection of amphetaminelike designer drugs in oral fluid [1], agrichemicals in fruit [2], targeted triple 
quadrupole based screening [3], and use of HR-MS/MS for urine [4] and blood screening [5]. 

Triple quadrupole mass spectrometers are unit-resolution instruments that achieve high selectivity by 
monitoring characteristic collision induced dissociation (CID) fragment ions. When operated in selected 
reaction monitoring (SRM) mode, the instruments give high sensitivity and robust quantitation.

In this study, we investigated the VeriSpray PaperSpray ion source coupled to a triple quadrupole 
mass spectrometer as a drug screening tool for applications in clinical research and forensic toxicology. 
Experiments were carried out using the VeriSpray PaperSpray ion source on a TSQ Altis triple-stage 
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quadrupole mass spectrometer. The VeriSpray system enables robust, rapid, and automated PaperSpray 
analysis. Sample storage, extraction, and ionization all take place on VeriSpray sampling plates. Biofluids 
are spotted and dried directly on the sampling plate. The plates contain 24 individual PaperSpray tips, 
each of which analyzes a separate sample (Figure 1A). Analysis of the plate is carried out automatically via 
the VeriSpray ion source (Figure 1B) in a matter of minutes. To demonstrate proof-of-concept, controlled 
substances commonly encountered in clinical research and forensic toxicology were tested (cocaine, 
diazepam, fentanyl, hydrocodone, methamphetamine, and zolpidem).

Figure 1. (A) VeriSpray sample plate and (B) VeriSpray PaperSpray system mounted to TSQ Altis 
triple quadrupole mass spectrometer

EXPERIMENTAL
Sample preparation

The method was adapted from a previous PaperSpray method for drug detection [5]. Calibration 
standards were prepared in pooled human blood. Working solutions at 20x concentration were prepared in 
methanol by serial dilution and spiked into blood the day of analysis. Blood samples (100 μL) were mixed 
with 300 μL of aqueous internal standard solution containing isotopically labeled analogs of each of the 
analytes. A 6 μL aliquot of each blood sample was then spotted onto a VeriSpray cartridge and allowed to 
dry at room temperature for 1 hour or in an incubator for 20 minutes at 40 ºC.

PaperSpray and MS conditions
The PaperSpray solvents (both sample rewet and spray solvents) were acetonitrile/acetone/water 0.01% 

acetic acid (85:10:5), applied according to the settings in Table 1. The TSQ Altis triple quadrupole mass 
spectrometer was used for detection. The experimental conditions were optimized with a time dependent 
spray voltage of 3.8 kV, a cycle time of 0.8 s, and resolution of 0.7 Da FWHM for both Q1 and Q3. The 
source parameters and SRM table along with the critical MS features for all target analytes are listed in 
Tables 2 and 3, respectively. The optimum RF lens settings and collision energies for the product ions were 
determined by infusion of the individual standards into the mass spectrometer.
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Table 1. VeriSpray solvent application parameters. Each rewetting and 
solvent dispense is 10 μL

Rewetting dispense delay
Dispense Delay (s)

1 1
Solvent dispense delay

Dispense Delay (s)
1 1
2 1
3 1
4 1
5 3
6 3
7 5
8 5
9 5

10 5
11 7
12 7
13 7
14 7
15 7

Table 2 (A). Source parameters for analysis of Illicit drugs on the TSQ 
Altis triple quadrupole mass spectrometer

Ion Source Parameter Value
Spray Voltage Time Dependent
Positive Ion 3800 V
Sweep Gas 0 Arb
Ion Transfer Tube Temperature 300 °C
CID Gas 2 mTorr

Table 2 (B). Time dependent spray voltage 
Time (min) Voltage (V)
0 0
0.1 3800
1.1 0

Detection of controlled substances in blood samples using the VeriSpray ion source with TSQ Altis MS 
for clinical research and forensic toxicology
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Table 3. Optimized mass spectrometer transitions for the Illicit drugs in blood with acquisition time of 1.2 min 
and positive polarity for each sample

Compound Precursor (m/z) Product (m/z) Collision 
Energy (V) RF Lens (V)

Methamphetamine
150.1 91.1 21 91
150.1 119.1 12 91

Methamphetamine-D5
155.1 92.1 21 91
155.1 121.1 12 91

Diazepam
285.1 193.1 33 223
285.1 222.0 28 223

Diazepam-D5
290.1 198.1 33 223
290.1 227.0 28 223

Hydrocodone
300.1 171.1 40 207
300.1 199.1 31 207

Hydrocodone-D6
306.1 174.1 40 207
306.1 202.1 31 207

Cocaine
304.1 150.1 26 172
304.1 182.2 21 172

Cocaine-D3
307.1 153.1 26 172
307.1 185.2 21 172

Zolpidem
308.2 235.2 36 228
308.2 263.2 27 228

Zolpidem-D6
314.2 235.2 36 228
314.2 263.2 27 228

Fentanyl
337.4 105.1 38 200
337.4 188.1 24 200

Fentanyl-D5
342.4 105.1 38 200
342.4 188.1 24 200

Buprenorphine
468.4 396.2 40 299
468.4 414.3 35 299

Buprenorphine-D4
472.4 400.2 40 299
472.4 415.3 35 299

Data acquisition and analysis
Data acquisition and processing were conducted using Thermo Scientific™ TraceFinder™ software 

version 4.1. Limits of detection were calculated by the formula 3*sb/m, where sb is the standard error of the 
intercept and m is the slope of the calibration line.

Thermo Fisher Scientific’s Sponsor Report
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RESULTS AND DISCUSSION
The seven controlled substances were successfully quantitated simultaneously as shown in Figure 2. 

Figure 2. Calibration curves of (A) buprenorphine, (B) 
cocaine, (C) diazepam, (D) fentanyl, (E) hydrocodone, 
(F) methamphetamine, and (G) zolpidem obtained 
from pooled human blood.

Detection of controlled substances in blood samples using the VeriSpray ion source with TSQ Altis MS 
for clinical research and forensic toxicology
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The correlation coefficient (R2) for each calibration curve was greater than 0.98, indicating good linearity. 
The detection limits (Table 4) are below the concentrations normally encountered in forensic toxicology 
with the exception of buprenorphine. Total analysis time for the dried blood spots was approximately two 
minutes. This included the extraction step as well as the mass spectrometric detection, both of which take 
place automatically using the VeriSpray sample plate.

Table 4. Limits of detection (LOD) and calibration curve correlation coefficient 
(R2) from human blood obtained using the VeriSpray system

Compound LOD (ng/mL) R2

Buprenorphine 13 0.9909

Cocaine 5 0.9916

Diazepam 11 0.9902

Fentanyl 3 0.9881

Hydrocodone 23 0.9923

Methamphetamine 68 0.9928

Zolpidem 5 0.9928

CONCLUSIONS
PaperSpray MS on the VeriSpray sampling plates and ion source was capable of accurate quantitation 

of controlled substances in human blood for clinical research and forensic toxicology. Analysis was fast 
and simple, requiring no sample pretreatment or separations.
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Determination of Total Mercury in Clinical Matrices 
Utilizing Direct Analysis for Mercury Detection in 
Blood, Hair and Urine Samples
This report was extracted from the Milestone Industry Report DMA–80 evo / Clinical

SUMMARY 
Excessive exposure to mercury has been linked to, among others, neurological and developmental 

disorders in children, as well as, cardiovascular disease, neurological and other problems in adults. 
Individuals at a high risk of mercury exposure are typically monitored through the analysis of blood, urine 
and, occasionally, hair samples. 

Many laboratories have testing procedures in place to analyze for mercury in clinical samples. These 
procedures have typically included the use of Cold Vapor Atomic Absorption (CVAA) or ICP-MS. Both of 
these techniques, although effective, require costly and time-consuming sample digestion prior to analysis. 
Direct mercury analysis, an alternative to these methods, has been used successfully to determine total 
mercury in clinical matrices. This technique requires no sample preparation and delivers results in as little 
as six (6) minutes per sample. 

 
INTRODUCTION 

Methyl mercury is a well-known neurotoxin that has been shown to effect brain development. Studies 
have shown that, when ingested by pregnant women, the methyl mercury can cross the placenta and 
effect development of the central nervous system. Even small amount of methyl mercury can impact 
the time it takes a child to walk, talk, hear and write. The most common mechanism for humans to be 
exposed to this neurotoxin is through the consumption of fish and seafood. However, mercury can also 
enter the body via inhalation and absorption through skin. The most effective way to monitor people who 
are suspected of mercury intoxication is through the analysis of blood, urine and hair samples. Because 
methyl mercury is not excreted from the body, blood analysis is the preferred method to determine total 
mercury in the human body. 

Several methods exist for the determination of mercury in clinical matrices. Traditional analytical 
methods such as Cold Vapor Atomic Absorption (CVAA) and ICP-MS both require sample preparation prior 
to analysis. This results in both techniques being costly, labor-intensive and subsequently, having a long 
turnaround time. Direct mercury analysis, as described in EPA Method 7473 and ASTM Method 6722-01, 
is a cost-effective, proven alternative to these labor-intensive, wet chemistry techniques. 

Direct analysis affords the laboratory many benefits including: 
•	 Reduced Sample Turnaround (6 minutes) 
•	 No Sample Preparation 
•	 Reduced Hazardous Waste Generation 
•	 Reduction of Analytical Errors 
•	 General Cost Savings (70% versus CVAA) 
 

EXPERIMENTAL
Instrument 

The DMA-80 evo, Direct Mercury Analyzer, as referenced in EPA Method 7473, from Milestone (www.
milestonesrl.com) was used in this study (Figure 1). The DMA-80 evo features a circular, stainless steel, 

http://www.brjac.com.br/artigos/2021-V8-NX2/brjac-34-milestone-report.pdf
http://www.milestonesrl.com
http://www.milestonesrl.com
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interchangeable 40 position autosampler for virtually limitless throughput and can accommodate both 
nickel (500 mg) and quartz boats (1500 µL) depending on the requirements of the application. 

Figure 1. Milestone’s DMA-80 evo.

It operates from a single-phase 110/220 V, 50/60 Hz power supply and requires regular grade oxygen 
as a carrier gas. As the process does not require the conversion of mercury to mercuric ions, both solid 
and liquid matrices can be analyzed without the need for acid digestion or other sample preparation. 
The fact that zero sample preparation is required also eliminates all hazardous waste generation. All 
results, instrument parameters including furnace temperatures, are controlled and saved with easy export 
capabilities to Excel or LIMS. 

 
Principles of operation 

Direct mercury analysis incorporates the following sequence: Thermal Decomposition, Catalytic, 
Conversion, Amalgamation, and Atomic Absorption Spectrophotometry. Controlled heating stages are 
implemented to first dry and then thermally decompose a sample introduced into a quartz tube. A continuous 
flow of oxygen carries the decomposition products through a hot catalyst bed where halogens, nitrogen, 
and sulfur oxides are trapped. All mercury species are reduced to Hg(0) and are then carried along with 
reaction gases to a gold amalgamator where the mercury is selectively trapped. All non-mercury vapors 
and decomposition products are flushed from the system by the continuous flow of gas. The amalgamator 
is subsequently heated and releases all trapped mercury to the single beam, fixed wavelength atomic 
absorption spectrophotometer. Absorbance is measured at 253.7 nm as a function of mercury content.

Figure 2. A schematic of Milestone’s DMA-80 evo. 
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EXPERIMENTAL DISCUSSION 
This study focuses on the effectiveness of the DMA-80 to analyse clinical matrices like blood, hair 

and urine. Ten blood Proficiency Test (PT) samples were obtained from a state agency. Samples were 
centrifuged and 100 L aliquots were pipetted into the quartz sample boats (1500 μL) for analysis on the 
DMA-80. Six urine samples were also analysed. Approximately 200 μL – 300 μL of urine was pipetted 
directly into the quartz samples boats for analysis. Finally, hair samples of approximately 5 – 10 mg, in 
powder form, were weighed out and placed into nickel sample boats for analysis. 

Calibration 
Calibration standards were prepared using a NIST traceable stock solution of 1000 ppm Hg preserved 

in 5% HNO3. Working standards of 100 ppb and 1 ppm were prepared and preserved in 37% HCl and 
stored in amber glass vials. By injecting increasing sample volumes of standard into the quartz sample 
boats, calibration graphs of 0 – 20 ng (Figure 3) and 20 – 500 ng (Figure 4) of mercury were created using 
the 100 ppb and 1 ppm standards respectively. 

Figure 3. 0 ng – 20 ng Calibration Graph for ultra-level. 

Figure 4. 20 ng – 1000 ng Calibration Graph for low to mid-level analysis (ppb, ppm).

The Determination of Total Mercury in Clinical Matrices Utilizing Direct Analysis for 
Mercury Detection in Blood, Hair and Urine Samples
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Operating conditions 
The DMA-80’s operating conditions for all analyses are shown in Table 1.

Table 1. Analysis Operating Parameters

Parameter Setting

Drying Temp/Time 30 seconds to 200 °C

Decomposition Ramp 90 seconds to 650 °C

Decomposition Hold 90 seconds at 650 °C

Catalyst Temp 565 °C

Purge Time 60 seconds

Amalgamation Time 12 seconds at 900 °C

Recording Time 30 seconds

Oxygen Flow 120 mL/min

RESULTS
Results of the blood proficiency samples are shown in Table 3. It is important to point out that all samples 

were within their certified range. Tables 2 and 4 describe the results of urine and hair analysis respectively. 
All samples were analysed in triplicate. Good reproducibility was achieved on the hair analysis with most 
samples having an RSD < 5%.

Table 2. Urine Analysis

Sample Concentration % RSD

1 5.82±0.06 ppb 1.11

2 21.1±0.4 ppb 1.71

3 47 ± 2 ppb 5.65

4 98 ± 4 ppb 4.18

5 180 ± 4 ppb 2.03

6 200 ± 10 ppb 5.76

Table 3. Hair Analysis

Sample Concentration % RSD

1 212 ± 3 ppb 3.5

Milestone’s Sponsor Report
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Table 4. Blood Analysis: DMA-80 vs Known Concentrations

Sample Weight (g) Assigned Target (ng/g) DMA-80 (ng/g)

1 0.1015 32.7 39.3

2 0.1999 1.9 1.3

3 0.1024 5.4 4.5

4 0.1020 17.3 19.8

5 0.1002 12.0 13.1

6 0.1002 25.6 31.0

7 0.1036 2.9 1.2

8 0.1009 1.8 0.0

9 0.1049 10.4 11.3

10 0.1013 6.4 5.8

CONCLUSION
The DMA-80 evo, direct mercury analyzer, successfully processed all three clinical matrices and 

provides a fast, accurate and reliable alternative to wet chemistry techniques. 
No sample preparation is required meaning results are obtained within six minutes. This is ideal for 

clinical laboratories looking for quick turnaround of their in-house samples. 

Further reading
Please visit our Hg info center for complete access to application notes, technical papers, as well as links 
to valuable resources for mercury testing.
Go to www.milestonesrl.com/dma-80 

To learn more about mercury and other related topics, feel free to visit these websites: 
 
EPA Method 7473: http://www.epa.gov/waste/hazard/testmethods/sw846/pdfs/7473.pdf
 
ASTM Method D6722: http://www.astm.org/Standards/D6722.htm
 
EPA Mercury: http://www.epa.gov/mercury/
 
Methylmercury: http://en.wikipedia.org/wiki/Methylmercury
 
Mercury in Fish: http://www.epa.gov/waterscience/fish/advice/mercupd.pdf

This Sponsor Report is the responsibility of Milestone.

The Determination of Total Mercury in Clinical Matrices Utilizing Direct Analysis for 
Mercury Detection in Blood, Hair and Urine Samples

http://www.milestonesrl.com/dma-80
https://www.epa.gov/esam/epa-method-7473-sw-846-mercury-solids-and-solutions-thermal-decomposition-amalgamation-and
http://www.astm.org/Standards/D6722.htm
http://www.epa.gov/mercury/
http://en.wikipedia.org/wiki/Methylmercury
http://www.epa.gov/waterscience/fish/advice/mercupd.pdf


MEETING OF THE BRAZILIAN SOCIETY 
OF FORENSIC SCIENCE

NATIONAL MEETING OF 
FORENSIC CHEMISTRY

JOINT FORENSIC SCIENCE MEETING

5 

8 

The universe of 
FORENSIC SCIENCES

Connecting Science and Justice

THEMATIC 
SESSIONS SHORT 

COURSES

AWARDS

SPONSOR 
EXPOSURE

September 05-08 2022 | 

Ribeirão Preto Convention Center 

Ribeirão Preto/SP - Brazil

Take part!

www.enqfor.org.br 
For more information:

CRIME 
SCENE

http://www.enqfor.org.br


268

Thermo Scientific iCAP RQ ICP-MS
Simplicity, productivity and robustness for routine labs

Expand your analytical capabilities with this complete 
trace elemental analysis solution for your high-throughput lab. 
User-inspired hardware and software combine in the Thermo 
Scientific™ iCAP™ RQ ICP-MS to deliver maximized productivity 
and robustness. Simplicity and ease-of-use work in concert 
to streamline work-flows and achieve ‘right-first-time’ results; 
essential to all busy labs.

This innovative single quadrupole (SQ) ICP-MS is the ideal 
trace elemental analyzer for 24/7 routine analysis to advanced 
applications in research.

Simplicity guarantees user-friendly operation 
• Quick connect sample introduction system
• Easy access cones via bench-height drop-down door
• Open geometry architecture for easy peripheral connection
• Intuitive platform software for seamless workflows

Productivity delivers more analysis in less time 
• Less training for software and hardware
• Compatibility with automation and sample handling systems
• Comprehensive interference removal in single measurement mode
• Reduced drift and operator intervention

Robustness ensures high up-time and low maintenance
• Improved matrix tolerance interface
• All new state-of-the-art electronics
• New sturdy design RF generator
• Reliable hot and cold plasma operation

Comprehensive interference removal assures data accuracy, while our innovative helium Kinetic Energy 
Discrimination (He KED) technology enables measurement of all analytes in a single mode.

Our highly effective QCell collision/reaction cell, combined with unique flatapole design reduces BECs 
even further than He KED alone, through the clever, dynamic application of low mass cut off (LMCO).

Intuitive Thermo Scientific™ Qtegra™ Intelligent Scientific Data Solution™ (ISDS) software delivers 
all the support features essential to any lab, while containing all the flexibility needed to achieve the most 
challenging applications.
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Thermo Scientific™ VeriSpray™ PaperSpray Ion Source
The faster path to MS analysis

The VeriSpray ion source combined with next-generation 
Thermo Scientific™ mass spectrometers reduces time to 
results and cost per test with automated, high-throughput, 
direct mass spectrometry (MS)-based sample analysis. 

The VeriSpray ion source allows use of “dilute and 
shoot” methods to minimize solvent consumption and time-
consuming sample preparation steps like derivatization, 
while avoiding needs for expert operators and instrument 
downtime.

For laboratories currently performing LC or GC 
methods, or for those that want to add the robust sensitivity 
and selectivity of MS-based tests, the VeriSpray ion 
source provides an ideal alternative to the complexity of 
chromatography-based solutions.

Achieve remarkable simplicity
For many tests, the VeriSpray ion source solution eliminates time-consuming, complicated off-line 

sample preparation and chromatographic separation, simplifying MS analyses for any user. 

Reduce sample turnaround time
The VeriSpray ion source solution permits highthroughput analysis of unprocessed samples in just one 

step. With the VeriSpray ion source, there is no chromatographic downtime or maintenance.

Lower costs per test
Compared to LC, the VeriSpray ion source substantially reduces solvent consumption and disposal, 

and eliminates LC or GC instrument maintenance costs and extra derivatization steps. 

Automate analyses
A VeriSpray ion source solution can run up to 240 samples unattended. For automated sample spotting, 

the VeriSpray sample plates are compatible with robotic spotters. Barcode reading capabilities enable 
integration into Laboratory Information Systems (LIS).

Go green
Environmentally friendly, the VeriSpray ion source reduces solvent consumption. The VeriSpray ion 

source itself consumes very little solvent and produces minimal waste.

State-of-the-art design automates analyses for high throughput and lower costs
With an advanced design, the VeriSpray ion source automates direct MS analyses, helping to improve 

turnaround time and reduce sample analysis costs.

Find out more at VeriSpray PaperSpray Ion Source for Mass Spectrometry

https://www.thermofisher.com/br/en/home/industrial/mass-spectrometry/liquid-chromatography-mass-spectrometry-lc-ms/lc-ms-accessories/verispray-paperspray-ion-source-mass-spectrometry.html


WEBINAR WEBSITE
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Save Time — Go Direct for Mercury Analysis
The Milestone DMA-80 has been at the forefront of direct total mercury analysis 
for almost two decades

The challenges in mercury determination are well known to analysts who often face a number of issues 
connected with tedious sample preparation process or the mercury analysis steps causing memory effect 
even after long cleaning cycles performed using latest generation of ICP-MS or cold vapor systems. 

The DMA-80 mercury determination system can analyze any matrix (solid, liquid or gas) without any 
pre-treatment or chemical additions in as few as 6 minutes in full compliance with EPA method 7473. With 
thousands of units installed, Milestone defines the benchmark for direct mercury determination in a wide 
range of industries: environmental, food energy, cement, cosmetics, agriculture, mining and petrochemical.

• Improved design from the outside out for superior performance event at the ppt level.

• Easy-to-use technology with a single long-lasting calibration for all matrices.

• No memory effect thanks to the revolutionary autoblank feature.

• Milestone Connect for 30-years of experience at your fingertips

• Fully compliant with US EPA Method 7473, ASTM method D-6722-01 and D-7623-10.

• Maximize your ROI with an easy-to-maintain system and reliable components.

READ MORE

https://www.milestonesrl.com/products/mercury-determination/dma-80-evo
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In the face of health and safety risks resulting from the ever-
increasing communicability of emerging COVID-19 strains, the 
decision to cancel the in-person Pittcon was made.

Currently, alternate options for presenting Pittcon 2022 are being 
explored. More details on this will be released as soon as they 
are finalized.

For more information visit https://pittcon.org/#learn-more
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SelectScience® Pioneers online Communication and 
Promotes Scientific Success

SelectScience® promotes scientists and their work, accelerating the communication of successful 
science. Through trusted lab product reviews, virtual events, thought-leading webinars, features on hot 
scientific topics, eBooks and more, independent online publisher SelectScience® provides scientists across 
the world with vital information about the best products and techniques to use in their work.

Some recent contributions from SelecScience® to the scientific community

Webinars
The 2020 opioids epidemic and the importance of drug screening

COVID-19 has led to a reversal of the downward trend in opioid misuse globally — watch this on-
demand webinar to explore the crisis in depth. Prof. Dr. Marilyn A. Huestis, Senior Fellow, Thomas Jefferson 
University, and President, Huestis & Smith Toxicology, will break down how this global opioid epidemic 
emerged, its continued prevalence in 2020, as well as detail the current approaches for drug testing and 
the success of available treatment regimens for opioid dependance. Access this webinar here

Real-time forensic drug analysis using direct ionization mass spectrometry
Peter Cain, Scientific Advisor at Eurofins Forensic Services, discusses the analysis of seized drug 

material using a low-cost, compact mass spectrometer. This new approach utilizes ambient ionization to 
analyze seized drug material without any prior chromatographic separation, therefore providing results in 
near real time. The improved selectivity of this analysis results in fewer false positives and therefore fewer 
samples requiring confirmatory GC/MS or LC/MS analysis. Access this webinar here

Video: How NGS enables mass food fraud screening
Sofia Nogueira, Molecular Biology Laboratory Manager at Jeronimo Martins, discusses the power of 

next-generation sequencing (NGS) in food fraud testing and explains how NGS enables full screening of 
all ingredients within a sample. Watch this video here

Editorial Article: The use of probabilistic genotyping software in forensic DNA analysis
In this guest editorial, Dr. Michael Coble discusses how probabilistic genotyping (PG) software has 

revolutionized the ability of forensic labs to interpret DNA profiles. Dr. Michael Coble is a fellow of the 
American Academy of Forensic Sciences and a member of the International Society for Forensic Genetics. 
Read this article here
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     Working with Scientists to Make the Future Healthier.  

     Informing scientists about the best products and applications.

     Connecting manufacturers with their customers to develop, promote and sell

technologies.

SelectScience® is the leading independent 
online publisher connecting scientists to the
best laboratory products and applications.

https://www.selectscience.net/
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CHROMacademy is the leading provider of eLearning 
for analytical science

CHROMacademy helps scientific organizations acquire and maintain 
excellence in their laboratories.

For over 10 years, CHROMacademy has increased knowledge, efficiency and productivity across 
all applications of chromatography. With a comprehensive library of learning resources, members can 
improve their skills and knowledge at a pace that suits them. 

CHROMacademy covers all chromatographic applications – HPLC, GC, mass spec, sample 
preparation, basic lab skills, and bio chromatography. Each paradigm contains dozens of modules across 
theory, application, method development, troubleshooting, and more. Invest in analytical eLearning and 
supercharge your lab.

For more information, please visit www.chromacademy.com/
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Analytical Techniques in Forensic Science 
Rosalind Wolstenholme, Sue Jickells, Shari Forbes, Editors
October 2020. Publisher: Wiley
An in-depth text that explores the interface between analytical chemistry and trace 
evidence in forensic science. With contributions from noted experts on the topic, the 
text features a detailed introduction analysis in forensic science and then subsequent 
chapters explore the laboratory techniques grouped by shared operating principles.  
The applications reviewed include evidence types such as fibers, paint, drugs and 
explosives. Read more

Forensic Analytical Methods 
Thiago R. L. C. Paixão, Wendell K. T. Coltro, Maiara Oliveira Salles, Editors
August 2019. Publisher: Royal Society of Chemistry
This is the first book that brings together the understanding of the analytical techniques 
and how these influence the outcome of a forensic investigation. Starting with a brief 
introduction of the chemical analysis for forensic application, some forensic sampling 
and sample preparation, the book then describes techniques used in forensic chemical 
sensing in order to solve crimes. Read more

“Locais de Crime. Dos vestígios à Dinâmica Criminosa” 
Jesus A. Velho, Karina A. Costa, Clayton T. Damasceno, Editors
January 2013. Publisher: Millenium
This book covers concepts, techniques and procedures applied to the expert 
processing of crime scenes with schematic drawings of procedures, case analyses, 
images and color photos. It is a real treaty on Crime Scenes. It is essential reading for 
those who work or intend to work in the forensic area. Read more

NOTICES OF BOOKS

Brazilian Journal of Analytical Chemistry
2022, Volume 9, Issue 34

“Química Forense Experimental” 
Bruno S. de Martinis, Marcelo F. de Oliveira, Editors
January 2016. Publisher: Cengage Learning
This book presents several chemical analysis techniques aimed at the forensic 
area, such as: colorimetric, spectrometric and electrochemical methods, separation 
techniques, among others. The chapters consist of case studies and a proposal for an 
experimental script for laboratory practice. The authors intend to encourage a detailed 
discussion of chemical analysis techniques in the context of Forensic Chemistry, 
discussing their operational advantages and intrinsic limitations. Read more

https://www.wiley.com/en-us/Analytical+Techniques+in+Forensic+Science-p-9781119033820
https://pubs.rsc.org/en/content/ebook/978-1-78801-459-5
https://www.millenniumeditora.com.br/locais-de-crimes-dos-vestigios-a-dinamica-criminosa
https://www.cengage.com.br/ls/quimica-forense-experimental/
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American Laboratory
American Laboratory® is a platform that addresses basic research, clinical diagnostics, 
drug discovery, environmental, food and beverage, forensics and other markets, and 
combines in-depth articles, news, and video to deliver the latest advances in their fields.
LABTips – Particle Characterization and Testing: Characterization is critical in a 
vast number of industries. Regardless of application, knowing the size and shape of 
particles allows manufacturers to control product effectiveness and maintain customer 
satisfaction. Read more 

LCGC
Chromatographyonline delivers practical, nuts-and-bolts information to help scientists 
and lab managers become more proficient in the use of chromatographic techniques 
and instrumentation, thereby making laboratories more productive and businesses 
around the world more successful. Article: The Role of Two-Dimensional Gas 
Chromatography in Arson Investigations. Boegelsack, N. & O’Sullivan, G. from 
Mount Royal University in Calgary, CA, created a GC×GC workflow to analyse ignitable 
liquid residues in arson investigations. Read more 

Scientia Chromatographica
Scientia Chromatographica is the first and to date the only Latin American scientific 
journal dedicated exclusively to Chromatographic and Related Techniques. With a highly 
qualified and internationally recognized Editorial Board, it covers all chromatography 
topics in all their formats, in addition to discussing related topics such as “The Pillars 
of Chromatography”, Quality Management, Troubleshooting, Hyphenation (GC-MS, 
LC-MS, SPE-LC-MS/MS) and others. It also provides columns containing general 
information, such as: calendar, meeting report, bookstore, etc. Read more

Select Science
SelectScience® has transformed global scientific communications and digital 
marketing over the last 23 years. Informing scientists about the best products and 
applications. Connecting manufacturers with their customers to develop, promote and 
sell technologies promotes scientists and their work, accelerating the communication 
of successful science. Scientists can make better decisions using independent, expert 
information and gain easy access to manufacturers. SelectScience® informs the global 
community through Editorial, Features, Video and Webinar programs. Read more 

Spectroscopy
With the Spectroscopy journal, scientists, technicians, and lab managers gain 
proficiency through unbiased, peer-reviewed technical articles, trusted troubleshooting 
advice, and best-practice application solutions. 
Article: A Simple Introduction to Raman Spectral Identification of Organic 
Materials By Fran Adar. Innovative database search technology can help Raman 
spectroscopists identify molecular vibrations; here, we show how to use these tools 
more effectively. Read more
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https://www.americanlaboratory.com/576852-LABTips-Particle-Characterization-and-Testing/
https://www.chromatographyonline.com/view/the-role-of-two-dimensional-gas-chromatography-in-arson-investigations
http://iicweb.org/scientiachromatographica/
https://www.selectscience.net/
https://www.spectroscopyonline.com/view/a-simple-introduction-to-raman-spectral-identification-of-organic-materials
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January 9 – 10
Gordon Research Conference Electrochemistry “Fundamental to Applied Electrochemistry: New 
Frontiers in Charge Transfer Theory, Electrocatalysis, Materials for Energy Conversion/Storage, 
Sensing and Separations”
Ventura, CA, USA 
http://www.grc.org/electrochemistry-conference/2022/

March 5 – 9
PITTCON In-person Conference & Expo was Canceled
Alternate options for presenting Pittcon 2022 are being explored 
More details on this will be released as soon as they are finalized
For more information visit https://pittcon.org/#learn-more

April 19 – 22
EuroAnalysis 2022
Linnaeusgebouw, Nijmegen, Netherlands
https://10times.com/e1z5-d0hf-31sf

May 25 – 28
XXII Brazilian Congress of Toxicology (CBTox 2022)
Balneário Camboriú, SC, Brazil
www.cbtox2021.com.br

May 29 – June 2
19th International GCxGC Symposium
Canmore, Alberta, Canada
https://www.gcxgc-symposium.com

May 29 – June 2
241st Meeting of the Electrochemical Society (ECS)
Vancouver, BC, Canada 
https://www.electrochem.org/241

May 30 – June 3
Colloquium Spectroscopicum Internationale (CSI XLII 2022)
Gijon, Spain
https://www.csi2022spain.com/en/

May 31 – June 3
45th Annual Meeting of the Brazilian Chemical Society (RASBQ)
Maceió, AL, Brazil
http://www.sbq.org.br/reunioes-anuais

June – strongly hoping that it will be possible to have a fully in person conference
XVIII Chemometrics in Analytical Chemistry (CAC)
Courmayeur, Italy / Chamonix, France
http://cac2020.sciencesconf.org

EVENTS in 2022 – It is suggested to consult the event’s official website for updates.
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June 5 – 9
18th International Conference on Electroanalysis (ESEAC 2022)
Vilnius, Lithuania
http://www.eseac2020.com/

June 21 – 23
Analitica Latin America Expo & Conference
São Paulo, SP, Brazil
https://www.analiticanet.com.br/

July 18 – 22
8th International Caparica Conference on Analytical Proteomics 
Caparica, Portugal
https://www.icap2022.net/

August 26 – 28
Journées de Chimie Analytique 2022 (JCA2022)
Libreville, Gabon
https://jca-2021.sciencesconf.org

September 5 – 8
Meeting of the Brazilian Society of Forensic Sciences & National Meeting on Forensic Chemistry 
(EnQFor) 
Ribeirão Preto, SP, Brazil
https://www.sbcf.org.br/

September 25 – 28
20th National Meeting of Analytical Chemistry (ENQA) & 8th Ibero-American Congress of 
Analytical Chemistry (CIAQA)
Bento Gonçalves, RS, Brazil
https://enqa.com.br/

September 25 – 29
XX Brazilian Materials Research Society Meeting (SBPMat)
Foz do Iguaçu, PR, Brazil
https://www.sbpmat.org.br/pt/

October 15 – 18
Annual Meeting of the Brazilian Society for Biochemistry and Molecular Biology (SBBq)
Foz do Iguaçu, PR, Brazil
https://www.sbbq.org.br/

December 10 – 15
III Ibero American Conference on Mass Spectrometry (IBERO 2022)
Rio de Janeiro, RJ, Brazil
https://www.ibero2022.com/

EVENTS in 2022 – It is suggested to consult the event’s official website for updates.
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Scope
The Brazilian Journal of Analytical Chemistry (BrJAC) is dedicated to the diffusion of significant and 

original knowledge in all branches of Analytical Chemistry and Bioanalytics. The BrJAC is addressed to 
professionals involved in science, technology and innovation projects at universities, research centers and 
in industry.

Professional Ethics
Manuscripts submitted for publication in BrJAC cannot have been previously published or be currently 

submitted for publication in another journal. 
The BrJAC does not consider submissions of manuscripts that have been posted to preprint servers prior 

to submission, and will withdraw from consideration any papers posted to those servers prior to publication.
The submitted manuscripts are the full responsibility of the authors. Manipulation/invention/omission of 

data, duplication of publications, the publication of papers under contract and confidentiality agreements, 
company data, material obtained from non-ethical experiments, publications without consent, the omission 
of authors, plagiarism, the publication of confidential data and undeclared conflicts of interests are 
considered serious ethical faults.

The BrJAC discourages and restricts the practice of excessive self-citation by the authors.
The BrJAC does not practice coercive citation, that is, it does not require authors to include references 

from BrJAC as a condition for achieving acceptance, purely to increase the number of citations to articles 
from BrJAC without any scientific justification.

Misconduct will be treated according to the COPE’s recommendations (https://publicationethics.org/) 
and the Council of Science Editors White Paper on Promoting Integrity in Scientific Journal Publications 
(https://www.councilscienceeditors.org/).

For more detailed information on the BrJAC’s ethics and integrity policy, please see the “About us” 
menu at www.brjac.com.br

Manuscripts that can be submitted to BrJAC
•	 Articles: Full descriptions of an original research finding in Analytical Chemistry. Articles undergo 

double-blind full peer review.
•	 Reviews: Articles on well-established subjects, including critical analyses of the bibliographic references 

and conclusions. Manuscripts submitted for publication as Reviews must be original and unpublished. 
Reviews undergo double-blind full peer review. 

•	 Technical Notes: Concise descriptions of a development in analytical methods, new techniques, 
procedures or equipment falling within the scope of the BrJAC. Technical notes also undergo double-
blind full peer review. 

•	 Letters: Discussions, comments, suggestions on issues related to Analytical Chemistry, and 
consultations to authors. Letters are welcome and will be published at the discretion of the BrJAC 
editor-in-chief.

Documents Preparation 
It is highly recommended that authors download and use the templates to create their four mandatory 

documents to avoid the suspension of a submission that does not meet the BrJAC guidelines.
Download templates here

Cover Letter
In addition to the usual content of a Cover Letter to the Editor-in-Chief of the journal, the submitting 

author must declare any conflicts of interest on behalf of all co-authors and their agreement with the 
copyright policy of the BrJAC. Please read about conflicts of interest and copyright in the About us menu 
at www.brjac.com.br

GUIDELINES FOR AUTHORS

Brazilian Journal of Analytical Chemistry

https://brjac.com.br/guidelines-download.php
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It is the duty of the submitting author to inform their collaborators about the manuscript content and 
obtain their permission for submission and eventual publication.

The Cover Letter must be signed by the submitting author.

Title Page
The Title Page must contain information for each author: full name, affiliation and full postal address in 

the original language, and information on the contribution of each author to the work. Acknowledgments 
must be entered on the Title Page. The submitting author must sign the Title Page.

Novelty Statement
The Novelty Statement must contain clear and succinct information about what is new and innovative in 

the study in relation to previously related works, including the works of the authors themselves.

Manuscript
It is highly recommended that authors download the Manuscript template and create their manuscript 

in this template, keeping the layout of this file. 
•	 Language: English is the language adopted by BrJAC. The correct use of English is of utmost 

importance. In case the Editors and Reviewers consider the manuscript to require an English revision, 
the authors will be required to send an English proofreading certificate before the final approval of the 
manuscript by BrJAC.

•	 Required items: the manuscript must include a title, abstract, keywords, and the following sections: 
Introduction, Materials and Methods, Results and Discussion, Conclusion, and References.

•	 Identification of authors: as the BrJAC adopts a double-blind review, the manuscript file must NOT 
contain the authors’ names, affiliations nor acknowledgments. Full details of the authors and their 
acknowledgements should be on the Title Page. 

•	 Layout: the lines in the manuscript must be numbered consecutively and double-spaced.
•	 Graphics and Tables: must appear close to the discussion about them in the manuscript. For figures 

use Arabic numbers, and for tables use Roman numbers. 
•	 Permission to use content already published: to use figures, graphs, diagrams, tables, etc. identical 

to others previously published in the literature, even if these materials have been published by the 
same submitting authors, a publication permission from the publisher or scientific society holding the 
copyrights must be requested by the submitting authors and included among the documents uploaded 
in the manuscript management system at the time of manuscript submission. 

•	 Chemical nomenclature, units and symbols: should conform to the rules of the International Union of 
Pure and Applied Chemistry (IUPAC) and Chemical Abstracts Service. It is recommended that, whenever 
possible, the authors follow the International System of Units, the International Vocabulary of Metrology 
(VIM) and the NIST General Table of Units of Measurement. Abbreviations are not recommended 
except for those recognized by the International Bureau of Weights and Measures or those recorded 
and established in scientific publications. Use L for liters. Always use superscripts rather than /. For 
instance: use mg mL-1 and NOT mg/mL. Leave a space between numeric values and their units.

•	 References throughout the manuscript: the references must be cited as numbers in square 
brackets [ ]. It is recommended that references older than 5 (five) years be avoided, except in relevant 
cases. Include references that are accessible to readers.

•	 References item: This item must be thoroughly checked for errors by the authors before submission. 
From 2022, BrJAC is adopting the American Chemical Society’s Style in the Reference item. Mendeley 
Reference Manager users will find the Journal of American Chemical Society citation style in the 
Mendeley View menu. Non-users of the Mendeley Reference Manager may refer to the ACS Reference 
Style Quick Guide DOI: https://doi.org/10.1021/acsguide.40303 

BrJAC Guidelines for Authors
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Manuscript Submission 
The BrJAC uses an online manuscript manager system for the submission of manuscripts. This system 

guides authors stepwise through the entire submission process.

Submit manuscripts at www.brjac.com.br

The submitting author must add all co-authors to the Authors section of the manuscript manager system. 
After submission, all co-authors will receive an alert and will have the opportunity to confirm whether or not 
they are co-authors.

Four documents are mandatorily uploaded by the submitting author: Cover letter, Title Page, Novelty 
Statement and the Manuscript. Templates for these documents are available at www.brjac.com.br

The four documents mentioned above must be uploaded into the manuscript manager system as Word 
files. The manuscript Word file will be converted by the system to a PDF file which will be used in the 
double-blind peer review process. 

All correspondence, including notification of the Editor’s decision and requests for revision, is sent by 
e-mail to the submitting author through the manuscript manager system.

Review process
Manuscripts submitted to the BrJAC undergo an initial check for compliance with all of the journal’s 

guidelines. Submissions that do not meet the journal’s guidelines will be suspended and an alert sent to the 
corresponding author. The authors will be able to resend the submission within 30 days. If the submission 
according to the journal’s guidelines is not made within 30 days, the submission will be withdrawn on the 
first subsequent day and an alert will be sent to the corresponding author.

Manuscripts that are in accordance with the journal’s guidelines are submitted for the analysis of 
similarities by the iThenticate software. 

The manuscript is then forwarded to the Editor-in-Chief who will check whether the manuscript is in 
accordance with the journal’s scope and will analyze the similarity report issued by iThenticate. 

If the manuscript passes the screening described above, it will be forwarded to an Associate Editor who 
will also analyze the iThenticate similarity report and invite reviewers. 

Manuscripts are reviewed in double-blind mode by at least 2 reviewers. A larger number of reviewers 
may be used at the discretion of the Editor. As evaluation criteria, the reviewers employ originality, scientific 
quality, contribution to knowledge in the field of Analytical Chemistry, the theoretical foundation and 
bibliography, the presentation of relevant and consistent results, compliance with the BrJAC’s guidelines, 
clarity of writing and presentation, and the use of grammatically correct English.

Note: In case the Editors and Reviewers consider the manuscript to require an English revision, the 
authors will be required to send an English proofreading certificate, by the ProofReading Service or 
equivalent service, before the final approval of the manuscript by the BrJAC.

The 1st-round review process usually takes around 5-6 weeks. If the manuscript is not rejected but 
requires corrections, the authors will have one month to submit a corrected version of the manuscript. In 
another 3-4 weeks, a new decision on the manuscript may be presented to the corresponding author.

The manuscripts accepted for publication are forwarded to the article layout department. Minor changes 
to the manuscripts may be made, when necessary, to adapt them to BrJAC guidelines or to make them 
clearer in style, respecting the original content. The articles are sent to the authors for approval before 
publication. Once published online, a DOI number is assigned to the article.

Copyright
When submitting their manuscript for publication, the authors agree that the copyright will become the 

property of the Brazilian Journal of Analytical Chemistry, if and when accepted for publication. The submitting 
author declares in the Cover Letter, on behalf of all other co-authors, to consent to this transfer.

BrJAC Guidelines for Authors
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The copyright comprises exclusive rights of reproduction and distribution of the articles, including reprints, 
photographic reproductions, microfilms or any other reproductions similar in nature, including translations.

Final Considerations
Whatever the nature of the submitted manuscript, it must be original in terms of methodology, information, 

interpretation or criticism. 
With regard to the contents of published articles and advertisements, the sole responsibility belongs to the 

respective authors and advertisers; the BrJAC, its editors, editorial board, editorial office and collaborators are 
fully exempt from any responsibility for the data, opinions or unfounded statements.

BrJAC Guidelines for Authors


