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RESUMO

O desenvolvimento dessa tese de doutorado foi constituido por alguns dos principais trabalhos
escritos pela aluna durante o periodo de p6s-graduacao, os quais podem ser considerados como
temas inovadores dentro da area de cromatografia, como por exemplo, a aplicacdo de colunas
tubulares abertas em cromatografia liquida, e 0 acoplamento da técnica com espectrometria de
massas com ionizacdo por impacto de elétrons. Além disso, o ultimo capitulo tras o
desenvolvimento de uma metodologia analitica para analise de N-nitrosaminas em
medicamentos da classe das sartanas, impureza com potencial carcinogénico a qual vem sendo
pauta de discussao e controle no mercado farmacéutico. Portanto, este trabalho visou contribuir
para o desenvolvimento de colunas tubulares abertas, do tipo - WCOT, para nanoLC-ESI-
MS/MS. Em um primeiro momento, foi proposta uma metodologia para a preparacdo dessas
colunas, adaptando o método proposto por Kurt Grob as condi¢cdes experimentais do
laboratério. Em seguida, foi feita uma triagem de fases estacionérias para o revestimento da
coluna WCOT. As fases testadas foram: OV-73, OV-17, OV-210, OV-225 e OV-275,
adquiridas da Ohio Valley. Para a avaliacdo das colunas, os padrbes de atrazina, clomazona e
metolacloro foram utilizados como padr@es analiticos. A fase estacionaria que apresentou 0s
melhores resultados para nanoLC-ESI-MS/MS, dentre as avaliadas, foi a OV-210 (50%
trifluoropropil 50% dimetil poli siloxano), que passou para a proxima etapa do trabalho:
otimizacdo da coluna WCOT. Nessa etapa de otimizacdo, foram avaliados parametros como
comprimento da coluna, didmetro interno, massa de fase estacionéria para revestimento da
coluna, volume de injecdo e, parametros cinéticos como velocidade linear 6tima e avaliacdo
performance-velocidade, pelos graficos de Van Deemter e Poppe, respectivamente. Por Gltimo,
a coluna WCOT otimizada foi acoplada a uma coluna trapping empacotada, a qual possibilitou
melhores resultados de separagdo cromatografica. O outro trabalho experimental consistiu no
desenvolvimento de uma metodologia analitica para analise de N-nitrosaminas em
medicamentos, no caso, em Losartana Potassica, amplamente consumido no tratamento de
hipertensdo. A metodologia consistiu na automatizagéo do preparo de amostra do tipo MEPS
(microextragédo por sorvente empacotado) em um sistema robatico controlado por arduino. O
método analitico foi desenvolvido e validado em UHPLC-APCI-MS/MS, e apresentou bons
resultados de linearidade, preciséo intra-dias e inter-dias, dentre outras figuras de mérito. O que
mais se destaca nessa metodologia é a capacidade de high-throughput do sistema robdético, o
qual permite a preparacdo de seis amostras simultaneas, em menos de 20 minutos, o0 que € um

grande avanco para 0 monitoramento dessas impurezas em analises de rotina.



ABSTRACT

The development of this doctoral thesis consisted of one of the main works written by the
student during the postgraduate period, which can be considered as innovative themes within
the field of chromatography, such as the application of open tubular columns in chromatography
liquid, and the coupling of the technique with mass spectrometry with electron impact
ionization. In addition, the last chapter brings the development of an analytical methodology
for the analysis of N-nitrosamines in drugs from the sartan class, an impurity with carcinogenic
potential which has been the subject of discussion and control in the pharmaceutical market.
Therefore, this work aimed to contribute to the development of WCOT-type open tubular
columns for nanoLC-ESI-MS/MS. At first, a methodology for the preparation of these columns
was proposed, adapting the method proposed by Kurt Grob to the laboratory's experimental
conditions. Then, a screening of stationary phases for coating the WCOT column was
performed. The phases tested were: OV-73, OV-17, OV-210, OV-225 and OV-275, purchased
from Ohio Valley. For column evaluation, atrazine, clomazone and metolachlor standards were
used as analytical standards. The stationary phase that presented the best results for nanoLC-
ESI-MS/MS, among those evaluated, was OV-210 (50% trifluoropropyl 50% dimethyl poly
siloxane), which went on to the next stage of the work: WCOT column optimization. In this
optimization step, parameters such as column length, internal diameter, mass of stationary
phase for column coating, injection volume and Kinetic parameters such as optimal linear
velocity and performance-velocity evaluation, using Van Deemter and Poppe graphs, were
evaluated. respectively. Finally, the optimized WCOT column was coupled to a packed trapping
column, which enabled better chromatographic separation results. The other experimental work
consisted in the development of an analytical methodology for the analysis of N-nitrosamines
in medicines, in this case, in Losartan Potassium, widely consumed in the treatment of
hypertension. The methodology consisted of automating MEPS-type sample preparation
(packaged sorbent microextraction) in an arduino-controlled robotic system. The analytical
method was developed and validated in UHPLC-APCI-MS/MS, and showed good results for
linearity, intra-day and inter-day precision, among other figures of merit. What stands out most
about this methodology is the high-throughput capacity of the robotic system, which allows the
preparation of six simultaneous samples in less than 20 minutes, which is a great advance for

the monitoring of these impurities in routine analyses.
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1 INTRODUCAO

Uma das tendéncias modernas para o campo da cromatografia liquida (LC) é a
miniaturizagdo da técnica, visando atingir o mesmo patamar alcancado pela cromatografia
gasosa capilar em termos de velocidade, eficiéncia e sensibilidade!?. Além disso, a LC
miniaturizada oferece varias vantagens que justificam o investimento nessa area, como a
reducdo do consumo de amostras e solventes para fase mdvel, aumento de eficiéncia (devido a
reducdo do diametro interno das colunas), possibilidade de aplicacdo da programacgéo de
temperatura, e principalmente o acoplamento com técnicas de detec¢cdo como a espectrometria
de massas®. Assim, varios esforcos vém sendo conduzidos ao longo dos tempos para
redimensionar todo o sistema cromatografico da LC convencional, bem como desenvolver
colunas com diametro interno inferiores.

Considerando os aspectos histdricos referentes a miniaturizacdo da LC, pode-se citar as
contribuicOes de Horvarth que é considerado um dos pioneiros na area*. Segundo seus estudos,
colunas capilares empacotadas de pequeno diametro eram mais eficientes do que capilares ndo
revestidos. Mais adiante, Tsuda e Novotny dedicaram esforcos para reduzir o didmetro interno
de colunas para uma faixa de 50-200 pm empacotadas com particulas de ~30-10 pm>®. Além
dessas contribuicdes que dizem respeito a colunas ainda tivemos esforcos para redimensionar
o sistema de LC, o qual foi conduzido por Ishii. Em seu trabalho foi desenvolvido um sistema
de LC de micro alta eficiéncia (MHPLC) compativel com colunas empacotadas® e tubulares
abertas (OT), o qual permitiu o progresso da LC miniaturizada durante a década de 80.

A instrumentacdo para LC miniaturizada foi sendo cada vez mais aprimorada com o
passar do tempo®1°. Atualmente temos equipamentos comerciais que entregam fluxos precisos
e sem pulsos, de forma reprodutivel, normalmente empregando bombas de pistdo duplo. E, para
fazer a injecdo de amostra, € muito comum o emprego de loop externo no qual os analitos sdo
focalizados na entrada da coluna, e posteriormente eluidos em uma banda estreita. Além disso,
é possivel controlar o volume a ser injetado e que seja compativel com a capacidade de carga
da coluna, considerando seu diametro!**2,

Dentro dessa area de instrumentacao, uma das grandes preocupacdes € o alargamento
de banda extra-coluna que pode comprometer a eficiéncia cromatografical®. Portanto, as
tubulaces devem ser redimensionadas de acordo com o diametro interno da coluna, sendo
considerado adequado tubulagdes com d.i. 125 e 250 um para colunas micro e capilares, e tubos
com d.i. <5 pum para colunas nano?. Com respeito aos detectores, normalmenteUV-Vis, o qual

€ 0 mais empregado, a célula de deteccdo precisa ser redimensionada para a escala de LC
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miniaturizada, cerca de 2-50 nL, porém, de acordo com a Lei de Lambert-Beer, a reducéo do
caminho dptico diminui a absorcdo dos analitos e, consequentemente, compromete a
detectabilidade®. Portanto, alguns dos detectores que vem sendo empregado com LC
miniaturizada é a fluorescéncia induzida por laser (LIF); detec¢éo eletroquimica (ECD); diodo
emissor de luz (LEDs), e principalmente, a espectrometria de massas***°.

Normalmente, quando falamos em acoplamento da LC miniaturizada com a
espectrometria de massas, a electrospray (ESI) € o modo de ionizacdo de maior
compatibilidade, devido sua ampla faixa de massas e capacidade de analisar compostos de
diversas classes!®!®, No entanto, diversas pesquisas vém sendo conduzidas para tentar acoplar
a ionizac&o por elétrons (El) ao LC, destacando-se o grupo do professor Cappiello*’*°. Como
a LC miniaturizada emprega fluxos de fase mdvel reduzido, a eliminacdo do solvente é
facilitada, o que permitiria o acoplamento com a El, assim sendo, faz-se necessario uma
interface para receber o fluxo da fase moével liquido proveniente da coluna e volatilizar os
analitos, antes de entrarem na fonte-EI.

Esse tipo de ionizacao ocorre sob condicBes de alto vacuo, em que as moléculas dos
analitos (na forma gasosa) sdo colididas com elétrons altamente energizados (70eV). A
vantagem em se empregar EI com LC, é a possibilidade de analisar compostos que ndo séo
facilmente analisados por ESI, além do perfil de fragmentacdo que € altamente reprodutivel, o
que permite identificar compostos desconhecidos a partir da comparacgao entre o espectro da
amostra com uma biblioteca de espectros (NIST)%.

Como pode ser visto, o progresso da LC miniaturizada envolve todo um
redimensionamento do sistema, bem como da coluna cromatogréfica, a qual é apontada por
Desmet como sendo o principal pilar dentro desse campo®?%. De forma generalizada, busca-se
reduzir o diametro interno dessas colunas que aliado a reducdo do fluxo da fase mével, ha uma
reducdo na diluicdo cromatografica. Ou seja, quanto menor o volume de liquido dentro da
coluna, menor a diluicdo da amostra, o que ira resultar numa reducdo da dispersdo e ganho de
sensibilidade. Outro aspecto que é levado em consideracdo é a reducdo do tamanho das
particulas, quando se trata de colunas empacotadas. Outros tipos de colunas que podem ser
empregadas em LC sdo as colunas monoliticas e as tubulares abertas, esta Gltima pouco
explorada ainda, e mais recentemente os chips microfluidicos, introduzidos na década de 90. A
seguir serd sumarizado as principais caracteristicas de cada tipo de coluna:

I) Colunas empacotadas: normalmente sdo constituidas por particulas baseadas em
silica, as quais podem ser superficialmente porosas (SP, core-shell), em que temos um ndcleo

solido revestido por uma fina camada porosa; as ndo porosas (NP), e as totalmente porosas (FP),
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comumente mais utilizadas®?2. Devido & redugdo do tamanho dessas particulas, ha um aumento
significativo na eficiéncia cromatogréafica, uma vez que o processo de transferéncia de massa
entre a fase estacionaria e movel é facilitado. No entanto, essa reducdo de tamanho gera uma
grande pressdo no sistema cromatografico, o que requer bombas que suportem altas pressoes®®.
Justamente por essa razdo que o desenvolvimento da LC miniaturizada foi concretizado com o
redimensionamento do sistema, e aprimoramento de bombas para entrega de solventes.

I1) Colunas monoliticas: sdo outra possibilidade de colunas preenchidas, porém nesse
caso com um material poroso, constituidos por macroporos e mesoporos. Tal material oferece
menor pressdo ao sistema, e rapida transferéncia de massa, o que permite o uso de fluxo de fase
movel mais elevados e tempos de analise reduzidos®. Essa fase porosa é produzida in-situ na
coluna, e pode ser de composicdo inorganica ou organica. Os polimeros inorganicos
normalmente sdo baseados em silica, e apresentam porosidade superior a 80%, logo, sdo
altamente eficientes em separacdo de moléculas pequenas, aliado a uma baixa pressdo.
Contudo, uma de suas desvantagens é a adesdo da fase a parede do tubo®. Por outro lado, os
polimeros organicos sdo mais utilizados, devido sua facilidade de preparacdo e, normalmente
sdo utilizados para analise de moléculas grandes. Sua principal limitacédo é a instabilidade frente
a solventes orgéanicos.

[11) Colunas tubulares aberta: sdo caracterizadas por um tubo vazio de silica fundida
revestido por uma fina camada de fase estacionéria, a qual pode ser de natureza porosa (PLOT
— porous layer open tubular column), ou ndo-porosa (WCOT- wall open tubular column)?324,
Do ponto de vista tedrico, sdo consideradas as colunas mais promissoras para LC miniaturizada,
sendo consideradas mais eficientes que uma coluna empacotada, isso pois, ndo apresentam o
efeito do termo A (dispersao longitudinal/ efeito de multiplos caminhos da equacdo de Van
Deemter) a qual as colunas empacotadas estdo susceptiveis. Por essa razdo, as colunas tubulares
apresentam um menor alargamento de banda, o que garante um maior numero de pratos
tedricos. Além disso, apresentam baixa pressdo, grande permeabilidade a fase mével o que
permite o emprego de fluxos de fase movel mais elevados. Contudo, uma das suas grandes
limitacdes ¢ a capacidade de carga que é bem inferior & uma coluna empacotada®. Com relagéo
a composicdo da fase estacionaria, as colunas PLOT, normalmente mais estudadas para LC, sdo
baseadas em polimeros de polidivinilbenzeno (DVB) e polimetacrilato (PMMA). J4 as colunas
WCOT séo normalmente baseadas em polimeros de dimetil polisiloxano (DMPS).

IV) Chips microfluidicos: os sistemas baseados em chips sdo uma forma de aumentar a
portabilidade em um Unico dispositivo entre as principais fun¢es da LC: amostragem,

transporte de amostras, separacio e deteccdo?%. Além dessa portabilidade, os chips ainda
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podem oferecer maior confiabilidade, velocidade de anélise, e reducao de custos. Em termos de
estrutura, os chips podem ter os mesmos formatos que as colunas convencionais: empacotado
com particulas, a qual apresenta maior capacidade de carga e reprodutibilidade; do tipo
monoliticas e tubulares abertas, estas ultimas com maior resisténcia ao fluxo da fase movel,
porém com menores capacidades de carga, o que dificulta a detec¢do de analitos em baixas
concentragdes®?’.

Em suma, o aprimoramento da LC miniaturizada esta voltado principalmente para o
desenvolvimento de colunas, e para a construcdo de dispositivos mais portateis como os chips.
Porém, algumas colunas ja sdo mais robustas que outras, a exemplo as empacotadas que séo
mais conceituadas do que as colunas monoliticas e tubulares abertas. Considerando que
teoricamente as colunas tubulares abertas podem ser uma boa opcdo para LC miniaturizada,
ainda se faz necessario diversos estudos na area, visando superar as limitacdes desse tipo de

coluna, para que futuramente possa ser empregado em laboratérios de andlise de rotina.

2 REFERENCIAS BIBLIOGRAFICAS

1GOLAY, M. J. E. Vapor phase chromatography and the telegrapher’s equation. Analytical
Chemistry,Washington, v. 29, n. 6, p. 928-932, Jun. 1957.

2VARGAS MEDINA, D. A.; SOARES MACIEL, E. V.; LUCIA DE TOFFOLI, A ;
LANCAS, F. M. Miniaturization of liquid chromatography coupled to mass spectrometry. 2.
Achievements on modern instrumentation for miniaturized liquid chromatography coupled to
mass spectrometry. TrAC Trends in Analytical Chemistry, Amsterdam, v.128, p. 2-17, Jul.
2020.

SMEJIA-CARMONA, K.; SOARES DA SILVA BURATO, J.; BORSATTO, J. V. B.; DE
TOFFOLI, A. L.; LANCAS, F. M. Miniaturization of liquid chromatography coupled to mass
spectrometry. TrAC Trends in Analytical Chemistry, Amsterdam, v. 122, p. 2-15, Jan.
2020.

*HORVATH, C. G.; PREISS, B. A.; LIPSKY, S. R. Fast liquid chromatography.
Investigation of operating parameters and the separation of nucleotides on pellicular ion
exchangers. Analytical Chemistry, Washington, v. 39, n. 12, p. 1422-1428, Out. 1967.

STSUDA, T.; NOVOTNY, M. Packed microcapillary columns in high performance liquid
chromatography. Analytical Chemistry, Washington, v. 50, n. 2, p. 271-275, Fev. 1978a.

STSUDA, T.; NOVOTNY, M. Band-broadening phenomena in microcapillary tubes under the
conditions of liquid chromatography. Analytical Chemistry, Washington, v. 50, n. 4, p. 632—
634, Abr. 1978b.

"HIBI, K.; ISHII, D.; FUJISHIMA, I.; TAKEUCHI, T.; NAKANISHI, T. Studies of open



15

tubular micro capillary liquid chromatography. 1. The development of open tubular micro
capillary liquid chromatography. Journal of High Resolution Chromatography, Hoboken,
v.1,n. 1, p.21-27, Jul. 1978.

8ISHII, D.; ASAI, K.; HIBI, K.; JONOKUCHI, T.; NAGAYA, M. A study of micro-high-
performance liquid chromatography: 1. Development of technique for miniaturization of high-
performance liquid chromatography. Journal of Chromatography A, Amsterdam, v. 144, n.
2, p. 157-168, Dez. 1977.

SLYNCH, K. B.; CHEN, A.; LIU, S. Miniaturized high-performance liquid chromatography
instrumentation. Talanta, Amsterdam, v.177, p. 94-103, Jan. 2018.

10/ASCONCELOS SOARES MACIEL, E.; DE TOFFOLI, A. L.; SOBIESKI, E.;
DOMINGUES NAZARIO, C. E.; LANCAS, F. M. Miniaturized liquid chromatography
focusing on analytical columns and mass spectrometry: a review. Analytica Chimica Acta,
Amsterdam, v. 1103, p. 11-31, Mar. 2020.

UBLUE, L. E.; FRANKLIN, E. G.; GODINHO, J. M.; GRINIAS, J. P.; GRINIAS, K. M.;
LUNN, D. B.; MOORE, S. M. Recent advances in capillary ultrahigh pressure liquid
chromatography. Journal of Chromatography A, Amsterdam, v. 1523, p. 17-39, Nov.
2017.

12NAZARIO, C. E. D.; SILVA, M. R.; FRANCO, M. S.; LANCAS, F. M. Evolution in
miniaturized column liquid chromatography instrumentation and applications: an overview.
Journal of Chromatography A, Amsterdam, v. 1421, p. 18 -37, Nov. 2015.

13NAZARIO, C. E. D.; FUMES, B. H.; SILVA, M. R.; LANCAS, F. M. Miniaturized column
liquid chromatography. In: HUSSAIN, C. M. (ed.). Nanomaterials in chromatography:
current trends in chromatographic research technology and techniques. Amsterdam: Elsevier,
2018. p. 359-385.

YHEUS, F.; GIERA, M.; DE KLOE, G. E.; VAN IPEREN, D.; BUIJS, J.; NAHAR, T. T.;
SMIT, A. B.; LINGEMAN, H.; DE ESCH, I. J. P.; NIESSEN, W. M. A.; IRTH, H.; KOOL, J.
Development of a microfluidic confocal fluorescence detection system for the hyphenation of
nano-LC to on-line biochemical assays. Analytical and Bioanalytical Chemistry, London,
v. 398, n. 7-8, p. 3023-3032, Dez. 2010.

BKALAY, H.; AMBROSINI, M.; CHIODO, F.; VAN KOOYK, Y.; GARCIA-VALLEJO, J.
J. Enhanced glycan nanoprofiling by weak anion exchange preparative chromatography, mild
acid desialylation, and nanoliquid chromatography-mass spectrometry with nanofluorescence
detection. Electrophoresis, Hoboken, v. 34, n. 16, p. 2350-2356, Ago. 2013.

1 CHETWYND, A. J.; DAVID, A. A review of nanoscale LC-ESI for metabolomics and its
potential to enhance the metabolome coverage. Talanta, Amsterdam, v. 182, p. 380-390, Jan.
2018.

Y"CAPPIELLO, A.; FAMIGLINI, G.; PIERINI, E.; PALMA, P.; TRUFELLI, H. Advanced
liquid chromatography-mass spectrometry interface based on electron ionization. Analytical
Chemistry, Amsterdam, v. 79, n. 14, p. 5364-5372, Jun. 2007.



16

18CAPPIELLO, A.; FAMIGLINI, G.; PALMA, P.; PIERINI, E.; TERMOPOLI, V.;
TRUFELLLI, H. Direct-El in LC-MS: towards a universal detector for small-molecule
applications. Mass Spectrometry Reviews, Hoboken, v. 30, n. 6, p. 1242-1255, Nov. 2011.

YTERMOPOLI, V.; FAMIGLINI, G.; PALMA, P.; PIERGIOVANNI, M.; ROCIO-
BAUTISTA, P.; OTTAVIANI, M. F.; CAPPIELLO, A.; SAEED, M.; PERRY, S. Evaluation
of a liquid electron ionization liquid chromatography—mass spectrometry interface. Journal
of Chromatography A, Amsterdam, v. 1591, p. 120-130, Apr. 2019.

2PALMA, P.; FAMIGLINI, G.; TRUFELLI, H.; PIERINI, E.; TERMOPOLI, V.;
CAPPIELLO, A. Electron ionization in LC-MS: recent developments and applications of the
direct-El LC-MS interface. Analytical and Bioanalytical Chemistry, Washington, v. 399, n.
8, p. 2683-2693, Mar. 2011.

2IDESMET, G.; EELTINK, S. Fundamentals for LC Miniaturization. Analytical Chemistry,
Amsterdam, v. 85, n. 2, p. 543-556, Jan. 2013.

22UNGER, K. K.; LIAPIS, A. I. Adsorbents and columns in analytical high-performance
liquid chromatography: a perspective with regard to development and understanding. Journal
of Separation Science, Hoboken, v. 35, n. 10-11, p. 1201-1212, Jun. 2012.

Z3LAM, S. C.; SANZ RODRIGUEZ, E.; HADDAD, P. R.; PAULL, B. Recent advances in
open tubular capillary liquid chromatography. Analyst, London, v. 144, n. 11, p. 3464-3482,
Dez. 2019.

247ZHU, M.; ZHANG, L.; CHU, Z.; WANG, S.; CHEN, K.; ZHANG, W.; LIU, F. Preparation
and evaluation of open-tubular capillary columns modified with metal-organic framework
incorporated polymeric porous layer for liquid chromatography. Talanta, Amsterdam, v. 184,
p. 29-34, Jul. 2018.

HAGHIGHI, F.; TALEBPOUR, Z.; NEZHAD, A. S. Towards fully integrated liquid
chromatography on a chip: evolution and evaluation. TrAC - Trends in Analytical
Chemistry, Amsterdam, v. 105, p. 302-337, Aug. 2018.

YUAN, X.; OLESCHUK, R. D. Advances in microchip liquid chromatography. Analytical
Chemistry, Amsterdam, v. 90, n. 1, p. 283-301, Nov. 2018.

2ITSUNODA, M. On-Chip liquid chromatography. Encyclopedia, Basel, v. 2, n. 1, p. 617—
624, Mar. 2022.



17

3 OBJETIVOS

3.1 Objetivos gerais

O presente projeto tem por finalidade realizar o preparo, otimizacdo e aplicacdes
analiticas de colunas tubulares aberta do tipo WCOT, em sistema de nano cromatografia
acoplada a espectrometria de massas em tandem (nanoLC-ESI-MS/MS).

3.2 Objetivos especificos
Para alcancar os objetivos gerais mencionados, os objetivos especificos serdo:

e Elaborar um procedimento para o preparo de colunas tubulares abertas do tipo WCOT,
considerando as condicdes ja descritas na literatura e adaptando-as as condicdes
experimentais do laboratério de pesquisa onde o presente trabalho € desenvolvido.

e Auvaliar diversos materiais empregados como fase estacionéria para a preparacdo das
colunas WCOT, visando eleger a melhor fase (com desempenho adequado) para
prosseguir nas etapas de otimizacéo da coluna.

e Preparar a coluna WCOT com a fase estacionaria de melhor desempenho e otimiza-la
para o sistema de nanoLC-ESI-MS/MS. Os parametros a serem otimizados sao:
comprimento do tubo, diametro interno, massa de fase estacionéria e volume de injecao.

e Estudar o efeito do acoplamento da coluna WCOT otimizada acoplada a uma coluna
empacotada com particulas, em modo de extracdo, para avaliar o efeito sobre a

separagdo cromatografica.



Capitulo 2

Coletanea de artigos cientificos
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1 COLETANEA DE ARTIGOS CIENTIFICOS

A area de quimica analitica pode ser subdividida em trés partes: preparo de amostra,
separacdo cromatogréafica e deteccéo, as quais foram devidamente estudadas nesse projeto de
Doutorado direto. Primeiramente, o projeto maior foi voltado para o desenvolvimento de
colunas tubulares abertas, do tipo WCOT, para separacdo cromatografica por nano
cromatografia liquida acoplada a espectrometria de massas. Dentro desse arranjo, fora feito
estudos utilizando electrospray como fonte de ionizagédo, contudo, 0 que gostariamos de esperar
no futuro da cromatografia moderna, ¢é a aplicacdo de colunas WCOT em sistemas de nanoL.C-
EI-MS/MS. Assim sendo, diversos artigos cientificos foram publicados em periddicos de alto
fator de impacto, no qual, foram abordadas as principais interfaces utilizadas para fazer o
acoplamento entre a LC com a ionizacdo por elétrons (EI), suas limitacfes a serem superadas,
e também as vantagens desse acoplamento.

Por ultimo, foi desenvolvido um método miniaturizado e automatizado de preparo de
amostra para analise de N-nitrosaminas em matriz de medicamentos (comprimidos), mais
especificamente em losartana, a qual é amplamente utilizada por pacientes hipertensos. Tal
método foi otimizado por planejamento experimental, e depois validado segundo as normativas
da RDC n°166/2017 da ANVISA e ICH Q2(R2). Portanto, essa tese foi estruturada na forma
de coletanea de artigos cientificos, visando demonstrar a abrangéncia da formacao cientifica do
pesquisador de Doutorado dentro da area de quimica analitica.

A seguir sera feito um breve resumo de cada artigo que compde a tese, e no Capitulo 9,
ha a citacdo de todos os artigos escritos pela aluna.

1. An overview of open tubular liquid chromatography with a focus on the coupling with
mass spectrometry for the analysis of small molecules. Journal of Chromatography A.

Esse artigo de revisdo visa apresentar uma viséo tedrica de como as colunas tubulares
abertas podem ser um grande exemplo de coluna de alta performance para cromatografia liquida
miniaturizada. Contudo, estudos tedricos predizem que para alcancarmos eficiéncia de uma
OTLC como ja temos em cromatografia gasosa, é necessario preparar colunas com diametro
interno na faixa de 2 um, o que talvez ainda possa ser um grande desafio a comunidade
cientifica.

Assim sendo, o artigo vem trazer uma visao geral dos dois tipos de colunas tubulares

abertas disponiveis: as colunas do tipo wall coated open tubular column (WCOT) revestidas
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por um filme liquido polimérico em sua parede e, a porous layer open tubular column (PLOT)
revestidas por um filme polimerico poroso.

Também ¢ apresentada a possibilidade de acoplamento entre as colunas OT com a
cromatografia liquida e espectrometria de massas. Em se tratando de MS, a fonte de ionizacao
mais comum nesse tipo de cromatografia é a electrospray (ESI), porém, diversas pesquisas vém
tentando aplicar a nanoLC com impacto de elétrons (El), e usando colunas OT.

2. Development of Wall-Coated Open Tubular Columns and Their Application to Nano
Liquid Chromatography Coupled to Tandem Mass Spectrometry. Molecules.

Em sequéncia, é apresentado um artigo de pesquisa no qual é desenvolvido colunas
tubulares abertas do tipo WCOT para aplicacdo em cromatografia liquida acoplada a
espectrometria de massas em tandem com ionizacdo por electrospray (ESI). A principio foi
descrita uma metodologia para preparo de colunas, que constitui uma adaptacdo ao método
proposto por Grob, o idealista de colunas tubulares abertas para cromatografia gasosa.

Adiante, foi feita uma otimizacdo dessas colunas, no qual alguns pardmetros que
pudessem afetar a eficiéncia dessas colunas foram avaliados, sendo eles: comprimento do tubo,
diametro interno da coluna, massa de fase estacionaria liquida que ird impactar na espessura do
filme e, volume de injecdo. Algumas outras avaliacbes também foram conduzidas, de carater
mais tedrico, como a avaliacdo da velocidade linear da coluna, e a relacdo
performance/velocidade (Grafico de Poppe).

Por altimo foi feito o acoplamento da coluna WCOT com uma coluna trapping

empacotada, para avaliar se ha um aumento na eficiéncia de separacdo do método.

3. Current prospects on nano liquid chromatography couplet to eléctron ionization mass
spectrometry (nanoLC-EI-MS). Journal of Liquid Chromatography & Related

Technologies.

Esse artigo de revisdo vem trazer uma visdo sobre o acoplamento da cromatografia
liquida a ionizacdo de elétrons (EI), comumente aplicada somente em cromatografia gasosa.
Ainda enfrentamos dificuldades para fazer esse acoplamento, uma vez que o El trata-se de uma

ionizacdo sob condigdes de vacuo, portanto, o eluato da coluna analitica deve entrar na camara
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de ionizacdo na forma gasosa, 0 que ja é inviabilizado pela cromatografia liquida, em que o
eluato é liquido.

Assim, as pesquisas dentro dessa area, dando destaque principalmente ao grupo do
professor Cappiello/Italia, visam desenvolver interfaces capazes de possibilitar o acoplamento
entre a LC e El, ou seja, tais dispositivos tem por funcdo conveter o eluato da LC liquido em
uma forma gasosa, antes de adentrarem a camara de ionizacdo em condicGes a vacuo. Nesse
artigo em especifico sdo apresentadas as interfaces mais novas: direct-El, liquid eléctron

ionization inteface (LEI) e a Cold-ELI.

4. Electron ionization mass spectrometry: Quo vadis? Electrophoresis.

Este artigo de revisdo é apenas uma complementacdo do artigo anterior no que diz
respeito ao acoplamento entre a cromatografia liquida e a ionizacao por elétrons (EI). Contudo,
tal artigo acaba trazendo uma visao mais aprofundada e sistematica sobre todas as interfaces ja

desenvolvidas para fazer o acoplamento LC-EI.

5. Microextraction by packed sorbent of N-nitrosamines from Losartan tablets using a
high-throughput robot platform followed by liquid chromatography -tandem mass

spectrometry. Journal of Separation Science.

Esse artigo de pesquisa foge do tema proposto para a tese, contudo, surgiu de uma
necessidade de controle de N-nitrosaminas em medicamentos. Desde 2018, foram reportados
tais impurezas cancerigenas em medicamentos aplicados para hipertensdo (principalmente da
classe das sartanas), que levou a varios recalls no mercado mundial. Portanto, o objetivo aqui
foi propor uma metodologia de preparo de amostra baseado em MEPS (microextracdo em fase
solida) automatizado em um rob6 experimental desenvolvido no proprio laboratério de
pesquisa. Assim, foi feita toda a otimizacgdo experiemental, desde a escolha do melhor sorvente,
e das condicdes de extracao: ciclos de extracao, ciclos de dessor¢do, dentre outros parametros.

Apos toda a otimizagdo do preparo de amostra, fora desenvolvido um método analitico
por cromatografia liquida acoplada a espectrometria de massas em tandem com ionizacéo
guimica a pressdo atmosférica (UHPLC-APCI-MS/MS), no qual foram avaliadas as principais
figuras de mérito analitico (LOD, LOQ, linearidade, precisdo, exatiddo, fator de

enriquecimento, etc).
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ABSTRACT

Open tubular liquid chromatography (OT-LC) can provide superior chromatographic performance and
more favorable mass spectrometry (MS) detection conditions. These features could provide enhanced sen-
sitivity when coupled with electrospray ionization sources (ESI-) and lead to unprecedented detection ca-
pabilities if interfaced with a highly structural informative electron ionization (EI) source. In the past, the
exploitation of OT columns in liquid chromatography evolved slowly. However, the recent instrumental
developments in capillary/nanoLC-MS created new opportunities in developing and applying OT-LC-MS.
Currently, the analytical advantages of OT-LC-MS are mainly exploited in the fields of proteomics and
biosciences analysis.

Nevertheless, under the right conditions, OT-LC-MS can also offer superior chromatographic performance
and enhanced sensitivity in analyzing small molecules. This review will provide an overview of the latest
developments in OT-LC-MS, focusing on the wide variety of employed separation mechanisms, innovative
stationary phases, emerging column fabrication technologies, and new OT formats. In the same way, the
OT-LC's opportunities and shortcomings coupled to both ESI and EI will be discussed, highlighting the
complementary character of those two ionization modes to expand the LC's detection boundaries in the

performance of targeted and untargeted studies.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The remarkable instrumental advances of the last two decades
make the capillary and nano liquid chromatography coupled to
mass spectrometry (Capillary/nano-LC-MS) the primary analytical
technique of interest in many scientific areas [1-3]. Capillary/nano-
LC can provide not only enhanced sensitivity when coupled with
the traditional electrospray ionization sources (ESI-MS) [2] but also
unprecedented detection capabilities derived from its emerging
coupling with the electron ionization mode (EI-MS) [4]. Up to date,
capillary/nano LC-MS interfacing has been mainly based on ex-
ploiting filled (monolithic and particle-packed) columns. The study
of open tubular (OT) columns in this field has remained somewhat
neglected in the last 30 years.

* Corresponding author. Tel: +(55) 16 3373 9983; Fax: +(55) 16 3373 9984. E-
mail address: (F. M. Langas)
E-mail address: flancas@iqgsc.usp.br (M. Langas).

https://doi.org/10.1016/j.chroma.2021.461989
0021-9673/© 2021 Elsevier B.V. All rights reserved.

Although the OT analytical columns have only recently been
reintroduced into liquid chromatography (LC), after a long time
without novelties in this niche, recent studies have demonstrated
their practical applicability in proteomics, metabolomics, and other
areas in which quantities of samples are quite reduced [5]. New
research and important innovation and developments in OT-LC-MS
have being done in the last years. New stationary phases, with di-
versified retention and separation mechanisms, are being explored,
while alternative column formats and microfabrication techniques
have brought new insight into the OT-LC potentialities.

Although we think of packed columns as synonymous with LC
nowadays, it was different in the '60s, '70s, and '80s. At that time,
substantial efforts were made to develop OT-LC systems capable
of providing competitive performance, predicted by the theoreti-
cal considerations. Although early promising results were obtained
[6], the OT-LC systems’ evolution was mainly hindered by the dif-
ficulties to prepare columns with an optimal inner diameter (2-10
pm) for LC applications. Also, the lack of instrumentation to handle
the very low flow rates, and to detect with minimal band broad-
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ening contribution, retarded the progress of the OT-LC systems.
Nowadays, the recent advances in miniaturized LC instrumentation
have made the reborn of the OT-LC investigation, mainly thanks to
the Karger research group, who have produced new land-marking
studies on this technology [7].

Although in the light of the current stationary phases that
classification can be questioned, OT-LC columns have been his-
torically categorized into two main groups: WCOT (Wall Coated
Open Tubular) and PLOT (Porous Layer Open Tubular). Between
those, PLOT has been more exploited in LC applications due to
their bigger sample capacity derived from the porous layer em-
ployed as the stationary phase. Hence, PLOT columns were rein-
troduced recently by Karger et al. [8,9], who prepared a 10 pum i.d.
PLOT columns recovering the capillary inner wall with a porous
poly(styrene-divinylbenzene) (PS-DVB) film, showing their appli-
cability on mono and multidimensional separations. That study
exposed new opportunities for the PLOT columns coupled with
modern instrumentation. After that, other studies started to be
published using PLOT columns, which became the main kind of
columns exploited in OT-LC [10-12]. On the other hand, although
WCOT columns are almost the only column-type used in current
GC, in LC, those have received less attention once its stationary
phase, conformed by a thin non-porous film, provides low sam-
ple capacity [13]. Nevertheless, new and interesting insights in
the exploitation of very narrow WCOT columns in LC applications
had been recently introduced by the Liu research group [14-17]
and presented in the next sections. Other types of OT columns,
such as the support-coated open tubular columns (SCOT) [18],
also were described in the past, but hitherto they practically were
forgotten.

The more frequent use of PLOT in LC and WCOT in GC has con-
fused some current nomenclature. Usually, the term OT has been
used as synonymous with PLOT in LC while with WCOT in GC.
Most modern publications do not differ between these types of OT
columns in their titles and keywords; so that searching for a spe-
cific kind of OT column could be challenging.

Although recently mainly used in proteomic analysis, OT
columns present some unique characteristics in the LC-MS anal-
ysis of small molecules. From the chromatographic point of view,
OT columns can provide superior column efficiency, higher overall
peak capacity, and higher column permeability [12,13,19]. Guthrie
and Jorgenson published one of the landmark works that showed
the potentials of OT-columns in 1983 [20]. On that paper, the the-
ory and fabrication of reversed-phase capillary OT columns for
liquid chromatography is described and discussed. Additionally,
the advantages and limitations were also explored. The authors
showed the superior efficiency obtained on smaller inner diame-
ter columns of capillary dimensions as a major advantage and the
required miniaturization on detection system as the main limita-
tion at that time. In the last decades, new detection cells and MS
interfaces were developed to better fit the capillary and nanoscale
flow rates, reducing the detection limitations that were present
in the past. The factor that causes the improvement of efficiency
on OT-columns is the use of the stationary phase in thin-film
formats generates columns with a void in the capillary center,
which drastically reduces the multipath dispersion factor (A-term,
van Deemter equation). Consequently, more significant chromato-
graphic efficiencies can be obtained [21]. At same efficiency values,
OT columns have separation impedance 100-times lower than the
packed ones. As a consequence, OT columns can theoretically pro-
vide separation 100-times faster or afford enhanced resolution for
the same time of analysis [22].

Fig. 1a represents the increment in the ratio between the re-
duced linear velocity and the reduced plat height. As the A-term
value, which is related to the multipath dispersion, is reduced, the
separation performance improves [23]. Moreover, for the A-term
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value of zero, near to that obtained from OT columns, the optimal
efficiency is found to be faster than for particle-packed and mono-
lithic columns (with higher A-term values).

That improved performance of OT columns also was confirmed
by Desmet and coworkers, who developed a metric that allows a
better comparison of OT and packed columns [24]. This metric,
called kinetic performance factor (KPF), is a dimensionless met-
ric that shows a trade-off between separation, analysis time, and
pressure. The KPF approach projects that both PLOT and WCOT
columns would reach higher performance in a shorter time than
obtained with the filled columns and even the modern pillar ar-
ray columns (PACs), as displayed in Fig. 1b. The main factor that
makes OT columns performed better than packed columns for
LC is the filling material’s absence. This allows a very low col-
umn pressure drop and a much better column permeability, in-
creasing the value on the maximum Kkinetic performance factor
[25]. Based on those considerations, it is also possible to conclude
that WCOT columns, in theory, would perform better than PLOT
columns.

On the other hand, the capillary inner diameter also affects the
column performance; the smaller the tube’s inner diameter (i.d.),
the higher the chromatographic efficiency. Knox and Gilbert [21],
based on the Taylor equation [26], early demonstrated that the
plate height is directly proportional to the capillary inner diameter.
The plot presented in Fig. 1c shows this difference in performance
and was obtained from data calculated for OT columns from 10 to
100 pm i.d., 25 cm length, and a linear velocity of the mobile phase
of 1 cm/s. A significant advantage of the smaller diameters is that
it allows the columns to be operated at significantly reduced linear
velocity, resulting in better separations [27].

Likewise, thicker films provide a more significant area for the
analyte interaction and reduce the diffusion rate between phases,
leading to a reduction in column performance (Fig. 1d) [28]. Nev-
ertheless, it is essential to highlight that those considerations are
dependent on stationary phase-type and its chemistry. For exam-
ple, Poppe and coworkers [29] studied the effect of the film thick-
ness and column i.d. on different stationary phases (liquid-liquid
and siloxanes), concluding that both presented differences in sep-
aration performance and column loadability.

On the other hand, when coupled with mass spectrometry
(MS), the OT columns can offer significant advantages such as i)
The OT column’s very low optimal flow rates (<100 nL/min) are
more appropriate than those used for packed columns obtaining
enhanced sensitivity using nanoESI sources. ii) Reduced backpres-
sures and their capability to offer diversified chemical interac-
tions with adequate retention, even operating under up to 100 %
of organic solvent, makes the OT columns more suitable for the
capillary/nano-LC coupling with EI sources. iii) OT columns can be
connected directly from the injection port to the ionization source,
avoiding additional connections and mitigating the extra-column
band broadening contributions.

In this review, we provide an overview of the OT-LC-MS state
of the art and its prospects in the analysis of small organic com-
pounds (MW <1000 Da). New and emergent technologies in the
OT column fabrication and innovative stationary phase develop-
ment are summarized, establishing a clear differentiation between
PLOT and WCOT OT-columns and highlighting the differences and
similarities in their stationary phase synthesis. We underline the
main instrumental advancements, opportunities, and shortcomings
of the OT-LC coupling to mass spectrometry, highlighting the EI
complementary character to the ESI ionization mode. Finally, lists
of the publications describing the application of OT-LC-MS to small
molecules’ analysis are presented. For each paper summarized in
those lists, analytes, the type of separation, stationary phase, col-
umn dimension, and detection system are also described and com-
mented on.
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Fig. 1. Evaluation of important metrics of capillary columns in different columns configuration. a) Representation of v/h in function of v for coluns with values of A of 0,
1, 2, and 3. Reprinted with permission of [23]; b) Void time (tM) vs. efficiency (Ec), at maximum kinetic performance factor (ec,max). Reprinted with permission of [24]; c)
Efficiency (N) in the function of the retention factor for OT columns of different i.d. Reprinted with permission of [21]; d) Reduced plate in function to the reduced linear
velocity of varying film thickness ratios (1 = dffi.d.). (a) 0.001, (b) 0.05, (c) 0.125, (d) 0.25, (e) 0.5, (f) 1.0, and (g) 2.0. Reprinted with permission of [23].
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Fig. 2. Chromatogram for separating pepsin/trypsin digested E. coli lysate using a i.d. of 2 um i.d x 160-cm-long OT column (70% OTMS), reported by Liu and coworkers

[14].

2. New OT-LC columns and their role in the analysis of small
molecules

Nowadays, although the application in the proteomics field and
the reverse (RP) mode of elution are predominant, the use of OT
columns for the separation of small molecules has also started to
get researchers’ attention in recent years. In the last decades, a
wide diversity of OT columns using innovative materials as sta-
tionary phases have been assessed in the separation of diverse
classes of organic compounds, not only via RP [30] but also in-
volving hydrophilic interaction chromatography (HILIC) [31], chi-
ral chromatography [32], and micellar chromatography [33], among
other separation mechanisms.

The development of stationary phases based on nanoparticles
(NPs), micelles [31], metal-organic frameworks (MOFs) [34], al-
lotropic carbon materials [35], and molecular recognition function-
alities, such as cyclodextrin [32], and imprinted polymers (MIP)
[36], enriched the scientific activity in OT-LC development and ap-
plication [37,38].

Moreover, OT columns also have the advantage of not requiring
frits, so that this type of column allows the exploration of alterna-
tive column formats. These formats include multiple parallel chan-
nels columns prepared in photonic crystal fibers (FS-PCFs) [30] and
the on-chip LC devices obtained via modern microfabrication tech-
nologies [39,40], as will be explained in the following sections.

2.1. Wall coated open tubular columns (WCOT)

WCOTs are characterized by the use of a non-porous thin film
(usually 0.2 - 0.5 pm) as a stationary phase [41]. The most com-
mon WCOT stationary phases are based on high molecular weight,
low volatility, and high viscosity polydimethylsiloxane polymers
(PDMS) [42]. The substitution of the functional groups present in
the pending siloxane groups leads to several types of phases with
different polarities. The typical groups substituting the methyl ones
from the PDMS include phenyl, cyano, and vinyl groups [43,44],
polyethylene glycols (PEGs) - such as Carbowax-20M, superox and
innovax - and other groups as GeO,-PDMS, TiO,-PDMS, polypyr-
role, and 3-mercaptopropyltrimethoxylanosilica [13].

The preparation of WCOT columns can be performed by a dy-
namic [41] or static procedure [45]. Although the dynamic proce-
dures are faster and more straightforward, those lead to smaller
phase ratios and inaccurate control of the film’s thickness. Hence,
static procedures have more spread used [13,22]. Briefly, the pro-
cedure involves the following steps: i) the capillary pre-treatment,
under acidic or alkaline conditions, ii) the capillary washing, iii)
dehydrating the capillary in an oven, iv) the persylation via the
application of a silanizing agent to the tube wall (disilazanes,
disiloxanes, and chlorosilanes), and v) immobilization of the sta-

tionary phase by crosslinking with the aid of radical generators
agents, such as peroxides (t-butyl peroxide (TBP), benzoyl perox-
ide (BP), dicumyl peroxide (DCP) and 2,4-dichlorobenzoyl perox-
ide (DCBP) [46]) or azo compounds (azo-t-butane (ATB) and azo-t-
octane (ATO)) [47].

WCOTs were firstly proposed by Golay in 1957 [48] and nowa-
days are the most widely used type of column in GC. Likewise,
WCOTs were the first OT separation media explored in LC [13]. One
of the pioneer studies in this arena was published by Hibi et al.
[49]. In 1979 they reported developing a column in polytetrafluo-
roethylene (PTFE) tubes of 15 cm length and 0.5 mm internal di-
ameter having the walls coated with SE-30 as a stationary phase.
These columns resulted in high-efficiency separations of polynu-
clear aromatic hydrocarbons (PAHs) [50,51]. Although with promis-
sory results, the use of WCOT in LC was mainly limited by the low
sample capacity of those columns, resultant from the small con-
tact surface between the analyte and the stationary phase [13], and
the difficulties to prepare columns with diameters less than 5.0 pm
[49], required for actually efficient separations.

In recent years, with new developments in capillary/nanoLC, the
interest in using WCOT in LC has come to resurge, and new de-
velopments allow to overcome the low analyte loadability prob-
lem traditionally attributed to WCOT columns. For example, re-
cently the Liu research group hypothesizes and demonstrated that
the low loadability problem can be overcome by using thin but
dense non-porous coatings in columns with id. of 1-2 um [14].
According to the authors, under those conditions, the stationary-
phase loadability starts matching the mobile-phase loadability.
Hence, these researchers prepared and assessed the performance
of columns of 2 pum i.d, in different lengths, coated with octade-
cyltrimethoxysilane (OTMS). Through this approach, they demon-
strated not only good retention and reproducibility in the separa-
tion of amino acids but also a high peak capacity (~2000 within 3
h) for one dimension LC separations, at a moderately-high elution
pressure (< 1000 psi), as illustrated by the chromatogram obtained
during the analysis of pepsin/trypsin digested E. coli lysate (Fig. 2).

Although the reports on this subject are still scarce, very
narrow  WCOT columns have great potential in the rapid LC
separation of organic compounds. For example, Mejia-Carmona
and coworkers [13] recommended using HPAs and alkylbenzenes
as probes to assess WCOT columns’ efficiency. Similarly, Goéhlin
et al. early described the separation of anthracene derivatives
using columns of 6 m length and 5-15 pm internal diameter,
coated with polyorganosiloxanes stationary phases, showing high-
efficiency separations with more than 106 theoretical plates [46].
In another study, a WCOT-LC separation of some of these ana-
lytes was also evaluated using 12-55 pm i.d.columns coated with
PS-255 (methyl, 0.5-1.5% vinyl silicone gum) and SE-54 (methyl,
5% phenyl, 1% vinyl silicone gum) stationary phases. In this case,
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efficient chromatographic separations were completed in less than
70 seconds [47].

Another great application was reported by Marchioni and
coworkers [52], who reported using a WCOT column (11 ¢cm length
and 530 pm i.d.) coated with ionic liquids. The column was
successfully used as the first dimension in a multidimensional
in-tube solid-phase micro-extraction (in-tube SPME)-LC-MS setup
employed to endocannabinoids determination in plasma samples.

Also, recently Yang et al. [53] — although with application in
proteomics, out of the scope of the present review — proposed the
coupling of WCOT columns to nanoESI-MS. In their study, the au-
thors established that due to the advantageous low mobile phase
flow rates (100 - 200 pL/min), WCOT-LC-MS could provide advan-
tageous sensitivity and had the potential to become one of the pri-
mary analytical separation techniques of modern times.

The examples above demonstrate WCOT columns’ potential and
stimulate new contributions in this area. However, it is still neces-
sary to overcome some limitations in the manufacturing process,
since smaller internal diameters (around 5 pm or less) tend to
be more challenging, and are susceptible to clogging when coat-
ing with stationary phases based on polydimethylsiloxanes, which
are highly slimy. Besides, the descriptions in the literature of the
manufacturing of modern very narrow WCOTs frequently are not
informative enough to allow replication of the process.

The work in this area requires an investigation of the molec-
ular probes that are suitable with the selectivity of the column’s
stationary phase, and with the MS (e.g. electrospray ionization), so
that no analyte coelutions occur and, therefore, achieve a good per-
formance chromatographic separation. We should expect new con-
tributions within this scope, aimed at the study of small molecules,
which will expand the applicability of WCOT columns beyond the
analysis in proteomics.

2.2. Porous layer open tubular columns (PLOT)

PLOT columns have better compatibility with LC than WCOT.
The stationary phase’s porous nature provides a more significant
interaction with the analytes, increasing the retention factors [38].
As previously mentioned, PLOT columns were reintroduced for LC
applications in the past decade by Luo et al. [8]. They prepared
and assessed PLOT columns coated with PS-DVB stationary phase
with internal diameters equal to or less than 10 um in the pro-
tein separation. Lately, other research groups, such as those led by
Lundanes, and Brett, have introduced new PLOT stationary phases,
demonstrating their application of PLOT-LC into different niches,
such as food and environmental samples.

Due to the great diversity of stationary phases that can be used,
there is no general procedure that can be used for the synthe-
sis of PLOT columns for LC. Nevertheless, the preparation of PLOT
columns is mainly characterized by the initial acid or basic pre-
treatment of the capillary tube, which conduced to the genera-
tion of a porous structure in the inner wall. After that, signaling
and polymerization stages are performed to grant the formation of
strong chemical bonds that ensures the stable immobilization of
the stationary phase, preventing column bleeding [54].

The porous material that constitutes the stationary phase of a
PLOT column can have an organic character, such as those based
on polystyrene, or inorganic character, as in silica-based ones. It
can also be developed from new materials, such as hybrid phases
with organic and inorganic character [11].

For polymeric stationary phase generation, the previously
treated support substrate is filled with a polymeric mixture. The
ends are sealed, and the supply of heat or light causes the poly-
merization reaction. Such processes are called thermal initiation
and photoinitiation, and both provide stationary phases covalently
anchored to the capillary wall [55,56]. For example, the Lundanes
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research group developed a sample preparation/separation plat-
form with PLOT columns [57]. A solid-phase extraction column was
developed by joining 126 PLOT columns of 8 um internal diame-
ter (a PCF) and internally coated with poly (styrene-co-octadecene-
co-divinylbenzene) (PS-OD-DVB). Moreover, the separation column
was 10 um in internal diameter and 2 m long, and its stationary
phase was poly (styrene-co-divinylbenzene) (PS-DVB). This system
allowed quick loading of the sample and the possibility of analyz-
ing small analytes, such as sulfonamides [57].

Silica-based stationary phases are usually obtained by i) gen-
eration of porous silica structures, via capillary etching or by de-
position of a porous silica layer promoted by a silica precursor,
such as tetraethoxysilane, followed by ii) functionalization of the
silica layer with an alkyl modified silica precursor, which allows
the incorporation of carbon-riched moieties ables to provide reten-
tion via hydrophobic interactions. For example, Foster et al.,, aim-
ing to improve PLOT columns’ load capacity, developed a stationary
phase where C-18 was anchored to silica. The capillary column was
evaluated through its usability, permeability, and chromatographic
efficiency in reverse phase mode. The data were compared to a
commercially available monolithic and particulate C-18 capillary
column. High theoretical numbers of plates were generated in a
test mixture separation made up of small molecules. Two reverse-
phase applications demonstrated the applicability of this new type
of column [58].

Likewise, Rodriguez et al. also developed PLOT columns inter-
nally coated with C-18 functionalized with silica in 126 chan-
nels of 42 pm in id. PCF. Together, these channels became
a single PLOT column that provided a great capacity to pre-
concentrate sample loading [30]. Also, recently Hara et al. sepa-
rated amino acids through a PLOT column with an internal diam-
eter of 5 um, with a C-18 stationary phase obtained from tetram-
ethoxysilane/methyltrimethoxysilane (TMOS/MTMS) hybrid layers
with methyl groups inserted. This stationary phase has a hy-
drophobic character, allowing thinner porous layers to be sufficient
to achieve a retention factor similar to C-18 PLOT columns synthe-
sized using only TMOS. Columns with stationary phases of various
thicknesses were developed. The number of plates for the longest
capillary columns ranged from N = 282000 to N = 379000 for the
most retained compound [59].

In addition to C-8 and C-18, some allotropic forms of carbon
have come to be used recently as hydrophobic interaction sources.
One of the most frequent practical problem in the use of OT
columns is the low retention of the analytes on these columns due
to the small amount of stationary phase. Hence, the use of carbon
allotropes, such as graphene, could be a good alternative to the
obtention of more hydrophobic stationary phases, compensating to
some extent the low interaction analytes/stationary phase. For ex-
ample, Qu et al. developed PLOT columns with stationary phases
containing graphene oxide (GO) and graphene(G). PLOT columns
with GO as a stationary phase were developed through the immo-
bilization of graphene oxide nanosheets immobilized on the capil-
lary wall using 3-aminopropyl diethoxymethylsilane as a coupling
agent. Moreover, the graphene-coated column was manufactured
by reduction with GO modified with hydrazine. Both columns were
tested for separation of PAHs; the PLOT column with GO phase
presented better performance and shows more potential for the
separation of different analytes [60]. Likewise, Kubo et al. also de-
veloped new work in this direction by producing a PLOT column
coated internally with C60-fullerene through a covalent bond using
an active photo/thermal agent. These columns also demonstrated a
suitable capability to separate small molecules like PAHs [35].

PLOT columns have been a target for new columns develop-
ment by several research groups. Most of the research on this topic
aims to develop new stationary phases that enable alternative in-
teraction mechanisms to expand their applicability scope. Hence,
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other materials such as MOFs have come to be tested as OT sta-
tionary phases. For example, Zhu et al. developed a 25 pm id PLOT
column with a stationary phase in which vancomycin-modified or-
ganic metal particles were incorporated directly into the zwitte-
rionic polymer coating synthesized by the copolymerization of [2-
(methacryloyloxy) ethyl dimethyl - (3- sulfopropyl) ammonium hy-
droxide and N, N’-methylenebisacrylamide. The incorporation of
the particles into the zwitterionic polymer coating improved the
column’s stationary phase’s selectivity. The column was applied to
analyze trypsin digestion of bovine serum albumin, revealing the
potential for separation of biological samples and demonstrating
good repeatability [31].

Open tubular columns can also be used in sophisticated sys-
tems capable of analyzing tiny volumes. For example, Li et al.
developed a high-performance pico-HPLC system, which can di-
rectly pipette femtoliters of a sample using a separation column
tip driven by an electroosmotic pump. Enantiomers of amino acids
were successfully analyzed [61].

In conclusion, the miniaturized diameter of PLOT columns al-
lows the analysis of tiny samples, and the diversity of station-
ary phases allows the separation of complex mixtures [56]. An-
other highlight of these columns is the ease of coupling with the
MS detection technique, demonstrating the full potential of PLOT
columns in miniaturized LC.

2.3. Microfabricated OT columns

An exciting alternative to overcome the difficulties of preparing
OT columns in capillary format is the use of the LC-Chip micro-
fabrication technologies. OTs are the most easily manufacturable
chromatographic medium in a chip format, once an open channel
is already the first stage of all LC-Chip devices [62]. From the first
on-chip LC system, involving an open channel (6 pm x 15 cm), re-
ported by Manz et al. [63], the fabrication and use of OT columns
in a chip format, involving both bare substrates and functionalized
porous reverse phases or immobilization of nanoparticles [64,65],
has been demonstrated in recent years [66]. For example, Shimizu
et al. [67] developed an LC chip containing an open nanofluidic
channel (2.3 pm-wide by 350 nm-deep) employing a bare fused
silica surface with silanol and siloxane groups as the stationary
phase. That device demonstrated a separation efficiency of 150000
plates per m (170 plates per 1.1 mm) in the normal phase separa-
tion of Sudan I and Sudan Orange G pigments. Likewise, Benvenuto
and coworkers [68] developed an on-chip OT-LC system containing
a 10 cm long by a rectangular cross-section of 100 pm x 20 pm
microcolumn functionalized with C-8-tetraethoxysilane (C-8-TEOS).
Although chromatographic performance parameters were not re-
ported, the authors demonstrated the OT-LC device’s feasibility of
achieving acetic acid’s suitable retention. This small molecule is
hardly retained in the RP mode. Smirnova and coworkers [39] pre-
pared an on-chip OT column functionalized with C-18 as a sta-
tionary phase. That device was tested in the RP separation of flu-
orescein and sulforhodamine and different amino acid mixtures,
demonstrating, for example, a 300000 plates/m theoretical plate
number for sulforhodamine B and 320000 plates/m for serine.

On the other hand, microfabricated OT columns suffer the same
drawbacks as the OT columns in capillary format, and its ma-
jor limitation is the low sample load capacity [69]. In addition to
the incorporation of porous layers to increase the sample capacity,
other alternatives, such as the fabrication of PAC media — also re-
ported in the literature as collocated monolithic support structures
(COMOSS) [70] — are nowadays demonstrating excellent results.

PACs consist of an ordered microchannels base of equal size and
shape, resulting in a fully reproducible structure. These shapes can
be semicircular, rectangular, trapezoidal, quadratic, elliptical, and
diamond, and are made using photolithography and DRIE tech-
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niques [71]. At the moment, the elongated hexagonal shape has
provided the best chromatographic efficiency [72-74]. The pillar
array columns have a specific design so that the distribution of
the flow follows a binary division in the inlet and outlet chan-
nels [70]. This type of architecture allows the mobile phase to
travel all channels evenly. As for the stationary phase, the channels
can be coated with layers of porous or non-porous materials (the
same applied on PLOT and WCOT columns). The first option pro-
vides better load capacity [71]. In terms of advantages and limita-
tions, pillar array columns are found between packed columns and
open tubular. These types of columns can generate the same per-
formance as open tubular columns (considered the best chromato-
graphic column format), but with the advantage of having greater
load capacity [75].

To the best of our knowledge, PACs have been mainly exploited
in the field of proteomics, more specifically, of tryptic peptides
[76,77]. Their performance in the separation of small organic com-
pounds has yet to be studied [78]. We considerer that new inter-
esting works in this regard could appear in the literature in the
coming years

3. Coupling OT-LC with mass spectrometry for the analysis of
small molecules

Although the capillary/nanoLC’s improved chromatographic per-
formance was early established, the prospects for increasing LC
speed and resolving power via column downscaling were sharply
limited by the feasibility of detecting with minimal volumes [79-
81]. Knox and Gilbert [21] stated that, according to the eluting
band volume in a capillary/nano-column, the detection volume’s
contribution to the extra-column peak variance should be < 1nL.
Hence, from the beginning, mass spectrometry was one of the first
choices under consideration for detection at a reduced LC scale
[82,83]. Moreover, early was also perceived that OT columns could
minimize the extra-column effects by introducing the column exit
into the MS ionization source. With these columns, the contribu-
tion of the detection to peak variance can be considered null.

Mass spectrometry is a highly sensitive technique, which al-
lows for both universal and selective detection. Undoubtedly, the
leading modern analytical advantage of the capillary/nanoLC is its
improved sensitivity, derived from the excellent compatibility be-
tween the nano/micro flow rate and the nano-mass spectrometry
detection. Nowadays, capillary/nanoLC-MS provides exceptional de-
tection capabilities in untargeted and targeted analysis, one of the
most powerful analytical tools of the current separation sciences
[84].

3.1. OT-LC-MS primordia: coupling with Electron Ionization MS
(EI-MS)

The first attempts to interface OT columns with MS — and cap-
illary/nanoLC in general — were previous to the apparition of the
modern ESI sources and were performed through EI interfaces, as
summarized in Table 1.

To the best of our knowledge, the first OT-LC-MS coupling was
reported by Ishii and coworkers [85], who in 1979 described the
direct insertion of an OT-LC effluent into the injection port of a GC-
MS system. N,N-diethylaniline, N-ethylaniline e N-methylaniline
were employed as model compounds, separated in a 47 pm i.d. x
608 cm glass capillary column coated with 8,8’-oxydipropionitrile
(BOP) and detected via EI-MS by chemical ionization (CI). Chro-
matograms obtained by both scan and selected ion monitoring ac-
quisition were very similar to those recorded by UV detection in
terms of band broadening and intensity, demonstrating the OT-LC-
MS coupling feasibility for the first time.
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Table 1
Summarized applications of OT-LC to the analysis of small molecules, using EI-MS detection.
Analytes OT column Elution mode  Detection Ref
Toluene, naphthalene, perylene, nitropyrene, cholesterol, 10-pum-i.d. x 100 cm CI-MS [93]
adenine, adenosine, epinephrine, acridine, isoleucine, and untreated fused-silica EI-MS
trifluralin,
Trifluralin Metabolites 10-pum-i.d. x 150 cm RP CI-MS [95]
0V-17-V WCOT
Toluene, diuron, Nicotinamide, caffeine, phenacetin, 8-pum-i.d. x 150 cm EI-MS [91]
diazepam, aldrin, Ascorbic acid, untreated fused-silica
Naphthalene, acridine, propazine, trietazine, Metrlbuzln, 15 pm-i.d. x 150 cm RP CI-MS [94]
Methyl parathion, Pmrathlon, ethyl, Morphos)Iflwalln C-18 PLOT EI-MS
10-pm-i.d. x 150 cm
0V-17-V WCOT
Toluene, aniline, 5 pm-i.d. x 181 c¢m, 10-i.d. x 203 cm CI-MS [92]
and 25-i.d. x 682 cm
untreated fused-silica
Benzene, Naphthalene, pyrene, anthracene, squalene, 32 pum -i.d. x 181 cm RP CI-MS [89]
undecane, benzene sulfonic acid, ionol, and Apiezon L. WCOT
triphenylphosphine tungsten pentacarbonyl,
N,N-diethylaniline; N-ethylaniline; N-rnethylaniline. 47 pm LD. X 608 cm RP EI-MS [85]
BOP WCOT

In the middle of the '80s, more than 15 different approaches for
capillary/nanoLC and EI-MS coupling had been described [86,87].
Among those, the capillary inlet interface (CII) and direct liquid in-
troduction (DLI) were the most extensively explored [88]. CIl was
the first and a more straightforward approach and was based on
the direct introduction of the column end at the ionization sources
so that no contribution to the peak variance due to the detection
was expected. On the other hand, DLI incorporated additional va-
porization techniques to speed-up the vaporization of the column
eluent.

Due to its simplicity, the CII was especially suitable for the cou-
pling of OT columns. Nevertheless, its applicability was limited
to very volatile molecules (MW <250), such as stated by Tijssen
and coworkers [89]. For compounds with higher molecular mass,
this interface provided chromatographic noise bands with irregular
shapes and significant fluctuation in the ionization source pressure.
Also, Niessen and Pope explored the OT-LC and EI-MS hyphenation
via the CII [88,90-92]. Those researchers incorporated an external
heater to the interface, so that heat transference was improved,
avoiding the solvent’s freezing at the end or in the capillary tube
(Fig. 3a). Detection and identification of over 50 compounds in the
El mode were studied. In this case, analytes with a high boiling
point, polarity, or thermal lability also produced broad and irreg-
ular peak shapes. Even for some polar compounds, such as ascor-
bic acid, Theophylline, hydrochloride, phenylalanine, and glucose,
no spectrum was recorded, and in some cases, those compounds
blocked the capillary tube [88,91].

The irregular peak shapes and fluctuations in the ionization
source’s pressure revealed that an additional fast vaporization
mechanism should be incorporated for effective OT-LC-EI-MS de-
tection of compounds with higher molecular weights. Hence, Ti-
jssen et al. proposed a DLI interface, promoting the formation of
a liquid jet via incorporation of a tapered column end tip with
a 2.5 pym i.d outlet orifice (Fig. 3b) [89]. In this way, symmet-
rical peaks and suitable CI spectra were recorded for squalene
(MW = 422), undecane benzene sulphonic acid (MW=312), su-
crose (MW=422), Lubad ] (MW=424), and some thermally un-
stable compounds as triphenylphosphine tungsten pentacarbonyl
(MW=584), among many others. A similar approach was proposed
by Wit et al. [93,94], who explored the synergic effect of the use of
tapering end columns and tip heating. A thermostated copper tip
was incorporated at the end of a tapered OT column (1.5pm outlet
orifice) of a 1Tm x 10 pm-i.d. column. By heating, at 300°C, signif-
icant improvement in the peak shape of naphthalene (bp 218°C)
and acridine (bp 350°C) were obtained. This interface allowed the

acquisition in both EI and CI modes [94], and its suitability for non-
target analysis was demonstrated in the analysis of trifluralin and
its metabolites by OT-LC-EI-MS in the negative CI mode [95].

Likewise, Niessen and Poppe also developed an alternative DLI
interface used in combination with CI in the study of peak broad-
ening effects for 5 and 10 pm i.d. OT columns [92]. In this case, for
liquid jet formation, an interface with a miniaturized diaphragm
was developed (Fig. 3c). Forming a liquid jet in the kinetically
near to optimal operation of OT-LC flow-rates (1.0 and 600 nL/min)
could require diaphragms smaller than 1 pm, i.d. [96]. Such di-
aphragms could be challenging to fabricate and susceptible to clog-
ging. Therefore, diaphragms of about 4.0 pm, i.d., were used, re-
quiring applying a make-up flow to guarantee the jet formation.
The nature of the make-up liquid, in turn, allowed to control of
the CI conditions. For volatile solutes, such as toluene and aniline,
detection limits (S/N=3) ranged from 1-10 pg. Nevertheless, ac-
cording to the authors, limits of detection (LOD) at least 1000-fold
lower must be reached to make the proposed OT-LC-EI-MS reliable
in analyzing complex samples.

Although promising, the coupling of capillary/nano-LC with EI-
MS was almost entirely relegated by the ESI-MS interfaces’ intro-
duction at the end of the '80s. Just a few research groups con-
tinued working in the hyphenation of LC with EI-MS [97-102].
Even so, their efforts lead to the development of modern, effi-
cient interfaces, based on i) the electron ionization LC-MS with su-
personic molecular beams [103]; ii) the direct LC-EI-MS coupling
[97,104,105]; and iii) the interfacing with nebulization/spraying
systems [106-108], including the modern Liquid Electron loniza-
tion (LEI) source [106,107]. However, the capillary/nano-LC cou-
pling with EI-MS is still not competitive with nanoESI-MS detec-
tion.

Nevertheless, thanks to the informative structural advantages
and the untargeted identification capabilities [109] derived from
the rich and highly reproducible fragmentation patterns of the EI-
MS detection, substantial scientific efforts [4,110-113] continue be-
ing made to achieve the efficient coupling of capillary/nanoLC with
EI-MS. In this regard, OT columns can offer remarkable advantages
once OT-LC optimal linear velocity occurs at very low flow-rates (<
100 nL/min) so that the mobile phase effect over the EI process is
drastically minimized. Besides, OT-LC operation backpressures are
more compatible with the vacuum operation conditions of the EI
sources. The diversified chemical interactions offered by the diver-
sity of OT columns stationary phases can provide suitable retention
and resolution with a water-free mobile phase that is more volatile
and more compatible with the EI conditions. So, we consider that
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Fig. 3. First attempts to couple OT-LC with MS. a-c) interfacing with EI-MS; d-f) Coupling of OT-LC to ESI-MS; a) Schematic diagram of the capillary-inlet interface probe
with external [91]; b) Schematic representation of the liquid jet forming tip at the column exit [89]; ¢) Schematic diagram of the laboratory-built DLI probe (10 mm OD).
1, Fused-silica open-tubular column; 2, make-up liquid; 3, 4-pm nickel diaphragm enclosed between two PFTE spacers; 4, stainless steel nut; 5, modified Swagelock 1/16 in.
T-piece; 6, cooling water in; 7, cooling water out. Reprinted with permission of [92]; d) Standard Micromass dynamic nanospray interface; e) Gold-coated column interface;

f) Stainless steel liner interface [121].

the exploitation of modern technology in the efficient coupling of
OT-LC with EI-MS is still missing. Essential reports describing these
developments’ potential applicability could appear in the coming
years, bringing new insights into the small molecules’ LC-Ms anal-
ysis.

3.2. Modern OT-LC-MS: coupling with Electrospray lonization MS
(ESI-MS)

Although other atmospheric pressure ionization (API) sources,
such as matrix-assisted laser desorption ionization (MALDI) [114],
atmospheric pressure chemical ionization (APCI) [115], have been
used in the hyphenation of capillary/nano-LC with MS, undoubt-
edly, ESI is currently the primary ionization mode used in the cou-
pling of LC and MS at the miniaturized scale.

Capillary/nanoLC-ESI-MS provides enhanced chromatographic
resolution and improved sensitivity and detection capabilities de-
rived from those techniques’ outstanding compatibility at the
miniaturized scale [84]. Once, miniaturization of the ESI-MS also
had evidenced much higher sensitivity [116]. At micro/nanoflow
rates, the Taylor cone droplets are small enough to yield a more ef-
ficient ionization process [117], with less ion suppression and ma-
trix effects. As a result, the nanoESI efficiency is less susceptible to
matrix composition and salt contamination, providing more uni-
form analytical responses [118-120].

Although at the moment, the hyphenation of LC and ESI-MS at
miniaturized scale has been mainly based on the use of packed
columns, OT columns offer the advantage of allowing the direct
coupling from the injection port to the nanoESI emitter, without
additional tubes or connectors. As a result, the extra column band
broadening contributions can be significantly minimized.

The first attempts to interface OT-LC with nanoESI-MS were
performed by Hulthe et al. at the end of the '90s [121]. Employing
a modified Micromass dynamic nanospray probe, the authors as-

sessed the detection of fatty acids in the negative ionization mode
coupling 5 and 20 pm i.d WCOT columns with three different types
of nanospray interfaces: i) the standard dynamic nanospray inter-
face (SDNS), ii) the gold-coated column end interface and iii) the
stainless steel liner interface.

The coupling via i) SDNS (Fig. 3d) was set by interfacing the
columns with the fused-silica spray emitter through a 0.25-mm-
bore Valco stainless steel 1/16-inch junction. High voltage for Tay-
lor cone formation was supplied through the stainless junction.
However, this interface was not suitable for the proposed applica-
tion, since the 5nL volume of the junction was too large for the OT
operation flow rates, causing excessive band broadening. Besides,
the spray obtained with this approach was very unstable and irre-
producible.

The ii) Gold-Coated Column End Interface successfully ad-
dressed dead volume problems generated by connecting the col-
umn to a separate spraying tip. In this case, the end of the column
was sharpened symmetrically, and covered with a layer of gold (0.5
um thick), sputtered onto the last 4 cm of the column (Fig. 3e).
High voltage was supplied through conductive elastomer so that
the Taylor cone was formed directly at the end of the column. Sta-
ble sprays were quickly established, even at flow rates down of
5 nL/min. This interface provided high sensitivity and outstanding
separation efficiency, without post-column band broadening. Nev-
ertheless, the sputtered gold layer showed a short lifetime, leading
to instability and then malfunctioning in a few days. This interface
was unsuitable for routine analysis.

The iii) Stainless Steel Liner interface provided longer-time sig-
nal stability than the gold-coated tip, with similar sensitivity and
separation efficiency, but more easily and cheaply. The column end
was drawn through a stainless steel tubing piece, to which the
high voltage was directly applied (Fig. 3f). No treatment (coating,
tapered, nor sharpened) at the column end was necessary. While
maintaining the polyimide coating, a stable Taylor cone was estab-
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Table 2
Summarized applications of OT-LC to the analysis of small molecules, classified employing ESI-MS detection.
Analytes OT column Elution mode MS Ref
Ofloxacin, caffeine, atrazine, and diuron Multi-lumen capillary 126 parallel RP QTOF [30]
channels of 4.2 um-i.d x 60 cm
C-18 PLOT
Sulfonamides 10 um-i.d x 60 - 200 cm RP QqQ [57]
PS-DVB PLOT
Hydroxylated cholesterol (OHC) isomers 10 um-i.d. x 300 cm RP Orbitrap [125]
C-18 PLOT
Ketoprofen racemate 30 pum-i.d. x 60 cm RP QqQ [36]
Enantioselective MIP-PLOT
Fatty acids: lauric (C12:0), myristic (C14:0), 20-pm-id. X 225 cm RP QqQ [121]
palmitic (C16:0), and stearic (C18:0) PS 264 WCOT

5-um-i.d. x 80 cm

PS 255, WCOT

lished at the column tip’s flat surface. This was the most appealing
configuration for OT-LC-ESI-MS interfacing.

Nowadays, most of the LC-MS manufacturers offer nano-ESI
sources, which works very well and with minimal post-column
band broadening contribution. Being mainly coupled to ESI-MS,
the OT-LC-MS'’s excellent performance has been currently exploited
in the trace bioanalysis of complex proteomic samples, glycans,
nucleic acids, and cells [7,19,37,122-124]. On the other hand, al-
though OT-LC also promises high resolution in the fast separation
of small molecules (<1000 Da) [28], its use in this type of applica-
tion — although nowadays there is no practical reason for it — is
still quite limited, as can be inferred from the reduced number of
reported applications (Table 2).

A recent and relevant application of OT-LC-ESI-MS to the anal-
ysis of small molecules was reported by Kulsing et al. [36]. They
prepared porous layers of molecularly imprinted polymers (MIP-
PLOT) in an open tubular capillary column format for use in chiral
separations. The enantioselective capillaries obtained were coupled
to an LC/MSD-SL ion trap mass spectrometer through an Agilent
Technologies G1607A orthogonal electrospray interface and evalu-
ated in the separations of ketoprofen racemate, showing suitable
resolution and sound sensitivity. Afterward, Vehus and cowork-
ers [125] featured an attoLC-ESI-MS system by coupling a mono-
lithic trap column (50 ym x 40 mm poly(styrene-co-octadecyl-
co-divinylbenzene) to a 10 um i.d, fused silica OT-LC separation
column functionalized with C18-groups. The system was success-
fully employed for separating a wide range of molecules, including
small metabolites (Fig. 4.a).

Combined with a Q-Exactive Orbitrap MS equipped with a
nanospray ESI source [126], this setup was used in a targeted
metabolomics study of sub-ug amounts exosomes derived from
breast cancer-related hydroxylated cholesterol. The authors found
similar sample capacity and superior sensitivity and chromato-
graphic performance compared with packed columns based on
capillary/nanoLC approaches. Another exciting result of this study
was that, while reducing scale up to the attoLC-ESI-MS yields sen-
sitivity improvements of up to 100-fold for small molecules such as
sulfonamides, and significant sensitivity gains for peptides as well,
no sensitivity improvement was observed for the analysis of intact
proteins.

In another recent study, Ribeiro da Silva et al. [57] de-
veloped an in-tube SPME-OT-LC-ESI-MS/MS method. A extrac-
tion/preconcentration PLOT column, prepared into a multi-
lumen capillary (MLC, 126 channels of 8 pm i.d. coated with
poly(styrene-co-octadecene-co-divinylbenzene)), was coupled to a
10 pm x 2 m poly(styrene-co-divinylbenzene) OT column and a
triple quadrupole mass spectrometer equipped with a nanospray
FlexTM ion source (Thermo Scientific) (Fig. 4.b). That setup was
employed to analyze sulfonamides in surface water samples,
demonstrating competitive fast loading and suitable refocusing on

the OT analytical column compared to monolithic/particle-packed
in-tube SPME columns.

Rodriguez et al. [30] also functionalized an MLC (126 channels
of 42 pum i.d) with C18 to produce multi-channel PLOT columns,
assessing its performance as an on-capillary preconcentration col-
umn, a separation column, and ESI emitter (Fig. 4.c). The direct
coupling of the PLOT-MLC with the QTOF via a capillary elec-
trosprayer facilitated the simultaneous use of the modified MLC
as a pre-concentrator, separator column, and electrospray emitter,
avoiding the use of additional connectors and/or capillaries be-
tween the injector and MS inlet.

4. Additional applications of the OT-LC to the analysis of small
molecules

Although a little out of the scope of this review, it is rele-
vant to highlight that, thanks to the modern developments in cap-
illary/nanoLC instrumentation, the feasibility of the OT-LC in the
analysis of small molecules also has been demonstrated in recent
years employing spectrophotometric detectors, such as ultravio-
let (UV), diode array detectors (DAD), fluorescence (FL), and laser-
induced fluorescence (FLI). Some selected applications are summa-
rized in Table 3.

For example, Zhang and coworkers [127] prepared a PLOT col-
umn for microcell membrane chromatography (m-CMC) by phys-
ical adsorption of rabbit red blood cell (rRBC) membranes onto
the inner of the capillary. This system was used in the study of
the dynamic binding capacity (DBC) of verapamil. The mCMC col-
umn with the PLOT capillary demonstrated comparable cellular
membrane capacity to traditional CMC methods, but with signif-
icantly lower consumption of costly biological reagents, such as
membrane cells. In another interesting example, Quirino by et al.
[33] introduced an environmentally friendly OT-LC approach based
on nanosized micellar pseudo phases. Exploiting the molecular or-
ganization of typical long-chain ionic surfactants to form micelles
at the solid surface-liquid interface and the differential solubiliza-
tion/distribution of solutes between interfacial and solution mi-
celles under different concentration pH and ionic strength, the au-
thors demonstrated the retention/separation of various types of
molecules, such as PHAs, drugs, pesticides, antioxidants, and pep-
tides. Zhu and coworkers also developed an interesting approach
by incorporating MOFs particles modified with vancomycin directly
into the zwitterionic polymer coating of an OT column. This sep-
aration media demonstrated good separation/resolution power for
neutral, acidic, and basic compounds, mainly through hydrophilic
interactions, 7r-7 interactions, and the coordination between un-
saturated Zn®* and analytes. Although all those examples (Table 3)
do not correspond to the coupling of OT columns with mass spec-
trometry, all of them help illustrate the OT columns’ potential to
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Fig. 4. Some modern examples of the coupling of OT-LC with ESI-MS detection. a) AttoLC-ESI-MS system developed by Vehus et al. [125]; b) mPLOT based in-tube SPME-
OT-LC-ESI-MS/MS system developed by Ribeiro da Silva et al. [57]; ¢) OT-LC-ESI-MS system developed by Rodriguez et al. [30], featuring a multi-channel porous layer open
tubular (PLOT) column as pre-concentrator, separator, and ESI emitter.
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Table 3
Summarized applications of OT-LC to the analysis of small molecules, employing spectrophotometric detectors.

Analytes OT column Elution mode  detection Ref.

Amino acids 2-pm-id. x 2.7 cm RP LIF [17]
C18 PLOT

Toluene, nucleosides, bases, amides, 150 pm-i.d x 150 cm HILIC uv [128]

chlorophenols, and PEGDA PLOT

benzoic acids

Coumarin compounds (C440, C460 and C480) 5-pm-i.d. x 40 and 130 cm RP FL [59]
TMOS/MTMS PLOT

Toluene, DMF, formamide, and thiourea, 25-pum-i.d. x 100 HILIC uv [129]

aromatic and phenols IRMOF-3@vancomyin-pMSA PLOT

Aromatic hydrocarbons, anionic, cationic, and 25-200 pm-id. x 60-120 cm Micellar LC uv [33]

amphiphilic drugs, pesticides, peptides Surfactant micelles (CTAB and SDS)

Amino acid enantiomers 75 pm-i.d. x 15 cm HILIC uv [32]
B-cyclodextrin

Amino acid enantiomers 900 nm-i.d x 54.5 cmm LIF [61]
poly(MQD-co-HEMA-co-EDMA)
PLOT

Coumarins C440, C460, and C480 5 pm-i.d. x 250 cm RP FL [54]
C-18 PLOT

Flavonoids, toluene, N,N-dimethylformamide, 25 pum-id. x 60 cm HILIC uv [31]

formamide, and thiourea pMSA PLOT

Biphenyl, naphthalene; 4,2-methyl 75 pm-i.d. x 50 cm RP DAD [130]

naphthalene; acenaphthene C-18 PLOT

Verapamil 75 pm-id. x 35 cm CMC uv [127]
Physical adsorbed rabbit red blood cell (rRBC)
PLOT

Phenanthrene, triphenylene, and 25 pm-id. x 30 cm RP uv [35]

benz[a]pyrene Ceo-fullerene

Six alquilbenzenes and 32 Pesticides 15 pm-i.d. x 300 cm RP uv [58]
C-8 PLOT

Triphenylphosphine oxides Multi-lumen capillary 30, 54 and 168 parallel RP uv [131]
channels of 3.8 - 5.5 um-i.d x 20 cm
CeF13

Naphthalene, biphenyl, fluorene, 5, 10 and 50-pm-i.d. x 120-190 cm RP uv [83]

phenanthrene, anthracene, C-18 PLOT

Fluoranthene

provide diversified interaction and retention mechanisms to sepa-
rate diverse organic small molecules.

6. Conclusion

Although Ishii and coworkers early introduced OT-LC, this tech-
nique’s evolution had been slow, primarily due to very low flow
rates and restrictions imposed by the instrumental requirements,
to guarantee no excessive band broadening. Modern developments
in capillary/nanoLC and nanoESI-MS have created new possibili-
ties for OT columns in the analysis of bio- and small molecules
with unpreceded detection capabilities. OT-LC provides fast sepa-
rations, with kinetic efficiencies of at least ten times more theoret-
ical plates than those observed for packed columns [28]. The mul-
tipath dispersion band broadening contribution is practically elim-
inated while retaining the open capillary structure, providing high
permeability and high resolution at very narrow inner diameters.

Although the separation of small molecules employing inno-
vative sorbent materials as stationary phases in diverse separa-
tion modes is being expectantly explored, PLOT (mainly based
on PS-DVD polymers) and WCOT (mainly based on PDMS and
PEG polymers) columns continue to predominate, together with
reversed-phase based materials. Most recent research focused on
OT-LC involves PLOT columns once they are more compatible with
LC instrumentation. The presence of the porous layer provides a
higher sample capacity, which increases the analytes retention fac-
tor. WCOT-LC was widely explored in the '70s and ’80s, with out-
standing promissory results, such as the separation of anthracene
derivatives with more than 10° theoretical plates [50] or the sepa-
ration of 25 compounds in just 70 seconds [51]. Nowadays, new in-
vestments are being made in this area, using WCOT columns with

1

an internal diameter of 2 pm [16,53], aiming their future coupling
with EI- and ESI-MS.

The use of multi-lumen capillaries and microfabrication tech-
nologies are providing alternatives to increase the OTs sample ca-
pacity. In pPAC columns, the microfabricated channels with the
same size and shape guarantees more reproducibility; each chan-
nel functions as an OT column and a particle present in the packed
columns. For this reason, pillar array columns have similar effi-
ciency to an OT, with the sample capacity of a packed column.

OT-LC coupled to mass spectrometry — although underdevel-
oped compared to miniaturized packed columns - demonstrates
enhanced sensitivity and outstanding detection capabilities. OT
columns offer attractive advantages for their hyphenation to MS
once they work with a very low optimum flow rate (<100 nL/min).
OT-LC-ESI-MS had gained considerable acceptance in the separa-
tion of proteomic and similar complex mixtures. Although widely
explored until the end of the '80s, OT-LC-EI-MS remained after
that relegated as a function of the ESI-MS invention. OT columns
promise considerable advances in nanoLC-MS, especially in the
analysis of biomolecules. However, new advances need to be made
to analyze small molecules.
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Abstract: This work presents a study on the application of wall open tubular column (WCOT) in
liquid chromatography coupled with tandem mass spectrometry. Each process step reports the column
preparation method in detail, subdivided into column pretreatment, silanization, stationary phase
coating, and immobilization. Then, an evaluation of the parameters that can affect the efficiency of these
columns was made. Atrazine, clomazone, and metolachlor were used as probes during this step. Factors
such as stationary phase composition, length, internal diameter, stationary phase mass employed, and
injection volume were investigated. In addition, with the help of Knox and Poppe graphs, the columns’
performance was evaluated to determine the optimal flow rate and the speed-efficiency relationship,
respectively. Based on the results, the best configurations for the WCOT column application to the LC
system were defined: length—8 m; inner diameter—25 um; mass of OV-210—2.5% m/v; and, injection
volume—100 nL. Finally, the optimized WCOT column developed in this work was coupled with a
commercially-packed trapping column in the nano liquid chromatography system (nanoLC). In this
configuration, more significant results were obtained regarding separation resolution, with Rs = 5.9
achieved for the most retained pair of analytes (clomazone and metolachlor).

Keywords: column development; open tubular columns; nano liquid chromatography; mass
spectrometry; wall coated open tubular column (WCOT)

1. Introduction

Modern liquid chromatography is increasingly moving towards the miniaturization
of the technique. This procedure involves investments in resizing the analytical instru-
mentation to work at micro-LC, capillary-LC, and nano-LC scales. Furthermore, analytical
columns have received significant attention aiming at reducing the particle’s size and inter-
nal diameter [1]. Therefore, emphasis on the miniaturization of the LC technique started
and is directly linked to conventional columns packed with particles by just decreasing the
column’s internal diameter. However, other columns, such as monolithic and open tubular
(OT), received much less attention despite also being helpful in producing high-quality
miniaturized LC columns.

Nota introduced open tubular columns in liquid chromatography in 1970 [2]. Such
columns contain a thin layer of stationary phase that covers the inner wall of the capillary
tube, leaving its interior empty or “open”. This layer can be of porous or non-porous com-
position, therefore called a porous layer open tubular column (PLOT) and wall-coated open
tubular column (WCOT), respectively [3]. Golay applied these columns in gas chromatog-
raphy in 1957 [4], which quickly replaced the packed columns, as they presented better
separation efficiency under pressure and similar analysis time. Therefore, OT columns in
gas chromatography are already well established; however, the scenario for OT-LC is not
the same. Unfortunately, studies of these columns applied to liquid chromatography were
mainly restricted to the period between the “1970s” and “1990s” [5-10], in which there was
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no suitable instrumentation and miniaturized detectors adequate for OT-LC progress. Con-
sequently, without adequate instrumentation, OT-LC columns lost scientific investments,
and packed columns began to gain attention until they reached their current efficiency.

During the early OT-LC period, the design, properties, and performance of these columns
were compared to packed columns. According to Hibi [11], the application of OT columns with
an internal diameter commonly used in gas chromatography (0.25-0.50 mm i.d.) would cause
a drastic reduction in the number of theoretical plates (N) since the diffusion coefficients of the
analytes in liquid phases is up to 100 times smaller than in gaseous phases [12]. Consequently,
for OT-LC to have an efficiency similar to OT-GC, the internal diameter of these columns
must be much smaller. According to studies by Knox and Gilbert, the i.d. in LC should be
less than 10 um [13,14], ideally around 2 um [15]. This restriction makes producing capillary
columns with optimal performance extremely difficult. Recently, Liu’s group [16] reported
the development of an OT column with 2.7 cm of effective length and 2 pum i.d., coated
with an octadecylsilane film for separating six amino acids by LC-UV-Vis. However, the
chromatographic separation obtained still presents a noisy baseline, demonstrating that we
still need improvement to obtain high-quality robust OT-LC columns with 2 pm i.d.

The main general advantage of OT columns is excluding the A term from the Van
Deemter equation, which accounts for almost half of the band broadening in packed
columns. They also have high permeability, leading to lower system pressure and giving
the possibility of increasing column length. The main limitation related to these columns
is their low sample capacity, considering that the thin stationary phase layer has a small
surface area to interact with the analytes. For that reason, limited sample concentrations
must be introduced into the column in order to avoid clogging and other undesirable
effects [1], requiring a drastic reduction in the dimensions of the sample introduction
system (“injector”).

Although OT-LC columns of the PLOT kind have been consistently more explored
in the last two decades, particularly in the proteomic analysis, WCOT columns have
not received the same attention. Further studies in OT-WCOT-LC are still required to
establish a column preparation methodology capable of producing robust columns with
smaller internal diameters. Besides, limitations such as load capacity, column clogging,
and/or the chromatographic system still need to be overcome. Therefore, this work
aims to contribute to a systematic study of OT-LC columns. Here, we developed WCOT-
type columns for application in nano-LC coupled to tandem mass spectrometry fitted
with electrospray ionization. Columns were coated with liquid stationary phases based
on polysiloxane phases commonly applied only in open tubular gas chromatography.
Afterward, a systematic study of parameters that can affect the efficiency of this type
of column was carried out, including the stationary phase composition, column length,
internal diameter, mass of stationary phase, and injection volume. Furthermore, a study
coupling WCOT columns with packed trapping columns was also evaluated, aiming to
understand several aspects that may contribute to the better performance of these columns
in liquid chromatography.

2. Results and Discussion
2.1. Preparation of WCOT Columns

To achieve reproducible results in obtaining robust WCOT columns, the development
process is quite laborious. The fused silica capillary should be well treated (physically and
chemically) before coating with the stationary phase film. Such processes (pretreatment and
silanization) are necessary to ensure separation efficiency and column inertia. Therefore,
we need the formation of a homogeneous film and the reduction of secondary adsorption
effects of silanol groups, respectively. Separation efficiency and column inertia are concepts
related to the film’s formation on the column’s inner surface. That is, the better the column
is covered with this liquid film, the less residual silanols will be exposed, and the column
inertia will be guaranteed.
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To perform a good column coating, the concept of wettability must be considered,
which is the ability of a liquid to maintain contact with a solid surface [17]. A homogeneous
film is formed on the wall if the surface has high wettability. However, if the surface has low
wettability, the liquid tends to agglutinate on the tube wall, and the separation efficiency
and inertia will be compromised, generating chromatographic peaks with greater width at
the base and with a tail (Figure 1A). One way to promote the silica surface’s wettability
is through its treatment with a silanizing agent that contains functional groups similar to
those of the liquid stationary phase. In this work, all the columns were silanized with the
same agent HMDS (hexamethyldisilazane), which is one of the agents that guarantees more
inertia for the columns [18].

(A) B)
Promotion of chemical Removal of metallic
= - bonds between impurities present on the
H B stationary phase surface of fused silica
= = molecules and with the
y a5 il T
| 2 capillary wall
= g
Z z
g g
- E Coating the silica Elimination of leach
g £ surface with the liquid LY solution and waste
« s stationary phase
y
P . . . Promotion of wettability Elimination of water
and inertness of the silica molecules adsorbed by
High wettability Low wettability surface silanol groups
Homogeneous stationary phase Liquid stationary phase coalesces

film

into droplets

Figure 1. (A) The difference in the silica surface’s coating with the liquid stationary phase depends
on the wettability profile; (B) summary of the steps involved in developing WCOT columns and their
respective functions.

Figure 1B presents a systematization of all the steps in preparing WCOT columns and
their functions. Briefly, the pretreatment steps remove any traces of metals and/or dirt
that may be present in the fused silica capillary. Next, as discussed, the silanization will
promote the capillary wall’s wettability to receive the stationary phase film. Furthermore,
finally, the formed film will be immobilized on the column wall using a radical primer. This
immobilization involves chemical bonds between the stationary phase film and the tube
wall and chemical bonds between film molecules.

2.2. Screening of Stationary Phases

This work chose five liquid stationary phases to prepare WCOT columns. The choice of
phases was guided by the McReynolds constants commonly applied in gas chromatography.
Such constants give an idea of the polarity of the stationary phase [19,20]. Table 1 presents
the respective McReynolds constants for each chosen phase.

Table 1. Chemical composition and McReynolds constants of the stationary phases tested in the
coating of WCOT columns.

° .y . McReynolds
n Composition Stationary Phase Constants
1 5% phenyl 95% DMPS Ov-73 334
2 50% phenyl 50% DMPS OV-17 884
3 50% trifluoropropyl 50% DMPS OV-210 1520
4 25% cyano 25% phenyl 50% DMPS OV-225 1867
5 100% cyanopropyl DMPS OV-275 3652

DMPS: dimethylpolysiloxane

Figure 2 presents a radar plot constructed with chromatographic resolution (Rs) data
between clomazone and metolachlor analytes. Furthermore, the total ion chromatograms
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(TIC) and the respective MRM transitions for each analyte (atrazine, clomazone, and
metolachlor) obtained for each stationary phase tested in the work were presented. Finally,
selecting the best stationary phase for developing WCOT-LC columns was conducted,
considering the Rs and the evaluation of the chromatograms.
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Figure 2. Radar charts and chromatograms obtained for WCOT columns coated with OV-73, OV-17,
OV-210, OV-225, and OV-275 stationary phases.
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The OV-73 column (5% phenyl 95% dimethyl polysiloxane) constitutes a stationary
phase of low polarity with a low selectivity due to the presence of mostly methyl groups.
This phase is widely used in gas chromatography, but it did not present enough separation
for the analytes tested to justify proceeding with OV-73 in liquid chromatography. Sim-
ilarly, the OV-17 column (50% phenyl, 50% dimethyl polysiloxane), of medium polarity,
also did not show chromatographic separation, with the analytes coeluting in one large
band. Atrazine did not result in an excellent chromatographic probe for evaluating this
column. Therefore, it was changed to oxyfluorfen. Although we could identify each analyte
separately from their MRM transitions by mass spectrometry, the same would not happen
if another type of detector were used, such as UV-Vis or fluorescence, once their retention
times were too close.

The OV-210 column (50% trifluoro propyl 50% dimethyl polysiloxane) of medium
polarity was the one that presented the best results, among the evaluated columns, to
separate the analytical probes selected. Therefore, this phase was selected to proceed
with our work on the WCOT-LC columns preparation. As we can see in Figure 3, the
selected analytes are separated into three peaks. Despite not being a separation with
individual peaks, as would be desired, this was the best column among the evaluated
phases. Furthermore, although the MRM transitions have relatively broad peaks, we
should consider that this is an experimental column, and it still needed to go through the
evaluation stage of the parameters affecting its performance.

25
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Figure 3. Optimization of WCOT columns. (A) Graph of length; (B) graph of stationary phase
solution; (C) graph of inner diameter; (D) graph of injection volume. All graphics were constructed
with clomazone standard data (500 pg L.

The OV-225 column (25% phenyl, 25% cyano, 50% dimethyl polysiloxane) of medium
polarity also did not present a chromatographic separation, in addition to observing some
“unknown peaks” in the baseline of the chromatogram, which can even be confused with
an analyte, but probably corresponds to some impurity in the stationary phase. Precisely
for this reason, we disregarded the OV-225 column.
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Finally, the higher polarity OV-275 column (100% cyanopropylsiloxane) was tested.
The stationary phases with cyano content can operate in reversed-phase and normal-phase
chromatography, but the best results are obtained in the last-mentioned way. In Figure 3, we
have the OV-275 column being applied in reverse phase chromatography, demonstrating a
partial separation since there was a coelution of atrazine with clomazone and separation
only of metolachlor. Unfortunately, normal phase chromatography is not a favorable mode
for electrospray mass spectrometry since, in this mode, non-polar mobile phases—usually
hexane—are commonly used, which are not ionizable. Consequently, there is instability of
the MS signal, resulting in low-reproducibility chromatograms. Some attempts were made
in our laboratory in this direction, but no successful results were obtained. Therefore, the
OV-275 column was also not further considered.

In general, Figure 2 demonstrates that increasing the polarity of the stationary phase
increases its selectivity and the separation capacity. Additionally, in reversed-phase liquid
chromatography, it is not recommended to use columns of low polarity such as OV-73, as
they have much lower selectivity, provoking coelution of the analytes. However, in our
experimental conditions it is not appropriate to use high polarity columns such as OV-275,
as they are more suitable for normal phase chromatography. Therefore, the best stationary
phase composition for WCOT-LC among the investigated in this work is medium polarity
phases (OV-17, OV-210, and OV-225), with the best result obtained for OV-210, which was
chosen to continue the work.

2.3. Evaluating Parameters That Affect WCOT Columns

The WCOT columns, now with the OV-210 stationary phase, were evaluated to inves-
tigate the influence of some parameters on the efficiency of the column. The first variable
was the column length. Three lengths (2 m, 5 m, and 8 m) were investigated. In gas
chromatography, where WCOT columns are most used, columns of 30 m in length are
found, but this length is not yet very suitable in liquid chromatography. Considering that
the molecular diffusion of analytes in a liquid medium is slower than in a gaseous medium,
too-long columns would result in very long analysis times [21]. Ishii published some work
employing octadecylsilane (ODS) coated WCOT columns to separate polycyclic aromatic
hydrocarbons. These columns had a length of around 20.8 m [5] and 22.0 m [10]. They
required about 90 and 120 min to complete the chromatographic analysis, even using a
higher mobile phase flow rate than the one reported in this work.

Figure 3A shows the plot of N and Rs (between clomazone and metolachlor) as a
function of length. It is observed that the increase in length leads to an increase in column
efficiency, expressed in N. Furthermore, there is a significant gain in separation resolution
starting from L = 2 m to L = 5 m. Comparing the Rs for the 5 m and 8 m columns, it is
concluded that the separation capacity is practically the same. Therefore, we chose L =5 m
as the most suitable length for WCOT columns. Although L = 8 m has an excellent efficiency
(N), its separation capacity (Rs) is similar to L = 5 m. In addition, the greater the column
length, the greater the difficulty in experimentally preparing WCOT columns, ensuring
homogeneous stationary phase films throughout the column, and increasing the chances of
clogging in the column itself or analytical instrumentation. The chromatographic separation
data can be consulted in Figure S1, and the numerical Rs and N data in Tables 52 and S3,
respectively, in the Supplementary Materials.

The second parameter evaluated was the internal diameter. Similar to the length, three
levels of i.d. (25 pm, 50 pm, and 100 um) were also tested. Figure 3B shows the graph of
N and Wh as a function of internal diameter. As predicted by the miniaturization theory
in liquid chromatography [1], the smaller the internal diameter, the greater the column
efficiency (N). Therefore, the graph demonstrates a fall of N from i.d. 25 um to i.d. 100 pm.
Another interesting piece of data is the width at half height of the peak (Wh). As the
diameter increases, the Wh increases significantly, demonstrating an enlargement of the
chromatographic band. This band expansion can be consulted in Figure S2. Therefore,
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the best internal diameter investigated in this work is 25 um, as we guarantee maximum
efficiency (N) with the lowest band widening (Wh).

Then, the stationary phase solution used to coat the WCOT column was evaluated.
Three conditions were tested: 1.5%, 2.0%, and 2.5% m /v of stationary phase solution. The
mass amount of the liquid phase employed will directly impact the thickness of the film
generated within the column. The thinner the film generated, the more stable it is, but the
lower the load capacity of the column, causing possible overloading problems. On the other
hand, the thicker the film generated, the less stable it is, but the greater is its loading capacity.
Figure 3C plots N versus stationary phase solution. It is observed that the efficiency of
a 1.5% and 2.0% m/v column is very similar. However, when it increases to 2.5% m /v
(=50 mg of stationary phase), there is a significant increase in N. For WCOT columns, the
2.5% m/v solution was chosen. Unfortunately, we still cannot estimate the thickness of the
film generated in the column under the experimental conditions employed. Usually, PLOT
columns that have a porous film on their inner wall can be analyzed by scanning electron
microscopy (SEM), being able to estimate the generated film. However, WCOT columns
have a liquid film on their wall, which is not visible by SEM, making it more difficult to
determine the film thickness. Therefore, for future research within the WCOT-LC theme, it
would be interesting to seek a characterization technique for these films.

The injection volume was also studied at this stage. As previously described, columns
with thin films have a lower load capacity and a greater possibility of overloading. There-
fore, a potential source of column loading is the sample injection volume. Figure 3D shows
the plot of N and peak area as a function of injection volume.

The data suggest that injection between 100-500 nL provides a similar efficiency (N),
with the peak area value proportional to the injection volume. However, the efficiency is
lower under low injection volumes (5 to 75 nL). Furthermore, very low volumes may be
outside the commercially available chromatograph’s accuracy limit, compromising data
reproducibility. Therefore, the optimal working range for the WCOT-LC columns produced
is 100-500 nL. Nevertheless, to preserve the column and avoid clogging due to the low load
capacity of these columns, the most ideal would be to work with 100 nL.

2.4. Performance Evaluation: Knox and Poppe Graphics

One of the main graphs used to evaluate the performance of a column is the H/u,
graph, also known as the Van Deemter curve [22]. This graph allows us to conclude the
best linear velocity (u,) for a given column that provides the maximum efficiency (H). In
the graph, this best condition is found on the lowest slope of the curve. However, the
Van Deemter curve is commonly employed to analyze LC-packed columns. Therefore, the
Knox curve should be used to better analyze WCOT-type capillary columns in micro and
nanoLC scales. The graph is very similar to Van Deemter’s, with the difference of applying
reduced parameters (h/v), which are dimensionless. The form of interpretation is also the
same. In Figure 4A, the experimental data of the reduced height of a theoretical plate (h)
was plotted as a function of the reduced linear velocity (v). Additionally, in Figure 5A,
we can compare the experimental and theoretical curves. The experimental data follow
the same trend as the theoretical curve. However, the experimental data do not have a
maximum h (as observed in the theoretical curve). This occurs because this region of the
graph represents the A term, which characterizes the diffusion of analytes due to multiple
paths in a packed column. As open tubular columns have a “hollow interior”, they do not
suffer this effect (A term = 0), and therefore, there is no such region in the experimental data.
Therefore, from the Knox plot, we can conclude that the best v range is between 50-100,

which experimentally corresponds to a mobile phase flow rate between 100-175 nL min~!.
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Figure 4. Performance evaluation of WCOT columns. (A) Knox plot (h/v) comparing experimental
and theoretical curves; (B) Poppe plot (log to/N X log N) demonstrating the speed-efficiency
relationship. Both graphs were constructed with the standard clomazone data (500 g L~1).
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Figure 5. Total ion chromatograms (TIC) obtained in the coupling between WCOT column and
packed trapping column to separate the atrazine, clomazone, and metolachlor mixture. (A) TIC
obtained for commercial trapping column (2 cm X 180 pm i.d. x 5 pm), with Rs = 3.6; (B) TIC
obtained by coupling the commercial trapping column and a WCOT (5 m x 25 umi.d. x 2.5% m/v
OV-210) with Rs = 5.9.



Molecules 2023, 28, 5103

9of 15

Poppe’s graph was also plotted with the same data as Knox’s graph. Poppe brings a
good idea about the speed-efficiency relationship [23,24]. In Figure 4B, we plot log to/N as
a function of log N. From the graph, we understand that we need slower analyses (greater
log N) to obtain maximum efficiency (greater log to/N). On the other hand, to obtain faster
analyses (lower log to/N), the column efficiency is sacrificed (lower log N). This conclusion
was visualized throughout all work with WCOT columns. If we used fast gradients, the
chromatographic peaks were narrower (high efficiency) but with low separation (practically
coeluted). Moreover, if we used slower gradients, there would be an enlargement of the
chromatographic peaks (loss of efficiency) but with separation.

Poppe’s graph satisfactorily demonstrates the speed-efficiency relationship of columns
and corroborates the experimental observations obtained in the research.

2.5. Coupling WCOT Column with a Trapping Column

The last step of this work was the coupling of the produced WCOT-LC column
(5m x 25 um id. x coating with 2.5% m/v OV-210) with a packed trapping column
(C18 Symmetry 2 cm x 180 pm i.d. X 5 um). The purpose was to observe how this
configuration could impact the WCOT separation capacity. Initially, the trapping column
was connected to an empty fused silica tube (1 m x 25 um i.d.) to verify its ability to
separate the target analytes (atrazine, clomazone, and metolachlor). Next, the materials and

methods item described the loading conditions and chromatographic separation employed.

The optimization of the sample loading step in the trapping column was performed
manually, observing the chromatographic results. Therefore, the first parameter evaluated
was the loading time. Initially, 1 min of loading was tested, and the results proved that this
was an insufficient time for loading. Thus, the time was increased to 3 min, which proved
adequate. The second parameter evaluated was the flow rate of the mobile phase during
the elution step (valve in position 2). In this position, the mobile phase passes through
the trapping column, eluting the analytes to the WCOT column, where chromatographic
separation will occur. As judged by the Knox curve, the optimal flow rate for the WCOT
column is between 100-175 nL min—!. Therefore, we tested a flow rate of 100 nL min—? in
the elution step. The results demonstrate that this flow was too low to remove analytes
from the 5 um particle-packed trapping column rapidly. According to Knox’s plots, for

injections into the WCOT column without a trap column, it might be the optimal flow rate.

However, higher flows capable of eluting the analytes from a packed bed are required for
this application. Therefore, 300 nL min~! was tested. This flow rate was sufficient to elute
the analytes.

Figure 5A shows the chromatogram obtained with the single commercial trapping
column. As can be seen, the analytes are separated, especially the metolachlor that has a
higher retention time. Atrazine and clomazone are still not very well separated at their
baseline. Figure 6B shows the chromatogram corresponding to the coupling between the
C18 symmetry column and the WCOT. The result demonstrates a better separation between
atrazine and clomazone. In addition, the retention times were extended, as the WCOT
column has 5 m.
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Figure 6. WCOT columns preparation system; (A) instrumentation for leaching, solvent washing,
and column coating; (B) drying step under constant temperature; (C) instrumentation for column
dehydration process under constant N, flow; (D) stationary phase film formation step after column
coating. The red arrows indicate the path taken by the flow of Nj.

Regarding chromatographic resolution (between clomazone and metolachlor), we
started from Rs = 3.6 in the trapping column to Rs = 5.9 in the WCOT column. Therefore,
the use of trapping columns together with WCOT columns can be an approach to be
explored in future works since, under this configuration, there was an improvement in
the separation (visualized between atrazine and clomazone). However, more efforts are
required to optimize WCOT columns (preparation and chromatographic conditions) to
become competitive columns similar to LC-packed columns in the future.

3. Review of Similar Works

Table 2 summarizes some works reported in the literature on developing WCOT
columns applied to LC. As we can see, most of the work was carried out during the 1980s
and 1990s, reawakening the scientific community’s interest only in 2019, with the develop-
ment of columns with 2 um i.d. In Table 3, we see a consensus among works in employing
stationary phases of ODS (octadecylsilane) that do not have much selectivity, and the analyt-
ical standards are, in their majority, based on PAHs or anthracene derivatives (also a PAH).
Furthermore, all analyses were performed on conventional LC-UV-Vis. However, these
works (i) do not explain how flows in the pL. min~! range are achieved in conventional LC
systems; (ii) do not detail the column preparation system used to produce columns with
i.d. <10 um; and do not present a systematic study to evaluate relevant parameters that
may affect column efficiency. Therefore, here lies the difference in our work. In the present
work, a step-by-step optimized methodology is used for preparing LC-WCOT columns
with stationary phases based on various dimethyl polysiloxane, commonly applied only
in gas chromatography. Moreover, the proposed work is supported by a systematic study
of the parameters that affect column efficiency. Another differential of our work is the
application of WCOT columns prepared with a liquid stationary phase based on dimethyl
polysiloxane in nanoLC-ESI-MS/MS systems, with more polar analytes, which deviate
from the commonly-used PAHs analysis.
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Table 2. WCOT application reports found in the literature.
St;t}ilonary ?olum.n Analytes Instrument Flow Rate Time Elution Year
ase Dimension
" Benzene, Naphthalene, . . !
1 ODS 3.84m x 60 pm ! LC-UV 2.2 uL/min 20 min 25:75 ACN/H,0 1978
Biphenyl
Benzene, Biphenyl, and . .
2 ODS 20.80 m x 56 pm HPAs LC-UV 1.0 pL/min 90 min 40:60 ACN/H,O 1978
3 oDs 6.00m x 100 pm R"SOWZ‘OI' Naphthalene, LC-UV 1.1 uL/min 90 min 40:60 ACN/H,0 1980
nthracene

10:90 ACN/acetic

4 ODS 530 m x 38 um Indole-3-acetic acid LC-UV 1.1 pL/min 12 min acid aqueous 1983
solution

3 . . ramp from 40 to
5 ODS 22.00 m x 31 pm HPAs LC-UV 0.52 uL/min 120 min 70% ACN 1983
6 PS-255 * 2.08m x 11.6 pum Anthracene derivatives LC-UV 0.022 uL/min 40 min 40:60 ACN/H,0 1987
7 PS-255 1.93m x 11.3 um Anthracene derivatives LC-UV not reported 2 min 70: 30 ACN/H,O 1987

50:50

8 PMSCyg * 1.44m x 5.8 um Anthracene derivatives LC-UV 0.013 uL/min 4 min ACN/phosphate 1991

aqueous solution
9 PMSCys 580 m x 63 um Anthracene derivatives LC-UV ;?L'O/(ﬁ?n 130 min 50:50 ACN/H,0 1993

Glycine, Isoleucine 20:80

10 ODS 0.80 m x 2.0 pm Y Le, cine ’ LC-UV 18 uL/min 7 min ACN/ammonium 2019

U aqueous solution

Atrazine, Clomazone, nanoLC-ESI- . . Gradient .
11 OV-210 5.00m x 25 pm Metolachlor MS/MS 0.30 uL/min 60 min ACN/H,0 This work

ODS * = octadecylsiloxane / PS-255 * = 1% 1% vinyl/99% DMPS/PMSC;g * = polymethyloctadecylsiloxane/OV-210
* = 50% trifluoropropyl/50% DMPS.

Table 3. Optimization of the transitions obtained with the help of the IntelliStart Software (Waters)
for the target analytes and their respective cone voltages and collision energy.

Analyte MM logP  [oUm emonin  Dwell®  Cone(v) Lol

Atrazine  215.68 2.61 216.06 ?ggég 8:?3 ;g gg
Clomazone  239.70 2.50 239.93 18;_1996 8:}% gg ‘112
Metolachor ~ 283.79 313 284.00 gg:gg 8:}25 58 ;g
Oxyfluorfen 36170 473 362.00 2134700'%% 81}?,3 gg gg

4. Materials and Methods
4.1. Analytical Standards and Reagents

High purity (>99%) analytical standards of clomazone, atrazine, metolachlor, and
oxyfluorfen were obtained from Fluka Analytical (St. Louis, MO, USA). Stock solutions
were prepared by diluting the standard in methanol to a concentration of 1000 mg L~!
and stored in amber bottles at —7 °C. Working solutions were prepared by diluting stock
solutions to the concentrations of interest. High purity (>99%) solvents used as the mobile
phase were acetonitrile, acquired from Tedia (Fairfield, CT, USA), and water from Merck
Millipore Ultrapure Water System (Burlington, VT, USA). Formic acid used as an additive
to the mobile phase was purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Chromatographic Apparatus and Analytical Conditions

The WCOT columns were evaluated in a UPLC system consisting of an ACQUITY
UPLC liquid chromatograph from Waters (Milford, CT, USA), equipped with an ACQUITY
UPLC sample manager and binary solvent pumps, coupled to the XEVO TQ MS tandem
mass spectrometer with nano electrospray ionization. Chromatographic analyses were
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performed in a partial loop (1 pL), injecting a volume of 500 nL for a concentration of
500 ug L1, with temperature and flow rate of 21 °C and 300 nL min !, respectively.

The mass spectrometry detection method was obtained by IntelliStart software (4.1)
(XEVO TQ MS optimization tool) in positive ionization mode (ESI+) and multiple reaction
monitoring (MRM). For this purpose, each analyte was introduced into the MS/MS by
direct infusion at a concentration of 0.5 pg L~1. Furthermore, two transitions were chosen to
identify these compounds (Table 3). The calibration conditions (“tunning”) for the nano-ESI
used in the chromatographic analyzes consisted of capillary and cone voltages of 3.5 kV
and 30 V, respectively, and the source temperature was 100 °C.

4.3. Preparation of WCOT Columns

WCOT columns were prepared with fused silica tubes of 50 um internal diameter
and 375 pm outside diameter, purchased from Polymicro Technologies (Phoenix, AZ,
USA). Peek sleeves, washers, and ferrules necessary for connecting the column to the
UPLC-MS/MS system were purchased from Acore (Sao Paulo, Brazil). The development of
WCOT columns can be subdivided into the following stages: tube pretreatment, silanization,
stationary phase coating, and film immobilization (cross-linking).

4.3.1. Tube Pretreatment

The fused silica tubing was leached with 2% v /v HCl solution from Tedia (Fairfield,
CT, USA) under nitrogen flow at 80 bar for 5 min. Then, it was heated in an oven at 220 °C
for 3 h. Subsequently, the capillary was washed with 1.5 mL of the same hydrochloric acid
solution and 1.5 mL of dichloromethane. Afterward, it was dried with nitrogen gas for
30 min. To complete the pretreatment, the column was subjected to a dehydration step in
which it was heated at 200 °C for 2 h under a continuous flow of nitrogen gas at 40 bar.

4.3.2. Silanization

After completion of column pretreatment, the capillary was directed to the silanization
process with hexamethyldisilazane (HMDS) from Sigma Aldrich (St. Louis, MO, USA). This
process consists of the percolation of the silanizing agent for 5 min through the capillary,
under nitrogen flow at 80 bar, followed by heating in an oven at 290 °C for 6 h.

4.3.3. Stationary Phase Coating

The column coating was carried out by percolating the stationary phase solution for
30 min under nitrogen flow at 80 bar. Subsequently, the column was heated in an oven at
40 °C for 15 min. The stationary phase solution (2% m /v solution) was previously prepared
by dissolving 40 mg of the liquid phase in 2 mL of a 1:1 dichloromethane /pentane solution.

4.3.4. Film Immobilization

The stationary phase film formed inside the column was immobilized with the azo-
tert-butane (ATB) radical initiator obtained from Sigma Aldrich (St. Louis, MO, USA). For
this purpose, the ATB was percolated through the column for 5 min and then heated in
an oven at 220 °C for 1 h. This process was repeated three times. Figure 6 presents the
instrumental part of the development of the columns.

4.4. Screening of Stationary Phases

Five liquid stationary phases were tested to separate the analytical standards men-
tioned in Section 2.1. OV-73 (5% phenyl 95% DMPS); OV-17 (50% phenyl 50% DMPS);
OV-210 (50% trifluoro propyl 50% DMPS—dimethylpolysiloxane); OV-225 (25% cyano 25%
phenyl 50% DMPS); and OV-275 (100% cyanopropyl DMPS) were obtained from the Ohio
Valley Specialty Company (Marietta, OH, USA). The choice of phases was based on the
McReynolds constant, which gives an idea of the polarity of the stationary phase. The
screening was performed by injecting a mixture of atrazine, clomazone, and metolachlor
(500 ug L=1) under gradient conditions. Separation resolution data between clomazone
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and metolachlor analytes (which are the most retained) were computed and plotted on a
radar chart.

4.5. Evaluating Parameters That Affect WCOT Columns

After choosing the best stationary phase within the experimental conditions, some
parameters that directly affect the efficiency of a column were evaluated. Thus, column
length, internal diameter, and film thickness were studied at three different levels for each
parameter mentioned (low, medium, and high level). Other parameters, such as mobile
phase flow rate, injection volume, and coupling with the trapping column, were evaluated
to provide the best operating conditions for the WCOT.

4.5.1. WCOT Column Length

Lengths of 2 m, 5 m, and 8 m were evaluated to determine the most appropriate for
our WCOT columns. The other parameters referring to the column remained constant,
50 um i.d. and stationary phase (2% m/v solution). The number of plates (N) and separation
resolution (Rs) data were computed in this experiment, according to Table S1.

4.5.2. WCOT Column Inner Diameter

Three internal diameters were evaluated: 25 pm, 50 pm, and 100 um, keeping the
other column parameters constant. The other parameters referring to the column remained
the same (5 m of length and stationary phase coating with 2% m /v solution). The number of
plates (N) and width at half height (Wh) data of the chromatographic peak were obtained
for this experiment.

4.5.3. Stationary Phase Mass in the Coating

The mass amount of liquid stationary phase used to coat the column directly affects
the thickness of the film generated in the column and, consequently, its separation efficiency.
Thus, 1.5%, 2%, and 2.5% m /v of the stationary phase (=30 mg, 40 mg, and 50 mg of the
liquid phase in 2 mL of solvent) were tested to determine the most efficient. The other
parameters referring to the column remained constant; 25 pm i.d. and 5 m long. N data
were computed as well.

4.5.4. Optimum Flow Rate of the Mobile Phase

The optimal flow for the WCOT column was evaluated by injecting the analytical
standard of clomazone (500 ug L~! and 500 nL of injection volume) in a mobile phase flow
range of 100-800 nL. min~'. Then, data processing involved plotting the reduced height of
the theoretical plate (h) as a function of the reduced linear velocity (v). The equations used
for the calculations are in Table S1 in the Supplementary Materials. The molecular diffusion
of the analytes in the reversed-phase (Dm = 1.10~> cm? s~!) was used in the calculations.

4.5.5. Optimum Injection Volume

Injection volume assessment for WCOT columns was assessed by injecting the cloma-
zone (500 pug L) over a 5-500 nL range in partial loop mode (1 uL capacity). The peak
area and the number of plates were computed.

4.5.6. Coupling WCOT Column with a Trapping Column

We also evaluate the coupling of a WCOT column to a “trapping” C18 Symmetry
column (2 m x 180 pm i.d. x 5 pm, Waters—Milford, CT, USA) through switching valves.
Two valves were used for this purpose. In the first moment, which we call position 1, the
loop is filled with the sample (in valve 1) and then loaded into the packed trapping column
(in valve 2), with the loading mobile phase, which also passes through the WCOT analytical
column. In a second moment, which we call position 2, the analytes elute from the trapping
column to the WCOT column, with the elution mobile phase, under gradient conditions.
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The loading step (when analytes are eluted to the trapping column) was evaluated
for 1-3 min, with a mobile phase flow rate of 8 uL. min~—! and conditions of 99% H,O (A)
and 1% ACN (B) plus 0.1% formic acid. The elution step (when analytes are eluted from
the trapping column to the WCOT) was evaluated for a flow between 100-300 nL. min~!,
under gradient conditions: 0-0.1 min with 1% B, 0.1-0.5 min increases to 60% B and holds
up to 21 min, 21-51 min return to 1% B to recondition the WCOT column.

5. Conclusions

The work reported here presented the development and evaluation of selected param-
eters that affect WCOT-type open tubular columns in nano-LC-ESI-MS/MS systems. The
results after all evaluations of some parameters that affect WCOT open tubular columns of
stationary phase, length, internal diameter, and optimal flow rate, among others, and the
application of the column in line with a trapping column, proved to be satisfactory, consid-
ering the limitations—particularly in the instrumentation side—and difficulties of the work.
The WCOT column alone presents separation capability, as seen in Figure S1, and under
coupling conditions with a trapping column (Figure 6B), it presents the potential to be a
new column possibility for LC systems. However, there is still much to study about WCOT
columns in LC, as we still face limitations such as liquid film detachment, which leads to
column and chromatographic system clogging. In short, this work aimed to show the po-
tential of WCOT columns as a future trend in LC, which still requires greater attention from
the scientific community to overcome its limitations. We hope that it will stimulate other
research groups to be involved with the theme, thus bringing the WCOT to its deserved
position in the top LC columns, as anticipated long ago by the chromatography theory.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28135103 /s1, Figure S1: Total ion chromatogram obtained
from the separation of atrazine, clomazone and metolachor in different WCOT column lengths. (A) L
=2m. (B) L=5m. (C) L =8 m, Figure S2: Peak broadening for each WCOT column internal diameter,
obtained in isocratic mode (80:20 ACN/H20 with 0.1% formic acid) for clomazone (500 ug L™1),
Table S1: Equations used for analysis of WCOT columns, and parameter nomenclature, Table S2:
Chromatographic resolution data according to WCOT column length, Table S3: Data on the number
of theoretical plates obtained for the WCOT column according to length.
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Table S1. Equations used for analysis of WCOT columns, and parameter nomenclature.

Equation

Parameter nomenclature

Separation resolution

tR, —tR

Rs = wb, +wb,)

2

Height equivalent of a
theoretical plate

H=Z
N

Reduced height for a
theoretical plate

_ H
~ N.dc

Mobile phase linear speed

L

u —_— —

° tM
Reduced linear speed
= u 2.dc

Dm

Number of theoretical
plates

Lia Y

tr = retention time (s)

tam = dead time (s)

Wb = chromatographic peak base width (s)

wh = width at half height of the chromatographic
peak (s)

L = column length (cm)

N = number of theoretical plates (-)

dc = column inner diameter (cm)

Dm = molecular diffusion of analytes in FM (cm?/s)
Rs = separation resolution (-)

H = height plate (cm)

h =reduced height plate (-)

1o, = mobile phase linear speed (cm/s)

v =reduced linear speed (-)

N = number of theoretical plates (-)

N =554
\Wn/
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Figure S1. Total ion chromatogram obtained from the separation of atrazine, clomazone

and metolachor in different WCOT column lengths. (A) L=2m. B)L=5m. (C)L =38

m.
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Table S2. Chromatographic resolution data according to WCOT column length.

Length tR(A) tR(C) tR(MM) Wb (A) Wb(C) Wb (M) Rs*

2m 19.94 20.50 21.48 1.26 1.92 2.16 0.5
S5m 37.62 42.32 48.15 2.07 2.39 2.62 2.1
8m 65.20 68.74 74.48 1.65 3.04 2.42 22

A atrazine/ C: clomazone/ M: metolachor/ Rs*: between clomazone and metolachor/ tr (min);
Wb (min)

Table S3. Data on the number of theoretical plates obtained for the WCOT column

according to length.

Length tR(C) Wh(C) N* N/m

2m 2050 0.189  65.176 32.588
5m 38.16 0221  165.173 33.035
8 m 5691  0.240  311.504 38.938

N*: data calculated for clomazone (500 pg L) under isocratic conditions of 80:20 ACN/H-O
plus 0.1% formic acid/ tr (min); Wh (min)
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Figure S2. Peak broadening for each WCOT column internal diameter, obtained in

isocratic mode (80:20 ACN/H>O with 0.1% formic acid) for clomazone (500 pg L1).
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ABSTRACT KEYWORDS

NanoLC consolidates as powerful analytical technology liable to provide improved chromato- Electron ionization; liquid

graphic performance and superior detection capabilities. Significant instrumental advances have ~ chromatography; mass

been accomplished in the last 20years to make nanoLC instruments more robust, accurate, and spectrometry; miniaturiza-
. R .Y . . tion; nanoLC

amenable for routine analysis. Similarly, new stationary phases and nanolLC formats provide new

opportunities for separations at the miniaturized scale. Besides, nanoLC makes the hyphenation

with EI-MS feasible, and a series of interfaces and interesting applications have been reported in

the last years. Ei-MS offers unparallel identification capabilities, and its coupling with nanoLC has

the potential to revolutionize the Performance of LC-MS untargeted studies. This manuscript

makes a historical journey through the development of the nanolLC and its hyphenation with the

EI-MS, exploring the more outstanding advances in that technology, discussing its scope, and

identifying its limitations. We intend to give the reader a current overview of the state of the art

of nanoLC and point out perspectives and future lines of advancement and improvement for new

research in this area.

GRAPHICAL ABSTRACT

Liquid phase ] Electron lonization | El Mass Spectra
(E1)

m/z

Helium
1 mU/min

Liquid inlet
capillary
Lc

Cooling gap

b Room Temperature
.

VAPORIZATION VAPORIZATION TRANSFER LINE SMB.
CHAMBER CHAMBER AND NOZZLE VACUUM
(LINER) HEATER BLOCK HEATERBLOCK ~ CHAMBER

COOLIS Uewe CAPILLARY SEPARATION
TRANSFER LINE

Z-AXIS
CAPILLARY
TUNE

SPLIT  NEBULIZATION
OouT SPRAY
VALVE NOZZLE

c.

XY-Z TUNE NOYRE  SKIMMER

CONTACT Fernando Mauro Lancas @ flancas@igsc.usp.br @ Institute of Chemistry of Sao Carlos, University of Sao Paulo, Sao Carlos, Brazil.
© 2022 Taylor & Francis Group, LLC


http://crossmark.crossref.org/dialog/?doi=10.1080/10826076.2022.2110114&domain=pdf&date_stamp=2022-12-02
https://doi.org/10.1080/10826076.2022.2110114
http://www.tandfonline.com

Introduction

Nowadays, the hyphenation of liquid chromatography (LC)
with mass spectrometry (LC-MS) is one of the most potent
techniques in analytical science. The majority of LC-MS
instruments available are hyphenated and operate under
atmospheric pressure ionization interfaces, including electro-
spray (ESI), atmospheric pressure chemical ionization
(APCI), and atmospheric pressure photochemical ionization
(APPI).[Y) Such API-based techniques are recognized as soft
ionization procedures, as they are characterized by mainly
generating adduct, protonated, or deprotonated quasi-
molecular ions.”) LC-ESI-MS stands out in targeted and
untargeted studies because of its sensitivity, robustness in
routine analysis, and a good range of analyzable compounds
involving small molecules (e.g., pesticides and pharmaceut-
ical drugs) and biomolecules.® APCI and APPI are ESI-
complementary techniques, especially suggested for small
and less polar compounds that are difficult to be ionized
through ESL!*?!

Although these API techniques have been used success-
fully, they still possess downsides. For example, ionization of
non-polar compounds is a challenging task. They depend on
LC mobile phase composition—the presence or absence of
salts or other solutes makes them highly susceptible to
matrix effects, resulting in analytical signal suppression or
enhancement.!®) API process barely takes place with frag-
mentation. Consequently, mass spectra generated do not
provide meaningful structural information."® With those
soft ionization techniques, the obtention of molecular
structure is only possible with the aid of in-tandem or high-
resolution mass spectrometry (MS/MS and HRMS, respect-
ively).!””) However, despite API-based techniques capable of
generating fragmentation spectra, this process usually suffers
from non-reproducibility and is influenced by instrumental
and operational parameters.'”) Therefore, results generated
from analytical methods relying on LC-API-MS instrumen-
tation are not easy to reproduce from lab to lab, or when
instruments from different manufacturers must be used for
the same purpose.!'!!

On the other hand, the last two decades have been
marked by significant achievements in LC miniaturization,
resulting in the development of reliable instruments for
capillary and nanoLC."?! The well-recognized capillary/
nanoflow rate compatibility with ESI-MS promotes analytical
sensitivity gains. The development of modern columns and
instruments that work at nano flowrates makes the LC and
the EI-MS finally compatible. The rich fragments and high
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reproducible 70 eV spectra characteristic of EI-MS constitute
a significant advantage over the API-based techniques.!'"!
EI-MS is a hard ionization technique whose reproducible
fragmentation pattern results in almost a fingerprint-like
mass spectrum for each target compound.!"!! This feature
facilitates the structural elucidation and identification of
unknown compounds via automated library spectra com-
parison.">'*) Besides, mass spectra generated by hard-
ionization EI-MS rarely suffer from matrix effects. The high
vacuum conditions necessary for electron ionization (EI)
extinguish almost any molecule-molecule or molecule-ion
interaction; therefore, the matrix effects barely affect mass
spectra generated by 70eV EI-MS.'"¥ Moreover, the advent
of nanoLC and the recent developments focused on interfa-
ces to coupling it with EI-MS have the potential to bridge
the gap between LC and gas chromatography (GC), enabling
their coexistence in a single instrument capable of analyzing
a considerable higher spectrum of target compounds
simultaneously,-1%-11-1-1¢]

Within such a context, Table 1 gathers important infor-
mation about hard ionization (EI-MS) and soft ionization
techniques (API) to make things clearer to the journal audi-
ence—especially to help everyone understand “Why should
so much effort be put into attaining compatibility of EI-MS
with LC, if ESI-MS is already a well-established technique,
and already compatible with LC?”

Taking all this into account, this review aims to present
the topic as state-of-art, highlighting the major and promis-
ing nanoLC-EI-MS interfaces already available or in imple-
mentation, as well as to discuss the future trends alongside
possible directions that analytical chemists can take in the
coming years for the sake of this scientific field.

Modern nano liquid chromatography

Nano-LC is a microfluidic technique that emerged around
the 1990s and has become the most widespread miniaturiza-
tion of LC developed so far.'>'”'8) 1t is characterized by a
reduced internal diameter (i.d.) of the analytical columns to
~10-100pm and a flowrate of 50-800 nL/min.!**?")
Columns with an inner diameter of 75um columns are the
more frequently employed and represent the best comprom-
ise between load capacity, separation efficiency, and detect-
ability.!*!) The attributes of the technique include higher
separation efficiencies and improved sensitivity when
coupled to mass spectrometry'” and an alignment with
green chemistry principles due to the reduction in the

Table 1. Main features, advantages, and disadvantages of electron ionization and atmospheric pressure ionization techniques for mass spectrometry.

EI-MS

API-MS

Hard-ionization procedure
Extensive molecular fragmentation—fingerprint-like MS spectrum

High-vacuum condition

Negligible matrix effect

Very reproducible mass spectra

Library-searchable results

Not compatible with nonvolatile and thermolabile molecules
Standard technique for coupling with GC

Soft-ionization procedure

Limited molecular fragmentation—MS/MS or HRMS for producing structural
information is needed

Atmospheric pressure condition

Highly susceptible to matrix effect

Non-reproducible mass spectra

Non-library searchable results

Ideal for proteins and other biomolecules

Standard technique for coupling with LC

Complementary set of characteristics
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volume of solvents and stationary phases that are required.
Coupled with mass spectrometry through electrospray ion-
ization sources (ESI-MS), improved sensitivity is obtained at
nano flowrates as the ionization process is faster and more
efficient than with a conventional LC. Similarly, when
coupled to EI-MS, the impact of the mobile phase on the
ionization process is reduced, and the compatibility of LC
and EI-MS is attained.

The enhanced sensitivity characteristic of nanoLC is a
consequence of the relationship between the i.d. of the col-
umns and the dilution of the chromatographic band (D).
This sample dilution (in the mobile phase) inside the column
can compromise the separation efficiency and generate broad
peaks. To understand the sample dilution, Equation (1)
below is used:'®%*!]

C, enr’ (1+k)v2nLH

Cmax Vinj

D= (n

Here, C, and C,,,x are the concentration of the injected
sample, and at the peak maximum, respectively, k is the
retention factor, L is the column length, H is the plate
height, r is the radius analytical column, and, V;,; is the
injection volume. Considering that the column radius is dir-
ectly proportional to the band dilution, reducing the radius
(smaller column i.d.) reduces band dilution. Hence, well-
resolved, narrower, and more intense peaks are obtained.

Interest in nanoLC has been growing over the years,
either for applications in omics (e.g., proteomics, metabolo-
mics, genomics),”** or more recently, in small mole-
cules.?”! Although commercial nanoLC instruments have
been available since the end of the 1990s, efforts are still
needed to ensure robust instrumentation. When the issue of
instrumentation for nanoLC is taken into consideration, the
mobile phase pumping system is one of the most critical
components and must deliver a precise and stable flow in
both isocratic and gradient modes.”?!! Therefore, the pumps
are combined with flow rate controllers and nanoflow sen-
sors to monitor the accuracy of mobile phase delivery and
any leaks that may occur and compromise separation effi-
ciency. These leaks are much more critical on a miniaturized
scale, where the low flow rate makes a leak undetectable.

Early nanoL/min flowrates delivery systems were based
on conventional HPLC pumps with flow splitters.
Nevertheless, this approach leads to considerable solvent
wasting and reduced sensitivity with mass-dependent detec-
tors. Nowadays, accurate nanoflow rates are obtained
through constant flow pumps (reciprocating and syringe)
and constant pressure pumps (pneumatic with or without
amplification).”?®) Constant-flow pumps employ an electric
motor to deliver the mobile phase during the analysis
employing a piston. The difference between them is pre-
cisely this piston. While the syringe pump employs one pis-
ton and generates a non-pulsating flow, the reciprocating
pump employs two alternating pistons that generate a pul-
sating flow.

Consequently, the use of dampers at the pump outlet is
necessary to reduce this pulsation. On the other hand, con-
stant pressure pumps use gas to deliver the mobile phase.

Pneumatic pumps without amplification contain the mobile
phase in a reservoir, with an inlet for the gas and an outlet
for the mobile phase connected to the analytical column. In
pneumatic pumps with amplification, the gas will exert pres-
sure on a piston to deliver the mobile phase.!**!

Another critical point is introducing the sample into the
analytical column. The obtention of narrow peaks makes it
necessary to create a short sample plug at the column
entrance. Therefore, to avoid any overloading of the column
or band broadening, the maximum injection volume of the
sample should be determined by Equation (2) below:!*”!

Vimax = 0.364/Ld, d*(k+ 1) )

In this equation, L is the column length, dp is the particle
diameter, d. is the column diameter, and k is the retention
factor. Analytes with a low retention factor should be
injected in smaller amounts to avoid band broadening and
consequent reduction in separation efficiency.

The sample can be introduced into the column using
either an injection valve with an internal or external loop or
pre-concentration in a trap column.*® Typically, in
nanoLC, trap columns are widely employed for sample pre-
concentrate and increase sensitivity in the analysis.[w]
Moreover, to protect the analytical column from overfilling
and clogging. Therefore, a trap column has a larger diameter
than the capillary column and larger particles to increase its
loading capacity.

Another critical instrumental parameter is the use of
proper connection/fitting accessories. Tubes and connections
are essential to minimize the extra-column band broadening
in nanoLC systems. Therefore it is recommended to use
tubes with minor diameters and lengths, and connections
should have no dead volume (zZDV).*"*!

Finally, one of the critical components of nanoLC instru-
mentation is the nano analytical column. NanoLC columns
generally have an i.d. of 75pum and are usually produced in
fused silica tubes. Currently, columns for nanoLC include
packed columns, monoliths, microfabricated pillar array col-
umns (LPAC), and open-tubular columns.®!! Packed col-
umns are the usual format, typically employing fully porous
1.7-3.5um CI18 particles. In other words, there are few sta-
tionary phase materials available on the market in the for-
mat of nanocolumns, which leads researchers to develop
new materials and package their columns in the research
laboratory.*?) Monoliths can be an excellent column format
for nanoLC, considering the high backpressure generated by
packed columns. These columns offer three stationary phase
compositions ensuring various selectivity possibilities.
Therefore, we have monoliths based on organic polymer, sil-
ica, and hybrid materials. In short, the monoliths have a
pore structure with different sizes (macropores and meso-
pores), which ensures a high permeability to the mobile
phase, allowing higher flows and reduced analysis time, all
at low backpressure.*”>*/ However, no monolithic nanoLC
columns are commercially available despite their
great potential.

A type of column that has been little explored in nanoLC
but with great potential for the technique is the open-

61



tubular columns (OT).**! These columns are characterized
by having a thick film attached to the wall of the fused silica
tube, and its interior is empty. Therefore, the OT offers the
highest permeability to the mobile phase among all types of
columns, ensuring low backpressures, high flows, and rapid
analysis. Within the OT column category, there are two pos-
sibilities: the porous layer opens tubular columns (PLOT),
which have a porous and polymeric film on the wall of the
tube, and the wall coated open tubular column (WCOT),
which is characterized by coating the column with a liquid
film, usually stationary phases characteristic of gas chroma-
tography.*®! Most research into OT is done with PLOT, as
it is a column format with a higher loading capacity than
WCOT columns. However, some efforts are still needed to
understand the operation and production dynamics of OT
columns and to further explore their coupling with nanoLC.
We can estimate that future research in LC miniaturization
will be directed toward this column type.

Despite all these column types, nanoLC features a
new chip-based column format that represents the most
remarkable evolution in the miniaturization of LC.1**
The microchips couple in a single device, the sampling loop,
pre-column, separation analytical column, and detector—
detection cell or nanospray emitter for mass spectrometry
(MS). In addition, they are characterized by a 2D network
of channels, where separation takes place. These channels, in
turn, can take the form of particles, monoliths, or open
tubes.*®! In other words, microchips can replace any con-
ventional column model with a more robust platform that
requires less human handling.!*®! As it is still a new technol-
ogy, many studies need to be done to overcome the limita-
tions found in the coupling between the microchip and the
LC system.[37]

NanoLC can be used with a variety of detectors. In the
case of the ultraviolet detector, the detection cell needs to be
resized to the mobile phase flow rate in the nL/min range to
avoid any extra-column band broadening. However, the
most suitable detector for the technique, considering its low
flow rate, is MS. Several ionization sources can be employed
within this niche, being electrospray (ESI) the most com-
mon. However, research and instrument manufacturers are
working on coupling with electron ionization (EI), and due
to its innovative character, this topic will be discussed in the
next section.

Modern nanoLC coupled to electron ionization mass
spectrometry (nanoLC-EI-MS)

Although nanoLC coupled to MS thought nanoESI sources
perform very well, the hyphenation of LC with EI-MS has
long been a goal, even before the emergence of the API
sources.*®! The LC-EI-MS coupling approaches date back to
the end of the 1960s when Tal'roze explored for the first
time the direct interfacing of the column eluent into the
vacuum region of the EI-MS source.!'* That approach did
not succeed, but it boosted the research in this area, and a
wide plethora of interfacing strategies emerged between the
1970s and 1980s. Important applications were reported in
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this period involving interfaces, such as the different ver-
sions of the direct liquid introduction (DLI),"*¥ the mobile
belt (MB),2>*! the monodispersive aerosol generation inter-
face (MAGIC),""**" and the particle beam (PB) interface.*!!

The Performance of all those early interfaces was quite
limited and characterized by low detectability, a narrow
range of applicability, and frequent blockage.!'"'*! The main
struggle was the incompatibility between high-vacuum oper-
ation conditions of the EI-MS source and the high mobile
phase flowrates characteristics of the conventional LC.1**
However, the development and exploration of interfaces,
such as MAGIC and PB allowed establishing the need to
reduce the amount of mobile phase entreating into the ion-
ization source, to achieve suitable analytes ionization.
MAGIC evolved in the PB interface, and during the 1990s,
PB rapidly progressed toward the Cap-EI, a miniaturized
version able to work at micro-flow rates. Cap-EI provided
remarkable advances, and at the end of the century, the
emergence of the nanoLC finally set the milestone that is
making LC and EI-MS hyphenation feasible.

Nowadays, the research in nanoLC-EI-MS hyphenation
relays on the exploration of three main interfacing strategies:
(i) Direct EI, (ii) liquid electron ionization (LEI), and (iii)
Cold EI. Those interfaces have been under continuous
research and evolution over the last 20 years and have con-
tinuously extended their range of applications toward heav-
ier and more polar compounds. New improvements to those
interfaces could probably shortly make nanoLC-EI-MS com-
petitive with nanoLC-API-MS approaches. Figure 1 introdu-
ces a schematic representation of those interfaces, and
further details about their operation principle, applications,
and limitations will be discussed in the following sections.

Direct EI

Currently, Direct EI is the most straightforward, cheap, and
affordable approach for nanoLC-EI-MS coupling.'**! Direct
EI is a simple strategy that does not require additional inter-
facing mechanisms and consists of the direct infusion of the
nanoLC column effluent into the high-vacuum region of the
EI-MS source through a fused silica capillary of inner diam-
eter <25pum (Figure 1a).["%! Despite its simplicity, this inter-
face has demonstrated suitable sensitivity, and linearity, for
the analysis of volatile compounds with low to medium
molecular weight.!**!

Although Direct EI was initially configured by
incorporating a curve capillary with a cone-shaped tip, fur-
ther studies demonstrated no significant difference between
cone-shaped tips and regular capillaries.!*®! However, the
inner diameter of the transference capillary strongly influen-
ces ionization. Capillaries with an i.d. between 15 and 25 pm
have demonstrated suitable Performance.'”! Although there
are no reports, further ionization improvements could be
obtained by adapting capillaries with lower i.d.

The Performance of the Direct EI interface depends on
several instrumental factors. The temperature of the ioniza-
tion source (150-350°C) can prevent water freezing at the
capillary output and improve the effluent vaporization.
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Figure 1. Schematic representation of the modern interfaces for nanoLC-EI-MS
coupling. (a) Direct El interface; (b) liquid electron ionization interface (LEI).
Reprinted with permission of Ref.['4 Copyright (2019) Elsevier. (c) Cold El with
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Similarly, transference tube temperature can positively affect
the nebulization process and end premature solvent evapor-
ation and interface clogging.*Y! Due to the surface of the
ion source material, unspecific adsorption of polar, low-vola-
tile, and thermolabile analytes can lead to excessive peak
tailing. Cappiello’s research group studied silica, titania, and
zirconia-based materials as coating of the stainless-steel ion
source.*”! Assessed in the analysis of polycyclic aromatic
hydrocarbons (PAHs) and hormones, sources coated with a
thin layer of silica provide more intense and narrower chro-
matographic peaks than other bared or coated sources.

The mobile phase flow rate affects the EI process. The
lower the solvent entreated into the ionization source, the
higher the signal-to-noise ratio and the better the analyte’s
detectability. EI occurs under vacuum conditions and just
one in ten thousand molecules entering the ionization
source is ionized. So, the lower number of solvent molecules
competing with the analytes for the ionizing electrons, the
better the ionization of the analytes. Besides, solvent mole-
cules can induce chemical ionization, hindering the obten-
tion of library searchable standard 70eV EI spectra.l*®!
Modern nanoLC works with flowrates around 500 nL/min,
but further improvements in detectability could be obtained
by the scale reduction until the pL/min order, with the
exploitation of alternative separation media like very narrow
open tubular or on-chip microfabricated columns.

Although the quality of the EI spectra is not affected, the
mobile composition can also impact the ionization effi-
ciency. The liquid to gas transference depends on mobile
phase volatility, viscosity, and surface tension factors. The
higher the percentage of organic solvent on the mobile
phase, the faster evaporation and higher signal-to-noise
responses are obtained.

On the other hand, Direct-EI is less susceptible than API
sources to ionization enhancement/suppression due to buf-
fers and other mobile phase additives. Direct EI was the first
interface that corroborated the absence of the matrix of
mobile phase additives effect in liquid chromatography
coupled to EI-MS.*”) Table 2 compares the matrix effects
observed for analyzing different compounds from different
matrices, employing ESI-MS and EI-MS coupled to liquid
chromatography. As observed, EI-MS excels over ESI by the
practical null matrix effects.

The Performance of Direct EI was early demonstrated in
the analysis of several analytes with different characteristics,
such as organochlorine pesticides'****! and boronic acids,!””!
nitro-polycyclic aromatic hydrocarbons, and human hor-
mones,””"! among many others. More recently, Rigano et al.
introduced a new method for determining free fatty acids
profile in mussel samples, via nanoLC-EI-MS, with Direct-
EI interfacing.!® This strategy avoided the esterification
stages typically required for analysis of fatty acids via GC-
MS, provided detection limits (LODs) in the range between
0.19 and 1.19 ug mg ', and set the bases for further analysis
of lipidomic studies nanoLC-EI-MS. Also recently, Jocelyn
et al. introduced a portable nanoLC-EI-MS system for in-
field forensic analysis by coupling an Easy-nLC 1000 and a
Viking 573 Mass spectrometer using a Direct EI interface.!**!
The system allowed the infield determination of fentanyl
with a LOD of 1.5 ng/mL.

Although Direct-EI is an easily adaptable and profitable
interfacing alternative, this interface still entails some critical
shortcomings, such as frequent interface clogging due to
premature solvent evaporation and analytes precipitation.

Liquid electron ionization interface (LEI)

Liquid-Electron Ionization Interface (LEI) is the most
advanced nanoLC-EI-MS hyphenation technology.!'® This
interface uses a specially designed vaporization chamber that
separates the column eluent evaporation and the analytes
ionization stages.”*) LEI was developed as a modern
approach, aiming to overcome the shortcomings of Direct-
EI that lead to peak broadening, noise mass spectra, and
reduced analytical response.

Studies on Direct-EI showed the need to perform the
liquid to gas conversion outside of the ionization source,
and this idea gradually led to the development of the LEI.
Initially, the Mondello research group and Fasmatech
Science and Technology (Athens, Greece) introduced an
interface based on a medium-low pressure vaporization/des-
olvation chamber placed between the column effluent and
the EI source. Column effluent vaporizes by heating, and a
make-up nitrogen flow promotes the formation of a fine
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Table 2 Post-extraction addition ME evaluation on different matrices with ESI-MSMS and Direct-EI-LC-MS. Reprinted with permission

of Ref.*”! Copyright © 2011, Wiley.

Summary of the experimental conditions ME + RSD (%)
Compound Matrix Extraction method LC-ESI-MS/MS LC-Direct EI-MS
Ibuprofen Human plasma LL 64 +22 105+5
Human plasma SPE 52+14 97+4
Phenacetin Human plasma LL 135+ 14 99+2
Human plasma SPE 123+13 101+2
Aldicarb Fulvic acid artificial matrix Injected without extraction 53+7 115+6
River water SPE 74+8 100+ 10
Atrazine Artificial matrix Injected without extraction 48+6 99+4
River water SPE 106+ 8 105+19
Methomyl Artificial matrix Injected without extraction 60+6 101+3
River water SPE 110+27 105+5
Propazine Artificial matrix Injected without extraction 61+4 99+5
River water SPE 74+6 97+13

aerosol, carrying the vaporized molecules to the ionization
source by a pressure gradient.!'"!

Cappiello et al. recently introduced the first version of
LEI, exploring the incorporation of a vaporization micro-
channel, where nebulization takes place promoted by fast
heating.**! In this case, the eluate is introduced in the
vaporization micro-channel through a 25um i.d. fused silica
capillary so that fast vaporization occurs upon contact with
the heated inner capillary. A helium flow rapidly swept the
formed vapors to the ionization source. A Peltier-based
cooling system was incorporated at the inlet of the vaporiza-
tion microchannel to prevent premature solvent evaporation
(and possible clogging by analytes precipitation).''”!

This first version of the LEI proved to be more robust
than Direct-EI. Nevertheless, the interface continues to be
susceptible to frequent capillary blockage mainly due to inef-
ficient separation of the cold and hot zones. Hence, research-
ers substituted the Peltier plates for a cooling gap between
the vaporization and gas-liquid mixing zone (Figure 1b).
This approach provided better temperature control, demon-
strating superior Performance in preventing premature solv-
ent evaporation and significantly reducing the chances of
nebulizer capillary clogging.us] In recent years, LEI has
demonstrated excellent Performance in analyzing pesticides,
polycyclic aromatic hydrocarbons, hormones, and phenols,
excelling as a promissory tool for the nanoLC-EI-MS analysis
of polar and non-polar compounds.” This interface has
also demonstrated the feasibility of performing untargeted
studies, allowing the exploitation of digital spectra libraries
and deconvolution software. For example, Figure 2 shows
the identification with the aid of deconvolution of
Benzo[a]pyrene, during the untargeted analysis, in full scan
mode, of a brain sample extract of a sudden infant death
syndrome (SIDS) victim.

Recently Cappiello’s research group explored the coupling
of micro LC with Negative chemical ionization (NCI) and
Electron Capture Negative Ionization (ECNI) tandem mass
spectrometry (MS/MS) through an LEI interface.®®’ Analysis
was performed in a 2.1 um i.d column and a passive post-
column splitter allowed to reduce the flow rate from 100 puL/
min to 0.5 uL/min before entering the LEI (split ratio 1:200).
This approach demonstrated a 100-fold sensitivity increase
compared to LC — LEI — MS, with standard 70eV EI in the

determination of dicamba and tefluthrin pesticides in com-
mercial formulations,

As LEI is a new interface, the reported applications are
still scarce. At the moment, LEI has exhibited suitable cap-
ability for analyzing small polar and non-polar GC amenable
molecules, although the developers argue a more extended
range of applicability than the exhibited by GC-MS."**! On
the other hand, the dependence of temperature promoted
vaporization of LEI could limit its applicability to the ana-
lysis of thermolabile or low-volatile compounds.

Cold EI

EI-MS spectra are rich in structural information and amen-
able for analyte identification via library comparison for
many compounds. However, in many cases, radical cations
formed are so unstable that the standard 70eV EI spectra
do not show molecular ions (or very low intensity). The
absence of this information hinders the identification chan-
ces and limits the assignment of an elemental formula to the
compound. Alternative strategies, such as chemical ioniza-
tion (CI), field ionization (FI), photoionization (PI), and low
electron energy EI have been used as complementary strat-
egies for the obtention of spectra with enhanced molecular
ions. CI is the most commonly used and is currently avail-
able as an alternative ionization mode in many modern GC-
Ms instruments.

On the other hand, although those alternative ionization
modes can provide suitable results, Cold EI is the best alter-
native available to obtain EI spectra with enhanced molecu-
lar ions. This technique relies on the ionization of cold
molecules in supersonic beams (SMB) with 70eV electrons,
like in standard EI-MS. Cold-EI yields classical 70eV EI
mass spectra, rich in fragments but with intense molecu-
lar ions.””!

Cold EI was introduced in the ’90s when Amirav’s
research discovered the enhancement of the molecular ion
of cholesterol and bromopentane upon its cooling in
SMB."*®*] Initially, this technology was exploited in GC-MS
and rapidly adapted to coupling miniaturized LC with
EI-MS.202%)

Cold EI relays on the electron ionization of a fly-through
ion source of vibrationally cold sample molecules in super-
sonic molecular beams (SMB). An SMB is the adiabatic
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expansion of carrier gas and the sample through a nebu-
lizer—a 100 um i.d. ceramic-shaped pinhole in the heated
transfer line—so that all the molecules are speed-up to the
same velocity and a vibrational-rotational cooling results
from slow intra-beam collisions. These vibrationally cold
sample compounds are skimmed and collimated, and the
SMB flies through the ion source, ionizing by 70eV elec-
trons. The result is Cold EI spectra that exhibit the fragmen-
tation patterns of standard EI but with enhanced
molecular ions. "

LC-EI-MS with Cold EI was initially accomplished
through an interface based on a spray formation at high
pressure, soft thermal vaporization, subsequent expansion in
a supersonic nozzle, and further ionization.[® A thermal
gradient between the three different heated zones and a
make-up flow of helium assisted the supersonic spray
formation, preventing premature solvent vaporization.
Nevertheless, this first version of the SMB LC-EI MS inter-
face was susceptible to clogging and low robustness and
reproducibility.!"!

In 2015, Amirav et al. introduced the most advanced
Cold EI interface based on the pneumatic spraying of the
LC effluent in a heated nebulization chamber and succeed-
ing ionization of the SMB (Figure 1c).1*?! Spray stability was
improved by thermal isolation of the vaporization chamber
inlet so that the sample spraying could take place at a low
temperature (40°C), whit further vaporization at 300°C.
Vapors are swept toward the SMB nozzle with a helium
flow and a capillary flow restrictor.

Like standard EI, Cold EI is practically free of ionization
suppression/enhancement due to the matrix effects, and
SMB technology can endure high eluent flow rates (up to
250 uL/min). Besides, vibrational cooling occurs without
sample/solvent adducts formation. The improved molecular
ion of Cols EI spectra provides superior identification capa-
bilities via library comparison. Besides, the Tal-Aviv
Molecule Identifier (TAMI) software was developed to
determine elemental formulas from the enhanced molecular
ion isotope abundance patterns of cold EI spectra.l SMB
technology can provide linear responses up to 5 orders of

magnitude rages detection limits below one pg for many
compounds and a superior range of applicability than stand-
ard EI, allowing the ionization of polar and non-polar com-
pounds with molecular masses up to 700- 800 Da.

According to Amirav’s research group, Cold-EI is super-
ior to standard EL®®*) While CI and other “soft” ion sources
are complementary alternatives to standard EI, cold EI can
substitute EI, applying to the analysis of molecules in a wide
range of polarity and molecular weight without complemen-
tary ionization modes. Cold EI can provide both standard
EI spectra without any instrumental modification or provide
Cold EI spectra with enhanced molecular ions.

Cold EI has demonstrated an extended range of applica-
tions.!**!  Compared to LC-ESI-MS, LC-Cold-EI allowed
the ionization of both polar and non-polar compounds.
GC-Cold-EI-MS demonstrated improved resolution and per-
formance obtention narrower chromatographic peaks com-
pared with standard GC-EI-MS.

Recently Amirav’s research group introduced a hybrid
and unified instrument able to unify Gas chromatography
(GC) and liquid chromatography (LC) coupled with stand-
ard EI-MS and cold EI-MS.!®*) The technique unification
was accomplished by incorporating a restrictor capillary as
an LC interface (for standard EI) or the interface for pneu-
matic spray formation (for Cold EI) through the transfer
line and parallel to the GC capillary column. At pL/min
flow rates, the pneumatic spray is thermally vaporized at
ambient pressure so that most of the vaporized spray is
released to the atmosphere, and just a portion is conducted
through the heated flow restriction capillary and goes under
SMB, and further, Cold EI

The system can switch between GC-EI-MS and LC-EI-
MS via software without any instrumental change to per-
form GC—MS and EI-LC—MS analyses in a single
run and report the results in the same chromatogram.
Figure 3 shows a GC/LC hybrid chromatogram obtained in
one unified analytical instrument run for a model mixture
at the concentration of 10mg/L for GC compounds and
50 mg/L for LC compounds. Figure 3b illustrates the possi-
bility of obtaining Cold-EI spectra in LC-MS for heavy
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Figure 3. GC-MS with cold El and EI-LC-MS with cold El analyses in one unified
analytical instrument run for the demonstration that the unified GC-MS with
cold El and EI-LC-MS with a cold El system (EI-LC/GC-MS-SMB) can operate
with software-based mode changing and generate both analyses in one file
without any change in hardware assembly or setup. Reprinted with permission
of Ref.® Copyright ©) 2020, American Society for Mass Spectrometry.

compounds with the same quality as those obtained via
GC-MS.1!

Conclusion

NanoLC coupled to MS is a modern and powerful analytical
technique that provides enhanced chromatographic
Performance and superior detectability than the observed at
a conventional scale. The first commercial instruments for
nanoLC were introduced 20years ago, and since then, the
technique has been under continuous evolution. Robust,
compact, and portable instruments have been introduced,
and the researchers have developed a plethora of new sta-
tionary phases and column formats. Nowadays, packed col-
umns with innovative stationary phases, open tubular
columns, and microfabricated devices provide a series of
separation alternatives to be explored in nanoLC.

On the other hand, although nanoLC coupled to MS
through nanoESI sources has demonstrated improved per-
formance in the last 20years, one of the most outstanding
advantages of the miniaturized scale is the possibility to
allow the hyphenation with EI-MS instruments. EI-MS
exceeds the atmospheric pressure ionization techniques by
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providing highly reproducible and molar informative mass
spectra, its negligible matrix effects, and its potential to
unify GC and LC in a single instrument. The LC-EI-MS
coupling has been long pursued, even before the develop-
ment of the ESI sources arose. In the past, incompatibility
between the high vacuum condition of EI-MS and the large
flowrates characteristics of LC hindered the coupling
between the techniques. With the nanoLC technology’s rise,
those incompatibilities have come to be overcome, and in
the last 20years, three different interfacing strategies have
been providing progressive results: (i) Direct EI, (ii) LEI,
and (iii) Cold EI. Direct EI is the more simple and easily
adaptable but also the less robust approach. LEI is the newer
technology and has allowed overcoming many limitations of
direct EI and promises a wide range of applicability, includ-
ing polar and non-polar compounds in a range of molecular
masses more extensive than allowed by GC-MS.
Nevertheless, the reported applications of this interface are
still scarce. Cold EI is a more sophisticated technology but
excels as an improved version of the conventional EI, mainly
due to its ability to provide mass spectra with enhanced
molecular ions, improving the identification capabilities.
Recently. Cold EI allowed the first introduction of a GC/LC
unified instrument. Although the detection limits are still
high, this advance may be opening the door for the advent
of unified chromatography. Shortly, we will continue to see
new developments in these interfaces, and their association
with new advances with new nanoLC instruments and
columns could bring new application opportunities and
gradually make nanoLC-EI-MS finally competitive with
nanoLC-ESI-MS.
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Abstract

Mass spectrometry (MS) is a fundamental technique to identify compounds by
their mass-to-charge ratio. It is known that MS can only detect target compounds
when they are converted to ions in the gas phase. The ionization procedure is con-
sidered one of the most critical steps, and there are distinct techniques for it. One
of them is electron ionization (EI), a widely used hard-ionization technique capa-
ble of generating several ions due to the excess energy employed. The existence
of distinct ionization mechanisms turns EI capable of producing a fingerprint-
like spectrum for each molecule. So, it is an essential technique for obtaining
structural information. EI is often combined with chromatography to obtain a
practical introduction of pretreated samples despite its excellent performance.
EI-MS has been applied coupled with gas chromatography (GC) since the 1960s
as both are very compatible. Currently, analytes of interest are more suitable for
liquid chromatography (LC) analysis, so there are researchers dedicated to devel-
oping suitable interfaces for coupling LC and EI-MS. EI excels, as a reliable tech-
nique to fill the gap between GC and LC, possibly allowing them to coexist in a
single instrument. In this work, the authors will present the fundamentals of EI-
MS, emphasizing the development over the years, coupling with gas and LC, and
future trends.

KEYWORDS
electron ionization, gas chromatography, liquid chromatography, mass spectrometry, unified
chromatography

1 | INTRODUCTION: EI-MS
PRIMORDIUM

Abbreviations: APCI, atmosphere pressure chemical ionization; APPI,

atmosphere pressure photoionization; Cap-EI, capillary-EI interface;
CID, collision-induced dissociation; Direct-EI, Direct-EI interface; DLI,
direct liquid introduction interface; EI, electron ionization; ESI,
electrospray ionization; GC, gas chromatography; HPLC,
high-performance liquid chromatography; HRMS, high-resolution mass
spectrometry; LC, liquid chromatography; m/z, mass-to-charge ratio;
MAGIC, monodisperse aerosol generation interface for
chromatography; MB, mobile belt interface; MS, mass spectrometry;

Mass spectrometry (MS) was introduced at the beginning
of the 1990s following some experiments by Thomson
about cathodic rays and further studies of Aston [1,
2]. MS operates as a detection technique in which a
gaseous phase containing the compounds of interest—as
ions—is formed and separated further, according to their

MS/MS, tandem mass spectrometry; NIST, National Institute of
Standards and Technology; PB, particle beam interface; SMB, supersonic
molecular beam; UV-Vis, ultraviolet detector.

mass-to-charge ratio, with the support of electric and
magnetic fields. During that period, the discrimination
of isotopes was a topic of great interest, and to study that
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scientists-produced positive ions by heating a metal wire
coated with the target element [1, 3]. The initial devel-
opments over electron ionization (EI) emerged from this
interest, precisely with Dempster in 1918 at the University
of Chicago. He showed that a determined sample could
produce positively charged ions if an electron beam were
accelerated and further shocked by it [4]. Here, the well-
recognized terminologies of electron-impact ionization
and EI have their roots. By definition, EI consists of
bombarding a determined sample with an energy-defined
electron beam for transferring energy to the sample,
causing it to ionize.

After these pioneering experiments on the EI pro-
cess, several scientists began interested in the topic—
recognizing the importance and potential that this
technique would represent for the production of ions
and a subsequent identification of them. It is worth
mentioning that the following cited works are considered
essential contributions to the field. They presented origi-
nal experiments and interfaces, which helped EI become
an established technique for producing ions and as a
source for MS [4]. In 1922, Smith created an ion source
capable of controlling the acceleration and energy of
the electron beam partially, which could identify doubly
charged mercury species from its predecessors as well as
had used this source to study ions from several other ele-
ments [5]. In 1929, Bleakney proposed a novel design of EI
source to collimate the electron beam, which can prevent
interference between electrons and is principally able to
produce a linear source of ions with similar density to be
further analyzed [6]. Even so, there were still significant
problems in the EI sources, such as the necessity for an
all-metal machine-like EI ionization source. Furthermore,
these initial works have their ionization chambers primar-
ily made in a single piece of glass, making maintenance
or replacements difficult when problems emerge. In addi-
tion, the observed varying energy of the electron beam,
which hindered ionization efficiency and resolution to
producing electron beam with constant energy, was a key
goal at that time. Lastly, the demand for compact size EI
sources was a challenge, once most designs did not favor
the construction of compact instruments, mainly due to
their demand for large power supply units (e.g., batteries).
Up to the 1980s, several other scientists contributed to
overcoming these El-related downsides, being the most
notables Smith and Scott [7, 8], Finkelstein [9], Brink
[10], Nier [11, 12], Coggeshall and Jordan [13], Clarke
[14], Marmet and Kerwin [15], Simpson [16], Kuyatt and
Simpson [17], Fox [18], and Liebmann [19].

These previously cited works contributed to the devel-
opment of several EI sources, resulting in those MS instru-
ments that we are still using and establishing EI as a widely
used technique nowadays. Also, the development of theo-

MACIEL ET AL.
N | Magnet
. Electron
...... fo Filament  peam
7nv
Repeller : '
i ' lons
—H
Extraction
electrodes

I Trap
S

Schematic illustration of an ionization chamber

FIGURE 1
used in electron ionization-mass spectrometry instruments.
Source: Copyright from Ref. [22] with the permission of Elsevier

retical modeling at the beginning of the 1950s contributed
positively to the topic. With the advent of these mathemat-
ical models and digital computers, scientists could predict
optimized source designs and parameters, getting overall
high ionization efficiencies [20, 21]. Finally, it is worth
mentioning that EI-MS instruments currently in use (like
those coupled with chromatography [GC]) are still based
on the works of Nier [11, 12] and Brink [10].

1.1 | Electron ionization source and
phenomena

The “heart” of an EI-MS instrument is the ion source.
Figure 1 shows an illustration of a typical arrangement for
it—which is a small heated place inside the vacuum region
of the instrument (~10-mm length, 1-2 cm?® in volume),
containing a heated filament of tungsten or rhenium, a
repeller plate, a trap electrode, small magnet, and a plate-
like structure of electrodes at the end of the source [22].
Although sample effluent passes within the ion source, the
perpendicular electron beam is sped up from the superior
hot filament to the inferior trap electrode at a potential
of about 70 V. The electron beam intercepts the sample
molecules at a specific angle, triggering the ionization
[23]. Theoretically, this intersection angle between the
electron and the molecular beams of analytes should be
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perpendicular. However, they exhibited subtle variations
depending on the target molecules and the design and
components of the EI ionization chamber. It is worth
mentioning that the magnet causes the electron beam
to assume a spiral-like trajectory that increases contact
with the sample. Also, the variation between the electrical
potential of the repeller plate and extraction electrodes is
responsible for focalizing and ejecting the ions toward the
mass analyzer [22].

Upon collision with the electron beam, the sample
molecules absorb energy, ionize, and then release elec-
trons, forming single- or multiply charged positive ions.
Depending on the amount of energy transferred from the
electron beam to the sample, the ionization can take dif-
ferent reaction pathways, resulting in variable types and
ions formed from the target molecule [23]. However, being
independent of the mechanism, they are intramolecular
without external interferences, which partly explains the
negligible matrix effect and the requirement for vacuum
conditions [24]. Complementarily, the high electric poten-
tial of the electron beam (70 V) is another parameter con-
tributing to non-observable matrix effects over the ioniza-
tion efficiency, as we are talking about a high-energized
electron beam—this also explains why EI is considered a
hard-ionization technique [24]. Commonly, molecules will
undergo (i) a loss of a neutral molecular fragment; (ii) an
elimination of a charged radical; and (iii) intramolecular
rearrangement. According to Lifshitz and Mirk [25], the
following equations illustrate some reaction pathways for
direct ionization (e;: electrons ejected from the molecule;
ey electrons scattered from the beam):

AB+e— AB(Jr')+eej+eSc (single ionization) (1)
AB + e — AB**+2e+e (doubleionization)  (2)

AB +e — AB""'+neg+es. (multiple ionization)  (3)

Besides direct ionization, there are other phenomena in
which electrons are ejected sequentially from the sample
or the molecular ion decays, as shown in the following
equations:

ABY +egj +ec = AT + B+ e + e

(metastable fragmentation) 4)

ABY* + e +ey = ABT + hv + e + e

(radioative fragmentation) (5)

AB +e, —>A+B orA™ +B

(dissociative electron attachment) (6)

Metastable fragmentation is unimolecular dissociations
taking place out of the ionization source, during the ion’s
flight from the ion source, through the mass analyzer, to
the detection device. This process occurs in the virtue of
the internal energy gained by the ion within the ion source.
Metastable ions can be detected in double-focusing mass
spectrometers and appear in the mass spectra as low inten-
sity and broad peaks, covering several mass units and with
an apparent mass M2/M1- M2, the mass of the ion prod-
uct of the inflight fragmentation, and M1, the mass of the
precursor ion [26].

On the other hand, El can also lead to negatively charged
ions (anions). Electrons can also lead to dissociative elec-
tron attachment of molecules in a resonance state, pos-
sessing enough lifetime (e.g., nuclear-excited Feshbach
resonance, electronically excited Feshbach resonance, or
Shape resonance) [27]. An electron can temporarily be
“held up” in a resonant state of the molecule, causing
autoionization, leading to a vibrational excitation state,
or molecule dissociation with the formation of negatively
charged species of small-to-moderate kinetic energies, as
schematized in Equation (V) [28]. At last, tough with
less probability, ions excited by the magnetic field of the
bombarding electrons, possessing an excess of energy, can
release it by radiative stabilization (emission of photons),
as represented in Equation (VI).

These different ionization mechanisms in EI-MS make
this technique capable of creating an almost fingerprint-
like spectrum for each sample and target molecule [25].
Furthermore, EI often generates several corresponding
ions for a target molecule, making it an essential analyt-
ical tool for obtaining rich structural information about
unknown compounds. Considering that ionization is cru-
cial during MS analysis, it is imperative to understand
how this process is performed and which techniques are
used. The conversion of molecules to ions is an essen-
tial tool in all mass spectrometric-based techniques and
directly affects the quality of the mass spectrum. As
already introduced in the historical section, EI is a pop-
ular and pioneer method to perform such a process.
It is usually performed under a high-energetic electron
beam of 70 V. As a consequence of the high EI pro-
cess, it is considered a hard-ionization technique, being
productive and reproducible as this amount of energy is
enough to ionize molecules in an effective and repro-
ducible pattern that creates a fingerprint-like pattern mass
spectrum.
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2 | THE GC-EI-MS HOOKUP

Despite the well-recognized efficiency of EI-MS in gen-
erating ions, it must be used in combination with a sam-
ple introduction technique to ensure that vapor phase
molecules reach the ion source [29]. In this case, EI cou-
pled with GC has been tested since the 1960s. Initially, the
scientists started using packed columns that required dif-
ferent MS coupling interfaces, such as jet separators [30],
membrane separators [31], and effusion separators [32]. In
the 1980s, scientists were able to use fused-silica capillary
GC columns directed inserted into the EI ionization cham-
ber [33]. It is worth mentioning that this hyphenation was
a revolutionary milestone in developing the modern ana-
lytical sciences. The development of the EI sources was
a determinant factor for the quick consolidation of GC-
MS as a powerful technique once EI-MS proved itself as
a reproducible and effective way to perform ionization
(underscored in the previous section).

GC can separate many target molecules within a sin-
gle sample—a desirable feature in analytical chemistry—
delivering a cleaner sample extract to the EI mass spec-
trometer. That aspect is particularly relevant because iso-
lated molecules from the GC effluent reach the ion source
at unique times, favoring the ionization efficiency as the
competition between them and interfering compounds for
ionizable regions in the electrospray ionization (ESI) tip
is decreased. Also, by delivering a pretreated extract, we
favor the lifetime of the mass spectrometer. It is worth
keeping in mind that EI-MS works under vacuum condi-
tions, and ionization is performed mainly by thermionic-
based processes, so using it for thermally stable and volatile
molecules is good and matches precisely with GC require-
ments. This complementary set of upsides for EI-MS and
GC boosted their combined applications and contributed
to the widespread of these two techniques. Also, the devel-
opment of capillary analytical columns to work at low gas
flow rates favored the GC-EI-MS coupling, as they met
the high-vacuum requirements of EI sources. Nowadays,
GC-EI-MS is applied successfully in many essential areas,
such as bioanalytical chemistry, environmental analysis,
food analysis, and toxicology [34-36]. Although GC-EI-
MS has been employed in many cases, the fact that there
is a broad range of other compounds of interest not suit-
able for gas chromatography has prompted scientists since
the 1970s to achieve suitable hyphenation between lig-
uid chromatography (LC) and EI-MS [37]. Snyder et al.
stated that only approximately 20% of organic molecules
are GC-compatible without any modification (e.g., deriva-
tization), reinforcing the necessity of LC-based analytical
instruments [38].

El is a powerful and highly molecular informative tech-
nique. Compared to ESI and other atmospheric pressure

ionization (API) techniques, EI is a hard-ionization mode
that provides characteristics of mass spectra, with highly
reproducible fragmentation patterns, which allows auto-
mated analytes identification capabilities via library com-
parison [37]. Although potent informatics tools based on
high-resolution (HR) and tandem ESI-MS have emerged
in the last years, the overall performance of EI-MS is
still better in most cases. Moreover, as ionization occurs
under vacuum conditions, EI-MS offers substantial matrix
effects mitigation [24, 37]. Besides, EI can allow the unifi-
cation of GC and LC in a single instrument.

Due to its molecular information advantages, an effi-
cient hyphenation of LC and EI-MS has been attracting the
continuous interest of researchers and instrument manu-
facturers. Nonetheless, coupling LC to EI-MS is a challeng-
ing task because of some incompatibilities between them,
such as the liquid nature of the mobile phase—principally
when it enters the high-vacuum condition inside the El ion
source—and the high working pressure of LC instruments.
However, several LC-EI-MS coupling interfaces have been
reported since the 1970s, some of them even commercial-
ized for a period [39, 40]. Nevertheless, it is worth mention-
ing that such attempts did not achieve the expected suc-
cess, mainly because of the high mobile phase flow rate
used in conventional LC instruments—operating at the
range of ml/min [38, 41]. Additionally, the development of
other LC-amenable ionization techniques for MS since the
1980s, like the outstanding ESI, hampered, even more, the
use and the research focused on the development of LC-
EI-MS coupling interfaces [41].

Considering the significant points highlighted for EI-
MS, with the well-recognized efficiency of LC in ana-
lyzing a broad range of molecules, it was expected that
researchers continued insisting on creating a suitable
coupling between these techniques. So, things started to
change positively with the advent of miniaturized LC,
especially capillary and nanoLC. These new modes of
LC require significantly lower mobile phase flow rates
than those used in conventional LC, favoring a more
suitable transition for the LC eluent when entering the
EI ionization source. The following sections will present
and discuss the most notable achievements in LC-EI-MS
interfaces throughout the years, their pros and cons, and
detailed contextualization of the topic for the journal audi-
ence.

3 | LC-EI-MS COUPLING: INTERFACE
DEVELOPMENT AND ADVANCES

The coupling between LC and EI-MS has been studied
for several decades to overcome the incompatibility
between the techniques. The most challenging aspect is
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FIGURE 2 (A)MAGIC interface; (B) schematic of the
nebulization process at the PB interface. MAGIC, monodisperse
aerosol generation interface for chromatography; PB, particle beam
interface. Source: (A) Copyright with the permission of the
American Chemical Society from Ref. [46]; (B) Reprinted with the
permission of Ref. [47]. Copyright (2001) John Wiley & Sons, Inc

the incompatibility between the LC mobile phase and the
high-vacuum condition of EI-MS [40, 42]. The pioneer
columns developed for LC operated at flow rates in the
ml/min, which is enough to break the vacuum, making
the LC-EI-MS coupling unfeasible. However, advances in
the miniaturization of LC (reduction of the internal diam-
eter of analytical columns) are turning this hyphenation
increasingly possible.

The history of the coupling between LC and EI-MS
consists of a series of interfaces developed to introduce
the LC effluent into the EI ionization source. The first
attempt dates back to 1960, with the work of Tal’roze
[43], who proposed a direct LC-EI-MS coupling. How-
ever, this first approach was unsuccessful [40]. In the
1970s, the first commercial interface, called moving belt
(MB) [44, 45], was proposed. In this case, the LC elu-
ent is sprayed onto the surface of a belt, where it evap-
orates at atmospheric pressure. The analytes present on
the belt are transferred to the ionization source (EI-MS)
assisted by subsequent vacuum chambers. Upon reaching
the source, they are heated and volatilized for later ioniza-
tion. The MB interface was commercialized until around
the 1980s, despite several drawbacks reported, such as sig-
nificant carryover, applicability only for compounds with
a boiling point above 300°C, and poor mechanical resis-
tance.

In 1984, Willoughby and Browner proposed a new inter-
face based on a monodisperse aerosol generation inter-
face for LC (MAGIC) (Figure 2A) [46]. This interface was
designed with the same purpose as MG—removing the

mobile phase from the LC before introducing the analytes
into the EI source. In short, the LC effluent at a mobile
phase flow rate of around 0.1-0.5-ml/min passes through
a small-diameter glass orifice to generate a fine liquid jet.
This liquid jet is broken by natural Rayleigh forces, form-
ing uniform drops (aerosol), which are dispersed by a gas
flow toward the desolvation chamber. The solvent evapo-
rates at atmospheric pressure, and then the analyte parti-
cles are introduced into the EI-MS, assisted by a multistage
moment separator [37].

MAGIC is considered a prototype for the particle beam
interface (PB), widely used during the 1990s [40, 47]. It is
worth mentioning that PB results from the technical evo-
lution of the previous MAGIC interface and the methods
it was based upon. In short, PB comprises a nebulizer—
in which the aerosol is formed—the desolvation chamber,
and the multistage separator. The generation of aerosol in
the nebulizer (thermal and pneumatic type) occurs sponta-
neously by combining an adequate mobile phase flow rate
and physical dimensions of the fused silica capillaries. In
general, these capillaries had internal diameters smaller
than 50 um, acting as the tip of the nebulizer, where the
aerosol was generated (Figure 2B) [47, 48]. Conversely, in
the MAGIC interface, this aerosol was formed by the insta-
bility of the tiny liquid jet.

The PB interface was a significant advance for cou-
pling LC and EI-MS. It presented simplicity, reliability, and
diversity of applications and principally assisted in provid-
ing good quality mass spectra for the structural identifi-
cation of unknown compounds [47]. However, the tech-
nique was again limited to compounds with some volatility
and thermal stability. Additionally, PB showed poor linear
range, low reproducibility and sensitivity for polar com-
pounds, and nonworking conditions when mobile phases
with high water content were employed, leading to incom-
plete desolvation of target compounds [49].

Considering these limitations, Cappiello and Bruner
developed in 1993 a PB-based interface for operating at
micro-flow rates, known as Cap-EI, also known as micro-
PB [50]. In this case, micro-LC columns worked with
mobile phase flow rates between 1 and 5 pl/min [51]—
an order of magnitude lower than that employed for PB.
Cap-EI is very similar to PB, keeping the same design.
However, some adaptations were made in the nebulizer
to overcome the problems of poor linear range and sen-
sitivity [52]. Therefore, a high-velocity gas flow (helium
or nitrogen) was introduced coaxially with the flow of
the analytical column eluent, generating a pneumatic
nebulization. Through this configuration, Cap-EI gener-
ates a fine and homogeneous aerosol with smaller par-
ticles than PB, making the analytes more concentrated
before entering the ionization source. In addition, the
aerosol droplets are smaller because the gas present in the
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FIGURE 3
Copyright (2001) John Wiley & Sons, Inc

nebulizer is forced through a ring-shaped restriction,
which increases its velocity, facilitating the fractionation
of the LC effluent [52].

Several works have been proposed with Cap-EI, pre-
senting satisfactory results in terms of reproducibility, sen-
sitivity, and selectivity [24]. Another significant advance
brought by Cap-EI was the possibility of using buffers as
mobile phase additives, and other modifiers, without com-
promising the ionization of the analytes [53]. The merits of
this interface were demonstrated in the analysis of several
classes of compounds such as coumarins [54]; drugs and
hormones [53]; acidic, basic, and neutral pesticides [55-57],
phenols [58]; aflatoxins [59]; and explosives [60] in differ-
ent matrices.

From another approach, an alternative interface was
proposed by Amirav and Granot, known as supersonic
molecular beam or Cold-EI MS [61-64]. This interface fol-
lows a different perspective from the interfaces proposed
so far. In Cold-EI, the LC eluate is vaporized in a deac-
tivated glass tube thermally insulated by an aluminum
cooling block. This vaporization process takes place at
a temperature of 300°C. Then, the sample is transferred
with helium or nitrogen gas to a supersonic nozzle through
a 300-um fused silica capillary. In this supersonic nozzle,
the vibrational cooling of the analytes takes place, which
is subsequently ionized in the EI source—in this case, as
vibrationally cold molecules. The advantage of Cold-EI is
that it generates a mass spectrum with little fragmentation
and a well-defined molecular ion, which is very useful for
identification purposes. According to the Amirav Research
Group, Cold-EI is not a complementary ion source to stan-
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Direct-EI interface proposed by Cappiello. EI, electron ionization. Source: Reprinted with the permission of Ref. [52].

dard EI, but it is superior to standard EI. Cold-EI produces
conventional EI mass spectra with improved molecular
ions, enhancing the detectability and identification capa-
bilities. Besides, Cold-EI possesses a wide range of ana-
lyzable compounds, including heavier molecules, and can
also reduce ion source-related degradation or peak tailing
problems [65].

Following technological advances in LC miniaturiza-
tion, the Direct-EI interface appeared in the early 2000s
due to the work of Professor Cappiello. Although the Cap-
EI interface uses micro-LC columns, Direct-EI employs
nanoLC columns, operating in mobile phase flow rates
between 100 and 400 nl/min [49, 66]. Direct-EI (Figure 3)
receives this designation because the LC effluent is intro-
duced directly into the EI source without external devices
[42]. Therefore, this new advance guarantee simplicity,
increased sensitivity, reproducibility, low detection limits,
linearity, and a wide application range for low-to-medium
molecular weight compounds. According to Cappiello’s
studies [49] using caffeine analytical standards, propanil,
and vitamin K, linearity data were obtained with a correla-
tion coefficient equivalent to R = 0.998. The reproducibil-
ity evaluated for consecutive injections on the same day
showed a relative standard deviation of 8%, 3.8%, and 7.4%,
respectively, and the limit of detection was in the order of
0.1, 0.05, and 0.1 ng/L.

Direct-EI is an interface that transfers the analytical col-
umn effluent into the ionization source through a fused sil-
ica capillary of 25 or 50-um i.d. Like the interfaces already
discussed, Direct-EI follows the same principles: nebuliza-
tion of the eluate, with subsequent formation of an aerosol
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(under high-vacuum conditions), followed by rapid solvent
desolvation, solute volatilization, and ionization. There-
fore, it is a compact and straightforward technique [67].

In several works proposed by Cappiello to understand
the Direct-EI it was observed that the temperature of the
ionization source (between 150 and 300°C) is an essen-
tial factor in promoting the volatilization of analytes and
avoiding the freezing of the LC effluent in the nebu-
lizer. Furthermore, experimental data show that lower
mobile flow rates lead to a higher signal-to-noise ratio and
improved ionization efficiency. An explanation for this can
be that the existence of fewer solvent molecules reduces
the competition of interfering molecules with the analyte
for ionizable regions in the ionization chamber. Therefore,
the maximum mobile phase flow rate that the interface
supports is approximately 1.5 pl/min. Then, the solvent
molecules can compromise the ionization of the analytes.
As a consequence, the EI spectra may show chemical ion-
ization interferences [51]. In addition, the composition of
the mobile phase was another analyzed parameter as the
surface tension and volatility of the mobile phase can com-
promise the evaporation and quality of the aerosol. Fortu-
nately, Direct-EI tolerates the most frequently used mix-
tures of MeCN/H,0, MeOH/H, 0, buffers, and other addi-
tives used to facilitate ionization.

Direct-EI enables the analysis of target molecules hard
to be ionized by API (LC-API-MS), or those requir-
ing derivatization steps for being analyzed through GC-
MS, for example. Therefore, Direct-EI LC-MS becomes
an alternative to these difficulties encountered, hav-
ing already been applied by Cappiello in analyzing
organochlorine pesticides [68, 69] and boronic acids [48].
In short, Direct-EI enables the unification of LC and EI
advantages for analyzing specific compounds.

Termopoli and coworkers more recently introduced a
new interface [70] called liquid EI (LEI). This new inter-
face was developed through a modern approach, aiming
to overcome some challenges of Direct-EI, which, despite
its excellent contributions to the advancement of LC-EI-
MS coupling, still have limitations: (i) The analysis of com-
pounds at low concentration levels in complex matrices is
still challenging; (ii) capillaries in the interface are suscep-
tible to blockages by premature solvent evaporation, as the
nebulization and vaporization process occurs within the
ion source; (iii) undesired adsorption and thermal degra-
dation over the metallic surface of the ion source lead to
peak broadening; (iv) interferences in the EI spectrum due
to chemical ionization; and (v) reduced chromatographic
response.

Therefore, LEI was proposed recently, offering a new
approach for fast converting the eluate from the liquid to
the gaseous phase. The new interface comprises a liquid-
gas connector, a cooling gap, and a liquid-to-gas conversion
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FIGURE 4 Detailed illustration of LEI interface proposed by
Termopoli et al.: (A) liquid-gas connector placed in the cold zone;
(B) cooling gap and liquid-to-gas conversion zone called a
micro-channel of vaporization, where the hot zone starts, just before
EI-MS entrance. EI, electron ionization; LEI, liquid electron
ionization; MS, mass spectrometry. Source: Reprinted with the
permission of Ref. [71]. Copyright (2019) Elsevier

zone called a micro-channel of vaporization (Figure 4) [71].
The analytical column eluate is introduced into the liquid-
gas connector via an inlet capillary with an internal diam-
eter of 25-50 um. Inside this device, the mixture between
the mobile phase and the helium gas takes place, which
will help in the vaporization of the sample and transport
it to the ion source. This inlet capillary will connect to the
micro-channel of vaporization, passing through the cool-
ing gap (fused silica capillary up to 5 cm in length). The
gap prevents the heat from the micro-channel from diffus-
ing to the previous region, where the gas-liquid connector
is located.

The micro-channel of vaporization receives this denom-
ination, as it is a very narrow fused silica capillary and
heated to a high temperature of 400°C. The inlet capil-
lary is introduced 2 mm into this micro-channel, and the
eluate is vaporized upon contacting the heated inner sur-
face and then forwarded to the high-vacuum ionization
source [71]. As it is a new interface, few LEI-based works
are reported in the literature. So, there is a need to explore
this interface better, mainly because future perspectives
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and new developments are driven by advances in nanoLC,
which is the current basis for hyphenation between LC
and EI

4 | EI-MS:QUO VADIS?

Nowadays, EI excels as a feasible ionization technique for
GC-MS and LC-MS. Coupled with GC, EI-MS is a mature
technique, and its merits in analyzing molecules with low-
to-medium polarity and molecular weights up to ~#1000 Da
have been demonstrated for more than 50 years. Of note,
GC-EI-MS is a well-consolidated technique that hardly
visualizes future lines of advancement in this area.

EI performance is affected by the design and operational
mechanisms of the source. For this reason, EI sources have
evolved in the last 70 years to become more efficient and
sensitive. However, to the best of our knowledge, there
is no modern literature on the design of the EI source,
and developments in EI-MS sources are mainly commu-
nicated in patents. In brief, the performance of the EI-MS
source depends on (i) the current supplied to the filament
to heat it to incandescent (filament current), (ii) the rate
of electron emission from the filament (emission current),
and (iii) the number of electrons available in the cham-
ber for ionization (ionizing current) and frequently can be
expressed as the sample ion current (I'), which is a mea-
sure of the ionization rate:

I'" = BQL[N]I, (7

where £ is the extraction efficiency, Q; is the total ionizing
cross section, L is the effective ionizing path length, [N] the
concentration of the sample molecules, and I, the ioniz-
ing current. Q; depends on the molecular structure of the
analyte and is the reason by which the standard EI spec-
tra are obtained with electron beans of 70 eV of energy.
De Broglie’s wavelength of the electrons with the energy
around 70 eV matches the average length of most of the
covalent bonds in organic molecules (- 0.14 nm), so energy
transference is very efficient. Furthermore, around 70-V
electron kinetic energy, small electron velocity changes do
not significantly impact the ionization efficiency.

The other parameters in the previous equation depend
on other experimental factors: § improves by increasing
the repeller and acceleration voltage; L is inversely propor-
tional to the magnetic field and can be increased by using
a weak magnetic field. I, is considered the most crucial
parameter to enhance the sample ion current and depends
on the source’s current filament and geometrical charac-
teristics [72].

From the instrumental point of view, the EI source’s
performance depends on the electron-molecule interac-

tions and the capability to transfer ions to the mass ana-
lyzer [73]. EI sources’ sizes have been drastically reduced,
becoming more efficient in the generation and transfer-
ence of ions, so that EI-MS sensitivity has been improv-
ing by one order of magnitude in the last years [74]. In
addition, compact sources are easier to pump, and the ana-
lytes are introduced and removed faster, so the extraction
of the ions into the analyzer occurs more efficiently. The
illuminated volume has also been improved by increasing
the number of electron entrances or incorporating multi-
ple filaments. EI source manufacturers also have looked
for more inert materials to minimize the analyte’s surface
adsorption, reducing the noise and providing more robust-
ness and sensitivity. In addition, more efficient heating sys-
tems (such as the dual heater design) have been incorpo-
rated to prevent condensation and adsorption of the sam-
ple molecules onto the ion volume, lens stack, and RF lens,
preventing contamination [73].

In addition, modern EI sources are compact, quickly
assembled, and replaceable for exchange and clean-
ing without breaking high-vacuum conditions. Thanks
to those developments in EI sources miniaturization—
associated with the developments on low-thermal mass
GC systems, smaller high-performance batteries, and the
advances in instrumentation miniaturization, in general—
several GC-EI-MS techniques exist currently on the mar-
ket, and almost all the GC-MS manufacturers have their
portable GC-MS for on-field applications. To increase
detection and identification capabilities, most of the EI-
MS instrument manufacturers have dedicated themselves
to the development of multimode sources, combining vari-
ous ionization modes, such as EI, positive chemical ioniza-
tion, and negative chemical ionization in one easy-to-use
source [75]. Modern EI-MS sources allow the ionization
mode via software, in a single click, and with no instru-
mental adjustment. Besides, multimode sources merging
EI or CI with single-photon ionization in one instrument
have also been described as an alternative for acquiring
orthogonal structural information for target compounds
[76, 77].

Perhaps, the most outstanding advantage of the EI-MS
isits unparalleled capability to generate automated search-
able and comparable mass spectra for fast and confident
analyte identification. However, in treating very complex
samples, the limited resolving power of the separation
techniques—even with two-dimensional approaches—
does not allow the maximum utilization of EI-MS identi-
fication capabilities. Hence, EI-MS data analysis benefits
from informatics tools and machine learning approaches
that allow deconvoluting mass spectra of overlapped chro-
matographic peaks [78]. Current developments focus on
simulating in silico mass spectra for comparison purposes
or [79] performing molecular networks of full scan GC-MS
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data for improved annotation/identification of unknown
compounds in complex samples [80]. Those tools are
now expanding the boundaries of the untargeted studies,
and although their applications are based on the GC-EI-
MS analysis, their eventual association to the nanoLC-
EI-MS advances could bring new insights in LC-MS
analysis.

Coupled with nanoLC, EI-MS expands the range of
applicability of the LC-MS, allowing the analysis of non-
ESI ionizable compounds and even exceeding the range
of applicability of the atmosphere pressure chemical ion-
ization and atmosphere pressure photoionization. In addi-
tion, EI-MS can ionize polar and nonpolar compounds.
Therefore, nanoLC-EI-MS has the potential to enable
the simultaneous analysis of non-GC and non-ESI com-
pounds. For example, apolar compounds can be analyzed
via GC-MS but hardly via LC-ESI-MS. Without previous
derivatization, some thermolabile compounds can be ana-
lyzed by LC-ESI-MS but not via GC-MS. The analysis
of mixtures containing nonpolar and thermolabile com-
pounds would not be feasible by GC-MS or LC-ESI-MS
but could be done by nanoLC-EI-MS.

Direct-EI and LEI are the more straightforward and
promising alternatives to nanoLC-EI-MS interfacing.
Direct-EI does not require major instrumental modifica-
tions and can easily be adapted to any GC-MS instrument
by substituting the 100-uym transfer tube with a <25-ym
i.d. capillary [49, 81]. The applicability of this interface has
been explored in the last 20 years with relevant results in
target and untargeted studies, demonstrating a significant
mitigation of the ionization suppression or enhancement
effects due to the matrix effects. Besides, Direct-EI has
demonstrated excellent suitability for developing portable
nanoLC-EI-MS instruments for infield analysis [82]. Nev-
ertheless, Direct-EI is not yet a robust enough interface
for routine applications. Premature solvent evaporation,
analytes precipitation, and water-freezing frequently
clog the transference capillary, requiring vacuum breaks
for tube substitution. Applications of Direct-EI are still
limited to some classes of compounds, including pesticides
[83], hormones [81], boronic acids [48], fatty acids [84],
vitamin K [49], a few pharmaceuticals [85], and some
opioids [82].

The use of transference tubes with a small i.d. (<10 um)
could expand the applicability of this interface and
improve its detection limits. However, that approach can
also entail a considerable increase in the backpressure of
the system and more specialized connection hardware.
Perhaps for those reasons, to the better of our knowl-
edge, no reports describe the use of very narrow capil-
laries for nanoLC-EI-MS interfacing via Direct-EI. An
alternative could come from using open tubular (OT) LC
[29]. At the moment, all the descriptions of Direct-EI inter-

facing published rely on nanoLC-packed columns. How-
ever, OT columns do not require interfacing tubes and can
be inserted directly into the ionization source. Recently, a
series of OTLC columns with an i.d. of <10 pm—including
columns with 2.0-um i.d. able to work at pl/min flow
rates—have been introduced, demonstrating high peak
capacity and performance for proteomics [86, 87]. The
coupling of those columns directly on the EI-MS source,
with zero dead volume contribution, and the significant
reduction of the mobile phase flow rate up to the pl/min
scale has the potential to make the LC-EI-MS interfacing
finally competitive with GC-MS and LC-ESI-MS, provid-
ing improved detectability and a more extended range of
applicability.

LEI is the modern and more advanced approach for
nanoLC-EI-MS interfacing, and its developers foresee that
interface could be commercially available shortly. Despite
being a more complex interface than Direct-EI, LEI was
designed to be easily adaptable to any GC-MS instrument,
with minor instrumental modifications and no contribu-
tion to band broadening or any notable alteration of the
mass spectra. Like Direct-EI, LEI generates reproducible
and library comparable EI spectra for automated identi-
fication purposes, but with superior sensitivity, a range
of applications, and robustness. In addition, LC-LEI-MS
provides mass spectra comparable with the obtained ones
via GC-MS but in a more extensive range of polarity and
molecular weights.

The liquid-to-gas analytes transference in the LEI pro-
cessrelies on a pneumatic vaporization micro-channel that
can be heated up to 400°C, which, although designed
for fast heat transference and liquid phase vaporization,
can be susceptible to thermal degradation of thermolabile
analytes, limiting, to some extent, the applicability of the
interface. Future research in LEI could find a faster and
more efficient vaporization mechanism that avoids ther-
mal degradation and enlarges the range of applicability to
thermolabile and larger molecules.

The potential of the Direct-EI and the LEI to provide
matrix-effect-free MS analysis generates the opportunity
to develop fast methods for direct injection of raw sam-
ples without previous chromatographic separation, simi-
larly as performed in ambient ionization MS. Direct inser-
tion probes for introducing solids into EI-MS have been
available since the mid-1960s, and it is an available option
in most modern GC-MS instruments [88]. Direct insertion
probes are stainless steel shafts that allow the insertion of a
few micrograms of analytes without EI-MS vacuum break-
ing. The analyte can be introduced into a sample vial or
crucible from which evaporates or sublimes into the ion
source or as a solution or suspension applied over a thin
wire loop or pin, directly exposed to the electron beam
[88].
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Direct-EI and LEI could become complementary tools
for the direct introduction of liquid samples without prej-
udice of the filament time life or instrument wellness. This
approach has been explored by the Cappiello Research
Group in recent years, demonstrating to be a competitive
strategy for the unequivocal detection of target com-
pounds via selected ion monitoring (SIM) or multiple
reaction monitoring [89, 90]. In this way, fast, reliable,
matrix-effects-free, and sensitive methods for quantitative
determinations were obtained. Furthermore, EI-MS in
SIM or full scan modes could represent a cheaper and more
straightforward alternative for targeted studies via direct
sample introduction than tandem (MS/MS) or HR MS.

In the studies of the Cappiello Research Group on direct
sample introduction, samples were pumped to the EI-
MS source using flow injection analysis (FIA) systems or
high-performance liquid chromatography pumps. Bear in
mind that those systems dispense the use of the chro-
matographic column, and then the backpressure becomes
negligible; it is worth asking if it is possible to develop
EI-MS systems for direct sample introduction that uses
the MS vacuum pump to propel the sample into ioniza-
tion source? That approach could significantly reduce the
instrumental requirements, enabling the development of
cheap, fast, and miniaturized EI-MS-based systems (even
in a chip format). Developing those external pumps free
systems could be an exciting research topic in the future of
EI-MS.

Finally, one of the most outstanding characteristics of
the EI-MS is its potential to allow the coexistence of GC
and LC—and even supercritical fluid chromatography—
in a single instrument. Unified chromatography has long
been hypothesized, and developing an instrument liable
to perform gas and liquid analysis is a current goal for
academics and instrument manufacturers [91]. Interfaces
such as LEI and Cold-EI—or Direct-EI with packed
columns—easily turn a GC-MS into an LC-MS, com-
patible with both chromatography modes. Cold-EI was
developed as a GC-MS interface liable to enhance molec-
ular ions and improve the identification potentialities
[92] and then explored in LC-EI-MS [63]. Cold-EI allows
combining GC and LC techniques by integrating two
instruments and easy switching between GC and LC. Also,
LEI could allow the integration of GC-MS and LC-MS
without major instrumental modifications. For example,
the effluent of the GC columns could be used as a nebuliza-
tion gas line in nanoLC-ELI-MS mode. Hence coupling a
nanoLC and a GC instrument, the same chromatographic
modes will be available in the same instruments.

Recently, the Amirav Research Group introduced an
instrument that combines GC-EI-MS and LC-EI-MS [93].
The system quickly switches between the two modes from
the same software without any instrumental modification,

even allowing GC-MS and LC-MS data acquisition in the
same chromatogram and using conventional or Cold-EI.
Despite having high concentrations, the authors demon-
strated the possibility to acquire highly reproducible and
comparable EI spectra via GC-MS and LC-MS (Figure 5).
Unified GC/LC instruments could reduce costs in ana-
lytical facilities and bring new insights into methods
development, such as exploiting temperature gradient in
LC separations.

Finally, beyond the coupling with GC and LC, mod-
ern GC-EI-MS instruments are equipped with sample
probes that allow the direct introduction of solid samples
and low-to-medium boiling liquids, expanding consider-
ably the range of applicability of this technique for char-
acterization, elucidation, and identification of unknown
compounds [24].

5 | CONCLUDING REMARKS

EI was the first ionization technique developed for MS
analysis. The technique was created at the beginning of
the 20th century, and its coupling with GC at the end of
the 1960s was a significant milestone for developing the
modern analytical sciences. This boosted the consolida-
tion of GC-MS as a robust and routine analytical technique
faster than LC-MS. Nowadays, EI is the most used ion-
ization technique for GC-MS and provides some advan-
tages compared to other ionization techniques available. EI
is a hard ionization technique that provides highly repro-
ducible mass spectra, allowing the automated identifica-
tion of the analytes by spectra comparison. Even in the
absence of reference spectra, EI-MS can provide more
structural information that the obtained via ESI with HR
or tandem MS analyzers. Unlike the API techniques, the
EI process does not rely on the analytes’ polarity nor
acid/basic character so that EI can allow the analysis of
molecules in a range of polarity superior to other cur-
rently available ionization techniques. According to Cap-
piello, polar and nonpolar compounds—such as sugars
and hydrocarbons, respectively—could be simultaneously
analyzed by EI-MS in a single run [94].

Because EI-MS takes place under vacuum conditions,
the ionization process and the recorded mass spectra are
not affected by the matrix effect. For this reason, LC-
EI-MS-effective coupling has been a significant focus
for many analytical chemists. Although hindered in the
past due to the incompatibility between the techniques,
current developments in nanoLC make the LC-EI-MS
coupling a feasible idea. Nowadays, interfaces such as
Cold-EI, Direct-EI, and LEI are showing excellent perfor-
mance combined with nanoLC, even producing EI spec-
tra comparable to those obtained via GC-MS. Due to these
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developments, now EI-MS has the potential to allow the
coexistence of GC and LC—and even supercritical fluid
chromatography—in a single instrument. Furthermore,
EI-MS can simultaneously analyze LC and GC amenable
compounds, and interfaces such as Cold-EI, Direct-EI, and
LEI can operate with gas or liquid mobile phase, enabling
an integration of the nanoLC and GC instruments and the
switching between techniques without major instrumen-
tal modifications. In the near future, we will probably see
unified chromatography systems employing EI as the main
ionization mode.
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The development of a fast, cost-effective, and efficient microextraction by packed
sorbent setup was achieved by combining affordable laboratory-repackable
devices of microextraction with a high-throughput cartesian robot. This setup
was evaluated for the development of an analytical method to determine N-
nitrosamines in losartan tablets. N-nitrosamines pose a significant concern in the
pharmaceutical market due to their carcinogenic risk, necessitating their con-
trol and quantification in pharmaceutical products. The parameters influencing
the performance of this sample preparation for N-nitrosamines were investigated
through both univariate and multivariate experiments. Microextractions were
performed using just 5.0 mg of carboxylic acid-modified polystyrene divinylben-
zene copolymer as the extraction phase. Under the optimized conditions, the
automated setup enabled the simultaneous treatment of six samples in less than
20 min, providing reliable analytical confidence for the proposed application.
The analytical performance of the automated high-throughput microextrac-
tion by the packed sorbent method was evaluated using a matrix-matching
calibration. Quantification was performed using ultra-high-performance liquid
chromatography-tandem mass spectrometry with chemical ionization at atmo-
spheric pressure. The method exhibited limits of detection as low as 50 ng/g,
good linearity, and satisfactory intra-day (1.38-18.76) and inter-day (2.66—20.08)
precision. Additionally, the method showed accuracy ranging from 80% to 136%
for these impurities in pharmaceutical formulations.
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1 | INTRODUCTION

Sartans are a representative class of inhibitors and
angiotensin II receptor blockers widely used for the treat-
ment of hypertension [1], which is the most significant
risk factor for cardiovascular disease globally [2, 3]. The
incidence of hypertension in individuals aged 30-—79
years doubled between 1990 and 2019 [4], so sartans are
becoming among the most commonly consumed drugs
in the world. These medicines are currently under strict
surveillance and control because of recent reports of their
contamination with N-nitrosamines [5, 6]. From 2018 to
the present, several sartans lots (and other pharmaceu-
tical drugs) have been recalled owing to the presence of
N-nitrosamine class impurities [7-10]. For example, from
more than 1400 batches of medicines collected, ~24%
(324) were of Losartan (Figure S1A) [11]. N-nitrosamines
are genotoxic chemical carcinogens that are metabolized
by cytochrome P450 and converted to diazonium ions,
which can interact with DNA causing mutations (Figure
1SB) [12].

According to the Food and Drug Administration (FDA)
and the European Medicines Agency (EMA), contamina-
tion of pharmaceuticals with N-nitrosamines can occur
in different stages of the manufacturing process (API
synthesis, formulation, packaging, etc.) [13]. However,
many researchers consider the synthetic routes for pro-
ducing active pharmaceutical ingredients (API) as the
primary source of N-nitrosamines. For example, sartans
have a tetrazole ring in their chemical structure, so their
synthesis requires sodium nitrite (nitrosating agent) and
solvents such as dimethylformamide, N-methyl pyrroli-
done, diisopropylethylamine, and triethylamine. Those
reagents are a source of secondary and tertiary amines
that can produce N-nitrosamines during the synthetic
process [14] (Figure S1C).

FDA and EMA established acceptable intake limits
(AI) of N-nitrosamines, corresponding to 96.0 ng/day
for N-nitrosodimethylamine (NDMA) and N-nitroso-
N-methyl-4-aminobutyric acid, and 26.5 ng/day for
N-nitrosodiethylamine (NDEA) and the other N-
nitrosamines [5, 6]. Nevertheless, the concentration
for each impurity in a formulation can vary depending on
the dosage of each sartan. The higher the API dosage, the
lower the acceptable concentration of N-nitrosamine. So,
the development of analytical methods for quantifying and
identifying N-nitrosamines at low concentrations present
in complex matrices is currently highly demanded.

N-nitrosamines are typically determined by GC-MS or
LC-MS using the simple diluting and shooting approach
[15-20]. Although fast and straightforward, that method-
ology entails the injection of dirty extracts into the chro-
matographic system and can lead to column clogging,
instrument contamination, and carry-over effects. There-

fore, an appropriate methodology for routine monitoring
of N-nitrosamines should be accompanied by an efficient
sample preparation technique [21-23].

SPE has been proposed as a sample preparation tech-
nique for determining nitrosamines from pharmaceutical
formulations. For example, an SPE method using two
cartridges with different sorbents (cationic ion exchange
resin and carbon) was employed to eliminate the matrix
effect and pre-concentrate the N-nitrosamines; however,
the procedure was laborious, time-consuming, and used
large amounts of organic pollutant solvents [15]. In a faster
and more selective alternative, N-nitrosamines have been
determined by direct derivatization in the matrix, with
dansyl chloride and fluorenylmethoxycarbonyl, before the
LC analysis with fluorescence detection [13]. However, this
approach not only entails the same risk of diluting and
shooting but also involves additional stages that make the
procedure intricate and susceptible to errors.

This study aimed to develop a new, fast, and efficient
microextraction by packed sorbent (MEPS) approach for
identifying N-nitrosamines in pharmaceutical matrices
while addressing limitations associated with the dilute
and shoot approach. These limitations include strong
matrix effects, carryover due to the presence of tablet
constituents, and the potential for accumulation lead-
ing to clogging of analytical columns, LC tubing, or the
ESI source. As an alternative to overcome these chal-
lenges, we are introducing an analytical approach based
on the use of cost-effective laboratory-repackable MEPS
syringes and the automation of the technique using a
high-throughput cartesian robot. The combination of the
automated MEPS setup with UHPLC-MS/MS analysis
resulted in a fast, productive, straightforward, and reli-
able, analytical strategy for determining pharmaceutical
impurities.

2 | MATERIALS AND METHODS

2.1 | Standards and reagents
The high purity (>99%) analytical standards of N-
nitrosodimethylamine (NMDA), NDEA, N-nitrosoiso-
propylethylamine (NEIPA), N-nitrosodiisopropylamine
(NDIPA) were obtained from Clearsynth (Toronto, CA).
The stock solution at 500 mg/L was prepared by diluting
the standard in methanol and then stored in an amber
bottle at -7°C. Working solutions were obtained by
diluting the stock solution to the desired concentration.
HPLC grade methanol was purchased from Tedia (Fair-
field, USA), and the Merk Millipore system provided
the ultrapure water (Burlington, USA). Formic acid from
Sigma Aldrich (St Louis, USA) was used as a solvent
additive.
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2.2 | Samples

Losartan tablets (200 mg total mass and 50 mg of API) were
purchased at a local market. Losartan tablets were con-
verted to powder using a porcelain mortar and pestle. The
resulting powder was fortified to the desired concentration
with the N-nitrosamine stock solution (ng nitrosamines/g
of tablet) and dried to room temperature. Soon after, it was
transferred to a falcon tube (15 ml) and dissolved with a
2% HCI solution (2 ml, pH 1,0). For better dissolution, the
sample was vortexed for 2 min. After that, the sample was
centrifuged (5000 rpm for 10 min), and 1.5 ml of the super-
natant containing the N-nitrosamines was collected. This
process is outlined in Figure S5.

2.3 | Microextraction by packed sorbent
High-throughput MEPS of N-nitrosamines was performed
using a laboratory-made multi-syringe robot (Figure S2.).
One-milliliter syringes were packed with 5.0 mg of extrac-
tion phase, trapped between two polypropylene frits. The
syringes were then installed in the robotic system. An
Arduino sketch was developed for the automated execu-
tion of all the MEPS stages, with their respective volumes
and aspiring/dispensing cycles. Initially, the MEPS syringe
is introduced into the sample (microtube) for the sam-
pling process. Several sample aspiration/dispensing cycles
are performed to enable the interaction of the analytes
with the extraction phase. Then, the robot moves to the
next position and washes the packed bed with water to
remove the matrix interferents and selectively retain the
targeted analytes. In the sequence, analytes sorbed in the
extractor phase are eluted with an elution solvent (in aspi-
ration/dispensing cycles). Finally, the MEPS syringe goes
through the cleaning process with a suitable solvent to
remove traces of analytes or matrix constituents in the
packed bed. An illustrative video showing the automated
MEPS procedure is available at https://www.youtube.com/
watch?v = 4gJTuKV1ZIY.

2.4 | Optimization of microextraection
by packet sorbent
2.4.1 | Extractor phase and sample

dissolution solvent

Florisil, carboxylic acid-modified polystyrene divinyl-
benzene copolymer (X-CW-PS/DVB), aminopropyl silica
(SiO,-NH,), charcoal, and C18 were obtained from Sigma-
Aldrich (St Louis, USA). Silica-coated with graphene oxide
(GO@Si0,) was synthesized in our laboratory, accord-
ing to the methodology described in [24]. These materials
were first evaluated to choose the best sorbent for N-
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nitrosamines. According to the results, a mixed extraction
phase containing 80% X-CW-PS-DVB and 20% charcoal
was also further evaluated. Water and 2% HCI solution
(2 ml, pH 1.0) were tested as the solvent for the tablet’s
dissolution during the sample’s pretreatment.

2.4.2 | Univariate analysis of syringe
conditioning

After selecting the best sample dissolution solvent and the
extractor phase for MEPS, a study of the conditioning of
the sorbent was carried out. Therefore, we studied whether
there would be a need to condition the sorbent in water
before starting the extraction or not. For that, a test without
conditioning was performed, and a test with conditioning
(condition: 10 cycles of 100 pul of acidified water). The other
MEPS steps followed the standard conditions: sampling (15
cycles of 500 ul), elution with methanol (12 cycles of 50 ul),
and cleaning (3 cycles of 300 ul), which were individually
optimized as described in the next item 2.4.3.

2.43 | Optimization of the sampling and
elution steps

Sampling and elution steps were optimized through a cen-
tral composite experiment design. This is a design in which
the experimental region takes the form of an eight-pointed
star. Each variable is assessed in five levels, with the cen-
tral point (0,0) in the star’s center and whose normalized
coordinates range between -\/ 2, —1,1, and \/ 2. The num-
ber of aspiring/dispensing cycles and the volume of sample
or solvent pumped through the packed bed were evaluated.
The number of aspiring/dispensing cycles varied in the
experimental region between 1(-\/ 2)and 19 (\/ 2) cycles in
both procedure steps (sampling and elution). The pumped
volume was assessed in the range between 100 pl (-\/2)
and 500 ul (\/ 2) for the sampling stage and 50 ul (—\/ 2)and
150 pl (1/2) for the elution stage. The complete experimen-
tal design is presented in the supplementary information
(Table S1).

The cleaning step was determined by performing clean-
ing cycles with methanol and monitoring the presence
of N-nitrosamines in the post-cleaning extract (by HPLC-
UV). If no traces of the analytes were found, the syringe
would be suitable for the next MEPS extraction.

2.5 | Analytical instrumentation

2,51 | HPLC-UV/Vis analysis

During the optimization of the MEPS procedure,
samples were analyzed in a Shimadzu (Kyoto, JP)
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high-performance liquid chromatography model 20A
Prominence, equipped with two LC-20AD pumps, a
SIL-20A sampler, a CTO-20A column oven, and an SPD
20A UV-Vis detector. Analyzes were performed with
a Phenomenex Luna Phenyl-Hexyl column (150 mm X
3.00 mm x 3 um) at 50°C, 0.6 ml/min flow rate, in isocratic
mode using H,O0-MeOH (70:30 v/v) as mobile phase. The
monitored wavelengths were 235 and 245 nm.

2.5.2 | UHPLC-MS/MS analysis

The analytical validation step was carried out in an ultra-
performance system consisting of a UPLC Acquity system
coupled with a triple quadrupole detector of the XEVO
TQ-MS type fitted with an ESI/APCI interface, all from
Waters (Milford, USA). Chromatographic separation was
performed on an Agilent Poroshell Phenyl-Hexyl column
(100 mm x 2.1 mm x 2.7 um) at 50°C, 10 ul partial loop injec-
tion using as mobile phase a mixture of H,O-MeOH (70:30
v/v) plus 0.1% formic acid at a 0.2 ml/min flow rate. The
gradient consisted of: (0-2 min) with 5% B, followed by a
linear increase in 3 min to 30% B. Then, it was kept isocratic
until 8 min with 30% B. Finally (8-10 min) decreases up to
5% B and remains isocratic up to 12 min. N-nitrosamines
were detected in the positive mode in APCI, with 250°C
vaporization temperature, a voltage of 1.3 uA, and 130°C in
the ion transfer tube. Some tests were also performed using
ESI in positive mode, but the APCI source was chosen
due to its higher sensitivity for the investigated analytes.
Under ESI conditions, nitrogen gas was used as the des-
olvation gas at 400°C and a flow rate of 600 L/H. The
source temperature was set at 150°C. The transitions and
their respective cone and collision energy (Table S2) were
manually determined. For each analyte, two product ions
were determined, with the highest-intensity ion selected
as the quantification transition, and the lowest-intensity
ion selected as the qualification transition. Figure S3 shows
an example of a total ion chromatogram obtained for the
injection of standard aqueous solution (500 ng/ml) under
selected conditions.

3 | RESULTS AND DISCUSSION
3.1 | Study of microextraction by packet
sorbent influencing parameters

MEPS is a multistage procedure that relies on various
categorical and continuous variables to achieve optimal
efficiency. These variables include: i) the nature of the
extraction phase, ii) the amount of packed sorbent used,
and iii) the total volume of sample/solvents (number of

aspiring/dispensing cycles and volume) pumped through
the packed bed. Therefore, in order to determine the
best MEPS conditions, we conducted a stepwise approach.
First, we selected the appropriate sorbent and solvents
through univariate experiments. Then, we identified the
most influential process stages and examined their impact
on extraction performance through multivariate experi-
ments.

3.2 | Selection of the extraction phase
and sample loading conditions

For the selection of the MEPS sorbent, extraction syringes
were prepared by packing 5.0 mg of the extraction phase
between two polypropylene frits, as illustrated in Figure
S2. The amount of 5.0 mg was chosen to ensure com-
plete and uniform coverage of the transversal area of the
syringe with all the tested extraction phases. This choice
not only secured effective extraction but also aligned with
the environmentally friendly aspect of microextraction by
minimizing solvent and sorbent consumption.

Aqueous solutions of targeted N-nitrosamines were
prepared, and aliquots of 1.5 ml (the robot is compatible
with vials of 1.5 and 2.0 ml) were subjected to a prelim-
inary fast MEPS procedure. In this procedure, 500 ul of
solvent/sample was aspirated/dispensed in a sequence
of 5 cycles at each stage. Although the employed syringe
has a volume of 1.0 ml, considering the construction
characteristics, the limiting factor in the speed of the
method is the time taken by the robot to perform each
aspirating/dispensing cycle. To minimize overall time, we
opted to perform cycles of 500 ul instead of 1.0 ml. The use
of five cycles in this preliminary stage was established as a
suitable parameter to obtain measurable analytical
responses with fast extractions.

To the best of our knowledge, there are no previous
reports describing the use of MEPS for the determination
of N-nitrosamines. However, some previous studies have
employed SPE with various stationary phases, including
charcoal (US Environmental Protection Agency Method
521 [25]), hydrophilic-lipophilic balanced resins (Oasis
PRiME HLB) [26], activated carbon [17], and strong-cation
exchange phases [15]. In this part of the study, we investi-
gate the efficacy of stationary phases with different polarity
and interaction mechanisms in extracting N-nitrosamines
from complex samples such as pharmaceutical matrices.
Therefore, we evaluated the performance of various MEPS
sorbents, namely Florisil, X-CW-PS/DVBSiO2-NH2, char-
coal, GO@Si02, C18, and a mixture of charcoal and weak
cation exchange phase in an 80:20 ratio (Figure 1A).

Normal phase-type sorbents, such as florisil and SiO,-
NH,, primarily retain analytes through dipole-dipole and
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hydrogen bonding interactions. As expected, these sor-
bents showed poor uptake capability for N-nitrosamines
from aqueous samples. However, when a hydrophobic sor-
bent like C18 was used, the recovery of NDEA, NEIPA,
and NDIPA (the most non-polar tested N-nitrosamines)
increased by 2- to 6-fold, indicating the crucial role of
hydrophobic interactions in N-nitrosamine uptake. Phases
containing carbon allotropes (charcoal and GO@SiO,)
exhibited slightly improved recovery of NMDA compared
to the normal or C18 phases, likely due to the establishment
of m—m interactions.

In this study, the best retention of N-nitrosamines, on
chromatography analysis, was observed when a phenyl-
hexyl stationary phase was used. However, the overall
best extraction performance was achieved using X-CW-
PS/DVB as the sorbent material. X-CW-PS/DVB is a mixed-
mode stationary phase capable of interacting with diverse
organic compounds through ion exchange involving coun-
terion displacement from the resin phase, electrostatic
interaction between ionic functional groups, and physical
adsorption involving van der Waals and 7-m interactions
between non-ionic hydrophobic moieties of the analyte
and the polymer backbone of the resin.

Although the cationic behavior of some N-nitrosamines,
such as NDMA and some of its precursors, has been previ-
ously documented, weak cation exchange sorbents remain
neutral at neutral and low pH. Thus, we believe that
the extraction of N-nitrosamines involves a mixed inter-
action mode, possibly mainly involving ion exchange and

7t-1t interactions. However, other structural factors such as
porosity or pore size of the extraction phase can also play
an important role.

Finally, as an attempt to improve the uptake of NMDA
(the least extracted analyte), we also tested a mixture of
X-CW-PS/DVB: charcoal (80:20). However, no significant
difference from using pure X-CW-PS/DVB was observed.
Consequently, we selected X-CW-PS/DVB as the MEPS
sorbent for method development.

The choice of sample dissolution solvent had a notable
impact on the extraction of N-nitrosamines from losar-
tan tablets. When the tablets were suspended in ultrapure
water, a significant amount of the API and excipients
were co-extracted, resulting in a low analytical signal
for N-nitrosamine detection using UV-Vis. In contrast,
the addition of 2% HCIl (pH 1.0) led to the precipita-
tion of a considerable portion of the API due to its low
solubility at acidic pH [27]. This approach effectively
removed a portion of the tablet matrix, as shown in the
chromatograms depicted in Figure 1B. However, matrix
effects arising from the tablet composition, specifically
the presence of excipients, posed a significant challenge
when analyzing impurities. Therefore, in this stage, to
develop the MEPS procedure and assess the extraction
influencing parameters using HPLC-UV-Vis, we used acid-
ified aqueous solutions of N-nitrosamines. Subsequently,
we validated the method using a matrix-matched cal-
ibration approach involving controlled spiked losartan
tablets.
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3.3 | Microextraction by packet sorbent
procedure

3.31 | Conditioning

Depending on the sorbent used and the specific applica-
tion, the MEPS procedure can involve additional stages
such as conditioning, washing, or drying in addition to
sampling and elution. Conditioning stages are particu-
larly important when silica-based phases are employed.
Conditioning serves to remove impurities and activate the
sorbent surface, enhancing the interaction between the
analytes and the functional groups present in the phase.
However, for polymeric phases, this activation stage may
not be necessary, and loading the sample onto a dried
phase does not necessarily affect retention [28].

In the case of the X-CW-PS/DVB polymer sorbent used
in this study, including a conditioning stage with acidi-
fied water (the same solvent used for sample dissolution)
did not result in any significant difference in the ana-
lytical response for the more polar NDMA. However, it
negatively impacted the recovery of NDEA, NEIPA, and
NDIPA (Figure 1C). Conditioning the sorbent with water
led to the deposition of a thin layer of water over the X-
CW-PS/DVB, thereby hindering the further interaction of
the more hydrophobic analytes with the phase. Conse-
quently, we decided not to include conditioning stages in
the development of the MEPS procedure.

3.3.2 | Sampling

MEPS is a limited process due to the maximum capac-
ity of the sorbent to retain analytes, which is typically a
few milligrams. This retention capacity is dependent on
the total volume of the sample that is passed through the
packed bed. The total sample volume passed through the
sorbent is determined by the relationship between the vol-
ume of the sample that is pumped and the number of
aspiration/dispensing cycles performed during the MEPS
procedure.

To determine the optimal balance between these param-
eters, we conducted a multivariate experiment, as outlined
in the experimental section (Supporting information). The
results of this experiment, including surface responses and
their first derivatives, are depicted in Figure 2. The surface
responses provide insight into the effects of varying the
number of cycles and sample volume on the MEPS process.

The chromatographic response exhibited a greater
increase with the pumped volume compared to the num-
ber of aspiration-dispensing cycles. However, analysis of
the first derivative revealed that for most tested ana-
lytes, the maximum response was achieved when using

12.5 cycles at low sample volumes (100 ul). The surface
responses indicated that both variables increased concur-
rently until reaching a saturation point at approximately
19 cycles and 500 pl of the sample. However, experimen-
tal data indicated a non-significant increase in analytical
response beyond 15 cycles. Consequently, to maximize the
response within the shortest possible time, we determined
that utilizing 15 cycles and 500 ul of the sample was the
optimal condition for the sampling stage.

3.3.3 | Elution

An appropriate elution solvent for the MEPS of N-
nitrosamines should be strong enough to allow the com-
plete removal of the analytes from the sorbent, in just a few
microliters, avoiding the dilution of the extracts. In pre-
vious SPE methods, solvents such as ammonium acetate
buffer (pH 9.5) have been used to uptake N-nitrosamines
from hydrophilic-lipophilic balance phases [26]. In addi-
tion, methanol and dichloromethane have been employed
in liquid-phase microextraction [28]. Considering these
antecedents and to guarantee compatibility with the
HPLC method, we selected pure methanol as the elution
solvent.

The elution performance in the method is determined
by finding a compromise between the volume of solvent
passing through the packed bed and the number of aspi-
ration/dispensing cycles. Figure S4 illustrates the surface
responses, which show the chromatographic area as a
function of the number of aspiration/dispensing cycles and
the volume of the elution solvent. As expected, using a
higher volume of solvent leads to a more diluted extract,
resulting in a lower analytical response. Therefore, we
established the volume for analyte elution at 50 ul.

Furthermore, the analytical response exhibited an
exponential increase in the number of elution cycles for
the more polar analytes (NDMA and NDEA), with the
maximum point exceeding the experimental region. In
the case of NEIPA and NDIPA, the maximum responses
were observed at approximately 12.5 cycles. To achieve
a favorable compromise for the uptake of all the studied
analytes, we selected 12 aspiration/dispensing cycles for
the elution stage.

3.4 | Analytical performance of the
offline robot-assisted MEPS-LC-MS/MS
method

As mentioned in Section 3.1.1, the matrix effect due
to tablet composition is critical in determining N-
nitrosamines in pharmaceutical formulations. Therefore,
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FIGURE 3 Comparative of the ionization performance employing ESI and APCI sources. (A) total ion chromatogram (TIC) obtained for

the injection of a standard solution of nitrosamines at 200 ng/ml, using the APCI source; (B) TIC obtained for the injection of a standard
solution of nitrosamines at 200 ng/ml, using the ESI source; (C) TIC obtained for the injection of a microextraction by packed sorbent (MEPS)

extracts from losartan tablet spiked at 200 ng/g, using the APCI source; (D) TIC obtained for the injection of a MEPS extracts from losartan

tablet spiked at 200 ng/g, using the ESI source.

standard aqueous solutions of N-nitrosamines (200 ng/ml)
were injected.

APCI also provided better detectability than ESI when
MEPS extracts of the spiked losartan tablets (spiked with
200 ng g~! of N-nitrosamine analytical standards) were
injected (Figure 3C,D). However, although the impact was
lower than that previously observed using UV-Vis detec-
tion, matrix effects were also observed for both ionization
modes. Tablet excipients generate a prominent band at
the dead time when APCI is used, causing ionization sup-
pression in the ESI source. Because the targeted analytes
were detected in MRM acquisition mode, chromatographic
areas were selectively estimated from the extracted ion
chromatogram of the transitions specifically monitored for
each analyte.

The analytical performance of the proposed method,
after MEPS optimization, was assessed by Using the
APCI source and evaluating the figures of merit, such as
LOD, LOQ, linearity, enrichment factors (EFs), extraction
recovery, precision (%RSD), and accuracy (% recovery),
under the guidelines of the International Conference on
Harmonization (ICH Q2) [29].

Linearity, LOD, and LOQ were evaluated by considering
the AI limits of N-nitrosamines regulated by various regu-
latory agencies around the world: FDA (USA), EMA (EU),
and Brazilian Nacional Agency of Health Surveillance

(ANVISA, BR) [5, 6, 30]. There is a consensus between the
Al limits for each impurity and their conversion into con-
centration (ppm), dividing it by the dose of API present in
the drug. Table S3 presents the allowed concentrations of
N-nitrosamines in losartan tablets.

The LOD and LOQ were determined experimentally
by sequential injection of MEPS extracts of decreasing
concentrations (ng N-nitrosamine/g of tablet) until signal-
to-noise ratios of 3:1 and 10:1 were obtained, respectively.
Although it would be possible to obtain specific values for
each analyte by fine-tuning, we set 50 ng/g as a suitable
value to guarantee the simultaneous detection of all ana-
lytes. Similarly, at 80 ng/g, all analytes could be quantified
with suitable analytical confidence. Linearity was assessed
within a range spanning from the LOQ of the method to
120% above the highest allowable limit for the active ingre-
dient (AI). To determine the upper limit of the calibration
curve, we calculated the maximum daily intake limit by
dividing the accepted concentration of N-nitrosamine by
the mass of the active pharmaceutical ingredient. Subse-
quently, we identified the value that exceeds this limit
by 120%. Consequently, we established a range of up to
2400 ng/g for the calibration curve.

Calibration curves were plotted by measuring the areas
of the chromatographic peaks corresponding to MEPS
extracts (in triplicate) at five concentration levels, and
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determination coefficients (r?) higher than 0.99 were

obtained in all cases (Table 1). g ~ I <
EF was estimated at three concentrations and defined E ; o o:o =
as the ratio between the concentration of the analytes in
the methanolic extract from MEPS and the spiked concen- ' ~ B
tration in the tablet (EF = Cypps extract/Crabler)- Analytes Eﬂ B ‘j:I ]
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TABLE 2 Precision and accuracy of the developed microextraction by packed sorbent (MEPS)-UHPLC-APCI-MS/MS.
Intra-day RSD (%) Inter-day RSD (%) Accuracy (%)
Analyte 100 ng/ml 500 ng/ml 2400 ng/ml 100 ng/ml 500 ng/ml 2400ng/ml 100ng/ml 500ng/ml 2400 ng/ml
NDMA 6.59 2.67 18.76 5.65 8.08 7.10 134.7 95.3 108.0
NDEA 6.35 2.56 1.38 4.42 9.41 20.08 129.3 109.3 101.3
NEIPA 9.64 2.07 1.86 12.00 19.82 2.66 135.8 98.6 97.9
NDIPA 2.83 6.35 8.64 2.83 3.17 2.66 91.5 116.3 87.2

Abbreviations: NDEA, N-nitrosoethylamine; NDIPA, N-nitrosodipropylamine; NDMA, N-nitrosodimethylamine; NEIPA, N-nitrosoethylisopropylamine.

analytical responses that the observed for the injection of
a standard solution prepared in the solvent.

Precision and accuracy were also assessed from matrix-
matched samples at three sample concentration levels of
100, 500, and 2400 ng/g — covering the low, medium,
and high regions of the calibration curve — and for assays
performed in triplicate (Table 2). RSD data were obtained
for the inter-day and intra-day (two consecutive days)
precision assays. The accuracy of the method was evalu-
ated at the same concentration levels. The experimental
and theoretical concentrations obtained from the matrix-
matched calibration curve were compared. The RSD varied
between 2% and 21%, indicating suitable intra- and inter-
day method precision. The accuracy ranged between 87%
and 136%, indicating that the method was capable of pre-
dicting and estimating the concentration of the tested
samples.

Table S4 presents a comparison between the devel-
oped automated MEPS method and seven previous studies
that focused on analytical methods for determining N-
nitrosamines in pharmaceutical formulations of sartans.
The majority of these studies employed the dilute and
shoot approach, which entails diluting the sample (API
or finished product) in a solvent and directly inject-
ing it into the chromatographic system [31]. However,
the dilute and shoot methods have inherent limitations
that may render them unsuitable for routine analysis.
These limitations include strong matrix effects, column or
tube clogging, instrument contamination, and carry-over
effects. Although increasing the dilution ratio can help
mitigate the impact of matrix constituents associated with
the dilute and shoot approach, it may also hinder method
detectability [32].

To overcome the drawbacks of the dilute and shoot
approach, alternative sample preparation techniques have
been proposed. For example, some studies have employed
SPE after suspending the tablet in water or an organic
solvent. This approach helps reduce API contamination,
system ion suppression, and the presence of high molecu-
lar weight polymers that contribute to clogging. However,
this strategy, although providing outstanding detectabil-
ity for nine N-nitrosamines, is laborious, time-consuming,
and not sustainable. It involves two consecutive stages

of solid-liquid extraction and two additional SPE steps
using different cartridges, such as strong cation exchange
and charcoal. Moreover, relatively large amounts of pol-
lutant chlorinated solvents were used, contradicting the
principles of green analytical chemistry.

Another strategy to mitigate matrix effects is the use
of derivatization steps, enabling the use of a fluorescence
detector and improving selectivity. However, these meth-
ods introduce complexity to the analysis and reduce ana-
lytical throughput. Additionally, derivatization increases
chemical consumption and generates more waste, compro-
mising the sustainability of the developed methods.

This study introduces a straightforward and high-
throughput approach that provides suitable detectability
for the proposed applications while maintaining a high
sample throughput. The use of laboratory-made syringes
in the MEPS technology makes it more affordable and
allows for reusability (more than 150 times per device).
Furthermore, these MEPS devices can be easily packed and
repacked indefinitely with any commercial or experimen-
tal extraction phase.

Previously reported LODs ranged from < 1.0 up to
460 ng/g, depending on the analyte and technique
employed. In comparison, the LOD provided by the auto-
mated MEPS setup can be considered competitive. Consid-
ering the default class-specific Threshold of Toxicological
Concern for nitrosamines in pharmaceuticals, which can
reach values up to > 90 ng/day, our method is deemed
appropriate for determining N-nitrosamine contamination
in tablets.

4 | CONCLUDING REMARKS

This paper describes, for the first time, the combined use
of affordable laboratory-repackable MEPS devices with
a high-throughput cartesian robot for the development
of fast, cost-effective, and efficient MEPS methods. The
setup was evaluated in the development of a method for
the determination of N-nitrosamines from drug tablets,
enabling the simultaneous treatment of up to six samples
in less than 20 min, and proving to be a profitable and
competitive analytical tool for routine analysis.
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For MEPS, solid losartan tablets were converted into
the liquid phase by suspending them in acidified water,
resulting in lower matrix effects compared to suspending
them in pure water. Among the various extraction phases
tested, including florisil, C18, SiO,-NH,, charcoal, and
GO@Si0,, the X-CW-PS/DVB sorbent demonstrated supe-
rior extraction capability for N-nitrosamines. The retention
of N-nitrosamines in the extraction phase appears to be
closely related to the establishment of ion exchange, -,
and hydrophobic interactions.

Optimization of the sampling and elution stages using
multivariate techniques revealed that MEPS efficiency is
influenced by factors such as the volume pumped through
the packed bed and the number of aspirating/dispensing
cycles performed during these stages. After experimenta-
tion, the best compromise between recovery and analysis
time was achieved by performing the sample stage in 15
aspirating/dispensing cycles of 500 ul of the sample and
eluting in 12 cycles of 50 pl.

The figures of merit of the developed MEPS method
were determined using matrix-matching calibration and
LC-MS/MS. APCI showed higher analytical responses
than ESI in both cases when injecting aqueous solutions
of N-nitrosamine standards and MEPS extracts from losar-
tan tablets. However, both sources are susceptible to matrix
effects due to the complex composition of the losartan
tablets. Matrix interference caused ionization suppression
with the ESI source and ionization enhancement with
the APCI source. Therefore, matrix-matched calibration is
essential to ensure confident and robust analytical results.

The obtained figures of merit demonstrate that the
method provides sufficient detectability and analytical
confidence for the proposed application. The automated
setup offers a practical, fast, straightforward, and reliable
analytical tool for the determination of contaminants and
impurities in pharmaceutical products. Although it was
not possible to apply the method to the determination of
N-nitrosamines in recalled losartan tablets, the proposed
method can be considered suitable for routine analysis of
real samples.
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Figure S1. Information on the case of N-nitrosamines in sartans tablets. (A) Overview of
the number of drug recalls for contamination with N-nitrosamines. Reprinted with
permission from [11]. Copyright (2021) American Chemical Society. (B) Proposed

mechanism for diazonium ion formation from N-nitrosamines, which may prove DNA

mutation and perhaps cancer. (C) Main route of formation of N-nitrosamines.
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Figure S2. Instrumentation for sample preparation of Losartan tablets and extraction of

N-nitrosamines. (A) Pretreatment of drug tablets. (B) picture of the syringe containing

the packed extraction phase used in MEPS. C) pictures of the Automated MEPS

optimized steps (a blue corant replaced sample for illustrative purposes).

Table S1. Experiments were carried out in the star experimental design to optimize the

sampling and elution steps in MEPS.

Sampling step

Elution step

Number of cycles Volume (ul)

Experiment | Number of Cycles Volume (ul)
19 300
14 360
10 500
6 360
1 300
6 240

1

2

6 93
14 93
6 107
14 107
10 100
10 100
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Table S2. Liquid chromatography-tandem mass spectrometry parameters for the N-

nitrosamines detection

Quantification transition

Qualification transition

Cone
Precursor Product CE Product lon CE
Analytes tg  logP pk, Voltage Cone Voltage (V)
lon (m/z) lon(m/z) (V) (m/z) V)
V)
NDMA 112 0.039 3.52 75.00 58.08 15 20 43.06 15 20
NDEA 296 0.752 3.32 103.00 75.00 10 20 47.00 10 20
NEIPA 552 1169 3.22 117.04 75.00 10 20 43.00 10 20
NDIPA 8.03 1585 3.12 131.00 89.00 10 20 43.00 10 20
tr: retention time, CE: collision energy
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Figure S3. Chromatographic separation of N-nitrosamines obtained in MEPS-HPLC-

APCI-MS/MS system.

100



3. Supplementary information of the results and discussion section
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Figure S4. Surface response for the elution step as a function of the aspiring/dispensing
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Table S3. Al limits and respective concentrations for N-nitrosamines in the drug Losartan

tablets.

Losartan dose
N-nitrosamines

50 mg

100 mg

Al limits (ng/day) mgmL?! mgmL?

NDMA 96.0
NDEA 26.5
NEIPA 26.5
NDIPA 26.5

1.920 0.960
0.530 0.265
0.530 0.265
0.530 0.265

Table S4. Comparison of the developed MEPS-HPLC-MS/MS method similar to

previous reports describing sample approach for determination of N-nitrosamines from

Sartan formulations

Analytes Sample Sampl_e Sample LOD Instrumentation Ref.
preparation throughput
NDEA, NDMA,
NDPA, NEIPA,
NDIPA, NDELA, Sartan . 1
NMor, NPyr, Npip, product Dilute and Shoot 20ng g LC-MS/MS [71
NDiPLA, NMBA,
NMEA
NDMA, NDEA, API 10-140ngg™
NMEA, NDPA, . (valsartan) and
NDBA, NDPhA, NPy, a[:/c?llsoasr;?tr;n Dilute and Shoot 20 - 460 ng g SFC-MS [19]
Npip, Nmor (losartan)
NDBA, NDPhA,
NDEA, NDMA, Sartan
NDIPA, NMEA, Nmor, product and SPE 0.025-1ngg* LC-MS/MS [16]
Npip, NPyr, NMBA, API
NMPA, NDPA, EIPNA
NDMA Ranitidine  Dilute and Shoot ingg? LC-MS [20]
Derivatisation with
NDMA and NDEA AP dansyl chloride 0.013 - (_)1'017 LC-FLD [13]
) ngg
and Fmoc-Cl
NDMA, NDEA, Sartan . 1
NMBA. NEIPA product Dilute and Shoot 0.2ngg LC-MS/MS [21]
NDMA Sartan Dilute and Shoot 0.04ngg? LC-MS/MS [14]
product '

NDMA, NDEA, Sartan 18 1 .
NMBA. NEIPA product Automated MEPS samples/hour 50 ng g LC-MS/MS This study
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1 Considerac0es Finais

O desenvolvimento de colunas tubulares abertas do tipo WCOT a qual foi foco desse
projeto de doutorado teve por objetivo demonstrar o potencial desse tipo de coluna para a
aplicacdo em cromatografia liquida. No entanto, apesar de todos os esforcos, ainda sdo
necessarias diversas investigacdes para superar as limitagdes da WCOT para que, futuramente,
esta possa alcancar o mesmo nivel de eficiéncia e aplicacdo das colunas convencionais
empacotadas.

Mediante os dados obtidos com as colunas WCOT, confirmamos que elas apresentam
maior nimero de pratos tedricos (N) em relacdo a uma coluna empacotada, sob as condi¢des
isocraticas testadas, 0 que garantem picos extremamente estreitos, assim como observado em
cromatografia gasosa. No entanto, sob condi¢Oes de gradiente, nota-se um alargamento das
bandas cromatogréficas, ou seja, uma perda de eficiéncia (N) da coluna. Para essa dificuldade,
foram averiguados dois tipos de gradientes: gradientes lentos, ou seja, que requerem um tempo
mais demasiado para subir a proporc¢do de solvente organico e, gradientes rapidos, que sobem
mais rapidamente a proporcdo de organico. O que foi observado é que sob condicBes rapidas
nédo havia separagéo entre os picos (atrazina, clomazone e metalocloro, usados como padrdes),
porém o0s picos eram mais estreitos. J&, sob condi¢cdes de gradiente lento, havia separacdo
cromatografica, porém com alargamento de banda. Esse tipo de resultado pode ser explicado
pelos graficos de Poppe que correlaciona a performance e velocidade de uma coluna capilar. E,
segundo o autor, para obter a melhor performance (separacdo), precisamos sacrificar a
velocidade (analises mais lentas), e o inverso também € valido. Assim sendo, para as proximas
investigacOes dentro dessa area ainda precisamos entender a razdo do qual ocorre esse
alargamento de banda sob condi¢bes de gradiente, e qual seria a melhor condicdo entre
performance e velocidade.

A partir dessa reflexdo, outros apontamentos podem ser feitos com respeito a dimensao
da coluna WCOT que seja adequado para um sistema de cromatografia liquida. Como
observado nos resultados apresentados, foram estudados os efeitos de fatores como
comprimento da coluna, didmetro interno e massa de fase estacionaria. Dentro das condig¢des
experimentais as quais tinhamos, seja de preparo de colunas quanto de sistema nanoLC,
conseguimos produzir colunas com até 25 um de d.i, e comprimentos na faixa de 5-8 m. No
entanto, estudos teoricos voltados para aplicagdo de colunas WCOT-LC propdem que para
atingirmos o mesmo nivel de eficiéncia que em cromatografia gasosa, estas colunas precisam

atingir d.i. na faixa de 2 um. Portanto, as colunas aqui preparadas, ainda ndo atingiram a
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condicdo tedrica, o que justifica as dificuldades em atingir o seu maximo de eficiéncia
cromatografica. Por conseguinte, para os proximos trabalhos ainda é necessario repensar outras
alternativas para preparo dessas colunas, visando reduzir seu didmetro, mas sem correr o risco
de entupimento de coluna. Além disso, ainda sdo necessarios equipamentos de nanoLC
redimensionados para esse tipo de coluna, como bombas que suportem fluxos na faixa de
nL/min e conex@es adequadas para conectar capilares de silica fundida, dentre outros aspectos.

Em suma, nosso trabalho demostrou experimentalmente que é possivel fazer esse
acoplamento entre colunas WCOT e LC, mas ainda ha muito a investigar para obter o maximo
de eficiéncia. Fatores como entupimento de coluna durante o preparo; desprendimento de fase
estacionéria durante a analise cromatogréfica devido ao fluxo da fase movel liquida, ainda
precisam ser entendidos e superados, se visarmos tornar esse tipo de coluna uma opcéo

comercial para cromatografia liquida.

2 PERSPECTIVAS FUTURAS

e Auutilizacdo de fases estacionarias baseadas em dimetil polisiloxano (DMPS) pode levar
ao entupimento da coluna, uma vez que, tais fases sdo muito viscosas e dificulta a
preparacdo robusta de colunas WCOT. Assim, talvez uma alternativa para minimizar as

chances de entupimento seria testar outras fases estacionarias menos viscosas.

e A utilizagdo de colunas trapping juntamente com colunas WCOT pode melhorar a
separagdo analitica e garantir melhores resultados de resolucdo cromatografica. 1sso
ocorre pois ja temos uma pré-separacao na coluna trapping que depois € otimizada com

a utilizacdo da coluna analitica.

e Ainda é necessario estudar metodologias para imobilizar o filme na parede do tubo e
evitar o desprendimento da fase estacionaria liquida durante a analise cromarografica,

na qual se faz uso de uma fase movel liquida.

e Areducdo do didametro interno das colunas WCOT deve acompanhar o desenvolvimento
da miniaturizacdo da cromatografia liquida, mais especificamente, o desenvolvimento

de bombas capazes de suportar fluxos mais baixos que 100 nL/min.

105



106

Capitulo 9

Lista de publicagdes cientificas



107

1 Publicagdes Cientificas

1. Multidimensional Capillary Liquid Chromatography-Tandem Mass Spectrometry for the
Determination of Multiclass Pesticides in Surgarcane Spirits (cachacas).

Natalia Gabrielly Pereira dos Santos, Edvaldo Vasconcelos Soares Maciel, Karen Mejia-
Carmona e Fernando Mauro Langas.

Analytical and Bioanalytical Chemistry, v.412, pag. 7789-7797. DOI: 10.1007/s00216-020-
02907-y

2. Enantioseparation of Underivatized Amino Acids by Capillary Liquid Chromatography. 2.
(N, S-dioctyl-(D)-penicillamine) Ligand Exchange Chiral Stationary Phase.

Fernanda Augusto Daher, Natalia Gabrielly Pereira dos Santos, Edvaldo VVasconcelos Soares
Maciel e Fernando Mauro Langas.

Scientia Chromatographica, v.11, pag. 64-70, DOI: 10.5935/sc.2019.008

3. Robot-Assisted Single Drop Microextraction Coupled to High Performance Liquid
Chromatography.

Natalia Gabrielly Pereira dos Santos, Deyber Arley Vargas Medina e Fernando Mauro
Lancas.

Revisdo

4. Microextraction by Packed Sorbent of N-nitrosamines from Losartan Tablets Using a High-
Throughput Robot-Platform Followed by Liquid Chromatography-Tandem Mass
Spectrometry.

Natalia Gabrielly Pereira dos Santos, Deyber Arley Medina e Fernando Mauro Lancas.
Journal of Separation Science, pag. 1- 12, DOI: 10.1002/jssc.202300214

5. Development of Wall Coated Open Tubular Column and their Application to Nano Liquid
Chromatography Coupled to Tandem Mass Spectrometry.

Natalia Gabrielly Pereira dos Santos, Deyber Arley Vargas Medina, Fernando Mauro
Lancas.

Molecules, v. 28, n. 13, pag. 1 — 17, DOI: 10.3390/molecules28135103



https://doi.org/10.1007/s00216-020-02907-y
https://doi.org/10.1007/s00216-020-02907-y
https://doi.org/10.3390/molecules28135103

6. An Overview of Open Tubular Liquid Chromatography with Focus on the Coupling with
Mass Spectrometry for the Analysis of Small Molecules.

Deyber Arley Vargas Medina, Natalia Gabrielly Pereira dos Santos, Juliana Soares Burato
da Silva, Jodo Victor Baolli Borsatto e Fernando Mauro Lancas.

Journal of Chromatography A, v. 1641, n. 461989, pé4g. 1-14. DOI:
10.1016/j.chroma.2021.461989

7. Enantioseparation of Underivatized Amino Acids by Capillary Liquid Chromatography.1.
Background on Chiral Separation.

Natalia Gabrielly Pereira dos Santos, Edvaldo Vasconcelos Soares Maciel e Fernando Mauro
Lancas.

Scientia Chromatographica, v. 11, n. 2, pag. 53-63. DOI: 10.5935/s¢.2019.007

8. Electron lonization Mass Spectrometry: Quo Vadis?

Edvaldo Vasconcelos Soares Maciel, Natalia Gabrielly Pereira dos Santos, Deyber Arley
Vargas Medina, e Fernando Mauro Lancas.

Electrophoresis, v.43, pag. 1587-1600. DOI: 10.1002/elps.202100392.

9. Current Prospects on Nano Liquid Chromatography Coupled to Electron lonization Mass
Spectrometry (nanoLC-EI-MS).

Deyber Arley Vargas Medina, Natalia Gabrielly Pereira dos Santos, Edvaldo VVasconcelos
Soares Maciel e Fernando Mauro Langas.

Journal of Liquid Chromatography & Related Technologies, v.1, DOI:
10.1080/10826076.2022.2110114.

10. The Overshadowed of Electron Impact Mass Spectrometry in Analytical Biotechnology.
Deyber Arley Vargas Medina, Edvaldo Vasconcelos Soares Maciel, Natalia Gabrielly Pereira
dos Santos, Fernando Mauro Langas.

Current Opinion in Biotechnology, v.82, DOI: 10.1016/j.copbio.2023.102965

11. Cyclodextrins-Based Sorbents for Sustainable Sample Preparation Focusing on Food
Analysis.
Edvaldo Vasconcelos Soares Macial, Natalia Gabrielly Pereira dos Santos, Deyber Arley

Vargas Medina, Fernando Mauro Lancas.

108


https://doi.org/10.1016/j.copbio.2023.102965

109

Green Analytical Chemistry, submetido.

12. Graphene-Based Sorbents for Modern Magnetic Solid-Phase Extraction Techniques.
Fernando M. Lancgas, Deyber Arley Vargas Medina, Natalia Gabrielly Pereira dos Santos e
Marcela Jordan Sinisterra.

Analytical Applications of Functionalized Magnetic Nanoparticles/ Royal Society of
Chemistry, v.1, pag. 174-199. DOI: 10.1039/9781839162756-00174.

13. NanoLC-EI-MS: Perspectives in Biochemical Analysis.

Natalia Gabrielly Pereira dos Santos, Edvaldo Vasconcelos Soares Maciel, Deyber Arley
Vargas Medina e Fernando Mauro Langas.

International Journal of Molecular Sciences, v.24, n.14, pag. 1-14. DOI:
10.3390/ijms241411746



https://doi.org/10.3390/ijms241411746

	An overview of open tubular liquid chromatography with a focus on the coupling with mass spectrometry for the analysis of small molecules
	1 Introduction
	2 New OT-LC columns and their role in the analysis of small molecules
	2.1 Wall coated open tubular columns (WCOT)
	2.2 Porous layer open tubular columns (PLOT)
	2.3 Microfabricated OT columns

	3 Coupling OT-LC with mass spectrometry for the analysis of small molecules
	3.1 OT-LC-MS primordia: coupling with Electron Ionization MS (EI-MS)
	3.2 Modern OT-LC-MS: coupling with Electrospray Ionization MS (ESI-MS)

	4 Additional applications of the OT-LC to the analysis of small molecules
	6 Conclusion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	References

	Introduction 
	Results and Discussion 
	Preparation of WCOT Columns 
	Screening of Stationary Phases 
	Evaluating Parameters That Affect WCOT Columns 
	Performance Evaluation: Knox and Poppe Graphics 
	Coupling WCOT Column with a Trapping Column 

	Review of Similar Works 
	Materials and Methods 
	Analytical Standards and Reagents 
	Chromatographic Apparatus and Analytical Conditions 
	Preparation of WCOT Columns 
	Tube Pretreatment 
	Silanization 
	Stationary Phase Coating 
	Film Immobilization 

	Screening of Stationary Phases 
	Evaluating Parameters That Affect WCOT Columns 
	WCOT Column Length 
	WCOT Column Inner Diameter 
	Stationary Phase Mass in the Coating 
	Optimum Flow Rate of the Mobile Phase 
	Optimum Injection Volume 
	Coupling WCOT Column with a Trapping Column 


	Conclusions 
	References
	Abstract
	Introduction
	Modern nano liquid chromatography
	Modern nanoLC coupled to electron ionization mass spectrometry (nanoLC-EI-MS)
	Direct EI
	Liquid electron ionization interface (LEI)
	Cold EI

	Conclusion
	Funding
	References

	Electron ionization mass spectrometry: Quo vadis?
	Abstract
	1 | INTRODUCTION: EI-MS PRIMORDIUM
	1.1 | Electron ionization source and phenomena

	2 | THE GC-EI-MS HOOKUP
	3 | LC-EI-MS COUPLING: INTERFACE DEVELOPMENT AND ADVANCES
	4 | EI-MS: QUO VADIS?
	5 | CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTION
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES

	Microextraction by packed sorbent of N-nitrosamines from Losartan tablets using a high-throughput robot platform followed by liquid chromatography-tandem mass spectrometry
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Standards and reagents
	2.2 | Samples
	2.3 | Microextraction by packed sorbent
	2.4 | Optimization of microextraection by packet sorbent
	2.4.1 | Extractor phase and sample dissolution solvent
	2.4.2 | Univariate analysis of syringe conditioning
	2.4.3 | Optimization of the sampling and elution steps

	2.5 | Analytical instrumentation
	2.5.1 | HPLC-UV/Vis analysis
	2.5.2 | UHPLC-MS/MS analysis


	3 | RESULTS AND DISCUSSION
	3.1 | Study of microextraction by packet sorbent influencing parameters
	3.2 | Selection of the extraction phase and sample loading conditions
	3.3 | Microextraction by packet sorbent procedure
	3.3.1 | Conditioning
	3.3.2 | Sampling
	3.3.3 | Elution

	3.4 | Analytical performance of the offline robot-assisted MEPS-LC-MS/MS method

	4 | CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


