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“So crucify the ego, before it's far too late

To leave behind this place so negative and blind and cynical...
And you will come to find that we are all ONE MIND,
capable of all that's imagined and all conceivable.

Just let the light touch you,

And let the words spill through,
And let them pass right through,
Bringing out our hope and reason..
Before WE PINE AWAY.”

Reflection- Tool
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RESUMO

Atualmente, uma das demandas mais urgentes € a busca pela sustentabilidade
dos processos quimicos e para a preservacao da biodiversidade através da
exploragdo sustentavel dos recursos naturais do planeta. Sendo assim, esta tese
demonstrou a aplicacédo de diversas modalidades de espectrometria de massas para
a caracterizacao de matérias primas ligadas a biodiversidade brasileira e para a
prospeccao e certificacdo de combustiveis feitos de fontes renovaveis.

No primeiro artigo, foi demonstrado que um método quimiotaxonémico baseado
na analise de possiveis marcadores fitoquimicos distintos é capaz de caracterizar e
diferenciar amostras de madeira de mogno nativo da Amazdnica e de mogno Africano
que vem sendo utilizado para reflorestamento de &reas desmatadas. Para isso,
utilizou-se uma metodologia simples e rapida através da analise direta por
espectrometria de massas e ionizagdo por electrospray (ESI-MS) de um extrato
metandlico obtido de um pedacgo de madeira.

O segundo artigo descreveu uma metodologia para determinar com exatidao
os valores de 5'3C em ésteres metilicos de acidos graxos (FAMEs) da Jatropha curcas
(pinhdo manso), através da técnica de cromatografia gasosa acoplada a
espectrometria de massas de razdo isotopica (GC-IRMS). O valor médio de &'3C
determinado para os FAMEs de 9 amostras diferentes de J. curcas foi 8'°Cvros =
-29,51 £ 1,08 mUr, enquanto o valor obtido com a técnica de referéncia, (EA-IRMS)
foi de —28,97 + 0,43 mUr, que é uma assinatura tipica de plantas C3.

Ja no terceiro artigo foram demonstradas estratégias para caracterizar
extratos de microalgas utilizando a mobilidade i6nica acoplada a espectrometria de
massas (TWIM-MS). Primeiramente, os extratos foram analisados por infusao direta
na fonte ESI. A segunda estratégia foi a analise de metabolémica e lipiddmica
untargeted por cromatografia liquida de ultra-eficiéncia (UPLC) acoplada a TWIM por
analise independente de dados (DIA) - HDMSE. Dezesseis biomassas de microalgas
foram avaliadas por ambos os métodos. A DI-ESI-TWIM-MS péde separar diferentes
classes de metabdlitos, tornando a tipificacdo de microalgas mais evidente. Ja a
analise por UPLC-HDMSE, identificou 1251 diferentes metabdlitos, detalhando
quimicamente os perfis lipidicos desses extratos de biomassa de microalga.

Por fim, o quarto e ultimo artigo desta tese se tratou de um compéndio sobre a
composigcao de 6leos de espécies nativas da Amazénia. Foram descritos os perfis de
FAMEs e dos TAGs intactos de dezesseis espécies oleaginosas da Amazénia. Os
TAGs foram caracterizados de forma detalhada através de seus espectros de MS/MS.
Todas as amostras amazdnicas foram comparadas a 6leos comerciais como soja,
milho, coco e azeite, e seus espectros de massas foram avaliados estatisticamente
por meio de analise de componentes principais (PCA). Os resultados mostraram a
formacgéo de trés grupos principais: manteigas, éleos com alto teor de acido oleico e
6leos com alto teor de acido linoleico, além de algumas manteigas diferenciadas,
como bacuri e cupuagu, com composi¢cdes mais préximas dos 6leos do que a de
outras manteigas.



Através das diferentes aplicacbes apresentadas nesta tese, almeja-se
contribuir com ferramentas analiticas para a protecao de espécies nativas brasileiras,
bem como auxiliar nas pesquisas para o uso adequado dos seus recursos naturais do
planeta.



ABSTRACT

One of the most urgent demands in the world nowadays is the search for
sustainability of the chemical processes and for the exploitation of natural resources
of the planet. Thus, this thesis aimed to demonstrate the application of several mass
spectrometry (MS) modalities for the characterization of raw materials from Brazilian
biodiversity, as well as for prospecting and certification of biofuels made from
renewable sources.

In the first article, it is demonstrated that a wood chemotaxonomic method
based on distinct profiles of phytochemical markers is able to characterize both the
Amazonian native and foreign mahogany species. This challenging task has been
performed via a simple, fast and unambiguous methodology using direct electrospray
ionization mass spectrometry (ESI-MS) analysis of a simple methanolic extract of a
tiny wood chip.

The second article described a methodology to accurately determine the &'3C
values in Jatropha curcas FAMEs. The determined &'3C average value for the FAMEs
of 9 different samples of J. curcas was &'3Cvpps = —29.51 + 1.03 mUr, while the bulk
value obtained with EA-IRMS was -28.97 + 0.43 mUr, a typical signature of C3-plants.
This work also demonstrates that major quality procedures must indeed be applied for
accurate determinations of isotopic values, especially in GC analysis, following the
identical treatment principle.

In the third article, were reported strategies to characterize microalgae extracts
via traveling wave ion mobility — mass spectrometry (TWIM-MS). First, we analyzed
microalgae extracts by direct infusion to an electrospray ion source (ESI) with no
previous chromatographic separation (DI-ESI-TWIM-MS). Second, we screened
metabolites and lipids in the extracts via an untargeted high throughput method by
ultra-performance liquid chromatography (UPLC) coupled to TWIM using data
independent analysis (DIA) — MSE (UPLC-HDMSE). Sixteen different microalgae
biomasses were evaluated by both approaches. DI-ESI-TWIM-MS was able, via
distinct drift times, to set apart different classes of metabolites, making microalgae
typification more evident. UPLC-HDMSE, identified 1251 different metabolites,

The fourth and last article in this thesis was about a compendium on Amazonian
oils composition, in which a detailed fatty acids and intact TAGs of sixteen different
oleaginous Amazonian species was reported, The TAGs were characterized by their
MS/MS spectrum resulting in a detailed study about TAGs composition in these
samples. All the Amazonian samples were compared to trivial oils such as soybean,
corn, coconut and olive oil, and their mass spectra were statistically evaluated using
principal component analysis (PCA). The results showed a formation of three main
groups: butters, high oleic acid oils and high linoleic acids oils, plus some disconnected
butters such as bacuri and cupuagu with compositions closer to oils than to other
butters. composition, and additionally, encourage the sustainable production and
appropriate use of Amazon forest resources.



From the applications presented in this thesis, we are expecting to contribute
with analytical tools for the protection of Brazilian native species, as well as to help the
researches that leads to the proper use of planet’s natural resources.
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CAPITULO 1. INTRODUCAO

1.1. Problematica e conceitos

Desde meados do século XVIII, com a primeira revolugédo industrial, o homem
vem alterando sua forma de extrair recursos do planeta Terra ao longo do tempo.
Inicialmente, empregava-se um meio de producao fundamentalmente artesanal, em
que o proprio ser humano era a principal ferramenta de producédo das manufaturas da
época.! Esse processo foi drasticamente alterado com a introdugdo de maquinarios
alimentados principalmente com energia derivada de combustiveis fésseis, como o
carvao, 22 principalmente para as indUstrias téxteis e metallrgicas, que estavam em
pleno desenvolvimento na época. 4 J& ao final do século XIX, o mundo experimentou
a segunda revolucao industrial, em que um rapido desenvolvimento tecnolégico fez
com que ocorresse a maioria dos avangos industriais que permitiram a
comercializagdo de bens de consumo de diversos setores, que movimentam a base
da sociedade atual. Sendo assim, ocorreu a solidificagdo de industrias como a
automotiva e de motores, dos meios de comunicacdo, dos materiais derivados do
petréleo, da industria farmacéutica, computacional, ou seja, de praticamente toda
base industrial e tecnoldgica do nosso século, sendo a revolugdo mais significativa
gue ja houve até hoje. °

Entretanto, a exploracdo completamente desordenada dos recursos naturais
do planeta Terra nos ultimos 300 anos obviamente teve impactos que hoje ameagam
a existéncia dos seres vivos das préximas geragdes. A quantidade de residuo oriundo
de todos os avangos industriais dos ultimos séculos foi durante muito tempo
negligenciado e hoje é um dos maiores desafios globais,®” afinal como diz a ideia
oriunda dos estudos de A. L. Lavoisier:

1 J. de Vries, The Industrial Revolution and the Industrious Revolution. The Journal of Economic History, 1994, 54,
249.

2 J. Fahrenkamp-Uppenbrink, The heroes of the Industrial Revolution. Science, 2015, 150.

3 C. A. Berg, Process Innovation and Changes in Industrial Energy Use. Science, 1978, 608.

4 M. Fores, The myth of a british industrial revolution. History, 1981, 66, 181.

5 A. Spilhaus, The Next Industrial Revolution, Science, 1970, 167(3926), 1673.

6 M. El-Fadel, A. N. Findikakis, J. O. Leckie, Environmental Impacts of Solid Waste Landfilling. Journal of
Environmental Management, 1997, 50, 1.

7 B. H. Robinson, E-waste: An assessment of global production and environmental impacts, Science of The Total
Environment, 2009, 408 (2), 183.
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“Nada se perde, nada se cria, tudo se transforma”.

Ou seja, os residuos industriais continuarao “a existir” no planeta enquanto um melhor
destino ndo seja dado a eles, tendo em vista o fato de que o processo natural de
degradacao é por vezes muito mais lento do que o da gerag¢ao de novos residuos.
Além disso, todos esses avangos foram conseguidos a custa da exploracao energética
e material do petréleo, que é uma fonte ndo renovavel (pelo menos nao a “curto”
prazo) e altamente poluidora. Atualmente, sabe-se que a poluicdo causou danos
praticamente irreversiveis ao meio ambiente. 8 O aumento antropogénico da emisséo
dos Green House Gases (GHG) ® oriunda da exploragédo do petroleo e da destruicao
de florestas é hoje uma preocupacédo mundial que demanda uma forca tarefa de todas
as nacdes, com o objetivo de frear as mudancas climaticas, principalmente um
fendmeno de aquecimento global. 1% A industrializagéo rapida também causou danos
em outras esferas, como solos e as aguas, impactando de multiplas formas a
qualidade de vida dos seres vivos e a preservacao da biodiversidade. Sabe-se que,
atualmente, devido a exploracdo descontrolada dos recursos naturais, a
biodiversidade, tanto marinha, quanto terrestre, encontra-se ameacada, sendo que
muitas espécies (animais e vegetais) ja foram extintas ou estdo em processo de
extingao.

Em pleno século XXI, embora de forma tardia, a sociedade e a comunidade
cientifico-industrial ja visualizaram que as formas de interacdo com o meio ambiente
e de exploragédo dos recursos naturais do planeta precisam ser alterados. Em plena
Era da terceira revolugdo industrial, em que hoje tem-se uma industria quimica
extremamente refinada e tecnoldgica, depara-se, também, com uma nova revolucao
gue é oriunda dos incriveis avangos da ciéncia.'' Basicamente, espera-se que essa
atual revolucao venha tratar dos impactos gerados por suas antecessoras.

Com a mudancga de mentalidade frente aos graves problemas ambientais do
planeta e a aceitagdo de que algo precisava ser feito para mitigar tamanhos danos,
desenvolveram-se 0s conceitos de “quimica verde” e “sustentabilidade”, que

8 E. H. Allison, H. R. Bassett. Climate change in the oceans: Human impacts and responses. Science, 2015, 13,
778.

9 Green house gases abrangem CO2, N20O, CHa e gases fluorados.

10'S. H. Schneider. The Greenhouse Effect: Science and Policy. Science, 1989, 243 (4892), 771.

1 P.H. Abelson. A Third Technological Revolution. Science, 1998, 279(5359), 2019a.
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basicamente incentivam um olhar mais atento aos impactos que 0s processos
industriais causam a natureza.

O primeiro principio da Conferéncia das Nac¢des Unidas sobre Meio Ambiente
e Desenvolvimento,'?> que se reuniu no Rio de Janeiro, de 3 a 14 de junho de 1992,

diz que:

“Os seres humanos estao no centro das preocupacdes com
o desenvolvimento sustentavel. Tém direito a uma vida saudavel

e produtiva, em harmonia com a natureza.”

Sendo assim, o papel da quimica para se alcancar esse objetivo € inquestionavel.
Somente nos Estados Unidos, segundo dados da Agéncia de Protecdo Ambiental
(EPA), somente em 1991 aproximadamente 278 milhdes de toneladas de residuos
toxicos foram gerados, ndo somente pelas industrias quimicas, mas elas foram sim as
principais responsaveis.’® Como resultado, grandes corporacdes como a Dow
Chemical e a DuPont, comecaram a dedicar seus esforcos para obedecer a
regulamentagdes ambientais cada vez mais restritivas, langcando mao, entdo, das
praticas de quimica verde. Este termo, que foi criado pelo quimico Paul Anastas na
década de 1990, visa basicamente o desenvolvimento e a implementagcao de produtos
e processos quimicos para reduzir ou eliminar, tanto a utilizacédo, quanto a geragao de
substancias nocivas a salide humana e ao ambiente, tendo 12 principios basicos,!
resumidos a seguir: 1) Prevencdo; 2) Economia de atomos para que as reacdes
organicas e metodologias sintéticas sejam desenhadas de forma a maximizar a
incorporacao de todos os materiais de partida no produto final; 3) Sintese de produtos
menos perigosos e téxicos; 4) Desenho de produtos seguros, que realizem a fungao
desejada e nao sejam toxicos; 5) Solventes e reagentes auxiliares mais seguros ou
indcuos; 6) Busca pela eficiéncia de energia; 7) Uso de fontes renovaveis de matéria-
prima; 8) Evitar a formacdo de derivados em processos de derivatizacdo e/ou
utilizacao de grupos protetores em sintese; 9) Catalisadores mais seletivos quanto

possivel; 10) Desenho de produtos para a degradacgao e geracao de produtos in6cuos;

12 Rio Declaration on Environment and Development, disponivel em:
http://www.onu.org.br/rio20/img/2012/01/rio92.pdf (acessado em 27/09/2018)

18 K. Sanders. It's not easy being green. Nature, 2011, 469, 18.

4 P T. Anastas, J. C. Warner, Green Chemistry: Theory and Practice, Oxford University Press: New York, 1998,
30.
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11) Analise em tempo real para a prevencgao da poluicao; 12) Quimica intrinsecamente
segura para a prevencao de acidentes.

Na prética esses conceitos de quimica verde revolucionaram a maneira de se
planejar novos projetos e pesquisas na area de quimica e impactaram suas subareas
nas mais diversas aplicacées.

Ja o termo “sustentabilidade” tem sua definicdo direta um pouco mais
complexa. A EPA coloca que a sustentabilidade tem como principio basico que tudo
0 que precisamos para nossa sobrevivéncia e bem-estar depende, direta ou
indiretamente, do nosso ambiente natural.’® Perseguir a sustentabilidade é criar e
manter as condigcdes sob as quais 0s seres humanos e a natureza podem existir em
harmonia para apoiar o desenvolvimento das gerac¢des atuais e futuras. Outra
definicdo também amplamente citada vem da Comissao Mundial sobre Meio Ambiente
e Desenvolvimento da ONU: “desenvolvimento sustentavel € um desenvolvimento que
atende as necessidades do presente sem comprometer a capacidade das geracdes
futuras de atender suas proprias necessidades”.'® Na pratica, o conceito de
sustentabilidade se refere ao uso dos recursos naturais do planeta sem o
comprometer as geracdes futuras, ou seja, elas também tém que ser capazes de
atender suas préprias necessidades e se desenvolver com qualidade de vida. As
praticas sustentaveis tém que incentivar a saude ecoldgica, humana e econ6émica,
partindo do principio de que os recursos do planeta sao finitos e devem ser usados
de maneira sabia e conservadora, visando prioridades e avaliando as consequéncias
de longo prazo das formas como os recursos sao usados.

A combinacdo de toda a filosofia que carrega esses termos definidos
anteriormente fez com que, atualmente, exista uma demanda mundial para a criacao
de uma industria que invista na manufatura de produtos advindos de fontes
renovaveis, que ajudem na preservagdo da biodiversidade e feitos de forma
sustentavel, colocando em pratica os preceitos da quimica verde.

O Brasil € um dos maiores produtores de matéria prima e insumos para diversas
areas e mercados de consumo mundiais. Isto se deve a sua grande area territorial e

ao clima extremamente favoravel a agricultura, e ao fato de que o Brasil abriga uma

15 Disponivel em: https://www.epa.gov/sustainability/learn-about-sustainability#what (acessado em 27/09/2018).
16 Disponivel em: http:/www.un-documents.net/ocf-02.htm (acessado em 27/09/2018).
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das biodiversidades mais ricas do mundo.!” Entretanto, o desenvolvimento de novos
produtos derivados de fontes renovaveis requer algo que vai além do desenvolvimento
de protocolos de processos de obtencao de produtos de maior valor agregado: requer
a garantia da qualidade, comprovacao de eficacia, e a certeza de que eles sao
realmente obtidos de fontes renovaveis, através da certificacdo de sua origem
(matéria prima e origem geogréfica), e da verificacdo de que sao oriundos de
processos sustentaveis. 181920

Quando se fala em matérias primas, ou seja, materiais disponiveis na natureza
em suas formas brutas, ou ja semimanufaturados, sabe-se que elas podem apresentar
composicao quimica extremamente complexa, contendo compostos orgéanicos e
inorganicos de diversas classes quimicas. Caracterizar a composicao dessas matérias
primas € uma etapa fundamental para garantir o seu melhor aproveitamento, ou seja,
quais seriam os destinos em que se poderia obter seus maiores beneficios ou
desempenhos em diversos setores que poderiam ser empregados, seja para a area
de alimentos, biocombustiveis, industria de cosméticos, farmacéutica, etc. Em
contrapartida, a exploracao de recursos naturais deve ser feita de forma controlada e
sustentavel, a fim de evitar danos ao meio ambiente e aos ecossistemas, tal como a

extincao de determinada espécie na natureza ou a alteracao da fauna e da flora local.

1.2. Fundamentos da espectrometria de massas e sua contribuicao para o
tema

Dentro do contexto descrito acima sobre a analise quimica de misturas
complexas, a técnica de espectrometria de massas (Mass Spectrometry — MS) é,
atualmente, uma das técnicas de analise mais versateis disponiveis na area da
quimica analitica. Nao é uma tarefa facil imaginar uma molécula organica, inorganica

ou organometalica, que nao possa ser analisada por alguma das muitas modalidades

7 M. Tabarelli, L. P. Pinto, J. M. Silva, M. Hirota, L. Bedé, , Challenges and Opportunities for Biodiversity
Conservation in the Brazilian Atlantic Forest, Conservation Biology, 2005, 19, 695.

18 W. A. Bizzo, Lenco, P.C. ; D. J. Carvalho, J. P. Soto Veiga, The generation of residual biomass during the
production of bio-ethanol from sugarcane, its characterization and its use in energy production. Renewable &
Sustainable Energy Reviews, 2014, 29, 589 — 603.

9 M. Foston, A. J. Ragauskas. Biomass Characterization: Recent Progress in Understanding Biomass
Recalcitrance. Industrial Biotechnology, 2012, 8, 191 — 208.

20 C. A. G. Quispe, C. J. R. Coronado, J. A.Carvalho Jr., Glycerol: Production, consumption,
prices, characterization and new trends in combustion. Renewable & Sustainable Energy Reviews, 2013, 27, 475
- 493.
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de MS atualmente disponiveis comercialmente. No campo da MS de moléculas
orgéanicas, consegue-se analisar desde a molécula de metano 2! até uma proteina
complexa na ordem de quilo Dalton (kDa).?? Entre estes extremos, ha um universo de
moléculas que podem ser identificadas, elucidadas e quantificadas utilizando a técnica
de MS adequada para cada caso.

De maneira muito geral, espectrdmetros de massas sao instrumentos analiticos
que detectam moléculas ionizadas, presentes ou transferidas para a fase gasosa, com
base em suas razdes massa sobre carga (m/z), medindo-se suas abundancias através
do registro de um sinal eletronico em um detector. 22> Com essa finalidade, a técnica é
utilizada em uma vasta gama de aplicagdes, como: na determinacdo muito precisa da
massa atémica e molecular, na medida da abundancia de isétopos, na determinacao
das concentracdes de substancias em niveis de partes por bilhdo ou trilhao — ppb ou
ppt —em amostras, auxiliando na caracterizagdo de compostos presentes em matrizes
complexas, assim como na elucidagao da estrutura de compostos quimicos mesmo
gue estes se apresentem em misturas com outras varias substancias. 2*

Com o desenvolvimento tecnoldgico continuo dentro da analise instrumental, a
MS despontou como uma das técnicas mais poderosas existentes atualmente na
quimica, sendo este fato um consenso dentro da comunidade cientifica de quimica
analitica mundial. A razdo desta popularizacdo da técnica se deve a enorme
multidisciplinaridade que é inerente a técnica de MS. Em todos os campos da ciéncia,
encontram-se aplicagbes pertinentes utilizando a MS como ferramenta: de
experimentos fundamentais sobre a fisico-quimica de ions em fase gasosa ou
condensada, 2> a estudos clinicos e diagnodsticos em medicina avangada. 26 Este
grande aumento nas possibilidades de aplicacdo que a técnica teve nos ultimos 50

anos, deu-se gracgas ao desenvolvimento de tecnologias para a construcdo de novas

21 L. G. Smith, lonization and Dissociation of Polyatomic Molecules by Electron Impact. |. Methane, Phys. Rev.,
1937, 51, p. 263

22, B. Fenn, M. Mann, C. K. Meng, S. F. Wong, C. M. Whitehouse, Electrospray ionization for mass spectrometry
of large biomolecules, Science, 1989, 64.

23 A. El-Aneed, A. Cohen, J. Banoub, Mass Spectrometry, Review of the Basics: Electrospray, MALDI, and
Commonly Used Mass Analyzers. Applied Spectroscopy Reviews, 2009, 44 (3)

24 H. H. Maurer, Multi-analyte procedures for screening for and quantification of drugs in blood, plasma, or serum
by liquid chromatography-single stage or tandem mass spectrometry (LC-MS or LC-MS/MS) relevant to clinical and
forensic toxicology, Clinical Biochemistry, 2005, 38 (4), 310 — 318.

25 A. Mota, et al. Structural Organization and Supramolecular Interactions of the Task-specific lonic Liquid 1-Methyl-
3-Carboxymethylimidazolium Chloride: Solid, Solution and Gas Phase Structures, Journal of Physical Chemistry C,
2014, 118, 1789.

26 J. Zhang, et al. Nondestructive tissue analysis for ex vivo and in vivo cancer diagnosis using a handheld mass
spectrometry system, Science translational medicine, 2017.
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fontes de ionizagao, permitindo a ionizagao e consequente analise de substancias de
grande variabilidade quimica presentes em amostras de qualquer estado fisico, seja
ele gasoso, liquido ou sdlido. 27 Além disso, novas tecnologias também foram
desenvolvidas e implementadas nos analisadores de massas, que contribuiram da
mesma forma para o aumento da versatilidade da técnica, 2 conferindo maior
resolucdo, seletividade e detectabilidade nas analises. Atualmente é possivel realizar
a identificacdo ou quantificacdo de diversas moléculas de forma simultdnea em
amostras complexas, tal como o petréleo bruto ou milhares de proteinas e metabdlitos
em amostras bioldgicas. 230 A Figura 1 mostra um esquema geral de um
espectrometro de massas, assim como a grande variedade de combinacdo entre
fontes de ionizacdo, analisadores de massas e acoplamentos com outras técnicas

analiticas.

Sistema de

introducdo de Anadlisador Detector

amostras
de massas

Cromatografia Liquida
Cromatografia Gasosa
Infusdodireta

Eletroforesecapilar ElL Cl Quadrupolo Eletromultiplicadora
lonizag8o direta ESI, APPI, APCI lontrap Fotomultiplicadora
LDI, MALDI. NALDI, SELDI Orbitrap Coletorde Faraday
FAB Ressondncia Ciclotrénica de Detector {(indutivo) de
SIMS ions carga...
DART, DESI, EASI TOF
ICP... Setor Magnético
Tandem/hibridos: QgQ,
TOF/TOF
QTOF, QgUIT, LIT-FTICR
QiT-orbitrap...

Figura 1. Esquema geral de um espectrometro de massas e seus possiveis

constituintes.

27 A. Venter, M. Nefliu, R. G. Cooks, Ambient desorption ionization mass spectrometry, TrAC Trends in Analytical
Chemistry, 2008, 27 (4), 284.

28 A. G. Marshall, "Milestones in Fourier Transform lon Cyclotron Resonance Mass Spectrometry Technique
Development," Int. J. Mass Spectrom., 2000, 200, 331.

29 A. G. Marshall, R. P. Rodgers, Petroleomics: The Next Grand Challenge for Chemical Analysis, Acc. Chem.
Res., 2004, 37 (1), 53.

30 R. Aebersold, M. Mann, Mass spectrometry-based proteomics, Nature, 2003, 422, 198.
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1.3. Técnicas de espectrometria de massas utilizadas nesta tese

Como exposto, uma das demandas mais urgentes do mundo hoje é a busca
por sustentabilidade dos processos quimicos e da exploracao de recursos naturais do
planeta. Sendo assim, esta tese demonstrou a aplicagdo de diversas modalidades de
MS para a caracterizacdo de matérias primas ligadas a biodiversidade brasileira
(madeiras e 6leos nativos provenientes da Amazoénia), bem como para a prospeccao
e certificacao de combustiveis feitos de fontes renovaveis (oleaginosas e microalgas).
Desta forma, espera-se contribuir para a protecao de espécies nativas brasileiras, bem
como garantir o uso adequado dos seus recursos naturais do planeta. A seguir, serao
apresentados os fundamentos basicos das principais técnicas de espectrometria de
massas aplicadas nos diferentes temas abordados nesta tese.

1.3.1. Espectrometria de massas com analisador hibrido quadrupolo-
tempo de voo e fonte de ions electrospray (ESI-QTOF)

O espectrometro de massas com analisador hibrido quadrupolo e tempo de voo
(quadrupole — time of flight - QTOF) pode ser descrito de maneira mais simples como
um triplo quadrupolo que teve o seu ultimo quadrupolo substituido por um analisador
do tipo TOF, 3! tendo basicamente os seguintes componentes:

e uma fonte de ionizacdo (por exemplo: electrospray, ionizagdo quimica a
pressao atmosférica (APCI), fotoionizagcdo a pressdo atmosférica (APPI),
MALDI, ionizagdo ambiente, etc).

e um analisador quadrupolo (Q);

e uma cela de colisdo, geralmente hexapolar;

e um analisador tempo de voo (TOF) de aceleracao ortogonal;

e um detector (por exemplo, microchannel plate - MCP).

81 |. V. Chernushevich, A. V. Loboda, B. A. Thomson, An introduction to quadrupole—time-of-flight mass
spectrometry, Journal of mass spectrometry, 2001, 36, 849.
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De acordo com a Figura 2, os ions gerados na fonte sao transferidos para o
analisador quadrupolo via lentes RF. Apds a saida do quadrupolo os ions sao
transferidos através da cela de colisdo e chegam ao segundo analisador, TOF, onde
o feixe de ions é acelerado pelo Pusher, passando pelo Reflectron e chegando ao

detector (MCP) com diferentes velocidades.

Z-spray
lon Source
Quadrupole Hexapole
Analyser Transfer Lens
RF Lens Hexapole Pusher MCP
\ Ccllisi{m Cell \ Detector

F"ribe j i i w

MS1 (Quadrupole MS)

' -t S
rgﬁ_ 5] 8] — ] /
B ﬁ:{ e mI

Reflectron

ooooooo

goooooa

i

MS2 (TOF MS)

Figura 2. Esquema do espectrémetro de massas QTOF. (Fonte: QTOF User’s Guide,

Micromass, UK)

O QTOF pode operar tanto em modo MS, quanto em modo tandem ou MS/MS.
Em modo MS, o primeiro quadrupolo (Q1) atua basicamente como um componente
de transmisséo de ions, enquanto o analisador TOF ¢é utilizado para gerar o espectro.
Resumidamente, o TOF separa ions, apos sofrerem uma aceleragéo inicial feita por
um campo elétrico, de acordo com suas velocidades ao percorrerem uma regiao livre
de campo elétrico chamada de drift tube, em que os ions de m/z mais alta demoram
mais tempo para alcancar o detector. Em modo MS/MS, o Q1 seleciona o ion
precursor de interesse, que €, entdo acelerado com uma energia que varia geralmente
entre 10 e 200 eV antes de entrar na cela de colisdo, onde sofre dissociacao induzida
por colisdo (collision induced dissociation - CID) ao colidir com as moléculas neutras
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do gas de colisdo, geralmente argénio ou nitrogénio. 32 O resultado sdo espectros
contendo ions fragmentos, além dos ion precursor remanescente, ambos medidos
com alta resolugao e exatidao de m/z. Atualmente, espectrémetros de massas do tipo
QTOF podem alcancgar até 50.000 de resolugéo e erro de m/z inferior a 1 ppm,33
podendo ser utilizado tanto em estudos qualitativos, quanto para a quantificacao de
substancias em nivel trago. 34 3%

Nesta tese, a principal fonte de ions utilizada foi a ESI, em que a ionizagcéao é
realizada a pressao atmosférica e que produz ions em fase gasosa a partir de uma
solucdo de amostra inserida através de um capilar, ao qual uma tensao elétrica
elevada (cerca de 2 a 4 kV) é aplicada. A ESI € uma técnica que produz moléculas
ionizadas por protonacdo, desprotonacado ou formagdo de adutos com cations ou
anions, a partir de uma solucéo liquida da amostra, seguida da transferéncia para a
fase gasosa. Esse processo pode ser dividido em trés etapas principais: a nebulizacao
da solucao da amostra em goticulas carregadas decorrentes da aplicacao direta de
voltagem no capilar, a liberacédo dos ions a partir das goticulas e o transporte dos ions
da regiao de pressao atmosférica da fonte para a regido de alto vacuo do analisador
de massas.

Essa técnica de ionizacao tem basicamente dois fundamentos principais, que
descrevem os mecanismos de liberacdo dos ions a partir das goticulas carregadas: o
modelo de cargas residuais (MCR) e o modelo da dessorcédo dos ions (MDI). 36 O
MCR sugere que as goticulas carregadas saem da ponta do capilar através de spray
de formato cbnico chamado de cone de Taylor. Com o auxilio de um fluxo de gas
aquecido (N2), as goticulas carregadas com varias unidades de carga sofrem um
processo de evaporacdo do solvente. A reducdo no tamanho e o consequente
aumento da densidade de carga torna a repulsao entre as cargas maior que a tensao
superficial da microgoticula resultante. Isto faz com que as goticulas se colapsem a

82 H. R. Morris, et al. High Sensitivity Collisionally-activated Decomposition Tandem Mass Spectrometry on a Novel
Quadrupole/Orthogonal-acceleration Time-of-flight Mass Spectrometer, Rapid Commun. Mass Spectrom., 1996,
10, 889.

33 W. Abushareeda, et al. Comparison of Gas Chromatography Quadrupole Time-Of-Flight and Quadrupole
Orbitrap Mass Spectrometry in Anti-doping Analysis: |. Detection of Anabolic-androgenic Steroids. Rapid Commun
Mass Spectrom. 2018, in press.

34 H. Jin, et al. Trace analysis of tetracycline antibiotics in human urine using UPLC—QToF mass spectrometry,
Microchemical Journal, 2010, 94, 139.

35 A. Lesur, B. Domon, Advances in high-resolution accurate mass spectrometry application to targeted proteomics.
Proteomics, 2015, 15, 880.

3% L. Konermann, E. Ahadi, A. D. Rodriguez, S. Vahidi, Unraveling the Mechanism of Electrospray lonization,
Analytical Chemistry, 2013, 85 (1), 2.
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goticulas ainda menores e 0 mesmo processo pode ser repetido até que o solvente
seja evaporado por completo, restando apenas os ions da amostra.

Ja o MDI, propde que o aumento da densidade superficial de carga devido a
evaporacao do solvente cria um campo superficial que supera as forcas de solvatacao
dos ions antes de exceder a tensao superficial do solvente, causando a ejecao do ion
antes da explosao couldmbica. Estes mecanismos favorecem a formacao de ions
multiplamente carregados, caracteristica que pode ser utilizada para a analise de
macromoléculas. Em um caracteristico espectro de ESI, os ions podem se apresentar
mono ou multicarregados.

Espectrometros de massas do tipo ESI-QTOF sdo atualmente um dos mais
populares em laboratérios que utilizam a técnica de MS. Sua habilidade de identificar
e caracterizar compostos desconhecidos em amostras devido a alta resolucao e
exatidao, tanto para MS quanto para MS/MS, além de permitir a quantificacdo, o
tornou esse arranjo instrumental a principal técnica de escolha principalmente para o
estudo de amostras complexas, sendo principalmente utilizado para estudos de
protedbmica, ¥ lipiddmica e metaboldmica, principalmente para andlises do tipo
untargeted, 3 ou seja, em que n&o define anteriormente o conjunto de substancias a
serem identificadas ou quantificadas, mas fornece resposta analitica (deteccao,
caracterizacao e/ou quantificacéo) para um amplo conjunto de analitos presentes nas

amostras analisadas.

1.3.2. Espectrometria de massas de razao isotopica

A espectrometria de massas de razao isotOpica (isotope ratio mass
spectrometry - IRMS) é uma modalidade de espectrometria de massas que mede
pequenas diferengcas na abundancia de isétopos estaveis em amostras ou em
moléculas especificas. 3° Os avangos das ultimas décadas sofridos na instrumentagao
de IRMS tornaram-na uma técnica analitica cada vez mais utilizada para estudo de

87 A. Lesur, S. Gallien, B. Domon, Hyphenation of fast liquid chromatography with high-resolution mass
spectrometry for quantitative proteomics analyses, TrAC Trends in Analytical Chemistry, 2016, 84, 144.

%8 Tomas Cajka, O. Fiehn, Toward Merging Untargeted and Targeted Methods in Mass Spectrometry-Based
Metabolomics and Lipidomics, Analytical Chemistry, 2016, 88 (1), 524.

3 W. A. Brand, High precision Isotope Ratio Monitoring Techniques in Mass Spectrometry. Journal of mass
spectrometry, 1996, 31, 225.
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diferentes tipos de amostras e campos de aplicagdo. ° Quando a concentragdo em si
de uma molécula especifica (ou um grupo delas) ndo é um parametro capaz de
diferenciar amostras de acordo com alguma caracteristica especifica, pode-se
determinar a sua composicao isotopica, procurando variagcbes que possam estar
relacionadas a certos processos, como o metabolismo, origem geografica, matéria-
prima e muitos outros. Essas pequenas diferencas nas concentragdes de isétopos
em um sistema ocorrem devido ao fendmeno de fracionamento isotépico. 4!

O espectrédmetro de massas de razéo isotopica foi inicialmente desenvolvido
por Nier em 1940, 4>43 com a funcdo de medir, de forma exata, determinadas massas
sequencialmente na amostra e na referéncia. “4 De maneira geral, nestes
equipamentos as amostras a serem analisadas sao inseridas por meio de um sistema
de introducao de amostra na fonte de ionizag&o, onde sdo ionizadas em uma fonte de
ionizacao por elétrons (electron ionization — El) e aceleradas a varios kV (quilovolts).
45 Ao passar pelo campo magnético os ions separados séo detectados por coletores
de ions do tipo Faraday, os quais sao posicionados ao longo do plano focal do
instrumento de IRMS. Diferentes técnicas de introducdo de amostras e interfaces sao
usadas para introducdo de amostra no equipamento de IRMS, como o analisador
elementar (elemental analyzer — EA), a cromatografia gasosa (gas chromatography —
GC) e o cromatografia liquida (liquid chromatograpy — LC ). 4647 Nesta tese, foram
utilizados apenas os sistemas de EA-IRMS e GC-IRMS.

Com relagdo a técnica de GC-IRMS, os compostos sao separados por
cromatografia gasosa e sofrem combustao de maneira a transformar estes compostos
em gases (COz, Nz, e potencialmente, outros gases estaveis), para que suas razdes
isotépicas sejam analisadas separadamente, o que permite, entdo, a determinacéo da

razao isotopica de compostos organicos especificos presentes amostras, que estejam

40 J. Vogl, Advances in Isotope Ratio Mass Spectrometry and Required Isotope Reference Materials. Mass
Spectrom (Tokyo), 2013, 2, S0020.

41 J. Kubasek, O,Urban, J. Santrucek. C4 plants use fluctuating light less efficiently than do C3 plants: a study of
growth, photosynthesis and carbon isotope discrimination. Physiologia Plantarum, 2013, 149, 528.

42 A. O. Nier, Mass and relatives abundances of isotopes. Ann. Rev. Nucl. Sci. 1952, 1, 137.

43 J. R. De Biévre, P. de Laeter, H. S. Peiser, Isotope mass spectrometry in metrology. Mass Spectrometry Reviews,
11,1992, 193.

4 D. E. Matthews, J. M. Hayes, Isotope-ratio monitoring gas chromatography mass spectrometry. Analytical
Chemistry, 1978, 50, 1465.

45 W. Meier-Augenstein, Applied gas chromatography coupled to isotope ratio mass spectrometry, Journal of
Chromatography, 1999, 842, 351.

46 Z. Muccio, G. P. Jackson, Isotope ratio mass spectrometry, Analyst, 2009, 134, 213.

47 A. L. Sessions, Isotope-ratio detection for gas chromatography — Review. Journal of Separation Science, 2006,
29, 1946.
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cromatograficamente resolvidos, obedecendo ao requisito da volatilidade e
estabilidade térmica. Ja4 o EA-IRMS, mede a razao isotépica global para um dado
elemento na amostra, que pode estar no estado sélido e ser ndo-volatil.

Para a determinagdo da razao isotopica de carbono, ou seja, a razao '3C/'2C
em amostras, 0s gases resultantes da combustdao passam por um forno de reducéo
que tem a funcao de transformar compostos nitrogenados do tipo NxOy para N,
evitando a interferéncia de moléculas isobaricas ao COz nos coletores de Faraday.
Em seguida, o COz2 obtido para cada componente da amostra entra na fonte de ions
onde é submetido a uma ionizacao por um feixe de elétrons. Ap6s a formacao dos
ions de carga positiva, 0s mesmos sao extraidos da cAmera de ionizagédo e acelerados
por uma voltagem de aceleracdo. Em seguida, sdo separados em um analisador de
massas do tipo setor magnético de baixa resolugdo. A razao '3C/'2C sera calculada
através das massas m/z 44 ('>CQOz), m/z45 ('3CO2 e 12C'7Q'%0) e m/z 46 (12C'80'60),
que serdo detectados pelos coletores de Faraday, sendo que os respectivos sinais
sdo amplificados e registrados na forma de um pico cromatografico. Esta razéo é
comparada a um COz2 de referéncia de valor 8'3C conhecido e rastreavel para, entéo,
ser determinada a composicao isotdpica de cada componente da amostra. Os
esquemas dos equipamentos de IRMS mais comuns estdo apresentados na Figura
3.
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Figura 3. Esquema do espectrémetro de massas de razao isotopica (IRMS) acoplado
aos principais sistemas de introducao de amostras: cromatografia liquida (LC — liquid
chromatography), cromatografia gasosa (GC — gas chromatography) e analisador
elementar (EA — elemental analyzer). (Reproduzido com autorizagdo da Royal Society
of Chemistry. Fonte: Analyst, 2009, 134, 213-222)

Como descrito anteriormente, na técnica de IRMS as amostras (ou compostos
especificos) sdo convertidas em um gas através de processos de oxidacao e/ou
reducédo e comparado a um gas de referéncia cujo valor isotépico atribuido por meios
de padrdes e rastredvel a escala internacional. Para isso, os materiais de referéncia
certificados (MRC) sao utilizados para atribuir um valor isotépico ao gas de referéncia,
assim como para normalizar os valores isotépicos brutos determinados nas amostras,

seja através de curvas de calibragdo, ou normalizacdo do tipo single ou two-point. 48

48 A) W. A. Brand, T. B. Coplen, J. Vogl, M. Rosner, T. Prohaska. Assessment of international reference materials
for isotope-ratio analysis (IUPAC Technical Report). Pure and Applied Chemistry, 2014, 86, 425. B) L. Ke, Z. Lin,
Z. Guoxing. Study of normalization method of isotopic compositions to isotope reference scales. Journal of
Chemical and Pharmaceutical Research , 2014, 6, 1. C) H. Kipphardt, S. Valkiers, P. D. P. Taylor, P. De Biévre.
“Calibration” in isotopic measurements. International Journal of Mass Spectrometry, 2000, 198, 71.

D) J. F. Carter, B. Fry. Ensuring the reliability of stable isotope ratio data—beyond the principle of identical
treatment, Anal Bioanal Chem. 2013, 405, 2799. E) D. Paul, G. Skrzypek, |. Férizs. Normalization of measured
stable isotopic compositions to isotope reference scales — a review. Rapid Commun. Mass Spectrom. 2007, 21,
3006 F) R. A. Werner, W. A. Brand. Referencing strategies and techniques in stable isotope ratio analysis, Rapid
Commun. Mass Spectrom. 2014, 28, 1674.



31

Como os MRC aceitos internacionalmente para medicdes isotdpicas sdo solidos nao
volateis ou materiais viscosos, eles sdo exclusivamente compativeis com analisadores
elementares, o que dificulta a garantia da rastreabilidade metrolégica para
metodologias cromatograficas. Neste caso, os métodos de normalizagdo dos dados
brutos sdo altamente recomendados, utilizando padrdées secundarios de trabalho com
propriedades fisicas e quimicas semelhantes aos analitos de interesse, mesma faixa
de valores isotdpicos, devidamente determinados e rastreaveis de acordo com a
escala internacional. 4°

As razoes isotdpicas mais comumente determinadas para moléculas organicas
sdo 3C/12C, 2H/H, 15N/14N, 180/160 e 34S/32S. 50 Elas sao expressas usando a notagio
O (delta) que relaciona as concentragdes do isétopo menos abundante do elemento
em relacdo a concentracdo do mais abundante. A maneira pela qual, geralmente, o
valor de uma medida isot6pica é expresso em relagcédo a um padrao internacional e de

composicao isotopica conhecida € através da notacao 0, dada pela Equacéao 1:

51C (%) = 53¢ = [ Ramosra _ 111000

padrdo

Equacéao 1

Onde: Ramostra € a razao isotopica '3C/'?C da amostra e Rpadrzo € a razéo '3C/'2C

isotépica do padrao.

A variavel Rpadrao € geralmente a razao isotdpica de um géas de referéncia, injetado no
equipamento de IRMS juntamente com a amostra, cujo valor € determinado através

da utilizacdo de materiais de referéncias certificados para valores isotopicos, e

49 L. A. Neves, etal. The influence of different referencing methods on the accuracy of 5'3C value measurement
of ethanol fuel by gas chromatography combustion/isotope ratio mass spectrometry, Rapid Commun. Mass
Spectrom. 2015, 29, 1938.

5 A) Simon J. Prosser, Charles M. Scrimgeour, High-Precision Determination of 2H/'H in Hz and H20 by
Continuous-Flow Isotope Ratio Mass Spectrometry. Anal. Chem., 1995, 67 (13), 1992; B) M. H. Engel, V.
Andrusevich, S. A. Macko, M. E. Uhle, Stable Nitrogen Isotope Analysis of Amino Acid Enantiomers by Gas
Chromatography/Combustion/Isotope Ratio Mass Spectrometry, Anal. Chem., 1997, 69 (5), 926; C) D. A. Merritt,
J. M. Hayes, D. J. Des Marais, Carbon isotopic analysis of atmospheric methane by isotope-ratio-monitoring gas
chromatography-mass spectrometry, Journal of Geophysical Research: Atmospheres, 1995, 100, 1317; D) J.
Koziet, Isotope ratio mass spectrometric method for the on-line determination of oxygen-18 in organic matter,
Journal of Mass Spectrometry, 1997, 32, 103; E) N. V. Grassineau , D. P. Mattey, D. Lowry. Sulfur Isotope Analysis
of Sulfide and Sulfate Minerals by Continuous Flow-Isotope Ratio Mass Spectrometry, Anal. Chem., 2001, 73 (2),
220.
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medidos com relagdo a uma escala internacional. Para medidas de 3'3C, por exemplo,
todas as medidas isotépicas sao feitas com relacéo a escala VPDB (Viena Pee Dee
Belemnite)®', que é o ponto zero (“zero point”) internacional para a medida de 3'3C. %2
Como essas diferencas sao geralmente minimas, as notacées & sdo expressas em
permil (%.) ou mili Urey (mUr).

A IRMS é uma técnica que tem sido cada vez mais aplicada a diferentes tipos
de estudos, como por exemplo, para a determinacdo da origem (exdégena ou
enddégena) de substancias proibidas na area de dopagem no esporte; 3 para a
determinagdo da fonte de matéria prima para a producido fermentativa do etanol; %
para a determinagdo da origem do petrdleo (lacustre ou marinho); % para a
investigacdo da adulteracdo de alimentos e bebidas, % entre muitos outros. E uma
técnica bastante poderosa em termos de resposta analitica, que fornece resultados
adicionais a estudos em que apenas a identificacdo ou quantificacdo de um analito
(ou um grupo deles) nao fornece evidéncias suficientes para a elaboracdo de uma

conclusao irrefutavel.

1.3.3. Mobilidade i6nica acoplada a espectrometria de massas

Quando acoplada a MS, a mobilidade i6nica (ion mobility — IM) se torna uma
ferramenta analitica importante para a investigacao estrutural de compostos organicos
e para a caracterizagdo de amostras complexas. O acoplamento da IM com a MS é
geralmente referido como IM-MS. Enquanto a MS mede primariamente a m/zdos ions,

a IM adiciona uma nova dimensao aos dados fornecendo para cada valor de m/z um

51 O padréo universal utilizado como zero point (valor de & = 0 %.) para a composigéo isotdpica de carbono é o
PDB (Pee Dee Belemnite), que consiste em um fossil composto de carbonato de calcio marinho de uma belemnite
do periodo Cretacio (Belemnitella americana) da formagao Pee Dee, da Carolina do Sul, nos Estados Unidos. Esse
padréo de referéncia internacional, o PDB, esgotou-se e foi substituido pelo Vienna Pee Dee Belemnite (VPDB),
um padrao secundério, para a determinagao da raz&o isotdpica '3C/'2C. Por razdes préticas, € mais conveniente
adotar um padrdo de trabalho no laboratério, calibrando o gas de referéncia segundo este padrdo de valor
certificado, realizando a rastreabilidade a escala internacional, ou seja, ao VPBD.

52 A. Schimmelmann, et al., Organic Reference Materials for Hydrogen, Carbon, and Nitrogen Stable Isotope-Ratio
Measurements: Caffeines, n-Alkanes, Fatty Acid Methyl Esters, Glycines, |-Valines, Polyethylenes, and Oils,
Analytical Chemistry, 2016, 88 (8), 4294.

53 A. Casilli, et al. Optimization of an online heart-cutting multidimensional gas chromatography clean-up step for
isotopic ratio mass spectrometry and simultaneous quadrupole mass spectrometry measurements of endogenous
anabolic steroid in urine. Drug Test. Analysis, 2016, 8, 1204.

54 L. A. Neves, et al., The carbon isotopic (3C/'2C) signature of sugarcane bioethanol: certifying the major source
of renewable fuel from Brazil, Analytical Methods, 2015, 7, 4780.

5 A. Wilhelms, S.R. Larter, K. Hall, A comparative study of the stable carbon isotopic composition of crude oil
alkanes and associated crude oil asphaltene pyrolysate alkanes, Organic Geochemistry, 21, 1994, 751.

5 K. A. van Leeuwen, P. D. Prenzler, D. Ryan, F. Camin, Gas Chromatography-Combustion-Isotope Ratio Mass
Spectrometry for Traceability and Authenticity in Foods and Beverages. Comprehensive Reviews in Food Science
and Food Safety, 2014, 13, 814.
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espectro de drift time, que é tempo que o ion demora em atravessar a cela de
mobilidade e alcancar o analisador de massas. Semelhantemente ao espectrometro
de massas QTOF (Fig. 2), o equipamento de IM-MS também apresenta a mesma
configuragédo, porém tem uma cela de mobilidade ibnica entre a fonte de ions e o
analisador por tempo de voo. %/

A técnica baseia-se no principio de que a velocidade com que diferentes ions
atravessam um gas neutro sob a influéncia de um campo elétrico fraco é dependente
de sua mobilidade ibnica, que por sua vez depende de parametros como pressao € a
natureza quimica do gas de mobilidade, temperatura do sistema, carga, massa, secao
de choque do ion e da interacdo quimica do ion do analito e o gas de mobilidade. %8
Todos estes parametros juntos fardo com que diferentes ions atravessem a cela de
mobilidade com diferentes velocidades, podendo ser separados antes de atingir o
analisador por tempo de voo, como representado na Figura 4. O espectro de massas
da técnica tém trés dimensdes: um eixo de intensidade, outro de m/z e o terceiro com

o drift time associado a cada ion do espectro de MS.

Pulso de ions Regiao da cela de mobilidade

¥ i
i

0o 2 4 6 8
Drift Time (ms)
Figura 4. Esquema demonstrando o principio basico da separag¢do por mobilidade

18 20

ibnica, em que ions com diferentes estruturas tridimensionais irdo atravessar a cela

de mobilidade com diferentes tempos (drift times).

57 C. Wu, W. F. Siems, G. R. Asbury, H. H. Hill Electrospray lonization High-Resolution lon Mobility
Spectrometry—Mass Spectrometry, Analytical Chemistry, 1998, 70 (23), 4929.

5 A. B. Kanu, P. Dwivedi, M. Tam, L. Matz, H. H. Hill Jr, lon mobility-mass spectrometry, Journal of Mass
Spectrometry, 2008, 43, 1.
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Em termos matematicos, a mobilidade iénica (K) é caracteristica para cada ion
e depende de diversos fatores como a carga do ion (q), a densidade molar do gas de
mobilidade (N), a massa reduzida do ion e do gas (u), da temperatura absoluta (T) e
da secdo de choque do ion (Q) e sao relacionados matematicamente através da
equacado de Mason-Schamp *° (equacéo 2):

2
o3 4. [1 27

1 oL ~
16 N \(u kT Q Equagéo 2

Esta equacao mostra que a mobilidade de um ion é inversamente proporcional
a raiz quadrada da massa reduzida e também inversamente proporcional a secéo de
choque do ion. Entretanto, esta equacédo nao leva em consideracédo as interacdes
entre o ion e o gas de mobilidade do tipo ion-dipolo/dipolo induzido, sendo
basicamente valida apenas quando hélio (gas “classico” de mobilidade) é utilizado
como gas de mobilidade, quando estas interacées podem ser desconsideradas, ja que
o hélio é um gas que pode ser considerado pouco ou nao polarizavel. Entretanto,
estudos mostram que a utilizacdo de gases mais polarizaveis pode melhorar a
separacgio por mobilidade. 8 Em um conjunto de experimentos em que todos os
parametros do gas permanecam constantes (temperatura, pressdo e a natureza do
gas), pode-se considerar que a mobilidade idnica (K) fica entdo dependente somente
da secao de choque e da m/z dos ions, de acordo com a relacdo apresentada na
equacao 3:

K'a|—|Q
Equacéo 3

Da relacéo acima, obtém-se o aspecto mais interessante da técnica de IM-MS:
a capacidade de separacdo de ions de mesma m/z, porém com distintas
conformacdes espaciais em fase gasosa. Os ions com menor Q e, portanto com maior

mobilidade, irdo atravessar a cela de mobilidade com maior rapidez e alcancarao o

59 A. Ahmed, et al. Application of the Mason-Schamp Equation and lon Mobility Mass Spectrometry To Identify
Structurally Related Compounds in Crude Oil, Analytical Chemistry, 2011, 83 (1), 77.

60 G. R. Asbury, H. H. Hill Jr., Using Different Drift Gases To Change Separation Factors (a) in lon Mobility
Spectrometry, Analytical Chemistry, 2000, 72, 580.
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detector mais rapidamente. O conjunto de ions que foram separados ao longo da
travessia da cela de mobilidade chega ao analisador de massas em tempos diferentes
resultando em um pico no espectro de mobilidade para cada ion. O tempo que um ion
demora a atravessar a cela de mobilidade é chamado de drift time (dt) e geralmente é
medido em milisegundos.

Basicamente, um equipamento de IM-MS deve conter 5 principais
componentes: um sistema de introdu¢cdo de amostra, a fonte de ions, a cela de
mobilidade, o analisador de massas e o detector de ions. A amostra pode ser
introduzida em um instrumento de IM-MS praticamente em todos os estados: sélido,
liquido e vapor. Todas as fontes utilizadas em MS sao compativeis com equipamentos
de IM-MS. ¢!

Os equipamentos classicos de mobilidade ibnica utilizam um campo elétrico
uniforme e estatico para conduzir os ions através do gas na cela de mobilidade i6nica.
Esses equipamentos apresentam baixa sensibilidade devido ao longo tempo que os
ions levam para atravessar o equipamento e a difusdo da nuvem ibnica durante a
separacado. Um dos grandes avancos sofridos pela técnica de IM-MS foi alcancada
através da utilizacao de um gradiente de voltagem ao invés de uma voltagem fixa na
espectrometria de mobilidade ibnica. Foi quando em 2004, desenvolveu-se a técnica
denominada de Traveling Wave lon Mobility Mass Spectrometry (TWIM-MS), 62
instrumentalmente comercializada pela Waters Corporation (Manchester, UK),
equipamento batizado comercialmente de Synapt HDMS. Nesta modalidade, os ions
sdo acumulados e periodicamente liberados na cela de mobilidade, onde seréo
separados de acordo com suas mobilidades sobre a acdo de pulsos periddicos
transientes de voltagens que sao aplicados nos eletrodos que constituem a cela de
mobilidade, controlados através de RF (radio frequéncia).®®

Em seguida, a Waters comercializou versdes aprimoradas deste equipamento:
o Synapt G2, com maior poder de resolucao tanto de m/z, tanto quanto de mobilidade
ibnica; o G2S, que oferece maior sensibilidade; e por ultimo o G2-Si, que permite

também a determinacao experimental do valor da secéao de choque (Q) através da

61 S. D. Pringle, et al. An investigation of the mobility separation of some peptide and protein ions using a new
hybrid quadrupole/travelling wave IMS/oa-ToF instrument Int. J. Mass Spectrom. 2007, 261, 1.

62 K. Giles, S. D. Pringle, K. R. Worthington, D. Little, J. L.Wildgoose, R. H. Bateman. Applications of a travelling
wave-based radio-frequency-only stacked ring ion guide, Rapid Commun. Mass Spectrom. 2004, 18, 2401.

63 A, A. Shvartsburg, R. D. Smith, Fundamentals of Traveling Wave lon Mobility Spectrometry, Analytical Chemistry.
2008, 80, 9689.
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calibracao da cela de mobilidade ibnica através da utilizacao de padrdes cujos valores
de Q para os ions seja conhecido. %* A determinacao da seg¢éo de choque de um ion
€ mais um parametro de confirmacao da identidade quimica de um analito, visto que
atualmente existem bancos de dados com valores de Q para diversas classes de
substancias, 8 determinados tanto experimentamente, quanto através de célculos
tedricos computacionais. ® Muitos outros fabricantes atualmente também
comercializam equipamentos de IM-MS, que diferem basicamente na configuracdo da
cela de mobilidade, ou seja, em seu tamanho, na forma como o campo elétrico é
aplicado, e na magnitude da pressao do gas de mobilidade. ¢’

O esquema do equipamento de TWIM-MS ¢é apresentado na Figura 5. O
analisador de massas desse equipamento também é do tipo QTOF. Um dos aspectos
fundamentais deste equipamento é a regido de mobilidade ibnica, que compreende
trés “guias de ions” (ion guides), que juntos sdo denominados de TrilWave:

e O Trap acumula os ions e os libera em “pacotes” para a cela de mobilidade;
¢ Na cela de mobilidade ocorre a separacao de ions com diferentes mobilidades
ibnicas, através da interagdo dos ions com o gas de mobilidade que preenche

a cela, sob a influéncia de um campo elétrico oscilante;

e O Transfertem a funcao de conduzir os ions separados na cela de mobilidade
para o analisador de massa (TOF).

64 8. D. P. Smith et al. Deciphering drift time measurements from travelling wave ion mobility spectrometry-mass
spectrometry studies. European Journal of Mass Spectrometry, 2009, 15, 113.

65Z. Zhou, J. Tu, X. Xin, X. Shen, Z.-J. Zhu, LipidCCS: Prediction of Collision Cross-Section Values for Lipids with
High Precision to Support lon Mobility-Mass Spectrometry based Lipidomics, Analytical Chemistry, 2017, 89, 9559.
66 A. Marchand, S. Livet, F. Rosu, V. Gabelica, Drift Tube lon Mobility: How to Reconstruct Collision Cross Section
Distributions from Arrival Time Distributions?, Analytical Chemistry, 2017, 89 (23), 12674.

67 R. Cumeras, E. Figueras, C. E. Davis, J. |. Baumbach, I. Gracia, Review on lon Mobility Spectrometry. Part 1:
current instrumentation, Analyst, 2015, 140, 1376.
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Figura 5. Esquema do equipamento de TWIM-MS Synapt HDMS (Waters Corporation,
Manchester, UK).

A IM-MS esta cada vez mais sendo aplicada com diversas finalidades, como a
diferenciacdo de isdmeros, %8 para a caracterizagdo de misturas complexas como
polimeros e petréleo, ¢ e também para estudos de protedmica, ' metabolémica ! e
lipiddmica, 72 pois a adicdo de mais um parametro fisico-quimico aos dados de MS
ajuda na identificacdo de analitos desconhecidos.

68 P. M. Lalli et al. Baseline resolution of isomers by traveling wave ion mobility mass spectrometry: investigating
the effects of polarizable drift gases and ionic charge distribution. Journal of Mass Spectrometry, 2013, 48, 989.

69 A) M. Fasciotti et al. Petroleomics by Traveling Wave lon Mobility—Mass Spectrometry Using CO2 as a Drift Gas,
Energy & Fuels, 2013, 27 (12), 7277; B) J. M. Santos et al. Petroleomics by ion mobility mass spectrometry:
resolution and characterization of contaminants and additives in crude oils and petrofuels, Analytical Methods, 2015,
7, 4450.

70 G.H.M.F. Souza, P.C. Guest, D. Martins-de-Souza, LC-MS(E), Multiplex MS/MS, lon Mobility, and Label-Free
Quantitation in Clinical Proteomics. Methods in Molecular Biology, 2017, 1546, 57.

7T M. McCullagh, D. Douce, E. Van Hoeck, S. Goscinny, Exploring the Complexity of Steviol Glycosides Analysis
Using lon Mobility Mass Spectrometry, Analytical Chemistry, 2018, 90(7), 4585.

72 Q. Paglia, G. Astarita, Metabolomics and lipidomics using traveling-wave ion mobility mass spectrometry. Nature
Protocols, 2017, 12, 797.
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CAPITULO 2. ARTIGOS PUBLICADOS OU EM FASE DE PUBLICAGCAO

Nos topicos a seguir, serdo apresentados os artigos publicados, assim como os
manuscritos em fase de elaboracdo para publicacdo, que foram resultantes das
pesquisas desenvolvidas no contexto desta tese de doutorado.

2.1. Wood Chemotaxonomy via ESI-MS profiles of phytochemical markers:
The challenging case of African versus Brazilian Mahogany woods

Publicado originalmente em: Analytical Methods, 2015, 7, 8847-8980. O artigo

também foi capa externa da revista.
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Wood chemotaxonomy via ESI-MS profiles of
phytochemical markers: the challenging case of
African versus Brazilian mahogany woods

Maira Fasciotti,*® Rosana M. Alberici,?° Elaine C. Cabral,’® Valnei S. Cunha,?
Paulo R. M. Silva,® Romeu J. Daroda® and Marcos N. Eberlin*®

The harvesting of Brazilian mahogany (Swietenia macrophylla) is a main cause of the Brazilian Amazon
deforestation and has been therefore prohibited. African mahogany (Khaya ivorensis) was then
introduced for Amazon reforestation and the commercialization of such wood is legal, thus creating a
challenging problem for wood certification. Herein we report that a wood chemotaxonomic method
based on distinct profiles of phytochemical markers is able to promptly characterize both the native and
foreign mahogany species. This challenging task has been performed via a simple, fast and unambiguous
methodology using direct electrospray ionization mass spectrometry (ESI-MS) analysis of a simple
methanolic extract of a tiny wood chip. Typical limonoids such as khivorin, khayanolide A and
mexicanolide for African mahogany and phragmalin-type limonoids for the native Brazilian species, as

well as distinct polyphenols such as catechin derivatives and cinchonain, form the characteristic
Received 3rd July 2015

Accepted 14th August 2015 phytochemical marker pools for both species. This rapid methodology could therefore be used to

monitor legal and illegal mahogany tree harvesting, and hence to control Amazon deforestation. It could
DOI: 10.1039/c5ay01725d ’ - . .
also be applied to create a wood certification program for African and Brazilian mahogany trees, as well

www.rsc.org/methods as for wood certification in general.

Introduction

Mahogany (Swietenia macrophylia) - also known as “green gold”
- is probably one of the most precious wood species from the
Brazilian Amazon. Due to the superior aesthetics, physical
characteristics and ease of woodworking, mahogany has been
used to produce noble and luxurious furniture items.* During
the 1990's, millions of cubic meters of native mahogany were
removed from the Amazon forest,”> and this devastation is listed
among the main causes of the dramatic Brazilian Amazon
deforestation. Consequently, mahogany was included in 2002
in Appendix II of the Convention on International Trade in
Endangered Species (CITES), which established strict regula-
tions for international trade of an endangered species.? Due to
its endangered status and importance in the global market,
mahogany is the focus of many efforts towards its conservation,
harvesting and regeneration.*

“National Institute of Metrology, Quality and Technology-INMETRO, Division of
Chemical Metrology, 25250-020, Duque de Caxias, R], Brazil. E-mail: mfasciotti@
inmetro.gov.br

*ThoMSon Mass Spectrometry Laboratory, Institute of Chemistry, University of
Campinas-UNICAMP, 13083-970, Campinas, SP, Brazil. E-mail: eberlin@iqm.
unicamp.br

‘Chemical, Biological and Agricultural Pluridisciplinary Research Center (CPQBA),
Chemistry of Natural Products Division, University of Campinas - Unicamp, CEP
13081-970, Campinas, Sdo Paulo, Brazil

8576 | Anal Methods, 2015, 7, 8576-8583

In 2003, the Brazilian government prohibited the harvesting
of native mahogany trees.® Even though several legal actions are
in place to counter illegal logging and the subsequent trade,
there is however a lack of effective mechanisms to identify the
origin of timber and wood products. To solve this problem, the
Brazilian forest certification program (Cerflor) was established
in 2002, and has been developed by the National Institute of
Metrology, Quality and Technology (INMETRO).®

Khaya ivorensis, which occurs on the West Coast of Africa
from Sierra Leone to Cabinda, is also a famous African
mahogany species. Due to its high-quality timber and its high
resistance to the drill pointer (Hypsiphyla grandella), the major
pest of Brazilian mahogany (S. macrophylla), African mahogany
has been increasingly used for Amazon reforestation. This tree
species was found to grow about 30% faster than Brazilian
mahogany. Currently, it is estimated that there are over one
million African mahogany trees planted in Brazil and invest-
ments to encourage this culture are increasing.”

Brazilian and African mahogany species belong to the same
Meliaceae family and Swietenioideae subfamily differing only in
genus but most importantly in their pools of phytomarkers.
African mahogany belongs to the Khaya genus whereas Brazil-
ian mahogany belongs to the Swietenia genus.® The Meliaceae
family is characterized by the presence of limonoids with a large
range of biological activities.”** The Khaya genus is closely
related to the Swietenia genus, but is known to exhibit unique

This journal is © The Royal Society of Chemistry 2015
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phytochemical markers. For instance, several limonoid classes,
such as khivorins, angolensates, mexicanolides and fissino-
lides, have been isolated from different parts of K. ivorensis,"”>**
whereas S. macrophylla shows mainly phragamalin-class limo-
noids.”*® The configuration at C-6 of mexicanolides, phrag-
malins and khayanolides from Khaya is also of the 6S
configuration whereas those from Swietenia species are 6R.
These metabolic differences indicate that their chemotaxo-
nomic differentiation is feasible.

Direct infusion mass spectrometry (MS) using electrospray
ionization (ESI-MS) has been widely applied for rapid, direct
and effective fingerprint characterization of complex mixtures
including extracts of natural products.’*** Recently, both ESI-
MS and* Venturi easy ambient sonic-spray ionization MS (V-
EASI-MS)* fingerprinting have been applied to characterize
typical phytochemical markers'”** which were found to be
unique to Brazilian mahogany and absent in other typical
species of very similar morphology but quite contrasting Bra-
zilian wood families.>” Herein, direct ESI-MS fingerprinting of a
methanolic extract obtained from a tiny wood chip in which
pools of phytochemical markers are detected was performed.
This is a very challenging task to promptly and effectively
differentiate woods from Brazilian and African mahogany trees
that belongs to different species but to the same tree family.

Experimental
Wood samples

Samples of certified African mahogany (K. ivorensis) were
donated by the Brazilian Agricultural Research Corporation
(EMBRAPA - Oriental Amazon). African mahogany was raised in
the city of Belem, in Para State in Brazil; wood pieces of certified
Brazilian mahogany (S. macrophylla) were donated by a local
lumberyard. We ensured that no Brazilian mahogany tree was
harvested to conduct this work.

Sample preparation

An extract of the wood sample was prepared “in situ” before
analysis. The most external layers were discarded to avoid the
sampling of oxidized compounds or even some possible
contamination. For Brazilian mahogany (BM), the samples
were randomly collected from wood pieces and mixed just
before extraction. For African mahogany (AM), the samples
were collected over the whole tree stem cross-section radius,
from sampling points spaced by 3 cm from each other
(Scheme 1). After collection, the wood samples were cut into
small pieces (ca. 0.5 mm of diameter) and 10 puL of methanol
(HPLC Grade, Tedia, Brazil) was added to each 1 mg of wood
precisely weighed. The samples were vortexed for 2 min and
then centrifuged for 5 min in a microtube centrifuge. Meth-
anolic extracts were then diluted (1 : 100 v/v) in methanol with
0.1% of ammonium hydroxide for ESI(—)-MS. For ESI(+)-MS,
2 uL of a sodium chloride 0.1 mmol L' aqueous solution was
added to the final solution to favor the formation of sodium
adducts.

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Sampling scheme for African mahogany wood. The
samples were collected in selected parts throughout the whole radius
of the tree stem cross-section.

ESI-MS and ESI-MS/MS analysis

ESI-MS and ESI-MS/MS data were acquired in both the negative
and positive ion modes using a QTOF (Micromass, Manchester,
UK) mass spectrometer. The operation conditions are as
follows: 3.0 kV capillary voltage, 100 °C source temperature,
desolvation temperature of 100 °C, sampling cone voltage of 30
V and extraction voltage of 3.0 V. The diluted methanolic extract
was directly injected into the ESI source by using an automatic
injection pump (Harvard Apparatus) with a continuous flow of
10 puL min . The full scan ESI-MS spectra were acquired in the
range of m/z 50 to 2000 and the total time for acquisition of each
spectrum was set at 2 min, at an acquisition rate of 1 scan per
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Fig.1 ESI(+)-MS spectra of the methanolic extracts for (a) AM and (b—
d) three BM samples from three different trees.
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Fig.2 ESI(—)-MS spectra of the methanolic extracts for (a) AM and (b—
d) BM samples from three different trees.

second. The ESI-MS/MS spectra were obtained via collision-
induced dissociation (CID) and acquired from m/z 50 to m/z
values slightly above those of the ion under study. Argon was
used as collision gas, with collision energies varying from 10 to
40 eV, optimized for each ion. Spectra were processed using the
MassLynx 4.0 software (Waters, Manchester, UK). The TOF
analyzer was daily calibrated with a 0.1% (v/v) phosphoric acid
solution in acetonitrile/water 1 : 1 (v/v). The same solution was
used for internal lock-mass calibration in ESI-MS acquisition.

Paper

For an unambiguous molecular attribution, FT-ICR-MS
analysis was performed in a Thermo Scientific 7.2 T electrospray
ionization Fourier transform ion cyclotron resonance mass
spectrometer (Thermo Scientific, Bremen, Germany). A scan
range of m/z 200-1000 was used, and 100 microscans were
summed in each acquisition. The average resolving power (Rp,)
was 400 000 at m/z 400. Time-domain data (ICR signal or tran-
sient signal) were acquired for 700 ms and microscans were co-
added using Xcalibur version 2.0 (Thermo Scientific).

Results and discussion
ESI-MS QTOF fingerprinting

Woods are mainly composed of cellulose, hemicellulose and
lignin®® and such a composition is known to vary as a function
of several parameters such as tree part, geographic origin and
environmental conditions.?” The most detailed identification of
trees has been commonly achieved not based on these major
constituents but on the analysis of the minor constituents in an
approach known as chemotaxonomy.*>*' Such minor relatively
low MW constituents, known as extractives (around 4-10%), can
be obtained from the wood sample via extraction with water or
organic solvents such as methanol.***

The composition of the methanolic extracts of Brazilian and
African mahogany woods was therefore investigated using high
resolution ESI-MS. Fig. 1 shows the ESI(+)-QTOF spectra of
the methanolic extracts for both African (AM) and Brazilian
mahogany (BM). Fig. 1a shows a representative spectrum of an
extract obtained from a pool of wood fragments collected from all
the sampling points of the AM stem cross-section (Scheme 1),
whereas Fig. 1b-d show the spectra of three different BM samples.

Note that the differences between the phytochemical
markers detected in the mass spectra for the AM and BM
samples are truly remarkable. All the 3 BM samples display a set
of very abundant ions in the m/z 700 to 900 range (Fig. 1b-d),
whereas in the AM spectrum (Fig. 1a) no ions of significant
abundance are detected in this m/z range. Both trees belonging
to the same family are quite morphologically similar and hence
they are hard to distinguish via visual inspection, but their
different genus strongly impact the chemical profile of
secondary metabolites obtained via simple and rapid meth-
anolic extraction.

Table 1 Molecular formula and DBE (Double Bond Equivalents) of [M + Nal* ions attributed to marker phytochemicals via ESI(+)-FT-ICR-MS

analysis in the methanolic extracts of BM samples

Experimental m/z

by FT-ICR MS Theoretical m/z Error (ppm) Molecular formula DBE Possible components or their isomers References
735.26195 735.26232 —0.51 C;,H,,0;,Na 15.5 (1) Swietephragmin J 18
795.28305 795.28345 —0.51 C3oH,50;6Na 15.5 (2) Swietenitin D 17
827.30880 827.30967 —~1.05 C.oH;5,04,Na 14.5 (3) Swietenalide D 17
837.29358 837.29358 —0.52 C41Hs004,Na 16.5 (4) Swietenitin C 17
869.31977 869.32023 —0.53 C4,H5,0,5Na 15.5 (5) 2-Acetoxyswietenalide D 17
883.33544 883.33588 —0.50 C43Hs6045Na 15.5 (6) Swietenitin I 17
885.31429 885.31515 —0.26 C45H;5,0;0Na 15.5 (7) Swietenitin K 17
911.33047 911.33080 —0.36 C44Hs56010Na 16.5 (8) 2,11-Diacetoxyswietenalide D 17
927.32549 927.32571 —0.24 C44Hs560,0Na 16.5 (9) Swietenitin M 17

8578 | Anal Methods, 2015, 7, 8576-8583
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Table 2 Molecular formula and DBE attributed to marker ions via ESI(—)-FT-ICR-MS analysis in the methanolic extracts of BM samples

Experimental m/z

by FTICR MS Theoretical m/z Error (ppm) Molecular formula DBE Possible compound name and isomers References
289.07110 289.07066 0.82 C15H1506 9.5 (+)-Catechin/(—)-epicatechin 46
341.06707 341.06612 1.00 C,5H;50- 12.5 Cinchonain fragment —
451.10412 451.10290 1.22 C4H1600 15.5 Cinchonain IA or IB 47
577.13626 577.13405 1.49 C30H5504, 18.5 Procyanidin dimer 46

The phytochemicals present in the methanolic extracts were
also investigated via ESI(—)-QTOF. As shown in Fig. 2, the
spectra of BM and AM samples are quite similar and have a set
of common ions such as those of m/z 289, 577 and 865, but
again differentiation is properly attained via the presence of a
very abundant and unique marker ion of m/z 451 which
unambiguously characterizes the BM samples. This ion is barely
detected in the AM extracts.

FT-ICR-MS analysis with molecular formula attribution

The secondary metabolites identified as phytochemical ion
markers for both AM and BM samples may belong to several
classes of natural products such as flavonoids, terpenes,
phenols, alkaloids, sterols, waxes, fats, tannins, sugars, carot-
enoids, polyphenols, and limonoids.**** These molecules play
important roles in the plant metabolism® and important
phytochemicals have been identified in mahogany trees using
different analytical tools.”” These extractives are complex
mixtures of several isobaric species and, of course, isomeric
species which cannot be separated by MS. To obtain unambig-
uous molecular formula for these marker ions via accurate (<1
ppm) mass measurements, FT-ICR-MS analysis of the extracts
with ultra-high resolution and accuracy was performed (Tables
1-3).

Table 1 summarizes the attributions of the ESI(+)-FT-ICR-MS
ions from BM samples. Note that the presence of phragmalin-
type limonoids in the BM extracts has been indicated by
ESI(+)-MS analysis* and by other classical phytochemical
approaches.''%1%38

Via ESI(—)-MS and based on common classes found in wood
extracts, we postulate that mainly organic acids and poly-
phenols are detected,* as indeed indicated in Table 2. The
major marker ion of m/z 451, which is unique in the BM
extracts, could be attributed to cinchonain IA/IB. Note that this
molecule has also been reported in other types of tree woods
such as Phyllocladus trichomanoides,*® Rhizoma Smilacis glab-
rae** and Trichilia catigua,” but this is the first report of this
biomarker as the main polyphenol in Swietenia macrophylla.

Tables 3 and 4 summarize the ion attributions of the AM
extract, whereas Fig. 3 shows the chemical structures and
numbers (according to Tables 1 and 3) of the most important
limonoids identified in both AM and BM extracts.

Note in Table 3 that khayanolide and seneganolide-type
limonoids are attributed as the major limonoids detected in the
AM sample, a finding that agrees with the known chemotax-
onomy of such a genus.*®

Table 4 also shows polyphenols such as (—)-epicatechin/
(+)-catechines as the major constituents attributed in the ESI(—)
spectrum of the AM sample. Note that a series of ions were
attributed to polymeric epi/catechin detected in their deproto-
nated forms [M — H]7, e.g. as catechin dimers of m/z 577,
trimers of m/z 865 and tetramers of m/z 1153, which are known
as proanthocyanidins.*® This same series of polymeric tannins
was also identified in the BM samples (Table 2).

ESI-MS/MS

Further information that helps to characterize the key chemo-
taxonomic marker ions was also obtained via ESI-MS/MS

Table 3 Molecular formula of [M + Nal* ions and DBE attributed to marker phytochemicals via ESI(+)-FT-ICR MS analysis in the methanolic

extracts of AM samples

Experimental m/z

by FT-ICR-MS Theoretical m/z  Error (ppm) Molecular formula DBE Possible compound name and isomers References
491.20367 491.20402 —0.35 C,,H;,0,Na 11.5  (10) Mexicanolide 13
493.21934 493.21967 —0.33 C,,H;3,0,Na 10.5 (11) Methyl angolensate 10 and 14
509.21423 509.21459 —-0.36 C,,H;,04Na 10.5 (12) Methyl 6-hydroxyangolensate 10 and 14
535.22982 535.23024 —0.42 C,oH3604Na 11.5  (13) Fissinolide 46
539.18831 539.18877 —0.46 C,,H3,0,0Na 11.5  (14) 1-O-Deacetylkhayanolide E 14
541.20396 541.20442 —0.46 C,,H3,0,,Na 10.5  (15) Khayalactol 14
551.22492 551.22515 —0.23 CyoH3609Na 11.5 (16a) 3-Acetylswietenolide; (16b) 2- 10 and 13
hydroxyfissinolide or (16¢) 3-O-detigloyl-
3-O-acetylswietenine
567.25606 567.25645 —0.69 C30H,00oNa 10.5 (17) 3-Deacetylkhivorin 10
583.21464 583.21555 —0.59 C,oH360;,,Na 11.5  (18) 1-O-Acetylkhayanolide B 14
609.26657 609.26702 —0.99 C3,H,,0;0Na 6.5  (19) Khivorin 13

This journal is © The Royal Society of Chemistry 2015
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Table 4 Formula and DBE attributed to marker ions via ESI(—)-FT-ICR-MS analysis in the methanolic extracts of AM samples

Experimental m/z

by FT-ICR-MS Theoretical m/z Error (ppm) Molecular formula DBE Possible compound name and isomers References
289.07162 289.07066 —0.48 C15H1506 9.5 (+)-Catechin/(—)-epicatechin 48
577.13490 577.13045 —0.43 C30H5504, 18.5 Procyanidin dimer 48
865.19826 865.19744 —0.32 C45H3,04¢ 27.5 Procyanidin trimer 48
1153.26139 1153.26082 —0.46 CooH19054 36.5 Cinnamtannin A2 46

experiments (Fig. 4). For instance, the ion of m/z 577 (Fig. 4a)
was attributed to [M — H|™ of the procyanidin dimer, fragments
as expected mainly to the ion of m/z 289, e.g. to the monomeric
epi/catechin. The ion of m/z 493 (methyl angolensate), which
forms the base ion peak of the AM extract in the ESI(+) spectra
(Fig. 1a), forms a major fragment ion of m/z 81 (Fig. 4b), which
can be attributed to the pyrylium ion,* which together with the
ion of m/z 83, forms a pair of marker fragments for the limonoid
class.*

The very unique BM anion of m/z 451 (Fig. 4c) dissociates to a
very abundant fragment ion of m/z 341 likely due to the loss of
one catecol moiety from the cinchonain structure. The [M + Na]"
ion of m/z 911, which is the most abundant ion in the ESI(+)-MS

(2)R=H
(3)R=Ac

(6) R=2"B, 3’ B-epoxytigloyl
(4)R; =R, =H (7)R = Tig
(5)Ry=Ac;R,=H

(8)R, =R, =Ac

Fig. 3

8580 | Anal Methods, 2015, 7, 8576-8583

spectra of the BM extract (Fig. 1b-d), dissociates as expected
from its proposed structure mostly through the neutral loss of
acetic acid (60 Da) to form the fragment ion of m/z 851
(Fig. 4d).”

Spatial distribution of phytochemicals in African mahogany

To investigate whether different parts of a tree would provide
different pools of phytochemical markers detected by ESI-MS,
the variation of ESI(£)-MS of the methanolic extracts as a
function of the stem cross-section of the AM tree was monitored
(Fig. 5 and 6). Samples were collected from points separated by
3 cm and numbered from P1 (central point) to P8 (most external

g

COOCH;

(11)R=0
(12)R=0OH

(10)R, =Ry =H;R, =0

(13) R, =R, =H; R, = OAC
(16a) R, = H; R, = OAc; R; = OH
(16b) R, = OH; R, = OAG; Ry = H

(18)R=0
(18)R=0H

Chc (16c)

Chemical structures of the most important limonoids identified in both AM and BM.
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of BM.

point) and bark, as detailed in the Experimental section and
Scheme 1. Samples were therefore collected from the major
parts of the tree, including the pith (P1), the primary and
secondary xylem (P2 to P4), cambium (P5), phloem (P6 and P7),
P8 (phloem inner bark) and external bark.

Fig. 5 shows very similar ESI(+)-MS profiles except for P7
(Fig. 5d), with an abundant and unique ion of m/z 365 and most
particularly for the bark (Fig. 5e), with a predominant and
unique ion of m/z 509. Even though the ion of m/z 365 is the
base peak in P7, it cannot be considered a trustable phyto-
chemical marker of AM, because it is not present in all the
collected samples throughout the tree radius.

The ESI(—)-MS profiles (Fig. 6) show an interesting trend,
that is, the relative abundance of the epi/catechin polymer
ions, that is of the dimer (m/z 577), trimer (m/z 865) and
tetramer (m/z 1153), increases as a function of tree radius, and
this trend can be clearly seen, for instance in Fig. 7, for the ion
of m/z 865. This finding seems to agree with the knowledge
that polymerization of tannins increases with tree aging.*¢
Another important aspect is again the uniqueness of the bark
spectrum (Fig. 6e) similar to what was observed for ESI(+)-MS.
Indeed, it has been reported that the amount and variability

This journal is © The Royal Society of Chemistry 2015

of secondary metabolites are much higher in the bark.*®
Samples from the bark should therefore be avoided when
using phytomarkers of mahogany samples for chemotax-
onomy differentiation.

Conclusions

A set of well characterized phytochemical markers that can be
used to differentiate both BM and AM were detected by ESI-MS.
Although more accurate MS instrumentation was used in this
study, the methodology should work as well in simpler mass
spectrometers, such as quadrupoles, or even portable mass
spectrometers with miniaturized ion traps* allowing field
screening of illegal tree harvesting.

ESI-MS in both the negative and positive ion modes of a
methanolic extract of a tiny piece of wood sample has been
therefore demonstrated to provide a rapid and efficient way to
differentiate wood. The differentiation of the African and Bra-
zilian mahogany samples has demonstrated that the method-
ology is selective enough to differentiate woods even when
belonging to the same family. The concern that too distinct
pools of phytochemical markers would be detected from

Anal. Methods, 2015, 7, 8576-8583 | 8581
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Fig. 5 ESI(+)-MS profiles of methanolic extracts of AM from different
sampling points collected across the stem cross-section. (a) P1, (b) P3,
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different parts of the tree has also been eliminated since quite
similar characteristic profiles were obtained except from the
bark region. We propose that this prompt and unmistakable
chemotaxonomic differentiation involving simple and rapid
analyses can be useful not only to investigate legal and illegal
exploration of mahogany in Brazil, but also could be expanded
to other wood chemotaxonomic differentiation cases via both
laboratory and field analyses.
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Isotope ratio mass spectrometry (IRMS) is a technique that measures subtle differences in the abun-
dances of stable isotopes in samples or specific molecules. One important group of molecules is the fatty
acids methyl esters (FAME), due to its importance to areas such as food control, geochemistry and, more
recently, bio-based fuels such as biodiesel. The technique of choice for FAME analysis is gas chromatogra-
phy (GC), but the lack of GC compatible stable isotope certified reference materials may cause inaccuracy
in isotopic values determination. In this work, we proposed a simple methodology to accurately deter-
mine the 8!3C values in Jatropha curcas FAMEs as a test case, by using a two-point normalization using
internal and external standards to correct the isotopic fractionation from the transesterification reaction
and from the GC/C/IRMS analysis itself. We observed that the transesterification process may lead up to
2 mUr of deviation of !3C values for the internal standard (FAME C22:0). After the two point normaliza-
tion, the determined 8'3C average value for the FAMEs of 9 different samples of J. curcas was "3 Cyppg = —
29.51 +1.03 mUr, while the bulk value obtained with EA/IRMS was —28.97 +0.43 mUr, a typical signa-
ture of C3-plants. This work also demonstrates that major quality procedures must indeed be applied for
accurate determinations of isotopic values, especially in GC analysis, following the identical treatment

principle.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Isotope ratio mass spectrometry (IRMS) is a modality of mass
spectrometry that measures subtle differences in the abundances
of stable isotopes in samples or in specific molecules present in nat-
ural or synthetic systems [1]. During the last decades, the advances
on the correspondent instrumentation made IRMS a widely used
analytical technique that can be applied to the study of different
types of samples from different fields [2]|. When the concentration
of a specific molecule (or a group of them) is not a parameter to dif-
ferentiate samples according to some specific characteristic, one
can determine their isotopic composition, looking for variations
that can be related to certain processes such as metabolic path-

* Corresponding author at: Avenida Nossa Senhora das Gragas, 50 - Prédio 28,
25250-020 - Xerém, Duque de Caxias, Rio de Janeiro, Brazil.
E-mail address: mfasciotti@inmetro.gov.br (M. Fasciotti).

http://dx.doi.org/10.1016/j.ijms.2016.12.002
1387-3806/© 2016 Elsevier B.V. All rights reserved.

ways in plants, geographical origin, raw material, and many others,
that leads to slightly different concentrations of isotopes due to the
well-known phenomenon of isotopic fractionation [3].

IRMS can be hyphenated to elemental analysis (EA), gas chro-
matography (GC) and liquid chromatography (LC), being the last
two applied to compound-specific isotope analysis (CSIA), whereas
EA is used for the determination of bulk isotope ratios [4]. The
most commonly measured stable isotopic ratios are 13C/12C,2H/H,
15N/14N, 180/160 and 34S/32S for organic molecules [5], expressed
using 0 (delta) notations which relate the concentrations of the less
abundant isotope of a certain element to the concentration of the
most abundant one [6]. Since these differences are usually mini-
mal, & notations are expressed in permil (%.). However, this unit
was recently considered to be deprecated, according to the Inter-
national System of units (IS) and IUPAC guidelines, and the unit
mUr (milli Urey) is being recommended instead [7].

The samples (or specific compounds) are converted into a gas
(depending on the element of interest) through oxidation/reducing
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processes in an interface (in the inlets such as elemental analyzer
or a gas chromatograph) and compared to a working gas with
a known isotopic signature, traceable to an international scale.
For that, internationally agreed organic stable isotope reference
materials (RM) are implemented to assign a true isotopic value
for the working gas, as well as for normalization methods of the
raw isotopic values of the samples [8-13]. For example, the sta-
ble carbon isotopic composition is expressed relative to Vienna
Pee Dee Belemnite (VPDB) — the international scale zero point for
carbon — on a scale normalized such that the 313C values of NBS
19 calcium carbonate and LSVEC lithium carbonate standards are
+1.95 mUr and —46.6 mUr, respectively, and both should be cited
when one reports an isotopic ratio value. The NBS 22 stable car-
bon isotopic composition, for example, is expressed and certified
as 813CVPDB—LSVEC =-30.03+0.06 mUr. [6,8-13]

Sincemostly internationally agreed RM for stable isotopic mea-
surements are non-volatile solids or viscous materials, they are
exclusively compatible with EA inlets, which makes chromato-
graphic methodologies struggle to be traceable to the international
scale thereof. In this case, normalization methods of the raw data
are strongly recommended, using working standards with similar
physical-chemical properties to the analytes of interest, ranging
the same isotopic values, properly determined, and traceable to
the international scale [14-17]. We have [ 18] recently showed that
the isotopic reference material for working gas calibration and the
analytical GC column had a considerable effect on the 813C mea-
surements of ethanol samples, leading to inaccurate results, biased
of almost 2-3 mUr, when the identical treatment (IT) principle was
not followed. Several sources of isotopic fractionation are indeed
present in IRMS methodologies, from the sample preparation —
especially when derivatization methods are implemented [19] -to
the chromatographic process or the sample conversion to a gas in
the peripheral interface [20,21].

IRMS are being applied to several areas of remarkable impor-
tance, for example to detect the adulteration in food and beverages
[22-26]; the origin of alcohols [27,28]; environmental pollutants
[29]; forensic analysis [30,31]; doping control [32,33]; fuel con-
taminants [34]; geographic origin determination of vegetable oils
such as olive oils [35,36]; and several others [4]. In all cases, accu-
rate and traceable determination of the isotopic signatures must be
performed, in order to ensure reliable conclusions.

Among these applications, one important group of molecules in
many analytical areas are the fatty acids methyl esters (FAMEs).
FAME analysis by GC/IRMS is among the very first applications of
commercially available GC/IRMS, and is being widely applied ever
since. The analysis of this class of compounds is usually required in
food characterization [37], biological systems [38], environmental
spheres such as sediments, 3° and nowadays for biodiesel and other
bio-based fuels. The production of FAMEs in samples often requires
derivatization through transesterification reaction of the glycerides
precursors, that are commonly analyzed by gas chromatography.

The technique of GC/IRMS has been successfully applied, for
example, in the analysis of FAMEs from vegetable oils by Wood-
bury and co-workers [40] and sources of adulteration could be
identified. This is possible because the measurement of the car-
bon isotope ratios (among others) can be related to the oleaginous
seed and its geographical origin. For example, corn oil has a C4-
plant characteristic 813C signature (from —16.36 to —13.71 mUr),
while most oleaginous plants have a characteristic C3 biosynthetic
pathway, with 813C values in the range of —32.39 to —25.28 mUr
[36,41,42]. Therefore, the addition of corn oil to other C3-plant
vegetable oils can be easily detected. This is an important tool to
access the adulteration of more expensive oils, such as olive oil,
for instance [43]. Moreover, with the advent of biodiesel as one
of the most important biofuels being implemented during the last
decades, several oleaginous plants have been in focus of develop-

ments and genetic improvements to ensure its biodiesel quality
for better engines performances [44]. Based on this, IRMS can be
used as well as an important tool to differentiate and determine
the isotopic signatures of different sources and raw materials of
biodiesel.

Jatropha curcas is one of the most prominent oleaginous for
biodiesel production due to its good oxidative stability, low acidity
and higher cetane index, as well as good yields in oil production,
being very suitable for biodiesel production [45]. Many countries
and companies around the world are investing a lot of resources inJ.
Curcas as a potential raw material for biodiesel [46]. Therefore, this
work aimed to develop a methodology to determine the 13C/12C
isotope ratios of J. curcas oils of different geographical origins from
Brazil, as well as the carbon isotopic composition of the corre-
spondent FAMEs from the biodiesel samples, to report its isotopic
813C signature. For that goal, we have investigated the sources of
isotope fractionation, from the oil extraction to the GC/C/IRMS anal-
yses, and used both internal and external standards to correct the
isotope fractionation that occurs during sample transesterification
and chromatographic analysis. With this two-point anchoring data
normalization, we can ensure that reliable values of 813C, traceable
to the VPDB-LSVEC, are being reported, allowing us to determine
an accurate 8!3C signature for this oleaginous being produced in
Brazil.

2. Experimental
2.1. Reagents

The stable isotopic reference material C18:0 methyl ester
(stearic acid methyl ester, certified value of &'3Cyppg=-—
23.24 +0.01 mUr) from Indiana University (Bloomington, IN, USA),
was used for CO, calibration of the GC/C/IRMS system and for
quality control. A certified reference material (CRM 2772, soybean
biodiesel), produced by NIST (National Institute of Standards and
Technology, USA) and INMETRO (National Institute of Metrology,
Quality and Technology, Duque de Caxias, R], Brazil) was used to
optimize the chromatographic method. The C22:0 methyl ester
standard (docosanoic acid methyl ester, Sigma-Aldrich, purity 99%)
and C19:0 (nonadecanoic acid methyl ester, Sigma-Aldrich, purity
98% GC) were used as internal and external standards, respectively.

Hexane (Tedia Brazil, HPLC grade, purity 99.9) was used for the
Soxhlet extraction of J. curcas oil. For the transesterification of J.
curcas oil, methanol (Tedia Brazil, HPLC grade, purity 99.9), KOH
(Sigma-Aldrich) and BF3-methanol complex (boron trifluoride-
methanol, Supelco Inc., Bellafonte, PA, USA) were used (the same
flasks for all samples, to ensure the same isotopic composition).
Toluene (Tedia Brazil, HPLC grade, purity 99.9) was used to pre-
pare the final solutions for GC/C/IRMS and GC/MS and as cleaning
solvent between injections.

2.2. Samples

This work was conducted with six J. curcas seed samples
(donated by the Brazilian Agricultural Research Corporate —
EMBRAPA) from different geographic regions of Brazil. One of these
samples has an unknown origin; and three samples of J. curcas oil
were obtained from Sdo Paulo state (Table 1). The J. curcas seeds
samples were stored at room temperature and the J. curcas oil sam-
ples were analyzed without any previous treatment and stored as
received at 4°C.

Extraction of J. curcas oil — solvent extraction

Initially, a study was conducted to investigate if the process of J.
curcas seed oil extraction has any source of contamination. All the
extraction apparatus (Soxhlet flask and condenser), acrylic wool
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Table 1
Samples of J. curcas analyzed in this work and its origin.

Table 2
313 Cyppp values of J. curcas oil of different geographical origins measured by EA/IRMS.

Sample Code Origin (City/State) J. curcas sample Sample code Average 8'3Cyppg (mUr) + sd?
264 Dourados/MS Seed 813 —28.70+0.03
201 Lavras/MG Seed 100 —28.50+0.05
136 Maranhdo Seed 101 —29.90+0.09
299 Rio Grande do Sul Seed 102 —28.57+0.07
112 Petrolina/PE Seed 201 —29.05+0.02
813 Unknown Seed 136 —29.32+0.02
100 Sdo Paulo oil 112 —28.89+0.01
101 Sdo Paulo 0il 299 —28.98+£0.02
102 Sdo Paulo oil 264 —28.82+0.11
Average —-28.97+043

(brand Vigo AR) and the filter paper were washed for 4 h with hex-
ane to eliminate possible contaminants. Then, they were dried and
used as filtering materials during the oil extraction from the seeds.
The process was repeated for each sample extraction.

The hexane (blank) of these devices was evaporated in a rotary
evaporator to a volume of 1mL and analyzed by GC/MS and
GC/C/IRMS to monitor any possible contamination in the blank of
extraction.

The J. curcas seeds from different regions were dried for 1
hour at 50°C and mashed in a mill (IKA, A11b, 50/60Hz, 160 W).
Then, approximately 30 g of seeds were placed in Soxhlet extrac-
tor packed with the previously cleaned acrylic wool and filtering
paper.

For the extraction of J. curcas oil, approximately 500 mL of hex-
ane were used as extraction solvent, at a temperature of 70°C
during 3 h in the Soxhelt. The extractions were performed in tripli-
cate simultaneously in three (3) different Soxhlet extractors. After
extraction, the hexane was evaporated under a rotatory evapora-
tor, resulting in the pure J. curcas oil. Then, the oil was weighted to
calculate the yield (in% — w/w) by dividing the obtained oil mass
and the initial mass of seed.

2.3. Transesterification reaction

Approximately 0.8 g of each J. curcas oil sample was weighed
and approximately 50 mg of methyl ester C22:0 and 5.0 mL of KOH
in methanol (1 mol/L) were added, in Schott Flasks of borosilicate
of 25 mL. The mixture was placed on an ultrasonic bath (ELMA-
SONIC 30H), at 70°C for three hours, under a frequency of 80 kHz
and 480 W (peak). Then the fatty acids were esterified with 5.0 mL
of BF;-methanol complex and ultrasound for 1 h. The reaction was
quenched with 1.0mL of a saturated NacCl solution and approxi-
mately 10 mL of hexane. After separation, the hexane upper phase
was transferred to 25 mL bechers. The solvent was completely
evaporated at 50 °C, resulting in the mixture of FAMEs.

2.4. Sample preparation

For both GC/MS and GC/C/IRMS analyses, 5 mg of the standard
C19:0 and 5 mg of the FAME mixtures (biodiesel) were precisely
weighted in the GC vials. Then, approximately 1 mL of toluene was
added to the vial, and precisely weighted as well. The mixture was
vortexed for aproximately 15 s until complete dissolution, and then
the vials were placed on the autosampler of the equipment (either
GC/MS or GC/C/IRMS) for the analysis.

2 sd: standard deviation, n =3 replicates.

2.5. 813Cyppp correction for FAME isotopic composition due to
carbon incorporation in the transesterification reaction

The isotopic shift due to the introduction of one carbon in the
fatty acid chain from the methylation step was corrected by a mass
balance, according to the Eq. (1) [47]:

[8'3CramE  Mesurement x (1 +1) — 813 Crgeon ] 1)

13
8 Crame = 0

where 813 Cpape and 813 Cyeop are the carbon isotopic compositions
of the fatty acid methyl ester and the bulk methanol used in the
reaction media for methylation of the fatty acid, respectively. n is
the number of carbons in the fatty acid methyl ester chain. The
carbon isotopic composition of the reaction media was determined
by EA/IRMS as §13Cyppg = —38.41 mUTr.

2.5. Instrumental

The identification and quantification of the methyl esters con-
tent produced from the transesterification of the J. curcas oils
were performed using gas chromatography with mass spectrome-
ter detector (GC/MS — Shimadzu GCMS-QP2010, Tokyo, Japan).

The EA/IRMS analyses of the J. curcas oils were performed in
a continuous-flow isotope-ratio mass spectrometry using a Delta-
Plus XL mass spectrometer coupled to a ConFlo IIl interface linked
to a Flash EAT™1112 elemental analyzer fitted with a 50-position
autosampler (all from Thermo Scientific, Bremen, Germany).

The GC/C/IRMS analyses of biodiesel were performed using
a Delta V Plus mass spectrometer (Thermo Scientific, Bremen,
Germany) with a CG IsoLink combustion reactor (GC Combustion
II) (Thermo Scientific, Bremen, Germany) interface coupled to a
gas chromatograph (7890A — Agilent Technologies). Samples were
introduced using an A7693 autosampler (Agilent Technologies).

3. Methods

Methyl ester content analysis of J. curcas oils by GC/MS

The quantification of methyl ester of the J. curcas oils was per-
formed and validated according to the standard procedure — EN
14103:2011: Determination of ester and linolenic acid methyl ester
contents [48].

The chromatographic separation of methyl ester was performed
in a Rtx-Wax column (Varian, 30 m x, 0.25 mm i.d. x 0.32 pwm film
thickness). 1 wL of sample was injected in splitless mode. The split-
less injector temperature was set to 250 °C. The oven temperature
program started at 60 °C hold for 2 min, to 200°C at 10°Cmin~!,
and to 240°C at 5°Cmin~!, hold for 7 min. Helium was used as
the carrier gas at a constant flow rate of 3 mL/min. Samples were
analyzed in triplicates.
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3.1. CO; calibration in EA/IRMS system

The working gas CO, was calibrated against the international
reference material NBS22 (8'3Cyppg=-—30.031mUr). Approxi-
mately 0.5mg of the reference material was weighted into tin
capsules and placed into the auto-sampler. For the measurements,
the oxidation and reduction reactors were set to 900 °C and 680 °C,
respectively.

Isotopic Analysis of J. curcas oils by EA/IRMS

Approximately 0.5 mg of each J. curcas oil sample was weighted
into tin capsules and placed into the auto-sampler. For the mea-
surements, the oxidation and reduction reactors were set to 900 °C
and 680 °C, respectively.

Data were processed using the instrument manufacturer’s
proprietary Isodat NT software, version 2.0 (Thermo Scientific, Bre-
men, Germany). The measured 3C/!2C isotope ratios were also
expressed as 813C-values (in mUr) relative to the VPDB scale.

3.2. CO; calibration in GC/IRMS system

The CO, working gas in GC/C/IRMS system was calibrated using
the C18:0 (83Cyppg =—23.24+0.01 mUr) from Indiana University
(Bloomington, IN, USA). This standard was injected 10 times and the
peak corresponding to C18:0 was considered the reference for all
analyses. The average of the 813C values obtained for CO, was used
as the reference isotopic value during the analyses of the samples.

3.3. Isotopic §13C analysis of methyl esters by GC/C/IRMS

The chromatographic separation of the methyl esters was per-
formed in a DB-23 column (J&W Scientifc, 30 m x, 0.25 mm i.d. x
0.25 pm film thickness). 0.1 L of sample was injected in a split-
less mode. The injector temperature was set to 250°C. The oven
temperature program was as follows: 60°C to 200°C at 7°Cmin~1,
then a 2°Cmin~! ramp to 216°C for 2 min. Helium was used as
the carrier gas at a constant flow rate of 1 mL/min. Samples were
analyzed in triplicates.

Three Faraday cup detectors monitored simultaneously and
continuously the CO, signals for the three major ions of m/z 44,
m/z 45 and m/z 46. For the methyl esters analysis, five pulses of
CO, reference gas were admitted into the inlet system for about
30s with a backflush time of 950s and a total run time of 1950s.
The temperature of the combustion reactor was set to 950 °C during
all the analysis.

Data were processed using the instrument manufacturer’s
proprietary Isodat NT software, version 2.0 (Thermo Scientific, Bre-
men, Germany). The measured '3C/12C isotope ratios were also
expressed as 8'3C-values (in mUr) relative to the VPDB scale.

Table 3

3.4. Normalization method (Two-point normalization)

For normalization of the raw 813C values, a two-point normal-
ization method was applied using the C22:0 (internal standard) and
C19:0 (external standard), according to Eq. (2) [18]:

X2 — X1
Y2 =01
Where y denotes the instrumental response. The values of the stan-
dards are denoted by x1 and x5, the respective responses by y; and
V2, the response of the sample by ysample, and the normalized value
of the sample by Xsample-

Xsample = (J’sample - yl) +X1 (2)

4. Results and discussion

The first step of this work was the oil extraction optimization,
to verify — and minimize — any source of contamination or iso-
topic fractionation, as both processes can lead to biased isotopic
values. As we were using the classic Soxhlet solvent extraction,
we have performed several hexane blanks of the system until no
peaks were detected by both GC/MS and GC/C/IRMS, before each
seed extraction. Moreover, we have observed that regular cellu-
losic cartridges for Soxhlet extractor leaded to some contaminant
peaks at the chromatogram that can co-elute with the FAMEs peaks
causing systematic errors of the 8!3C values. For this purpose, we
have performed the extraction using regular filtering papers and
acrylic wool to involve the powdered seeds during extraction. The
extractions were successful, obtaining from 32.1 to 43.7% (w/w) of
oil yield for the J. curcas seeds (Table S1), which are the expected
values for these oleaginous seeds [42].

We have also performed the extraction of the seeds in triplicate,
to check if there could be any variation of the 313C due to sam-
ple inhomogeneity and due to isotopic fractionation during the oil
extraction. To evaluate this, we have measured all the three repli-
cates of oil extraction of the sample 813 by EA/IRMS (Table S2).
The averages values were completely equivalent, being the stan-
dard deviation of the 8'3C values for each replicate of extraction
compatible with the standard deviation of the measurement of the

Table 4
Average values for the C22:0, measured between the samples and as an internal
standard,and the average values of C19:0 as an external standard.

Standards Average 8'3C (mUr)
(C22:0 between injections -27.31+£094°
C22:0 as internal standard —25.52+0.88"
C22:0 reference value —27.094+0.06 ¢
C19:0 as external standard -30.39+0.554
C19:0 reference value -30.02+0.0¢

2 (C22:0 injected as a standard between each sample, n=10 replicates.

b (22:0 as internal standard of the transesterification reaction, determined at the
same chromatographic run of the J. curcas samples, n=27 replicates.

¢ Reference value provided by EA/IRMS, traceable to VPDB via NBS22 standard,
from n=11 replicates of measurements.

4 C19:0 as external standard of the GC/C/IRMS analysis, determined at the same
chromatographic run of the J. curcas samples, n=27 replicates.

¢ Reference value provided by EA/IRMS, traceable to VPDB via NBS22 standard,
from n="7 replicates of measurements.

Reference material and secondary working standards used for working gas calibration and raw data normalization and their reference values determined by EA/IRMS.

Standard

Reference 8'3Cyppg value (mUr)

FAME (C18:0 (Indiana University, Bloomington, IN, USA)
FAME (C22:0 (internal standard of the transesterification reaction)
FAME C19:0 (external standard for the GC/C/IRMS analysis)

—23.24+0,01°
—27.09+0.06"
—30.02+0.02 ©

a Reference material provided by Indiana University.

b Secondary working standard, with the reference value provided by EA/IRMS, traceable to VPDB via NBS22 standard, from n=11 replicates of measurement.
¢ Secondary working standard, with the reference value provided by EA/IRMS, traceable to VPDB via NBS22 standard, from n=7 replicates of measurement.
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Fig. 1. GC/C/IRMS chromatograms (m/z 44 and 45 ion currents as a function of time) correspondent to the carbon isotopic analysis of a) CRM 2772 (NIST/INMETRO) soybean-
based biodiesel; b) representative sample of J. curcas FAMEs with C19:0 and C22:0 as external and internal standards; and ¢) mixture of C18:0 RM and the secondary working
standard — C22:0. Three pulses of CO, were introduced before the elution of the FAMEs peaks and two pulses after the elution. Reference peaks 2-5 (elution times 138.1,
187.9,1869.5 and 1919.5 s, respectively) were considered to be the reference gases in the software for the calculation of the 8'3C values of all the FAMEs. DB-23 was used as

the GC column.

same sample (0.04 versus 0.03 mUr). Therefore, the replicates of
oil extraction could be merged in only one sample, as no inho-
mogeneity or any isotopic fractionation was observed in this first
step.

The bulk 813 Cyppg values of J. curcas oil of different geographical
origins of Brazil were then measured by EA/IRMS, and the results
are shown in Table 2. The values were very close to each other for
all samples, ranging from —29.90 to —28.50 mUr, with the average
value of —28.97 + 0.43 mUr (n=9 samples). The results for J. curcas
813 Cyppp isotopic signature were in accordance with the expected

values for C3 plants, such as rape seed, palm, soybean and olive oil,
and varied from ca. —31 to —29 mUr, as previously reported [39].
The next step consisted in the optimization of the transesterifi-
cation method of J. curcas oil. The methylation method described in
this work allowed us to obtain more than 95% of total esters content
(Table S3) and all the samples could be derivatized simultaneously
in the ultrasonic bath, which is suitable to ensure repeatability
conditions during sample derivatization and minimize different
magnitudes of isotopic fractionation within the samples. Another
important aspect of this sample preparation was the addition of the
standard C22:0 at the beginning of the reaction, along with the J.
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Fig. 2. Control charts of the raw isotopic values 8'3C of a) C18:0 and b) C22:0 injected between samples.

curcas oils and the methanol-BF3, which means that the standard
was submitted to the principal of the identical treatment in the
reaction media and can be used to correct any isotopic fractiona-
tion that came from this process. Moreover, the FAMEs extraction
and purification used here avoids the presence of halogenated com-
pounds (i.e BF3) in the samples, so it will help to avoid the damage
of the combustion reactor, making it last for a longer period.

After the sample transesterification, the standard C19:0 was
used as an external standard, to correct instrumental drifts or
isotopic fractionation during the course of analysis. Table 3 summa-
rizes all the standards used in this methodology to ensure accuracy
and traceability. The stable organic RM FAME C18:0 (Indiana Uni-
versity, Bloomington, IN, USA) was very adequate for working gas
calibration, since it is an ester that is present in the samples, and
because it has an isotopic value in the range of the expected values
of J. curcas FAME values. Both C22:0 and C19:0 were used as inter-
nal and external standards as described: the first one to correct the
sources of deviation that comes from the transesterification; and
the other to correct deviations from the GC/C/IRMS analysis itself.
Their true values were determined with EA/IRMS, being traceable
to the international scale via the primary standard NBS22. Their ref-
erence values are also reported in Table 3, and they were used as
the “true” values to normalize the raw measured values of J. curcas
FAMEs by using a two-point normalization method.

Alongside with the normalization approach using two stan-
dards, the chromatographic resolution is another very important
aspect of the analysis to ensure the accuracy and precision of the
results. Normally, columns as CP-WAX are strongly recommended
for FAME separation [35,49], but comparing the peak resolutions
of GC/MS and GC/C/IRMS techniques, the final peak resolution of
GC/C/IRMS tends to be poorer, due to a longitudinal diffusion pro-
cess at the combustion interface, resulting in broader or tailored
chromatographic peaks thereof. Therefore, an improved chromato-
graphic resolution is required, that could be achieved using a GC
column with a more polar stationary phase as the DB-23. Previous
works report a baseline resolution even for some cis/trans FAMEs
isomers in this column [50]. Moreover, the DB-23 column is less
susceptible for “bleeding” processes in higher temperatures com-
pared to WAX columns, which can minimize another source of
interferences during the FAME elution and, thus, an inaccurate 313C
determination.

To optimize the chromatographic separation, a certified ref-
erence material of soybean-based biodiesel (NIST/INMETRO, CRM
2772)was used to evaluate the peak resolution and its symmetry. A
very good GC resolution and peak symmetry was indeed achieved.
Fig. 1 shows the GC/C/IRMS analysis of the CRM 2772 (Fig. 1a), a
representative sample of J. curcas FAMEs showing both peaks of
C19:0 and C22:0 (Fig. 1b); and the mixture of C18:0 RM and the
secondary working standard — C22:0-injected between each sam-
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Fig. 3. Control charts of the 8'3C values of a) C19:0 and b) C22:0 determined along with the J. curcas FAMEs, showing the drifts in the measurements during the course of

the batch analyses.

ple (Fig. 1c), as a control chart to evaluate how the isotopic values
were drifting during the batch of analysis.

Fig. 2 shows the control charts of the raw isotopic values of
both C18:0 and C22:0 injected between samples to verify the
instrumental response of the equipment. Indeed, a considerable
deviation from the reference values is observed (higher than the
expected standard deviation for a GC/C/IRMS measurement, of
ca.£0.20mUr). This behavior points out that the sample raw
results, in fact, must be submitted to normalization to ensure
accuracy. Another remarkable fact is that these two standards did
not present the same behavior: the 813C of C18:0 was, in aver-
age, positively biased (—22.99 mUr versus the reference value of
—23.24 mUr) while the C22:0 was negatively biased (—27.31 mUr
versus the reference value measured by EA/IRMS of —27.09 mUr).
Therefore, at least two standards must indeed be implemented
for the data normalization to avoid the introduction of systematic
errors during the measurements. Note that the data reported in
Fig. 2 only represents the deviations in the instrumental response
during analysis, so, in fact data normalization is required even in
short-term experiments, or in conditions of repeatability.

Comparing the average measured value of the secondary stan-
dard C22:0 determined between the injection of the samples and
its average value when it was added in the beginning of the deriva-
tization process, a bias of approximately 2 mUr was observed. The
average value by GC/C/IRMS between the samples injections was
—27.31 mUr, while the value measured when C22:0 was added
as internal standards were —25.52 mUr, being the reference value
(determined by EA/IRMS) —27.09 mUr, as shown in Table 4. More-
over, evaluating the average value of the C19:0 (-30.39 mUr) used
as external standard (added right before the GC/C/IRMS analysis,

at the final solution, along with the FAME mixture of J. curcas oil)
and comparing with the reference value (—30.02 mUr), a smaller
deviation was verified. This result points out that the derivatiza-
tion processes is an important source of isotopic fractionation. The
derivatization leaded to a positive bias of approximately 2 mUr,
whereas the deviation due to the analyses (comparing GC/C/IRMS
and EA/IRMS) was about 0.3 mUr for both C22:0 and C19:0, which
is acceptable when comparing these two different techniques.

Even though the standard C22:0 does not “react” together and
in the same way compared with sample fatty acids, at some point
of the derivatization process an important isotope fractionation
plays a role, but the exact step in which it happens still needs to
be determined. As the standard C22:0 is not methylated (since it
is already an ester), one hypothesis is that the isotopic fractiona-
tion occurs during the final liquid-liquid extraction, when slightly
different equilibrium rates and solvent partitioning coefficients for
molecules containing different abundances of the heavier/lighter
isotope may lead to this observed bias of approximately 2 mUr.

Indeed, observing the raw data for both C19:0 and C22:0 during
the course of the batch analyses, one can note that all the values
of the C22:0 are positively biased (Fig. 3a), while the C19:0 has a
different behavior: their values tends to decrease with the analysis
(Fig. 3b), thus, short periods of oxidation could be recommended
to minimize this effect (especially in more modern systems such
as Isolink I or II, as these interfaces can perform a fast oxidation
of the combustion reactor in the beginning of each run). But, the
most important conclusion about the trends showed in Fig. 3, is
that the sample preparation has a more pronounced contribution
for the results inaccuracy, leading in systematic errors as observed
for C22:0 standard.
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Admitting that the J. curcas FAMEs are being submitted to the
same processes of the standards C19:0 and C22:0, in both steps of
derivatization and GC/C/IRMS analysis, and that they are follow-
ing the identical treatment principle, the measured §!3C of both
standards were used to correct the raw measured 8'3C for all the
FAMEs in]. curcas samples. Comparing the raw data and the normal-
ized data by using the two-point normalization procedure reported
here, showed in Table 5, we observed random deviations between
both set of values, sometimes less critical, but in some cases being
of almost 1 mUr, which is a lot higher than the technique precision,
thus, requiring correction.

The normalized and corrected 8!3Cyppg values (corrected con-
sidering the incorporation of one atom of carbon from methanol
in the fatty acid chain, as described by mass balance in equation
1) are reported in Table 6. The average isotopic values ranged
between —28.29 and —30.82 mUr, being the C18:2 the fatty acid
with the lower isotopic value for all samples. The global average
isotopic values for all the samples and fatty acid chains was of
—29.51 +1.03 mUr, which is in accordance to the average value for
bulk samples determined by EA/IRMS, —28.97 & 0.43 mUr, indicat-
ing the accuracy of the normalized results.

All the data presented in this work showed that major quality
procedures must be used in order to ensure accurate results, even
for simpler derivatizations procedures, such as transesterifications,
and simple samples like pure vegetable oils. The transesterification
reaction is the main source of isotopic fractionation and biased
results, followed by the measurement itself. Both effects can be
eliminated — or at least minimized — by using proper internal and
external standards for raw data normalization, following the iden-
tical treatment principle as described in this work.

The use of 2 different standards will correct the 2 major sources
of isotopic fractionation: the sample preparation and the instru-
mental analysis itself. Note that one could use as many standards
as wished, depending on how much expensive the analysis could
be, or how many standards are available to properly be applied to
correct any source of isotopic fractionation. In the case of this work,
both standards correct all possible sources of isotopic fractionation.
The C22:0 is there since the beginning of sample preparation; and
C19:0 is added immediately before injection, so it only suffers the
influence of the analysis. Note also that C22:0 is also influenced,
of course, by the analysis. Therefore, 2 standards are indeed being
used for the correction of instrumental responses, and that it is a
good enough approach, considering the benefits.

In fact, the results shown in this work points out that normal-
ization procedures must be implemented, or at least evaluated, to
make sure that we are reporting accurate values for GC/C/IRMS, not
only for FAMEs, but for every analyte.

5. Conclusion

In this work, we have described a simple methodology for a
traceable and accurate determination of 813Cyppg values in fatty
acid methyl esters, using real samples of J. curcas biodiesel as a
proof-of-concept for the method.

It was observed that the transesterification method using the
classic procedure with methanol-BF3 under ultrasonic bath causes
an isotopic fractionation that results in positively biased values of
approximately 2 mUr, observed for the standard C22:0, added in the
beginning of the sample preparation and analyzed by GC/C/IRMS.
Due to that, the raw results of FAMEs in J. curcas samples were
normalized using the measured values and the reference values
(obtained by EA/IRMS) of both C22:0 and C19:0, which was the
internal and external standards, respectively. The first one to cor-
rect any isotopic fractionation due to the derivatization process; the
last one to correct any random error in the instrumental response

Table 5

Comparison of raw and normalized (two-point normalization) 8'3C values for the J. curcas FAMEs.

112 100 201 101 102 264 299

136

Samples 813

Normalized

Normalized Raw Normalized Raw Normalized Raw Normalized Raw Normalized Raw Normalized Raw Normalized Raw

Normalized Raw

Raw

FAME

values

values

values

values

values
-30.04

values values
-30.19
—29.41

values

values

—29.09
—29.12

—29.60
—29.65
-29.11
-29.97

-29.17
-29.21

-30.02
-30.08
-29.41
-30.49

-30.14
-30.19
-29.28
-31.08

-29.89
—29.98
—29.55

-29.83
—29.88
—29.61
-29.83

—29.95
—30.07
—29.48

—29.95

—29.90
—29.98
—29.55
—29.90

—29.92

—30.09
-30.28
—29.30
-30.09

-30.10
-30.25
—29.48

-30.03
-30.25

-30.14
-30.35

—29.93

—30.03
-30.22

C16:0 —-29.84

C18:0
C18:1

-30.04
—29.47
-29.93

-30.18
—28.92

-30.14
—28.61

—28.80
—29.32

—28.80
—29.46

—29.26 -29.14

-30.14

-29.24
—30.03

-29.89

-30.04

-30.10

-30.04

—29.94

—29.84

C18:2




Table 6

Normalized carbon isotope ratios (8'>Cyppg) of individual fatty acids chains of J. curcas oil samples.

Normalized 8'3Cyppp (mUr) values?

J. curcas samples

Fatty acid chain

Average +sd

136 112 100 201 101 102 264 299

813

-29.36+0.53
—29.60+0.46
—28.29+0.56
—30.82+0.58

-29.51+1.03

—28.72+0.16

—28.57+0.09
—29.28 +0.06

—27.29+0.21

—29.63+0.07
—29.74+0.41

—29.63+0.07
-29.744+0.12

—29.29+0.12

—29.10+0.02
-29.16+0.27
—27.95+0.08
—30.86+0.30

-29.44+0.24
—29.71+0.28
—27.99+0.20
-31.77+0.18

—30.33+0.03

—30.58 +0.41

-29.50+0.15

C16:0
C18:0
C18:1

-29.16+0.18
-27.85+0.24
-31.26+0.20
Global Average

—29.24+0.25

—29.76 +0.30
—28.73+0.38
—29.56+0.22
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—28.77 £ 0.41
—30.67 +0.67

—28,77+0.12

—28.25+0.15

—29.00+0.37

-30.92+0.02

-30.67+£0.05

-30.86+0.17

—30.79+0.91

C18:2

2 Corrected with methanol mass balance described in Eq. (1).

of the GC/C/IRMS system. In this way, accurate results could be
obtained: the average values of all the fatty acids chains of all the
samples was 8'3Cyppg =— 29.51 + 1.03 mUr, while the bulk value
obtained with EA/IRMS was —28.97 +0.43 mUr, a typical signature
of C3-plants.

This work also demonstrates that major quality procedures
must indeed be applied for accurate determinations of isotopic
values, especially in GC analysis. The lack of proper stable isotope
reference materials could be overcome by using secondary work-
ing standards with the reference values properly determined by
EA/IRMS and traceable to the international scale via internation-
ally agreed reference materials, along with the application of the
identical treatment principle.
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2.2.1. Material suplementar

Support information
Title: “Two-point normalization using internal and external standards for a traceable
determination of &'C values of fatty acid methyl esters by gas
chromatography/combustion/isotope ratio mass spectrometry”

Table S1. Yields (%) of oil extraction from seeds of J. curcas from different states/cities of Brazil.

Sample code and city of | Extraction Weight of | Weight of oil | Yield | Average yield
origin seeds (g) (9) (%) (%)
DOURADOS (264) 1 30.1281 9.1750 30.4 34.4
2 30.1027 10.5380 35.0
3 30.5500 11.6010 37.9
LAVRAS (201) 1 30.0174 10.7690 35.9 35.2
2 30.1610 9.0611 30.1
3 30.3570 12.0663 39.7
MARANHAO (136) 1 30.5856 13.0807 42.8 42.9
2 30.0550 11.5745 38.5
3 30.1114 14.2409 47.3
RIO GRANDE DO SUL 1 30.7965 14.1387 45.9 43.7
(299) 2 30.5889 11.1104 36.3
3 30.6230 14.9845 48.9
PETROLINA (112) 1 30.0762 9.772 32.5 34.7
2 30.1463 8.7472 29.0
3 30.3139 12.9422 42.7
Unknown (813)* 1 30.5682 13.7824 45.1 40.3
2 30.2924 11.8396 39.1
3 30.0781 11.0951 36.9

*The origin of sample number 813 could not be confirmed.

Table S2. Isotopic values from 3 different oil extractions of the same seed (sample 813).

Extraction Sample 83Cypps | Mean(%. Standard RSD Mean of Standard RSD
code_extraction_ (%0) ) deviation (%) | extractions | deviation (%)
replicate (%0) (%0) (%)
813 1 1 -28.67 | -28.69 0.03 0.09 -28.70 0.03 0.09
1 813 1 2 -28.68
813 1 3 -28.72
813 2 1 -28.62 | -28.68 0.06 0.21
2 813 2 2 -28.74
813 2 3 -28.69
813 3 1 -28.74 | -28.73 0.02 0.07
3 813 3 2 -28.74
813 3 3 -28.71
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Table S3. Ester content and ester composition determined with GC/MS of derivatized J. curcas oil
using the ultrasonic method with methanol-BFs.

Total ester content and its distribution (g / 100 g)

Samples
Ester 136 813 299 112 201 264 100 101 102
C16:0 15.06 | 15.37 | 14.39 15.10 14.06 14.82 13.94 13.48 14.09
C16:1 0.93 1.05 0.77 0.99 0.85 0.85 0.78 0.70 0.76
C18:0 5.94 5.75 5.51 5.52 6.20 5.59 7.36 6.70 6.55
cis-C18:1 36.19 | 37.78 | 35.49 35.60 38.14 37.36 45.05 40.72 40.13
trans-C18:1 1.29 1.38 1.09 1.33 1.32 1.24 0.97 1.09 1.13
C18:2 40.59 | 38.66 | 42.75 41.45 39.43 40.15 31.91 37.32 37.33
Total ester content (g/100g) | 96.44 | 103.03 | 95.25 98.35 96.71 96.80 97.77 96.77 95.02
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2.3. Microalgae biomass characterization using ion mobility-mass
spectrometry

O artigo a seguir, em formato de manuscrito, encontra-se em fase de

submisséo para revista internacional da area de quimica analitica.
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ABSTRACT

Algae biomass displays an extremely complex set of metabolites and its molecular
characterization has been very challenging. We are reporting strategies to
characterize microalgae extracts via traveling wave ion mobility — mass spectrometry
(TWIM-MS). First, we analyzed microalgae extracts by direct infusion to an
electrospray ion source (ESI) with no previous chromatographic separation (DI-ESI-
TWIM-MS). Second, we screened metabolites and lipids in the extracts via an
untargeted high throughput method by ultra-performance liquid chromatography
(UPLC) coupled to TWIM using data independent analysis (DIA) — MSE (UPLC-
HDMSE). Sixteen different microalgae biomasses were evaluated by both
approaches. DI-TWIM-MS was able, via distinct drift times, to set apart different
classes of metabolites, making microalgae typification more evident. UPLC-HDMSE,
identified 1251 different metabolites, providing their lipid profiles, serving, therefore,
as a powerful tool to determine best biotechnological applications for algae samples.
Collision-cross section determinations was able to discriminate triacylglycerol,
increasing the confidence in their identifications, serving, therefore, as a guide for
biofuels production. These two approaches seem to offer powerful tools for the algae
industry identifying ideal strains and culture conditions for specific biotechnology
applications, saving time in the analysis, and providing a wider number of identified

species.
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INTRODUCTION

Algae are a diverse group of predominantly aquatic organisms that have the
ability to efficiently perform photosynthesis. They are responsible for close to 90% of
photosynthesis performed on the planet ':2:3 and form a diversified polyphyletic
group, that is, they in fact form a group of an expanded set of organisms belonging to
different phylogenetic groups.*® Algae have been for decades widely studied within
several fields of science. With the advent of modern biotechnology, algae have
received even more attention, especially with the emergence of third- and fourth-
generation fuels. 878910 After it was realized that algae were able to provide better
yields than processes with other biomasses - and through theoretically simpler
production - biofuels made from algae were framed as more promising 3rd-
generation fuels. ' Intensive research followed for the quest of more efficient
production of different types of biofuels and chemicals from algae. -3 A very
interesting advantage of algae as source of biomass is that they can be grown in
waste and salty waters,'#-'® acting simultaneously as a bioremediation strategy.
16,17,18,19

Currently, major studies have focused on applications of algae to produce
biohydrogen through solar energy and water; 2° bioisoprene (2-methyl-1,3-
butadiene); 2! and of bioethanol, mainly produced by cyanobacteria with yields
comparable to the classic microorganism of alcoholic production, the famous
Saccharomyces cerevisiae. ?2-23 Butanol and isobutanol have also been directly
produced from CO:2 via algae bioprocesses. 2425 However, biodiesel is perhaps the
most promising biofuel to be produced via algae, since some oleaginous algae have
30-60% (w/w) of triacylglycerols on a dry basis. 26:27:28 To obtain better yields to

produce biodiesel precursor lipids — mainly triacylglycerols — the algae species have
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been cultivated in different culture media, containing different nutrients and under
physical-chemical conditions. These parameters strongly influence biomass
composition. 2° Cell growth, lipid productivity, composition and nature of components
are dependent on several parameters such as types of algae species/strains, culture
medium composition, light flux, feed used for their cultivation and temperature. 303
For instance, it has been shown that stressful culture conditions such as nitrogen
limitation or nutrient imbalance can be implemented to stimulate the increase in the
neutral lipid content in the microalgae cells, and it can be used for the growth of high
biodiesel potential algae strains. 323 The type of cultivation systems (e.g. open pond,
closed or hybrid bioreactor), also play an important role in the process. 343536

Although algae-based biofuels are quite promising, major improvements in
the technology to grow and harvest the algae, to enhance the extraction of the
neutral lipid content and to transform it in biofuels have been the main factors slowing
their wider implementation. Several improvements are being tested, especially for
downstream and upstream processes optimization. 3738

Alongside the algae production processes, the characterization of the
resulting biomass is extremely important to ensure that the growth conditions are
actually affecting the biomass composition as desired.®® The detailed chemical
compositional characterization of algae biomass is therefore a fundamental step to
ensure that the best biotechnological applications are being given by the developer,
either for the production of biofuels, biogas, bio-based chemicals, bioremediation or
even for the area of nutraceutical and food supplements, that are being frequently
used as dietary products. 404142

The characterization of the algae biomass has been performed using several

analytical techniques, from classical physical-chemical methods such as elemental
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analysis, gravimetric determination of total lipid content or classical methods for total
protein or carbohydrate measurements, 43 to more complex instrumental techniques
such as NMR 4445 FTIR, 46 laser-based techniques 4’ and chromatography. 48 49
Classical physical-chemical methods offer the advantage of being less expensive,
faster (but often laborious regarding sample preparation) and often requiring less
operator training. They can be adequate for the purpose depending on the
information desired.

Nevertheless, as algae biomass composition is extremely complex 50 in terms
of classes of chemical compounds and in the number of total compounds itself, and
speciation is of great importance to fully understand what metabolic pathways are
taking place in some specific cultivation condition, and what is the main factor
influencing the alterations.

Mass spectrometry (MS) has been established as a powerful and versatile
analytical technique for both quantitation of target compounds as well as
identification of a massive number of unknown compounds at once in a wide variety
of matrices and samples. Due to these interesting features, MS-based analytical
methods have been successfully applied for algae characterization for more than four
decades. Peptides such as microcystins, 55253 proteins, 5455 5657 ggveral classes of
toxins, 58.59.60. 61 jgoflavones, 62 lipids, 63.64.65.66.67.68 fatty acids,®°.70-71.72 sterols,”®
polysaccharides’*:75 hydrocarbons,”®:77 aldehydes,”® and other classes of specific
metabolites of biological or environmental importance 7980818283 have already been
successfully determined using MS-based methodologies, most of them by using
liquid or gas chromatography coupled to tandem (triple quadrupole) or high resolution

mass spectrometers.
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The versatility of MS also comes from a quite diverse set of ion sources and
mass analyzers, allied with the proper hyphenation with other analytical separation
techniques such as chromatography, electrophoresis and ion mobility. These
couplings provide enhanced peak detectability and capacity due to its
multidimensional separation processes based on different molecules/ions properties,
which gives all the compounds in a complex mixture many chances to be “seen”, i.e.
detected, characterized, identified and quantified, as a single “individual”.

With the introduction of commercially available instruments, 8ion mobility
coupled with high resolution mass spectrometry (IM-HRMS), has recently become
the technique of choice in omics sciences (especially in proteomics, lipidomics and
metabolomics studies). -8 The technique is frequently coupled with liquid
chromatography leading to multidimensional data, combining the compounds'
parameters of retention times versus ions m/z ratios versus ions drift times, the
former being achieved in a few minutes and the latter at the millisecond scale of
time.

lon mobility (IM) is a technique that separates gaseous ions while they travel
through a buffer gas under the influence of an electrical field. 8" There are several
modalities and instrumental arrangements of IM, and they differ in the size of the drift
cell, its format and how the electrical field is applied and interacts with the ions.88 The
drift gas plays a crucial role in the separation, being introduced in different scales of
pressure depending on the IM modality. IM separation is based on parameters such
as the tridimensional shape/size of the ions, i.e. collision cross section (CCS),
charge, and ion-dipole interactions of the ions with the neutral drift gas molecules. &
The lighter, more compact and the species with weaker interactions with the mobility

gas (because they have lower charge states or dipole moments) will be faster and,
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therefore, will exhibit a lower drift time, a parameter measured by the IMS technique.
Three-dimensional spectra (m/z x drift time x intensity) are obtained for the data. As
the intensity axis is often represented by a color-scale, IMS data are often called two-
dimensional drift time versus m/z spectrum or simply drift plots.

Previous studies have demonstrated the excellent performance of the
technique for isomers and isobars separation, characterization of complex mixtures,
90,91,92,93 35 well as for increasing the selectivity of lipidomics and metabolomics
analyses. 8 This new dimension of the data is very useful, because species that are
not resolved by chromatography can be separated by IMS, which increases the
detection capacity of the technique. In complex mixtures, different classes of
compounds are distributed forming sets of characteristic tendencies, that is, drift time
regions that are characteristic of classes of compounds or their analogues.

This work aimed to explore the potential of ion mobility coupled to high
resolution mass spectrometry to characterize different microalgae biomasses. Two
approaches were used: direct infusion (DI) of algae extracts directly into the
electrospray (ESI) source of the TWIM-MS instrument, the DI-ESI-TWIM-MS
approach; and a untargeted metabolomics screening using ultra performance liquid
chromatography analysis (UPLC) coupled to TWIM using data independent analysis
(DIA) — MSE — as method of MS acquisition with the objective of performing a
comprehensive and detailed lipid and metabolite identification, the UPLC-HDMSE
approach.

EXPERIMENTAL SECTION
Chemicals

Methanol and chloroform (LC grade) were purchased from Tedia Brazil (Rio

de Janeiro, Brazil). Analytical grade phosphoric acid (85% w/w), formic acid
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(98-100%), LC grade leucine enkephalin, poly-D-alanine and ammonium formate
were purchased from Sigma-Aldrich (Merck Sigma-Aldrich, KGaA, Darmstadt,
Germany). Mobile phases acetonitrile and propan-2-ol (MS grade) were purchased
from J. T. Backer (Sao Paulo, Brazil). Water was purified using a Millipore Milli-Q

system (Merck Millipore, KGaA, Darmstadt, Germany).

Samples

In total, 16 microalgae biomasses were analyzed, including 5 from different
genera (Tetraselmis aff. chuii, Spirulina platensis, Dunaliella salina, Chlorella
vulgaris, Scenedesmus ecornis), and obtained under different cultivation times and/or
culture media composition or light source (Scheme 1). See Sl for detailed cultivation
conditions. For comparison with microalgae extracts, commercial samples of refined
soybean, corn, rapeseed, sunflower and olive oils were purchased in the local

market.
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Cultivation conditions Sample codes

----------------------
Different cultivation

times

_____________________ G
Different cultivation TG3

~sc DUNABC_MEOH

< (MeOH and CHC) DUNABC_CHCI3
__________________ DUNDEF_MEOH
(MeOH and CHC,) DUNDEF_CHCI3

< """""""""""" cHLowe
m ----------------------- CHLOSPS

< ---------------------- SENEWC
By SENESPS

2 SHEME 1. Sixteen different microalgae biomasses analyzed in this work.
3 Sample preparation

4 Lyophilized biomasses of different algae were extracted using the Bligh and
5 Dyer like method % with some modifications. % For Tetraselmis aff. chuii, Spirulina
6 platensis, Chlorella vulgaris and Scenedesmus ecornis samples, 0.1 g of each
7  lyophilized biomass was homogenized with 15 mL of chloroform: methanol: H20
8 (2:1:0.5, v/v) and put in an ultrasonic bath (200W, 50 Hz) for one hour at 30 C. The
9 lipid fractions were filtered using filter paper and then dried under water vapor heat

10 set to 60 C. The dried lipid fractions were determined gravimetrically. For the
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Dunaliella salina samples (ABC and DEF culture media) the protocol was different
due to the high concentration of salts in the dried biomass. The lipid extraction was
then performed in two steps: the first consisted in the dry biomass extraction using
pure chloroform (20 mL) under ultrasonic agitation also for 1h at 30 C. The solid was
decanted and the liquid phase was transferred to a beaker. Then, in the second
step, a volume of 20 mL of methanol was used with 300 pL of H20 to extract the
solid residue of the first step (with pure chloroform), under the same extraction
conditions. The chloroform and methanol extracts were also evaporated under 60 C
and the dried extracts were gravimetrically determined. All the lipid extracts for all
samples were then re-dissolved in pure methanol at an approximate concentration of
2 mg -mL". Then, 20 pL of the lipid fraction in methanol were diluted in 1 mL of
methanol with 0.1 % of formic acid for the direction infusion approach and in mobile

phase B for the UPLC-HDMSE analysis.

METHODS

DI-ESI-TWIM-MS approach

Direct infusion approach was performed on a Traveling Wave lon Mobility
Mass Spectrometer (TWIM-MS, Synapt HDMS, Waters, UK). The samples were
direct infused at a flow rate of 20 yL / min using an external syringe pump into the
ESI source operated under positive ion mode, 3.5 kV of capillary, 40 and 5.0 V of
cone and extractor cone, respectively. The source and desolvation temperatures
were 80 and 150 €, and the nitrogen nebulizer gas was used at a flow rate of 400 L
/ h. Parameters such as the drift gas pressure (N2, 1.05 mbar), height (30V) and wave
velocity (650 m/s) were optimized to obtain the same spectra as when only QTOF

mode is used, avoiding any distortion or sensitivity loss, in a range of m/z 50 — 1,500.
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The mass spectrometer was mass calibrated in ESI(+) mode at 10,000 resolution
(FWHM) over acquisition mass ranges of m/z 50 - 2000, using a solution of
phosphoric acid 0.1% (v/v) in acetonitrile:H20 (1:1). The characterization of the most
important ions of the spectra was performed by fragmentation of manually selected
precursor ions by collision induced dissociation (CID) using argon as collision gas
(collisions energies 20 — 35 eV), and the identification was done by comparison of
the MS/MS data with data bases such as LIPID MAPS  and Human Metabolome

Database.?”
UPLC-HDMSE

UPLC-HDMSE was performed in a Synapt HDMS G2-Si mass spectrometer
with an ACQUITY™ UPLC /-Class as chromatograph (both Waters, UK). The
separation was carried out using an ACQUITY CSH™ C1g, 2.1 mm x 100 mm column
kept at 55 °C during analysis. Mobile phase consisted of solvent A (acetonitrile:H20
60:40 + 10mM ammonium formate + 0.1% formic acid); and solvent B (propan-2-
ol:acetonitrile 90:10 +10 mM ammonium formate + 0.1% formic acid). The gradient
elution program was as follows: 0 — 0.99 min from 60:40 A:B to 57:43 A:B; 0.99 -
1.24 min from 57:43 A:B to 50:50 A:B; 1.24 — 5.39 min from 50:50 A:B to 1:99 A:B;
5.39 — 5.64 min from 1:99 A:B to 60:40 A:B, then remaining constant until 8 min.
Flow rate was 0.7 mL.min-' and sample injection volumes were 4 uL (FTN
AutoSampler). Total run time was 8 min. The mass spectrometer was equipped with
an ESI source, also in positive ion mode, operating under 3.5 kV of capillary and 40
V of cone. The source and the desolvation temperature were 110 and 450 T,
respectively, and the nitrogen nebulizer gas was used at flow rate of 900 L / h at a

pressure of 6 bar. The mass spectrometer was operated in ion-mobility (HDMSE)
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mode, which is a method acquisition of MS and MS/MS spectra in an automated
way. The mass analyzer operates in both low energy (for precursors ions) and high
energy (for fragments) mode to promote collision induced dissociation (CID) of non-
selected precursor ions, leading to spectra of products fragments aligned to the
precursor ion. In this technique, the term “HD” comes from "high definition", because
in this case the MSE acquisition technique is also coupled to the ion mobility. Trap
collision energy (low) was 4 eV, and transfer collision energy (high) was a ramp from
25 to 65 eV, also using argon as collision gas. The IMS cell was filled with N2 under a
pressure of 3.65 mbar. The IM cell was calibrated using poly-DL-alanine (10 mg/L) in
H20: acetonitrile (50:50 + 0.1% of formic acid) to allow the calculation of the analytes
CCS values. Both MS calibration and lock mass correction during analysis was
performed using a leucine enkephalin (theoretical m/z 554.2620) solution in
H20:acetonitrile (50:50 + 0.1% formic acid) at a concentration of 100 pg/uL and
infused at a flow rate of 0.010 mL/min. The acquisitions in HDMSE mode ranged from
m/z 50 to 1500. Default IMS conditions were used for IMS screening (T-wave velocity

ramp start of 1000 m/s and end of 300 m/s; and T-wave pulse height of 40 V).
Data processing and statistics

Both DI-TWIM-MS and UPLC-HDMSE data were collected using the software
MassLynx 4.1v (SCN 639 for Synapt HDMS and SCN 932 for Synapt G2-Si, Waters,
UK). The DI-ESITWIM-MS data were evaluated using the software DriftScope 2.7v
and HDMS Compare 1.0v, and the chemometric analysis for samples statistical
comparison was performed using the software EZinfo 2.0v (Umetrics, USA)

appended into MarkerLynx (Waters, UK).



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

76

For UPLC-HDMSE data, processing and analysis was conducted by using
Progenesis QI Informatics (Nonlinear Dynamics, Newcastle, U.K.) in a standard
protocol & in which each UPLC-MS run was imported as a raw file to obtain the ion-
intensity map, including m/z and retention time. As default, these ion maps were then
aligned in the retention-time direction. From the aligned runs, an aggregate run
representing the compounds in all samples was used for peak picking. This
aggregate was then compared with all runs, to ensure that the same ions are
detected in every run. Isotope and adduct deconvolution was applied, to reduce the
number of features detected. Data were normalized according to total ion intensity.
Metabolites were identified by database searches against their accurate masses in
publicly available databases, including the LIPIDMAPS database and the Human
Metabolome database (HMDB), and MetaScope (CCS database provided in
Progenesis QI software), as well as by fragmentation patterns, retention times, and
CCS values, when available. The platform LipidCCS % was also used for additional

CCS comparison.

RESULTS AND DISCUSSION
DI-TWIM-MS of microalgae extracts

Researchers and biorefineries must have robust analytical tools for the
detailed analysis of microalgae biomasses, in order to determine the best application
for a specific biomass, and also to evaluate the process of algae production. We
report two different strategies for performing a quite challenging molecular
characterization of algae biomass extracts by using IM-MS, focusing on
triacylglycerols (TAGs), as they are the the major transesterifiable lipids precursors of

fatty acid methyl esters (FAMESs) for biodiesel production. 26 27
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Figure 1 shows the full scan mass spectrum obtained by DI-ESI-TWIM-MS of
the algae Tetraselmis aff. chui TG4. It highlights the sample complexity, and some
examples of expected lipid classes that could be present in specific m/z ranges. For
all other spectra, see Figures S1-S16. Quite different profiles are indeed observed
which shows that the composition of the algal biomass is considerably altered as a
function of the culture media and species or strains, and that these changes are
easily detected through the present approach. Note that determining how specific
classes of compounds vary more pronouncedly as a function of algae growth

parameters is critical to optimize production conditions.
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FIGURE 1. DI- ESI(+)-TWIM-MS data of an extract of Tetraselmis aff. chui cultivated

in culture media G4 (Sample “TG4”).

All 16 DI-ESI-TWIM-MS mass spectra for each microalgae extract were
statistically evaluated by chemometrics (Figure 2) using principal component
analysis. Grouping was primarily due to the microalgae genera, confirming that

microalgae metabolite profile is indeed a mainly characteristic feature of this genera.
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FIGURE 2. Statistical comparison of the 16 algal extracts using principal component

analysis (PCA). Note the grouping by algae genus.

The algae extracts were also evaluated by their two-dimensional drift time
versus m/z spectra, considering the TWIM separation of the ionized lipids and
metabolites in samples.

Figure 3 shows representative examples of two-dimensional drift time versus
m/z spectra for some microalgae species. The spectra for all samples are also

included in the Supporting Information (Figures S17-S32) of this work.
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a) Tetraselmis aff. chuii - G3 cultivation b) Spirulina — ZK cultivation
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FIGURE 3. Representative two-dimensional drift time versus m/z for the samples

extracts of a) TG3; b) SPIZK, ¢) TG4 and d) CHLOSPS.

Note that, in fact, there are classes of compounds that separate through
different tendencies of drift time, even if they are overlapped in the same m/z range.
The visualization of the differences in the profiles of each algae is, therefore, more
evident. This approach allows the lipid profile screening in the sample. For example,
for the investigation of the TAG content in a lipid extract, since this class of
compounds will be distributed within a certain m/z range, (which, however, may be
superimposed with several other classes of lipids and metabolites, making difficult
the detection of this class), and distributed in a tendency of characteristic drift times,
for a given experimental condition. Therefore, this approach provides a rapid
response to decision-making in algae culture studies, or even to interrupt or continue

processes in algae biorefineries.
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The principal ions distributed in characteristics mobility tendencies can also be
further characterized by their MS/MS spectrum, and identified by comparison with
databases like LIPID MAPS. % Figure S33 shows an example of MS/MS of an
isolated ion with a nominal m/z 885.7 from sample “DUNDEF_CHCL3” identified by
its exact mass and fragments as a triacylglycerol TG(18:1_18:1_18:1), plus several
other overlapped isomers distinguished by their fragments, indicating how complex

the algae extracts in fact are.

High-throughput lipids and metabolites identification by UPLC-HDMSE

Carry out a comprehensive characterization of the different components
present in samples by manually interpreting MS/MS spectra obtained by DI-ESI-
TWIM-MS of the extracts is laborious and time consuming due to the ultimate
complexity of the samples that present different classes of lipids, besides other
metabolites. For this, a second approach by UPLC-HDMSE technique was used to
analyze the lipids and metabolites of samples. Thus, in addition to the exact mass
data for precursor ions and fragments, CCS data are also obtained for the precursor
ion by calibration using substances whose CCS is known, thereby increasing data
selectivity. Moreover, adding one more intrinsic physical-chemical ion property such
as the CCS, significantly increases the confidence of metabolite/lipid identification.%®
One of the most common calibrants for CCS values is a solution of poly-DL-alanine,
whose singly charged oligomers already have their CCS values well determined in
nitrogen as drift gas.

Each chromatographic run, together with the MS, MS/MS and IMS spectra
associated to it, was imported to Progenesis QI software, which, through the
comparison with the LIPIDMAPS, HMDB, and a search engine with a CCS database

provided by Waters — MetaScope - performs the identification by theoretical /
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experimental comparison of the precursors and fragments exact mass, isotope
distribution, fragmentation profile (in silico fragmentation or known experimental
fragmentation pathways) and CCS values. The combination of all these identification
parameters results in an overall compound identification score for each identified
compound.

From the 16 analyzed samples, all in the same conditions of analysis, 1251
different compounds were collectively identified, within an m/z error of 10 ppm for
both precursor ion and fragments. Among these 1251 compounds: 1) only 158 could
not be identified by their fragments; 2) 30 of them were also identified by their CCS,
assuming a theoretical / experimental error of lower than 4%; 3) the isotope
similarities were from 30.4 to 99.4, with an average of 82.1; 4) among the fragmented
ions, the average fragmentation score was 41.9 (ranging from 1 to 99.4); and finally,
5) the identification score ranged from 30 to 59.1, with an average of 39.5. The
identifications with the highest scores were accepted and described in the
spreadsheet with the metabolomics and lipidomics description of this study, provided
as supplementary material of this work. The number of compounds also identified by
the CCS is relatively low (i.e. 30 compounds) limited by the database used as it is not
as broad as the LIPID MAPS or the HMDB. Among these 1251 accepted compound
identifications, 210 were identified exclusively as lipids and the others categorized as
“other metabolites”. The lipids were also categorized into fatty acyls (FA),
glycerolipids (GL), glycerophospholipids (GP), sphingolipids (SP), sterol lipids (ST),
prenol lipids (PR), saccharolipids (SL) categories. Although TAG are glycerolipids,
this class was categorized separately, as we are discussing and emphasizing its

importance for biodiesel production.
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From the normalized abundances of each deconvoluted compound identified
per sample, several interpretations can be made. Figure 4 shows the lipidomics and
metabolomics results interpretations for all the samples. Figure 4a shows the sum of
the normalized abundance for each class of lipids and other metabolites, and Figure
4b shows only the normalized abundances for different lipid classes in the samples.
Figure 4c shows the percentage abundance of compounds identified as lipids and as
other metabolites, and Figure 4d shows the percentage abundance of lipid classes

distributed in each sample.
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FIGURE 4. a) Sum of the normalized abundances of each lipids classes and other
metabolites identified in the samples; a) sum of the normalized abundance of each
lipid class identified in the samples; c) Relative abundance of lipids and metabolites
for each sample; d) Relative distribution of lipid classes in each sample. Legends:
fatty acyls (FA), glycerolipids (GL), glycerophospholipids (GP), sphingolipids (SP),

sterol lipids (ST), prenol lipids (PR), saccharolipids (SL).
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The results presented in the Figure 4 are not quantitative, meaning that they
cannot be considered as a “weight by weight %” measurement in the sample
extracts, because not all the reported compounds have the same ionization behavior,
which implies that they have different response factors. Moreover, none lipidomics or
metabolomics data covers 100% of the compounds that are indeed present in the
samples. It is expected that several other compounds remained undetected and/or
unidentified. And in fact, as recently reported by Dorrestein and co-workers 82 in a
recent metabolomics study of algae and cyanobacteria, approximately 86% of the
metabolomics signals detected were not found in other available datasets,
concluding that even using a very diverse datasets, algae and cyanobacteria have
unique features and families of metabolites that are still uncharacterized. However,
the normalized abundance of each class of known compounds is a very suitable way
to perform a detailed screening about the algae biomass composition and to
understand how different processes may be affecting algae composition.

Figures 4a and 4c points out that the abundance of compounds identified as
metabolites is higher than the compounds identified as lipids, as indeed expected, as
the number of potential metabolites is indeed much higher than the number of
compounds of the lipid class. The sample with the highest abundance of lipids was
the sample TG2 (Fig 4c), mainly distributed between GL (excepting GL_TAG — that is
highlighted separately) and GP. The sample with the highest % of GL_TAG was
DUNDEF_CHCI3 (Fig. 4d), but when comparing the sum of the normalized
abundance (Fig. 4b), It can be noted also that the samples DUDEF_CHL3, TG3 and
TG4 were the ones presenting the highest abundances of compounds identified as

TAGs. It indicates that they would — at least in theory — provide better yields for the
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biodiesel production, if it was a real case of a study of algae prospecting for biodiesel
production.

The detection of some metabolites and ST compounds may have important
implications when algae biomass is used for nutraceutical products. When the
untargeted approach detects toxins or sterols compounds (i.e. testosterone), or other
classes of biologically active compounds, it is important to state at this point that
further studies must be conducted, and these compounds must be characterized
using targeted analysis to confirm the primary assumption of the untargeted analysis.

Another approach that may assist in comparing the lipid profile of algal
samples is the binary comparison of drift time x m/z spectra through the HDMS
compare software. In this approach, the ion mobility spectra are superimposed,
highlighting the classes of compounds that are more abundant in each sample,
generating a map in which each sample is marked with a color. Figure 5 shows the
comparison of the spectra of TG3 and a blend of commercial vegetable oils (a
mixture of soybean, corn, rapeseed, sunflower and olive oils in even proportions). It
can be seen that the results converge with the results obtained through the lipid
analysis shown in Fig. 4, and clearly the TAG abundance in sample TG3 are
superimposed with the TAGs of the vegetable oil blend, as shown in the insert of
Figure 5. Another binary comparison of samples TG4 and SPIKZ is shown in Figure
S34, being evident the differences in their drift plots which are also confirmed by the
results shown in Figure 4, in which among all samples SPIKZ had the lowest
abundance of TAG, and in fact the TAG region for SPIZK is much less abundant if

compared to sample TG4 (Figure S34).
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FIGURE 5. Fusion map comparing the “DT versus m/z” spectrum of sample TG3 and
a blend of commercial edible oils obtained with the DI-TWIM-MS approach,
highlighting the insert, that zooms the superimposed drift time regions for GL_TAG

class in both samples.

In fact, the DI-TWIM-MS data really converge with the CCS values determined
by UPLC-HDMSE. Comparing the drift time versus m/z plot for a sample obtained by
the DI approach with the plot of all the experimental CCS values versus m/z
measured for all identified compounds, we can observe the same drift time
tendencies showing up in both cases. To illustrate that, Figure 6 shows a comparison
of the TG3 sample drift time plot, and the experimental CCS values determined for all
the 1251 identified compounds. We can highlight at least 4 different areas: | — a low
abundance very separated tendency, probably minor metabolites; 1l — the
compounds identified as TAGs, mainly from m/z 700 — 1000 and slightly higher CCS

values; Ill — a very busy region with several superimposed lipids and other
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metabolites; and IV — also a low abundant separated tendency. We can also observe
in what regions the lipid classes tend to appear, which is helpful to detect misleading
identification if some of them appear in a very distinct region. It can also help to
choose classes of compounds and take a closer look at their identification. It is worth
noting also that the separation of distinct tendencies in the sample TG3 are more
evident because not all of the 1251 compounds are present in sample TG3. The use
of more polarizable drift gasses such as COz has been proven to be an alternative to
increase the selectivity and classes separations in complex mixtures such as crude

oil, and it could also be helpful in this case. °
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FIGURE 6. Comparison of the two dimensional drift time versus m/z plot for sample
TG3 with the collision cross sections experimentally determined by UPLC-HDMSE for
all the 1251 compounds, highlighting the areas I, Il, lll and IV that could be detected

in both plots.

On the other hand, databases of CCS values in CO2z or CCS calibrants (such as poly-
d-alanine) values in this gas are not yet available, as the determination of this
parameter in CO2 is much more complex.'® However, if only the separation of

classes of different compounds are needed, and no CCS values must be determined,
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the use of CO2 can be a good alternative to better detect different classes of lipids
and metabolites in complex mixtures such as microalgae extracts.

Additional TAGs confirmation was made by comparing the experimental data
of measured CCS values with the ones available in the recently released CCS data
base, LipidsCCS, °8 and the results are shown in Table S1. Both the measured and
the LipidsCCS theoretical values were determined in Nz, as drift gas, so they are
comparable. Only two compounds identified as TAG had no theoretical CCS value
available in LipidCCS dataset, which were TG(10:0_8:0_8:0) and
TG(21:0_22:6_22:6). For the other TAGs, the experimental versus theoretical CCS
error was mostly bellow to 10%, with 6.7% average. The experimental values tended
to be around 20 A2 positively biased, that is, 20 A2 on average larger than the
theoretical values. Even though the experimental data presented this minor
systematic error, which probably comes from the Synapt G2-Si CCS calibration with
poly-d-alanine step, the CCS were mostly in accordance with LipidCCS data base,
which shows that this parameter is actually very useful and helps further
identification and confirmation of compounds.

All the approaches demonstrated here have the potential to be applied as
methodologies for lipids and metabolites screening in real cases of microalgae
prospecting and can be implemented as routine both for research and in microalgae

biorefineries.

CONCLUSIONS

This work has demonstrated that the technique of ion mobility mass
spectrometry allowed obtaining a fast profile of microalgae extracts, in which the new

dimension of ion mobility separation helps the visualization of distinct classes of
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compounds, especially for the triacylglycerol class. The variability of the lipids in the
algae is incredibly high and sensitive to the cultivation parameters, but the statistical
classification among the samples indicated that the main parameter that influences
the composition of the extracts is the genus of the algae. Genus seems therefore to
be an initial variable to be considered in a study of algae prospecting for a specific
biotechnological application. For example, after defining the best genera, the culture
medium and cultivation conditions could be studied and optimized.

Statistical or binary comparison of the samples drift time plots spectra can
be very useful, especially for comparison with reference samples, that is, microalgae
that have been already shown to be suitable for a particular application, or whose
lipid profile has already been characterized. It is a simple and fast approach and
provides a good response for an initial profiling of a given set of samples.

However, through the DI-ESI-TIWIM-MS approach of the extracts, carrying
out the comprehensive identification of all the ions of the samples is laborious. The
high level of complexity of the samples requires a more powerful methodology to
perform a more global and detailed sample screening. For this, the UPLC-HDMSE
technique was used to tentatively identify over 1200 compounds collectively in the 16
samples, based on intrinsic parameters of the detected ions (exact mass,
fragmentation pattern, isotope distribution and CCS). More than 200 were identified
as lipids of several classes. Among the 16 samples evaluated in this study,
Tetraselmis aff. chuii, cultivated in F/2 medium plus fertilizers for 12 (TG3) and 16
days (TG4), as well as biomass of Dunaliella salina produced in reduced Shaish
medium and extracted with CHCI3 (DUDEF_CHL3), were the ones with the highest
TAGs abundances. For sure, the methodologies explored in this work can be applied

to algae biorefineries to predict whether some specific algae will be viable for
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biodiesel production or for other biotechnology applications, as well as help in studies

of microalgae cultivation improvements.
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2.3.1. Material suplementar

Supporting information

Article: “Microalgae biomass characterization using ion mobility-mass spectrometry”
Authors: Maira Fasciotti°*, Gustavo H. M. F. Souza?, Giuseppe Astarita®, Ingrid C.
R. Costa'!, Thays. V. C. Monteiro!, Claudia M. L. L. Teixeira*, Marcos N. Eberlin®,
Amarijt S. Sarpal’

' National Institute of Metrology, Quality and Technology (INMETRO), Division of
Chemical Metrology, Laboratory of organic analysis, 25250-020, Duque de Caxias, RJ,
Brazil

2 MS Applications & Development Laboratory, Waters Corporation, Barueri, SP, Brazil;
3 Department of Biochemistry and Molecular & Cellular Biology, Georgetown
University, Washington, DC, USA;

4 Laboratory of Microalgae Biotechnology, National Institute of Technology (INT), Rio
de Janeiro, Rio de Janeiro, Brazil;

5 ThoMSon Mass Spectrometry Laboratory, Institute of Chemistry, University of
Campinas — UNICAMP, Campinas, SP, Brazil.

*corresponding author: M. Fasciotti, mfasciotti@inmetro.gov.br

1) Detailed cultivation conditions of each microalgae biomass:

Chlorella vulgaris (CCMA-UFSCar 012) and Scenedesmus ecornis (CCMA-UFSCar
088) were kindly provided by Prof Armando Vieira from Federal University of Sao
Carlos and their isolates are kept in the collection of microalgae cultures of the
Department of Botany, Federal University of Sado Carlos (CCMA-UFSCar, WDCM
835). Tetraselmis aff. chuii and Arthrospira (Spirulina) platensis were kindly provided
by Prof Gleyci Moser from University of State of Rio de Janeiro and by Prof Sergio
Lourenco from Fluminense Federal University, respectively. Dunaliella salina was
collected and isolated by the group of the Laboratory of Microalgae Biotechnology and
identified in collaboration with UFSCar, being deposited in this culture collection as
CCMA-UFSCar 711. Chlorella vulgaris and Scenedesmus ecornis were maintained in
modified WC (Guillard & Lorenzen, 1972), Tetraselmis aff. chuii, Dunaliella salina and
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Arthrospira (Spirulina) platensis in F/2 (GUILLARD, 1975), Shaish et al (1992) and
modified Zarrouk (George, 1976) media, respectively, in Erlenmeyer flasks with 300
mL, density of photonic flux around 135 yE.m?2.s™ of white fluorescent light, and
temperature of 25 + 2 °C, until the transferring to PET bottles or Erlenmeyer flasks.
New cultures were prepared for each species using 10 % (v/v) of inoculums for a total
volume of 4 L or of 300 mL (in the case of C wvulgaris). In the cultivations in bottles, the
air was used as source of COz, which was passed in the culture medium through air
pumping at 3.0 L min''; in the case of cultivation in Erlenmeyer flasks, CO2 from air
was provided by agitation of the flasks which were maintained in an orbital shaker. The
light source was fluorescent light, except in the case of Dunaliella salina cultivations
where cool white LED were used in all cultivations and in the case of Tetraselmis aff.
chuii where half of the cultivations were carried out with cool white LED and half with
fluorescent light, in which: G1 and G2 culture medium F/2 and LED light, for 12 and 16
days of cultivation, respectively; G3 and G4 culture medium F/2 with fertilizers and
LED light, for 12 and 16 days of cultivation, respectively; G5 e G6: fluorescent light, for
12 days, in culture medium F/2 and culture medium F/2 with fertilizers, respectively.
In all cultivations photonic flux density was around 120-150 umol photons m2 s except
for C. vulgaris and Dunaliella salina, for which 300 and 200 umol photons m?2 s™' were
used, respectively. Temperature was maintained at 25 + 2 C, except for Arthrospira
(Spirulina) platensis cultivation whose temperature was 32 + 1 C.

WC, WC medium designated WCSPS (where P was replaced by superphosphate at
0.007 g L' and the source of nitrogen by Chilean saltpeter at 0.12 g.L-1), and medium
designated WCSP (where P was replaced by superphosphate at 0.007 g L) were
used for Chlorella vulgaris cultivations. For Tetraselmis aff. chuii cultivations, were
used Guillard F/2 and this same medium modified by replacement of the source of
nitrate and phosphate with agricultural fertilizers in the same concentration of F/2 in
terms of N and P; the source of nitrate was replaced by Chilean Saltpeter (Simple
Mineral Fertilizer - VITAPLAN®) and phosphate source by Simple Superphosphate
(Mineral Fertilizer - HERINGER®). RM6 modified by our group (data are being
submitted to publication) and Zarrouk medium modified by George (1976) were used
for Arthrospira (Spirulina) platensis cultivation; this RM6 modified medium is different
from RM6 (Raoof et al. 2006) basically by the addition of microelements solution and
FeSOa. Dunalilella salina suspensions designated as ABC and DEF were cultivated in
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Shaish medium (Shaish et al., 1992) and Shaish medium with reduced nitrate (by ten
times), respectively. The cultures were monitored daily through cell count under a
microscope (Olympus CX31) or by optical density readings (at 730 nm) in order to
determine the growth phases. When the chosen growth phase was attained, the
cultivation was interrupted and the cultures were centrifuged in a Rotixa 50RS
centrifuge (Hettich) at 4 °C and 3500 rpm for 10 minutes, except in the case of
Arthrospira (Spirulina) platensis that was filtered in a filter screen (120-micron). In the
case of Tetraselmis aff chuii, cultivation was interrupted in two different stages: at linear
growth phase and at the final of this phase. The biomasses were collected and frozen.
The frozen biomass was lyophilized in an Enterprise IID Iyophilizer (Terroni). After
lyophilization, the samples were kept in the refrigerator at -20 °C to protect from
degradation until analysis.

References for cultivation conditions:

George, E. A,, (1976) Culture Centre of algae and protozoa. List of strains 1976, 3rd
Edition. Inst. Terr. Ecol., Nat Environment Res. Counc., Cambridge, 120pp.

Guillard, R.R.L. (1975) Culture of phytoplankton for feeding marine invertebrates.
Culture of Marine Invertebrates Animals. Plenum Publishing. p. 29-60.

Guillard, R.R.L., Lorenzen CJ (1972) Yellow-green algae with chlorophyllide c. J
Phycol 8, p.10-14.

Raoof B., Kaushik B.D., Prasanna R. (2006): Formulation of a low-cost medium for
mass production of Spirulina. Biomass and Bioenergy, 30, p. 537-542.

Shaish A, Ben-Amotz A.; Avron M. (1992). Biosynthesis of B-carotene in Dunaliella.
Methods in Enzymology. 213, p. 439—444.
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2) Direct infusion ESI(+)-QTOF (Synapt HDMS) mass spectra for all samples:
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FIGURE S1. Direct infusion ESI(+)-QTOF mass spectrum for CHLOSPS.
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FIGURE S2. Direct infusion ESI(+)-QTOF mass spectrum for CHLOWC
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FIGURE S3. Direct infusion ESI(+)-QTOF mass spectrum for DUNABC_CHCI3
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FIGURE S4. Direct infusion ESI(+)-QTOF mass spectrum for DUNABC_MEOH
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FIGURE S5. Direct infusion ESI(+)-QTOF mass spectrum for DUDEF_CHCI3
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FIGURE S6. Direct infusion ESI(+)-QTOF mass spectrum for DUDEF_MEOH
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FIGURE S7. Direct infusion ESI(+)-QTOF mass spectrum for SENESPS
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FIGURE S8. Direct infusion ESI(+)-QTOF mass spectrum for SENEWC
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FIGURE S9. Direct infusion ESI(+)-QTOF mass spectrum for SPIRM6
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FIGURE S10. Direct infusion ESI(+)-QTOF mass spectrum for SPIZK.
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FIGURE S11. Direct infusion ESI(+)-QTOF mass spectrum for TG1.
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FIGURE S12. Direct infusion ESI(+)-QTOF mass spectrum for TG2.
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FIGURE S13. Direct infusion ESI(+)-QTOF mass spectrum for TG3.
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FIGURE S14. Direct infusion ESI(+)-QTOF mass spectrum for TG4.
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FIGURE S15. Direct infusion ESI(+)-QTOF mass spectrum for TG5.
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FIGURE S16. Direct infusion ESI(+)-QTOF mass spectrum for TG6.

3) Two-dimensional drift time versus m/z for all algae samples:
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FIGURE S17. Two-dimensional drift time versus m/z for CHLOSPS.
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FIGURE S18. Two-dimensional drift time versus m/z for CHLOWC.
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FIGURE S19. Two-dimensional drift time versus m/z for DUNABC_CHCIS3.
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FIGURE S20. Two-dimensional drift time versus m/z for DUNABC_MEOH.
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FIGURE S21. Two-dimensional drift time versus m/zfor DUDEF_ CHCI3.
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FIGURE S22. Two-dimensional drift time versus m/z for DUDEF_MEOH.
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FIGURE S23. Two-dimensional drift time versus m/z for SENESPS.
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FIGURE S24. Two-dimensional drift time versus m/zfor SENEWC.
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FIGURE S25. Two-dimensional drift time versus m/z for SPIRM6.
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FIGURE S26. Two-dimensional drift time versus m/z for SPIZK.
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FIGURE S27. Two-dimensional drift time versus m/z for TG1.
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FIGURE S28. Two-dimensional drift time versus m/z for TG2.
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FIGURE S29. Two-dimensional drift time versus m/z for TG3.
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FIGURE S30. Two-dimensional drift time versus m/z for TG4.
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FIGURE S31. Two-dimensional drift time versus m/z for TG5.
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FIGURE S32. Two-dimensional drift time versus m/z for TG6.
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Table S1. Additional TAGs confirmation by comparing the experimental data of measured CCS values with LipidsCCS theoretical
values. (ND = not determined; *Not fragmented)

Theoretical
Experimental CCS Error Accepted Compound
m/z CCS (angstrom”2) LipidCCS AQ? (%) LipidCCS ion 1D Accepted Description
Glyceryl Trimyristate :: Lipids :: Lipids :: 2,3-
745.6244 291.5 294.2 -2.7 -0.9 M+Na 11148 | di(tetradecanoyloxy)propyl tetradecanoate
TG 54:3 (18:1_18:1_18:1) :: Glycerolipids :: Lipids :: 2,3-
902.8201 348.4 323.1 25.3 7.8 M+NH4 5497163 | bis[[(Z)-octadec-9-enoyl]oxy]propy! (Z)-octadec-9-enoate
481.3890 244.0 NA ND ND M+H-H20 HMDB72193 | TG(10:0_8:0_8:0)
745.6330 311.3 272.7 38.6 14.2 M+Na HMDB71106 | TG(10:0_a-17:0_15:0)
855.7469 329.9 314.7 15.2 4.8 M+H HMDB48185 | TG(14:1_22:2_16:1)
850.7894 339.4 315.7 23.7 7.5 M+NH4 HMDB10416 | TG(16:0_16:0_18:1)
906.8513 353.9 326.7 27.2 8.3 M+NH4 HMDB44083 | TG(16:0_18:1_20:0)
962.9140 364.6 336.9 27.7 8.2 M+NH4 HMDB44085 | TG(16:0_18:1_24:0)
876.8054 344.8 319.3 25.5 8.0 M+NH4 TG(16:0_18:1_18:1) | TG(16:0_18:1_18:1)
916.7429 340.8 322.8 18.0 5.6 M+NH4 TG(16:0_20:5_20:5) | TG(16:0_20:5_20:5)
969.8848 364.6 339.1 25.5 7.5 M+H HMDB49167 | TG60:3*
950.8195 353.7 330.4 23.3 7.0 M+NH4 HMDB50126 | TG(18:1_22:4 18:2)
922.7890 348.3 324.4 23.9 7.4 M+NH4 TG(18:1_18:2_20:4) | TG(18:1_18:2_20:4)
843.6514 324.2 304.9 19.3 6.3 M+Na HMDB52943 | TG(18:3_14:1_18:3)
884.6803 327.8 311.6 16.2 5.2 M+Na HMDB55501 | TG(18:4_18:4_18:4)
947.7142 346.3 326.9 19.4 5.9 M+Na HMDB55695 | TG(20:5_16:0_22:6)
967.6830 344.3 327.1 17.2 5.3 M+Na TG(20:5_20:5_20:5) | TG(20:5_20:5_20:5)
908.8665 355.8 328.6 27.2 8.3 M+NH4 HMDB66803 | TG(21:0_18:0_15:0)
1038.8583 371.5 NA ND ND M+NH4 TG(21:0_22:6_22:6) | TG65:12"
661.5394 290.2 275 15.2 5.5 M+Na HMDB71162 | TG(8:0_12:0_16:0)
628.5525 286.4 272.7 13.7 5.0 M+NH4 HMDB72772 | TG(8:0_i-14:0_12:0)
Average 21 6.7
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2.4. Compendium on Amazon oils composition. Part | - Triacylglycerols
characterization and comparison with commercial trivial vegetable oils

and fats

O artigo a seguir, em formato de manuscrito, encontra-se em fase de

submisséo para revista internacional da area de quimica analitica.
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ABSTRACT

The Amazon forest concentrates one of the most important and richest biodiversity on
planet. Its oleaginous native species are specially being exploited due to the worldwide
tendency to invest in natural and sustainable products. Because of this, the Amazon
biodiversity is in the focus of attention of cosmetics, pharmaceutical and food industries,
since oils from its native species have shown beneficial potential for human health. There
are several studies in the literature about the composition of oils from Amazonian species,
as well as many popular beliefs about their beneficial properties. However, conducting a
comprehensive and ultra-detailed analysis of the composition of these oils is a challenging
task due to their complexity. In this way, this compendium aims to elucidate the
composition of different Amazon oils using a powerful technique such as mass
spectrometry, to ensure their authenticity and quality, corroborating the understanding of
their properties, through the identification of bioactive compounds. In this first part of the
compendium, a detailed fatty acids and intact triacylglycerols (TAGs) from fifteen
oleaginous Amazon species are reported, by using gas chromatography-mass
spectrometry and electrospray high resolution mass spectrometry. The TAGs were
characterized by their MS/MS spectrum resulting in a detailed study about TAGs
composition in these samples. Over 40 different TAGs were identified and the occurrence
of isomers was remarkable, showing that TAGs complexity in these samples is much
higher than reported in some previous literature about Amazon oils composition. For
samples such as babassu, murumuru and tucuma butter, the mass spectra were almost
identical, presenting only minimal variations in some TAGs relative abundances. Patawa
and buriti oils also displayed identical mass spectra profiles. All the Amazon samples were
compared to trivial oils such as soybean, corn, coconut and olive oil, and their mass
spectra were statistically evaluated using principal component analysis. The results
showed a formation of three main groups: butters, high oleic acid oils and high linoleic
acids oils, plus some disconnected butters such as bacuri and cupuagu with compositions
closer to oils than to other butters. By generating a greater knowledge about the chemical
composition of these oils is easier to detect possible adulterations in products that employ
them in their composition, and additionally, encourage the sustainable production and
appropriate use of Amazon forest resources.
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INTRODUCTION

With the largest area of tropical rainforest in America, the Brazilian Amazon forest
has a unique biodiversity, sheltering one of the richest varieties of animal and plant
species on the planet. 2 Such biodiversity is an important basis for increasing the
knowledge about the functioning of life on the planet and the interactions between
physical-biotic systems and human beings, contributing to a better life quality. The
preservation and sustainable use of this natural patrimony is of interest not only of Brazil,
but also as of all humanity. Investing in the sustainable exploitation of the Amazon’s
biodiversity, one guarantees its preservation, placing the Amazon in the focus of world
attention, avoiding the extinction of this natural patrimony. 34

The Amazon oleaginous native species are being increasingly exploited due to the
worldwide tendency to invest in products that appeals as being from a "natural” origin,
petrochemicals free, made of "organic" materials, "vegan", "sustainable" and "cruelty
free", meaning that they are not made of any animal raw materials and not tested in
animals as well. 56 Because of this, the Amazon biodiversity is even more in the focus of
the attention of the cosmetics, pharmaceutical and food industries, since oils from its
native species have shown beneficial potential for health from several points of view. 7
The National Cancer Institute (NCI) of United States estimates that 70% of the anti-cancer
plants identified until now are native from rain forests. 8?2

Oils are important components for many industries, being used for different
purposes. In the cosmetics industry, for instance, they are employed in the oily phase of
creams, emulsions, lotions with moisturizing, emollient, antioxidant and nourishing
properties for the skin and hair, in dairy use products such as shampoos, conditioners,
soaps and body lotions. 1 Vegetable oils are also being widely used as a substitute for
mineral oil in the cosmetics industry, in order to increase the efficacy and safety of these
production inputs. In the food industry, the importance of vegetable oils is quite
remarkable, as the search for healthier fats is a permanent goal for nutraceutical foods
research. As known, the intake of certain types of fats can be associated with coronary
heart disease, or some others may have beneficial properties such as cholesterol

decrease levels. 1



O 00 N O Uu B W N

N N N N N N N N N R B R B R R R B R g
0 N oo 1M W N P O VW 0N OO U DM W N L O

122

From the sustainability point of view, investing in the oil and fats industry from the
Amazon biodiversity is interesting, since this ensures the protection and maintenance of
these native species, because these oils are extracted from seeds, almonds and pulp of
the fruits of Amazon trees. Encourage the use of the fruit of these species adds value to
it and inhibits the (often illegal) wood extractivism, minimizing the risks of a native species
to become extinct. As an example of this situation, the ucuuba-based (Virola
surinamensis) products can be highlighted. The ucuuba tree wood used to be widely
employed for making broomsticks in the region of Para state, in Brazil. When purchasing
an Ucuuba fruit-based product, the end user automatically directs the market and the
economic benefits for the production of this raw material, instead of its wood extractivism,
as the Ucuuba fruits will be more profitable than its wood.

The introduction of sustainable and environmentally friendly exploitation models
also helps to bring attention to the Amazon territory, as one of the main problems in this
region nowadays is the lack of government oversight. 12.13.14 |n addition, the trade of native
oils helps in the socioeconomic development of riverine families that inhabit productive
areas in the Amazon, improving their life quality.

Data from the Brazilian Institute of Geography and Statistics (IBGE) indicate that
the production of fruits of oilseeds in the Amazon region generates about R$ 1.5 billion
per year, according to data from 2006. The amount of production and its values for some
Amazonian species are presented in Table 1. It is estimated that, at the present days, this
production has increased, although there is no more recent data collected by IBGE.

Two important companies in the region of Belém, Amazonoil and Beraca, produce
tons of Amazon oils annually that are marketed in Brazil and exported. 617 Due to the
high commercial value and the importance of these vegetable oils in the cosmetic and
food industry, the possibility of fraud involving mixtures of low-value commercial oils, such
as soybean oil, is very frequent. Then, it is necessary the development of selective,
sensitive and fast techniques to evaluate the chemical composition of the Amazon oils.
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Table 1. Quantity harvested and production value for some Amazon oil seeds in the year
of 2006

Amazon oil seed Quantity harvested (tons) Values of production
(x 1,000 R$ - BRL)

Acai 267,499 176,380
Andiroba 878 1,272
Babagu 163,420 109,060
Bacuri 3,159 1.401

Buriti 6,450 5,409
Castanha-do-Para 20,920 18,990
Cupuacgu 3,026 3,980
Murumuru 71 45
Ucuuba 21 14
Tucuma 4,040 3,259

Source: Adapted from IBGE, Agricultural Census, 2006.

There are several studies in the literature about the composition of oils from
Amazon species regarding some specific classes of compounds, as well as many
"popular" beliefs about their beneficial properties to human health. However, conducting
a comprehensive and detailed analysis of the composition of these oils is a challenging
task due to the complexity of these matrices and the wide variety of polarities and chemical
features that the compounds may have. Mass spectrometry (MS) has been at least for the
last thirty years the technique of choice successfully applied for the characterization of
vegetable oils from many origins and with different objectives. 8192021 The methods
include from the classical fatty acid methyl esters (FAMEs) analysis by gas
chromatography coupled to mass spectrometry to electrospray ionization with high
resolution mass spectrometry (HRMS). In this way, MS-based methods can help to
elucidate the composition of these native species, guaranteeing their authenticity and
quality, corroborating the understanding of their properties, through the identification of
bioactive compounds. By generating a greater knowledge about the chemical composition
of these oils, is easier to detect possible adulterations in products that employ them,
additionally protecting the sustainable production and appropriate use of Amazon forest
resources.
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The general purpose of this work was to apply state-of-art methodologies using
several MS techniques to perform an ultra-detailed characterization of both major and
minor compounds in samples of oils and butters from native oleaginous species from
Amazon forest. At the end, it is intended to obtain a comprehensive compendium
regarding the chemical composition of these oils. The part | of this compendium will focus
on the major composition characterization, which are the triacylglycerols, and also will
compare the composition of these oils with other oils and fats of vegetable and animal
origin whose use is more trivial, highlighting similarities and differences between them,

thus encouraging new applications or corroborating the ones already being implemented.

EXPERIMENTAL

Chemicals

Methanol, toluene and hexane (LC grade) were purchased from Tedia Brazil (Rio
de Janeiro, Brazil). Analytical grade phosphoric acid (85% m/m), formic acid (98-100%),
potassium hydroxide, ammonium bicarbonate, sodium chloride and BFs-methanol reagent
and nonadecanoic acid methyl ester (analytical standard) were purchased from Sigma-
Aldrich (Merck Sigma-Aldrich, KGaA, Darmstadt, Germany).

Samples

Samples of oils and butters from Amazon were donated by Amazon Oil company
(www.amazonoil.com). When possible, at least two lots of each species (produced at
different years) were analyzed. Samples were frozen (-4 °C) and stored out of the light
as soon as they were received. All samples have certificate of traceability, that is, they are
traceable from the extraction until the moment of packaging, which guarantees their
authenticity. All the Amazon samples analyzed in this work are reported in Table 2, as
well as they scientific name, type (oil or butter), the main traditional and medicinal uses
and a brief collection of previously reported composition and properties in the literature.

All the samples are guaranteed pure and natural, obtained by cold pressing dry extraction,
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without passing 60 °C, free of preservatives, additives, pesticides, fertilizers, and of
another chemical substance; they are wild species that grow naturally in the Amazon
rainforest, sustainably produced.

The Amazon samples were also compared with commercially available samples of
oils, fats and butters that are commonly used, as follows: soybean oil (n = 3), corn (Zea
mays L., n = 3), sunflower (n = 3), canola (Brassica sp., n = 3), milk butter (n = 3),
commercial margarine (n = 3), extra virgin olive oil (mixture of species, n = 3), coconut oil

(Cocos nucifera, n = 2), beef tallow (n= 1) and lard (n = 1).

METHODS

Fatty acids methyl esters (FAME) quantification by GC-MS

The Amazon oils and butters samples listed in Table 2 were converted into FAME
through a transesterification reaction in which to an approximately 0.8 g of each sample
was added 5 mL of a 1 mol - L' KOH/methanol solution that was heated under reflux for
three hours. Then, 5 mL of BF3-methanol reagent was added to the reaction and kept
again under reflux for one more hour. After the reaction time, 1 mL of a saturated NaCl
aqueous solution and 10 mL of hexane were added to the reaction media. After the liquid-
liquid extraction and phase separation, the hexane upper phase was transferred to 25 mL
becker. The solvent was completely evaporated at 50 °C, resulting in the mixture of FAME.
For GC-MS analyses, 5 mg of the internal standard C19:0 and 5 mg of the FAME mixture
were precisely weighted in GC vials. Then, approximately 1 mL of toluene was added to
the vial, and precisely weighted as well. The mixture was vortexed for approximately 15
seconds until complete dissolution, and then the vials were placed on the autosampler of
the GC for the analysis.

The identification and quantification of the FAME content produced from the
transesterification of the Amazon oils were performed using gas chromatography
with mass spectrometer detector (GC/MS - Shimadzu GCMS-QP2010, Tokyo,
Japan) according to a validated standard procedure — “EN 14103:2011: Determination of
ester and linolenic acid methyl ester contents”, with some modifications. The
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chromatographic separation of methyl ester was performed in an Rtx-Wax (Varian, 30 m
X, 0.25 mm i.d. x 0.32 pym film thickness) column. 1 pL of sample was injected in split
mode, 1:150 ratio. The splitless injector temperature was set to 250 C. The oven
temperature program starts at 60 < hold for 2 minu tes, to 200 € at 10 € min -1, and to
240 € at 5 T min -1, hold for 7 minutes, with a total run time of 31 min. Helium was used
as the carrier gas at a constant flow rate of 3 mL min'. Samples were analyzed in

instrumental triplicates.

Triacylglycerols (TAGs) characterization by ESI-QTOF-MS

For the characterization of intact TAGs, 2 mg of each sample was precisely
weighted and dissolved with 1.5 mL of toluene in glass vials. Then, 10 uL of this solution
was diluted in 1 mL of methanol with 10 mmol - L-" ammonium bicarbonate, to induce the
formation of ammonium adducts. The samples solutions were direct infused (flow rate of
10 pL - min') using an external syringe pump into the ESI source of a QTOF mass
spectrometer (Synapt HDMS, Waters, UK), operated under positive ion mode, 3.0 kV of
capillary, 40 and 3.0 V of cone and extractor cone, respectively. The source and
desolvation temperatures were 80 and 150 C, and th e nitrogen nebulizer gas was used
at a flow rate of 300 L h-'. The mass spectrometer was mass calibrated in ESI(+) mode at
10,000 resolution (FWHM) over acquisition mass ranges of m/z 50 — 2000, using a
solution of phosphoric acid 0.1% (v/v) in acetonitrile:H20 (1:1). Samples full scan mass
spectra were also acquired over an m/z range of 50 — 2000.

The characterization of the main TAG ions in the spectra was performed by
fragmentation of manually selected precursor ions (selection window of 1 Da) by collision
induced dissociation (CID) using argon as collision gas (collisions energies from 20 to 35
eV). TAG identification was done by comparison of the MS/MS spectra with LIPID MAPS
database, 22 using the search database of glycerolipid precursor/product ions tool. Some
filtering criteria were adopted to accept the TAG identification: minimum of 10 out of 18
fragments detected; all the three possible acyl group neutral losses detected; and at least
2 other fragments for each acyl chain detected as well, under an m/z deviation of 0.02 Da.
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Data analysis and statistics

Direct infusion data were acquired using the software MassLynx 4.1v (SCN 639 for
Synapt HDMS, Waters, UK). Each mass spectrum was exported as peak lists (m/z versus
counts) combining the same number of scans for all samples. For principal component
analysis (PCA), all the data were aligned in m/z axis and normalized. For that, several
pre-processing and their combinations were tested. The results showed that the best
estimation was variable alignment (COW, slack = 5), normalize (inf-Norm, Maximum = 1),
and mean center. A preliminary PCA model was performed to study the data. For the
construction of the PCA model, the PLS toolbox version 3.51 (Eigenvector Research,
Manson, WA) was used, running in MATLAB R2015b.

RESULTS AND DISCUSSIONS

Chemically, vegetable oils and butters consist mainly of triacylglycerol (TAGs),
small amounts of mono and diacylglycerols and minor unsaponifiable constituents such
as sterols, vitamins, polyphenols, fatty alcohols, tocopherols, terpene alcohols,
hydrocarbons, and several other compounds from different chemical classes. 22 These
constituents have a pronounced effect on the stability and on its nutritional properties. 24
The fatty acids content varies according to the oleaginous species and their distribution in
the TAG molecules is responsible for chemical, physical and biological properties of the
oils and fats. Minor compounds such as hydrocarbons, polyphenols and terpenes with
contribute for several organoleptic and medicinal properties. 23

This work describes the detailed triacylglycerol composition of sixteen different
virgin and certified Amazon oils and butters, characterized by GC-MS and ESI-MS.
Amazon oils have being the focus of an intensive research during the last decades and
several properties and compositional data have been already described. Table 2
summarizes the samples studied in this work, their commercial and scientific names, a
collection of their principal popular and medicinal uses, and previously reported

compounds and properties in the literature for the species.
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Table 2. Samples of oils and butter analyzed in this work, their principal popular and

medicinal uses and previously reported compounds and properties in the literature for the

species
Samples Principal compounds
Commercial | Scientific analyzed | Number | Traditional and and parameters
name name in this of lots medicinal uses reported in previous
work literature
Pectic polysaccharides;?
xylan polysaccharides;?®
anthocyanins and non-
Brain stimulation; anthocyanin
foods and beverages | polyphenolics;?’-?
preparations (acai lignoids, flavonoids,
Acai Euterpe Pulp 5 “wine”); hair and skin | phenolics; 2° minerals,
oleraceae virgin oil repair; natural total lipids, proteins and
antioxidant; natural carbohydrates;?’
anti-inflammatory antioxidant activity; 3031
29,83 fatty acids; 3' tocopherols
and tocotrienols;3?
pharmacological activities
29,33
Natural anti-
inflammatory for
throat infection and Triterpenes, steroids,
joint pain;*° coumarins, flavonoids,
P fungicide, limonoids, fatty acids,
Andiroba Ca'r apas N.Ut virgn 1 o antigparasitics and triacylglycerolg; 32,36,37,38
guianensis | oil . 8k oL N
antimalarials;>* skin carapanolides;
moisturizing and tetranortriterpenoids;*°
bleaching agent; carapanosins 4!
mosquito and
insects repellent 3°
High temperature
frying and cooking;
Orbignya o antimicrobial; skin _
Babassu Oleifera, Nutvirgin | moisturizing and Fatty acids ‘?Srlcg
Arecaceae butter soothln_g. for atopic glycerydes **:
dermatitis and
itching;*243 natural
anti-inflammatory*
o . Phenolic composition,
rganoleptic tioxidant activity; 48
properties compared antioxid Y
. o total lipids, carotene and
0 to clive oil; hair and steroids, fatty acids; 4°
Bacaba-de- .er?ocarp us Lo Sk".] repair and insolublé fibers vita’mins
e distichus, Virgin oil | 1 moisturizing; . ls: 50 t t’l ’
que beverages minerals; *° total
Arecacea gt' phenolic, flavonoids and
?‘Le;:;g;ox;e,,); flavonols _compounds, .
o 47 | monomeric anthocyanins
natural antioxidant 51
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Powerful skin and
hair moisturizing;
used to treat stingray
sting; food and

Carbohydrates, protein,
fat, ash, dietary fiber,
sugars, amino acids, fatty
acids and

Platonia Seed beverages minerals; >  volatile
Bacuri insignis, virgin preparations; compunds; 9265758
Clusiaceae | butter pulmonz_ary . xanthones (alpha_- and
congestion; joint gamma-mangostin);>* a-
pain;® hair tonic and | carotene and B-carotene,
anti-dandruff; 3 pro-vitamin A
leishmanicidal carotenoids; 5% &0
activities 548 garcinielliptone ®'
Pectic polysaccharides;
Skin and hair carotenoids (a-carotene,
N Mauritia Pulp moisturizing; post- B-carotene, Y-carotene,
Buriti venifera virain oil sunburn treatment; zeaxanthin, tocopherols;
9 skin anti-aging and 32,8566 gcylglycerols, fatty
healing effect 6263 acids, 6638 phenolic
compounds 3267
Squalene, tocopherol,
phenolic compounds,
Skin and hair antioxidant activity; 326°
Bertholletia moisturizing; food fatty acids;”*""-"2
Castanha- Excelsa H. | Nutvirgin preparations; natural | minerals, macronutrients,
do-para " il antioxidant; skin aminoacids,”
B. K. anti-aging; anti- phospholipids, sterols;?
cancer % Se-containing proteins,”
TAGs; 7438 volatile
compounds; ”® proteins 78
Dermatitis treatment ?l(anthme aIkaI0|ds,l
and skin healing; avoncglzdg,mzatty acids, o
Theobroma S.ee.d hair treatment;”” TAGs;» 7% aglycones;
Cupuagu . virgin fa':j rea(rjngn ’ volatile compounds; 8182
grandiflorum butter oods an e\7/8erages B-carotene: & TAGs;
preparations .
polyphenol compounds;
78,85
Powerful natural
antioxidant,
anticancer and Total phenolics,
antitumoral effects, annonacin, squamocin;
Annona o anti-arthritic, 8 acetogenins; # volatile
Graviola muricata Nut virgin antidiabetic;® foods compounds; 8 minerals,
’ oil and beverages proteins, carbohydrates,
Annonaceae preparations; fatty acids;%-°1
vermifuge and antioxidant activity, a-
anthelmintic against | tocopherol %'
worms, parasites
and lice &
Natural antioxidant;®2
. fporggzrz;?i(;:se;verages ;/sc;Latile compounds; 568
Murici By reonima S.ee.d . antibacterial and , ethyll and methy|
crassifolia virgin oil methylthiopropanoate,

antifungal; *® natural
medicine the
gastrointestinal tract;

methionol %
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anti-inflammatory
and fever inhibitor %
Food preparation; -
: — . . ’ Total lipids, carotenes
Ast Nut )
Murumuru strocanum usvirgin | o Sk'r.] anq halrw and steroids, fatty acids;
murumuru butter moisturizing; 49. 99 38
cosmetics " TAGs
. . Total lipids, total
gginstirr]i(;i:al'ranti- carotene, fatty acids; 4°
dandruff ar?c] for hair | TAGS, A-avenasterol,
Oenocarpus Pulp growing: foods and stilbenes, phenolic acids,
Patawa bataua, virain o 1 beverag’es condensed tannins; 2
Arecaceae 9 preparations (pataua Pheno_lic compp_sition,
“wine”): anti-cancer antioxidant activity; 10!
100 ’ vitamins, anthocyanins
102
Skin treatments
Pracaxi Pentaclethra | Seed 5 against erysipelas, Behenic acid; *?fatty
Filamentosa | virgin oil burns and stretch acids 19
marks: 103,104
Powerful skin and Total lipids, total
Nut virgin hair moisturizing; carotene, total steroids,
Astrocaryum butter 2 foods and beverages | fatty acids; 4%107.108 total
Tucuma vulgare, and oul (butter); | preparations; protein,
Arecaceae napuip -y (oil) antihyperglycemic;'% | carbohydrates, TAGs; 17
virgin oil biodiesel tocopherols, carotenoids,
production’® phytosterols 1%°
Skin treatment; 11°
the best substitute E ids. |
for beef tallow and attly act | S, lgnans
petrolatum; used for g’.lkr)y tetrﬁ)o?e lact
Virola Virgin treatment of foenzyloutyrolactone
Ucuuba . 2 ; arylindan, furofuran, etc);
sebifera butter rheumatism, 32113114 TAGs: %
arthritis, cramps, triacontane ’
mouth sores and , : 115
hemorrhoids: tetratriacontane
"antiviral 2

The quantification of fatty acids by GC is the most usual methodology for lipid
profile characterization. For all analyzed samples of oils and butters, the total ester content
ranged from 85 to 103%, confirming the high saponifiable lipid content. Table 3 presents
the average results obtained for the percentage of each FAME found in the Amazon
samples and Table 4 presents the approximated amount of saturated, monounsaturated
and polyunsaturated fats in the samples, which is an important data specially for the food
industry. The results show the average profile of fatty acids distribution, which differs
principally according to the species. Note the presence of medium chain saturated fatty
acids in butter samples of babassu, murumuru, and tucuma butter, as well as the high

content of oleic acid (C18:1) in the samples of agai, andiroba, bacaba-de-leque, graviola,
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1 buriti, pataua and oil of tucuma oil. This is an interesting aspect, as it is known that the
2 intake of monosaturated fats brings benefits to human health, and this is also a common
3 feature of olive oils. ''® There is a remarkable difference between the tucuma oil and its
4  butter, even though they are from the same species, as the butter is extracted from the
5 seeds and the oil from the pulp. This fact shows a different lipid accumulation profile in
6 different parts of the fruits.
7
8 Table 3. Fatty acids profile in Amazon oils and butters determined by GC-MS
% FAME (g / 100 g)*
Samples
C8:0 | C10:0 | C12:0 | C14:0 | C16:0 | C16:1 | C18:0 | C18:1 | C18:2 | C18:3 | C20:0 | C20:1 C22:0 | C24:0

Agai 2 1 25 4 2 57 9 1

Andiroba 27 1 9 52 9 2

Babassu 2 45 17 10 3 19 4

Bacaba-de-leque 23 1 2 53 20 1

Bacuri 1 2 60 7 1 28 2

Buriti 17 2 79 2 1

Brazil nut 15 12 41 32

Cupuacgu 7 36 39 3 12 <1 2

Graviola 21 1 6 41 28 1 1

Murici 10 8 38 42 1

Murumuru 1 45 31 8 3 8 3

Patawa 1 1 11 <1 6 76 5 1

Pracaxi 2 4 52 11 1 2 17 11

Tucuma (butter) 1 2 51 28 6 3 7 3

Tucuma (oil) 2 2 25 4 61 3 2

Ucuuba 16 74 5 <1 1 4 1
9

10 Table 4. Saturated, monounsaturated and polyunsaturated fat distribution in Amazon oils
11  and butters

% (g /100 g)
Samples
Saturated fat Monounsaturated fat Polyunsaturated fat
Agai 29 61 10
Andiroba 36 53 11
Babassu 78 19 4
Bacaba-de-leque o5 54 21
Bacuri 64 34 2
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Buriti 18 79 3

Brazil nut 27 41 32
Cupuacgu 57 40 3

Graviola o8 43 29
Murici 20 38 42
Murumuru 88 8 4
Patawa 18 76 6
Pracaxi 35 54 11
Tucuma (butter) 90 10 0
Tucuma (oil) 33 62 5
Ucuuba 95 4 1

The quantification of fatty acids is the standard approach to obtain a simplified
profile of the samples. However, the intact TAG analysis in native form offers more
information about the oils composition and can reveal a more characteristic profile for
each sample. Moreover, by reducing the major components analysis to the simple fatty
acid profile determination, some information can be lost, because when a wide variety of
species is considered, which is the case of this work, the fatty acids profile may provide
unclear answers to describe a more specific profile for each samples.

In TAG molecules, the fatty acids are 3 by 3 transesterified with the glycerol
molecule. Therefore, for a given set of fatty acids, there is a much greater number of
possible precursor TAGs. Thus, the TAG analysis provides a greater volume of
information regarding the oil composition. Besides, the direct analysis of intact TAGs
excludes the sample derivatization step, which is laborious, chemicals and time
consuming. TAGs can be AAA type, when all the fatty acids are the same; ABA or AAB
when they have two different fatty acids; or ABC, ACB or BAC when the 3 acyl groups are
different. In the first case, only one fragment due to a neutral loss of acyl group will be
detected, in the second case, two fragments, and for the last case, 3. If more than 3
fragments are detected, more than one TAG isomer is present in a given selected
precursor ion. 117

The use of ammonium bicarbonate as an additive for ESI ionization also helped
the TAGs detection and in the interpretation of the results, as there was practically only
the formation of ammonium adducts (avoiding the formation of other adducts such as
sodium or the TAGs protonated molecule). Moreover, the formation of ions with even m/z
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ratios facilitates the detection of TAGs, differentiating them from other classes of
substances also present in the samples, such as minor compounds or background ions.

Samples of the same species, but different lots (year of production) also presented
an identical spectral profile (mass spectra for duplicated samples are shown in supporting
information), indicating that the TAG profile is in fact a signature for each Amazon species.
The ESI(+)-QTOF mass spectra present a great complexity due to the large structural
variability of the TAGs molecules. Thus, the MS/MS analysis of the main detected ions in
the samples was performed, in order to elucidate the composition of the TAGs in each
sample.

The product ion mass spectra obtained via CID for each TAG ion detected in the
samples were compared to LIPID MAPS database. The fragmentation of TAG molecules
is ordered (it does not differ from one TAG to the other, always following the same major
pathways) and its mechanism is well known.!'® Each ammonium adduct of a single TAG
molecule generates eighteen possible ions after fragmentation: one precursor ion
[M+NHoa4]* plus seventeen fragments, being the ones of neutral loss of the acyl radicals the
major fragments detected in the MS/MS spectra of a TAG. For the unambiguous
identification through the comparison with the LIPID MAPS database some filters were
considered: minimum of 10 out of 18 ions detected; all the 3 fragments due to the acyl
radical neutral loss, and at least two more fragments for each of the three radicals in sni,
sn2 and sn3. In this way, it is possible to obtain information about the composition of each
acyl radical present in a particular TAG ion. On the other hand, it is not possible to state
the position in which they are bound in the precursor TAG molecule, nor the double bonds
E/Z stereochemistry and its position in the acyl chain.

It was possible to perform the characterization of the most abundant TAG ions, as
well as the TAG ions with relative abundances of less than 0.1%. As proof-of-concept, an
ultra-comprehensive TAG identification was performed for acgai oil, pracaxi oil and ucuuba
butter and the results are electronically available in supporting information in
spreadsheets. For instance, it was possible to characterize 76 different TAGs in pracaxi
oil, 71 in ucuuba butter and 26 in acgai oil. However, in this work, only the top 10 most
abundant ions for each sample will be described, as it corresponds from 70 to 98% of the

total TAGs in the samples.
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It should be highlighted the high occurrence of isomers: at least 2 TAGs with
different acyl radicals compositions were detected in each fragmented ion. This number
came to be up to 10 different isomeric TAGs for some TAG precursor ions. It is expected
that there are even more possible isomers, which are not being reported after the filtering
criteria used for identification in LIPID MAPS. It is also interesting to note that the MS/MS
mass spectrum of the same TAG in different samples may vary or not. Figure 1 shows the
product ion scan for the TAG of m/z 628.7 in three different samples: Fig. 1a tucuma
butter, Fig.1b babassu butter and Fig. 1c murumuru butter. Note that the m/z 628.7
MS/MS spectra for all samples are quite similar, being the relative abundances for the
fragments of m/z 383.3, 411.3, 439.3 and 467.4 almost identical, indicating that probably
these TAGs are the same and in approximated equal abundances in these different
samples. However, Figure 2 shows the MS/MS mass spectra for the ion of m/z902.8 (the
inserted zooms in the mass spectrum from m/z 600 to 606 allow to better observe the
main fragments). Note that the relative abundances of the fragments with m/z601.5, 603.5
and 605.5 differ more for one sample to another, indicating that the proportion of TAG
isomers are not the same in these three distinct samples. It means that the isomer
TG(18:1_18:1_18:1) is more abundant than the other isomers in tucuma oil (Fig. 2a), while
other TAGs as TG(18:0_18:1_18:2) were detected by their fragments (m/z 601.5 and
605.5) with higher relative abundances in murici (Fig. 2b) and graviola oils (Fig. 2c).

The representative full scan ESI(+)-QTOF mass spectrum for each Amazon oils
and butters, as well the identification of the principal TAGs and their relative abundances
are reported in the following sections for each sample considering: the m/z of the [M+NHa]*
precursor ion (experimental and theoretical), its relative abundance (in low energy mass
spectrum), the nominal m/z of the fragments detected in the MS/MS spectrum, the number
of fragments detected by comparison with the LIPID MAPS. The fragments are also
obtained with high resolution and accuracy, with an average mass error bellow 20 ppm,
but are reported with only one decimal place to avoid excess of information in the tables.
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2 Figure 1. ESI(+)-MS/MS product ion scan via CID for the precursor ion of m/z 628.5 of
3 a)tucuma, b) babassu and ¢) murumuru butters.
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Figure 2. ESI(+)-MS/MS product ion scan via CID for the precursor ion of m/z902.7 of
a) tucuma, b) murici and c) graviola oils.
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Acai oil

Figure 3 shows a representative full scan ESI(+)-QTOF mass spectrum of agai oil.
The principal TAGs ions are present from m/z 840 to 910, and some DAG detected in m/z
from 550 to 650. The fatty acids composition for acai oil is on average C12:0 (2%), C14:0
(1%), C16:0 (25%), C16:1 (4%), C18:0 (2%), C18:1 (57%), C18:2 (9%) and C18:3 (1%),
as shown in Table 5, as well as all the identified TAGs.

100+ 876.7 _

Relative abundance (%)
%

6846 7126
s

550 600 650 700 750 800 850 900 950 = 1000 1050 1100 1150

Figure 3. Representative full scan ESI(+)-QTOF mass spectrum of acai oil.

In total, 20 different TAGs constitute the top 10 most abundant ions, and they
account to 98.1% of the total TAGs ions abundances. All the TAGs are mainly formed by
the previously mentioned fatty acids. The most abundant ions, m/z 876.7 and 902.7, are
TG(16:1_18:0_18:1), TG(18:2_16:0_18:0) and TG(18:1_16:0_18:1); and triolein -
TG(18:1_18:1_18:1) - and its isomer TG(18:1_18:2_18:0), respectively. Agai is a high
oleic acid and, indeed, this fatty acid is present in most of the identified TAGs.
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Table 5. Identification of the principal TAGs of acai oil and their relative abundances (%)

Experimental
m/z [M+NH,]*

Theoretical
m/z [M+NH,]*

Detected fragments
(CE 25-30 eV)

Number of
detected
fragments per
TAGs

Identified TAGs

Relative
abundance
(%)

848.7726

848.7702

848.77,831.7, 813.7;
577.5; 575.5; 549.5;
339.3; 321.3; 313.3;
311.3; 295.3;293.2;
265.3; 263.2; 247.2;
245.2; 239.2;237.2;
221.22;219.2

18;18

TG(16:0_16:1_18:1);
TG(16:0_16:0_18:2)

2.9

850.7859

850.7858

833.8 815.7; 577.5;
551.5; 339.28; 321.3;
313.3; 295.3; 265.3;
247.3; 239.2;221.2

TG(18:1_16:0_16:0)

4.1

872.7675

872.7702

855.7; 855.7; 601.5;
575.5; 573.4; 339.2;
337.2; 321.2; 319.2;
311.2; 293.2; 265.2;
263.2; 247.2; 245.2;
237.2;219.2; 335.2;
317.2; 313.2;295.2;
261.2; 243.2; 239.2;
221.2

18;18; 18

TG(16:1_18:2_18:1);
TG(18:3_16:0_18:1);
TG(18:2_18:2_16:0)

7.2

874.7805

874.7858

857.7; 839.7; 601.5;
577.5; 575.5; 339.2;
337.2; 321.2;319.2;
313.2; 295.2; 265.2;
263.2; 247.2; 245.2;
239.2; 221.2; 603.5;
311.2;293.2; 237.2;
219.2

18;18

TG(18:2_18:1_16:0);
TG(18:1_16:1_18:1)

876.7939

876.8015

859.8; 841.8; 605.6;
577.5; 575.5; 341.3;
339.3; 323.3; 321.3;
311.3; 293.2;267.3;
265.3; 249.3; 247.3;
237.2;219.2; 603.5;
579.5; 337.3; 319.3;
313.3; 295.3; 263.2;
245.2;239.2;221.2

18,18, 18

TG(16:1_18:0_18:1);
TG(18:2_16:0_18:0);
TG(18:1_16:0_18:1)

16.3

896.7657

896.7702

879.7; 861.7; 601.5;
599.5; 597.4; 339.3;
337.3; 335.3;321.3;
319.3; 317.2;265.3;
263.2; 261.2; 247.2;
245.2;243.2

TG(18:3_18:1_18:2)

5.6

898.7744

898.7858

881.75; 863.7; 603.5;

599.50; 339.28; 321.27;

317.24; 265.2; 261.2;
247.2;245.2; 243.2;
337.3; 319.3; 263.2;
245.2

18;18

TG(18:1_18:3_18:1);
TG(18:2_18:1_1822)

9.5

900.7914

900.8015

883.8; 865.8; 603.5;
601.5; 339.3;337.3;
321.3; 319.3; 319.3;
263.2; 247.2; 247.2;
605.5; 245.2; 599.5;
341.3; 335.2;317.2;
267.26; 261.2;249.2;
247.2,243.2

18;17

TG(18:1_18:1_18:2);
TG(18:0_18:1_18:3)

13.0
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885.79; 867.78; 603.5;
339.28; 321.27; 265.25;
247.24; 605.55; 601.5;
341.3; 337.27; 323.29;
319.26; 267.26; 263.2; TG(18:1_18:1_18:1);
902.8036 902.8171 | 249.25;247.2;245.2 18,18 | TG(18:1_18:2 18:0) 19.4

887.8; 869.79; 605.5;
603.5; 341.3; 339.28;
323.29; 321.27; 267.26;
265.25; 249.25; 247 .2;

607.56; 337.27; 319.26; TG(18:0_18:1_18:1);
904.8238 904.8328 | 263.2;245.2 18;18 | TG(18:2_18:0_18:0) 9.0
TOTAL 98.1

Andiroba oil

Figure 4 shows a representative full scan ESI(+)-QTOF mass spectrum of andiroba
oil. The principal TAGs ions are present from m/z810 to 910, and the DAGs in this sample
were detected in a considerably high abundance in m/z from 550 to 650. The fatty acids
composition for andiroba oil is on average C16:0 (27%), C16:1 (1%), C18:0 (9%), C18:1
(52%), C18:2 (9%) and C18:3 (2%), as shown in Table 5.

876.8

100+

8508 8778

Relative abundance (%)

A Bttt et (39 /7
500 550 600 650 700 750 @ 800 850 900 950 1000 1050 1100 1150

Figure 4. Representative full scan ESI(+)-QTOF mass spectrum of andiroba oil.

All the identified TAGs in andiroba oil are reported in Table 6. In total, 21 different
TAGs compose the top 10 most abundant TAG ions, and they account to approximately
90.6% of the total TAGs ions abundances. All the TAGs are mainly formed by the above
mentioned fatty acids, but few TAGs also presented the fatty acids C20:0 and C22:1, as
observed for the TAGs TG(16:1_20:0 18:1), TG(18:1_20:0_16:0), and
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TG(22:1_16:0_16:0). The most abundant ions, m/z 850.7 and 876.7, are
TG(16:0_18:1_16:0), and TG(16:0_18:1_18:1) and TG(18:2_16:0_18:0), respectively.
Andiroba is also high oleic acid oil and, indeed, this fatty acid is presented in the majority
of the identified TAGs, followed by TAGs with C16:0, combined in the TAGs in multiple
ways and forming different isomers as it could be detected. Triolein - TG(18:1_18:1_18:1)
- and its isomer TG(18:1_18:2_18:0) were also identified in andiroba oil.

Table 6. Identification of the principal TAGs of andiroba oil and their relative abundances
(%)

Number of
detected Relative
Experimental Theoretical Detected fragments fragments per abundance

m/z [M+NH,]* m/z [M+NH,4]* (CE 25-30 eV) TAGs Identified TAGs (%)

831.7; 813.7; 577.5;
575.5; 551.5;549.5;
339.3; 337.3; 319.3;
313.3; 311.2; 265.3;
263.2; 245.2; 239.2; TG(18:2_16:0_16:0);
848.7665 848.7702 | 237.2; 221.2 16;13 | TG(16:1_18:1_16:0) 5.1

833.75; 815.7; 577.5;
551.5; 339.3; 321.27;
313.2; 295.26; 265.2;
850.7778 850.7858 | 247.2; 239.2; 221.2 18 | TG(16:0_18:1_16:0) 13.3

855.7; 837.7;601.5;

599.5; 577.5; 575.5;

573.48; 337.3;319.26;
317.2; 313.27; 265.2; TG(160 18:2_18:2);
263.2; 261.2;247.2; TG(18:3_16:0_18:1);
245.2; 243.2; 239.2; (18:2_18:1_16:1);
872.7686 872.7702 | 221.2 17;15 (18:2_18:1_16:1)

857.75; 839.7; 603.5;
601.5; 577.5; 575.5;
339.3; 337.3; 321.3;
319.3; 313.3;311.2;
265.2; 263.2; 247.2; TG(18:2_18:1_16:0);
874.7788 874.7858 | 245.2; 239.2 16;15 | TG(16:1_18:1_18:1) 9.8

2.3

859.8; 841.8; 603.5;
579.5; 577.5;575.5;
341.3; 339.3; 321.3;
319.2; 313.3; 265.3;
263.2;247.2; 245.2; TG(16:0_18:1_18:1);
876.7791 876.8015 | 239.2; 221.2 17,14 | TG(18:2_16:0_18:0) 21.2

861.8; 843.8; 607.6;
605.55; 579.5; 577.5;
341.3; 339.3; 323.3;
321.3; 313.3; 311.3;
267.3; 265.3; 249.3;
247.2; 239.2; 221.2; TG(18:0_18:1_16:0);
878.8022 878.8171 | 219.2 17,16 | TG(18:0_18:0_16:1) 9.6
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883.8; 865.8; 605.6;
603.5; 601.5; 599.5;
341.3; 339.3; 337.3;
335.3; 323.3 321.3;
319.3; 317.2; 265.6;
263.2; 261.2; 247.2; TG(18:1_18:2_18:1);
900.7949 900.8015 | 245.2; 243.2 18;16 | TG(18:3_18:1_18:0) 5.7

885.8; 867.8;605.6;
603.5; 601.5; 339.3;

337.3; 321.3; 319.3;
267.3;265.3 263.2; TG(18:1_18:1_18:1);
902.809 | 902.8171 247.2; 245.2 18,16 | TG(18:0_18:1_18:2) 11.9

887.8; 869.8; 633.6;
607.6; 605.6; 603.5;
575.5; 369.3; 341.3;
339.3; 337.3; 323.3;
321.3; 319.3; 293.2;

277.3; 267.3; 265.3; TG(18:1_18:0_18:1);
263.2; 249.3; 247.3; TG(18:0_18:2_18:0);
904.8232 904.8328 | 245.2; 237.2 18;18;14 | TG(16:1_20:0_18:1) 8.3

889.8; 871.8; 633.6;
607.6; 605.6;577.5;
551.5; 341.3; 339.3;
323.3; 321.3; 313.3;

303.3; 295.3; 277.3; TG(18:0_18:1_18:0);

267.3; 265.3; 249.3; TG(18:1_20:0_16:0);
906.8435 | 906.8484 247.2; 239.2; 221.2 18;17;16 | TG(22:1_16:0_16:0) 3.6
TOTAL 90.6

Babassu butter

The ESI(+)-QTOF mass spectrum of babassu butter is shown in Figure 5. As
babassu fatty acids profile is C10:0 (2%), C12:0 (45%), C14:0 (17%), C16:0 (10%), C18:0
(3%), C18:1 (19%) and C18:2 (4%), as shown in Table 3, it is expected that the babassu
TAGs appear in a lower m/zrange compared to the preciously discussed oils. In fact, the
main TAGs are in the range of m/z from 500 to 900.
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Figure 5. Representative full scan ESI(+)-QTOF mass spectrum of babassu butter.

Note in Table 7, a higher occurrence of isomers for each TAG [M+NH4]* ion, in
which the top 10 most abundant TAG ions accounts to approximately 78.6% of the total
TAGs ions abundances, and 38 different TAGs were identified. This may be due to the
higher number of different fatty acids, which obviously leads to several isomers
possibilities. Fig. 1b shows the MS/MS spectrum of the precursor ion of m/z 628.5, in
which a least six different fragments due to the neutral loss of an acyl group can be easily
observed. In fact, at least six different TAG isomers were identified in this precursor ion,
as reported in Table 6. Most of the identified TAGs are composed by the fatty acids
reported in Table 3, but also some less abundant TAGs containing C6:0, C8:0, C14:1 and
C20:0 were also detected. We can observe all the combinations of fatty acids forming a
wider variety of TAGs. The base peak of m/z 656.5 is characterized as a mixture trilaurin
- TG(12:0_12:0_12:0) — with several other isomers identified by their different fragments,
as TG(10:0_14:0_12:0), TG(16:0_12:0_8:0), TG(16:0_10:0_10:0) and
TG(20:0_6:0_10:0), all in the same precursor ion. Babassu is a high lauric acid butter, and
in fact, the most abundant TAGs are composed mainly by this fatty acid in at least one of
the sn glycerol position. The occurrence of TAGs with oleic acid in babassu butter
increases with the TAG molecular mass.
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1 Table 7. Identification of the principal TAGs of babassu oil and their relative abundances

2 (%)
Number of
detected Relative
Experimental Theoretical m/z Detected fragments fragments per abundance
m/z [M+NH,]* [M+NH,]* (CE 25-30 eV) TAGs Identified TAGs (%)
555.5; 537.4; 439.4;
411.3; 383.3; 355.3;
257.2; 229.2; 211.2;
201.2; 183.2; 165.2;
155.1;127.1; 109.1; TG(8:0_12:0_10:0);
572.4884 572.4885 99.1; 81.1 16;15 | TG(6:0_12:0_12:0) 3.9
583.5; 467.4; 439.4;
411.3; 383.3; 355.3;
285.2; 257.2; 211.2;
201.2; 183.2;165.2; TG(12:0_8:0_12:0);
155.1;127.1; 109.1; TG(8:0_14:0_10:0);
600.5139 600.5198 99.1; 81.1 15; 13;13 | TG(14:0_12:0_6:0) 121
611.5; 593.5; 495.4;
467.4;439.4; 411.3;
383.3; 355.3; 341.3;
327.3; 323.3; 313.3;
295.3; 285.3; 267.2; TG(8:0_12:0_14:0);
257.2; 239.2;229.2; TG(14:0_10:0_10:0);
211.2; 201.1;193.2; TG(10:0_12:0_12:0);
183.2; 165.2; 155.1; TG(10:0_16:0_8:0);
137.1;127.1;109.1; TG(14:0_14:0_6:0);
628.5420 628.5511 99.1; 81.1 18;18;18;17; 17 | TG(18:0_8:0_8:0) 13.2
639.6; 523.5; 495.4;
467.4;439.4; 411.3;
383.3; 351.3; 327.2; TG(12:0_12:0_12:0);
257.2; 239.2; 229.2; TG(10:0_14:0_12:0);
211.2; 183.2; 165.2; TG(16:0_12:0_8:0).
155.2; 137.1; 99.1; TG(16:0_10:0_10:0);
656.5691 656.5824 81.1 17;14;14;14;13 | TG(20:0_6:0_10:0) 14.7
523.5; 495.4; 467 .4;
439.4; 411.4 383.3;
285.2; 267.2;257.2; TG(12:0_12:0_14:0);
249.2; 239.2; 229.2; TG(10:0_18:0_10:0);
201.1; 211.2; 183.2; TG(8:0_18:0_12:0);
165.2;155.1; 137.1; TG(14:0_14:0_10:0);
684.6163 684.6137 109.1 15;14;14;14;13 | TG(16:0_10:0_12:0) 12.3
695.6; 523.5; 495.4;
467.4;439.4; 411.3;
313.3; 295.3 295.3;
285.2; 267.2; 257.2;
239.2; 229.2; 221.2; TG(16:0_12:0_12:0);
211.2; 183.2; 165.2; TG(16:0_10:0_14:0);
712.6417 712.6450 155.1;137.1 17;16; 14 | TG(18:0_12:0_10:0) 7.9
695.6; 577.5; 523.5;
495.4; 493.4; 467 .4;
465.4; 439.4; 411.3;
339.3; 313.3; 295.3;
285.2; 267.2; 265.3;
257.2; 239.2;229.2; TG(12:0_18:1_12:0);
221.2; 211.2; 209.2; TG(12:0_16:0_14:1);
191.2; 183.2;165.2; TG(10:0_14:0_18:1);
155.1; 137.1; 127.1; TG(18:1_8:0_16:0);
738.6608 738.6606 109.1 13;13;13; 12; 12 | TG(14:1_14:0_14:0) 3.6
723.6; 579.5; 523.5;
495.4; 467 .4; 439.4; TG(18:0_12:0_12:0);
341.3; 313.3; 267.3; TG(12:0_16:0_14:0);
257.2; 239.2; TG(14:0_14:0_14:0);
740.6744 740.6763 211.2;183.3; 109.1 13;12;11; 11 | TG(8:0_18:0_16:0) 4.7
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766.6925

766.6919

749.7;
577.5;
493.4;
341.3;
285.2;
249.3;
211.2;
137.1;
109.1

731.7,605.6;

549.5; 521.4;
467.4; 465.4;
339.3; 321.3;
265.2; 257.2;
247.2;239.2;
183.1; 155.1
127.1117

15; 15;14

TG(8:0_18:1_18:0);

TG(14:0_18:1_12:0);

TG(18:1_10:0_16:0)
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3.1

794.7233

794.7232

777.7;
549.5;
493.4;
285.2;
257.2;
239.2;
211.2;
155.1

605.6; 577.5;

521.5; 495.4;
339.3; 313.3;
267.2;265.3;

249.3; 247.2,

229.2;221.2;
183.2; 165.2;

15;14; 13

TG(12:0_16:0_18:1);
TG(14:0_14:0_18:1);

TG(10:0_18:1_18:0)

3.0

TOTAL

78.6

Bacaba oil

Figure 6 shows a representative full scan ESI(+)-QTOF mass spectrum of bacaba-
de-leque oil. Note that the mass spectrum profile for this oil is very similar to the acai mass
spectrum (Fig. 3), as their fatty acid distribution is quite similar as well, being C16:0 (23%),
C16:1 (1%), C18:0 (2%), C18:1(53%), C18:2 (20%) and C18:3 (1%) for bacaba oil, as
shown in Table 3.

876.9_

100+
1 902.9

848.9

Relative abundance (%)
%

5755 6036 gag g 846.8

WPkt e e M/Z
550 600 650 700 750 800 850 900 950 1000 1050 1100 1150

Figure 6. Representative full scan ESI(+)-QTOF mass spectrum of Bacaba oil.

For bacaba-de-leque oil, 26 different TAGs were identified in the top 10 most
abundant ions in this sample that totalized 95.5% of all TAGs ions detected. This sample
is also a high oleic acid oil, and all its TAGs are described in Table 8. As expected, the
majority of the TAGs are mixtures of the reported fatty acids and in only in m/z 904.8 two



N o b

00

10

145

isomeric TAGs - TG(18:1_20:1_16:0) and TG(18:2_20:0_16:0) - presented C20:1 and
C20:0 in their composition, but their fragments have low abundances in the MS/MS
spectrum. Also for the base peak of m/z902.8, in addition to triolein, 3 other isomers were
also detected: TG(18:1_22:1_14:1), TG(18:1_18:0_18:2) and TG(18:3_18:0_18:0), and
two of them without any oleic acid in the composition, which shows the importance of
fragmentation to proper characterize and identify the native TAGs in oils. The presence
of fatty acids C22:1 and C14:1 was also detected, but with low abundances as well.

Table 8. Identification of the principal TAGs of bacaba oil and their relative abundances
(%)

Number of
detected
fragments per
TAGs

Relative
abundance
Identified TAGs (%)

Theoretical m/z
[M+NH,]*

Experimental
m/z [M+NH,4]*

Detected fragments
(CE 25-30 eV)

831.8; 813.7;575.5;
551.5; 319.3; 313.3;
295.3; 263.2;245.2;
239.2 15

748.7661 848.7702 TG(16:0_18:2_16:0) 6.7

815.7; 577.5;551.5;
339.3; 321.3;313.3;
265.3; 247.2; 239.2;
221.2 15

855.7; 837.7; 601.5;
599.5; 577.5; 575.5;
573.5; 339.3; 337.3;
335.3; 321.3;319.3;
317.2; 313.3; 311.3
293.2; 265.3;263.2;
261.2; 247.2; 245.2;
243.2;239.2; 221.2

850.7798 850.7858 TG(18:1_16:0_16:0) 9.6

TG(18:1_18:3_16:0);
TG(18:2_18:2_16:0);

872.7633 872.7702 17;17;17 | TG(18:2_16:1_18:1) 7.7

; 839.7; 603.5;
601.5; 579.5; 577.5;
575.5; 573.5; 339.3;
335.3; 337.3; 323.3;
321.3; 319.2; 313.3;
311.3; 295.3; 267.3;
265.3; 263.2; 261.2; TG
249.3; 247.2; 245.2; TG
; 239.2;237.2; TG
; 219.2 18;17;16:16 | TG

16:0_18:2_18:1);
16:1_18:1_18:1);
18:2_18:0_16:1);
18:3_18:0_16:0)

===l

874.7723 874.7858 15.3

; 841.8;605.5;
.5; 579.5;577.5;
575.5; 341.3; 339.3;
337.3; 323.3; 321.3;
; 313.3; 311.3;
295.3; 293.2; 267.3;

876.7785

876.8015

; 263.2; 249.6;
; 245.2; 239.2;
; 221.2; 219.2

18;18;18

TG(18:1_18:0_16:1);
TG(18:1_16:0_18:1);

TG(18:2_16:0_18:0)

17.8
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898.7770

898.7858

881.8; 863.7;603.5;
601.5; 599.5; 339.3;
337.3; 335.2; 321.3;
319.2; 317.2; 265.2;
263.2; 261.2; 247.2;
245.2; 243.2

18,18

TG(18:1_18:3_18:1);

TG(18:1_18:2_18:2)
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6.5

900.7914

900.8015

900.8; 883.8; 605.5;
603.5; 601.5; 599.5;
341.3; 339.3; 337.3;
335.2; 323.3; 321.3;

319.3; 265.3 263.2;

261.2; 249.3; 247.2;
245.2

17;17;16

TG(18:1_18:2_18:1);
TG(18:2_18:2_18:0);

TG(18:0_18:3 18:1)

12.2

902.8090

902.8171

885.8; 867.8; 659.6;

607.6; 605.5; 603.5;
601.5; 547.5; 395.3;
377.3; 341.3; 339.3;
337.3; 335.3; 323.3;
321.3; 319.3; 317.2;
303.3; 283.2; 267.3;
265.3; 263.2; 261.2;
249.3; 247 .2; 245.2;
209.2; 191.2

18;18;18; 17

TG
TG
TG
TG

= XL

18:3 18:0_18:0

18:1_18:1_18:1);
18:1_22:1_14:1);
18:1_18:0_18:2);

)

14.2

904.8221

904.8328

887.8; 631.6; 607.6;
605.6; 603.5; 577.5;
575.5; 369.3; 351.3;
349.3; 341.3; 339.3;
337.3 323.3; 321.3;
319.3; 313.3; 293.3;
277.3; 275.3; 267.3;
265.3; 263.2; 247.2;
249.3; 247.2; 245.2;
239.2; 221.2

17;17;15; 15

TG
TG
TG
TG

= XL

18:2 20:0_16:0

18:1_18:0_18:1);
18:0_18:0_18:2) ;
18:1_20:1_16:0);
)

4.2

903.8385

906.8484

607.6; 605.6;341.3;
339.3; 323.3; 321.3;
267.3; 265.3;249.3;
247.2

16

TG(18:0 18:0_18:1);

1.2

TOTAL

95.5

Bacuri butter

A representative full scan ESI(+)-QTOF mass spectrum of bacuri butter is

presented in Figure 7. Differently from the babassu butter, the TAGs in bacuri butter are

mainly distributed in the range of m/z from 810 to 910, which is a region of TAGs in the

previously described oils. However, it is also possible to detect the TAG ions of m/z 656.5,

684.6 and 712.6 also present in babassu butter. Nevertheless, the bacuri butter is a high

palmitic acid sample, presenting the fatty acid composition of C12:0 (1%), C14:0 (2%),
C16:0 (60%), C16:1 (7%), C18:0 (1%), C18:1 (28%) and C18:2 (2%), as reported in Table

3. Note that what makes bacuri a butter is the higher proportion of palmitic acid.
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Figure 7. Representative full scan ESI(+)-QTOF mass spectrum of bacuri butter.

All the identified TAGs in bacuri butter are reported in Table 9. In total, 25 different
TAGs composes the top 10 most abundant ions, and they account to a total of 94.9% of
the total TAGs ions abundances. All the TAGs are mainly formed by the previously
mentioned fatty acids, but several other TAGs displayed different fatty acids in their
compositions, as in the TAGs such as TG(26:0_6:0_6:0), TG(22:0_8:0_8:0),
TG(8:0_22:0_10:0), TG(20:1_12:0_16:1) and TG(18:1_20:0_14:1), but all in relatively low
abundances. The base peak of m/z 850.7 is a mixture of TG(18:0_16:1_16:0),
TG(16:0_16:0_18:1) and TG(20:0_12:0_18:1), this last one being the less abundant TAG,
based on its fragments intensities. The tripalmitin TG(16:0_16:0_16:0) in m/z 824.4 was
the only TAG detected for this precursor ion, with a relative abundance of approximately
20%.

Table 9. Identification of the principal TAGs of bacuri butter and their relative abundances
(%)

Number of
detected
Experimental Theoretical m/z Detected fragments fragments per Relative
m/z [M+NH,]* [M+NH,]* (CE 25-30 eV) TAGs Identified TAGs abundance (%)
551.5; 523.5; 467.4;
453.4; 439.4;435.4;
379.4; 361.4;327.3;
305.3; 285.2; 271.2;
257.2; 239.2; 211.2;
201.1;193.2; 183.2; TG(14:0_12:0_12:0);
165.2; 155.1;127.1; TG(26:0_6:0_6:0);
684.6162 | 684.6137 109.1; 99.1; 81.1 15;14; 14 | TG(22:0_8:0_8:0) 1.5




712.6461

712.6450

551.5; 523.5; 495.4;
467.4; 439.4;397.4;
379.4; 355.3; 323.3;
313.3; 305.3;295.3;
257.2; 239.2; 211.2;
183.2; 137.1;109.1

13;12;10

TG(12:0_12:0_16:0);
TG(8:0_22:0_10:0);
TG(16:0_14:0_10:0)
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2.3

820.739

820.7389

803.7; 785.7; 603.5;
575.5; 549.5; 547.5;
521.5; 493.4; 367.3;
339.3; 313.3;311.3;
293.2; 265.3; 257.2;
239.2; 237.2; 237.2;
221.2;219.2; 211.2;
183.2

17;15;13

TG(16:1_16:0_16:1)
TG(20:1_12:0_16:1)
TG(16:1_14:0_18:1)

i
i

25

822.7479

822.7545

805.7; 787.7; 605.6;
577.5; 551.5; 549.5;
521.5; 495.4; 367.3;
349.3; 313.3; 311.3;
293.2; 257.2;249.3;
239.2; 237.2;221.2;
219.2; 211.2;193.2;
165.2

16; 15

TG(16:1_16:0_16:0);
TG(16:0_12:0_20:1);
TG(14:0_16:1_18:0)

13.2

824.7496

824.7702

551.5; 313.3; 239.2;
221.2

TG(16:0_16:0_16:0)

19.9

848.7642

848.7702

603.5; 577.5; 575.5;
551.5; 549.5; 339.3;
337.3; 321.3; 319.3;
313.3; 311.3; 295.3;
293.2; 285.2; 267.2;
265.3; 263.2; 247 .2;
245.2; 239.2; 237.2;
221.2;219.2; 211.2;
193.2

16; 16

TG(18:1_14:0_18:1);
TG(16:1_18:1_16:0);
TG(18:2 16:0_16:0)

850.7493

850.7858

833.8; 815.7; 633.6;
579.5; 577.5; 551.5;
549.5; 521.5; 341.3;
339.3; 323.3; 321.3;
313.3; 311.3; 295.3
293.3; 277.3; 267.3;
265.3; 257.2; 249.3;
247.2;239.2; 237.2;
221.2;219.2;183.2
165.2

18; 18;16

TG(18:0_16:1_16:0);
TG(16:0_16:0_18:1);
TG(20:0_12:0_18:1)

26.0

852.7936

852.8015

607.6; 579.5;551.5;
341.3; 313.3;295.3;
267.3; 249.3;239.2;
221.2

15; 11

TG(18:0_16:0_16:0);
TG(14:0_18:0_18:0)

6.1

874.7856

874.7858

857.8;603.5; 601.5;
577.5;575.5; 573.5;
339.3; 337.3; 323.3;
321.3; 319.3; 313.3;
311.3; 265.3; 263.2;
247.2;245.2; 239.2;
237.2;221.2;219.2

16; 16;13

TG(16:0_18:2_18:1);
TG(18:1_16:1_18:1);
TG(16:1_18:0_18:2)

2.6
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859.8; 841.8;633.6;
603.5; 579.5;577.5;
575.5; 547.5;351.3;
341.3; 339.3;337.3;
321.3; 319.3;313.3;
295.3; 283.2;277.3;

267.3; 265.3;263.2; TG(18:1_18:1_16:0);

247.2; 245.2;239.2, TG(18:1_20:0_14:1);
876.7952 | 876.8015 221.2;191.2 18;16;16 | TG(16:0_18:0_18:2) 9.6
TOTAL 94.9

Buriti oil

The ESI(+)-QTOF mass spectrum of buriti oil is shown in Figure 8. Buriti oil fatty
acids profile is C16:0 (17%), C18:0 (2%), C18:1 (79%) and C18:2 (3%) and C18:3 (1%),
as shown in Table 3, and its mass spectrum profile also very similar to other high oleic
acids oils such as acai (Fig. 3) and bacaba oil (Fig. 6), but with a higher abundance of the
ion of m/z902.7, due to the higher oleic acid content in this oil.
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Figure 8. Representative full scan ESI(+)-QTOF mass spectrum of Buiriti oil.

For buriti oil, 32 different TAGs were identified in the top 10 most abundant ions in
this sample, totalizing 97.3% of all TAGs ions detected, and are all described in Table 10.
Some low abundant TAGs with different fatty acids as the one reported for this oil in Table
3 were also detected, which is the case of the case of the fatty acids C14:1, C20:0 C20:1,
C22:0, C22:1 and C22:2, detected in TAGs as TG(14:1_18:1_18:0), TG(14:1_16:0_22:1),
TG(18:0_14:1_22:2); TG(22:0_18:2_14:1); TG(20:0_16:1_18:2) TG(22:0_18:1_14:1),
TG(14:1_18:0_22:1) and TG(16:0_20:1_18:1), but again, all with low abundances as
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observed by the intensity of their characteristic fragments. The base peak has also m/z
902.7, which for buriti oil is a mixture of 6 different isomers, but being the triolein and the
isomer TG(18:2_18:0_18:1) the most abundant among them. The other TAGs identified
in this sample are basically several combinations of the reported fatty acids.

Table 10. Identification of the principal TAGs of buriti oil and their relative abundances

(%)
Number of
detected Relative
Experimental Theoretical m/z | Detected fragments (CE 25- fragments abundance
m/z [M+NH,]* [M+NH,]* 30eV) per TAGs Identified TAGs (%)
831.7;813.7; 605.6; 577.5;
575.5; 551.5; 549.5;547.5;
341.3; 339.3;321.3; 319.3; TG(16:1_16:0_18:1);
313.3; 293.2;293.2; 265.3; TG(18:2_16:0_16:0);
263.2; 245.2; 239.2; 237.2; TG(18:0_16:1_16:1);
848.7770 848.7702 | 221.2; 219.2; 209.2;191.2 15;15;13;13 | TG(14:1_18:1_18:0) 1.7
833.8; 815.7; 577.5;
551.5; 339.3; 321.3;
313.3; 265.3; 247.2;
850.7881 850.7858 | 239.2; 221.2 16 | TG(16:0_18:1_16:0) 9.6
855.7; 837.7; 629.6; 601.5;
599.5; 577.5; 575.5;573.5;
543.4; 351.3; 339.3; 337.3;
335.3; 321.3; 319.3; 317.2;
313.3;311.3; 295.3; 277.3; TG(18:1_18:3_16:0);
265.3; 263.2; 261.2; 247.2; TG(16:0_18:2_18:2);
245.2; 243.2; 239.2; 237.2; TG(16:1_18:2_18:1);
872.7728 872.7702 | 221.2; 219.2; 209.2; 191.2 18;18;17;16 | TG(14:1_18:3_20:0) 3.3
857.8; 839.7; 603.5; 601.5;
577.5;575.5; 339.3; 337.3;
319.3; 313.3;311.3; 265.3;
263.2; 247.2;245.2; 239.2; TG(18:2_16:0_18:1);
874.7894 874.7858 | 237.2; 221.2; 219.2 16; 15 | TG(18:1_18:1_16:1) 5.6
859.8; 841.8; 633.6; 603.5;
579.5; 577.5; 575.5; 521.5;
339.3; 337.3; 323.3; 321.3;
319.3; 313.3; 267.3; 265.3; TG(18:1_18:1_16:0);
263.2; 247.2; 245.2; 239.2; TG(18:0_16:0_18:2);
876.8002 876.8015 | 221.2; 209.2; 191.2 17; 15;15 | TG(14:1_16:0 _22:1) 26.4
879.8; 861.7; 603.5; 601.5;
599.5; 597.5; 339.3; 337.3;
335.3 333.2; 321.3; 319.3
317.3; 315.2; 265.3 263.2;
261.2; 259.2; 247.2; 245.2; TG(18:1_18:2_18:3);
896.7781 896.7702 | 243.2 18;17 | TG(18:4_18:1_18:1) 1.5
881.8; 603.5;601.5;
599.5; 339.3; 337.3; 335.2;
321.3;319.3; 317.2; 265.3;
263.2; 261.2;247.2; 245.2; TG(18:1_18:_18:3);
898.7781 898.7858 | 243.2 17;17 | TG(18:2_18:1_18:2) 4.4
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883.8; 865.8;607.6; 605.6;
603.5; 601.5; 599.5; 341.3;
339.3; 337.3; 335.3; 333.2;
323.3; 321.3; 319.3; 317.2; TG(18:3_18:0_18:1);
267.3; 265.3; 263.2; 261.2; TG(18:0_18:2_18:2);
900.8060 900.8015 | 249.3; 247.2; 245.2; 243.21 18;18;17 | TG(18:0_18:4_18:0) 5.9
885.8; 867.8;659.6; 631.6;
607.6; 605.5; 603.5;601.5;
573.5; 549.5;545.5; 393.3,;
379.4; 369.3;337.3; 375.3;
341.3; 339.3; 335.3; 323.3; TG(18:1_18:1_18:1);
321.3; 319.3; 317.2;305.3; TG(18:2_18:0_18:1);
301.3; 293.2; 283.2; 277.3; TG(18:0_18:0_18:3);
267.3; 265.3; 263.2; 261.2; TG(18:0_14:1_22:2);
249.3; 247.2; 245.2; 243.2; 18;18;18; | TG(22:0_18:2_14:1);
902.8094 902.8171 | 237.2; 219.2; 209.2; 191.2 18;17;16 | TG(20:0 _16:1_18:2) 28.7
887.8; 869.8; 661.6; 631.6;
607.6; 605.6; 603.6; 577.5;
547.5; 379.4; 349.3; 341.3;
339.3; 337.3; 323.3; 321.3;
319.3; 313.3; 305.3; 283.2; TG(18:0_18:1_18:1);
295.3; 293.3; 275.3;267.3 TG(18:0_18:2_18:0);
265.3; 263.2;249.3; 247.3; TG(22:0_18:1_14:1);
245.2; 239.2; 209.2; 221.2; 18;18;17; | TG(14:1_18:0_22:1);
904.8272 904.8328 | 191.2 17;17 | TG(16:0_20:1_18:1) 10.3
TOTAL 97.3

Brazil nut oil

A representative full scan ESI(+)-QTOF mass spectrum of Brazil nut oil is
presented in Figure 9. As described in Table 3, its fatty acid profile is C16:0 (15%), C18:0
(12%), C18:1 (41%) and C18:2 (32%), therefore Brazil nut oil has a balanced composition
between oleic and linoleic acid.
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Figure 9. Representative full scan ESI(+)-QTOF mass spectrum of Brazil nut oil.
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On the other hand, several TAGs were identified with others fatty acids, as
described in Table 11. For instance, all the isomers detected in m/z 872.7, that were
identified by all its possible fragments. This points out that the TAG composition in Brazil
nut oil is more complex than expected if we consider only the previously mentioned fatty
acid composition. In Brazil nut oil, 35 different TAGs were identified in the top 10 most
abundant ions in this sample, totalizing 87.8% of all TAGs ions detected. The TAGs of
m/z 874.7, 876.7, 898.7, 900.8 and 902.8 presented relatively even proportions, and are
composed by combinations of the most abundant fatty acids in Brazil nut oil.

Table 11. Identification of the principal TAGs of Brazil nut oil and their relative abundances

(%)
Number of
detected Relative
Experimental Theoretical m/z Detected fragments (CE fragments abundance
m/z [M+NH,]* [M+NH,]* 25-30 eV) per TAGs Identified TAGs (%)
831.7; 813.7; 603.5;577.5;
575.5; 551.5; 549.5; 339.3;
337.3; 319.3;313.3; 265.3; TG(16:0_16:0_18:2);
263.2; 247.2; 245.2; 239.2; TG(14:0_18:1_18:1);
848.7674 848.7702 | 221.2; 211.2;193.2 16;14;13 | TG(16:0_18:1_16:1) 3.3
855.7; 837.7; 629.6; 601.5;
599.5; 577.5; 575.5; 573.5;
571.5; 549.5; 547.5; 543.4;
519.4; 369.3; 365.3; 363.3;
351.3; 347.3; 345.3; 341.3;
339.3; 337.3;335.3; 323.3; TG(18:3_16:1_18:0);
321.3; 319.3; 317.2; 313.3; TG(16:1_18:2_18:1);
311.3; 295.3; 293.3; 291.3; TG(16:0_18:1_18:3);
289.3; 283.2; 277.3; 273.3 TG(161 20:3_16:0);
271.2; 267.3; 265.3; 263.2; TG(22:2_14:1_16:1);
261.2; 249.3; 247.2; 245.2; TG(20:0_14:1_18:3);
243.2; 239.2; 237.2; 18;18; 18; | TG(20:2_14:1_18:1);
221.2  219.2; 209.2; 18;18;18; | TG(16:0_18:2_18:2);
872.7632 872.7702 | 191.2 18;18 | TG(18:1_18:3_16:0) 9.5
857.8; 839.7; 603.5; 601.5;
579.5; 577.5; 575.5; 573.5;
341.3; 339.3;337.3; 335.3
323.3; 321.3;319.3;317.2;
313.3; 311.3; 265.3; 263.2; G(16:0_18:1_18:2);
261.2; 249.3; 247.3; 245.2; TG(16:1_18:1_18:1);
243.2; 239.2; 237.2; 221.2; 17; 17; 16; G(18:3_18:0_16:0);
874.7783 874.7858 | 219.2 16 G(18:2_16:1_18:0) 10.8
859.8; 841.8; 605.6; 603.5;
579.5; 577.5; 575.5; 341.3;
339.3; 337.3; 321.3; 319.3;
313.3; 267.3; 265.3; 263.2; TG(16:0_18:1_18:1)
249.3; 247.2; 245.2; 239.2; TG(16:0_18:2_18:0);
876.7960 876.8015 | 221.2 17;16;14 | TG(16:1_18:1_18:0) 10.4
861.8; 843.8;605.6; 579.5;
577.5; 341.3; 339.3; 323.3;
321.3; 313.3; 267.3;265.3;
878.8102 878.8171 | 249.3; 247.3;239.2; 221.2 17 | TG(16:0_18:0_18:1) 4.0
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879.7;
599.5;
335.3;
265.3;

861.7; 603.5; 601.5;
597.5; 339.3; 337.3;
321.3;319.3; 317.2;
263.2; 261.2; 259.2;

TG(18:2_18:2_18:2);
TG(18:3_18:1_18:2);
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896.7603 896.7702 | 247.2; 245.2; 243.2 18;18; 15 | TG(18:1_18:1_18:4) 8.5
881.8; 863.7; 603.5;601.5;
599.5; 597.5; 339.3; 337.3;
335.3; 323.3;321.3; 319.3; TG(18:1_18:1_18:3);
317.2; 265.2; 263.2; 261.2; TG(18:1_18:2_18:2);
898.7698 898.7858 | 249.3; 247.2; 245.2;243.2 18;18;16 | TG(18:0_18:3 18:2) 10.9
883.8; 865.8; 605.6; 603.5;
601.5; 599.5; 341.3;
339.3; 337.3; 335.3; 323.3;
321.3; 319.3; 317.2; TG(18:1_18:0_18:3);
267.3; 265.3; 263.2; 261.2; TG(18:2_18:1_18:1);
900.7858 900.8015 | 249.3; 247.2; 245.2;243.2 18;18;18 | TG(18:2_18:2_18:0) 12.4
885.8; 867.8; 607.6; 605.6;
603.5; 601.5; 341.3; 339.3;
337.3; 321.3; 319.3; 317.2; TG(18:1_18:1_18:1);
267.3; 265.3; 263.2; 249.3; TG(18:2_18:0_18:1);
902.8007 902.8171 | 247.2; 245.2 18;17;14 | TG(18:0_18:3 18:0) 11.4
887.8; 869.8; 631.6; 607.6;
605.6; 603.5; 577.5; 575.5;
351.3; 341.3;339.3; 337.3;
323.3; 321.3; 319.3; 313.3; TG(18:0_18:1_18:1);
293.3; 277.3; 275.3;267.3; TG(18:0_18:0_18:2);
265.3; 263.2; 249.3; 247.2; 18;18; 15; | TG(20:0_18:2_16:0);
904.8149 904.8328 | 245.2;239.2; 221.2 15 | TG(20:1_16:0 18:1) 6.5
TOTAL 87.8

Cupuacu butter

The ESI(+)-QTOF mass spectrum of a representative sample of cupuacu butter is

shown in Figure 10. The presence of TAGs in a higher m/z range can be noted, due to

the presence of fatty acids with long (and very long) chains, as C20:0 (12%), C20:1 (<1%)
and C22:0 (2%). Cupuagcu is a butter with a high oleic acid content (39%), but also high

amounts of saturated fatty acids, principally C18:0 (36%) and the ones with longer carbon

chains, as described in Table 3 and 4, makes it a butter.
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Figure 10. Representative full scan ESI(+)-QTOF mass spectrum of cupuacu butter.

The detailed TAG identification for cupuagu butter is described in Table 12. In total,
40 different TAGs compose the top 10 most abundant ions, being 87.6% of the total TAGs

ions abundances. All the TAGs are formed by the above mentioned fatty acids and there

is a high occurrence of isomeric TAGs in each fragmented [M+NHa4]* precursor ion. For

instance, in m/z 904.8, 6 different isomers were identified by their exclusive fragments.

On the other hand, for the base peak of m/z 906.8, only 2 isomers were identified as
TG(18:0_18:1_18:0) and TG(20:0_16:0_18:1).

Table 12. Identification of the principal TAGs

abundances (%)

of cupuagu butter and their relative

Experimental
m/z [M+NH,]*

Theoretical m/z
[M+NH,]*

Detected fragments (CE

25-30 eV)

Number of
detected
fragments
per TAGs

Identified TAGs

Relative
abundance
(%)

850.7856

850.7858

833.8;
339.3;
295.3;
239.2;

815.8; 577.5; 551.5;

321.3; 313.3;
265.3; 247.2;
221.2

18

TG(16:0_16:0_18:1)

2.0

876.7955

876.8015

859.8;
579.5;
341.3;
313.3;

841.8; 605.6; 603.5;

577.5; 575.5;

339.3; 321.3;319.3;

267.3; 265.3;

; 247.2; 245.2;
; 237.2; 221.2;

17; 15; 14

TG(16:0_18:1_18:1);
TG(16:0_18:0_18:2);

TG(18:1_16:1_18:0)

6.9

878.8108

878.8171

; 843.8; 605.6; 579.5;
; 341.3; 339.3;323.3;
; 313.3;295.3; 267.3;
; 249.3; 247 .2;
.2;221.2

18

TG(16:0_18:0_18:1)

10.6




885.8; 867.8; 659.6; 629.6;
607.6; 605.6; 603.5; 01.5;
573.5; 545.5; 379.4; 369.3;
351.3; 341.3; 339.3;
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337.3; 335.3; 323.3; 321.3; TG(18:1_18:1_18:1);
319.3; 317.3; 277.3; 67.3; TG(180 18:1_18:2);
265.3; 263.2;261.2;249.3; TG(18:3_18:0_18:0);
247.2;245.2; 243.2, 18;18;18; 15; | TG(18:3_20:0_16:0);
902.8094 902.8171 | 239.2;221.2;191.2 14 | TG(18:2_14:1_22:0) 75
887.8; 869.8; 633.6;
631.6; 607.6; 605.6;
603.5; 577.5; 575.5;
369.3; 367.3; 341.3;
339.3; 337.3;321.3; G(20:0_18:2_16:0);
319.3; 313.3; 295.3; G(20:1_16:0_18:1);
293.3; 277.3; 275.3; G(18:1_18:1_18:0);
267.3; 265.3; 263.2;249.3; TG(18:2_16:0_20:0);
247.2; 245.2; 239.3; 17;17;17;, 17, G(18:0_18:0_18:2);
904.8113 904.8328 | 221.2; 219.2 16; 16 G(20:0_16:1_18:1) 16.9
889.8; 871.8; 633.6;
607.6; 605.6;577.5;
369.3; 351.3; 341.3;339.3;
323.3; 321.3; 313.3;
295.3; 277.3;267.3; 265.3; TG(18:0_18:1_18:0);
906.8221 906.8484 | 249.3; 247.2;239.2; 221.2 18;18 | TG(20:0_16:0_18:1) 18.7
913.8; 895.8;635.6;
633.6; 631.6; 629.6;
603.5; 601.5; 369.3;
367.3; 351.3;341.3;
339.3; 337.3; 335.3; 321.3;
319.3; 317.2; 295.3;
293.3; 277.3; 275.3,; TG(18:1_20:0_18:2);
265.3; 263.2; 261.2; TG(18:1_20:1_18:1);
930.8478 930.8484 | 249.3;247.2; 245.2; 243.2 18;17;16 | TG(18:3 20:0_18:0) 2.0
915.8; 897.8; 659.6;
635.6; 633.6;631.6;
607.6; 605.6; 603.5;
577.5; 575.5; 397.4;
393.3; 369.3; 367.3; G(18:0_20:0_18:2);
351.3; 41.3; 339.3; 337.3; G(18:1_18:1_20:0);
323.3; 21.3; 319.3; 313.3; G(16:0_18:0_22:2);
301.3; 303.3;295.3; G(20:2_18:0_18:0);
293.3; 91.3; 277.3;273.3; TG(18:1_20:1_18:0);
267.3; 265.3;263.3; G(20:2_20:0_16:0);
249.3; 247.3;245.2; 18;18;17; 16; G(22:0_18:2_16:0);
932.8564 932.8641 | 239.2; 221.2 16; 16; 16; 16 G(16:0_22:1_18:1) 9.5
917.8; 899.8; 663.6; 661.6;
635.6; 633.6; 607.6; 605.6;
577.5; 549.5; 425.4; 397 .4,
379.4; 369.3; 367.3; 351.3; TG(16:1_18:0_22:0);
349.3; 341.3; 339.3; 333.4; TG(20:0_18:0_18:1);
323.3; 321.3; 313.3; TG(181 22:0_16:0);
311.3; 305.3; 295.3; TG(16:0_20:1_20:0);
293.2; 277.3; 275.3; TG(20:0_20:0_16:1);
267.3; 265.3; 249.3; TG(18:0_20:1_18:0);
247.2; 239.2;237.2; 18;18;18; 18; | TG(20:0_20:1_16:0);
934.8705 934.8797 | 221.2; 219.2 18;18;18;17 | TG(16:1_16:0_24:0) 11.1
945.9; 927.9; 663.6; 661.6;
635.6; 633.6; 605.6;397.4;
369.3; 367.3; 351.3;
341.3; 339.3; 323.3;
321.3; 305.3; 295.3;
293.3; 277.3;275.3,; TG(18:1_20:0_20:0);
267.3; 265.3; 249.3; TG(18:1_18:0_22:0);
962.9087 962.9110 | 247.3 18;17;17 | TG(18:0_20:0_20:1) 2.2
TOTAL 87.6
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Graviola oil

The ESI(+)-QTOF mass spectrum of graviola oil is shown in Figure 11. A very
similar spectral profile compared to bacaba oil (Fig. 6) is observed, which may point out
that a unique fingerprint for each sample of oils and butters are truly impossible to obtain,
especially when a wider number of different samples are being considered, because some
samples have quite similar mass spectra. Some DAG can also be observed in the m/z
range of 500 to 600. The fatty acid composition for graviola oil, described in Table 3, is
C16:0 (21%), C16:1 (1%), C18:0 (6%), C18:1 (41%), C18:2 (28%), C18:3 (1%) and C20:0
(1%), being graviola a high oleic oil, but also with a considerably high content of linoleic
and palmitic acids.

100+ 874.7 —

900.7

Relative abundance (%)

500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150

Figure 11. Representative full scan ESI(+)-QTOF mass spectrum of graviola oil.

The detailed TAG identification for graviola oil is described in Table 13, and 55
different TAGs constitutes the top 10 most abundant ions, and they account to a total of
81.8% of the total TAGs ions abundances. Graviola is the oil with the highest complexity
among the ones already described and up to ten different TAG isomers were detected for
each [M+NH4]* precursor ion. For example, the ion of m/z 876.8, including TAGs with
other fatty acids, as in TG(22:2_16:1_14:1), TG(20:1_18:0_14:1), TG(18:3_22:2_14:0)
and TG(18:2_22:2_14:1) detected by their fragments. As shown in Fig. 2c and in Table
12, triolein in m/z 902.8 was detected with four other isomers also identified by their

fragments.
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Table 13. Identification of the principal TAGs of graviola oil and their relative abundances

(%)

Experimental
m/z [M+NH,]*

Theoretical m/z
[M+NH,]*

Detected fragments
(CE 25-30 eV)

Number of
detected
fragments per
TAGs

Identified TAGs

Relative
abundance
(%)

848.7706

848.7702

831.7;813.7; 577.5;

575.5; 551.5; 549.5;
339.3; 337.3; 319.3;
313.3; 311.3;295.3

265.3; 263.2;247.2

245.2; 239.2; 237.22
221.2; 219.2

18; 16

TG(16:0_16:0_18:2);
TG(16:0_16:1_18:1):

6.5

850.7864

850.7858

833.8; 815.7; 605.6
579.5; 577.5; 551.5
549.5; 341.3; 339.3
323.3; 321.3;313.3
311.3; 295.3; 285.2;
267.3; 265.3; 247.2;
239.2; 237.2; 221.2;
219.2

18;16; 15

TG(16:0_16:0_18:1);
TG(16:0_16:1_18:0);
TG(14:0_18:0_18:1)

53

872.7694

872.7702

855.7; 837.7; 629.6;
601.5; 599.5;577.5;
575.5; 573.5;547.5;
545.5; 519.5; 393.3;
365.3; 349.3; 347.3;
339.3; 337.3; 335.3;
321.3; 319.3; 317.2;
313.3; 311.3;301.3;
293.2; 291.3; 283.2;
275.3; 273.3; 265.3
263.2; 261.2; 247.2;
245.2; 243.2; 239.2;
237.2; 219.2; 209.2;
191.2

18;18;18; 18; 15;
15

TG(18:2_16:1_18:1)
TG(16:1_20:2_16:1)
TG(20:2_18:1_14:1)
TG(16:0_18:1_18:3)
TG( )
TG( )

222 16:1_14:1);
18:2 14:1 201

8.8

874.7806

874.7858

857.8; 839.8; 713.7;
631.6; 629.6; 603.5
601.5; 579.5; 577.5
575.5; 573.5; 549.5
491.4; 423.4; 405.4
365.3; 349.3;347.3
341.3; 339.3;337.3
335.3; 331.3;323.3
321.3; 319.3;317.3
313.3; 311.3; 291.3
285.3; 283.2;273.3
267.3; 265.2; 263.2
261.2; 249.3; 247.3
245.2; 243.2; 239.2
237.2; 221.2; 219.2
209.2; 201.1;193.2
183.1; 127.1 ;1091

18; 18;18;17;17;
17;17

TG(20:2_18:0_14:1);
TG(20:2_24:1_8:0);

TG(24:1_14:1_14:1);
TG(18:1_18:1_16:1);
TG(14:0_18:1_20:2);
TG(16:0_18:2_18:1);
TG(18:0_18:3_16:0)

14.4




859.8; 841.8; 633.6
631.6; 605.6; 603.6
579.5; 577.5; 575.5
549.5; 547.5;521.5
377.4;367.3; 351.3
341.3; 339.3;337.3
323.3; 321.3; 319.3
313.3; 311.3; 295.3
293.3; 305.3; 303.3
295.3; 293.2; 285.2
283.2; 275.3; 267.3
265.3; 263.2; 249.3
247.2;245.2; 239.2
237.2;221.2; 219.2;
211.2; 209.2; 193.2;

18;18;18;17;17;

G(18:1_18:1_16:0);
G(18:1_18:0_16:1);
G(18:2_16:0_18:0);
G(22:1_14:0_16:1);

TG(18:1_14:0_20:1);
G(14:1_22:1_16:0);
G(20:1_18:0_14:1);
G(16:1_16:0_20:1);
G(14:1_16:1_22:0);

( )
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876.7996 876.8015 | 191.2 17;17;17;17;17 G(20:0_18:2 14:0 11.1
879.7; 861.7; 653.6;
603.5; 601.5;599.5;
597.5; 543.4; 393.3;
339.3; 337.3; 335.3;
333.2; 321.3; 319.3;
317.2;315.2; 301.3
283.2; 265.3; 263.2; G(18:2_18:2_18:2);
261.2; 259.2; 247.2; G(18:1_18:2_18:3);
245.2; 243.2; 241.2; TG(18:4_18:1_18:1);
896.7711 896.7702 | 209.2;191.2 18;18;18;17 G(22:2_18:3 14:1) 3.5
881.8; 863.8;655.6
653.6; 627.5; 605.5;
603.5; 601.5;599.5;
597.5; 575.5;571.5
545.5; 393.3; 375.3;
367.3; 363.3;349.3;
345.3; 341.3;339.3
337.3; 335.3;333.2 TG(18:3_18:1_18:1);
323.3; 321.3;319.3 TG(18:2_18:1_18:2);
317.3; 311.3; 301.3 TG(18:3_16:1_20:1);
293.3; 289.3; 285.2 TG(182 18:0_18:3);
275.3; 271.2; 265.3 TG(20:3_18:1_16:1);
263.2; 261.2;259.2; TG(18:4_18:0_18:1);
249.3; 247.2; 245.2; TG(20:3_14:1_20:1);
243.2; 219.2;193.2; 18;18;17;17; 16; TG(18:3_22:2 14:0);
898.7824 898.7858 | 191.2 16;16; 16; 16 TG(18:2_22:2_14:1) 8.8
883.8; 865.8; 605.6;
603.5; 601.5; 599.5
341.3; 339.3;337.3
335.3; 321.3; 319.3
317.3; 267.3;265.3 TG(18:1_18:1_18:2);
263.2; 261.2;247.2 TG(18:0_18:3_18:1);
900.7973 900.8015 | 245.2; 243.2 18; 16; 16 TG(18:0_18:2 18:2) 11.4
885.8; 867.8; 631.7
629.6; 607.6; 605.6
603.5; 601.5; 575.5
367.3; 349.3;341.3;
339.3; 337.3; 335.3
323.3; 321.3; 319.3
317.3; 313.3; 311.3
293.3; 267.3;275.3 G(18:1_18:1_18:1);
265.3; 263.3; 261.2 G(18:1_18:0_18:2);
249.3; 247.2;245.2 TG(18:0_18:3_18:0);
243.2; 239.2; 237.2 G(18:1_20:1_16:1);
902.8157 902.8171 | 219.2; 221.2 18;18;18; 18; 17 G(18:2_16:0_20:1) 8.5
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887.8; 869.8; 633.6;
631.6; 607.6; 605.6;
603.5; 577.5; 575.5;
369.3; 351.3;349.3;
341.3; 339.3;337.3; TG(18:1_18:0_18:1);
323.3; 321.3; 319.3; TG(18:0_18:2_18:0);
313.3;311.3; 293.2; TG(16:1_18:1_20:0);
TG(18:1_16:0_20:1);

TG( _20:0)

_20:1)

277.3; 275.3; 267.3;
265.3; 263.2;249.3; 18;18; 15; 15; 15; 16:0_18:2_20:0);
904.8310 904.8328 | 247.2; 245.2;239.2 15 TG(16:1_18:0_20:1 3.5
TOTAL 81.8

Murici oil

Figure 12 shows a representative full scan ESI(+)-QTOF mass spectrum of murici
oil. As for Brazil nut oil (Fig. 9), graviola oil has also a balanced proportion between oleic
and linoleic acids, being its fatty acid composition (Table 3), as follows: C16:0 (10%),
C18:0 (8%), C18:1 (42%), C20:0 (1%), but murici oil can be considered more as a high
linoleic oil.
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Figure 12. Representative full scan ESI(+)-QTOF mass spectrum of murici oil.

In total, 37 distinct TAGs were identified within the 10 most abundant ions in the
mass spectrum, as reported in Table 14, which totalizes 83.5% of the total TAGs ions
abundances. The base peak of m/z 898.8 is a mixture of TAGs containing the most
abundant fatty acids, but also C18:3, C14:1 and C22:1 detected in a relative high
abundance by their fragments, and also present in other [M+NHa4]* of TAGs precursors
ions. Different fatty acids were identified in less abundant TAGs as well, corroborating the
oil samples complexity in terms of native TAGs composition. As shown in Fig. 2b, the
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MS/MS spectrum of the precursor ion of m/z 902.7 indicates the presence of the isomer
TG(18:0_18:1_18:2) in a relative high proportion together with triolein
(TG(18:1_18:1_18:1)), as indicated by the abundances of the fragments of m/z601.5 and
605.6. Another isomer, TG(16:0_18:2_20:1), was also detected in a low abundance in this

same precursor ion.

)]

Table 14. Identification of the principal TAGs of murici oil and their relative abundances

(%)
Number of
detected Relative
Experimental Theoretical m/z Detected fragments (CE fragments abundance
m/z [M+NH,4]* [M+NH,4]* 25-30 eV) per TAGs Identified TAGs (%)
855.7; 837.7; 599.5; 577.5;
575.5; 573.5; 339.3; 337.3;
335.3; 319.3; 317.2; 313.3; TG(16:0_18:2_18:2);
265.3; 263.2;261.2; TG(16:0_18:3_18:1);
872.7695 872.7702 | 245.2; 243.2;239.2; 221.2 | 17;15;14 TG(16:1_18:1_18:2) 7.2
857.7;839.7; 603.5;
601.5; 579.5; 577.5; 575.5;
573.5; 341.3; 339.3; 337.3;
335.3; 321.3; 319.3;
313.3; 311.3 295.3;
293.2; 265.3; 263.2; G(16:0_18:2_18:1);
261.2; 249.3 247.2; TG(18:1_18:1_16:1);
245.2; 243.2; 239.2; G(18:2_16:1_18:0);
874.7837 874.7858 | 221.2;219.2 18;17;15; 15 G(16:0_18:0_18:3) 7.6
859.8; 841.8; 603.5; 579.5;
577.5;575.5; 339.3; 321.3;
313.3; 295.3; 265.3; 247.2; TG(16:0_18:1_18:1);
876.8029 876.8015 | 239.2;221.2 18;17 TG(16:0_18:0_18:2); 5.2
879.7; 861.7; 623.5; 603.5;
601.5; 599.5; 597.5;
573.5; 363.3; 345.3;
339.3;337.3 335.3;
333.3; 321.3; 319.3; 317.3;
315.2; 313.3; 295.3; 289.3;
265.3; 263.2; 261.2 TG(18:1_18:2_18:3);
259.2; 247.2; 245.2; TG(18:1_18:1_18:4);
896.7649 896.7702 | 243.2; 241.2; 221.2 18;18; 16 TG(16:0_18:3 20:3) 141
881.8; 863.7; 655.6; 603.5;
601.5; 599.5; 597.5; 543.5;
395.4; 377.3; 341.3; 339.
3; 337.3; 335.3;
323.3; 321.3;319.3;
317.2; 303.3; 265.3; 263.2; G(18:1_18:1_18:3);
261.2; 249.3; 247 .2; G(18:1_18:2_18:2);
245.2; 245.2;243.2 TG(18:0_18:2_18:3);
898.7739 898.7858 | 191.2 18;18;17; 16 G(14:1_18:3 22:1) 17.1
883.8; 865.8; 657.6;
629.5; 607.6; 605.6;
603.5; 601.5;599.5; TG(18:2_18:1_18:1);
547.5; 545.5;395.4; TG(18:0_18:2_18:2);
393.3; 377.3; 375.3; 341.3; TG(181 18:0_18:3);
339.3; 337.3; 335.3;323.3; TG(18:0_18:4_18:0);
321.3; 319.3; 317.2; TG(18:1_14:1_22:2);
303.3; 301.3;283.2; 18;18;18;18; | TG(22:1_14:1_18:2);
900.7910 900.8015 | 267.3; 265.3; 263.2; 18;18; 15 TG(22:2_16:1_16:1) 14.9
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261.2; 249.3; 247.2;
245.2; 243.2;209.2;191.2

885.8; 867.8; 629.6;
605.6; 603.5; 601.5;
575.5; 367.3; 341.3;
339.3; 337.3; 323.3
321.3; 319.3; 295.3;

293.3; 275.3;267.3,; TG(18:1_18:1_18:1);
265.3; 263.2; 249.3; TG(18:0_18:1_18:2);
902.8131 902.8171 | 247.2;245.2; 239.2 18;18; 16 TG(16:0_18:2_20:1) 8.8

887.8; 869.8;633.6;
631.6; 607.6; 605.6 603.5;
577.5;575.5; 369.3; 351.3;

349.3; 341.3; 339.3; 337.3; TG(18:0_18:1_18:1);
323.3; 321.3;319.3; TG(18:2_18:0_18:0);
313.3; 295.3; 293.2; TG(16:0_18:2_20:0);
277.3; 275.3;267.3; TG(16:1_18:1_20:0);
265.3; 263.2; 249.3; 18;18;16;16; | TG(18:0_16:1_20:1);
904.8281 904.8328 | 247.2;245.2; 219.2 15;15 TG(20:1_18:1_16:0) 4.2
889.8; 871.8;635.6;
633.6; 607.6; 605.6;
577.5; 369.3; 351.3; 341.3;
339.3; 313.3; 295.3;
293.2; 277.3;267.3; TG(16:0_18:1_20:0);
265.3; 249.3; 247.2; TG(18:0_18:0_18:1);
906.8445 906.8484 | 239.2369 16;15; 14 TG(16:1_18:0_20:0) 2.8
891.83; 873.8; 635.6;
607.56; 579.5; 351.3;
341.3; 313.3; 295.3; 277.3; TG(16:0_18:0_20:0);
908.8752 908.8641 | 267.3; 239.2 14; 12 TG(18:0_18:0_18:0); 1.5
TOTAL 83.5

Murumuru butter

Figure 13 presents the full scan ESI(+)-QTOF mass spectrum for murumuru butter.
Note that the murumuru mass spectrum is almost identical of babassu butter (Fig. 5), with
small differences in the relative abundance of some ions, but a quite similar spectral profile
indicates that an unique fingerprint for these samples may not be obtained, since oils and
butters from different species are displaying similar profiles. As for babassu butter, the
murumuru butter has also a medium chain fatty acids profile, being C10:0 (1%), C12:0
(45%), C14:0 (31%), C16:0 (8%), C18:0 (3%), C18:1 (8%) and C18:2 (3%), being a high

lauric acid butter (Table 3).
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Figure 13. Representative full scan ESI(+)-QTOF mass spectrum of murumuru butter.

It is possible to observe in Table 15 a high occurrence of isomers for all TAG
[M+NHg4]* ions, and the top 10 most abundant TAG ions account to approximately 77.7%
of the total TAGs ions abundances, with 46 different identified TAGs. This is also due to
the higher number of different fatty acids, leading to the possibility of more diverse
isomers. In murumuru butter, most of the identified TAGs are composed by the fatty acids
reported in Table 3, but also some less abundant TAGs containing C6:0, C8:0 and C20:1
were also detected. Fig. 1¢ shows the MS/MS spectrum of the precursor ion of m/z 628.5,
but in this case five isomers were identified by their different fragments due to the neutral
loss of acyl groups could be easily observed. The base peak of m/z684.5 is characterized
as a mixture of AAB and ABC type TAGs, such as TG(10:0_14:0_14:0),
TG(12:0_12:0_14:0), TG(10:0_12:0_16:0) and TG(8:0_16:0_14:0). The ion of m/z 656.5,
with a relative abundance of 17%, was identified as trilaurin, plus 7 other TAG isomers,
all identified by their exclusive fragments.
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Table 15. Identification of
abundances (%)

the principal TAGs of murumuru butter and their relative

Number of
detected Relative
Experimental Theoretical m/z Detected fragments (CE fragments abundance
m/z [M+NH,]* [M+NH,]* 25-30 eV) per TAGs Identified TAGs (%)
583.5; 565.5;467.4; 439.4; TG(8:0_12:0_12:0);
411.3; 383.3; 355.3; 341.3; TG(16:0_8:0_8:0);
327.3; 313.3; 299.2; TG(14:0_8:0_10:0);
285.2; 257.2; 221.2; TG(10:0_12:0_10:0);
211.2;201.1; 183.2; 165.2; TG(6:0_12:0_14:0);
155.1;137.1;127.1; 109.1; | 16;16; 15;15; | TG(6:0_8:0_18:0);
600.5203 600.5198 | 99.1;81.0 14;14 TG(8:0_6:0_18:0) 3.6
611.5; 593.5; 495.4;
467.4; 439.4;411.3;
383.3; 355.3; 313.3;
285.2; 257.2;239.2; TG(10:0_12:0_12:0);
229.2; 221.2;211.2; TG(12:0_8:0_14:0);
201.1;193.2; 183.2; 165.2; TG(8:0_16:0_10:0);
155.1; 137.1;127.1;109.1; | 18;17;17;17; | TG(10:0_10:0_14:0);
628.5497 628.5511 | 99.1; 81.1 16 TG(12:0_6:0_16:0) 5.7
639.6; 621.5; 523.5; 495.4;
467.4; 439.4; 411.3; TG(12:0_12:0_12:0;
383.3; 369.3; 355.3; TG(8:0_14:0_14:0);
341.3;327.3; 313.3; TG(14:0_12:0_10:0);
285.2; 267.2;257.2; TG(10:0_16:0_10:0);
239.2; 229.2; 221.2; TG(8:0_12:0_16:0) ;
211.2;201.1; 193.2; 183.1; TG(14:0_6:0_16:0);
165.2; 155.1;137.1; 18;18;18;18; | TG(8:0_18:0_10:0);
656.5758 656.5824 | 127.1;109.1; 99.1; 81.1 17;16;16; 16 | TG(8:0_8:0_20:0) 17.0
667.6; 649.6; 523.5; 495.4;
467.4;439.4 411.3; 313.3;
295.3; 285.2; 267.2; TG(10:0_14:0_14:0);
257.2; 239.2; 229.2; TG(12:0_12:0_14:0);
221.2; 211.2;193.2; 183.2; TG(10:0_12:0_16:0);
684.6053 684.6137 | 165.2; 155.1; 137.1 18;18;16; 15 | TG(8:0_16:0_14:0) 18.7
677.6; 551.5; 523.5; 495.4;
467.4; 439.4; 313.3; TG(12:0_14:0_14:0);
285.2; 267.2; 257.2; TG(12:0_12:0_16:0);
239.2; 221.2; 211.2;193.2; TG(14:0_10:0_16:0);
712.647 712.6450 | 183.2;165.2;155.1; 1371 | 17;16;15;15 | TG(8:0_16:0_16:0) 14.8
723.6; 551.5; 523.5; 495.4;
467.4; 439.4; 313.3; TG(14:0_14:0_14:0);
285.2; 267.2; 257.2; TG(12:0_14:0_16:0);
249.3;239.2; 211.2; TG(12:0_12:0_18:0);
740.6717 740.6763 | 193.2;183.2; 165.2;137.1 | 17;15;15;13 | TG(10:0_14:0_18:0) 8.2
749.7; 731.7;605.6; 549.5;
521.4; 467.4; 465.4; 339.3;
323.3; 321.3; 285.2; 265.3;
257.2; 247.2; 211.2;
201.1; 193.2; 183.2; TG(12:0_14:0_18:1);
766.6916 766.6919 | 165.2;127.1; 109.1 16; 15 TG(18:0_8:0_18:1) 2.2
751.7; 733.7; 607.6;
579.5; 551.5; 523.5;
495.4; 467.4; 439.7; 341.3; TG(14:0_14:0_16:0);
369.3; 313.3; 285.2; TG(12:0_14:0_18:0);
267.3; 257.2;249.3; TG(12:0_16:0_16:0);
239.2; 221.2; TG(18:0_18:0_8:0);
211.2;193.2; 183.2; 165.2; 17;17;16; 15; | TG(12:0_12:0_20:0);
768.7051 768.7076 | 137.1; 127.1; 109.1 15; 14 TG(10:0_16:0_18:0) 3.4
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777.7,759.7;, 605.5; 577.5;
549.5; 521.4; 495.4;
467.4; 367.3; 339.3;

313.3; 285.2 265.3; TG(12:0_18:1_16:0);
257.2; 247.2;239.2; TG(14:0_14:0_18:1);
794.7221 794.7232 | 211.2;183.2; 165.2 15;13; 10 TG(20:1_10:0_16:0) 2.1

803.7; 785.7; 603.5;
575.5; 547.5;523.5;
521.5; 519.4; 341.3;
339.3; 337.3; 319.3

313.3; 285.3;267.3; TG(12:0_18:0_18:2);

265.3; 263.2; 257.2; TG(14:0_16:0_18:2);

245.2; 239.2;183.2 TG(18:1_18:1_12:0);
820.7376 820.7389 | 165.2 16;14;14;14 | TG(18:2 16:0_14:0) 1.9
TOTAL 77.7

Patawa oil

The ESI(+)-QTOF mass spectrum of patawa oil is shown in Figure 14. Patawa oil
fatty acids profile is C12:0 (1%), C14:0 (1%), C16:0 (11%), C16:1 (<1%), C18:0 (6%),
C18:1 (76%) and C18:2 (5%) and C18:3 (1%), as presented in Table 3. lts mass spectrum
profile is very similar to other high oleic acid oils such as acai (Fig. 3) and bacaba oil (Fig.
6), but more similar to buriti oil (Fig. 8), also with a very high relative abundance of the ion
with m/z902.7.
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Figure 14. Representative full scan ESI(+)-QTOF mass spectrum of patawa oil.

The top 10 most abundant TAG ions for patawa oil are reported in Table 16. In
total, 28 different TAGs were detected and 2 glycerolipids - TG(O-16:0_18:1_18:1) and
TG(P-18:0_18:1_16:0) were also identified with a low relative abundance (1.1%). The
base peak of m/z902.8 was characterized as triolein - TG(18:1_18:1_18:1), plus two other
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isomers, TG(18:0_18:1_18:2) and TG(18:3_18:0_18:0). Most of the identified TAGs are
composed of the main fatty acids quantified for patawa oil (Table 3), and some other minor
TAGs presented different fatty acids such as C22:2, C20:3, C20:1, among others.

Table 16. Identification of the principal TAGs of patawa oil and their relative abundances

a Uk~ W N

(%)

Experimental
m/z [M+NH,]*

Theoretical m/z
[M+NH,]*

Detected fragments (CE
25-30 eV)

Number of
detected
fragments
per TAGs

Identified TAGs

Relative
abundance
(%)

848.7713

848.7702

831.7;813.7; 603.5; 577.5;
575.5; 551.5; 549.5; 339.3;
337.3;321.3; 319.3; 313.3;
285.2; 265.3;263.2;
247.2; 245.2;239.2;
237.2;221.2;219.2 211.2

17; 16;16; 14

TG(14O 18:1_18:1);
TG(16:0_18:2_16:0);
(18:1_16:1_16:0);
(14:0_14:0 22:2)

1.6

850.7832

850.7858

833.8; 815.7;577.5;
551.5; 339.3; 321.3;
313.3; 265.3; 247.2; 239.2;
221.2

TG(16:0_16:0_18:1)

5.0

862.8245

862.8222

845.8; 827.8; 589.6;
563.5; 339.3; 313.3;
321.3; 265.3; 247.2; 239.2

13*% 11~

TG(O-16:0_18:1_18:1);

TG(P-18:0_18:1_16:0)

1.1

872.7790

872.7702

855.7; 837.7; 601.5;
599.5; 577.5; 575.5; 573.5;
549.5; 363.3; 345.3; 339.3;
337.3; 335.3;321.3;
319.3 317.2;313.3;
311.3; 293.2; 289.6;271.2;
265.3; 263.2; 261.2; 247.2;
245.2; 243.2;239.2;
237.2; 221.2; 219.2

18;17;17

TG(16:1_18:1_18:2);
TG(18:3_16:0_18:1);
TG(16:0_20:3_16:1)

1.8

874.7864

874.7858

857.8; 839.7;631.6; 603.5;
601.5; 577.5; 575.5; 545.4;
351.3; 339.3; 337.3;321.3
319.3; 313.3;311.3;293.2;
283.2; 277.3; 265.3;263.2;
247.2;245.2; 239.2;237.2,
221.2;219.2;209.2; 191.2

18;17

TG(16:1_18:1_18:1);
TG(16:0_18:1_18:2);
TG(14:1_18:2 20:0)

7.0

876.7998

876.8015

859.8; 841.8; 633.6; 605.6;
603.5; 579.5; 577.5;
575.5; 521.4; 341.3;
395.3; 339.3; 337.3; 323.3;
321.3; 319.3; 13.3; 311.3;
303.3; 295.3; 293.2; 283.2;
267.3; 265.3; 263.2; 247.2,
245.2; 239.2;237.2;221.2;
219.2;191.2

18;17;17; 16

TG(160 18:1_18:1);
TG(16:0_18:0_18:2);
(16:1_18:0_18:1);
(16:1_20:1_16:0)

24.4

896.7754

896.7702

879.7; 861.7; 603.5;601.5;
599.5; 597.5; 339.3;
337.3; 335.2; 333.2;321.3;
319.3; 315.2; 317.2;
265.3; 263.2; 261.2;
247.2; 245.2; 243.2;

18;18;18; 18

G(18:2_18:2_18:2):
G(18:1_18:2_18:3):
G(18:4_18:1_18:1):
G(16:1_18:1_20:4)

2343

1.2
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881.8; 863.7; 605.6;
603.5; 601.5; 599.5;
597.5; 339.3; 337.3;
335.3; 323.3;321.3 TG(18:1_18:1_18:3);
319.3; 317.2; 265.3; 263.2; TG(18:1_18:2_18:2);
898.7891 898.7858 | 261.2; 247.2;245.2; 243.2; TG(18:0_18:2_18:3);
241.2 18;18;15;14 | TG(18:1_18:4 18:0) 35
883.8; 865.8; 605.5;
603.5; 601.5; 599.5;
341.3; 339.3; 337.3;
335.3; 323.3; 321.3;
319.3; 317.2;265.3; TG(18:1_18:1_18:2);
900.7963 900.8015 | 263.2; 265.3; 261.2; TG(18:0_18:1_18:3);
249.3; 247.2;245.2; 243.2 18;17;17 | TG(18:2_18:2 18:0) 10.5
885.8; 867.8; 607.6;
605.6; 603.5;601.5;
341.3; 339.3; 337.3;
323.3; 321.3;319.3 TG(18:1_18:1_18:1);
902.8063 902.8171 | 267.3; 265.3; 263.2; TG(18:0_18:1_18:2);
261.2; 249.3; 247.2; 245.2 18;18;15 | TG(18:3 18:0_18:0) 33.3
TOTAL 89.4

* 13 possible fragments (precursor ion plus 12 fragments).

Pracaxi oil

The full scan ESI(+)-QTOF mass spectrum for pracaxi oil is presented in Figure 15.

From the fatty acids composition reported in Table 3, it was indeed expected that pracaxi

TAGs were heavier than the TAGs reported for the previous samples, as pracaxi oil is a

source of very long chain fatty acids, as behenic acid - C22:0 (17%) and lignoceric acid

C24:0 (11%) - in high amounts, so the main TAGs are in the range of m/z from 900 to

1000.
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Figure 15. Representative full scan ESI(+)-QTOF mass spectrum of Pracaxi oil.

It was possible to characterize up to 76 different TAGs in pracaxi, and these data

are electronically available in supporting information. However, among the top 10 most
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abundant TAGs ions, 25 different TAGs were identified, accounting to 86.1% of the total
TAGs ions intensities, as reported in Table 17. Pracaxi oil has also a high oleic acid
content (52% - Table 3) and has triolein - and its isomer TG(18:0_18:2_18:1) - in arelative
abundance of 10%. For the base peak of m/z 960.8, that has a relative abundance of
20%, two TAGs were identified: TG(22:0_18:1_18:1) and its isomer TG(18:2_22:0_18:0).

Table 17. Identification of the principal TAGs of pracaxi oil and their relative abundances

O N O U B~ W N P

(%)
Number of
detected Relative
Experimental Theoretical m/z Detected fragments (CE fragments abundance
m/z [M+NH,]* [M+NH,4]* 25-30 eV) per TAGs Identified TAGs (%)

883.8; 865.8; 603.5;
601.5; 599.5; 341.5; 339.3;
337.3; 321.3; 319.3; 263.2; TG(18:1_18:2_18:1);

900.8026 900.8015 | 265.3;247.2;245.2 18; 15 TG(18:2_18:0_18:2) 5.7
885.8; 867.8; 605.3; 603.5;
601.3; 341.3; 339.3; 337.3;
321.3; 267.3; 265.3; 263.2; TG(18:1_18:1_18:1);

902.8188 902.8171 | 247.2;245.2 18; 16 TG(18:0_18:2_18:1) 10.0
887.8; 869.8; 607.6; 605.5;
603.5; 341.3; 339.3; 337.3;
323.3; 321.3; 319.3; 267.3;
265.3; 263.3; 249.3; 247.3; TG(18:0_18:1_18:1);

904.8306 904.8328 | 245.2 18;18 TG(18:0_18:2_18:0) 5.2
913.8; 895.8; 633.6; 631.6;
603.5; 601.5; 369.3; 367.3;
349.3; 339.3; 337.3; 321.3;
319.3; 295.3; 293.3; 265.3; TG(18:1_20:1_18:1);

930.8510 930.8484 | 263.2;247.2;245.2 17;16 TG(18:2_18:1_20:0) 3.5
915.8; 897.8; 659.6; 635.6;
633.6; 631.6; 603.5;575.5;
397.4; 341.3; 369.3; 339.3;
337.3; 323.3; 321.3; 319.3;
313.3; 295.3; 277.3; 267.3; TG(18:1_20:0_18:1);
265.3; 263.2; 247.2; 245.2; TG(18:0_18:2_20:0);

932.8647 932.8641 | 239.2 17;16; 15 TG(18:2_16:0_22:0) 3.1
939.8; 921.8; 661.6; 659.6;
657.6; 601.5; 599.5; 397.4;
395.4; 377.3; 339.3; 337,3;
323.3; 321.3; 319.3; 303.3; TG(22:1_18:2_18:1);
265,3; 263.2; 261.2; 247.2; TG(18:2_22:0_18:2);

956.8686 956.8641 | 245.2;243.2 18;16; 15 TG(22:0_18:1_18:3) 35
941.8; 923.8; 661.6; 659.6;
603.5; 601.5; 397.4; 395.4;
379.3; 377.3; 339.3; 337.3;
323.3; 321.3; 319.3; 305; 3; TG(18:2_18:1_22:0);

958.8918 958.8797 | 265.3; 263.2; 247.2; 245.2 18; 17 TG(18:1_18:1_22:1) 14.1
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943.9; 925.8; 663.6; 661.6;
659.6; 603.5; 397.4; 379.4;
341.3; 339.3; 337.3; 323.3;
321.3; 319.3; 305.3; 267.3;
265.3; 263.2; 249.6; 247.2 TG(18:2_22:0_18:0);
960.8962 960.8954 | 245.3 18;18 TG(22:0_18:1_18:1) 20.2
969.9; 951.9; 689.6; 687.6;
659.6; 629.5; 603.5; 601.5;
425.4; 423.4; 351.4; 339.3;
337.3; 333.4; 321.3; 319.3; TG(18:2_24:0_18:1);
293.3; 265.3; 263.2; 247.2; TG(24:1_18:1_18:1);
986.9156 986.9110 | 245.2 17;15; 11 TG(22:0_20:1_18:2) 7.9
971.9; 953.9; 691.7; 689.6;
687.6; 661.6; 659.6; 631.6;
603.5; 425.4; 397.4; 367.3;
341.3; 351.4;339.3; 337.3;
333.4; 323.3; 319.3; 321.3; TG(18:1_24:0_18:1);
305.3; 293.3; 277.3; 267.3; TG(18:0_24:0_18:2);
265.3; 263.2; 249.3; 247.2; TG(18:1_20:1_22:0);
988.9346 988.9267 | 245.2 17;17;15;15 | TG(22:0_18:2_20:0) 13.0
TOTAL 86.1

Tucuma butter

Figure 16 shows the full scan ESI(+)-QTOF mass spectrum of tucuma butter. As

for babassu and murumuru butters, tucuma butter has also a medium chain fatty acids
profile, being C8:0 (1%), C10:0 (2%), C12:0 (51%), C14:0 (28%), C16:0 (6%), C18:0 (3%),
C18:1 (7%) and C18:2 (3%), being a high lauric acid butter (Table 3). As expected, the
mass spectrum of tucuma butter is also very similar to babassu (Fig. 5) and murumuru

(Fig. 13) butters, being almost identical and impossible to differentiate.

684.5
100, 6565 |
9
[0}
2
[}
©
< S
2 X 6285
e 600.4
L
©
[0]
o
] 5724
0 n|'|‘LT| 'l"'T""*l
500 550 600 650

Figure 16. Representative full scan ESI(+)-QTOF mass spectrum of tucuma butter.

700

7125

7136

750

800 850

900 950

1000 1050 1100

1150

m/z

The detailed TAG identification for tucuma butter is described in Table 17, in which

32 different TAGs constitutes the top 10 most abundant ions, and they totalize 86% of the
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total TAGs ions abundances. The characterized TAGs are composed mainly by the
quantified fatty acids reported in Table 3, and some minor TAGs also presented C6:0 in
the composition, but detected with low abundances. Fig. 1a shows the MS/MS spectrum
of the precursor ion of m/z 628.5, in which six different fragments due to the neutral loss
of an acyl group was also. In this case, four different TAG isomers were identified in this
precursor ion, as reported in Table 18. The base peak at m/z 684.5 is formed by
TG(12:0_12:0_14:0) and TG(14:0_14:0_10:0), and together the trilaurin in m/z 656.5, it
was also detected the isomer TG(10:0_14:0_12:0), both contributing to a relative
abundance of 19% for their precursor [M+NH4]* ion. Up to 7 different isomers were
identified for each precursor ion, as for example in the m/z 740.6.

Table 18. Identification of the principal TAGs of tucuma butter and their relative
abundances (%)

Number of
detected Relative
Experimental Theoretical m/z | Detected fragments (CE | fragments per abundance
m/z [M+NH,]* [M+NH,]* 25-30 eV) TAGs Identified TAGs (%)
583.5; 565.5; 467.4;
439.4; 411.3; 383.3;
355.3; 341.3; 299.2;
285.2; 257.2; 211.2; G(8:0_12:0_12:0);
201.1; 183.2; 165.2; TG(8:0_10:0_14:0);
155.1; 137.1;127.1; G(12:0_14:0_6:0);
600.5146 600.5198 | 109.1; 99.1; 81.1 16; 15; 14; 14 G(6:0_8:0_18:0) 6.4
611.5; 593.5;495.4;
467.4; 439.4;411.3;
383.3; 285.2;257.2;
229.2; 211.2;201.1; TG(10:0_10:0_14:0)
193.2; 183.2; 165.2; TG(8:0_12:0_14:0)
155.1;137.1; 127.1; TG(12:0_10:0_12:0);
628.5476 628.5511 | 109.1;99.1; 81.1 17;16;16; 15 TG(6:0_14:0_14:0) 9.0
639.6; 621.5; 467.4;
439.4; 411.3;285.2;
257.2;229.2; 211.2; TG(12:0_12:0_12:0);
656.5765 656.5824 | 183.2; 165.2; 155.1 15; 14 TG(10:0_14:0_12:0) 19.0
667.5871 495.4408
467.4095 439.3782
285.2424 257.2111
211.2056 193.1951
183.1743 165.1638 TG(12:0_12:0_14:0);
684.6095 684.6137 | 155.1430 137.1325 14; 14 TG(14:0_14:0_10:0) 20.5
551.5; 495.4; 467 .4;
439.4; 313.3; 285.2; TG(12:0_12:0_16:0);
257.2;239.2; 211.2; TG(12:0_14:0_14:0);
712.6417 712.6450 | 183.2; 109.1 12;11;10 TG(8:0_16:0_16:0) 14.1
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721.6; 703.6;577.5;
549.5; 521.5; 493.4;
465.4; 439.4; 339.3;
321.3; 313.3; 285.2;
265.3; 257.2; 247 .2;
239.2; 229.2; 183.2; TG(12:0_12:0_18:1);
165.2; 127.1;109.1; TG(18:1_16:0_8:0);
738.6617 738.6606 | 155.1 18;15;13 TG(10:0_18:1_14:0) 2.6
723.6; 705.6; 607.6;
579.5; 551.5; 523.5; TG(14:0_14:0_14:0);
495.4; 467.4;439.4; TG(12:0_12:0_18:0);
341.3;313.3; 285.2; TG(12:0_14:0_16:0);
267.3; 257.2;249.3; TG(10:0_14:0_18:0);
239.2;221.2; 211.2; TG(8:0_16:0_18:0);
193.2; 183.2; 165.2; 18;17;17;16; | TG(10:0_16:0_16:0);
740.6722 740.6763 | 155.1;137.1;99.1;81.1 15;15; 15 TG(6:0 18:0_18:0) 7.0
749.7;731.7; 605.5;
549.5; 521.5; 467 .4;
465.4; 341.3;339.3;
323.3; 321.3;285.2;
265.3; 257.2; 247.2;
211.2; 183.2; 165.2; TG(12:0_14:0_18:1);
766.6927 766.6919 | 109.1 15; 14 TG(8:0_18:0_18:1) 25
751.7; 551.5;523.5;
495.4; 467 .4; 341.3;
313.3; 285.2; 267.3; TG(18:0_14:0_12:0);
257.2;239.2; 211.2; TG(16:0_14:0_14:0);
768.7067 768.7076 | 193.2; 183.2;165.2 15;15; 13 TG(16:0_16:0_12:0) 29
777.7; 759.7;577.5;
549.5; 521.5; 495.4;
339.3; 321.3; 313.3;
285.2; 265.2; 247.2; TG(12:0_16:0_18:1);
794.7236 794.7232 | 239.2;211.2;183.2 14:14 TG(14:0 _14:0 18:1) 2.0
TOTAL 86.0
Tucuma oil

The full scan ESI(+)-QTOF mass spectrum of tucuma oil is shown in Figure 17,
and all the identified TAGs are reported in Table 18. In total, 20 different TAGs constitutes
the top 10 most abundant ions, and they account to a total of 80.2% of the total detected

TAGs. The principal TAGs ions are present from m/z 840 to 910, plus some less abundant

in m/z from 650 to 750. Tucuma oil composition is completely different from the tucuma

butter, displaying a fatty acid composition that is on average C12:0 (2%), C14:0 (2%),
C16:0 (25%), C18:0 (4%), C18:1 (61%), C18:2 (3%) and C18:3 (2%), as shown in Table

3.
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Figure 17. Representative full scan ESI(+)-QTOF mass spectrum of Tucuma oil.

Tucuma oil is also a high oleic oil and the mass spectrum is similar to andiroba
(Fig. 4) and bacaba oils (Fig. 6). Some TAGs containing different the fatty acids as those
described in Table 3 could also be identified. For instance, triolein in m/z 902.8 was
identified together with other isomers, as TG(18:0_18:1_18:2), TG(16:1_18:2_20:0) and
TG(14:1_22:1_18:1). However, as shown in Fig. 2a, the high abundance of the fragment
of m/z603.6 is by far the most abundant, indicating that triolein is the most abundant TAG
in this precursor ion. In total, 39 different TAGs were identified in the top 10 most abundant
ions in the mass spectrum and it account to 80.2% of the total abundance of all detected
TAGs ions. The base peak of m/z 876.6 was characterized as TG(16:0_18:1_18:1) and
the isomer TG(18:2_18:0_16:0), and they both correspond to 20.6%. For the precursor
ion with m/z 874.7, up to 8 isomers could be identified by their fragments in Table 19.

Table 19. Identification of the principal TAGs of tucuma oil and their relative abundances

(%)
Number of
detected Relative
Experimental Theoretical m/z Detected fragments (CE fragments abundance
m/z [M+NH,]* [M+NH,]* 25-30 eV) per TAGs Identified TAGs (%)

639.6; 621.5;495.4 467.4;
439.4;411.3; 383.3; TG(12:0_16:0_8:0);

313.3; 295.3; 257.2; TG(16:0_10:0_10:0);
239.2; 229.2; 221.2; 211.2; TG(12:0_12:0_12:0);
201.1; 183.2;165.2; 155.1; TG(12:0_10:0_14:0);
656.5821 656.5824 | 137.1;127.1;109.1 18;18;18; 16 | TG(12:0_10:0_14:0)

3.8




667.6; 649.6; 523.5; 495.4;
467.4;439.4; 411.3; 313.3;
295.3; 285.2;267.2; 257.2;
239.2; 211.2;193.2; 183.2;
165.2; 155.1; 137.1;

TG(12:0_14:0_12:0);

TG(14:0_10:0_14:0);

TG(12:0_10:0_16:0);
(

172

684.6120 684.6137 | 127.1;109.1 18;17;16;16 | TG(16:0_8:0 14:0) 4.2
833.8; 815.7; 577.5;
551.5; 339.3; 321.3;
313.3; 313.3; 295.3;
295.3; 265.3; 247.2;
850.7788 850.7858 | 239.2; 221.2; 221.2 18 | TG(16:0_16:0_18:1) 12.6
855.7; 837.7; 627.5;
601.5; 599.5; 577.5; 575.5;
573.5; 571.5;545.4; 367.3;
349.3; 341.3; 339.3;
337.3; 335.3; 323.3; 321.3;
319.2; 317.2;313.3;
311.3; 295.3; 293.2;
285.2; 275.3; 265.3;
263.2; 261.2; 249.3; TG(16:1_18:2_18:1);
247.2; 245.2; 243.2; TG(18:3_16:0_18:1);
239.2; 237.2; 221.2; TG(14:0_20:1_18:3);
872.7637 872.7702 | 219.2;211.2;193.2 18;18;17;17 | TG(18:3_16:1_18:0) 3.9
857.8; 839.7; 631.6;
603.5; 601.5; 579.5;
577.5; 575.5;573.5;
549.5; 547.5;521.4;519.4;
393.3; 347.3; 341.3;
339.2; 337.3;335.3; 323.3;
321.3; 319.3; 317.2; TG(16:1_18:1_18:1);
313.3; 311.3; 303.3; TG(16:0_18:2_18:1);
301.3; 295.3; 293.2; TG(22:2_14:1_16:0);
283.2; 275.3;273.3; TG(16:0_18:0_18:3);
267.3; 265.3; 263.2; TG(18:0_18:2_16:1);
261.2; 247.2;245.2; TG(14:1_20:1_18:1);
243.2;239.2; 237.2;221.2; | 18;18;17;17; | TG(16:0_16:1_20:2);
874.7785 874.7858 | 219.2;209.2; 191.2 17;16;16; 16 | TG(22:1_14:1_16:1) 4.9
859.8; 841.8; 603.5;
579.5; 577.5; 575.5;
341.3; 339.3; 337.3; 323.3;
321.3; 319.3; 313.3;
295.3; 267.3; 265.3;
263.2; 247.2;245.2; TG(16:0_18:1_18:1);
876.7922 876.8015 | 239.2; 221.2 18; 17 | TG(18:2_18:0_16:0) 20.6
881.8; 863.7; 603.5;
601.5; 599.5; 597.5;
339.3; 337.3; 335.3;
321.3; 319.3; 317.2; TG(18:1_18:1_18:3);
265.6; 263.2; 261.2; TG(18:2_18:2_18:1);
898.7759 898.7858 | 247.2; 245.2; 243.2 18;18;15 | TG(18:3_18:2_18:0) 3.5
883.8; 865.8; 607.6;
605.6; 603.5; 601.5;
599.5; 341.3; 339.3;
337.3; 335.3; 333.2;
323.3; 321.3; 319.3; TG(18:2_18:2_18:0);
317.2; 267.3;265.3; 263.2; TG(18:0_18:3_18:1);
261.2; 259.2; 249.3; TG(18:1_18:1_18:2);
900.7991 900.8015 | 247.2;245.2;243.2 18;18;18;16 | TG(18:0_18:4 18:0) 4.3
885.8; 867.8; 659.6; 631.6;
605.6; 603.5; 601.5; 573.5;
547.5; 351.3;341.3; 339.3;
337.3; 321.3;319.3; 303.3; TG(18:1_18:1_18:1);
295.3; 293.2; 277.3; 265.3; TG(18:0_18:1_18:2);
263.2; 247.2; 245.2; TG(16:1_18:2_20:0);
902.8101 902.8171 | 219.2;209.2;191.2 18;16;15; 15 | TG(14:1_22:1_18:1) 15.9
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247.2; 245.2;239.2, 18;18;17; 16; 16:0_20:1_18:1);
904.8393 904.8328 | 237.2; 219.2 15 16:1_20:0_18:1) 6.3
TOTAL 80.2

Ucuuba butter

Figure 18 presents the full scan ESI(+)-QTOF mass spectrum for ucuuba butter.

Note that the ucuuba butter mass spectrum is slightly similar to the spectrum of babassu

(Fig. 5), murumuru (Fig. 13) and tucuma butter (Fig. 16), but with two remarkably more
intensive ions of m/z712.5 and 740.6. As for other butters, the ucuuba butter has also a
low medium fatty acids profile, being C12:0 (16%), C14:0 (74%), C16:0 (5%), C16:1
(<1%), C18:0 (1%), C18:1 (4%) and C18:2 (1%), so, differently from the previous reported
butters, the ucuuba butter is a high myristic acid butter (Table 3), and it explains the

differences in the mass spectrum.
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Figure 18. Representative full scan ESI(+)-QTOF mass spectrum of Ucuuba butter.
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Note also in Table 20, a high occurrence of isomers for all TAG [M+NH4]* ions, and
the top 10 most abundant TAG ions account to approximately 97.3% of the total TAGs
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ions abundances, and forty six different identified TAGs were identified. In ucuuba butter,
most of the identified TAGs are composed by the fatty acids reported in Table 3, but in
the same way as for other samples, some less abundant TAGs containing C8:0, C10:0
and C20:0 were also detected, but all the most abundant TAGs displayed at least one
C14:0 in the structure. The base peak of m/z 712.6 is characterized as a mixture of six
different isomers, being TG(12:0_12:0_14:0) and TG(14:0_14:0_10:0) the most abundant
among them. The ion of m/z 740.6, with a relative abundance of 32%, was identified as
trimyristin, plus two other TAG isomers: TG(14:0_12:0_16:0) and TG(16:0_16:0_10:0).

Table 20. Identification of the principal TAGs of ucuuba butter and their relative
abundances (%)

Number of
detected Relative
Experimental Theoretical m/z Detected fragments (CE fragments abundance
m/z [M+NH,]* [M+NH,]* 25-30 eV) per TAGs Identified TAGs (%)
639.6; 621.5; 495.4; 467 .4;
439.4; 411.3; 383.3; 369.3; TG(12:0_12:0_12:0);
351.3; 327.3; 313.3; 295.3; TG(8:0_8:0_20:0);
285.2; 257.2; 239.2; 229.2; TG(16:0_8:0_12:0);
211.2; 201.1; 183.2; TG(10:0_14:0_12:0);
165.2; 155.4;137.1; 127.1; 18;17;17;17; | TG(10:0_16:0_10:0);
656.5750 656.5824 | 109.1 17;16 TG(14:0_14:0_8:0) 1.7
667.6; 649.6; 523.5; 495.4; TG(12:0_12:0_14:0);
467.4; 439.4; 411.3; 383.3; TG(14:0_14:0_10:0);
355.3; 323.3; 285.2; 277.3; TG(12:0_18:0_8:0);
267.2; 257.2; 239.2; 229.2; TG(18:0_10:0_10:0);
211.2;201.1; 193.2; 183.2; TG(8:0_20:0_10:0);
165.2; 155.1; 137.1; 127.1; | 18;18;16;16; | TG(14:0_6:0_18:0);
684.6028 684.6137 | 109.1 15;15; 15 TG(16:0_14:0_8:0) 8.8
695.6; 677.6; 551.5; 523.5;
495.4; 467.4; 439.4; 411.3; TG(14:0_10:0_16:0);
369.3; 313.3; 295.3; 285.2; TG(16:0_16:0_8:0);
277.3; 267.2; 257.2; 239.2; TG(16:0_12:0_12:0);
229.2;221.2; 211.2; 201.1; TG(12:0_14:0_14:0);
193.2; 183.2; 165.2; 155.1; | 18;18;18;18; | TG(20:0_12:0_8:0);
712.6258 712.6450 | 137.1;127.1;109.1 16; 15 TG(8:0_14:0_18:0) 38.3
721.6; 703.6; 549.5; 521.5;
495.4; 493.4; 467.4; 439.4;
339.2; 311.3; 293.4; 285.2; TG(16:1_12:0_14:0);
283.2; 265.2; 257.2; 247.3; TG(12:0_18:1_12:0);
239.2; 237.2; 229.2; 219.2; TG(10:0_14:0_18:1) ;
211.2;209.2;193.2;191.2; | 17;17;16;16; | TG(14:0_14:0_14:1);
738.6571 738.6606 | 183.2; 165.2; 155.1; 137.1 16 TG(18:1_14:0_10:0) 2.8
723.6; 705.6; 551.5; 523.5; TG(14:0_14:0_14:0);
495.5; 467.4; 313.3; 285.2; TG(14:0_12:0_16:0);
740.6649 740.6763 | 239.2; 211.2;193.2;137.1 15;13;12 TG(16:0_16:0_10:0) 32.0
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749.7,731.7, 577.5; 549.5;
521.5%; 495.4; 493.4;
467.4; 411.3; 395.3; 339.3; TG(10:0_18:1_16:0);
321.3; 285.2; 265.3; 257.2; TG(12:0_10:0_22:1);
239.2; 237.2; 229.2; 221.2; TG(12:0_14:0_18:1);
766.6919 766.6919 | 211.2; 183.2; 155.1; 137.1 15;15;14;12 | TG(16:0_16:1_12:0) 3.1
751.7; 733.7;, 579.5; 551.5;
523.5%; 495.4; 467 .4,
341.3; 313.3; 295.3; 285.2; TG(14:0_14:0_16:0);
267.2; 257.2; 249.3; 239.2; TG(16:0_12:0_16:0);
229.2;221.2;211.2;193.2; TG(18:0_10:0_16:0);
768.7060 768.7076 | 183.2; 165.2; 155.1; 137.1 18;18;17;17 | TG(12:0_18:0_14:0) 5.2
775.7; 757.7; 575.5; 549.5;
547.4;521.4;519.4; 495.4;
493.4; 339.3; 319.3; 295.2;
285.2; 283.2; 265.2; 263.2;
257.2; 247 .2; 245.2; 239.2; TG(18:1_14:1_14:0);
237.2;219.2; 211.2; 209.2; TG(16:1_12:0_18:1);
792.7142 792.7076 | 193.2; 191.2; 183.2; 165.2 16; 16; 15 TG(12:0_16:0_18:2) 0.6
777.7,759.7, 577.5; 549.5;
521.5; 495.4; 467.4; 367.3;
339.3; 321.3; 313.3; 293.3;
285.2; 265.3; 257.2; 247.2; TG(18:1_12:0_16:0);
239.2; 221.2; 211.2; 193.2; TG(14:0_18:1_14:0);
794.7278 794.7232 | 183.2;165.2 17,16; 15 TG(20:1_14:0_12:0) 2.9
779.7,761.7;, 579.5; 551.5; TG(14:0_14:0_18:0);
523.5; 495.4; 341.3; 285.2; TG(16:0_14:0_16:0);
796.7430 796.7389 | 267.3;239.2;211.2 14;11; 10 TG(18:0_16:0_12:0) 1.2
805.7; 787.7; 577.5; 551.5;
549.5; 523.5; 339.3; 321.3;
313.3; 293.2; 285.2; 265.3; TG(14:0_16:0_18:1);
822.7667 822.7545 | 247.2;239.2;221.2;211.2 15; 14 TG(16:0_16:0_16:1) 0.7
TOTAL 97.3

Principal component analysis (PCA) comparing Amazon samples

commercial oils and fats

with trivial

All the spectra obtained by direct infusion and analysis by ESI(+)-QTOF-MS for the

samples of Amazon species and for the usual oils and butters were subjected to

chemometrics analysis regarding their major composition. For this, the mass range of m/z

500 to 1200 was selected, because it covers the range of the main TAGs for all the

samples. The resulting PCA model used four principal components (PC) and explained

77.16% of the variance. The first component (PC1) explains 42.23%

of the total

information contained in the data, following by PC2 (18.44%), PC3 (10.88%) and PC4
(5.61%). Several heuristic and statistical criteria exist to select the appropriate number of

PCs. In this work, the eigenvalues was used.



O 00 N O

10
11
12
13
14
15
16
17

176

In Figure 19, two score plots from the four-component PCA model are shown. The
score plots can provide information about different types of oils and the capability of mass
spectrometry to describe it. The same patterns can be seen in the HCA dendrogram (see
supporting information).
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Figure 19. Two scores plots (PC1 x PC2) from a four-component PCA model for all 51
samples described in this work. (Legend: ACA = acai oil; AND = andiroba oil; BAB =
babassu butter; BAC = bacuri oil; BACA = bacaba oil; BUR = buriti oil; BRN = Brazil nut
oil; CUP = cupuagu butter; GRA = graviola oil; MURI = murici oil; MUR = murumuru butter;
PAT = patawa oil; OTUC = tucuma oil; TUC = tucuma butter; PRA = pracaxi oil; UCU =
ucuuba butter; SOY = soybean oil; CRN = corn oil; SUN = sunflower oil; RAP = rapeseed
oil; BTR = milk butter; MRG = margarine; OLV = extra virgin olive oil; TAL = beef tallow;
LRD = lard; COC = coconut oil; 1, 2, 3 = sample replicate of a different lot or brand).

The first observation from the PCA shown in Fig. 19 is that oils (in red) and butters

(in green) are mostly separated along PC1 (see loadings plot in support information), and
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the oils with high linoleic acyl groups are separated from the ones with the higher content
of oleic acyl groups along PC2. The coconut oil (in blue) is a controversial sample
because, even though it is commercially named as oil, its composition, full of saturated
medium chain fatty acids, corresponds to a butter, being grouped with most of the Amazon
butters (tucuma, ucuuba and murumuru) and being grouped also with milk butter. It is
indeed expected if we compare the mass spectra for these samples (shown in support
information) and TAGs composition mainly with medium chain saturated acyl groups.

Another interesting aspect to highlight is that for all the samples of margarine
analyzed in this work (that are from the three most important brands in Brazil), the mass
spectra were quite similar to the oil and other high linoleic oils such as sunflower,
rapeseed, corn and the Amazon murici oil. Moreover, the samples of lard and beef tallow
are quite disconnected from the butters group and close to samples like cupuagu and
bacuri butters, which points out that these samples are a balance of saturated and
unsaturated fats, being an intermediate between typical butters and oils. Samples of acai,
tucuma oil, buriti, graviola and were grouped or partially with olive oil, which may highlight
the nutraceutical benefit of having TAGs with high oleic content.

All the results reported in Figure 19 improve the knowledge about the oils and
butters compositions and reports similarities and differences between the Amazon oils
and butters and commercially available oils, helping to ensure the best applications and
that the consumers have the best benefit when consuming them.

CONCLUSIONS

In this part | compendium about the chemical composition of the main Amazon oils
and butters, we reported a detailed FAME and intact TAGs of sixteen different oleaginous
Amazon species. The methodology employed for that was the direct infusion of
methanolic solutions of these oils and analysis by ESI(+)-QTOF-MS. The TAGs were
characterized by their MS/MS spectra and comparison with LIPID MAPS database. To
the best of our knowledge, this is the most detailed and systematic study about TAGs
composition in such samples. More than seventy different TAGs could be identified in
pracaxi oil sample, for example. However, the strategy adopted in this work was to
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characterize only the top ten most abundant TAGs, as they account to more than 80% of
the total TAGs abundances. Over 40 different TAGs could be easily identified by their
fragments, even only characterizing these most abundant ions. The occurrence of isomers
is remarkable and more pronounced in butter samples, as up to ten different TAG isomers
were identified in the same precursor ion. This fact points out that TAGs complexity in
these samples is higher than reported in some previous literature about Amazon oils
composition.

Another important observation was that an unique fingerprint for vegetable oils, at
least the ones reported in this work, are difficult to obtain. For samples such as babassu,
murumuru and tucuma butter, the mass spectra were almost identical, presenting only
minimal variations in some TAGs relative abundances. Patawa and buriti oils also
displayed identical mass spectra profiles.

All the Amazon samples were compared to commercial oils such as soybean, corn,
coconut and olive oil, and their mass spectra were statistically evaluated using principal
component analysis. The results presented a formation of three main groups: butters, high
oleic acid oils and high linoleic acids oils. Samples such as ucuuba, tucuma, babassu and
murumuru butters were grouped with coconut “oil” and milk butter. On the other hand, the
high oleic samples such as acai, andiroba, buriti and tucuma oil, were grouped with olive
oil. Murici oil was the Amazon sample grouped with high linoleic acid oils such as soybean,
corn, sunflower oil and margarine, and Brazil nut and graviola oil are in between the high
oleic and linoleic acids oils. In addition, beef tallow and lard were more close to oily
samples than butter samples.

Providing literature on a detailed composition of Amazon oils and butters, we
expect to contribute to improve the applications of these products, and that the consumers
have the best benefit when consuming them, since adulterations could be more easily
detected, as the chemical composition of certified samples are exhaustively presented in
this work. The parts Il and Il of this compendium will describe the volatiles and the polar
minor compounds that could reveal several medicinal and biological activities and
contribute to certificate its compositions, inhibiting frauds or helping to facilitate their

characterization.
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Murumuru (two different lots):

[ ]
684.5674
100+ 6565307 [ 134187
124805 712.6111
102550
713.6232
= 56633
628.5352
600.5097 41555 7‘;;-22836
27260
794.7177
13203 848.7737902.8053
572.4896 7268 6155
4259
O—teradprrrrprr it PR m/z
550 600 650 700 750 800 850 900 950 1000 1050 1100 1150
684.5690
100+ 161371 ]
712.6105
128061
7136224
< 71929
628.5411
6005177 49217 72%2257
31571 794.7207
572.4907 17953 gﬂ%gggg
4999
Ot prr bbb Bk e Uy
500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150



Pracaxi (two different lots):

637.3063

712.6405
10925\ 684.6177

565.5670
4665 11737 8297

550

600 650 700 750 800

603.5380 6616066
56 3521

550

600 650 700 750 800

960.8426
124986
958.8366
N
902.7894
om | ST
900.7898(903.8066
36059
N 990.9296
20208

876.7927
11250

1016.9588;5497

850 900 950 1000 1050 1100 1150
960.8570_
87563
058.8508 3 01 2>
54603
902.7990
42891 989.9161
37151
900.7881
22286 990.9235
16945
§76.8000 99193136257

9320

850 900 950 1000 1050 1100 1150

199

m/z

m/z



200

Tucuma (two different lots for the butter):
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2) Full scan ESI(+)-QTOF mass spectrum of commercial commercial oils
and butters:

e Soybean oils (three different brands):
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* Rapeseed oils (three different brands):
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e Extra virgin olive oils (three different brands):
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Margarine (three different brands):
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e Coconut oil (two different brands):
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e Loadings plot:
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CAPITULO 3. DISCUSSAO

Neste capitulo, serdo discutidos os principais resultados obtidos nos quatro
diferentes artigos que compuseram esta tese, assim como a motivacao para o
desenvolvimento dessas pesquisas e as principais contribuicdes para o tema.

No primeiro artigo “Wood Chemotaxonomy via ESI-MS profiles of
phytochemical markers: The challenging case of African versus Brazilian Mahogany
woods” foi aplicado um método por ESI-QTOF para a diferenciacdo de metabdlitos
secundarios do mogno brasileiro (MB) e do mogno africano (MA). O método é rapido,
simples e “verde”: utiliza menos de 2 mL de solvente e 5 minutos em média de analise
por amostra.

Este trabalho foi motivado pelo fato que o mogno brasileiro (Swietenia
macrophylla) é uma das espécies de madeira mais preciosas da Amazdnia brasileira,
e devido as suas qualidades estéticas e de durabilidade, durante os anos 1990, e até
os dias atuais, madeireiras internacionais removeram ilegalmente milhdes de metros
cubicos de mogno nativo da floresta amazdnica, sendo essa uma das principais
causas do desmatamento da Amazénia.

Para impedir a exploracdo insustentavel do mogno brasileiro, e sua
consequente extingdo, em 2002, esta espécie foi incluida no Apéndice Il da
Convencao sobre Comércio Internacional de Espécies Ameacgadas (CITES), que
estabeleceu uma estrita regulamentagdo do comércio internacional de espécies
nativas do Brasil e em processo de extingdo. Além disso, em 2003, o governo
brasileiro criou a Lei 4.722, que proibe o corte de arvores de mogno em todo o pais,
mesmo em areas com desmatamento autorizado pelo Instituto Brasileiro do Meio
Ambiente e dos Recursos Naturais Renovaveis (IBAMA). Embora muitas medidas
tenham sido estabelecidas para combater a exploragdo e a comercializacao ilegal de
madeira, ha uma falta de mecanismos praticos para identificar a origem da madeira e
seus produtos. Para isso que, em 2002, o programa de certificacao florestal brasileiro
(CERFLOR) foi criado e foi desenvolvido pelo Instituto Nacional de Metrologia,
Qualidade e Tecnologia (INMETRO), organizacao governamental ligada ao Ministério
do Desenvolvimento, Industria e Comércio Exterior (MDIC).

Com o objetivo de diminuir o impacto causado pela devastacao insustentavel

da Amazdnia, algumas iniciativas comegaram a ser tomadas nas ultimas décadas.
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Uma delas foi a introdugao da Khaya ivorensis em solo brasileiro, também conhecido
como mogno africano. Esta espécie ocorre naturalmente na costa oeste do continente
Africano e tem sido usada para o reflorestamento da Amaz6nia brasileira devido a sua
madeira de alta qualidade e sua alta resisténcia a pragas como a “broca” Hypsiphyla
grandella, que é a principal praga do mogno brasileiro. Atualmente, estima-se que ha
um milhdo de arvores de mogno africano plantadas no Brasil e pelo menos 400
produtores estdo investindo nesta cultura.

Tanto 0 mogno brasileiro quanto o africano pertencem a familia Meliaceae, mas
a géneros e espécies diferentes. A diferenciacdo em campo de ambas as espécies
nao é uma tarefa facil, devido a semelhanca visual entre ambas, faltando assim
ferramentas que atestem a origem da madeira e sirvam de prova legal em casos de
suspeita de exploracéao ilegal, fazendo-se, assim, necessario o desenvolvimento de
metodologias analiticas para este propdsito.

O objetivo deste artigo foi desenvolver e aplicar uma metodologia de analise
rapida e simples, que seja capaz de diferenciar de forma inequivoca o mogno
brasileiro nativo € o mogno africano, que vem sido utilizado em regides de
reflorestamento. Uma vez que este método baseado na diferenciacao
quimiotaxondmica entre ambas as espécies seja estabelecido, espera-se que ele
possa vir a servir de ferramenta para a certificacdo do mogno local do Brasil e mogno
utilizado para reflorestamento, inibindo ou contribuindo para impedir a exploragcao
ilegal da S. macrophylla na Amazénia.

As amostras de mogno Africano certificado (K. ivorensis) foram doados pela
Empresa Brasileira de Pesquisa Agropecuaria (EMBRAPA - Amazénia Oriental). O
Mogno Africano é proveniente da cidade de Belém no Estado do Para. Ja as amostras
certificadas mogno brasileiro (S. macrophylla) foram provenientes de partes de méveis
antigos e foram doados por uma serraria local, uma vez que atualmente nao é
permitida a extracao de arvores de mogno brasileiras nativas no Brasil.

Os extratos metandlicos das amostras de madeira foram preparados in situ
antes da analise; para o mogno brasileiro, as amostras foram coletadas
aleatoriamente a partir das partes méveis e misturados para a preparagao e extragao
das amostras. Para o mogno Africano, as amostras foram coletadas ao longo de todo
o raio da sec¢dao transversal do tronco da arvore, em pontos de amostragem espacados
por 3 cm de distancia um do outro. Os compostos organicos presentes nos extratos



215

metandlicos das madeiras de mogno brasileiro e africano foram investigados
utilizando espectrometria de massas de alta e ultra alta resolucéo.

Sabe-se que as madeiras sao principalmente formadas de carboidratos, tais
como a celulose, a hemicelulose e as ligninas. 7> Baseando-se nessas classes de
compostos, uma composicao quimica muito precisa ndo pode ser definida para cada
espécie de uma dada madeira, porque estas composi¢cées dos compostos majoritarios
variam de acordo com varios parametros tais como a parte da arvore, tipo de
madeiram origem geografica e também com as condigcdes ambientais. 74 Uma andlise
guimica mais detalhada das madeiras € conseguida através da analise dos compostos
minoritarios presentes nos “extrativos” da madeira e permite a avaliagdo
quimiotaxondmica das espécies, que é justamente a classificacdo baseada nos
constituintes quimicos. Os extrativos sdo, portanto, uma fracao minoritaria da madeira
(entre 4-10%) que pode ser extraida com agua ou solventes organicos de diferentes
polaridades. Esta fracdo € composta basicamente de compostos de massa molecular
relativamente baixa, geralmente metabdlitos secundarios caracteristicos de cada
espécie.

Da analise em modo de ions positivos, ESI(+), foi possivel observar diferencas
bastante notaveis nos espectros de massas para o MA e para o MB. O MB apresenta
uma série de ions bastante intensos na faixa de m/z de 700 a 900. Nenhum ion
significativamente intenso nessa mesma faixa de m/z poéde ser observado para o
espectro obtido para o extrato do MA. Este fato inicialmente indica que, mesmo que
ambas as madeiras de mogno sejam muito similares via comparagcao visual, por
pertencerem a géneros e espécies diferentes, elas apresentam um perfil de
metabdlitos secundarios completamente distintos, o que é de fato esperado. Isso
mostra que esta metodologia pode ser bastante promissora para a diferenciacao
inequivoca entre essas duas espécies.

E esperado que os metabdlitos secundarios identificados como possiveis
biomarcadores de ambas espécies de mogno formem misturas complexas contendo

diversas classes de compostos, que podem incluir flavonoides, terpenos, fendis,

78 0. Theander, Fundamentals of Thermochemical Biomass Conversion Cellulose, Hemicellulose and Extractives,
1985, p. 35 - 60.
74 R.C. Pettersen, The Chemical Composition of Wood. The Chemistry of Solid Wood, 1984, May 5, 57-126.
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alcaloides, esterdis, ceras, gorduras, taninos, carotendides, polifendis e limondides.
75,76

Os principais ions detectados nas duas espécies de madeira e apresentados
também foram caracterizados por MS/MS, e suas massas exatas também foram
confirmadas com a técnica auxiliar de FT-ICR-MS, ja que devido a complexidade das
amostras, o espectrémetro de massas QTOF utilizado ndo apresentava resolucéo e
exatiddo de m/z suficiente para uma atribuicdo de formula molecular inequivoca para
os metabdlitos detectados.

A mesma abordagem foi realizada para as analises em modo de aquisicao de
ions negativos, ESI(-), porém ao contrario dos resultados observados em ESI(+), os
espectros de massas para os mognos de diferentes espécies sao mais similares entre
si do que no modo positivo. HA um ion de m/z 451 que se mostra ser mais
caracteristico do mogno brasileiro, que de fato foi detectado como pico base dos
espectros de todas as amostras de mogno brasileiro e ndo foi detectado na amostra
de mogno africano.

Em ESI(-) é esperado que sejam detectados compostos com grupos polares
facilmente desprotonaveis em suas estruturas. Baseando-se nas classes mais
comuns de substancias que podem ser encontradas em extrativos de madeiras, pode-
se esperar que sejam detectadas substancias tais como acidos organicos e polifendis.
De fato, alguns polifenéis puderam ser identificados com erro de massa inferior a 2
ppm. O ion de m/z 451 foi dentificado como cinchonain (isdmero IA ou IB). O
cinchonain também ja foi reportado em outras espécies, tais como Phyllocladus
trichomanoides, " Rhizoma Smilacis glabrae,’® e na Trichilia catigua.”® Pela primeira
vez, essa molécula foi detectada na espécie de S. macrophylla, sendo um potencial
biomarcador caracteristico do mogno brasileiro quando analisado em modo negativo.

Foram majoritariamente identificados por suas férmulas moleculares polifendis

como epi/catequina, a partir das analises dos extrativos do mogno africano em modo

75 Gottlieb, O.R., Phytochemicals: Differentiation and Function. Phytochemistry, 1990, 29, 1715.

76 J. E. Poulton, 1981. The Biochemistry of Plants. Secondary Plant Products (Conn, E E, ed.), p 667 Academic
Press, Vol 7. New York

7 LY. Foo, Phenylpropanoid derivatives of catechin, epicatechin and phylloflavan from Phyllocladus
trichomanoides. Phytochemistry, 1987, 26. 2825.

78 3. D. Chen, C. J. Lu, R. Z. Zao, Qualitative and quantitative analysis of Rhizoma Smilacis glabrae by ultra high
performance liquid chromatography coupled with LTQ OrbitrapXL hybrid mass spectrometry. Molecules, 2014, 19,
10427.

7 F. L. Beltrame, E. R. Filho, F. A. P. Barros, D. A. G. Cortez, Q. B. Cass, A validated higher-performance liquid
chromatography method for quantification of cinchonain Ib in bark and phytopharmaceuticals of Trichilia catigua
used as Catuaba, Journal of Chromatography A, 2006, 1119, 257.
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negativo. Um aspecto interessante dos espectros em ESI(-) é que se observa uma
série de ions que podem ser atribuidos a polimeros de catequina (ou epicatequina, ja
que nao é possivel realizar a diferenciacao isomérica nessa analise) através de seus
ions [M - HJ, ou seja, dimeros (m/z577), trimeros (m/z 865) e tetrameros (m/z 1153),
que sao flavonoides conhecidos como proantocianidinas. Esta série também foi
detectada nos extrativos do mogno brasileiro quando analisado em ESI(-).

Todos os conjuntos de dados obtidos tanto em modo positivo quanto negativo
de ions para os extrativos das espécies de mogno africano de brasileiro mostram que,
através de conjuntos caracteristicos de limonoides e polifendis, é possivel distinguir
quimicamente e, portanto, inequivocamente ambas as espécies de madeira. A
abordagem quimiotaxonémica demonstrada aqui somente pdde ser alcangada
através da técnica de espectrometria de massas aplicada neste trabalho.

Em seguida, o segundo artigo apresentado nesta tese foi o intitulado “Two-
point normalization using internal and external standards for a traceable determination
of 6'3C values of fatty acid methyl esters by gas chromatography/combustion/isotope
ratio mass spectrometry’. Neste trabalho, apresentou-se o desenvolvimento de um
método analitico através da técnica GC-IRMS para a determinagéo rastreavel do valor
isotépico de carbono (8'3C) dos ésteres metilicos de acidos graxos (fatty acid methyl!
esters - FAMEs) de amostras de 6leo de pinhdo manso (de diferentes origens
geograficas) com um diferencial de utilizar dois padrées para a correcao de possiveis
desvios provenientes de fracionamento isotépico que podem ocorrer durante a
conversao do 6leo vegetal em FAME, ou durante a analise em si.

A motivacao desse trabalho foi a importdncia da determinacdo exata e
rastreavel dos valores isotdopicos de FAMEs, que se destacam como um grupo
importante de moléculas para muitas areas, uma vez que a analise desta classe de
compostos é geralmente empregada na caracterizacdo de alimentos, em sistemas
bioldgicos, em esferas ambientais como sedimentos, e atualmente também na area
dos biocombustiveis. Principalmente com a consolidagdo do biodiesel como um dos
biocombustiveis mais utilizados atualmente, varias espécies oleaginosas tém sido
alvo de desenvolvimentos e melhorias genéticas para garantir a melhor qualidade,
rendimento e performance em motores. 8 Além disso, dependendo da fonte de

80 P, S. Nigam, A. Singh, Production of liquid biofuels from renewable resources. Progress in energy and
combustion science, 2011, 37(1), 52.
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matéria prima empregada para a producado do biodiesel, sua sustentabilidade pode
ser fortemente questionada. Sendo assim, a IRMS pode ser usada para determinar as
assinaturas isotopicas de diferentes fontes de matérias-primas empregadas para
producéao do biodiesel.

Como exemplo, tem-se a Jatropha curcas, mais conhecida como pinhao
manso, que é considerada uma das oleaginosas mais promissoras para a producao
de biodiesel devido a diversas caracteristicas que tornam seu biodiesel bastante
adequado ao uso em larga escala. 8 Com isso, esse artigo pretendeu avaliar o perfil
isotépico de carbono em diferentes amostras de pinhao-manso produzidas no Brasil,
uma vez que nao havia dados sobre este parametro reportado na literatura.

Como explicado em detalhes no item 1.3.2 desta tese, na técnica de IRMS, as
amostras (ou compostos especificos) sao convertidas em um gas através de
processos de oxidagao e/ou reducao (dependendo do elemento de interesse) em uma
interface com o sistema de introducdo de amostra (seja um cromatografo a gas, a
liguido ou um analisador elementar) e comparado a um gas de referéncia cujo valor
isotépico é determinado através da utilizacao de padrdes aceitos internacionalmente
e rastreaveis a escala internacional. Para isso, os materiais de referéncia certificados
(MRC) sao utilizados para atribuir um valor isotdpico ao gas de referéncia, assim como
para normalizar os valores isotépicos brutos determinados nas amostras. O grande
problema é que os MRC aceitos internacionalmente para medi¢des isotopicas sao
sblidos nao volateis ou materiais viscosos, e por isso eles sdo exclusivamente
compativeis com analisadores elementares. Entdo, equipamentos de IRMS que
tenham apenas a técnica de GC como sistema de introdugdo de amostras ndo tem
como determinar o valor isotépico do gas de referéncia usando os MRC
internacionalmente aceitos. E, por consequéncia, os valores isotépicos determinados
através da técnica nao tem rastreabilidade e, muitas vezes, sdo inexatos. Entéo, neste
caso, métodos de normalizacdo dos dados brutos determinados por GC-IRMS sao
altamente recomendados, utilizando padrdes secundarios de trabalho de alta pureza,
com propriedades fisicas e quimicas semelhantes aos analitos de interesse, mesma
faixa de valores isotépicos, cujos valores isotopicos tenham sido devidamente
determinados através da técnica de EA-IRMS e rastreaveis a escala internacional.

8T M. Y. Koh, T. I. M. Ghazi, A review of biodiesel production from Jatropha curcas L. oil. Renewable and Sustainable
Energy Reviews, 2011, 15(5), 2240.



219

Sendo assim, o objetivo geral deste artigo foi desenvolver uma metodologia
para determinar a assinatura isotépica '3C/'?C de 6leos de J. curcas de diferentes
origens geogréficas do Brasil, bem como a dos FAMEs correspondentes das amostras
de biodiesel obtidas de cada um dos 6éleos. Para avaliar a exatidao das medicdes
isotépicas, pesquisaram-se as fontes de fracionamento isotopico em todas as etapas
de obtencdo das amostras, desde a extracao de 6leo até as analises em si por GC-
IRMS. Para isso, utilizaram-se padrbes internos e externos para corrigir o
fracionamento isotépico que ocorre durante a transesterificacdo da amostra e durante
a andlise cromatogréafica. Ao todo 9 amostras de J. curcas foram analisadas neste
capitulo. Algumas delas foram recebidas como sementes e outras ja como 6leos
extraidos. Apenas uma das amostras nao teve a sua origem garantida, identificada
como “desconhecida”.

As extracoes de 6leo das sementes de J. Curcas forneceram bons resultados,
obtendo-se de 32,1 a 43,7% (m/m) de rendimento, que sao os valores esperados para
essas sementes oleaginosas. Também se realizou a extracdo das sementes em
triplicata para verificar se poderiam haver variagbes do &'3C devido a néo
homogeneidade das amostras ou devido a alguma fonte de fracionamento isotdpico
durante a extragdo de 6leo. Para avaliar isso, mediram-se os valores de 3'°C globais
de todas as ftriplicatas de extracdo de 6éleo da amostra 813 (selecionada
aleatoriamente) por EA-IRMS. Os valores médios foram completamente equivalentes,
sendo o desvio padrdo dos valores 5'3C para cada repeticdo de extracio equivalente
ao desvio padrao da medicao da técnica para uma mesma amostra (0,04 versus 0,03
mUr). Assim, as replicatas de extracao de éleo podem ser agrupadas em apenas uma,
uma vez que nao foi detectada falta de homogeneidade ou qualquer fracionamento
isotépico na etapa de obtencao do éleo.

Os valores de &'3C dos 6leos de J. curcas de diferentes origens geograficas do
Brasil foram, entao, determinados pela técnica de EA-IRMS. Os valores obtidos para
diferentes amostras foram muito proximos entre si para todas as amostras, variando
de -29,90 a -28,50 mUr, com o valor médio de -28,97 + 0,43 mUr (n = 9 amostras). Os
resultados para a assinatura isotopica de 8'3C para a J. curcas estdo de acordo com
os valores esperados para plantas de metabolismo C3, tais como a canola, palma,
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soja e oliva, que se encontram na faixa de cerca de -31 a -29 mUr, conforme ja descrito
na literatura. 8

A etapa seguinte consistiu na otimizagdo do método de transesterificagdo do
6leo de J. curcas. O método de transesterificacdo otimizado neste trabalho permitiu
obter mais de 95% de conversdo do déleo em ésteres totais. Todas as amostras
puderam ser derivatizadas simultaneamente em banho ultrassbnico com
aquecimento, o que & importante para garantir condicées de repetibilidade durante a
derivatizacdo das amostras e assim minimizar fontes de fracionamento isotépico.
Outro aspecto importante desse preparo de amostra foi a adicdo do padrao de éster
metilico C22:0 no inicio da reacao, juntamente com o 6leo J. curcas e os reagentes
de derivatizacao, o que significa que o padrao foi submetido ao principio do tratamento
idéntico (/dentical Treatment — IT) durante o curso reacional e pode ser usado para
corrigir ou minimizar algum fracionamento isotépico oriundo desse processo. Apés a
transesterificacdo das amostras, o padrao de éster metilico C19:0 foi usado como
padrao externo, para corrigir somente variagdes instrumentais ou fracionamento
isotopico durante o curso das analises por GC-IRMS.

O material de referéncia (MR) de FAME C18:0 (produzido pela Indiana
University, Bloomington, IN, EUA) é adequado para a calibragdo do gas de referéncia,
uma vez que é um FAME presente nas amostras de estudo e porque possui um valor
isotépico na faixa de valores esperados para os valores isotépicos dos FAMEs da J.
curcas. Ja os padroes analiticos de FAMEs C22:0 e C19:0 foram utilizados como
padrdes internos e externos, como ja mencionado: o primeiro para a corrigir as fontes
de desvio que vem da transesterificacdo; e o segundo para corrigir os desvios da
exclusivamente da propria andlise GC-IRMS. Seus valores de &'3C de referéncia
foram determinados com a técnica de EA-IRMS, sendo rastredveis a escala
internacional através do padrdo primario internacionalmente aceito, 0 MRC NBS22,
produzido pelo IAEA (International Atomic Energy Agency) em parceria com o NIST
(National Institute of Standards and Technology). Esses valores foram usados como

82 A) F. Angerosa , O. Bréas , S. Contento , C. Guillou , F. Reniero , E. Sada. Application of stable isotope ratio
analysis to the characterization on the geographical origin of olive oils. J. Agric. Food Chem, 1999, 47, 1013; B) J.
E. Spangenberg, S. A. Macko, J. Hunziker, Characterization of olive oil by carbon isotope analysis of individual fatty
acids: Implications for authentication. J. Agric. Food Chem., 1998, 46, 4179; C) F. Angerosa, L.Camera, S. Cumitini,
G. Gleixner, F. Reniero, Carbon stable isotopes and olive oil adulteration with pomace oil. J. Agric. Food Chem.,
1997, 45, 3044; D) A. Royer, C. Gerard, N. Naulet, M. Lees, G. J Martin. Stable isotope characterization of olive
oils. | - Compositional and carbon-13 profiles of fatty acids. J. A. O. C. S., 1999, 76, 357.
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valores "verdadeiros" para normalizar os valores brutos de &'3C dos FAMEs de
J.curcas usando o método de normalizagdo de dois pontos.

Juntamente com a estratégia de normalizacdo dos dados brutos utilizando
padrbes internos e externos, a resolugcdo cromatografica é outro aspecto muito
importante da analise para garantir exatidao e precisdo dos resultados. Comparando
as resolucoes cromatogréaficas das técnicas GC acoplada a MS convencional e de
GC-IRMS, a resolucao desta ultima tende a ser pior, devido a um processo de difusao
longitudinal na interface de combustao, resultando em picos cromatograficos mais
alargados e assimétricos. Portanto, para ser acoplada ao IRMS, é necessaria uma
resolucao cromatografica melhorada, ja que os analitos ao eluir da coluna entrardao no
reator de combustao e sofrerdo difusdo longitudinal por gradiente de concentragao
inerente deste processo. Duas colunas foram testadas, uma CP-WAX e uma DB-23,
no entanto, esta ultima forneceu melhores resultados em termos de formato de pico
cromatografico e resolugéo.

Foram elaboradas cartas controle dos valores isotépicos brutos dos FAMEs
C18:0 e C22:0 injetados entre amostras para verificar a resposta instrumental do
equipamento. De fato, observa-se um desvio consideravel dos valores de referéncia
(superior ao desvio padrdao esperado para uma medicdo de GC-IRMS, que é de
aproximadamente + 0,20 mUr). Este comportamento aponta que os resultados brutos
das amostras certamente devem ser submetidos a normalizagdo para garantir a
exatidao dos valores medidos. Outro fato notavel é que esses dois padrdes nao
apresentaram o mesmo comportamento: o 5'3C de C18:0 apresentou, em média, uma
tendéncia positiva (-22,99 mUr versus o valor de referéncia de -23,24 mUr) enquanto
o C22:0 teve uma tendéncia negativa (-27,31 mUr em relacdo ao valor de referéncia
medido por EA- IRMS de -27,09 mUr). Portanto, pelo menos dois padroes devem ser
implementados para a normalizacdo dos dados para evitar a introducédo de erros
sistematicos nas medicdes. Entretanto, a diferenca encontrada para estes dois
padroes é relativamente baixa, o que mostra que as variacoes instrumentais nao sao
tdo graves, mas que precisam ser verificadas, principalmente em sequéncias longas
de injegéo.

Observando-se também os dados brutos para os FAME C19:0 e C22:0, usados
como padrdes interno e externo, analisados juntamente com as amostras de J. curcas,

pode-se notar que todos os valores do C22:0 apresentaram uma tendéncia positiva e
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sofrem variacbes mais acentuadas, enquanto o C19:0 tem um comportamento
diferente: seus valores permanecem estaveis por mais tempo e tendem a tornar-se
mais negativos com o numero de andlises. Portanto, podem ser recomendados
pequenos periodos de oxidagao do reator de combustao para minimizar esse efeito.
A conclusdo mais importante, porém, sobre as tendéncias mostradas nas cartas
controle elaboradas, é que a preparacdo da amostra tem uma contribuicdo mais
pronunciada para a falta de exatiddo dos resultados, podendo levar a erros
sistematicos, como observado com o erro positivo para o padrao C22:0.

Admitindo-se que os FAMEs da J. curcas estao sendo submetidos aos mesmos
processos fisico-quimicos dos padroes C19:0 e C22:0, tanto nas etapas de
derivatizacao, quanto nas analises de GC-IRMS, e que estao seguindo o principio do
tratamento idéntico, os valores de 5'3C medidos de ambos os padrdes foram utilizados
para corrigir os valores brutos de 3'3C para todos os FAMEs das amostras de J.
curcas. Os valores isotépicos médios variaram entre -28,29 e -30,82 mUr, sendo o
C18:2 o acido graxo com o valor isotépico mais negativo para todas as amostras. Os
valores isotépicos médios globais para todas as amostras e cadeias de acidos graxos
foram de -29,51 £ 1,03 mUr, o que esta de acordo com o valor médio para amostras
do 6leo de J. curcas determinado por EA-IRMS, -28,97 £+ 0,43 mUr, indicando a
exatidao dos resultados.

Todos os dados apresentados neste trabalho mostraram que procedimentos de
garantia de qualidade devem ser utilizados para garantir a exatiddo dos resultados de
valores isotdpicos, mesmo para procedimentos de derivatizacdo mais simples, como
transesterificacoes; e também para amostras simples como éleos vegetais puros. A
reacdo de transesterificacdo € a principal fonte de fracionamento isotépico e
resultados com erros sistematicos podem ser obtidos. A medicao em si também pode
levar a erros sistematicos e aleatorios. Ambos os efeitos podem ser eliminados - ou
pelo menos minimizados - usando padrdes internos e externos adequados para a
normalizacdo de dados brutos, seguindo o principio de tratamento idéntico como
descrito neste trabalho.

O terceiro artigo apresentado nesta tese, intitulado “Microalgae biomass
characterization using ion mobility-mass spectrometry” teve como objetivo principal
aplicar a técnica de mobilidade ibnica acoplada a espectrometria de massas de alta
resolucdo para a caracterizacado de diferentes biomassas de alga. Para isso, duas
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abordagens foram utilizadas: a primeira delas foi a infusdo direta dos extratos das
algas diretamente na fonte ESI do equipamento de mobilidade ibnica, e a segunda
abordagem tratou-se de um método de metabolémica, utilizando a cromatografia
liguida de ultra performance (UPLC - ultra performance liquid chromatography)
acoplada a IMS utilizando o método de aquisi¢ao por data independent analysis (DIA)
- MSE - com o objetivo de realizar uma identificagdo abrangente dos lipidios, através
de softwares para tratamento de dados de ciéncias 6micas.

A motivacao deste trabalho foi a crescente pesquisa sobre a producéo de algas
para a producdo de biocombustiveis. Inicialmente, os biocombustiveis feitos a partir
de algas estavam enquadrados como de segunda geracdo, porém quando ficou
evidente que as algas eram capazes de fornecer rendimentos bem melhores do que
outros processos com outras biomassas e através de meios de producao teoricamente
mais simples, as algas foram enquadradas em uma nova categoria. Elas tém sido alvo
de pesquisas massivas para uma producdo mais eficiente de Vvarios
biocombustiveis.®3 Uma vantagem bastante interessante da utilizagdo de algas como
fonte de biomassa, é que elas podem ser cultivadas em aguas residuais como o
esgoto e aguas salinas, atuando simultaneamente como fontes biorremediadoras. 8

Atualmente ja existem estudos e aplicac6es de algas para a produgao diversos
biocombustiveis. 8868788 Dentre eles, o biodiesel € o biocombustivel mais promissor
a ser produzido através de algas, visto que algumas algas oleaginosas chegam a ter
de 30 — 60% (m/m) de triacilglicerdis em base seca, sendo sintetizados para
acumulacgéo lipidica em seus cloroplastos. 89 Para obter melhores rendimentos na
producéo de lipidios precursores de biodiesel, como os triacilglicerois, as espécies de
microalgas s&o avaliadas em diferentes meios de cultivos, contendo diferentes
nutrientes e condigdes fisico-quimicas como pH e temperatura. Esses parametros tém

83 3. A. Scott, M. P Davey, J. S. Dennis, I. Horst, C. J. Howe, D.J Lea-Smith, A. G. Smith, Biodiesel from algae:
challenges and prospects, Current Opinion in Biotechnology, 2010, 21 (3), 277 - 286.

8 D.C. Kligerman, E. J. Bouwer. Prospects for biodiesel production from algae-based wastewater treatment in
Brazil: A review. Renewable and Sustainable Energy Reviews, 2015, 52, 1834 — 1846.

85 0. Kruse, B. Hankamer. Microalgal hydrogen production. Current Trends in Biotechnology, 2010, 21, 238 — 243.
86 Yang J, Xian M, Su S, et al. Enhancing Production of Bio-Isoprene Using Hybrid MVA Pathway and Isoprene
Synthase in E. coli. Williams, PLoS ONE, 2012, 7(4), e33509.

87 R. P. John, G.S. Anisha, K. M. Nampoothiri, A. Pandey, Micro and macroalgal biomass: A renewable source for
bioethanol, Bioresource Technology, 2011, 102(1), 186-193.

88 |. L. Beer, E. S Boyd, J. W Peters, M. C. Posewitz, Engineering algae for biohydrogen and biofuel production,
Current Opinion in Biotechnology, 2009, 20, 264 — 271.

89 T. M. Mata, A. A. Martins, N. S. Caetano, Microalgae for biodiesel production and other applications: A review.
Renewable and Sustainable Energy Reviews, 2010, 14(1), 217 — 232.

%Y. Chisti. Biodiesel from microalgae beats bioethanol. Trends in Biotechnology, 2008, 26 (3), 126-131.
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uma forte influéncia na composi¢do da biomassa, ja que as algas tendem a adaptar
seu metabolismo as condi¢gdes de crescimento relacionadas ao seu meio de cultivo.
91

A caracterizacdo da composicao quimica das algas é uma etapa fundamental
para garantir que sejam dadas as melhores aplicagdes biotecnolbgicas para elas, seja
para a producao de biocombustiveis, biogas, para a biorremediacao ou até mesmo
para a area de alimentos nutracéuticos. Para isso, técnicas multidimensionais de
espectrometria de massas podem ser bastante adequadas, visto que a biomassa
proveniente de algas é extremamente complexa em termos de classes de compostos
quimicos. Desta forma, a técnica de IM-MS pode ser uma ferramenta analitica
bastante poderosa para a caracterizacdo de classes de compostos em amostras de
biomassa de alga, tais como os lipidios precursores de biodiesel. Além da separagao
com base nas m/z dos ions formados na fonte, a mobilidade ibnica separa os ions
com relagdo a estrutura tridimensional (CCS — collision cross section), carga e
diferentes interagdes do tipo ion-dipolo com o gas de mobilidade. Estudos prévios ja
demonstraram a excelente performance da técnica para a caracterizacao de misturas
complexas, %2 bem como para o aumento da seletividade de analises de lipidémica e
metabolomica.

A biomassa de alga é uma mistura complexa de diversos metabdlitos. * Este
trabalho focou somente na parte lipidica, ja que o foco do trabalho foi a aplicacao de
algas para a producéao de biodiesel. Para ser adequada para a producéo de biodiesel
a biomassa de alga deve possuir em especial uma alta concentracdo de lipidios
transesterificaveis precursores de FAMEs, que sao principalmente os TAGs. Diversos
estudos tém sido conduzidos com o objetivo de produzir algas com o maior teor
possivel de TAGs, para fornecer um maior rendimento na producio de biodiesel. %
Entretanto, essa ndo é a Unica aplicagdo: algas com um alto teor de compostos

1 E. J. Kerkhoven, K. R Pomraning, S. E. Baker, J. Nielsen, Regulation of amino-acid metabolism controls flux to
lipid accumulation in Yarrowia lipolytica. npj Systems Biology and Applications, 2016, 2, 16005

92 3. J. Valentine, M. Kulchania, C. A.S. Barnes, D. E. Clemmer, Multidimensional separations of complex peptide
mixtures: a combined high-performance liquid chromatography/ion mobility/time-of-flight mass spectrometry
approach, International Journal of Mass Spectrometry, 2001, 212, 97-109.

9 G. Paglia, G. Astarita, Metabolomics and lipidomics using traveling-wave ion mobility mass spectrometry. Nature
Protocols, 2017, 12, 797 — 813.

% F. Collard, J. Blin, A review on pyrolysis of biomass constituents: Mechanisms and composition of the products
obtained from the conversion of cellulose, hemicelluloses and lignin, Renewable and Sustainable Energy Reviews,
2014, 38, 594 - 608.

% Q. Hu, M. Sommerfeld, E. Jarvis, M. Ghirardi, M. Posewitz, M. Seibert, A. Darzins, Microalgal triacylglycerols as
feedstocks for biofuel production: perspectives and advances. The Plant Journal, 2008, 54, 621 — 639.
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nitrogenados, por exemplo, podem ser direcionadas para aplicagbes em
biorremediacao, enquanto que algas ricas em acidos graxos poli-insaturados podem
ser adequadas para serem aplicadas na area de alimentos nutraceuticos. % Para
determinar a melhor aplicacédo para a alga, as biorrefinarias de alga devem dispor de
uma ferramenta robusta para a analise dessas biomassas. Ao todo nesse trabalho,
dezesseis biomassas de algas foram analisadas, incluindo diferentes espécies,
tempos e meios de cultura.

A primeira abordagem explorada foi a analise por infusdo direta dos extratos
das algas analisadas. Diferentes perfis foram observados nos espectros, o que mostra
que a composicao da biomassa de alga é alterada em funcao da forma de cultivo e
que essas alteragdes sao facilmente detectadas através dessa analise. Entretanto,
entender quais classes de compostos aumentam ou diminuem de concentracao em
funcédo dos parametros de crescimento das algas € fundamental para a otimizacao
das condicbes de producao.

Os espectros de massas para cada alga foram avaliados estatisticamente,
através de quimiometria, utilizando a analise de componentes principais (PCA).
Observou-se que o agrupamento das amostras se da principalmente pelo género da
alga, indicando que esse deva ser a principal varidvel a ser considerada em um estudo
para a prospeccao de algas para determinada aplicacao biotecnolégica. Uma vez
definidas as melhores cepas de determinadas géneros e espécies, as condicoes de
meio de cultura devem ser estudadas. Além disso, esta abordagem pode ser bastante
interessante para a comparag¢dao com amostras de referéncia, ou seja, algas que ja se
mostraram adequadas para determinada aplicacao, ou que o perfil lipidico ja tenha
sido caracterizado. E uma abordagem relativamente simples e rapida, e fornece uma
boa resposta para uma avaliacao inicial de um dado conjunto de amostras.

Da mesma forma, os extratos de algas também foram avaliados adicionando-
se mais uma dimensao aos dados de MS, correspondente a separacao por mobilidade
idbnica. Nesta analise, as solucdes dos extratos de algas sao diretamente infundidas
na fonte ESI, e os lipidios e metabdlitos ionizados serdo direcionados para a cela de
mobilidade, onde serdo separados de acordo com suas estruturas tridimensionais,
cargas e interacdes com o gas de mobilidade. Em estudos metabol6micos, essa nova

9% S. P. Slocombe, Q. Zhang, M. Ross, A. Anderson, N. J. Thomas, A. Lapresa, C. Rad-Menéndez, C. N. Campbell,
Kenneth D. Black, Michele S. Stanley & John G. Day. Unlocking nature’s treasure-chest: screening for oleaginous
algae. Nature Scientific Reports, 2015, 9844. 1-17
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dimensdo dos dados € bastante (til, pois espécies nao resolvidas
cromatograficamente, ou que caiam na mesma faixa de m/zno caso da infuséo direta,
podem ser separadas pela IMS, o que aumenta a capacidade de deteccao da técnica.
Em misturas complexas, diferentes classes de compostos se distribuem na forma de
tendéncias, ou seja, regides de “drift time versus m/z” caracteristicas para cada classe.

De fato, observou-se nos espectros tridimensionais de “drift time versus m/z”
que existem classes de compostos que se separam através de tendéncias distintas
de drift time, mesmo em uma mesma faixa de m/z. A visualizacao das diferencas dos
perfis de cada alga fica, entdo, mais evidente. Essa abordagem também é bastante
interessante para um “screening” do perfil lipidico da amostra. Por exemplo, para a
investigacdo do teor de TAG em um extrato lipidico, visto que essa classe de
compostos apresentara além de determinada faixa de m/z (que, no entanto pode estar
sobreposta a diversos outros metabétitos, o que torna dificil a sua diferenciagéo), uma
tendéncia de drift times caracteristicos, para uma dada condicdo experimental.
Portanto, pode-se oferecer uma resposta rapida para tomadas de decisao em estudos
de cultura de algas, ou até mesmo para interromper/avangar com processos em
biorrefinarias de producéao de alga.

Realizar a caracterizacdao abrangente dos diferentes componentes das
amostras de forma manual, através dos espectros de MS/MS obtidos por infusdo
direta dos extratos é uma tarefa laboriosa e que consome muito tempo, devido a
enorme complexidade das amostras, que apresentam diversas classes de lipidios,
além de outros metabdlitos. Para isso, a técnica de UPLC-HDMSE foi empregada. O
método de MSE é método de aquisicdo de espectros de MS e MS/MS de forma
automatizada, em que o analisador opera tanto em modo de baixa energia, quanto de
alta energia para promover a dissociacdo induzida por colisdo de ions, assim
resultando também em espectros de fragmentos produtos alinhados com o do ion
precursor. Nesta técnica, o termo HD vem de “high definition’, pois neste caso a
técnica de aquisicao por MSE é também acoplada a mobilidade idénica. Com isso, além
dos dados de massa exata para os ions precursores e fragmentos, também sao
obtidos dados de CCS para o ion precursor, através da calibracdo utilizando
substancias cujo CCS é conhecido, aumentando, assim a “definicdo” dos dados. No
caso desse trabalho, os valores de CCS foram calibrados utilizando uma solucao de
poli-d-alanina, cujos oligbmeros monocarregados ja tem valores de CCS
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determinados. Cada corrida cromatogréfica, juntamente com os espectros de MS e
IMS associados a ela, foi importada no software Progenesis Ql, que através da
comparagao com banco de dados LIPIDMAPS, HMDB e um banco de dados de CCS
provido pela Waters, realiza a identificacdo de forma automatizada dos dados,
realizando a comparacao experimental/teérica da massa exata dos precursores e
fragmentos, padrao isotdpico, perfil de fragmentacao e CCS.

Das 16 amostras analisadas, todas na mesma condi¢ao, coletivamente foram
identificados 1251 diferentes compostos. Desses, 210 foram identificados somente
como lipidios. Dentre esses compostos, 30 deles também foram identificados pelos
seus CCS, admitindo-se uma variagao experimental/teérica menor que 4%. O nimero
de compostos identificados pelo CCS é menor, pois 0 banco de dados utilizados nao
€ amplo como o LIPIDMAPS ou o HMDB. A partir das abundancias de cada lipidio
identificado por amostra, varias interpretacées podem ser realizadas. Adicionalmente,
0s CCS dos TAGs também foram investigados usando outro banco de dados externo
ao Progenesis Ql, o LipidCCS, e os resultados experimentais ficaram bem préximos
dos valores de CCS daquela base de dados.

Foi possivel avaliar a distribuicdo das abundancias de classes de lipidios por
amostra, a partir das abundancias para cada ion identificado em cada amostra. Pode-
se ressaltar que as amostras TG3, TG4 e DUDEF_CHLS3 foram as que apresentaram
a maior abundancia de TAGs, o que poderia indicar que nesse conjunto de amostras
analisadas, elas poderiam fornecer melhores rendimentos para a producdo de
biodiesel.

Outra abordagem que pode auxiliar na comparagéao do perfil de lipidios das
amostras de algas € a comparacao dos espectros de drift time x m/z dois a dois,
através do software HDMS Compare (Waters). Nessa abordagem, os espectros de
mobilidade i6nica sdo sobrepostos, e com isso pode-se destacar quais classes de
compostos sdo mais abundantes em cada amostra, gerando um mapa em que cada
amostra € marcada com uma cor. Foi realizada a comparacao dos espectros das
amostras TG3 com uma mistura de varios Oleos vegetais comerciais. Pode-se
observar a tendéncia dos TAGs da amostra esta sobreposta a dos TAGs da mistura
de Oleos vegetais. Comparando outras amostras cuja abundancia dos TAGs € baixa,
nao se observa a sobreposicao destas tendéncias, o que os resultados convergem
com os resultados obtidos através da analise de lipidomica.
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Por fim, o quarto e ultimo artigo que compds esta tese foi intitulado como
“Compendium on Amazon oils composition. Part | - Triacylglycerols characterization
and comparison with commercial trivial vegetable oils and fats”, e teve como objetivo
principal realizar a caracterizacao detalhada da composicdo de 6leos e manteigas
obtidas através de espécies oleaginosas nativa da floresta Amazénica Brasileira. O
compéndio da composi¢ao de 6leos Amazonicos é um projeto audacioso, que visou
otimizar e aplicar diferentes metodologias analiticas utilizando a MS como técnica
central para identificar com maior nivel de detalhamento a composicdo dessas
amostras. O artigo apresentado nesta tese, relata apenas a primeira parte desse
compéndio, em que somente a composicao majoritaria dos éleos foi explorada.

Do ponto de vista motivacional, a realizacdo de um compendio sobre a
composicao dos 6leos Amazbnicos se deu porque as matérias primas ligadas a
biodiversidade amazénica tém recebido cada vez mais atencao de diversas industrias,
como por exemplo de cosméticos, farmacéutica e alimenticia, uma vez que os dleos
de suas espécies nativas tém mostrado um potencial benéfico para a saide humana.
Além disso, a producdo de 6leos a partir de frutos oriundos da biodiversidade da
Amazédnia é considerada uma pratica sustentavel. Considerando que esses 6leos séo
extraidos de sementes, améndoas e polpa dos frutos dessa arvores, garante-se a
protecdo e manutencao dessas espécies nativas, uma vez que, incentivando o uso do
fruto dessas espécie, agrega-se valor a ele e inibe-se o extrativismo (muitas vezes
ilegal) da madeira, minimizando-se os riscos de que determinada espécie nativa entre
em extingdo. Além disso, existem varios estudos na literatura sobre a composicao de
espécies vegetais da Amazdnia, bem como muitas crencas populares sobre suas
propriedades benéficas. Por isso, este compéndio esta sendo elaborado para elucidar
mais detalhadamente a composicao desses 6leos, 0 que pode ajudar a garantir sua
autenticidade e qualidade, e também corroborar o entendimento de suas
propriedades, através da identificacdo de compostos bioativos.

Ao todo, foram analisadas quinze espécies diferentes, e quando possivel, pelo
menos duas amostras de cada tipo de 6leo ou manteiga foram analisadas. Todas as
amostras possuem rastreabilidade de producéo e certificado de autenticidade, o que
da embasamento para os resultados obtidos. Inicialmente, foi realizado um
levantamento bibliografico das principais propriedades e composicao ja descritas na
literatura para as espécies (ndo somente para os 6leos). Essa pesquisa servira como
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base para associar propriedades com a composicao dos Oleos e manteigas
estudados.

A caracterizacdo dos compostos majoritarios foi realizada através de duas
metodologias: a classica de transesterificagdo dos 6leos utilizando BFs-metanol, com
formacao dos FAMEs seguida da anélise e quantificacao através da técnica de GC-
MS, e a analise dos triacilglicerdis intactos, através da infusdo direta de uma solugéo
dos 6leos em metanol com NH4HCOs 10 mmol-L?! para a inducdo da formacgéo de
adutos com o ion aménio. Tanto o perfil de TAGs quanto sua identificacao através de
seus espectros de MS/MS, foram realizados em um equipamento do tipo QTOF,
equipado com fonte ESI em modo de ions positivos, ESI(+)-QTOF. Os espectros de
ions produtos oriundos da fragmentacao por CID para cada ion de TAG detectado nas
amostras foram comparados com a base de dados LIPIDMAPS.

Com a andlise dos FAMEs por GC-MS foi possivel obter um resultado dos
perfis de distribuicdo de acidos graxos para cada amostra, que diferem de fato de
acordo com a espécie analisada. Ressalta-se a presenca de acidos graxos saturados
de cadeia mais curta nas amostras de manteiga (tucuma, murumuru, uccuba e
babacu), bem como o alto teor de acido oleico (C18:1) nas amostras de acai, buriti,
pataud e 6leo de polpa de tucuma. Isso é um aspecto interessante, pois é sabido que
a ingestao de gorduras monoinsaturadas traz beneficios a sautde humana. Também
foram reportados os teores de gorduras saturadas, monoinsaturadas e poli-
insaturadas, visto que esses valores sdo de grande importancia principalmente para
a industria de alimentos.

Além do perfil de acidos graxos, realizou-se a caracterizacao dos ions dos
TAGs mais abundantes, bem como a dos ions de TAG com intensidades relativas
inferiores a 0,1%. Como exemplo, tem-se a analise do 6leo de pracaxi. Através da
andlise de MS/MS foi possivel caracterizar 76 diferentes TAGs. Entretanto, como a
identificacdo manual de todos os TAGs através da comparagdo dos espectros de
MS/MS com o banco de dados LIPID MAPS é uma tarefa laboriosa, optou-se por
caracterizar detalhadamente somente os ions correspondentes aos dez TAGs mais
abundantes, ja que eles descrevem de 70 a 98% da abundancia total de todos TAGs
detectados nos éleos e manteigas estudados. Ressalta-se a grande ocorréncia de
isdbmeros: no minimo 2 TAGs com diferentes distribuicbes de radicais acila, porém

resultando em uma mesma férmula elementar, que foram detectados em cada ion
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fragmentado. Entretanto, para alguns ions de algumas amostras até dez TAGs
isoméricos diferentes foram caracterizados a partir de seus fragmentos
caracteristicos. Os espectros de ESI(+)-QTOF, bem como a identificacao dos dez ions
mais abundantes foram apresentados para cada amostra. Observou-se que algumas
amostras apresentam perfil espectral bastante semelhante, como é o caso das
manteigas de babacu, murumuru e tucuma, ou para as amostras de 6leo de pataua e
buriti. Isso mostra que quando uma variedade grande de espécies é considerada,
dificilmente é possivel afirmar que cada amostra apresente um fingerprint Gnico e
exclusivo. Para diferenciar essas amostras, faz-se, entdo, necessario o emprego de
outras técnicas analiticas, focadas na analise de outras classes de compostos que
nao os TAGs.

Os espectros de ESI(+)-QTOF das amostras Amazbnicas também foram
comparadas com amostras de 6leos e gorduras comerciais e mais comumente usadas
como bleo de soja, milho, girassol, canola, coco, manteiga de leite de vaca, margarina,
azeite de oliva extra virgem, sebo bovino e banha de porco de uso culinario. A partir
da analise de componentes principais (PCA), foi possivel observar a formacgao de 3
grupos principais: manteigas compostas principalmente de acidos graxos de cadeia
curta saturada (babacu, tucuma, murumuru, ucuuba, 6leo de c6co e manteiga de leite
de vaca); 6leos com maior abundancia de acido oleico (acai, andiroba, pataua, buriti
e azeite de oliva); e 6leos com maior quantidade de &cido linoleico (soja, milho,
girassol, canola e murici); algumas manteigas desconectadas, como bacuri e cupuacu,
com composicdes mais proximas dos 6leos que de outras manteigas, bem como
alguns déleos com composi¢cdes intermediarias entre o grupo dos oleicos e dos
linoleicos, como a graviola, bacaca e castanha do para. As amostras de sebo bovino,
banha de porco e margarina, também se agruparam mais com outros 6leos do que
com manteigas. Essa andlise serviu principalmente para “posicionar”
comparativamente as amostras Amazdnicas frente a amostras mais conhecidas e
amplamente empregadas, o que pode ampliar ou corroborar novas aplicagdes e

formas de consumo.
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CAPITULO 4. CONCLUSOES E PERSPECTIVAS FUTURAS

No primeiro artigo desta tese, mostrou-se que a metodologia por ESI-MS por
infuséo direta do extrato metandlico, obtido de forma simples e rapida a partir de um
pequeno pedaco de madeira, possibilita de diferenciar amostras de mogno brasileiro
nativo e de mogno africano, usado para reflorestamento de areas devastadas.
Através da caracterizacdo de conjuntos especificos de marcadores fitoquimicos para
cada espécie, € possivel auxiliar na investigacao forense da exploracao ilegal de
mogno brasileiro, para assegurar que somente haja a exploracdo legal para fins
comerciais do mogno Africano em areas permitidas no Brasil.

Como pontos inéditos deste trabalho, destacam-se principalmente a
identificacdo de cinchonain no extrativo de S. macrophylla, bem como a
caracterizacado do mogno Africano que foi plantado no Brasil, e ndo de seu local nativo
no continente africano, que mostra que seus metabdlitos secundarios séo realmente
fatores mais caracteristicos de sua espécie, do que de seu local de origem.

Como perspectivas futuras, pretende-se extrapolar a metodologia para outras
espécies de arvores nativas e em extincdo, com o objetivo de criar um banco de dados
quimico para essas espécies, que futuramente pode ser usado em estudos de
exploracao ilegal de madeiras em solo brasileiro.

Ja no segundo artigo, descreveu-se a otimizacao de uma metodologia simples
para a determinacao rastreavel e exata dos valores de &'3C de ésteres metilicos de
acidos graxos, utilizando amostras de biodiesel de J. curcas como prova-de-conceito
para o método desenvolvido. Foi observado que a reacdo de transesterificagdo do
6leo utilizando o método classico com BF3 — metanol, agitacdo e aquecimento em
banho ultrassénico causam fracionamento isotépico e resultam em valores inexatos,
tendendo a ser positivamente tendenciosos em cerca de 2 mUr, o que de fato foi
observado para o padrdao de FAME C22:0 adicionado no comeco da reacdo. Devido
a este fato, os dados brutos de valores isotopicos para os FAMEs da J. curcas foram
normalizados usando os valores medidos pela técnica de GC-IRMS e os valores de
referéncia (obtidos por EA-IRMS) para o padrées secundarios de trabalho C22:0 e
C19:0, que atuam como padrao interno e externo, respectivamente: o primeiro para
corrigir ou minimizar qualquer fracionamento isotépico devido ao processo de

derivatizacdo; o segundo para corrigir exclusivamente qualquer erro aleatério na
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resposta instrumental do sistema de GC-IRMS. Desta forma, resultados mais exatos
puderam ser obtidos, sendo o valor médio global para todos os acidos graxos de todas
as amostras de J. curcas avaliadas de 5'3Cveps = - 29,51 + 1,03 mUr, enquanto o valor
obtido com EA-IRMS foi de -28,97 + 0,43 mUr, uma assinatura tipica de plantas de
metabolismo C3.

Esse artigo também demonstra que ferramentas de garantia de qualidade
devem ser aplicadas para determinacdes exatas e rastreaveis dos valores isotopicos,
especialmente nas analises de GC-IRMS, ja que os padrdes internacionalmente
aceitos para a normalizacdo da escala internacional ndo sdo compativeis com a
técnica de cromatografia gasosa. Isso também demonstra que a falta de materiais de
referéncia de isdtopos estaveis adequados pode ser parcialmente resolvida usando
padrbes secundarios de trabalho com os valores de referéncia devidamente
determinados pela EA-IRMS e rastreaveis a escala internacional, aplicando métodos
de normalizacdo adequados e obedecendo ao principio do tratamento idéntico para a
amostra e o padrao de referéncia.

Ja no terceiro artigo que compés esta tese, foi demonstrado que a técnica de
mobilidade idnica acoplada a espectrometria de massas permite a obtencao de um
perfil rapido de extratos de algas, ja que a nova dimensao da mobilidade ibnica ajuda
a visualizacdo das classes lipidicas. A variabilidade dos lipidios nas algas é
incrivelmente alta e sensivel aos parametros de cultivo, porém a classificacao
estatistica entre as amostras apontou que o principal pardmetro que influencia a
composicao dos extratos € o género e espécie da alga. A comparacgdo, tanto
estatistica ou dois a dois dos espectros das amostras pode ser muito Uutil,
principalmente se uma alga de referéncia for conhecida.

Entretanto, através da infusdo direta dos extratos, realizar a identificacao
abrangente de todos os ions das amostras é laboriosa. O alto grau de complexidade
da amostra requer uma metodologia mais poderosa. Para isso, a técnica UPLC-
HDMSE foi usada para caracterizar inequivocamente cerca 200 lipidios com base em
parametros muito intrinsecos dos ions detectados (massa precisa, padrao de
fragmentacdo e CCS). Certamente, as metodologias otimizadas e aplicadas neste
trabalho podem ser aplicadas em biorefinarias de producao de algas, para prever se
algumas algas especificas serao viaveis para a producao de biodiesel ou para outras

aplicacdées em biotecnologia.
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Por fim, no quarto e ultimo artigo que compls esta tese foi abordada a
caracterizacao detalhada da composicao 6leos e manteigas provenientes de quinze
espécies oleaginosas amazénicas, tanto com relacdo ao perfil de acidos graxos,
quanto ao dos TAGs intactos. Até onde se tem conhecimento, esse estudo é o mais
abrangente, com o maior nimero de amostras e com maior nivel de detalhamento
com relacdo a composicdo majoritaria para essas amostras ja realizado. Foram
detectados diversos isdbmeros de TAGs para 0 mesmo ion precursor, 0 que demonstra
que a complexidade destas amostras. Além disso, as amostras Amazdnicas também
foram comparadas com éleos e manteigas comerciais e cujo uso € mais trivial, com o
objetivo de posicionar as oleaginosas da Amazobnia frente a amostras mais
conhecidas, visando ampliar ou corroborar novas aplicacdes e formas de consumo.

As perspectivas futuras para este trabalho, jA& em andamento, sdo a
caracterizacao dos compostos minoritarios polares e dos componentes volateis,
também empregando técnicas de MS como ferramentas principais. Esses resultados,
irdo compor a parte Il e Ill deste compéndio. Espera-se que, contribuindo com a
geracao de mais literatura a cerca da composicao detalhada de 6leos e manteigas
amazonicas, mais aplicacoes sejam dadas a eles, fornecendo mais estratégias para
a garantia da autenticidade e qualidade, além de poder se estar auxiliando o
entendimento sobre suas propriedades através da identificacdo de compostos
bioativos. Tudo isso, para cada vez mais incentivar a produgao sustentavel e uso
adequado dos recursos da floresta Amazoénica.

As vérias aplicacdes da espectrometria de massas desta tese mostraram o
quanto esta técnica apresenta potencial para auxiliar na protecao de espécies nativas
brasileiras, tanto para a area de certificacdo e controle de exploracao de espécies
ameacadas, quanto para a ampliacdo de conhecimento acerca da nossa
biodiversidade, além de poder auxiliar pesquisas que busquem uso adequado e

sustentavel dos recursos naturais do planeta.
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