VNIVERSITATG BVALENCIA

[Facuitad « Quimica

[Departamento e Quimica Analitica

Doctoral Programme in Chemistry (R.D. 1999/2011)

Enantioseparations with polysaccharide-based
chiral stationary phases in HPLC. Application to the
enantioselective evaluation of the biodegradability of
chiral drugs in activated sludge from a Valencian
waste water treatment plant.

Ph.D. Thesis presented by:
Mireia Pérez Baeza

Supervised by:
Maria José Medina Hernandez, Ph.D.
Laura Escuder Gilabert, Ph.D. Valencia, May 2023



VNIVERSITATG D VALENCIA

A X
[@ 2 ] Facultat de (Quimica

Doctoral Programme in Chemistry (R.D. 1999/2011)

Enantioseparations with polysaccharide-based
chiral stationary phases in HPLC. Application to the
enantioselective evaluation of the biodegradability
of chiral drugs in activated sludge from a Valencian

waste water treatment plant.

Ph.D. Thesis presented by:
Mireia Pérez Baeza

Supervised by:
Maria José Medina Hernandez, Ph.D.
Laura Escuder Gilabert, Ph.D. Valencia, May 2023



Programa de Doctorado 3154 en Quimica (R.D. 99/2011)
Facultad de Quimica

Universitat de Valéencia

Doctoranda

Mireia Pérez Baeza
Graduada en Quimica
Master en Técnicas Experimentales en Quimica

Universitat de Valéncia

Directoras

Dra. M2 José Medina Hernandez
Catedratica de Universidad
Departamento de Quimica Analitica. Facultad de Quimica

Universitat de Valéncia

Dra. Laura Escuder Gilabert
Profesora Titular de Universidad
Departamento de Quimica Analitica. Facultad de Quimica

Universitat de Valéncia

Publicado en Valencia, 2023



VNIVERSITATG IDVALENCIA

Da, MARIA JOSE MEDINA HERNANDEZ, Catedratica de Universidad del Departamento de
Quimica Analitica de la Universitat de Valéncia, y D2@. LAURA ESCUDER GILABERT, Profesora Titular

de Universidad del Departamento de Quimica Analitica de la Universitat de Valéncia,

CERTIFICAN:

Que la presente Memoria titulada “Enantioseparations with polysaccharide-based chiral
stationary phases in HPLC. Application to the enantioselective evaluation of the biodegradability of
chiral drugs in activated sludge from a Valencian waste water treatment plant.”, realizada en el
Departamento de Quimica Analitica de la Universitat de Valéncia, constituye la Tesis Doctoral de D2.
MIREIA PEREZ BAEZA.

Asimismo, certifican haber dirigido y supervisado los distintos aspectos del presente trabajo,
asi como su redaccion, y dan el visto bueno para su depodsito y autorizan su presentacion para optar

al Titulo de Doctora con Mencién Internacional por la Universitat de Valéncia.

Y para que conste a los efectos oportunos, firman el presente certificado en Valencia, en
mayo de 2023.

Dra. Maria José Medina Hernandez Dra. Laura Escuder Gilabert






ACKNOWLEDGMENTS

I would like to thank all those people who, in one or another way, have been part of this
stage of my life. Especially, I would like to thank my Thesis supervisors, Prof. Maria José Medina
Hernandez and Prof. Laura Escuder Gilabert. Thank you for the dedication you have given me during
my Doctoral Thesis and throughout my research period, as well as for your guidance, advices and
friendship. And above all, thank you for having trusted me by giving me the opportunity to be part
of this project. Likewise, I would like to thank the rest of the research group (GAMM, multivariate
and multicomponent analysis), Yolanda and Salva, for their attention, affection and for always solving
all my doubts. I have learned a lot working with each of you. All this would not have been possible

without your support. You will always have a place in my heart.

Thanks also to Professors J.J. Baeza Baeza and M.C. Garcia-Alvarez-Coque for helping me
with part of my Thesis (Paper 1V), patiently explaining things to me and being there when I needed

them.

Nor can I forget the students who have passed through this research group to carry out their
TFGs, TFMs, internships or work placements, with whom I have shared laboratory and good
moments. Thank you very much. You have also given me the opportunity of learning some things

from you.

Of course, I would like to thank Dr. Paola Peluso and the rest of the colleagues (Roberto,
Barbara, Alessandro, Paola, Valeria, Antonella, Luigi, etc.) I had during my research stay at the
Istituto di Chimica Biomolecolare of the Consiglio Nazionale delle Ricerche (ICB-CNR) in Sardinia,
Italy. Thanks for having welcomed me and making my stay more enjoyable. You have taught me to

look at things in a different way.

I would also like to thank the Generalitat Valenciana and the European Social Fund for their
financial support (ACIF/2019/158 research contract and BEFPI/2021/073 research stay), which have

allowed me to develop my Ph.D. project.

Finally, this Thesis is also the result of the affection of the people around me, so I would like
to highlight the support of my parents, Paco and Rosa; my sister, Meritxell; my partner in life, Miguel;
and the rest of my family. I would also like to thank all my friends. Thank you all very much for your
patience, your encouragement, for being always there, for loving me and taking care of me, for

supporting me in my decisions and for believing in me.






“ Water is the driving force of all nature”

— Leonardo da Vinci (1452-1519) -






LIST OF ORIGINAL PUBLICATIONS

This Doctoral Thesis is presented in the "Compendium of publications" modality, as
considered in the Regulations for assessment and deposit of doctoral theses (ACGUV 29-XI-2011.
Amended: ACGUV 28-11-2012, ACGUV 29-X-2013, ACGUV 28-VI-2016 and ACGUV 31-X-2017) of the

Universitat de Valéncia. In addition, the Ph.D. student applies for the mention “International Doctor”.

The publications included in this Thesis are listed below. The journal impact factor (JIF) as
considered in the Journal of Citation Reports (JCR) Science Edition, together the JIF rank and JIF

quartile in the corresponding category for the year of publication is also included.

Iv.1 Mireia Pérez-Baeza, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Salvador
VL.- Paper Sagrado, Maria José Medina-Hernandez

Comparative modelling study on enantioresolution of structurally unrelated
compounds with amylose-based chiral stationary phases in reversed phase liquid
chromatography-mass spectrometry conditions

Journal of Chromatography A, 1625 (2020) 461281
https://doi.org/10.1016/j.chroma.2020.461281

JIF (2020): 4.759

Category: Analytical Chemistry JIF rank: 17/87  JIF quartile: Q1

Iv.2 Mireia Pérez-Baeza, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Salvador
VL.- Paper II Sagrado, Maria José Medina-Hernandez

Comparative study on retention behaviour and enantioresolution of basic and
neutral structurally unrelated compounds with cellulose-based chiral stationary
phases in reversed phase liquid chromatography-mass spectrometry conditions

Journal of Chromatography A, 1673 (2022) 463073
https://doi.org/10.1016/j.chroma.2022.463073

JIF (2021): 4.601

Category: Analytical Chemistry JIF rank: 20/87  JIF quartile: Q1

Iv.3 Mireia Pérez-Baeza, Yolanda Martin-Biosca, Laura Escuder-Gilabert, Maria José
VL.- Paper IT1  Medina-Hernandez, Salvador Sagrado

Artificial neural networks to model the enantioresolution of structurally unrelated
neutral and basic compounds with cellulose tris(3,5-dimethylphenylcarbamate)
chiral stationary phase and aqueous-acetonitrile mobile phases

Journal of Chromatography A, 1672 (2022) 463048
https://doi.org/10.1016/j.chroma.2022.463048

JIF (2021): 4.601
Category: Analytical Chemistry JIF rank: 20/87  JIF quartile: Q1



https://doi.org/10.1016/j.chroma.2020.461281
https://doi.org/10.1016/j.chroma.2022.463073
https://doi.org/10.1016/j.chroma.2022.463048

SECTION PAPER REFERENCE

V.4 M. Pérez-Baeza, L. Escuder-Gilabert, M.]. Medina-Hernandez, 1.]. Baeza-Baeza,
VL- Paper v~ M-C. Garcia-Alvarez-Coque

Modified Gaussian models applied to the description and deconvolution of peaks
in chiral liquid chromatography

Journal of Chromatography A, 1625 (2020) 461273
https://doi.org/10.1016/j.chroma.2020.461273
JIF (2020): 4.759

Category: Analytical Chemistry JIF rank: 17/87  JIF quartile: Q1
Iv.5 Laura Escuder-Gilabert, Yolanda Martin-Biosca, Mireia Perez-Baeza, Salvador
VI.- Paper V Sagrado, Maria José Medina-Hernandez

Trimeprazine is enantioselectively degraded by an activated sludge in ready
biodegradability test conditions

Water Research, 141 (2018) 57-64
https://doi.org/10.1016/j.watres.2018.05.008
JIF (2018): 7.913

Category: Water Resources JIF rank: 1/91 JIF quartile: Q1
Category: Environmental Sciences JIF rank: 9/251  JIF quartile: Q1
1v.6 Laura Escuder-Gilabert, Yolanda Martin-Biosca, Mireia Perez-Baeza, Salvador

VL- Paper VI  Sagrado, Maria José Medina-Hernandez

Direct chromatographic study of the enantioselective biodegradation of ibuprofen
and ketoprofen by an activated sludge

Journal of Chromatography A, 1568 (2018) 140-148
https://doi.org/10.1016/j.chroma.2018.07.034

JIF (2018): 3.858

Category: Analytical Chemistry JIF rank: 15/84  JIF quartile: Q1

1v.7 Mireia Pérez-Baeza, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Salvador
VL.- Paper VII  Sagrado, Maria José Medina-Hernandez

Reversed phase liquid chromatography for the enantioseparation of local
anaesthetics in polysaccharide-based stationary phases. Application to
biodegradability studies

Journal of Chromatography A, 1625 (2020) 461334
https://doi.org/10.1016/j.chroma.2020.461334

JIF (2020): 4.759
Category: Analytical Chemistry JIF rank: 17/87  JIF quartile: Q1



https://doi.org/10.1016/j.chroma.2020.461273
https://doi.org/10.1016/j.watres.2018.05.008
https://doi.org/10.1016/j.chroma.2018.07.034
https://doi.org/10.1016/j.chroma.2020.461334

OTHER ORIGINAL RESEARCH PAPERS (NOT INCLUDED IN THIS THESIS) PUBLISHED
DURING THE Ph.D. STUDIES

Yolanda Martin-Biosca, Laura Escuder-Gilabert, Mireia Pérez-Baeza, Salvador Sagrado, Maria José
Medina-Hernandez

Monod-based ‘single-data’ strategy for biodegradation screening tests

Environmental Chemistry, 17(3) (2019) 278-288

https://doi.org/10.1071/EN19171

JIF (2019): 1.910

Category: Analytical Chemistry JIF rank: 24/87 JIF quartile: Q2

Yolanda Martin-Biosca, Laura Escuder-Gilabert, Mireia Perez-Baeza, Salvador Sagrado, Maria José
Medina-Hernandez

Biodegradability features of fluoxetine as a reference compound for monitoring the activity of
activated sludges in drug biodegradation studies

International Journal of Advanced Research in Chemical Science (IJARCS), 6(1) (2019) 16-23
http://dx.doi.org/10.20431/2349-0403.0601003

Alessandro Dessi, Barbara Sechi, Roberto Dallocchio, Bezhan Chankvetadze, Mireia Pérez-Baeza,
Sergio Cossu, Victor Mamane, Patrick Pale, Paola Peluso

Comparative enantioseparation of planar chiral ferrocenes on polysaccharide-based chiral
stationary phases

Chirality, 34(4) (2022) 609-619
https://doi.org/10.1002/chir.23417

JIF (2021): 2.183
Category: Analytical Chemistry JIF rank: 64/87 JIF quartile: Q3

Mireia Pérez-Baeza, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Salvador Sagrado, Maria José
Medina-Hernandez

Potential of sodium dodecyl sulfate micellar solutions as eluents in magnetic dispersive micro-solid
phase extraction with polydopamine-coated magnetite nanoparticles. Application to antidepressant
drugs

Journal of Chromatography A, 1680 (2022) 463430
https://doi.org/10.1016/j.chroma.2022.463430

JIF (2021): 4.601
Category: Analytical Chemistry JIF rank: 20/87 JIF quartile: Q1

Xi


https://doi.org/10.1071/EN19171
http://dx.doi.org/10.20431/2349-0403.0601003
https://doi.org/10.1002/chir.23417
https://doi.org/10.1016/j.chroma.2022.463430

WORKS SUBMITTED TO NATIONAL OR INTERNATIONAL CONFERENCES

XI International Workshop on Sensors and Molecular Recognition (IWOSMOR XI).
Valencia, Spain, 06-07/07/2017

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Emilio Bonet-
Domingo, Mireia Pérez-Baeza, Salvador Sagrado

Bacterial recognition of emergent contaminants: Biodegradation screening of B-blocker drugs
Poster 23

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Emilio Bonet-
Domingo, Mireia Pérez-Baeza, Salvador Sagrado

Bacterial recognition of emergent contaminants: Biodegradation screening of antihistamine
drugs

Poster 56

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Emilio Bonet-
Domingo, Mireia Pérez-Baeza, Salvador Sagrado

Bacterial (enantio)recognition of emergent contaminants: Propanolol biodegradation evaluation
Poster 63

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Emilio Bonet-
Domingo, Mireia Pérez-Baeza, Salvador Sagrado

Bacterial (enantio)recognition of emergent contaminants: Metoprolol biodegradation evaluation
Poster 98

XXI Reunion de la Sociedad Espaiiola de Quimica Analitica (SEQA2017). Valencia,
Espaiia. 05/09/2017-07/09/2017

Mireia Pérez-Baeza, Yolanda Martin-Biosca, Maria José Medina-Hernandez, Laura Escuder-Gilabert,
Emilio Bonet-Domingo, Salvador Sagrado

Fluoxetine as reference compound for inoculum control in biodegradation studies
Poster PO-MA-21

XII International Workshop on Sensors and Molecular Recognition (IWOSMOR XII).
Valencia, Spain, 05-06/07/2018

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Emilio Bonet-
Domingo, Mireia Pérez-Baeza, Salvador Sagrado

Bacterial enantiorecognition of ketoprofen: ready biodegradability test
Poster P-11

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Emilio Bonet-
Domingo, Mireia Pérez-Baeza, Salvador Sagrado

Bacterial enantiorecognition of emergent contaminants: peak area-based biodegradability
models

Poster P-12

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Mireia Pérez-Baeza,
Salvador Sagrado

Bacterial recognition: Relevant time outputs derived from a single screening biodegradability
assay data

Poster P-31

Xii



WORKS SUBMITTED TO NATIONAL OR INTERNATIONAL CONFERENCES (continued)

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Mireia Pérez-Baeza,
Salvador Sagrado

Enantiorecognition of organic contaminants: Modelling the enantioresolution of stationary
phases in RPLC

Poster P-38

Maria José Medina-Hernandez; Laura Escuder-Gilabert; Yolanda Martin-Biosca; Mireia Pérez-Baeza;
Salvador Sagrado

Bacterial recognition: Models comparison, accuracy, reliability and diagnostic plots
Poster P-63

XIII International Workshop on Sensors and Molecular Recognition (IWOSMOR XIII).
Valencia, Spain, 04-05/07/2019

Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca,
Yeray Pallas-Tamarit, Salvador Sagrado

Potencial of modified magnetic nanoparticles with CTAB for preconcentration of acidic
compounds by dispersive solid phase extraction

Oral communication O-11

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Mireia Pérez-Baeza,
Yeray Pallas-Tamarit, Salvador Sagrado

Bacterial recognition: improved accuracy of environmentaly relevant parameters estimates
Poster P-56

Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Mireia Pérez-Baeza,
Salvador Sagrado

Modelling the (bio)degradability of organic contaminants from structure
Poster P-57

XXII Reunion de la Sociedad Espaiiola de Quimica Analitica (SEQA2019). Valladolid,
Spain, 17-19/07/2019

Mireia Pérez Baeza, Laura Escuder Gilabert, Maria José Medina Hernandez, Maria Celia Garcia
Alvarez-Coque, Juan José Baeza Baeza

Estudio de picos cromatograficos de compuestos quirales utilizando funciones gaussianas
modificadas

Poster TSE-P04

4th International Mass Spectrometry School. Sitges, Spain, 15-20/09/2019

Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yeray Pallas-Tamarit,
Yolanda Martin-Biosca, Salvador Sagrado

Chiral HPLC-MS assessment of enantiobiodegradability of bupivacaine and omeprazole in
WWTPs

Poster P-57

xiii



WORKS SUBMITTED TO NATIONAL OR INTERNATIONAL CONFERENCES (continued)

25th Latin-American Symposium on Biotechnology, Biomedical, Biopharmaceutical,
and Industrial Applications of Capillary Electrophoresis and Microchip Technology
(LACE2019). Alcala de Henares, Spain, 29/09/2019-02/10/2019

Y. Martin-Biosca, M. Pérez-Baeza, R. Mufioz-Espi, L. Escuder-Gilabert, S.Sagrado, M. J. Medina-
Hernandez

Dispersive micro solid phase extraction using modified magnetite nanoparticles with ionic
surfactants

Poster PP-9

27th International Symposium on Electrophoretic and Liquid Phase Separation
Techniques. Nanjing, China, 02-04/11/2020 (virtual congress)

M. Pérez-Baeza, L. Escuder-Gilabert, M.J. Medina-Hernandez, J.). Baeza-Baeza, M.C. Garcia-
Alvarez-Coque

Calculation of the enantiomeric fraction through deconvolution of chromatographic peaks
On-line poster

XIV International Workshop on Sensors and Molecular Recognition (IWOSMOR XIV).
Valencia, Spain, 08-09/07/2021

Angela Recuenco Cava, Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert,
Yolanda Martin-Biosca, Salvador Sagrado, Francisco F. Pérez Pla

Dispersive micro-solid phase extraction using polydopamine coated magnetite nanoparticles for
preconcentration of antidepressants

Poster P-41

Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca,
Salvador Sagrado

Modelling the enantioresolution of basic and neutral compounds using cellulose chiral stationary
phases by HPLC

Poster P-42

Sara Ballester Gomez, Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert,
Yolanda Martin-Biosca, Salvador Sagrado, Rafael Mufioz Espi

Solid phase extraction using polydopamine coated magnetite nanoparticles for directly analysis
of food additives

Poster P-43

Sofia Rodrigo Bustos, Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert,
Yolanda Martin-Biosca, Salvador Sagrado

Retention behaviour of neutral and basic compounds using cellulose chiral stationary phases
and aqueous-organic mobile phases

Poster P-44

Xiv



WORKS SUBMITTED TO NATIONAL OR INTERNATIONAL CONFERENCES (continued)

7es Jornades d'Innovacié Educativa. Innovar per a transformar: el repte de la

innovacié6 educativa en la universitat, Valencia, Spain, 20-21/07/2021 (virtual

congress)

Yolanda Martin Biosca, Mireia Pérez Baeza, Laura Escuder Gilabert, Maria José Medina Hernandez,
Salvador Sagrado

El laboratorio de analisis quimico del grado en CTyA en tiempos COVID: adaptacion a la
docencia hibrida

Poster AP-20

Workshop ‘Enantioselective Chromatography and Electromigration Techniques:
Theory, Mechanisms, and Applications’. Sassari, Italy, 19/11/2021

Mireia Pérez-Baeza, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Salvador Sagrado, Maria José
Medina-Hernandez

Anticipating the enantioresolution with polysaccharides-based chiral stationary phases and
hydroorganic mobile phases of structurally unrelated compounds

Oral communication

ITI Workshop for Young Researchers in Chemistry (YRChem2022). Valencia, Spain, 19-
20/05/2022

Mireia Pérez-Baeza, Laura Escuder-Gilabert, Yolanda Martin-Biosca, Salvador Sagrado, Maria José
Medina-Hernandez

Retention behavior and enantioresolution with polysaccharide-based chiral stationary phases
and hydroorganic mobile phases of basic and neutral structurally unrelated chiral compounds

Oral communication OC23

XV International Workshop on Sensors and Molecular Recognition (IWOSMOR XIV).
Valencia, Spain, 11-12/07/2022

Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca,
Salvador Sagrado

Artificial intelligence applied to study the enantiorecognition and enantioresolution of
structurally unrelated chiral compounds with a cellulose chiral selector

Oral communication O-09

Mireia Pérez-Baeza, Maria José Medina-Hernandez, Laura Escuder-Gilabert, Yolanda Martin-Biosca,
Salvador Sagrado

Polysaccharide-based chiral stationary phases with hydroorganic mobile phases. Effect of the
polysaccharide backbone on the retention and enantioresolution of structurally unrelated basic
and neutral chiral compound

Poster P-66

XV



FUNDING FROM PUBLIC COMPETITIVE CALLS

RESEARCH PROJECTS

Estudio de la biodegradacion enantioselectiva de contaminantes emergentes quirales.
Implicaciones y riesgos para la salud y el medio ambiente (Project CTQ2015-70904-R,
MINECO/FEDER, UE)

Spanish Ministerio de Economia, Industria y Competitividad (MINECO) and European Regional
Development Fund (FEDER)

Programa Estatal de Investigacion, Desarrollo e Innovacion Orientada a los Retos de la Sociedad,
in the framework of the Plan Estatal de Investigacion Cientifica y Técnica y de Innovacion 2013-
2016

01/01/2016 - 31/12/2019

GRANTS

Ayudas para la iniciacion a la investigacion para estudiantes de la Universitat de Valéncia que
cursan estudios oficiales en centros propios de esta universidad (764336)

Servei d'Informacié i Dinamitzacié (SeDI)
Universitat de Valéncia
Curso 2017 — 2018

Subvenciones para la contratacion de personal investigador predoctoral (ACIF/2019/158)
Conselleria d’Educacio, Investigacio, Cultura i Esport de la Generalitat Valenciana and FEDER

Programa para la promocion de la investigacion cientifica, el desarrollo tecnoldgico y la innovacion
en la Comunitat Valenciana

01/09/2019 - 09/12/2022

Subvenciones para estancias de contratados predoctorales en centros de investigacion fuera de la
Comunitat Valenciana (BEFPI/2021/073)

Conselleria d’'Innovacid, Universitats, Ciéncia i Societat Digital de la Generalitat Valenciana and
FEDER

Programa para la promocion de la investigacion cientifica, el desarrollo tecnoldgico y la innovacion
en la Comunitat Valenciana

20/08/2021 - 20/12/2021

The research stay was carried out in the research group led by Ph.D. Paola Peluso in the Istituto
di Chimica Biomolecolare - Consiglio Nazionale delle Ricerche (ICB-CNR), Sassari, Italy




RESUMEN AMPLIO

(articulo 7.2, Reglamento ACGUV 29-XI-2011, ultima modificacion ACGUV 31-X-2017)

La naturaleza quiral de los sistemas vivos tiene implicaciones evidentes para los compuestos
quirales bioldgicamente activos que interactian con ellos. A nivel molecular, la quiralidad representa
una propiedad intrinseca de los componentes esenciales de la vida, como los aminoacidos y los
azUcares, y, por tanto, de péptidos, proteinas, enzimas, carbohidratos, nucledsidos y una serie de
alcaloides y hormonas. En consecuencia, los procesos mediados por los sistemas bioldgicos son
sensibles a la estereoquimica, y un par de enantidmeros puede tener efectos diferentes en los

organismos Vivos.

La quiralidad tiene implicaciones en distintos campos cientificos, como el farmacéutico, el

alimentario y nutricional, el clinico y el medioambiental.

La comunidad cientifica lleva mas de un siglo estudiando las implicaciones de la quiralidad
para la vida. Hoy en dia, sigue siendo un area activa de investigacion y debate debido al gran nimero
de moléculas quirales que forman parte de los organismos vivos y de nuestra vida cotidiana. En este
contexto, las metodologias analiticas para la separacion de los enantiémeros de las moléculas quirales

desempefian un papel crucial.

Sin duda, el uso de fases estacionarias quirales (CSPs) en cromatografia de liquidos de alta
resolucion (HPLC) es la opcion preferida para la separacién de enantidmeros. Prueba de ello es el
gran nimero de CSPs disponibles en el mercado. Hoy en dia, aproximadamente el 90 % de las
separaciones quirales se realizan por HPLC utilizando CSPs de derivados de polisacaridos,
principalmente de derivados de celulosa y de amilosa, debido a su amplia capacidad de
reconocimiento quiral que les confiere una amplia aplicabilidad para una gran diversidad estructural
de compuestos y a que son compatibles con todos los regimenes de fases moéviles: organicas apolares
en cromatografia de fase normal (NPLC), hidro-orgdanicas en cromatografia en fase inversa (RPLC) y

de interaccion hidrofilica (HILIC); y organicas polares en cromatografia organica polar.

Las separaciones quirales suponen uno de los mayores retos de todas las separaciones
analiticas. La interaccion entre dos especies quirales no garantiza la separacion de sus enantiémeros.
Algunas CSPs han demostrado una amplia aplicabilidad; sin embargo, no existe una CSP de

aplicabilidad universal.

A pesar del gran nimero de aplicaciones analiticas de las CSPs en HPLC, los mecanismos
fundamentales responsables de las separaciones quirales no se comprenden completamente debido
a la complejidad inherente de estos sistemas cromatograficos. De hecho, hoy en dia, la bisqueda de
la combinacion adecuada de CSP/fase mavil para la separacion de los enantidmeros de un compuesto

quiral determinado se lleva a cabo mediante procedimientos de ensayo y error, lo que se traduce en

Xvii



un enorme coste y esfuerzo experimental. Por lo tanto, la prediccion de la capacidad de un sistema

cromatografico dado, para saber si es posible una separacién quiral, seria de gran utilidad.

Para dilucidar el mecanismo de reconocimiento quiral de las CSPs, se han utilizado técnicas
analiticas de separacién en combinacién con técnicas espectroscopicas y estrategias de modelizacion
molecular. Dentro de estas Ultimas, caben destacar las denominadas relaciones cuantitativas
estructura-propiedad (QSPRs). En ellas se relacionan propiedades estructurales de compuestos
quirales (p. ej., descriptores moleculares) con parametros cromatograficos relacionados con su
enantioseparacion (p. €j., factor de selectividad (« ), factor de retencidn de los enantiomeros (k) y
en menor medida la enantio-resolucion (Rs)) obtenidos en un sistema cromatografico dado. Para el
analisis de estos conjuntos de datos se requiere el uso de técnicas quimiométricas multivariantes,
como las técnicas de regresién multivariante —por ejemplo, regresion lineal multiple (MLR), regresion
por minimos cuadrados parciales (PLS), redes neuronales artificiales (ANNs)- o técnicas de
clasificacion multivariante como minimos cuadrados parciales discriminantes (DPLS) y arboles de
clasificacion y regresién (CART). Los modelos QSPRs permiten extraer informacion valiosa sobre el

reconocimiento molecular.

La mayoria de los modelos QSPRs publicados se han desarrollado para compuestos
relacionados estructuralmente, éstos han demostrado ser Utiles para averiguar qué descriptores
moleculares de los compuestos quirales influyen mas en su retencién y enantioseparacion, y para
dilucidar los mecanismos de enantioreconocimiento que operan en el caso (compuestos y sistema
cromatografico) estudiado; sin embargo, muestran una aplicabilidad limitada. En cambio, los modelos
QSPRs para compuestos no relacionados estructuralmente, son preferibles para una seleccion
racional de un sistema cromatografico (combinacion CSP/fase movil) para separar los enantiomeros

de cualquier compuesto nuevo.

Cuando no es posible experimentalmente conseguir la resolucion completa de los picos de
los enantidmeros de un compuesto quiral es posible lograr la resoluciéon matematica mediante la
aplicacion de técnicas de deconvolucion de picos solapados. Ello requiere la aplicacion de modelos
matematicos capaces de describir adecuadamente el perfil de los picos cromatograficos de cada uno

de los enantiémeros del compuesto quiral.

Por otra parte, la concienciacién sobre la proteccion del medio ambiente ha aumentado
notablemente en los Ultimos afios, debido a los efectos adversos que los contaminantes pueden
producir no sélo en el medio ambiente sino también en la salud humana. Entre los contaminantes
emergentes, los farmacos son probablemente la principal preocupacién de las autoridades
reguladoras debido a su enorme consumo. Los farmacos, sus metabolitos y sus productos de
degradacion pueden llegar al medio ambiente debido principalmente a los bajos indices de eliminacion
en las estaciones depuradoras de aguas residuales (EDAR) y a la eliminacion inadecuada de los

medicamentos no utilizados. Sin embargo, a pesar de los grandes esfuerzos realizados por las
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autoridades reguladoras y la comunidad cientifica, no se sabe mucho sobre el impacto de este tipo
de compuestos sobre el medio ambiente y la salud humana. La mayoria de los farmacos actualmente
disponibles son compuestos quirales (56 %) y, aunque el uso de enantidmeros puros ha aumentado
durante las Ultimas décadas, muchos de ellos se comercializan como mezclas racémicas. Sin embargo,
los enantidmeros de los contaminantes quirales pueden estar presentes en el medio ambiente en
proporciones diferentes como resultado de la excrecién enantioselectiva de los seres vivos, la
bioacumulacién en compartimentos medioambientales y la biodegradacion microbiana durante el

proceso de tratamiento de aguas residuales.

La biodegradabilidad, definida como la capacidad de una molécula de ser degradada por
microorganismos formando productos finales mas simples, es un parametro esencial para conocer el
riesgo que supone la dispersion de un compuesto en el medio ambiente. Esta propiedad depende de
la estructura quimica del compuesto, asi como de las condiciones fisicoquimicas en las que tiene lugar
el proceso de degradacion. Los ensayos de biodegradabilidad estan disefados para probar una
sustancia quimica como Unica fuente de carbono en un indculo mixto. Los ensayos de
biodegradabilidad inmediata de la Organizacion para la Cooperacion y Desarrollo Econdmico (OECD)
se han concebido como métodos de cribado para determinar si una sustancia quimica es
potencialmente biodegradable, lo que contribuye a adquirir conocimientos en el campo de la

investigacién sobre el agua y el medio ambiente.

Por todo lo expuesto, y debido al hecho de que los enantiémeros pueden tener propiedades
toxicoldgicas y ecotoxicoldgicas diferentes entre si, la cuantificacion de las fracciones enantioméricas
(EF) durante el proceso de biodegradacion es esencial para la evaluacion del riesgo medioambiental.

Sin embargo, no se ha investigado mucho sobre este tema.

Esta Tesis Doctoral tiene dos objetivos principales claramente diferenciados:

i.- Contribuir al conocimiento de la cromatografia liquida quiral con CSPs de derivados de
polisacéridos y fases mdviles hidro-organicas. El interés se centra en las CSPs comerciales de
polisacaridos mas utilizadas: tres derivados de amilosa (Am1: tris(3,5-dimetilfenilcarbamato) de
amilosa; Am2: tris(5-cloro-2-metilfenilcarbamato) de amilosa; Am3: tris(3-cloro-5-
metilfenilcarbamato) de amilosa inmovilizada) y cinco derivados de celulosa (Celll: tris(3,5-
dimetilfenilcarbamato) de celulosa; Cell2: tris(3-cloro-4-metilfenilcarbamato) de celulosa; Cell3:
tris(4-metilbenzoato) de celulosa; Cell4: tris(4-cloro-3-metilfenilcarbamato) de celulosa; Cell5:
tris(3,5-diclorofenilcarbamato) de celulosa inmovilizada). Como fases moviles se utilizaron
disoluciones acuosas de acetonitrilo (ACN) y metanol (MeOH) compatibles con matrices acuosas
y deteccién con espectrometria de masas (MS). Para la consecucion de este objetivo, se han

planteado los siguientes objetivos especificos:
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= Contribuir a una seleccion racional del sistema cromatografico para separar los
enantidmeros de un determinado compuesto. Para ello, se compara la retencion y
enantio-resolucion de un conjunto de aproximadamente 60 compuestos quirales
estructuralmente no relacionados (farmacos y pesticidas basicos y neutros) en todos los
sistemas cromatograficos de amilosa (apartado IV.1, Articulo I) y celulosa (apartado
IV.2, Articulo II) arriba indicados. Ademas, se pretende elaborar modelos QSPR para
describir y predecir parametros relacionados con la enantio-resolucion obtenidos en Am1
y Am3 (apartado 1IV.1, Articulo I), asi como en Celll (apartado IV.3, Articulo III),
utilizando fases mdviles acuosas ACN.

= Explorar el uso de la deconvolucidon de picos solapados para lograr la resolucion
matematica cuando no puede alcanzarse experimentalmente una enantio-resolucion
completa (apartado IV.4, articulo IV). Para ilustrar el potencial de esta estrategia, se
considera la enantioseparacion de bupivacaina, flurbiprofeno, ibuprofeno, ketoprofeno,
metoprolol, omeprazol, propranolol y trimepracina en CSPs de derivados de polisacaridos
(Cell1, Cell2, Cell3, Cell5 y Am2) y fases mdviles hidro-organicas de ACN o MeOH a
diferentes temperaturas de separacion.

ii.- Contribuir a la evaluacion de los riesgos y peligros de los contaminantes quirales. Para ello, se
realizan ensayos de biodegradabilidad inmediata de acuerdo con la guia de la OECD utilizando
lodos activados de una EDAR valenciana (Quart Benager) para algunos farmacos quirales de uso
extendido: trimepracina (apartado IV.5, Articulo V), ibuprofeno y ketoprofeno (apartado
1IV.6, articulo VI), y cuatro anestésicos locales (bupivacaina, mepivacaina, prilocaina y
propanocaina; apartado IV.7, articulo VII). A continuacion, se lleva a cabo la separacion y
determinacion de los enantidmeros del compuesto intacto mediante métodos de RPLC quirales
(con CSPs de derivados de amilosa o celulosa y fases moviles de ACN o MeOH compatibles con

matrices acuosas y deteccidon con MS) desarrollados para tal fin.

A continuacién, se incluye un resumen de los objetivos concretos, la metodologia, los

principales resultados y conclusiones de cada uno de los estudios realizados en esta Tesis Doctoral.
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Comparative modelling study on enantioresolution of structurally unrelated
compounds with amylose-based chiral stationary phases in reversed phase liquid

chromatography-mass spectrometry conditions. Articulo I

Como se ha comentado anteriormente, las CSPs de derivados de polisacaridos son las CSPs
mas utilizadas en HPLC. Estas CSPs pueden utilizarse en NPLC, RPLC, HILIC y con fases moviles
organicas polares. Aungue en la mayoria de las aplicaciones descritas en la bibliografia se ha utilizado
NPLC, las fases moviles utilizadas en esta modalidad de trabajo no son adecuadas para la separacion
quiral de compuestos polares, para el analisis de muestras acuosas y para la deteccion por MS. En
estas situaciones, son preferibles las condiciones de RPLC, sin los aditivos no volatiles habituales que
son incompatibles con la deteccién por MS. Ademas, en la mayoria de los métodos cromatograficos

quirales descritos, la retencion es demasiado grande para el trabajo en andlisis de rutina.

Los estudios realizados en este trabajo se encaminaron a la consecuciéon de dos objetivos
principales. Por un lado, se pretende realizar un estudio comparativo del comportamiento de
retencion y enantio-resolucion de 53 compuestos estructuralmente no relacionados (farmacos y
pesticidas) utilizando tres CSPs de derivados de amilosa (Am1, Am2 y Am3). Para las separaciones
cromatograficas se utilizaron fases moéviles hidro-organicas compatibles con la deteccion por MS
consistentes en mezclas de ACN y NH4HCO3 (5 mM, pH = 8.0), en proporcion variable (10-80 % en
volumen de ACN). El valor maximo de los factores de retencion se fijo en 15 para obtener condiciones
practicas para los analisis de rutina. Por otro lado, este trabajo también tiene como objetivo comparar
y describir las capacidades de enantioseparacion de estas CSPs. Con este fin, se pretende desarrollar
modelos QSPR para predecir/anticipar la enantio-resolucion categérica (CRs ) a partir de 57 variables
estructurales y propiedades fisicoquimicas de los compuestos para cada CSP. Se utiliza DPLS1 (DPLS
para una variable respuesta) para la seleccion de variables (FS) y modelizacion. Hasta donde
sabemos, éste es el primer intento de modelizar parametros relacionados con la enantio-resolucion
para un gran conjunto de datos de compuestos estructuralmente no relacionados en condiciones

cromatograficas realistas desde un punto de vista practico.

En las condiciones experimentales ensayadas, se observd un comportamiento de retencion
RPLC tipico (la retencién disminuye al aumentar el contenido de ACN) para los 53 compuestos quirales
estructuralmente no relacionados estudiados. Adicionalmente, las CSP Am1 y Am3 permitieron la
enantioseparacion parcial o completa para un numero similar de compuestos (Rs > 1.5: 11
compuestos en ambas CSPs; 0 < Rs < 1.5: 16 y 14 compuestos en Am1 y Am3, respectivamente),
pero mostraron enantioselectividades diferentes. La CSP Am2 proporciond los peores resultados
(Rs = 1.5: 4 compuestos; 0 < Rs < 1.5: 9 compuestos), y su selectividad apenas complementd a la

de las otras CSPs. De hecho, Phenomenex ya no comercializa la CSP Am2.

Empleando una nueva estrategia de FS-DPLS1, se seleccioné un conjunto reducido de

variables estructurales (de las 57 variables predictoras iniciales), con contribuciones positivas y
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negativas a la CRs en las CSPs de Am1 y Am3. Se concluyd que la presencia de grupos carbonilo
directamente enlazados al carbono quiral (C*) y de grupos aromaticos en los compuestos son
caracteristicas estructurales clave de los compuestos que favorecen su enantioseparacion en los
sistemas cromatograficos estudiados, lo que pone de manifiesto que las interacciones enantiomero-

CSP de tipo n-n y de enlaces de hidrégeno pueden desempeiiar un papel crucial.

Se observd que, la enantio-resolucion en la CSP de Aml puede estar favorecida o
desfavorecida por la posicién y naturaleza quimica de los sustituyentes en el anillo aromatico.
Ademas, la presencia de aminas terciarias (aceptores de enlaces de hidrogeno) en un grupo ciclico
alifatico puede mejorar la enantioseparacion. En el caso de la CSP Am3, la presencia de anillos
condensados también mejora la enantio-resolucion, probablemente debido a la rigidez que confieren

a la molécula.

Por ultimo, la presencia de anillos aromaticos con nitrogeno en los compuestos también
resultd ser importante para su enantioseparacion, con una contribucion favorable para Am3 vy
desfavorable para Am1. Esta selectividad opuesta de Am3 en comparacién con Am1 podria explicarse
por la combinacion de las interacciones enantidmero-CSP de tipo n-rn y de enlaces de hidrdgeno,
junto con la formacién de aductos de Lewis entre los atomos de N de tipo piridina (bases de Lewis)
y el atomo Cl (acido de Lewis) en la CSP Am3, o el atomo H del grupo carbamato de la CSP Am3
(cuyo caracter dador de enlaces de hidrégeno se ve exaltado por la sustitucion 3-cloro en la fraccion

fenilcarbamato).
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Comparative study on retention behaviour and enantioresolution of basic and neutral
structurally unrelated compounds with cellulose-based chiral stationary phases in

reversed phase liquid chromatography-mass spectrometry conditions. Articulo I1I

Para avanzar en el conocimiento sobre las CSPs de polisacaridos, en este trabajo se realiza
un estudio comparativo sobre el comportamiento de retencién y la enantio-resoluciéon de 54
compuestos neutros y basicos no relacionados estructuralmente (practicamente los mismos que en
el Articulo I) utilizando cinco CSPs comerciales de derivados de celulosa (Cell1, Cell2, Cell3, Cell4 y
Cell5) y fases mdviles hidro-organicas compatibles con MS. Las fases moviles empleadas fueron
mezclas binarias de NH4HCOs3 (5 mM, pH = 8.0) con MeOH o ACN en proporcion variable (30-90 %

en volumen de MeOH; 10-98 % en volumen de ACN).

Los enantiomeros de 38 de los 54 compuestos quirales estudiados se separaron totalmente
en al menos uno de todos los sistemas cromatograficos ensayados. S6lo se obtuvieron valores de

Rs = 0, en cualquiera de los sistemas cromatograficos estudiados, para tres compuestos.

En las condiciones experimentales ensayadas, para todos los compuestos y CSPs, con fases
moviles MeOH:NH4HCOs se observd un comportamiento de retencién tipico de RPLC (la retencién
disminuye al aumentar el contenido de disolvente organico). Mientras que para las fases moviles
ACN:NH4HCO:3 se distinguieron dos dominios diferentes segun el contenido de agua en la fase movil
y el comportamiento de retencion: (i) el dominio RPLC, para fases moviles con un contenido de agua
del 20-90 % (contenido de ACN inferior al 80 %), en el que prevalece el comportamiento RPLC; vy (ii)
el dominio HILIC, para una proporcion de agua en la fase movil inferior al 20 % (contenido de ACN
del 80-98 %), en el que prevalece el comportamiento de retencion HILIC (la retencion aumenta al
aumentar el contenido de disolvente organico). Este comportamiento de retencion dual HILIC/RPLC
se observo para todos los compuestos y todas las CSPs. Sin embargo, la magnitud de los cambios de
retencién fue diferente para cada compuesto y cada CSP. El comportamiento HILIC fue mas notable

para los compuestos hidréfilos con todas las CSPs.

El uso de fases mdviles MeOH:NH4sHCOs o ACN:NH4HCOs condujo a diferentes
enantioselectividades y grados de enantio-resolucién. Para la mayoria de los compuestos, en todas
las CSPs, se obtuvieron valores de Rs mucho mayores con fases mdviles ACN:NH4sHCO3 que los
obtenidos con fases mdviles MeOH:NH4HCOs. Este efecto fue menos acusado en el sistema
cromatografico MeOH-Cell3. Los sistemas cromatograficos MeOH-Cell1 y MeOH-Cell5 mostraron una
capacidad de enantioseparacion muy pobre. La menor capacidad de resolucion de los sistemas
cromatograficos MeOH:NHsHCOs podria atribuirse a la competicion del MeOH con el enantiomero por

las interacciones de enlace de hidrégeno con la CSP.

En el caso de las fases moviles ACN:NH4HCOs3, se obtuvo una enantio-resolucién mucho mejor
en el dominio RPLC para la mayoria de los compuestos. Excepto los enantidmeros de prometacing,

los enantidmeros de todos los compuestos que se resolvieron en HILIC, también lo hicieron en RPLC.
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Entre todos los sistemas cromatograficos ensayados, el sistema ACN-Cell2 permitid la
separacion de los enantiomeros del mayor nimero de compuestos quirales (Rs> 1.5: 21 compuestos;
0 < Rs < 1.5: 17 compuestos). Las CSPs de tipo fenilcarbamato (Cell1, Cell4 y Cell5) no mostraron
una enantioselectividad claramente complementaria a la de Cell2 con fases moéviles de ACN:NH4HCO:s.
Comparando la enantio-resolucién de Cell2 frente a Cell4 (CSPs con una estructura similar; la Unica
diferencia entre ellas es que los sustituyentes metilo y cloro en la posicién (3,4) del grupo fenilo estan
intercambiados), puede concluirse que la posicion de los sustituyentes, aunque no ejerce un efecto
marcado sobre la enantioselectividad de la CSP, si afecta al grado de enantio-resolucion en fases
moviles de ACN:NH4HCOs3, pero no en las de MeOH:NH4HCO:s.

Por otro lado, comparando la enantio-resolucién de Celll frente a Cell5 (CSPs que solo
difieren en la naturaleza de los sustituyentes: dos grupos metilo en Celll y dos atomos de cloro en
Cell5; no en su posicion: (3,5) en el grupo fenilo), se puede concluir que la naturaleza de los
sustituyentes de la CSP tiene un efecto significativo en la resolucidon con fases moviles de
ACN:NH4HCO:3.

La CSP Cell3 (de tipo benzoato) fue la Unica CSP que mostré una enantioselectividad

claramente complementaria a la de Cell2, principalmente con fases moéviles de MeOH:NH4+HCO:s.

A partir de los resultados obtenidos, para intentar separar los enantidmeros de un nuevo
compuesto quiral basico o neutro en las CSPs de celulosa estudiadas, se recomendo utilizar el sistema
cromatografico ACN-Cell2 en el dominio RPLC como primer intento, después MeOH-Cell3, ACN-Cell5

y ACN-Celll (ambos en el dominio RPLC) y, finalmente, otros sistemas.
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Artificial neural networks to model the enantioresolution of structurally unrelated
neutral and basic compounds with cellulose tris(3,5-dimethylphenylcarbamate) chiral

stationary phase and aqueous-acetonitrile mobile phases. Articulo III

En este trabajo para avanzar en el conocimiento de la seleccién racional del sistema
cromatografico para separar los enantiomeros de un determinado compuesto, uno de los objetivos
de esta Tesis Doctoral, se utilizan ANNs para intentar estimar cuantitativamente la enantio-resolucion

de moléculas quirales a partir de su informacion estructural.

Las ANNs son técnicas de aprendizaje automatico robustas y flexibles que pueden modelar
relaciones entre las variables predictoras (X) y la(s) variable(s) respuesta (y o Y) complejas y/o no
lineales. Una ANN aprende a partir de un conjunto de datos de aprendizaje hasta que mejora su
capacidad predictiva para un conjunto de datos de validacion. La arquitectura de una ANN consta de
neuronas interconectadas dispuestas en multiples capas que deben optimizarse. En el método feed-
forward, la arquitectura de la ANN tiene: (i) una capa de entrada (primera capa) en la que las
variables X se organizan en las Av neuronas, (ii) una capa de salida, la capa final, en la que también
se organizan la(s) variable(s) de respuesta conocida(s) (y o Y) y (iii) en el medio deben disponerse
las denominadas capas ocultas. Durante el proceso de aprendizaje, los pesos (W) que conectan
todas las neuronas se ajustan mediante funciones lineales o no lineales (funciones de activacién).
Una vez optimizada la arquitectura, la ANN esta lista para estimar la(s) respuesta(s) de nuevos

compuestos.

Debido a la complejidad interna de las ANN, la relacion y-X no es facil de conocer. Esta falta
de transparencia se conoce como la “caja negra”. Aunque se han propuesto varios métodos para
estimar la importancia de las variables X en la prediccion de respuestas, no estan exentos de

limitaciones. Ademas, actualmente no existen medios para verificar la calidad de dichas estimaciones.

La metodologia de las ANNs tiene un gran nimero de aplicaciones en diversas areas de
investigacion. Sin embargo, hasta donde sabemos, en la bibliografia solo existen cuatro aplicaciones
de ANNs para la modelizacion de QSPR en HPLC quiral. Estos modelos QSPR se han derivado para

compuestos estructuralmente relacionados.

El objetivo de este trabajo fue disefiar, por primera vez, una estrategia basada
exclusivamente en ANNs para FS y obtencion de modelos QSPR de valores cuantitativos de enantio-
resolucién de compuestos quirales estructuralmente no relacionados en un sistema cromatografico
dado. La estrategia propuesta se probd para la prediccion de los valores de resolucion maxima (Rs
max) de 56 compuestos quirales de 14 familias quimicas diferentes cromatografiados en la CSP Celll
y fases mdviles acuosas de ACN (casi los mismos compuestos y fases moéviles de ACN estudiados en
el Articulo II) a partir de informacion estructural seleccionada. También se sugirié una aproximacion

de la importancia relativa de las variables seleccionadas para predecir cuantitativamente la Rs max.
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Los 56 compuestos estudiados se dividieron en tres bloques: (i) el bloque de entrenamiento
para el aprendizaje con 49 compuestos, (ii) el bloque de validacion para el control del sobreajuste
con 7 compuestos que cubrian un intervalo representativo de valores de Rs max, y (iii) el bloque test,
para mejorar la robustez, que incluia 9 conjuntos de 5 compuestos de entrenamiento diferentes

utilizados para la validacién cruzada y también como compuestos de prueba.

Se propuso una estrategia basada en un nuevo indicador de calidad (Q), calculado a partir
de 9 parametros proporcionados por la ANN, que se disefi¢ para adaptarse a la complejidad de los
datos y al tamafio limitado del conjunto de datos a efectos de modelizacion con ANNs. Esta estrategia
permitid: (i) seleccionar una arquitectura de ANN sencilla (con una sola capa oculta de siete neuronas)
gue presentd una capacidad predictiva adecuada, y (ii) un proceso de FS-ANN secuencial (variable a

variable) que dio lugar a la seleccién de ocho variables predictivas.

Por ultimo, el estudio de la importancia relativa de las ocho variables seleccionadas en el
modelo QSPR, que combind estimaciones de dos enfoques diferentes, sugirid que la tension
superficial (contribucién positiva a la Rs max) y el nimero de grupos aminas secundarias en la
molécula (contribucion negativa a la Rs max) eran las caracteristicas estructurales mas importantes
de los compuestos para la prediccion de la enantio-resoluciéon en las condiciones experimentales

ensayadas.
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La descripcién de los perfiles de los picos cromatograficos se ha estudiado ampliamente, para
ello se han propuesto un gran nimero de funciones matematicas. Entre ellas, se ha destacado la
precision alcanzada con los modelos gaussianos modificados que describen la desviacion de un pico
gaussiano ideal como un cambio en la varianza o desviacion estandar del pico a lo largo del tiempo.
Estos modelos son, de hecho, una familia de funciones de diferente complejidad con gran flexibilidad
para ajustar picos cromatograficos con una gran variedad de asimetrias y formas. Sin embargo, puede
producirse un comportamiento incontrolado de la sefial fuera de la region que se esta ajustando, lo

que obliga a utilizar diferentes estrategias para resolver este problema.

En este trabajo se compard el rendimiento de los modelos LMG (Linear modified Gaussian),
PVMG (Parabolic variance modified Gaussian) y PLMG (Parabolic-Lorentzian modified Gaussian) con
variantes obtenidas mediante la combinacion de los modelos gaussianos modificados con una
ecuacion que anade una cola exponencial y con otras funciones que limitan el crecimiento de la
variable independiente. EI comportamiento de las aproximaciones se comprob6é mediante el ajuste
simultaneo de picos enantioméricos que presentan un amplio rango de caracteristicas (p. €j., diversos
valores de asimetria, tiempos de retencion, Rsy EF), obtenidos en la separaciéon de ocho farmacos
quirales (bupivacaina, flurbiprofeno, ibuprofeno, ketoprofeno, metoprolol, omeprazol, propranolol y
trimepracina) por HPLC utilizando diferentes CSPs, fases moéviles, temperaturas y valores de pH. El
estudio también se llevd a cabo con el fin de realizar la deconvolucién de los picos de los
enantiomeros, cuando éstos no estdn completamente resueltos, para evaluar la fraccion

enantiomérica.

Los modelos de picos gaussianos modificados estudiados permitieron el ajuste de picos
cromatograficos con una amplia gama de propiedades. El modelo LMG obtuvo los peores resultados,
sblo proporciond ajustes adecuados para picos suficientemente simétricos. EI modelo PVMG
proporciond ajustes satisfactorios para la mayoria de los picos, siendo el modelo elegido para
compuestos que presentan perfiles convencionales. El modelo PLMG proporciond los mejores ajustes
(con errores inferiores al 1% para la mayoria de los compuestos y significativamente menores que
los obtenidos con los modelos LMG y PVMG), aunque en algunas situaciones pueden surgir problemas

de sobreajuste o de colas insatisfactorias.

Para establecer correctamente la forma del pico en picos solapados, es necesario restringir
los modelos. Si los modelos se aplican sin ninguna restriccion, tienden a sobreajustarse y a transferir
una fraccion de area de un pico a otro si esto conduce a un mejor ajuste. La aplicacion de colas
exponenciales puede eliminar eficazmente los problemas de cola, pero no mejora sustancialmente
los ajustes. La aplicacién de la funcidn sigmoidal es una opciéon adecuada, presenta resultados

aceptables y es mas facil de aplicar.
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La deconvolucion de los picos enantioméricos de un compuesto quiral dado, cuando éstos
estan insuficientemente separados, también es posible si dicha resolucién no es demasiado baja. Se
compararon los modelos que mostraron los mejores resultados en el ajuste de picos cromatograficos
(PLMG y PVMG). Ambos modelos generaron un buen ajuste de los picos, con areas totales similares.
Cuando la enantio-resolucion fue suficiente (Rs >1.0), todos los enfoques dieron valores de EF
similares. Sin embargo, para resoluciones mas bajas la variabilidad fue mayor. Dicha variacion fue

apreciablemente mayor para el modelo PLMG que para el modelo PVYMG.

Deberian realizarse mas estudios para resolver los problemas encontrados, p.€j. limitando la
variacién de la forma de los picos. También deberia desarrollarse un procedimiento para mantener
constante la £F en el procedimiento de deconvolucién y los modelos propuestos deberian seguir
siendo probados cuando la EFesté lejos de ser racémica (£F = 0.5).
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Como ya se ha comentado anteriormente, a pesar de la reconocida importancia de la
estereoquimica en farmacologia, a menudo se ha ignorado en el campo de la investigacion
medioambiental. La enantioselectividad en los procesos de ecotoxicidad y biodegradacion es evidente

y paralela a la observada en los @mbitos médico y biomédico.

Trimepracina es un antihistaminico triciclico que suele emplearse como antiemético para
prevenir el mareo, o como antihistaminico en combinacion con otros medicamentos para aliviar la tos

y el resfriado.

El objetivo de este trabajo fue estudiar, por primera vez, la posible biodegradacion
enantioselectiva de los enantidmeros de trimepracina mediante ensayos de biodegradabilidad
inmediata en condiciones similares a las recomendadas en los ensayos de la OECD. Otros objetivos
planteados fueron: (i) conectar la biodegradacion enantioselectiva con el crecimiento microbiano; (ii)
aplicar un método de ajuste de curvas para los datos de concentracion (S), biodegradacién (BD) vy,
también, por primera vez, de £Fa lo largo del tiempo para ampliar la utilidad de los resultados; (iii)
realizar un estudio de precision sobre los datos de Sy £Fen condiciones de precision intermedia, por

primera vez.

Los experimentos se llevaron a cabo en modo discontinuo utilizando un medio salino con un
indculo de lodo activado procedente de una EDAR local al que se le adiciond rac-trimepracina a tres
niveles de concentracion (4.8, 9.0 and 18.0 mg L). Las muestras se incubaron con agitacion (150
rpm) a 20 °C bajo ciclos de luz natural durante 23 dias. Para la monitorizacion de las concentraciones
de los enantidomeros de trimepracina a diferentes tiempos de incubacion prefijados se desarrollé un
método de RPLC quiral que utiliza Celll como CSP y una mezcla ACN:NaClO4 0.5 M (40:60, v/v) como

fase movil.

Los valores de EF calculados constituyen la primera evidencia de biodegradacion
enantioselectiva de la trimepracina. La enantioselectividad maxima observada (valor minimo de E£F)
fue de 0.44. El crecimiento de la biomasa (establecido indirectamente mediante medidas de la
densidad optica a 600 nm, ODs0), sugirid que el proceso de biodegradacion enantioselectiva se

produce durante la fase estacionaria (mas que en la etapa de crecimiento exponencial).

El ajuste de curvas mediante una aproximacion tipo Michaelis-Menten (modelo Monod
simplificado) proporciond curvas S -t que se ajustaron bien a los datos experimentales. Estas curvas
permitieron obtener curvas BD -ty, por primera vez, £F-t. A partir de las curvas ajustadas BD -t se
estimaron los tiempos de semivida: t12 ~ 4.5 dias para ambos enantidmeros en el nivel de
concentracion estudiado mas alto; £12 ~ 4.5y ~ 6 en el nivel de concentracion intermedio para el

enantidmero menos (E1) y mas (E2) retenido, respectivamente; y t12 ~ 5 dias para E1 en el nivel
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de concentracién mas bajo, no se pudo estimar 1> para E2 porque nunca alcanzé BD = 50%. La
similitud entre las curvas E£F -t para los tres niveles de concentracién ensayados indicd que la

enantioselectividad es independiente de la concentracion.

Se observd una imprecision moderada en los valores de S (en condiciones de repetibilidad)
y, por primera vez, en £F (en condiciones de precisién intermedia). Esta imprecision deberia tenerse

en cuenta en trabajos futuros al emplear modelos cinéticos de Monod o modelos alternativos.

Los resultados obtenidos en este trabajo sugieren que trimepracina posee una
biodegradaciéon enantioselectiva moderada potencial en EDARs. Los resultados de este estudio
sugieren que trimepracina presenta degradacion potencial en diversos entornos, de acuerdo con las
directrices de la OECD. Sin embargo, no se recomienda la extrapolacion de estos resultados

directamente a escalas medioambientales o de tratamiento de aguas residuales.

XXX



De forma similar al articulo anterior, en el presente trabajo pretende contribuir al avance del
conocimiento de los riesgos y peligros de los contaminantes quirales. En concreto, en este trabajo se
estudia la biodegradacion enantioselectiva de ibuprofeno y ketoprofeno, antiinflamatorios no

esteroideos quirales de uso muy extendido.

Ibuprofeno y ketoprofeno presentan propiedades antiinflamatorias y analgésicas. Los
beneficios terapéuticos de estos farmacos se atribuyen principalmente a sus enantidmeros S. Pese a

ello, suelen comercializarse como mezclas racémicas.

Existe cierta controversia sobre la biodegradacién enantioselectiva de ibuprofeno y
ketoprofeno en EDARSs y ensayos de laboratorio. Las variaciones encontradas en los valores de £F de
ibuprofeno y ketoprofeno durante la biodegradacién se han atribuido no sélo a la degradaciéon mas
rapida de un enantidmero en comparacion con la del otro (degradacion enantioselectiva), sino
también a la existencia de inversion quiral por parte de enzimas, o debido a la combinacién de ambos

procesos.

El objetivo de este trabajo fue la evaluacion de la biodegradacién de los enantidmeros de
ibuprofeno y ketoprofeno mediante ensayos de biodegradabilidad inmediata, compatibles con las
directrices de la OECD. El procedimiento seguido fue similar al utilizado en el Articulo V. Las
concentraciones ensayadas fueron 15.6 mg L~! de rac-ibuprofeno y 18.0 mg L~ de rac-ketoprofeno.
Para separar los enantidmeros de ibuprofeno y ketoprofeno, se ensayaron CSPs de derivados de
celulosa y amilosa (Am2, Celll, Cell3 y Cell5) y mezclas binarias de acido férmico (0.1 %, v/v) con
ACN o MeOH en proporciones variables (25-80 % en volumen de ACN; 75-92 % en volumen de

MeOH). Se ensayaron temperaturas de separacion comprendidas entre 15 y 25 °C.

Otro objetivo de este trabajo es el desarrollo de una nueva estrategia para estimar
parametros significativos relacionados con el proceso de biodegradacion utilizando las areas de los
picos cromatograficos de los enantidmeros en lugar de su concentracion. Esta estrategia se disend
para eliminar la incertidumbre asociada a la etapa de calibracién y para reducir el esfuerzo y el coste
experimentales. Adicionalmente, se propusieron ecuaciones nuevas para modelar las curvas BD -ty
EF -t utilizando las areas de pico de los enantidmeros como variables dependientes. La eficacia de

esta estrategia se compard con la de los modelos convencionales.

Los sistemas cromatograficas seleccionados para monitorizar los enantiomeros de los
antiinflamatorios no esteroideos estudiados en los ensayos de biodegradabilidad fueron: Cell3,
MeOH:HCOOH (0.1 %, v/v), 80:20 (v/v), 25 °C para ibuprofeno; Am2, ACN:HCOOH (0.1 %, v/v),

35:65 (v/v), 15 °C para ketoprofeno. Estos métodos fueron rapidos (tiempos de retencion inferiores
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a 10 min) y permitieron la separacion completa de los enantidmeros de ambos analitos (Rs = 2.8

para ibuprofeno y Rs = 1.6 para ketoprofeno).

El ensayo de biodegradabilidad inmediata mostré que los enantidmeros de ibuprofeno y
ketoprofeno eran facilmente biodegradables con una degradacion abidtica no significativa. Estos
resultados sugieren que estos farmacos presentan una degradacion potencial en diversos entornos,
de acuerdo con las directrices de la OECD. Sin embargo, no se recomienda la extrapolaciéon de estos

resultados directamente a escalas medioambientales o de tratamiento de aguas residuales.

Se observo que ibuprofeno presenta una biodegradabilidad enantioselectiva, siendo la BD de
(R)-ibuprofeno mayor que la BD de (S)-ibuprofeno. No se observd una biodegradacion

enantioselectiva para ketoprofeno.

Los valores maximos de ODsoo se obtuvieron al quinto dia de las pruebas de biodegradacion
para ambos analitos. Durante la fase estacionaria de crecimiento, se observd el comportamiento

diferencial de los enantiémeros de ibuprofeno.

Las nuevas ecuaciones propuestas utilizando las areas de los picos cromatograficos
proporcionaron estimaciones similares a las obtenidas utilizando datos de S. Sin embargo, el uso de
areas elimind la incertidumbre asociada a los cdlculos derivados de curvas de calibracién y

proporciond estimaciones mas precisas de BDy EF.

El uso de los valores de area de pico permitié estimar parametros significativos relacionados
con el proceso de biodegradacion: (i) para (R )-ibuprofeno y (S )-ibuprofeno se estimaron valores de
t2 de 18 y 25 dias, respectivamente, mientras que para ambos enantiomeros de ketoprofeno se
estimaron valores de &2 de 12 dias; (ii) se requirieron 60-80 dias para alcanzar valores de BD
préximos al 100 % para los enantidmeros de ibuprofeno, mientras que se precisaron 25 dias para los
enantidmeros de ketoprofeno; (iii) el valor de £F de ibuprofeno disminuyd a aproximadamente 0.4 a

los 28 dias y el valor minimo esperado es de aproximadamente 0.2 a los 60 dias.
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Reversed phase liquid chromatography for the enantioseparation of local anaesthetics
in polysaccharide-based stationary phases. Application to biodegradability studies.

Articulo VII

De forma similar a los articulos V y VI, en el presente trabajo se estudia la biodegradacion
enantioselectiva de bupivacaina, mepivacaina, prilocaina y propanocaina, anestésicos locales de

amplio uso en hospitales.

Los anestésicos locales son analgésicos de uso comin que bloquean temporalmente la
produccion y transmision de sefiales de dolor en el tejido nervioso. Se han descrito diferencias en las
propiedades farmacocinéticas, farmacodinamicas y toxicoldgicas de los enantidmeros de los
anestésicos locales quirales. Por ejemplo, el enantidmero (R )-bupivacaina es mas potente y toxico

que el enantiomero (S )-bupivacaina.

Se ha detectado la presencia de mepivacaina, lidocaina, bupivacaina, prilocaina, procaina y
benzocaina en muestras de aguas residuales en concentraciones del orden de ng L. Sin embargo,
hasta nuestro conocimiento, no existen estudios que aborden la posible biodegradacion

enantioselectiva de estos compuestos.

Uno de los objetivos de este articulo fue realizar un estudio exhaustivo sobre la retencion y
resolucién de los enantiomeros de bupivacaina, mepivacaina, prilocaina y propanocaina utilizando
cinco CSPs de derivados de celulosa (Celll, Cell2, Cell3, Cell4 y Cell5) y tres derivados de amilosa
(Am1, Am2 y Am3) y mezclas binarias de NH4HCOs (5 mM, pH = 8.0) con MeOH o ACN en
proporciones variables (30-90 % en volumen de MeOH ,10-100 % en volumen de ACN) como fases
moviles. También se ensayaron diferentes temperaturas de separacion comprendidas entre 15 y 40
°C. Los resultados del estudio se utilizaron para proponer las condiciones cromatograficas
experimentales dptimas para determinar los enantidmeros de los anestésicos en estudio en muestras
acuosas utilizando deteccién por MS, con el fin de realizar, por primera vez, ensayos de ensayos de
biodegradabilidad inmediata, compatibles con las directrices de la OECD. El procedimiento seguido
fue similar al utilizado en los Articulos V y VI. Las concentraciones ensayadas fueron 19.8 mg L!
parar rac -bupivacaina, 20.6 mg L parar rac -mepivacaina, 21.0 mg L para rac -prilocaina y 21.0
mg L para rac -propanocaina. Para estimar los parametros significativos relacionados con el proceso

de biodegradacion se utilizd el enfoque cromatografico directo propuesto en el Articulo VI.

El estudio del comportamiento de retencién de los enantidmeros de bupivacaina,
mepivacaina, prilocaina y propanocaina en cinco CSPs derivados de celulosa (Cell1, Cell2, Cell3, Cell4
y Cell5) y tres CSPs derivados de amilosa (Am1, Am2, Am3) reveld que para las fases moéviles hidro-
organicas que contienen MeOH, los compuestos mostraron un comportamiento tipico de RPLC.
Mientras que para las fases moviles que contienen ACN, los compuestos mostraron un
comportamiento HILIC o RPLC, en funcién del contenido de agua en la fase movil, tal y como se

comento en el Articulo II.
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La enantioselectividad de las CSPs ensayadas hacia los enantidmeros de bupivacaina,
mepivacaina, prilocaina y propanocaina fue diferente. La CSP Cell2 permitid la resolucion completa
de los enantidmeros de mepivacaina, prilocaina y propanocaina, mientras que las CSP Celll, Am2 y
Am3 no permitieron la enantio-resolucion de los compuestos estudiados. La CSP Cell4 permitid la
resolucion de los enantidmeros de prilocaina y propanocaina, mientras que las CSPs Cell3, Cell5 y
Am1 sdlo proporcionaron la enantio-resoluciéon completa para uno de los anestésicos locales

(bupivacaina, mepivacaina y prilocaina, respectivamente).

Los sistemas cromatograficas seleccionados para monitorizar los enantiomeros de los
anestésicos locales estudiados en los ensayos de biodegradabilidad fueron: Cell3, MeOH:NH4HCOs (5
mM, pH = 8.0), 70:30 (v/v), 0.50 mL min-, 40 °C, para bupivacaina; Cell5, ACN:NH4HCO3 (5 mM,
pH = 8.0), 50:50 (v/v), 0.75 mL min’, 25 °C para mepivacaina; Cell4, ACN:NH4HCO3 (5 mM, pH =
8.0), 40:60 (v/v), 1.00 mL min, 25 °C para prilocaina y propanocaina. Estos métodos fueron rapidos
(tiempos de retencion inferiores a 14 min) y permitieron la separacion completa de los enantiémeros
de los analitos (Rs = 1.5, 2.0, 1.8 y 2.0 para bupivacaina, mepivacaina, prilocaina y propanocaina,

respectivamente).

La degradacion estimada a los 28 dias de incubacion para los ensayos bidtico y abidtico de
los enantidmeros de bupivacaina y mepivacaina fue inferior al 20 %; por consiguiente, de acuerdo
con las directrices de la OCDE, bupivacaina y mepivacaina pueden considerarse como compuestos
potencialmente persistentes. Estos resultados deberian confirmarse mediante ensayos de simulacién

0 de biodegradabilidad inherente.

En cambio, para los enantiémeros de prilocaina, la degradaciéon microbioldgica y fisicoquimica
a los 28 dias de incubacion fue incompleta pero notable (~69 % y 23 % para los ensayos bioticos y
abidticos, respectivamente). En el caso de los enantidmeros de propanocaina se observd una
biodegradacion proxima al 100 % en tres dias. En cuanto a los ensayos abidticos, la degradacion
fisicoquimica de propanocaina no fue significativa (< 20 %) hasta los 14 dias y alcanz6 el ~ 53 %
tras 28 dias de incubacién. Segun las directrices de la OCDE, los enantidmeros de prilocaina y
propanocaina muestran una biodegradabilidad aerdbica inherente. Para ambos compuestos, los
valores de £F se aproximaron a 0.5 durante el transcurso del ensayo de biodegradabilidad, lo que

indica la ausencia de mecanismos enantioselectivos en los procesos de biodegradacion.
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ABBREVIATIONS, ACRONYMS AND SYMBOLS

AAD: antiarrhythmic drug

ACD: anticholinergic drug

ACN: acetonitrile

ACO: anticoagulant

AD: antidepressant

AF: antifungal

AGP: au1-acid glycoprotein

AH: antihistamine

Am1l: coated amylose tris(3,5-dimethylphenylcarbamate)
Am2: coated amylose tris(5-chloro-2-methylphenylcarbamate)
Am3: immobilised amylose tris(3-chloro-5-methylphenylcarbamate)
ANAL: analgesic

ANOVA: analysis of variance

ANN: artificial neural network

ANP: antineoplastic

APCI: atmospheric pressure chemical ionisation

APD: antipsychotic drug

BB: B-blocker

BD: bronchodilator

BSA: bovine serum albumin

BUPI: bupivacaine

CaB: calcium channel blocker

CART: classification and regression tree

CBH: cellobiohydrolase

CD: cyclodextrin

CEC: capillary electrochromatography

Celll: coated cellulose tris (3,5-dimethylphenylcarbamate)
Cell2: coated cellulose tris(3-chloro-4-methylphenylcarbamate)
Cell3: coated cellulose tris(4-methylbenzoate)

Cell4: coated cellulose tris(4-chloro-3-methylphenylcarbamate)
Cell5: immobilised cellulose tris(3,5-dichlorophenylcarbamate)
COFs: covalent-organic frameworks

CoMFA: comparative molecular field analysis

CoMSIA: comparative molecular similarity indexes analysis

CSPs: chiral stationary phases

CSR: combined squared roots

CSs: chiral selectors

DAD: diode array detector

DEA: diethylamine
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Abbreviations and acronyms

DL:
DPLS:
DPLS1:
EEO:
EKC:
EMG:
ESI:
ETA:
EtOH:
EVA:
El:

E2:
FDD:
FLU:
FS:
FS-ANN:
FS-DPLS1:
GA:
GC:
GETAWAY:
GEX:
HILIC:
HPLC:
HSA:
IBU:
i.d.:
KET:
LA:
LMG:
LOD:
LOQ:
MeOH:
MEPI:
MET:
MI:
MIA:
MIPs:
MLR:
MOFs:
MORSE:
MP:

discrimination level

discriminant partial least squares
discriminant partial least squares on one single response
enantiomer elution order

electrokinetic chromatography

exponentially modified Gaussian

electrospray ionisation

extended topochemical atom

ethanol

normal mode eigenvalues

least retained enantiomer

most retained enantiomer

fractional factorial design

flurbiprofen

feature selection

artificial neural networks-feature selection
discriminant partial least squares-feature selection
genetic algorithm

gas chromatography

geometry, topology, and atom-weights assembly
generalized exponential

hydrophilic interaction liquid chromatography
high performance liquid chromatography
human serum albumin

ibuprofen

internal diameter

ketoprofen

local anaesthetic

linear modified Gaussian

limit of detection

limit of quantification

methanol

mepivacaine

metoprolol

mutual information

multivariate image analysis

molecular imprinted polymers

multiple linear regression

metal-organic frameworks

molecule representation of structures based on electron diffraction
mobile phase
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Abbreviations and acronyms

MS:
MSM:
NMR:
NPLC:
NSAID:
OECD:
OLS:
OME:
OVM:
PA:
PCA:
PEMG:
PLMG:
PLS:
PMG:
PPI:
PRILO:
PRO:

PROPA:

PVMG:

QSERR:

QSPR:
QSRR:
RDF:
RF:
ROLI:
RPLC:
SFC:
SIM:
SVM:
TIC:
TLC:
TRI:
uv:

VolSurf:

WHIM:
WWTP:

mass spectrometry

minimal salts medium

nuclear magnetic resonance

normal phase liquid chromatography
non-steroidal anti-inflammatory drug
Organisation for the Economic Cooperation and Development
ordinary least squares

omeprazole

ovomucoid

preservative agent

principal component analysis
polynomial-exponential modified Gaussian
parabolic Lorentzian modified Gaussian
partial least squares

polynomial modified Gaussian

proton pump inhibitor

prilocaine

propranolol

propanocaine

parabolic variance modified Gaussian
quantitative structure-enantioselective retention relationship
quantitative structure-property relationship
quantitative structure-retention relationship
radial distribution function

random forest

retention order index

reversed-phase liquid chromatography
supercritical fluid chromatography

selected ion monitoring

support vector machines

total current ion chromatogram

thin layer chromatography

trimeprazine

ultraviolet

volume and surface

weighted holistic invariant molecular
waste water treatment plant
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Abc:
abc:

ACA:
ACH3:
Adl:
ACOOR:

ANHCOR.

AOH:
AOR:
Arc:
arc:
Al2.
Al123:
Al4:
Al24:
bc:
Bi:
C*:
C*A:
C*a:
C*C=0:
C*H:
C*hA:
C*X:
C*XH.:

.
Cre:

fArc:

frc:
fsp3:
HArc:
Harc:
HBA.
HBD:
HOMO:
Hrc:
P:

aromatic bond count, number of aromatic bonds in the molecule

aliphatic bond count, number of non-aromatic bonds in the molecule excluding
bonds of hydrogen atoms

number of moieties Ar-C-Ar (Ar is aromatic ring)

number of methyl groups bonded to an aromatic ring in the molecule
number of chlorine atoms bonded to an aromatic ring in the molecule
number of ester groups bonded to an aromatic ring in the molecule
number of amide groups bonded to an aromatic ring in the molecule
number of hydroxy groups bonded to an aromatic ring in the molecule
number of ether groups bonded to an aromatic ring in the molecule
aromatic ring count, number of aromatic rings in the molecule
aliphatic ring count, number of rings in the molecule that have non-aromatic bonds
number of aromatic groups with 1,2 substitution

number of aromatic groups with 1,2,3 substitution

number of aromatic groups with 1,4 substitution

number of aromatic groups with 1,2,4 substitution

bond count, number of bonds in the molecule including hydrogens
Balaban index

chiral carbon atom

number of aromatic groups bonded to the chiral carbon

number of aliphatic groups bonded to the chiral carbon

number of carbonyl groups bonded to the chiral carbon

number of hydrogen atoms bonded to the chiral carbon

number of aromatic heterocycles groups bonded to the chiral carbon
number of heteroatoms bonded to the chiral carbon

number of hydroxy or amine groups bonded to the chiral carbon
number of carbon atoms in the molecule

number of chlorine atoms in the molecule

carbo ring count, number of rings in the molecule that contain carbon atoms only
number of fluorine atoms in the molecule

fused aromatic ring count, number of aromatic rings having common bonds with
other rings

fused ring count, number of fused rings in the molecule (having common bonds)
number of sp® hybridized carbons divided by the total carbon count
heteroaromatic ring count, number of aromatic heterocycles in the molecule
heteroaliphatic ring count, number of aliphatic heterocycles in the molecule
number of hydrogen bond acceptors in the molecule

number of hydrogen bond donors in the molecule

highest occupied molecular orbital

hetero ring count, number of rings in the molecule that contain hetero atoms
number of isopropyl groups in the molecule
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Structural descriptors and physicochemical properties

logD:
logP:
LUMO:
MR:
Mr:
MSA:
Mv:
NA:
NHR
NRc:
NRZ:

OEC*
OH:
pAa:
PSA:
Rbc:
Rc:
ROR:
Rsc:

Sc:
Srss:
ST:
tB:
zmax:
zmin:

logarithm of the distribution coefficient at a given pH
logarithm of the n-octanol/water partition coefficient
lowest unoccupied molecular orbital

molecular refractivity

molecular mass

molecular surface area

molar volume

number of nitrogen aromatic groups

number of secondary amine groups in the molecule
number of tertiary amines in aliphatic cycles

number of tertiary amine groups in the molecule
number of oxygen atoms in the molecule

orbital electronegativity of the chiral carbon

number of hydroxyl groups in the molecule

minus logarithm of the acidity constant

polar surface area

ring bond count, number of ring bonds

ring count, number of rings in the molecule

number of ether groups in the molecule

ring system count, number of disjunct ring systems
number of sulphur atoms in the molecule

number of sulphur atom in cycles

smallest ring system size, number of rings in the smallest ring system
surface tension

number of tert-butyl groups in the molecule
maximal zlength

minimal zlength

Chromatographic parameters

aand b:
B/A:
CRs:
o or Hb:

selectivity factor

percentage of organic modifier in the mobile phase

peak standard deviation (or related parameter)
coefficients of the precursor Gaussian signal

time constant

peak area

initial peak area at £ = 0 days

left and right, respectively, half-width related parameters
asymmetry factor where A is the left half-width and Bis the right half-width
categorical enantioresolution

height at the peak maximum
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Chromatographic parameters

h(t):
K:

ki

K

K2

Mo:
mlz:
N:

Rs:

Rs max:
S:

tr:

tri:

tr2:

b:

t1 and &:
tr:

w:

peak height at a given time ¢

retention factor

retention factor for the least retained enantiomer
retention factor for the most retained enantiomer
k2 extrapolated to a 100 % aqueous mobile phase
peak area

mass/charge ratio

efficiency

enantioresolution

maximum enantioresolution

eluent strength from Snyder equation

retention time

retention time for the least retained enantiomer
retention time for the most retained enantiomer
gross hold-up time

parameters related to the peak position

initial time

peak width at 50 % peak height

Biodegradation related parameters

y7
AD:
BD:
BDyq:
D:
Diow:

maximum specific growth rate

abiotic degradation

microbial degradation (biodegradation)

biodegradation after seven days of incubation
degradation value obtained in a 28-day test
degradation value in a 10-day window within a 28-day test
enantiomeric fraction

first-order rate constant

half saturation constant for growth or Monod constant
optical density at 600 nm

substrate concentration

initial substrate concentration at £=0 days

half-life time

maximum specific growth rate (maximal rate)

biomass concentration

initial biomass concentration

yield coefficient: mass of biomass per mass of substrate

x|



Statistical parameters

bo: intercept of calibration curve

bi: slope of calibration curve

dabp: discriminant distance

dDcv: discriminant distance in cross validation

K, Kkk: number of neurons in the hidden layers

MSE: mean squared error

MS;: residual mean square

MSrun: between-run mean square

mUrb: mean of the relative uncertainty

No: numbered order

Nr: number of replicates

Ns: number of series (incubation times)

M number of structural variables

PMSE: penalised mean squared errors

Q: quality target indicator

R: correlation coefficient

R2: determination coefficient

RSD: relative standard deviation

RSD:r: relative standard deviation in repeatability conditions

RSDrun between-run relative standard deviation

s: standard deviation

Smean standard deviation of the grand mean

Srt standard deviation in repeatability conditions

Srun between-run standard deviation

Ssclass: sum of squares for the difference between predicted and actual discriminant level
values

TI: target indicator

Wi: inner weights

X: predictor matrix

yorY: response vector or matrix

v estimated response vector

xli
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Introduction

I.1.- Significance of chirality

Chirality is a structural property of a molecule whereby is able to exist in two asymmetric
forms, which are mirror images. Usually, chirality is caused by chiral carbon atoms, but also by sulfur,
phosphorus or nitrogen atoms. The chiral nature of living systems has obvious implications for the
biologically active compounds that interact with them. At the molecular level, chirality represents an
intrinsic property of the essential building blocks of life, such as amino acids and sugars, and
therefore, of peptides, proteins, enzymes, carbohydrates, nucleosides and a number of alkaloids and
hormones. Consequently, processes mediated by biological systems are stereochemistry-sensitive,

and a pair of enantiomers can have different effects on living organisms [1].

Chirality has implications in different scientific fields, mainly in the pharmaceutical field, but
also in other such as the food and nutrition, clinical and environmental fields. For instance, the
presence of D-amino acids in food, originated in food processing or resulting from microbiological
sources, can lead to nutritionally poorer and less safe products [2]. Furthermore, the detection of
filbertone (the main flavour component of hazelnuts) can be an indication of adulteration of extra
virgin olive oil [3]. An example of chiral clinical applications is the determination of 2-hydroxy acids
in urine that can be useful for the diagnosis of the maple syrup urine disease [4]. Other examples

are chiral nanomaterials which are promising strategies for anti-tumour therapy [5].

The pharmaceutical industry has been the main contributor to the development of chirality
research. Several reviews on this issue have been reported in the literature [6,7]. Great attention has
been paid to the development of safer and more effective drugs. When a given racemic mixture of a
drug is administered and enters into the human body, there are some pharmacodynamic,
pharmacokinetic and toxicological processes that may exhibit a certain degree of enantioselectivity,
so it could result in different pharmacological activity of the enantiomers. In some cases,
pharmacological activity exists in one enantiomer (eutomer) whereas the other one (distomer) might
be inactive, or less potent, or present a different pharmacological activity or even be a toxic
enantiomer [6,8-10]. There are a lot of examples of chiral drugs whose enantiomers exhibit this
differential behaviour [7,11]. Everyone is aware of the tragic episode with the administration of
thalidomide racemate to pregnant women in the 1960s, which led to multiple congenital abnormalities
in new-born babies that were attributed to the (S)-enantiomer. Other example is naproxen, (S)-(+)-
naproxen is used to treat arthritis pain, but (R)-(—)-naproxen has no analgesic effect and causes liver
poisoning [12]. A more recent example can be found in the accelerated research of new drugs in the
Covid-19 pandemic. During this search it was argued that (S)-chloroquine and (5)-hydrochloroquine

could potentially have a higher response against SARS-CoV-2 than their (R)-enantiomers [13].

Nearly 50 % of drugs are chiral [14]; however, until the beginning of 21 century, regulatory
authorities could just encourage the pharmaceutical industries to commercialise single enantiomer of

drugs, although most of them were commercialised as racemates [15]. Nowadays, two-thirds of the
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drugs in development are chiral, and 51 % of them will be launched on the market as a pure
enantiomer. In addition to these drugs, many other drugs initially marketed as racemic mixtures have
been re-launched on the market as pure enantiomers. In both cases, regulatory agencies require
rigorous drug characterisation, including pharmacodynamic and pharmacokinetic profiles of individual

enantiomers and their combinations [6].

In spite of the well-established role of stereochemistry in pharmacological processes, it has
often been ignored in environmental research. More than 1500 chiral pollutants are present in the
environment, but, unfortunately, there is no regulation for controlling them [16]. The
enantioselectivity in ecotoxicity and biodegradation processes is evident and comparable to the events
in medical/biomedical fields [17,18]. There are a lot of examples to illustrate the role of chirality in
environmental toxicology. It has been reported differences in the toxicities of the enantiomers of
chiral pollutants. In addition, biological transformation (uptake, metabolism, and excretion) of the
chiral pollutants can be also stereoselective. Chiral pollutant metabolites are often chiral as well. In
addition, some achiral pollutants have chiral metabolites [19]. For instance, it has been found that
ao-HCH enantiomers show different carcinogenic potencies and growth stimulation in primary rat
hepatocytes [20]. Other example is heptachlor and 2-chloroheptachlor pesticides and some

cyclodiene pesticides that have different enantioselective toxicities on cockroach species [21,22].

For all the aforementioned reasons, there is a special interest in analytical methodologies for
the separation of the enantiomers of chiral molecules that allow to control the enantiomeric purity

and to evaluate the differential biological behaviour of the enantiomers of a chiral compound.

I.2.- Separation of enantiomers of chiral compounds

For the separation of enantiomers of a chiral compound it is necessary to create a chiral
environment using chiral selectors (CSs). CSs can be classified according to their origin into natural
(e.g., saccharides, amino acids, oligosaccharides, mucopolysaccharides, macrocyclic antibiotics and
proteins), semi-synthetic (modified oligosaccharides and polysaccharides, such as cyclodextrin (CD)
derivatives and phenylcarbamate or benzoate polysaccharide derivatives) and synthetic (e.g., chiral
surfactants, crown ethers, molecular imprinted polymers (MIPs) , metal-organic frameworks (MOFs)

and covalent-organic frameworks (COFs)) CSs [23-27].

CSs form the corresponding diastereoisomers with the enantiomers of a chiral compound,
either through covalent bonds or by the formation of transient enantiomer-CS complexes. The former

is the basis for the so-called indirect methods and the latter, for the direct methods [28,29].

In indirect methods, optical pure CSs are used and the separation of the enantiomers of the
chiral compound can be achieved by exploiting the differences in the physical and chemical properties

of the diastereoisomers using non-enantioselective separation techniques (e.g., crystallisation,
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distillation or non-chiral chromatography) and subsequently releasing the CS. These methods are

used on a preparative scale [28,29].

In direct methods, most widely used from the analytical point of view, the separation of
enantiomers can be achieved by the interaction of the chiral compound with a CS found in the
separation system. Hydrophobic and electrostatic interactions, hydrogen bonding, van der Waals

forces and inclusion phenomena contribute to the chiral recognition process [30].

The most commonly used analytical techniques for the separation of enantiomers of chiral
compounds are high performance liquid chromatography (HPLC) [27,30-32], thin layer
chromatography (TLC) [33,34], gas chromatography (GC) [35,36], supercritical fluid chromatography
(SFC) [37,38], electrokinetic chromatography (EKC) and capillary electrochromatography (CEC) [39-
42].

In chiral chromatographic and electrophoretic techniques, the CS can be used in solution,
i.e., added to the liquid mobile phase or electrophoretic buffer, or adsorbed or immobilised on a
support in the so-called chiral stationary phases (CSPs) [31]. HPLC using CSPs is by far the most used
technique for the separation of enantiomers. This is due to several reasons; on the one hand, because
of the inherent characteristics of HPLC, mainly its robustness and wide range of applicability (analytes,
samples and sensitivity). On the other hand, the high consumption of CSs as additives in the mobile

phase together with their high cost limits their applicability.

I.2.1.- Chiral stationary phases in HPLC

The first application of chiral liquid chromatography was reported by Henderson and Rule in
1938, involving separation of D,L-p-phenylenebisiminocamphor enantiomers using a column packed
with lactose as CSP [43]. Since then, many CSPs for chromatographic enantioseparation have been
developed. Figure 1.1 shows a rough classification of the CSPs most used in HPLC attending on the
type of CS used in the CSP. As can be observed, these CSPs could be roughly classified into chiral
small organic molecule-based CSPs and macromolecule-based CSPs. The main features and

applications of these CSPs is briefly discussed thereafter.
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— CD-based CSPs
— Macrocyclic antibiotic-based CSPs

—> Donor-acceptor-based CSPs
|—> Ion-exchange-based CSPs

— Ligand-exchange-based CSPs

Small organic
molecule-based CSPs ——=> Crown ether-based CSPs

Other CSPs

v

HPLC CSPs —

Protein-based CSPs

—p Macromolecule-based CSPs
Polymer-based CSPs

Polysaccharide-based CSPs
Synthetic polymer-based CSPs

Synthetic helical
polymer-based CSPs

—» MIP-based CSPs
—» MOF-based CSPs
—»> COF-based CSPs

—»> Others

Figure I.1.- General overview of the most used CSPs in HPLC.

I.2.1.1.- Small organic molecule-based CSPs

Small organic molecule-based CSPs include CDs, macrocyclic antibiotics, donor-acceptor, ion-

exchange, ligand-exchange and crown ether CSs, among other CSs (see Figure 1.1).

CD-based CSPs are one of the most used chiral small molecule-based CSPs. CDs are
macrocyclic oligosaccharides linked by o-1,4-glycosidic bonds. Native CDs (a-, -, and y-CDs) are
oligosaccharides consisting of 6, 7 and 8 D-(+)-glucopyranose units, respectively, containing 30-40
chiral centres. CDs have a toroidal structure (truncated cone-shaped) with a hydrophilic outside and
a hydrophaobic inner cavity. Their structure and cavity size allow the formation of inclusion complex
with chiral guest molecules. To modulate their physicochemical properties and molecular recognition
ability, hydroxyl groups in native CDs have been chemically modified resulting in a large number of
derivatives. The main interactions involved in enantiomer-CD complex formation are believed to be
hydrophobic, van der Waals and hydrogen bonding interactions, as well as steric factors. Electrostatic

interactions must also be taken into account in the case of charged CDs, and =-r interactions with
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CD derivatives containing aromatic substituents [44,45]. Chemical interactions that lead to chiral

separations occur on both the exterior and interior surfaces of the cyclodextrin toroid.

It must be pointed out that CDs are by far the most used CS in EKC [46]. Although in a lesser
extent, CDs have been also used as mobile phases additives in HPLC enantioseparations. In 1978,
Harada et al. achieved the first chiral separation in liquid chromatography using CD-based CSPs [47].
Since them, home-made or commercial CD-based CSPs (containing native or derivative CDs) have
been used in HPLC, GC, SFC and CEC. Examples of commercial CD-based CSPs used in HPLC are
Astec® Cyclobond™ (Merck), ChiraDex® (Merck), Ultron ES-CD® (Shinwa), AZYP CDShell-RSP® (Regis
Technologies), ReproSil Chiral series (Dr. Maisch HPLC) and Sumichiral OA-7000 series (Sumika
Chemical Analysis Service, Ltd.) [26]. One of the important aspects of the CD-based CSPs is that they
operate in most of the mobile phase systems: reversed-phase HPLC (RPLC, using water or aqueous
buffers containing methanol (MeOH) or acetonitrile (ACN)), normal phase HPLC (NPLC, using non-
polar organic mobile phases) and polar organic HPLC (using mixtures consisting of ACN and/or MeOH
and polar organic additives). Table 1.1 summarises the main features of Astec® Cyclobond™ CD-
based CSPs.

Table I.1.- Astec® Cyclobond™ CD-based CSPs for HPLC and SFC.

Theoretical structure Derivative Trademark
of a CD molecule (2- and 3-position hydroxyls)
B-CD None (native) Astec CYCLOBOND I 2000
OH  OH B-CD Acetyl Astec CYCLOBOND I 2000
OH R | OH

()IH [ - | OIH AC
T B-CD Dimethyl Astec CYCLOBOND I 2000

DM
B-CD 3,5-Dimethylphenylcarbamate Astec CYCLOBOND I 2000

DMP
B-CD  2,6-Dinitro-4-trifluoromethyl phenyl  Astec CYCLOBOND I 2000

ether DNP
B-CD (S)-Hydroxypropyl ether Astec CYCLOBOND I 2000

- SP
o B-CD (R.S)-Hydroxypropyl ether Astec CYCLOBOND I 2000

RSP
Number of D-(+)-glucopyranose units ~ g.cp (R,S)-Hydroxypropyl ether Astec CYCLOBOND I 2000

p-CD 7 HP-RSP
y-CD 8 y-CD None (native) Astec CYCLOBOND II

y-CD Acetyl Astec CYCLOBOND II AC

Macrocyclic antibiotic-based CSPs or macrocyclic glycopeptide-based CSPs are probably
the most used small organic molecule-based CSPs. Macrocyclic glycopeptides are macrocyclic
antibiotics that were introduced as CS by Armstrong et a/. [48]. They have been frequently applied
in HPLC, SFC, EKC and CEC [49]. Typical CSs in this family are vancomycin, teicoplanin, teicoplanin

aglycone, avoparcin, ristocetin A and eremomycin. These CSs are composed of three or four
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interconnected amino acid-based macrocycles containing two aromatic rings and a peptide sequence.
Due to the different functional groups in these CSs, they are able to interact with enantiomers in
different ways, such as inclusion, electrostatic, dipole-dipole, =-r and hydrophobic interactions, as
well as hydrogen bonding and steric effects [27]. As an example, Figure 1.2 shows the structure of
vancomycin together with the main types of molecular interactions involved in the enantiorecognition

process.

H bonding and
dipole stacking sites

NH NH
O NH
B (0]
A © . Inclusion sites
HO cl “OH (AB,C)
x-acceptor / 0 o

cl o

Figure I.2.- Structure of vancomycin showing different types of enantioselective molecular interactions.

In HPLC, these CSs have been used as mobile phases additives, but mainly as CSPs. These
CSPs are multimodal, they can be used in NPLC, RPLC and polar organic modes. Examples of
commercial macrocyclic antibiotic-based CSPs include the Astec® CHIROBIOTIC® family (see Table
1.2), as well as VancoShell® and TeicoShell® CSPs from AZYP, and ReproSil Chiral-TAG CSP from Dr.
Maisch HPLC.
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Table I.2.- Main features of Astec® CHIROBIOTIC® macrocyclic antibiotic-based CSPs.

Macr li hiral r Inclusion H
el e (G anatti:b(i):):;f: ‘ cfantraes gsrtcl)i:s c:vtilt;eos raI:ge
CHIROBIOTIC® V and V2 Vancomycin 18 2 3 3.5-7.0
CHIROBIOTIC® T and T2 Teicoplanin 23 3 4 3.8-6.8
CHIROBIOTIC® TAG Teicoplanin aglycone 8 0 4 3.0-6.8
CHIROBIOTIC® R Ristocetin A 38 6 4 3.5-6.8

Donor-acceptor-based CSPs, also called brush-type or Pirkle-type CSPs, are prepared by

covalent binding of low molecular mass CSs (e.g., amino acid, amino alcohol, small peptides, small

sugars...) on a chromatographic support. These CSPs were introduced by W.H. Pirkle in HPLC [50].

CSs used in donor-acceptor-based CSPs have more than one of the following moieties near the chiral
centre [27,49,51]:

Aromatic groups capable of acting as electron acceptors or electron donors in face-to-face or

face-to-edge n-r interactions

Hydrogen bond acceptors or donors

Electronegative groups for dipole-dipole interactions

Bulky non-polar groups for other possible van der Waals interactions and/or steric hindrance

In 1980, Regis Technologies, along with Professor W.H. Pirkle introduced the Pirkle-type

CSPs. Chirex® from Phenomenex, ReproSil Chiral series from Dr. Maisch HPLC and Sumichiral series

from Sumika Chemical Analysis Service, Ltd. are also commercial donor-acceptor-based CSPs. Table

1.3 shows some of these commercial CSPs. These CSPs can be used in both, NPLC or RPLC mode,

although NPLC is most common.
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Table I.3.- Examples of commercial donor-acceptor-based CSPs.

Donor-acceptor-based CSP

NO,

NO,

NO,

Cs

(R)-Phenylglycine and 3,5-
dinitrobenzoic acid amide
linkage

Trademark
Chirex® 3001 @

(S)-tert-Leucine and 3,5-

Chirex® 30112
dinitroaniline urea linkage

(S)-Valine and (R)-1-(a-
naphthyl)ethylamine urea
linkage

Chirex® 30142

1-(3,5-Dinitrobenzamido)-
1,2,3,4-

WHELK-O® 1 (§,5) ¢
tetrahydrophenanthrene

3,5-Dintrobenzoyl derivative

ULMO (5,5) ¢
of diphenylethylenediamine

ULMO (R,R)¢

3-(3,5-Dinitrobenzamido)-4-

Pirkle 1-J (3R, 45) ¢
phenyl-B-lactam

Pirkle 1-1 (35, 4R) ¢

N-3,5-Dinitro-benzoyl-a-
amino-2,2-dimethyl-4-
pentenyl phosphonate

o-Burke 2 (R)¢
o-Burke 2 (S)¢

N-3,5-Dinitrobenzoyl-3-
amino-3-phenyl-2-(1,1-
dimethylethyl)-propanoate

B-GEM 1 (R,R)¢
B-GEM 1 (5,5)¢

3,5-Dinitrobenzoyl leucine D-Leucine ¢

L-Leucine ¢
ReprosSil Chiral L-Leucin 9

Supplier: @2 Phenomenex. b Sumika Chemical Analysis Service, Ltd. ¢ Regis Technologies. ¢ Dr. Maisch HPLC.

10

Sumichiral OA-2000 P

Sumichiral OA-3200 b

Sumichiral OA-4100 b

WHELK-0® 1 (RR)¢
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Ion-exchange-based CSPs are included as a subgroup of donor-acceptor CSPs. These
CSPs were introduced by Rosini et a/. in 1985 [52], but most of their applications were reported by
Lindner group [53]. This type of CSPs can be divided into three different categories [26,49,54]:

= Anionic CSPs, such as Cinchona alkaloid-based quinine and quinidine CSPs used for the

separation of enantiomers of acidic compounds (e.g., NV-derivatised amino acids and phenols)

= (Cationic CSPs, containing carboxylic or sulfonic acid groups, used for the chiral separation of

basic compounds

= Zwitterionic CSPs, such as underivatised amino acids and small peptides, used for the chiral

separation of acid, basic, and zwitterionic compounds

These CSPs can be used in NPLC, polar organic or RPLC modes. Some examples of

commercial ion-exchange CSPs are shown in Table 1.4.

Table 1.4.- Examples of commercial ion-exchange-based CSPs.

Ion-exchange-based CSP R (o Trademark
- 0-9-(tert-Butylcarbamoyl) ~ Chiralpak ® QN-AX 2
quinine ProntoSIL Chiral AX QN-1 b

so5 Quinine with (15,25)- Chiralpak® ZWIX(+) @
cyclohexyl-1-amino-2-
sulfonic acid linked via a
carbamoy! group

N 0-9-(tert-Butylcarbamoyl) ~ Chiralpak® QD-AX @
quinidine ProntoSIL Chiral AX QD-1 b

Quinidine with (1R 2R)-  Chiralpak® ZWIX(-)2
cyclohexyl-1-amino-2-
sulfonic acid linked via a
carbamoy! group

Supplier: @ Daicel Chiral Technologies. ° Bischoff Chromatography.

Ion-exchange CSPs interact with ionisable chiral compounds through electrostatic
interactions, although =-r interactions and hydrogen bonding have to be also considered [49,51,54].
As an example, Figure 1.3 shows the structure of an ion-exchange CSP together with the main types

of molecular interactions involved in the enantiorecognition process.

11
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electrostatic
interaction

O  Analyte

o-._:"-. o=
gl R2

Hlil Ry

N X
X= carbonyl, oxocarbonyl,
aminocarbonyl or aryl group

n—x interaction

Figure I.3.- Structure of a quinine derivative ion-exchange CSP showing different types of enantioselective
molecular interactions.

Ligand-exchange-based CSPs are another type of small molecule-based CSPs that were
introduced in liquid chromatography by Davankov and Rogozhin [55]. From then on, different ligand-
exchange CSs have been developed. Its basic principle is based on the coordination between the
reversible chelate of a chiral compound and a metal ion (e.g., Cu®*, Zn?*, Ni?* or Mn?*), which in turn
forms a complex with a CS (e.g., amino acid derivatives, hydroxy acids or amino sugar derivatives),
resulting in a selectand-metal ion-CS complex. Chiral separations using this type of CSs are limited to
compounds with two or more electron-donating functional groups (e.g., hydroxy acids, a-amino acids,
amino alcohols and diols). In HPLC, these CSs have been used as mobile phases additives or
adsorbed/immobilised on a solid support as CSPs (see Table 1.5). The metal ion can be included in
the CSP or added to the aqueous mobile phase. These CSPs can also tolerate mobile phases

containing MeOH (or other alcohols) and ACN as organic modifiers [26,49,56].

Table I1.5.- Examples of commercial ligand-exchange-based CSPs.

Ligand-exchange-based CSP CS Trademark
i N,N-Dioctyl-L-alanine  Chiralpak® MA(+) @
j/lLOH
NN | D-Penicillamine Chirex® (D)-penicillamine ®
/O\ - .
Oﬁj: 7 Sumichiral OA-5000 ¢
NH NN N

e
1/2. cu?t

Supplier: 2 Daicel Chiral Technologies. ® Phenomenex. ¢ Sumika Chemical Analysis Service, Ltd.
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Finally, crown ether-based CSPs are also considered as small molecule-based CSPs and
were introduced as CSPs by Dotsevi ef al. [57]. Crown ethers are macrocyclic polyethers with a cavity,
which contains binaphthyl or tartaric acid moieties [57-59]. Crown ether CSPs have been used in
HPLC for the chiral separation of a-amino acids, primary and secondary amines, as well as amides.
The application of these CSPs is limited because the chiral separation is achieved through the
formation of complexes between the protonated amines of the analyte and the oxygen atoms of the
macrocyclic polyether by hydrogen bonds. Although other interactions (e.g., n-n interactions and
dipole-dipole interactions) and steric hindrance may also contribute to the formation of the complex
[26,31,59].

Some examples of commercial CSPs for HPLC are shown in Table 1.6. These coated or
immobilised CSPs can be used in both NPLC or RPLC modes.

Table 1.6.- Examples of commercial crown ether-based CSPs.

Crown ether-based CSP Trademark
Crownpak® CR(+) @
Crownpak® CR-I(+) @

Crownpak® CR(-) @

~ (\O/’ﬁ Crownpak® CR-I(-) @

(3,3-Diphenyl-1,1’-binaphthyl)-25-crown-6

or ChiroSil® SCA(-) ©

HO
HO. o o . ~OH . . ® b
\‘([k/o\) " ChiroSil ME® RCA(+)

° ° ChiroSil ME® SCA(-) P

i (\O/jjj\ ChiroSil® RCA(+) b

(18-Crown-6)-2,3,11,12-tetracarboxylic acid
Supplier: @ Daicel Chiral Technologies. ® Regis Technologies.
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I.2.1.2.- Macromolecule-based CSPs

Macromolecule-based CSPs use proteins and chiral polymers as CSs (see Figure 1.1). Proteins
contain multiple chiral centres and binding sites that favour numerous interactions with small
molecules [31]. The well-known enantiorecognition ability of serum proteins inspired their application
as CS in enantioseparation techniques. The first application of protein-based CSPs was reported in
1973 by Stewart and Doherty that used a bovine serum albumin (BSA) CSP [60]. Since then, many
other protein-based CSPs have been investigated, mainly those consisting of human serum albumin
(HSA), ai-acidglycoprotein (AGP), ovomucoid (OVM) and cellobiohydrolase I (CBH I) as CSs, but also
other protein-based CSs have been proposed (e.g., trypsin, lysozyme, pepsin, fatty acid-binding

protein, avidin, riboflavin binding protein, or immunoglobulin G antibody) [31,61].

Home-made or commercial protein-based CSPs have been used for the separation of the
enantiomers of a large number of acidic, basic and neutral chiral compounds [31]. In these CSPs,
diverse molecular interactions such as hydrogen bonding, n-n interactions, ionic interactions, dipole-
dipole interactions, hydrophobic interactions and steric effects contribute to the chiral separation
[26,61].

Coated or immobilised protein-based CSPs are used in the RPLC mode; however, these CSPs
have limited stabilities due to the possible denaturation of proteins, which limits the working
temperature and p#, ionic strength, and the nature and concentration of the organic modifier used
in the mobile phase. To overcome these problems, new immobilisation and entrapment techniques
as well as new solid supports for protein are being developed. Currently, the most used supports are
silica and polymer particles or monoliths [31,61]. Figure 1.4 shows some examples of protein linkage

to silica supports proposed in the literature [61].

(A) (©)
_~Protein (0]
Supp0rt/Y\NH
PN
OH Support NH
B
(B) o N o
, ~r
NN /U\ . S
Support NH Protein /

Protein

Figure I.4.- Examples of linkages supports for protein-based CSP. The immobilisation of proteins and
glycoproteins onto functionalised silica supports can be conducted via their (A) amino, (B) carboxy, and (C)
sulfhydryl groups.
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Some examples of commercial protein-based CSPs are Chiralpak® columns (AGP, HSA and
CBH from Chiral Technologies or Regis Technologies); Resolvosil® BSA (Macherey & Nagel);
Sumichiral columns (AGP, HSA and CBH from Sumika Chemical Analysis Service, Ltd); ReproSil Chiral
columns (AGP and HSA from Dr. Maisch HPLC); and Ultron® columns (ES-OVM and Pepsin from

Shinwa Chemical or Agilent Technologies).

Nowadays, approximately 90 % of the chiral separations are performed by HPLC using
polymer-based CSPs [62]. The most used CSs in polymer-based CSPs are natural polysaccharide

derivatives, but also other chiral synthetic polymers have been used (see Figure 1.1).

The first enantioseparation dealing with polysaccharide-based CSPs was reported by
Kotake et a/. in 1951. The authors enantioresolved several amino acids using cellulose as CS in paper
chromatography [63]. Since then, several natural polysaccharides and their derivatives were assayed
as CSPs, but they exhibited limited resolution ability. In 1980s, Y. Okamoto research group from
Osaka University and the Daicel company pioneered the contemporary polysaccharide-based CSPs
[62,64-70]. Several different polysaccharides (e.g., amylose, cellulose, chitin, chitosan, curdlan,
dextran, galactosamine, inulin and xylan; see Figure 1.5) derivatives were investigated. Amylose and
cellulose derivatives (e.g., phenylcarbamates) were found to be the most useful CSPs because of
their wide enantiorecognition ability, pure form availability and simplicity of processing. It is worth
mentioning, that some other polysaccharide derivatives (particularly chitin phenylcarbamates)
exhibited good enantioresolution ability for some chiral compounds. Today, the most popular
commercial polysaccharide-based CSPs are phenylcarbamate or benzoate derivatives of cellulose and
amylose. Some examples of commercial coated or covalently immobilised amylose or cellulose
derivative CSPs are shown in Table I.7. Among them, the most used are from Chiral Technologies
(Chiralcel® and Chiralpak® series) and Phenomenex (Lux® series). It is worth mentioning that
cellulose tris(3,5-dimethylcarbamate) and amylose tris(3,5-dimethylcarbamate) CSPs account for

approximately 2/3 of the research papers dealing with polysaccharide-based CSPs.

OR OR OR
J O, 0, ) 0,
RO RO. o) mo\\
| ORO n OR n | NHCOCH3 n
Amylose Cellulose Chitin
OR OR i |
O, O, o]
‘/mo " o "o L
RO NHR E OR RO or ©
L n L n L an
Chitosan Curdlan Dextran
[ OR [ O.
i 0 T o
RO o RO o o
NHR OR RO OR
L n | RO n n
Galactosamine Inulin Xylan

Figure 1.5.- Structures of different types of polysaccharides used as CSPs.
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Table I.7.- Examples of commercial cellulose- and amylose-based CSPs.

Polysaccharide-based CSP

R Cs

Cellulose tris(3,5-
dimethylphenylcarbamate)

Cellulose tris(3-chloro-4-
methylphenylcarbamate)

Cellulose tris(4-
methylbenzoate)

Cellulose tris(4-chloro-3-
methylphenylcarbamate)

§ Cellulose tris(3,5-
i /@\ dichlorophenylcarbamate)
NH Cl

Amylose tris(3,5-
dimethylphenylcarbamate)

Amylose tris(5-chloro-2-
methylphenylcarbamate)

JJC
J¥s

Amylose tris(3-chloro-5-
methylphenylcarbamate)

Trademark

Chiralcel® OD @

Chiralpak® IB @

Lux® Cellulose-1 b
ReproSil® Chiral-OM ¢
Reflect™ C-Cellulose B 9
Reflect™ I-Cellulose B ¢
CHIRAL ART Cellulose-C®
CHIRAL ART Cellulose-SB ©
Kromasil® CelluCoat® f

Chiralcel® 0z 2

Lux® Cellulose-2 b
ReproSil® Chiral-ZM ¢
Reflect™ I-Cellulose Z ¢

Chiralcel® 0] 2

Lux® Cellulose-3 P
ReproSil® Chiral-JM ©
Reflect™ I-Cellulose J ¢
CHIRAL ART Cellulose-S] ©

Chiralcel® OX @
Lux® Cellulose-4 b
ReproSil® Chiral-XM ©

Chiralpak® IC 2

Lux® i-Cellulose-5 b
ReproSil® Chiral-MIC ¢
Reflect™ I-Cellulose C @
CHIRAL ART Cellulose-SC ¢

Chiralpak® AD @
Chiralpak®IA @

Lux® Amylose-1 b

Lux® i-Amylose-1 b
ReproSil® Chiral-AM ¢
ReproSil® Chiral-MIA ¢
Reflect™ C-Amylose A @
Reflect™ I-Amylose A ¢
CHIRAL ART Amylose-C ¢

CHIRAL ART Amylose-SA ¢
Kromasil® AmyCoat® f

Chiralpak® AY @
Lux® Amylose-2 P
ReproSil® Chiral-YM ©

Chiralpak® IG @
Lux® i-Amylose-3 b

Supplier: 2 Daicel Chiral Technologies. ® Phenomenex. ¢ Dr. Maisch HPLC. ¢ Regis Technologies. ¢ YMC. f Nouryon.
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As can be observed in Figure 1.5 and Table 1.7, amylose- and cellulose-based CSPs are linear
helical polymers, which are composed of D-glucose units with a. (1—4) or B (1—4) glycosidic linkages,
respectively. The derivatisation of glucose molecules is made from their hydroxyl groups usually with
benzoate or phenylcarbamate moieties, as indicated above. In addition, these moieties are able to
accept different substituents (e.g., methyl and/or chlorine groups) in different positions of the
aromatic ring. Finally, these CSPs contain chiral helical grooves and cavities, with different shapes
and sizes that depend on the polysaccharide backbone and the nature of the substituents of the
aromatic ring. All these possibilities yield a large variety of derivatives with different selectivities and
applications [45,62,71].

In cellulose- and amylose-based CSPs, a complex steric environment is created, and a large
number of interactions contribute to chiral separation that occur in the chiral grooves and cavities
formed from the backbone and side chains. Only some formed chiral grooves and cavities can identify
the enantiomers of a chiral compound depending on its structure, shape, and size [72]. The formation
of enantiomer-CS complexes can be promoted by hydrogen bonds involving the CO or NH groups of
the carbamate moieties, =- & interactions with the phenyl rings, van der Waals interactions, and steric
factors [45,62,73-76]. It has also been described that halogen bonds contribute to selector-selectand
complexation as electrostatic interactions [77,78]. Recently, chalcogen and n-hole interactions have
been also explored in HPLC environment [79]. All this variety of interactions confers them a high

chiral recognition ability and, therefore, a wide applicability for a great diversity of compounds.

On the other hand, polysaccharide-based CSPs are multimodal, i.e., they have been used in
NPLC, RPLC and polar organic modes as other above mentioned CSPs, but also in hydrophilic
interaction liquid chromatography (HILIC) [62,71,74,80,81]. The mobile phase in these CSPs strongly
modulates the chiral recognition process. Different chromatographic behaviours, including inversions
in the enantiomer elution order (EEQ), are observed depending on the nature and composition of the
mobile phase (e.g., the addition of additives, the organic modifier or the water content), as a
consequence of the changes produced in the intramolecular hydrogen bonds of the polysaccharide
structure [71,74,81-85]. Hydro-organic mobile phases are of special importance for [86-88]:

= Polar compounds that are poorly soluble in alkanes, low molecular weight alcohols and ACN

»= Aqueous matrix samples (e.g., biological and environmental samples)

= Mass spectrometry (MS) detection. Most of the additives used in RPLC conditions to improve
resolution, and to control the ionic strength and the p/ of the mobile phase, are non-volatile
(e.g., hexafluorophosphate or phosphate buffers) or suppress analyte response (e.g.,
diethylamine), becoming incompatible with MS detection. Hydro-organic mobile phases

improve the analyte ionisation, and therefore, the sensitivity in MS detection
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Other aspect to be taken into account when using hydro-organic mobile phases is that the
retention of compounds with polysaccharide-based CSPs may follow a dual behaviour (RPLC and
HILIC behaviours) depending on the protic or aprotic character of the organic solvent and the water
content in the mobile phase [81,84,89-91]. It has been proposed that the balance between
hydrophilic (hydrogen-bond interactions with carbamate or ester moieties) and hydrophobic (with

phenyl moieties) enantiomer-CSP interactions can explain this dual behaviour [81,84,90-92].

Protic solvents, such as MeOH, compete with the analyte for hydrogen-bonding interactions
with the polysaccharide-based CSP. So, the addition of water to the mobile phase does not alter
hydrophilic interactions but promotes hydrophobic interactions between the analyte and the
polysaccharide CSPs. This fact may increase the analyte retention (RPLC behaviour) and eventually

lead to an enhancement of enantioseparation [81,84,91,92].

For aprotic solvents, such as ACN, the addition of water to the mobile phase has two opposed
effects. As above, it increases analyte-polysaccharide hydrophobic interactions leading to an increase
in retention (RPLC behaviour). But as water competes with analytes for hydrogen-bonding
interactions with polysaccharide-based CSPs, there is also a decrease in hydrophilic interactions. The
latter effect reduces analyte retention (HILIC behaviour) and may decrease enantioresolution. The
overall effect observed is the sum of both contributions. The first contribution prevails in mobile
phases with high water content and the second one in mobile phases with low water content
[81,84,91,92]. This behaviour has been reported for chlorinated polysaccharide-based CSPs which
show a great ability to form strong hydrogen bonds [90].

The type of the union of the polysaccharide onto the silica surface (either coated or covalently
immobilised) can also affect to the chiral recognition process. In general, coated CSPs have a slightly
higher chiral recognition capacity than immobilised CSPs, but the latter reduce the problems related
to the solvent limitations of coated CSPs, allowing the use of other solvents, which can provide new
enantioselectivities [71,73,74,93].

New trends in polysaccharide-based CSPs to improve the chiral recognition ability and the
solvent stability include the study of new coating or immobilisation methodologies, the synthesis of
new cellulose and amylose derivatives, and the search for new supports (e.g., monoliths, core-shell
particles, and microspheres of silica as well as new hybrid materials) alternative to the classical
spherical silica particles [27,31,81,82].

The CSs used in synthetic polymer-based CSPs include synthetic helical polymers, MIPs
and chiral porous material-based CSPs (e.g., MOF- and COF-based CSPs).

Polyacrylamides, polymethacrylates, polyacetylenes, polystyrenes, polyurethanes, and
polyisocyanides are some examples of CSs used in synthetic helical polymer based-CSPs. These
CSs consist of chiral monomers that form stereoregular polymers with a defined helical conformation,

which is the key in the chiral recognition process [62,94]. The mechanism of chiral separation using
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this type of CSs is mainly based on hydrogen bonding, n-n interactions and steric factors [26,31].

Some examples of commercial synthetic polymers based CSPs are shown in Table 1.8. These CSPs

can be used in NPLC, polar organic as well as RPLC modes.

Table I1.8.- Examples of commercial synthetic polymer-based CSPs.

Synthetic polymer-based CSP

o
o
vofv©

O

N

\

n

Cs

Triphenyl-methyl-methacrylate
polymer

Diphenyl-(2-pyridyl)methyl-
methacrylate polymer

Poly( Aacryloyl-(S)-
phenylalanine ethyl ester)

(RR) and (S,S) Poly(trans-1,2-
cyclohexanediamine-bis-
acrylamide)

0,0'-bis (3,5-
Dimethylbenzoyl)-N, NV '-diallyl-L-
tartar diamide polymer

0, 0'-bis (4-tert-Butylbenzoyl)-
N, N '-diallyl-L-tartar diamide
polymer

Trademark
Chiralpak® OT(+)™

Chiralpak® OP(+)™ @

ChiraSpher® NT ©

Astec® P-CAP™ ¢

Kromasil® CHI-DMB ¢

Kromasil® CHI-TBB d

Supplier: 2 Daicel Chiral Technologies. ® MilliporeSigma. ¢ Supelco. ¢ Nouryon.
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Efficient syntheses are still being developed to better control the stereoregularity of polymers
[62]. The use of monoliths, nanoparticles and hybrid organic-inorganic materials is also being
investigated. In addition, smart polymers have also aroused interest, they can dynamically and
reversibly alter their properties depending on external chemical and physical stimuli such as
temperature, pH, type of solvent, presence of ions or light. The inclusion of different responsive
groups produces multi-responsive smart polymers, having a huge potential as CSPs, while its high-

order structure is maintained [94].

MIPs-, MOF- and COF-based CSPs are not yet commercialised. MIPs are formed by
polymerisation from functional monomers, cross-linking agents and the help of a template (i.e., a
target compound with good chemical stability and functional groups that are easy to complex with
the monomers). The chiral recognition ability of MIPs is due to the spatial distribution resulting from
the template and the polymer, obtaining chiral cavities with chiral recognition ability for the target
compounds. MIPs have a high specific chiral recognition ability that is illustrated in high
enantioselectivity, marked substrate-specificity, and foreseeable elution order (i.e., the more retained
enantiomer is the one used as template). MIP-based CSPs are template-dependent, limiting its use
as CS. The main advantage and drawback of MIP-based CSPs is their marked “substrate-specificity”.

However, just this template-dependent enantiorecognition ability limits its applicability as CS [95].

The chiral separation using MOF- and COF-based CSPs is still in the process of maturing.
These porous materials have been investigated as CSs due to their uniform and adjustable pore
structures, high surface areas, selective adsorption capacities, and excellent thermal and chemical
stabilities [27].

MOF-based CSPs are microporous crystalline materials, containing metal ions or clusters
(nodes) linked by stereochemically pure chiral organic ligands as rigid spacer connectors through
coordination bonds (rods) that extend networks to 1D, 2D or 3D and control the pore size [26,27].
COF-based CSPs are also crystalline materials but COFs consist of organic polymers with uniform
porosity formed by pure organic building blocks through robust covalent bonds [27]. The chiral
separation of MOF- and COF-based CSPs mainly depends on the pore size and channel shape of the
framework. Although other different molecular interactions (e.g., hydrogen bonding, n-= interactions,
hydrophobic interactions, van der Waals forces or dipole—dipole interactions) between the analyte

and the chiral channels of CS can also contribute to the chiral separation [96].

As can be deduced from this section, there are a large number of CSPs commercially available
(more than a hundred CSPs, of which approximately 20-30 CSPs are the most used). However,
cellulose and amylose polysaccharide derivatives coated or immobilised on the stationary support
represent, by far, the most used CSPs in HPLC, as well as SFC and CEC [45,62,82]. These

polysaccharide-based CSPs are the used in this Thesis.
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1.3.- Modelling approaches for enantioseparations in HPLC with CSPs

Chiral separations are considered one the most challenging of all analytical separations. The
interaction between two chiral species does not guarantee the separation of their enantiomers. Some

CSs have shown wide applicability; however, there is not a universal CS [97].

Despite the large number of analytical applications of CSPs in HPLC, the fundamental
mechanisms responsible for chiral separations are not fully understood due to the inherent complexity
of these chromatographic systems. In fact, nowadays, the search for the right CSP/mobile phase
combination for the separation of enantiomers of a given chiral compound is conducted using
expensive and time-consuming trial-and-error procedures. Therefore, predicting the ability of a given
chromatographic system to know whether a chiral separation is possible would be of great benefit.
However, relatively few papers address this important issue in the development of chiral HPLC
methods.

In order to elucidate the chiral recognition mechanism of CSs, analytical separation
techniques in combination with spectroscopic techniques (e.g., nuclear magnetic resonance
spectroscopy, infrared spectroscopy, vibrational circular dichroism techniques, X-ray crystallography,
etc.) have been used [26,30,98]. This is a very difficult task because of the structural complexity of
CSs that present different binding sites with varying affinities for the enantiomers; in addition, the

structure of CSs in the solid state differs from that in solution.

Molecular modelling strategies are often used to complement or as an alternative to
spectroscopic techniques [99]. These approaches can provide a justification of why analytical
separation occurs (i.e., a fundamental insight into the mechanism of chiral recognition is obtained).
In addition, molecular modelling may also be helpful for predicting parameters of chiral separations.

Two types of models can be distinguished in molecular modelling [99]:

= Atomistic models. These models, such as molecular docking and molecular dynamics,
quantify the energetics of all the interactions between the atoms in the enantiomer and a
given CS [100-103].

= Empirical fitting procedures. These models relate structural properties of chiral compounds
(e.g., molecular descriptors) with chromatographic parameters related to their
enantioseparation (e.g., selectivity factor («) and enantioresolution (Rs)) [104] in a given
chromatographic system using multivariate techniques. In the literature, these models are
called quantitative structure-property relationships (QSPR) or quantitative structure-retention
relationships (QSRR) or quantitative structure-enantioselective retention relationships
(QSERR) as well. Some authors use the acronym QSERR only when chiral descriptors are
involved. Chemometric methods are applied to build multivariate models and to extract

valuable information on molecular recognition.
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Table 1.9 shows a summary of some examples of QSPR models for chiral separations using
HPLC with different CSPs [105-134]. As can be observed, the most studied CSPs are the donor-
acceptor- and polysaccharide-based CSPs (both, 43 %). In most of the studies, the chiral separations
are obtained in NPLC mode (~ 77 %), being the models constructed in RPLC conditions very reduced

(~ 23 %) due the complexity of interactions solute-mobile phase in the last case.

As can be observed in Table 1.9, to develop the multivariate QSPR models, different molecular
descriptors have been used as predictor variables (X matrix) and retention time (&) [130] and
retention factor (k) [105-117,120-122,127,128,132,134] related parameters, as well as categorical
or numerical « [105-108,111,113,116,118,119,121-127,131,134] and Rs[123,129,133] related data

have been used as response variable (y).

As far as predictor variables is concerned, different molecular descriptors that describe
hydrophobic, electronic, or steric properties of the molecule, among others, have been used to model
the response variable [135]. There are simple molecular descriptors, usually called 0D- and 1D-
descriptors, derived from the molecular formula by counting some atom types or structural fragments
in the molecules —e.g., number of hydrogen bond acceptors (#BA) and donors (HBD) [109,119,120],
ether groups [125] or heteroatoms linked to the chiral carbon (C*X) [133]- as well as
physicochemical and bulk properties such as molar mass [114,119-121,134], logarithm of the -
octanol water partition (logP) [114-117] or distribution (logD) [133] coefficient. Other molecular
descriptors (referred to as topological or 2D-descriptors) are derived from algorithms applied to a
topological representation (e.g., connectivity indices [107,114,123,129]). Geometrical or 3D-
descriptors consider the overall spatial configuration of molecule atoms (i.e., spatial (x, y, z)-
coordinates of the atoms in the molecule). Examples of this type of descriptors are steric properties,
total/molecular surface area (MSA ) [121,133,134], volume related parameters [114,119-
121,132,134], Balaban index [114], weighted holistic invariant molecular (WHIM) descriptors
[123,129], among others. Another class of molecular descriptors, referred to as 4D-descriptors, result
from interactions of the molecule with groups probes characterising their surrounding space. GRID
[121,124,134], volume and surface (VolSurf) [121,134], comparative molecular field analysis
(CoMFA) [105,106,116,118,127] and comparative molecular similarity indexes analysis (CoMSIA)

[118] are methods based on molecular interaction fields to obtain 4D-descriptors.

ADAPT, CODESSA, DRAGON, Hyperchem, MolConnZ and OASIS are some of the most
commonly used software for descriptor calculation. These programs calculate hundreds of descriptors
for a single molecule, from SMILES, 2D-graphs to 3D-(x, y, z)-coordinates [135]. The analysis of
these broad data sets requires the use of multivariate chemometric techniques including
multivariate regression techniques -e.g., multiple linear regression (MLR) [107,109-
117,119,120,122,123,128-130,132], partial least squares (PLS) regression
[105,106,108,116,118,121,123-125,130,134], artificial neural networks (ANNs) [111,116,127,129],

and support vector machine (SVM) [125]- or multivariate classification techniques such as random
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forest (RF) [131], discriminant partial least squares (DPLS) [133], and classification and regression
tree (CART) [123]. However, some of them (e.g., MLR) are unable to deal with data containing more
variables than objects. Another well-known drawback of MLR technique is that the possible
multicollinearity of X variables can lead to over-fitted QSPR models and unreliable predictions of the
response variable. All these problems can be solved by using feature selection (FS) techniques to
reduce the number of X variables by selecting just the most relevant ones. In addition, the knowledge
of the most important variables enables an easier interpretation of the QSPR model, i.e., it can be
used to explain the major operating forces in the modelled chiral chromatographic system. PLS does
not have the previously mentioned problems of MLR. However, both MLR and PLS are essentially
designed to model linear y-X relationships, although PLS is able to adjust for a certain degree of non-
linearity. ANNs are a flexible machine learning approach capable of modelling complex/non-linear
relationships between input and response variable(s) [136,137]. On the other hand, FS strategies

can also improve the descriptive and predictive ability of PLS and ANN QSPR models.

Some authors use chromatographic data from ChirBase Database to stablish QSPRs
[124,126,131]. ChirBase [138] contains information for approximately 307000 chiral HPLC/SFC
separations taken from the literature, as well as, from patents. However, these data should be used
with caution as it is difficult to extract homogenous data, i.e., the chiral separations were obtained
under different experimental conditions (mobile phase composition, temperature, column length, ...)
and not all molecules were tested in all CSPs.

Finally, most of the reported QSPR models have been developed for structurally related
compounds (83 %, e.g., oxadiazolines, arylcarboxylic acids, phenylalanine derivatives, etc.) that
share close interaction modes with the CSP. To the best of our knowledge, only five papers comprise
structurally unrelated compounds [117,124,126,131,133]. QSPRs for structurally related compounds
have proven to be helpful to figure out which molecular descriptors of chiral compounds most
influence their retention and enantioseparation, and to elucidate the enantiorecognition mechanisms
operating in the case (compounds and chromatographic system) under study. However, they show
limited applicability, i.e., they are only useful for the prediction of the response variable for a new
compound whose structure is close to that of the compounds included in the model. In contrast, for
structurally unrelated compounds, the main molecular descriptors affecting retention and
enantioseparation, and therefore, the enantiorecognition mechanisms are more difficult to be
established. Nevertheless, QSPR models derived from structurally unrelated compounds would be
preferable for a rational selection of a chromatographic system (CSP/mobile phase combination) to

separate the enantiomers of any new compound.
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Introduction

1.4.- Deconvolution of peaks in chiral liquid chromatography

The description of the chromatographic peak profiles has been studied extensively. For this
purpose, a great number of mathematical functions has been proposed. These peak models, among
other applications, allows the deconvolution of the overlapping peaks to achieve the mathematical
resolution. This is particularly useful when the complete peak resolution cannot be achieved
experimentally. These peak models have been widely investigated in achiral chromatography [139].
However, very few papers undertake the use of deconvolution methods for chiral chromatography
separations [140-144]. In these studies, deconvolution methods have been used to estimate
parameters related to the enantiomeric composition of chiral compounds (e.g., the enantiomeric
fraction, £F, Eq. 1.1) in several kinds of samples.

Sg1 (Eq. L.1)

EF = —
SEl + SEZ

where S:1 and Se2 usually refers to the estimated concentration of the most and least retained

enantiomers, respectively.

The main aspects of mathematical functions used to describe the chromatographic peak

profiles are described thereafter.

1.4.1.- Peak models

Chromatographic peak profiles (see Figure 1.6) are the result of different types of interactions
in the chromatographic system (e.g., adsorption/desorption and size exclusion processes within the

column, intra-columns effects such as diffusive migration, and extra-column effects such as injection

plug).

signal

Wiz 1, hy

time

Figure 1.6.- Some examples of chromatographic peak parameters: height at the peak maximum ( /), half-width
at 50 % peak height (W4/2m0), retention time (&) and left (4) and right (B) half-widths.
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Chapter 1

For symmetrical and non-overloaded chromatographic peaks, the Gaussian model (see Eq.
1.2) can describe well the elution profiles.

Mo = hoe[_%(%)z] (Eq. 1.2)
where /o is the peak maximum, & is the retention time at the peak maximum, and o is the peak
standard deviation. It is usual to relate the peak width to the standard deviation of a Gaussian peak
as a function of height. For example, 1o at 88 % of maximum height, 2o at 61 %, 4o at 14 % and
4.60 at7 %.

However, non-ideal peaks (i.e., non-symmetrical peaks with fronting or tailing) are often
obtained in practice. The asymmetry of peak favours the overlapping of neighbouring peaks since
more solute is placed in the lower area of the peak than around the maximum of the peak. In addition,
non-symmetrical peaks cannot be described well using simple functions. For this reason, there are so
many theoretical and empirical mathematical functions for the description of chromatographic peak
profiles [145,146]. Among all the existing theoretical and empirical mathematical functions, the

modified Gaussian models (see Table 1.10) are the most frequently used.
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Table 1.10.- Examples of some peak models proposed for Gaussian modified models [139].

Model Equation

Bi-Gaussian [ 1 t tR ] (Eq. 1.3)
h(t) = hyel 2 fort < tg
1 t- tR
h(t) = hy e[ ]fort> tr
Gram-Charlier series [ 1(t tR ¢ (Eq. 1.4)
h(t) = ho el 2 1+Z( DI H (@)
being H; (¢) the member of the Hermite polynomial
Exponentially modified UGZ t= ta (Eq. 1.5)
; h(t) = — ZT —erf
Gaussian (EMG) \/_T \/_UG
Polynomial modified _1 t=tg : (Eq. 1.6)
Gaussian (PMG) h(t) = ho e[ N S
where:
AO.1B0.1 AO 1
0p=0932——— and ¢ = 0466—
0 Ao1+ Boa ! Ap1 + Boa
Mixed exponential (PEMG) [_1( t-tp )2} (Eq. 1.7)
h(t) — hO e 2 0’0+L‘1(t—tR)
Exponential decays:
h. = kl'lefte{kz,left(t_tR)} for t< tR bl AO.l
h= kl'righte{kz,right(t_CR)} fort > tR + BO.l
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= (kz,leftAo.1)- — %
kl,left 0.1hge ) kz,left (00 — ¢141)°
B,
X = (kz,ri thBo.1). . — &
Kirigne = 0.Thoe™2re ; Karight (09 + ¢1By1)3
Parabolic variance [_% — (t(_ft—t;ejz = )2] (Eq. 1.8)
modified Gaussian (PVMG) h(t) = ho el 2oo™+alt=trre(t=tr
where:
Bo1 =401 , s§
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' AoiBos ° ’ Bo14o1
Parabolic-Lorentzian 1o Gl 7 Yk R (Eqg. 1.9)
modified Gaussian (PLMG) h(t) = ho el 2 oo™ +at=tR¥e:(t~tr) ]
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@ i (maximal height or related parameter), & (time at the peak maximum), o (standard deviation or related
parameter), M, (peak area), os and & (coefficients of the precursor Gaussian signal), r (time constant), and co,
c1, C»... (fitting coefficients).
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The bi-Gaussian model uses two half-Gaussians functions with different widths for the left
and right peaks regions and a common maximum. However, this model does not describe well long
tailing or fronting peaks because the front and the back of the peaks quickly achieve null values
[147]. The Gram-Charlier series is a highly complex function that try to provide asymmetry to the
Gaussian by multiplying it with different polynomials. It depends on the maximum peak asymmetry
and the number of terms in the series are defined in terms of the statistical moments and cumulant
coefficients [148]. The exponentially modified Gaussian (EMG) model is obtained by the convolution
of the Gaussian function and an exponential decay function. EMG model is probably the most popular
model since it usually offers good fittings for moderately asymmetric peaks [149]. The polynomial
modified Gaussian (PMG) models describe the deviations from an ideal Gaussian peak as a change in
the standard deviation with time according to a polynomial function. Linear modified Gaussian (LMG)
is the simplest PMG model. LMG model easily relates the peak parameters with the half-widths, and
it is adequate for peaks with moderate asymmetry. However, a more complex model is needed for
more accurate fitting of chromatographic peaks, namely, higher degree polynomials create more
flexible models, and then, they have a better chance of fitting the experimental data [147,150].
Parabolic and cubic functions can describe the most chromatographic peaks. However, when the
polynomial takes zero or even negative values, the function does not work suitably. In addition, it is
also possible that the predicted signal may grow outside the peak region after reaching a minimum
value [150]. A polynomial-exponential modified Gaussian (PEMG) model perfectly solves the problem
by substituting at a given point of the PMG model each outer peak region with an exponential decay,
so that the derivatives of both PMG and exponential functions coincide [151]. Another simplest
alternative is the parabolic variance modified Gaussian (PVMG) model. However, the assumption of
a parabolic trend does not allow full recovery of baseline, leaving a small residual value that may be
significant for peaks with high asymmetry [152]. PVMG model problem was overcome using a
parabolic Lorentzian modified Gaussian (PLMG) model. In a PLMG model, the parabolic component
describes the non-Gaussian region of the peak profile (i.e., the variance changes in the peak region),
and the Lorentzian component annuls the increase in variance outside the elution region (i.e., it
decreases the variance growth out of the peak region). Although PLMG model has demonstrated the
best performance in the fitting of isolated asymmetric peaks, the use of this model may not converge
if the initial values used to fit the model are far from the optimal values. Its high flexibility makes the
optimisation process difficult and then, the results obtained need to be controlled to ensure that the
best parameters derived by the software make physical sense [150,153]. Several semiempirical

functions using half-width values at different peak height were proposed to solve this problem.

Other functions based on non-Gaussian models (see Table 1.11) have also been proposed.
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Table I.11.- Examples of some peak models proposed for non-Gaussian basis models [139].

Model Equation @

Extreme value [_e -SR) _t=tg (Eq. 1.10)

h.(t) = h.o e w
Log-normal [_m_zz[ln(Za(r—tR)+1)ﬂ (Eq. L.11)

h(t) = ho e @ w

Generalised exponential t—t, \ (el (L=t)? (Eq. 1.12)
(GEX) h(t) = hy <tR — tll) e{cz[l (tR—cI) ]}

forc1>0,c2>0and t>t;
Pap-Papai 4 2a(t—tg)\ 2a(t—tg)

PrPép 0 = ny D1 2H8) 2R (Fq. 1.13)
Losev hg (Eq. 1.14)
e\ a/+e\Db
Li ho (Eq. 1.15)
o) = Loty ()
1+Cle(a ] +[1+C3€ b ] -1
Combined square roots 5 N (Eq. 1.16)
(CSR) _ho |(t—tr 2 t—te . 2
h(t) = +1+c¢) +c5+ 1—c3) +¢;
2 a b
a+b |

- ab (t_tR)2+C§ _Cl_C3>

Baker ho) = ho (Eq. 1.17)
T 14t —tR)?2 +cp(t — tg)d + ca(t — tr)*
Giddings h [t N (_ﬂ) (Eq. 1.18)
h(t) = — —Il<2—>e w
2w |t w

t)2k+1

-1
being I, a modified Bessel function: I, (t) = Z m(z
k=0 )

@ h (maximal height or related parameter), fr (time at the peak maximum), w (parameter related to the peak
width), o (parameter related with the asymmetry), 4 (initial time), ¢; and ¢, (parameters related to the peak
position), a and b (parameters related to the left and right half-widths), and co, c1, c»... (fitting coefficients).

The extreme value, log-normal, generalised exponential (GEX) and Pap-Papai models are
inspired by statistical distribution functions. The use of log-normal, GEX, and Pap-Papai models
involve adopting restrictions to avoid logarithms of negative numbers and negative fractional
exponential numbers [154-157]. Losev and Li models are empirical functions that divide the peak into
fronting and tailing parts, each one described with a sigmoidal function. Combined squared roots
(CSR) model is the sum of squared roots and it has shown satisfactory performance to describe peaks
with high asymmetry. Losev, Li and CSR models need many parameters to fit properly any peak [158-
160]. Baker model uses a modified Lorentzian that has a less pronounced decay than the Gaussian
function, but it is not suitable for chromatography [161]. Giddings model considers asymmetric peaks
in which left and right peak half-widths depend linearly on retention time, but the complexity of the

model makes it less attractive [162-164]. Except for Baker model, the rest of models mentioned in
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the Table I.11 can fit tailing peaks with good results, but only Losev, Li and CSR models can also fit

fronting peaks. However, these functions do not allow the direct estimation of the half-widths.

Mathematical functions can be used to calculate peak parameters (e.g., area, mean, variance,
skewness, number of theoretical plates, maximum height, retention time, width, and asymmetry
factor) by fitting the experimental data. However, the most frequent applications of these
mathematical functions are the prediction of chromatographic peak profiles at different retention
times, the evaluation of peak overlapping, and the deconvolution of partially resolved peaks [139].
For this reason, the accuracy in describing the chromatographic peak profiles is necessary to extract

reliably information from these isolated or overlapped peaks signals.

For example, in the case of the peak resolution optimisation, where optimal chromatographic
conditions are searched, the use of models that can describe the solute retention and peak profile
with changes in the experimental factors is useful. These models will tend to maximise the peak
resolution, or at least to find the conditions in which the peaks are minimally overlapped. Although
other objectives such as short analysis times can also be considered. In addition, when the peak
shape is used in the optimisation process, it is necessary to take into account that sometimes the
peaks are not symmetric (i.e., Gaussian model cannot describe well the peak profile) and that the
efficiency of the peak depends as much on the solute nature and the experimental conditions.
Therefore, a complete knowledge of the peak profiles is necessary for a reliable prediction. So, a
estimation of the degree of overlap between peaks requires the knowledge of the position, size, and

profile of each peak in the chromatogram [139].

As another example, when the complete peak resolution cannot be achieved experimentally,
the use of peak models allows the deconvolution of the overlapping peaks to achieve the
mathematical resolution. Deconvolution obtains the parameters of the function that each individual
peak describes, giving rise to the whole signal by linear combination [139,151]. The deconvolution is
possible, even with simple chemometrics, when working with moderately overlapping peaks.
However, when working with higher overlapping, the results become ambiguous due to the possible
collinearity between parameters, which produces poorly defined error surfaces. The results can be

improved by enriching the chromatogram information through hyphenated techniques.

For all mentioned above, the application of these models to the description of the peaks
obtained in a chiral separation is an important challenge since the peak characteristics for the
enantiomers can be very different and their overlapping degree variable. Therefore, an adequate and

practical mathematical model is needed to describe this type of chromatographic peaks.
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1.5.- Chiral pollutants

Water is a limited natural resource, indispensable for life, which has suffered an alarming
deterioration as a consequence of economic development and improper use. For decades, research
on water pollution has focused on pollutants classified as hazardous or priority pollutants listed in
legislation, in particular the persistent organic pollutants. These priority substances include heavy
metals, pesticides, flame retardants and polycyclic aromatic hydrocarbons; known to be toxic,

bioaccumulative and persistent in the environment [165].

The consumption habits of our society are generating a series of waste products and
pollutants that may represent a new environmental problem. These substances, known as emerging
pollutants, include biologically active compounds such as pharmaceuticals, drugs of abuse, personal
hygiene products, household products or products of agricultural and industrial origin that have been
released into the environment without regard for the possible consequences. An important
characteristic of these pollutants is that they do not need to be persistent in the environment to cause
negative effects, as their transformation and/or removal rates are compensated by their continuous
introduction into the environment [165,166]. Emerging pollutants are not included in regulatory

frameworks for the control and prevention of environmental pollution [166].

The main pathways for pollutants occurrence in the aquatic environment (see Figure 1.7) are
urban, industrial, agricultural and livestock wastewater as a result of anthropogenic activities
[167,168].

Untreated
waste

-
‘e

Filtration

Groundwater

Figure 1.7.- Water cycle: main pathways for pollutants occurrence in the aquatic environment.
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Degradation of many of pollutants by the conventional treatment systems used in waste
water treatment plants (WWTPs) is low or non-significant, so they easily reach natural aquatic
systems, mainly coastal waters and rivers. In addition, it has been shown that some of these
compounds can be transformed into toxic products in WWTP treatments [169-172]. The main health

and environmental effects/risks of these compounds are due to their:

= Persistence (resistance to photochemical, biological, or chemical degradation)
» Bioaccumulation (greater affinity for living tissues than for water)

* Transformation (metabolites may be more toxic than the parent compounds)
*= Synergy (multiplication of effects if compounds share mechanisms of action)

» Endocrine disruption (behave like hormones, altering the endocrine system)

As indicated in section I.1, despite the well-established role of enantioselectivity in
pharmacodynamic, pharmacokinetic and toxicological processes, stereochemistry has often been
neglected in environmental research [17,173]. There are about 1500 chiral pollutants, e.g., around
30 % of pesticides, 37 % of polychlorinated biphenyls, 27 % of brominated flame retardants, 10 %
of polycyclic aromatic hydrocarbons and 56 % of drugs are chiral compounds. The presence of chiral
pollutants, especially drugs, in the environment is also becoming a cause for concern because of the
different properties occurring between enantiomers and their potential impact not only on human

health, but also on the environment [166,174].

There are multiple references on the occurrence of chiral pollutants, their metabolites and
degradation products in various environmental compartments [166,174-178]. They have been
detected at levels of ng L or ug L in surface water, groundwater and even in drinking water. In
soils and sediments, where they can persist for a long time, they reach levels of g kg!. However,
despite the great efforts made by regulatory authorities and the scientific community, not much is

known about the impact of such compounds on the environment and human health [17,179,180].
Once introduced into the environment, chiral pollutants are subject to several processes:

= Abiotic processes (adsorption, photochemical transformation, and water-air or soil-air
distribution processes) that are non-stereoselective since the enantiomers have the same
physicochemical properties.

= Biotic processes (biodegradation by microorganisms) that can be stereoselective due to the
possible differential interaction of the enantiomers of chiral pollutants with chiral substances
present in living organisms (e.g., enzymes and biological receptors). This can result in an

enrichment/reduction of the enantiomeric composition of chiral pollutants [17].

Thus, the enantiomers of chiral pollutants can be present in the environment in different
proportions as a result of the enantioselective living being excretion (as indicated in section I.1),
bioaccumulation in environmental compartments and the microbial biodegradation during the

wastewater treatment process.
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1.5.1.- Biodegradation: concept and evaluation

Biodegradation is the process by which organic compounds are decomposed by
microorganisms into simpler products that are usually less toxic than the original compounds.
According to the Organisation for the Economic Co-operation and Development (OECD), primary
biodegradation, also known as biotransformation, is “the structural change of a chemical substance
by microorganisms resulting in the loss of chemical identity” and ultimate aerobic biodegradation is
“the breakdown of a chemical substance by microorganisms in the presence of oxygen to carbon
dioxide, water and mineral salts of any other elements present (mineralisation) and the production

of new biomass and organic microbial biosynthesis products” [181].

Biodegradability is defined as the ability of molecules to be degraded by microorganisms.
This property depends on the physicochemical conditions under which the degradation process takes
place and on the chemical structure of the compound. Biodegradability is an essential parameter for
understanding the risk that involves the occurrence of substances into the environment. It is a
determining parameter of the environmental behaviour of chemicals and a desirable property of
products that are released in huge quantities into the environment [182]. To estimate this property,
several biodegradability tests have been designed and standardised to quantify the persistence of
chemical compounds in natural or industrial environments. There are tests that simulate soils, surface

water or activated sludge processes, generally in the presence of oxygen.

In the scheme established by the OECD Guidelines for the Testing of Chemicals [181], the
biodegradability of a substance is determined using three successive levels of testing: the tests for
ready [183], inherent [184] and simulation [185] biodegradability tests (see Figure 1.8). In this testing
strategy, tests are conducted with increasing complexity, environmental realism and cost, in order to
obtain appropriate information for environmental decision-making, but at the same time to minimise

testing costs.

Firstly, the OECD recommends for economic and time reasons to perform ready
biodegradability tests. Ready biodegradability tests are performed under aerobic conditions using
high concentrations of the test compound (~ 2-100 mg L1) in the presence of an inoculum (e.qg.,
domestic sewage, activated sludge or secondary effluent) as a source of microorganisms. The
inoculum should not have been pre-adapted to the degradation of the chemical (i.e., it must not have
been previously exposed to the chemical or structurally related chemicals). A positive result in a ready
biodegradability test (i.e., degradation above 70 % in a 10-day window within a 28-day test) can be
considered as indicative of rapid and ultimate degradation in most environments including WWTPs
[183]. A negative result in a ready biodegradability test does not necessarily mean that the chemical
compound is not biodegradable, but that further studies are needed to assess its biodegradability. In

this case, the OECD recommends performing simulation and/or inherent biodegradability tests.
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In an inherent biodegradability test, low test substance to biomass ratios and with or
without pre-adapted inocula are used. In these tests, biodegradation results above 20 % or 70 %
may be considered as evidence of inherent primary or ultimate biodegradability, respectively. In the
last case, the substance has a potential for degradation under favourable conditions (e.g., in well-
operated WWTPs). Conversely, when a negative result is obtained (biodegradation below 20 %), the
substance is potentially persistent in the environment and an evaluation of the potential adverse
effects of transformation products should be performed. An alternative is to evaluate ultimate

biodegradation at environmentally realistic conditions in a simulation test [181,184].

Simulation tests are intended to assess the biodegradation of chemicals, which do not
biodegrade in OECD ready and inherent biodegradability tests. These tests aim to mimic realistic
environmental concentrations (~ 1-100 ug L) of the test substance, as well as realistic conditions
(e.g., pH, temperature, microbial community, the presence and concentration of other substrates).
This guideline consists of five simulation tests in different scenarios (e.g., sewer systems, activated
sludge, anaerobic digester sludge...), whose main objectives are the measurement of the primary
biodegradation rate, the measurement of the mineralisation rate and the monitoring of the formation

and decomposition of the main transformation products when appropriate [181,185].

READY BIODEGRADABILITY TEST

= High concentration (2-100 mg L)
= Non pre-adapted inoculum

I
v v

- -

Dyow >70 % INHERENT BIODEGRADABILITY TEST
RAPID ULTIMATE
BIODEGRADABILITY
= Low compound to biomass ratio = Environmental levels (1-100 ug L)
= With or without pre-adapted inoculum = Conditions close to WWTPs

I
za  ca
v v l

D >20 % D>70% D<20%
INHERENT PRIMARY INHERENT ULTIMATE PERSISTENT
BIODEGRADABILITY BIODEGRADABILITY COMPOUND

Figure 1.8.- Scheme established by the OECD Guidelines for the Testing of Chemicals (Section 3 Environmental
fate and behaviour) for biodegradability tests. D: degradation value obtained in a 28-day test. Diow: degradation
value in a 10-day window within a 28-day test.
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The variation of the concentration (S) of the organic compound (substrate) along time (¢)
obtained from the above mentioned biodegradability tests can be adjusted to different
biodegradation kinetic models in order to obtain additional information about the biodegradation
process. Table I.12 summarises the biodegradation kinetic models (Eq. 1.19-1.26) used for substrates
exposed to pure microorganism strains or microbial populations from the natural environment [186-
193].

The Monod equation (Eq. 1.19, Table 1.12) has been extensively utilised when microbial
growth and substrate degradation rates are related (i.e., microbial growth-linked biodegradation of
substrate). In contrast, the Michaelis-Menten-like (Eq. 1.21, Table 1.12) and the first order models
(Eq. 1.24, Table 1.12) are derived from simplifications of Monod model. These simplified models are
applicable in no-growth biodegradation situations (i.e., the concentration of the organism remains

essentially constant even when the substrate is degraded) [186].

Kinetic parameters are key to understand the biodegradation phenomenon, to predict the
performance of biological treatment systems, and for the hazard assessment (persistence) of
substrate. So, accurate and reliable estimates are needed to avoid pitfalls in environmental and health
risk assessment. It has been proven that the model selected for kinetic parameter estimation has a
huge impact on their accuracy and reliability. However, the selection of the correct model for the
case under study is not an easy task. A priori, simple experimental indicators of possible microbial
growth-linked biodegradation (e.g., optical density at 600 nhm measurements, ODso0) could be used
for model selection. However, several factors (e.g., the presence of additional carbon sources and
the use of substrate concentrations causing toxicity to the microorganisms) could lead to an incorrect
selection of the model [186 and references therein]. Common pitfalls (e.g., good determination
coefficient, R?) involved in biodegradation kinetic parameters estimation have been outlined and

anticipative strategies to reduce the impact of such pitfalls have been proposed [186].

It is worth mentioning that, regardless of the accuracy and reliability of the kinetic parameter
estimates, Monod and Michaelis-Menten-like models provide curves with a good fit (e.g., high R?) to
the experimental S-f data in most cases. These curves can be very useful to estimate the half-life
time (&,2) as well as to derive other related curves; for instance, to describe the variation of the
percentage of biodegradation (8D, Eq. 1.27) over time (BD-t curves) and the enantiomeric fraction
course over time (£F-t curves) in the case of the biodegradation of a chiral compound.

SO_S

BD =
So

100 (Eq. 1.27)

where % is the substrate concentration at the beginning of the experiment (£ = 0 days).
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1.5.2.- Evaluation of the enantioselective biodegradability of chiral pollutants

As has been indicated previously, biodegradation of chiral pollutants during the wastewater
treatment process in WWTPs can lead to differences in the concentrations of the enantiomers ( £F =
0.5). Therefore, the enantioselective evaluation of the biodegradability of the enantiomers of chiral
pollutants is essential for their reliable environmental risk assessment. However, in the literature

there are few papers that address this important issue.

Some papers have addressed the quantification of £F in influent and effluent from WWTPs
[178,194-203]. In other papers, biodegradability tests have been performed, with subsequent
separation and determination of the individual enantiomers of the parent compound (or its
metabolites) in the test solution by chiral analytical techniques [204-221], mainly HPLC (in NPLC,
RPLC and polar organic modes) using CSPs. These studies include antibiotics [204], amphetamine-
based compounds [205,206], antidepressants [208-211], B-blockers [211-213], non-steroidal anti-
inflammatory drugs [214], and miscellaneous drugs [207] and pesticides [215-221]. In these papers,
first order kinetic models [204,209-213,215,216,218-221] are the most used.
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Objectives

The scientific community has been studying the implications of chirality for life for more than
a century. Today, it remains an active area of research and debate because of the large number of
chiral molecules that are part of living organisms and of our everyday life. In this framework,

analytical methodologies for the separation of the enantiomers of chiral molecules play a crucial role.

Undoubtedly, the use of CSPs in HPLC is the preferred choice for enantioseparations. This is
evidenced by the huge number of CSPs available on the market. This fact, together with the trial-
and-error methodologies commonly used for the selection of the most suitable chromatographic
system (CSP/mobile phase combination) for a given enantioseparation, results in an enormous cost

and experimental effort. This makes it necessary to develop strategies to simplify this important task.
This Doctoral Thesis has two clearly differentiated main objectives:

i.- To contribute to the knowledge of chiral liquid chromatography with polysaccharide-based CSPs,
the most exploited CSPs, and hydro-organic mobile phases. Interests are focused on the most
popular commercial polysaccharide-based CSPs: three amylose derivatives (Am1l: amylose
tris(3,5-dimethylphenylcarbamate); Am2: amylose tris(5-chloro-2-methylphenylcarbamate);
Am3: immobilised amylose tris(3-chloro-5-methylphenylcarbamate)) and five cellulose derivatives
(Celll:  cellulose tris(3,5-dimethylphenylcarbamate); Cell2:  cellulose  tris(3-chloro-4-
methylphenylcarbamate); Cell3: cellulose tris(4-methylbenzoate); Cell4: cellulose tris(4-chloro-3-
methylphenylcarbamate); Cell5: immobilised cellulose tris(3,5-dichlorophenylcarbamate)). Mobile
phases assayed comprise ACN and MeOH aqueous solutions compatible with aqueous matrices

and MS detection. To this end, the following specific objectives have been set out:

= To contribute to a rational selection of the chromatographic system to separate the
enantiomers of a given compound. For this purpose, the retention and enantioresolution
of a large dataset of structurally unrelated chiral compounds (approximately 60 basic and
neutral drugs and pesticides) in all the amylose (section IV.1) and cellulose (section 1V.2)
chromatographic systems above indicated is compared. Moreover, QSPRs models for
enantioresolution related data obtained in Am1 and Am3 (section IV.1) as well as in Celll

(section 1V.3) using ACN aqueous mobile phases are intended.

= To explore the use of deconvolution of overlapping peaks to achieve the mathematical
resolution when the baseline resolution cannot be achieved experimentally (section IV.4).
To illustrate the potential of this peak model strategy, the enantioseparation of
bupivacaine, flurbiprofen, ibuprofen, ketoprofen, metoprolol, omeprazole, propranolol
and trimeprazine in polysaccharide-based CSPs (Cell1, Cell2, Cell3, Cell5 and Am2) and
ACN or MeOH hydro-organic mobile phases at different separation temperatures is

considered.
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ii.- To contribute to the advancement of knowledge of the risks and hazards of chiral pollutants. To
this end, OECD biodegradability tests using activated sludge from a Valencian WWTP (Quart
Benager) are performed for some common chiral pharmaceutical pollutants: trimeprazine (section
1V.5), ibuprofen and ketoprofen (section IV.6), and four local anaesthetics (bupivacaine,
mepivacaine, prilocaine and propanocaine; section IV.7). Next, the resolution and determination
of the enantiomers of the intact compound is performed by means of chiral RPLC methods (with
amylose- or cellulose-based CSPs and ACN or MeOH hydro-organic mobile phases compatible

with aqueous matrices and MS detection) developed for that purpose.

The particular goals of each study are detailed in the corresponding sections.
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Methodology

II1.1.- Instrumentation

Two Agilent Technologies 1100 chromatographs (Palo Alto, California, USA) were used. One
of them was equipped with a quaternary pump, a column thermostat, an UV-visible variable
wavelength detector, and an autosampler. Data acquisition and processing were performed using the
ChemStation software (A.09.03 [1417], ©Agilent Technologies 1990-2002). The other chromatograph
consisted of a binary pump, a column thermostat, an UV-visible diode array detector, a mass
spectrometer with electrospray and atmospheric pressure chemical ionisation (ESI/APCI) sources and
single quadrupole, and an autosampler. In this chromatograph, the LC/MSD ChemStation software
(B.04.02 SP1 [208], ©Agilent Technologies 2001-2010) was used for data acquisition and processing.

For achiral analysis, an Halo Cis column (2.7 um, 75x4.6 mm i.d.) from Advanced Materials
Technology (Wilmington, Delaware, USA) was used. For the separation of the enantiomers of all

drugs and pesticides under study, eight polysaccharide-based CSPs were tested:

= Celll: cellulose tris(3,5-dimethylphenylcarbamate); 3 um, 150x4.6 mm i.d.

= Cell2: cellulose tris(3-chloro-4-methylphenylcarbamate); 3 um, 150x4.6 mm i.d. (and
150x2.0 mm i.d. in section 1V.4).

= Cell3: cellulose tris(4-methylbenzoate); 3 um, 150x4.6 mm i.d.

= Cell4: cellulose tris(4-chloro-3-methylphenylcarbamate); 3 um, 150x4.6 mm i.d.

= Cell5: immobilised cellulose tris(3,5-dichlorophenylcarbamate); 3 um, 150x4.6 mm i.d.

= Am1l: amylose tris(3,5-dimethylphenylcarbamate); 3 um, 150x4.6 mm i.d.

=  Am2: amylose tris(5-chloro-2-methylphenylcarbamate); 3 um, 150x2.0 mm i.d.

= Am3: immobilised amylose tris(3-chloro-5-methylphenylcarbamate); 3 um, 150x4.6 mm i.d.

All CSPs were purchased from Phenomenex (Torrance, California, USA). Cell5 was also
purchased from YMC Separation Technology Co., LTD (Tokyo, Japan) (Chiral ART Cellulose-SC, used
in sections 1V.4, IV.5 and 1V.6).

For the preparation of aqueous and buffer solutions, ultrapure water from Ultra Clear TWF
UV system (SG Water, Barsbiittel, Germany) was used. A Crison MicropH 2000 pHmeter from Crison
Instruments (Barcelona, Spain) was used to adjust the pH of the buffer solutions. Before their use,
mobile phases were vacuum-filtered through 0.22 um Nylon® membranes from Micron Separations
(Westborough, Massachusetts, USA) and degassed in an Elmasonic S60 ultrasonic bath from Elma

Schmidbauer GmbH (Singen, Germany).

For the preparation of sample mixtures used in biodegradability assays, 15 mL conical sterile
polypropylene tubes from Deltalab S.L. (Barcelona, Spain) and disposable sterile filter pipette tips
from CAPP (Odense, Denmark) were used. A WiseCube®Wis-30 shaking incubator with temperature
control from Witeg Labortechnik GmbH (Wetheim, Germany) was also used. Before microbial growth

monitoring, the incubated samples were shaken in a vortex mixer from Velp Scientifica Srl (Usmate
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Velate, Italy). For microbial growth monitoring, the optical density of the cultures at 600 nm (ODsoo)
was measured with an Epoch 2 microplate reader from Biotek Instruments Inc. (Vermont, USA) and
96-well plates with UV-transparent flat bottom from Corning Inc. (Kennebunk, ME, USA). Finally,
samples were stored at -80 °C in an U570 Premium ultra-low temperature freezer from New

Brunswick Scientific Co., Inc. (Herts, United Kingdom) until chromatographic analysis.

Prior to injection into the chromatographic system, analyte solutions (standards and samples)
were filtered through disposable 0.22 um Nylon® syringe filters from Analisis Vinicos S.L. (Tomelloso,
Ciudad Real, Spain).

II1.2.- Chemicals and solutions

All chemicals were of analytical grade. Ammonium formate; diethylamine (DEA); potassium
hexafluorophosphate; and potassium perchlorate were from Acros (Acros Organics, Geel, Belgium).
Copper(Il) sulfate pentahydrate; sodium molybdate dihydrate; and zinc sulfate heptahydrate were
from Merck (Merck Sharp & Dohme, Madrid, Spain). Calcium chloride dihydrate; disodium hydrogen
phosphate anhydrous; iron(Il) sulfate dihydrate; manganese(II) sulfate monohydrate; potassium
dihydrogen phosphate; and sodium sulfate were from Panreac (ITW Reagents, Barcelona, Spain).
ACN ®Multisolvent HPLC grade; ammonium hydroxide; ammonium acetate; ammonium bicarbonate;
ammonium sulfate; ethanol (EtOH); ethylenediaminetetraacetic acid disodium salt dihydrate; formic
acid 98 %; hydrochloric acid 37 %; magnesium sulfate heptahydrate; MeOH ®Multisolvent HPLC
grade; sodium azide; sodium dihydrogen phosphate monohydrate; sodium hydroxide; sodium
perchlorate monohydrate; and sulfuric acid 98 % were from Scharlab S.L. (Barcelona, Spain). ACN
and MeOH, HPLC/LC-MS grade, were also purchased from VWR International Eurolab (Avantor,

Barcelona, Spain). The compounds studied in this Thesis are summarised in Table III.1.
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Table III.1.- Name, family, structure and commercial supplier of the compounds studied in this Thesis.

Chemical
Disopyramide

Mexiletine
hydrochloride

Propafenone
hydrochloride

Warfarin

Bupropion
hydrochloride

Citalopram
hydrobromide

Fluoxetine
hydrochloride

Mianserin
hydrochloride

Family 2
AAD

ACO

AD

AD

AD

AD

Structure b

AN

Supplier €
MP Biomedicals

Acros

Abcam

Cayman Chemical Co.

Sigma-Aldrich

Tokyo Chemical
Industry

Alter d

Alfa Aesar

Section
V.1 -1V.3

vV.1-1v.3

vV.i1-1v.3

V.1, IV.3

IvV.1-1v.3

vV.1-1v.3

IV.1-1V.3,
V.6, IV.7

vV.1-1v.3
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Table III.1.- Continued.

Chemical

Nomifensine
maleate

Trimipramine
maleate

Viloxazine
hydrochloride

Benalaxyl

Hexaconazole

Imazalil

Metalaxyl

Myclobutanil

Penconazole

Family 2
AD

AD

AD

AF

AF

AF

AF

AF

AF

Structure

0

NH,
*

T

&

o]

H

(X

3
IVe
)

O
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O
(o]
s
/é)z/\/
Cl
N
Cl

(©)
Cl

AN
N
|
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N
N
2
ANF
o
(;(N)k/o\
)YO

i_\

_O
N =N,
B F >
N /7
A N
cl
cl cl

Supplier €
Sigma-Aldrich

Cayman Chemical Co.

Dr.

Dr.

Dr.

Dr.

Astra Zeneca

Ehrenstorfer GmbH

Ehrenstorfer GmbH

Ehrenstorfer GmbH

. Ehrenstorfer GmbH

Ehrenstorfer GmbH

. Ehrenstorfer GmbH

Section
V.1 -1V.3

vVi1-1v.3

vV.1-1v.3

vV.1-1v.3

vV.1-1v.3

vV.1-1v.3

vV.1-1v.3

vV.1-1v.3

Iv.1-1v.3
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Table III.1.- Continued.

Chemical

Brompheniramine
maleate

Carbinoxamine
maleate

Cetirizine
hydrochloride

Chlorpheniramine
maleate

Clemastine
fumarate

Doxylamine
succinate

Fexofenadine
hydrochloride

Family 2
AH

AH

AH

AH

AH

AH

AH

Cl

Cl

Structure

\N/

HO

Supplier €
Sigma-Aldrich

Sigma-Aldrich

Cayman Chemical Co.

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Section
V.1 -1V.3

vV.1-1v.3

vV.1-1v.3

vV.1-1v.3

V1

vV.1-1v.3

V.1, IV.3
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Table III.1.- Continued.

Chemical
Hydroxyzine
hydrochloride

Orphenadrine
hydrochloride

Terfenadine

Bupivacaine

(S)-Bupivacaine
hydrochloride

Mepivacaine
hydrochloride

Prilocaine
hydrochloride

Propanocaine

Methadone
hydrochloride

Family 2
AH

AH

AH

ANAL

Structure

240

Supplier €
Guinama

Sigma-Aldrich

Sigma-Aldrich

Cayman Chemical Co.

Sigma-Aldrich

Inibsa d

Inibsa d

Seid Lab ¢

Sigma-Aldrich

Section
V.1 -1V.3

vV1-1v.3

vV.1-1v.3

IV.1-1V.4,
V.7

v.7

IV.1-1V.3,
V.7

V.2, V.3,
V.7

V.1-1V.3,
V.7

Iv.1-1v.3
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Table III.1.- Continued.

Chemical
Aminoglutethimide

Bicalutamide

Acebutolol
hydrochloride

Atenolol

Metoprolol
tartrate

Pindolol

Propranolol
hydrochloride

Salbutamol
sulfate

Timolol maleate

Family 2
ANP

BB

BB

BB

BB

BB+BD

BB

Structure

HO.

Supplier €
Alfa Aesar

Sigma-Aldrich

Alfa Aesar

Acros

Alfa Aesar

Sigma-Aldrich

Acros

Alfa Aesar

Merck Sharp & Dohme ¢

Section
V.1 -1V.3

vV.1-1v.3

vV.1-1v.3

V.2, IV.3

v1-1v4

vV.1-1v.3

v.2-1v4

vV.1-1v.3

vV.1-1v.3
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Table III.1.- Continued.

Chemical

Bambuterol
hydrochloride

Clenbuterol
hydrochloride

Isoprenaline
hydrochloride

Orciprenaline
sulfate

Terbutaline
hemisulfate

Cilnidipine

Felodipine

Family 2

Structure
BD \

\_<
N NH:
/

*

HO

BD OH
Cl a NH\K
H,N
Cl
> A
HN
HO.
HO'
OH
BD OH
YNH A OH
OH
BD OH

CaB

CaB

Supplier €
Cayman Chemical Co.

Sigma-Aldrich

Acros

EDQM

Abcam

Acros

EDQM

Section
V.1 -1V.3

vV.1-1v.3

vV.1-1v.3

IvV.1-1v.3

vV.1-1v.3

vV.1-1v.3

vV.1-1v.3
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Table III.1.- Continued.

Chemical

Verapamil
hydrochloride

Procyclidine
hydrochloride

Ethopropazine
hydrochloride

Methotrimeprazine
maleate

Promethazine
hydrochloride

Thioridazine
hydrochloride

Trimeprazine
hemi(+)-tartrate

Lansoprazole

Family 2

CaB

ACD

APD

APD

APD

APD

APD

PPI

Structure

o

|
0

A

Supplier €
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Section
V.1 -1V.3

vV.1-1v.3

vV.1-1v.3

v

V.2, IV.3

vV.1-1v.3

IvV.1-1v.5

V.2, IV.3
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Table III.1.- Continued.

Chemical Family 2
Omeprazole PPI
Pantoprazole PPI
sodium

Rabeprazole PPI
sodium

Flurbiprofen NSAID
Ibuprofen NSAID
(S)-(+)-Ibuprofen NSAID
Ketoprofen NSAID
(S)-(+)-Ketoprofen NSAID
Benzoic acid PA

Structure

o

O N, \
o
NH [e}
E NH //O
/C[ />_*S =
A ¢ \_Q

o—

=

Supplier €
Acros

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Panreac

Section
Iv.4

vV.1-1v.3

vVi1-1v.3

v.4

V.4, IV.6

Iv.6

V.4, IV.6

Iv.6

Iv.5

a AAD (antiarrhythmic drug), ACO (anticoagulant), AD (antidepressant), AF (antifungal), AH (antihistamine), LA
(local anaesthetic), ANAL (analgesic), ANP (antineoplastic), BB (B-blocker), BD (bronchodilator), CaB (calcium
channel blocker), ACD (anticholinergic drug), APD (antipsychotic drug), PPI (proton pump inhibitor), NSAID

(non-steroidal anti-inflammatory drug), and PA (preservative agent).

b Non-salt form.

¢ Abcam (Cambridge, United Kingdom); Acros (Acros Organics, Geel, Belgium); Alfa Aesar (Thermo Fisher
Scientific Inc., Karlsruhe, Germany); Alter (Madrid, Spain); AstraZeneca (Cheshire, United Kingdom); Cayman
Chemical Co. (Ann Arbor, USA); Dr. Ehrenstorfer GmbH (LGC Standards, Augsburg, Germany); EDQM (European
Directorate for Quality of Medicines & Health Care, Strasbourg, France); Guinama (Valencia, Spain); Inibsa
(Barcelona, Spain); Merck Sharp & Dohme (©®Merck KGaA, Darmstadt, Germany); MP Biomedicals (Irvine, USA);
Panreac (ITW Reagents, Barcelona, Spain); Seid Lab (Barcelona, Spain); Sigma-Aldrich (©®Merck KGaA,
Darmstadt, Germany); and Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
dKindly donated by the indicated supplier.
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Mobile phases were usually binary mixtures of aqueous or buffer solutions and different
percentages of ACN or MeOH (10-98 % in volume of ACN or 30-90 % in volume of MeOH). Ternary
mixtures of aqueous or buffer solutions, ACN or MeOH and 0.1 % (v/v) formic acid or DEA were

occasionally used as mobile phases.

Solutions of 10 mM ammonium acetate (pA4 = 8.0), 5 mM and 20 mM ammonium bicarbonate
(pH = 8.0), 10 mM ammonium formate (p# = 3.0) and 10 mM sodium dihydrogen phosphate
monohydrate (pH = 8.0), were prepared by dissolving the appropriate amount of solid in ultrapure
water. 1 M ammonium hydroxide or 2.5 M sodium hydroxide were used to adjust the pA to 8.0, and

1 M hydrochloric acid or formic acid was used to adjust the pAto 3.0.

Aqueous solutions of 100 mM potassium hexafluorophosphate, 500 mM potassium
perchlorate and 500 mM sodium perchlorate were prepared by dissolving the appropriate amount of
salts in ultrapure water or in the mobile phase. Aqueous solution of formic acid (0.1 % (v/v), pH =

3.0), was prepared by dilution of the appropriate volume of formic acid in ultrapure water.

The minimal salts medium (MSM) solution used in the biodegradability assays had the
following composition per litre [211,212]: 2.1 g Na2HPO4; 1.4 g KH2PO4; 0.5 g (NH4)2S04; 0.2 g
MgS04:7H20, and 10 mL of a trace elements solution with the following composition per litre: 12.0 g
Na2EDTA2 2H20; 10 g Na2S04; 2.0 g NaOH; 1.4 g FeS04'2H20; 1.3 g CaCl2'2H20; 0.7 g ZnS04'7H20;
0.3 g MnSO4'H20; 0.1 g Na2M0o04'2H20; 0.1 g CuS04'5H-0; and 0.5 mL H2S04 (98 %).

Stock standard solutions of 1000 mg L™t of each compound under study were prepared by
dissolving 10 mg of the chemical in 10 mL of MeOH. For chiral separation studies, 100 mg L~* working
solutions were prepared by dilution of the stock standard solutions in MeOH. All the solutions were

stored under refrigeration at 4 °C until usage.

For biodegradability assays, 20 mg L-! working solutions of each tested compound
—rac-bupivacaine (rac-BUPI); rac-ibuprofen (rac-1BU), rac-ketoprofen (rac-KET), rac-mepivacaine
(rac-MEPI), rac-prilocaine (rac-PRILO), rac-propanocaine (rac-PROPA), and rac-trimeprazine
(rac-TRI); as well as rac-fluoxetine and benzoic acid— were prepared by dilution of the 1000 mg L!
stock solution in the MSM. In addition, for rac-TRI, working solutions of 5 and 10 mg L™! of in MSM
were also prepared. For each drug, 100 mg L stock solutions were obtained by dilution of the
corresponding 1000 mg L™ stock solution in MSM. Calibration standards in the concentration range
2-30 mg L~! were prepared by dilution of the corresponding stock solution of 100 mg L=! in the MSM.
10 mg L™ (&§)-BUPI, (S)-IBU and (S)-KET solutions in MSM were prepared for the identification of

the enantiomer peaks. All the solutions were stored under refrigeration at 4 °C until usage.

The activated sludge used in the biodegradability assays was kindly donated by General de
Andlisis Materiales y Servicios S.L. (GAMASER S.L., Valencia, Spain). It was collected in plastic flasks
from the aerated tanks of Quart-Benager WWTP (Valencia, Spain). This municipal WWTP receives

domestic, agricultural, livestock, and industrial wastewater (30318 m3/day) from eight Valencian
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towns with a surface area of 164171 ha and approximately 1 million inhabitants. Activated sludge

was stored (less than 24 h) at 4-5 °C until usage.

II1.3.- Experimental procedures
II1.3.1.- Chiral columns conditioning

The CSPs are commercially acquired with n-hexane:2-propanol (90:10, v/v) as shipping
solvent. For their use with hydro-organic or polar organic mobile phases, according to the

manufacturers recommendations, the following procedure was used:

= A MeOH:EtOH (90:10, v/v) mobile phase was pumped for at least 10 column volumes (i.e.,
approximately 30 min at 1.0 mL min™! for the CSPs tested).

= Then, a ACN:H20 (60:40, v/v) mobile phase was pumped for another 10 column volumes.

* Finally, the selected mobile phase was pumped for at least 10 column volumes to ensure

stabilisation of the chromatographic system.

A flow rate of 1.0 mL min* was used in all CSPs, except for Am2 CSP where a flow rate of
0.5 mL min"! was used. From a practical point of view, when pressure and detector signal are steady,

the column is ready for use.

At the end of the working session, the column was stored in ACN or MeOH using following
procedure: first changing the mobile phase to ACN:H20 (60:40, v/v) to remove buffer, salts and
sample; and finally to 100 % organic solvent (ACN or MeOH). A pressure in the chromatographic
system of approximately 50 bar with ACN (or 80 bar with MeOH) using a flow rate of 1.0 mL min
(or 0.5 mL min! for Am2 CSP) at 25 °C is indicative that there is no blockage in the chromatographic

system.

II1.3.2.- Chromatographic conditions

The experimental conditions used for the chiral HPLC methods developed in this Doctoral
Thesis are depicted in Table III.2.
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Table III.2.- Experimental conditions of the chiral HPLC methods used in this Doctoral Thesis.

(oY 4
Mobile phase

Flow rate
Separation temperature

Injection volume
UV Detection

Am1, Am2, Am3

= Warfarin: ACN:HCOOH (0.1 %, v/v), 10:90 - 80:20, v/v

= Other compounds: ACN:NH4HCO3 (5 mM, pH = 8.0), 10:90 - 80:20, v/v
= Am2: 0.5 mL min

= Other CSPs: 1.0 mL min‘!

25 °C

2 uL

= ADPs: A = 254 nm

= Other compounds: A = 220 nm

Section IV.2
CSP
Mobile phase

Flow rate

Separation temperature
Injection volume

UV Detection

Cell1, Cell2, Cell3, Cell4, Cell5

= ACN:NH4HCOs (5 mM, pH = 8.0), 10:90 - 98:2, v/v

= MeOH:NH4HCOs (5 mM, pH = 8.0), 30:70 - 90:10, v/v
1.0 mL min!

25 °C

2 uL

= ADPs: A = 254 nm

= Other compounds: A = 220 nm

Section IV.3

CspP

Mobile phase

Flow rate

Separation temperature
Injection volume

UV Detection

Celll

ACN:NH4HCOs (5 mM, pH = 8.0), 10:90 - 98:2, v/v
1.0 mL min't

25 °C

2 uL

= ADPs: A = 254 nm

= Other compounds: A = 220 nm

Section IV.4

CsP

Mobile phase

Flow rate

Separation temperature
Injection volume

UV Detection

MS Detection b

CSP; separation
temperature; flow rate

Mobile phase
Injection volume
UV Detection

CSP; mobile phase; flow
rate

Separation temperature
Injection volume
UV Detection

Cell3

MeOH:NH4HCOs (20 mM, pAH = 8.0), 70:30, v/v, + DEA (0.1 %, v/v ?)
1.0 mL min't

40 °C

2 uL

A =220 nm

m/z= 100-500 (TICC); 289.2 (SIM 9)

= Am2; 25 °C; 0.5 mL min‘!

= Cell1; 15°C; 1.0 mL min‘!

ACN:HCOONH4 (10 mM, pH = 3.0), 40:60, v/v, + NaClO4 (500 mM 2)
2 uL

A =220 nm

= Am2; ACN:HCOONH4 (10 mM, pH = 3.0), 40:60, v/v, + NaClO4 (500 mM ?);
0.5 mL mint

= Cell3: MeOH:HCOONH4 (10 mM, pH = 3.0), 80:20 - 85:15, v/v; 1.0 mL min-t

25 °C

2 uL

A =220 nm
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Table III.2.- Continued.
Ketoprofen (KET)

(oY 4 Am2

Mobile phase ACN:HCOOH (0.1 %, v/v), 35:65 - 60:40, v/v
Flow rate 0.5 mL mint

Separation temperature 15 °C

Injection volume 2uL

UV Detection A =220 nm

csp Celll

Mobile phase ACN:CH3COONH4 (10 mM, pH = 8.0), 30:70 - 40:60, v/v
Flow rate 1.0 mL min't

Separation temperature 15 °C

Injection volume 2 uL

UV Detection A =220 nm

Omeprazole (OME)
CSP; mobile phase; flow = Cell2; ACN:NH4HCO; (20 mM, pH = 8.0), 50:50, v/v; 0.5 mL min-t

rate = Cell5; ACN:CH3COONH4 (10 mM, pH = 8.0), 35:65, v/v, + DEA (0.1 %, v/v 2);
1.0 mL min-!

Separation temperature 25 °C

Injection volume 2 uL

UV Detection A =220 nm

MS Detection ® Cell2: m/z= 100-500 (TIC®); 346.4 (SIM )

Propranolol (PRO)
CSP; mobile phase; flow = Am2: ACN:CH3COONH4 (10 mM, pH = 8.0), 40:60, v/v, + DEA (0.1 %, v/v?);
rate 0.5 mL mint
= Celll; ACN:CH3COONH4 (10 mM, pH = 8.0), 40:60, v/v; 1.0 mL min!
= Celll; ACN:NaClO4 (500 mM), 40:60, v/v; 1.0 mL min!
Separation temperature 25 °C
Injection volume 2 uL
UV Detection A =220 nm
Trimeprazine (TRI)
CSP; mobile phase; = Celll; ACN:KCIO4 (500 mM), 40:60, v/v; 25 °C
separation temperature = Cell1; ACN:KPFs (100 mM), 40:60, v/v; 15 °C
= Cell5; ACN:CH3COONH4 (10 mM, pH = 8.0), 45:55, v/v, + DEA (0.1 %, v/v 2);

25 °C
Flow rate 1.0 mL min*t
Injection volume 2uL
UV Detection A =254 nm
Tested conditions for TRI
CSP Am2, Celll, Cell3, Cell5
Mobile phase = ACN:CH3COONH4 (10 mM, pH = 8.0), 60:40, v/v, + DEA (0.1 %, v/v ?)

= ACN:KPFs (100 mM), 40:60, v/v

= ACN:NaClO4 (500 mM), 40:60, v/v
Flow rate = Am2: 0.4 mL min'

= Other CSPs: 1.0 mL mint
Separation temperature 25 °C
Injection volume 2 uL
UV Detection A =254 nm
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Table III.2.- Continued.

Selected conditions for TRI

(oY 4 Celll

Mobile phase ACN:NaClO4 (500 mM), 40:60, v/v ACN:KPFs (100 mM), 40:60, v/v

Flow rate 1.0 mL min't

Separation temperature 25 °C

Injection volume 2uL

UV Detection A =254 nm

Stationary phase Cis

Mobile phase ACN:HCOONH4 (10 mM, pH = 3.0), 30:70, v/v

Flow rate 1.0 mL mint

Separation temperature 25 °C

Injection volume 2 uL

UV Detection A =220 nm

Tested conditions for IBU and KET

CspP Am2, Celll, Cell3, Cell5

Mobile phase = MeOH:HCOOH (0.1 %, v/v), 75:25 - 92:8, v/v
= ACN:HCOOH (0.1 %, v/v), 25:75 - 80:20, v/v

Flow rate = Am2: 0.5 mL min!

Other CSPs: 1.0 mL min
Separation temperature 15-35°C
Injection volume 2 uL
UV Detection = IBU: A = 220 nm

= KET: X = 240 nm
Selected conditions for IBU

CspP Cell3

Mobile phase MeOH:HCOOH (0.1 %, v/v), 80:20, v/v
Flow rate 1.0 mL min+t

Separation temperature 25 °C

Injection volume 2uL

UV Detection A =220 nm

csp Am2

Mobile phase ACN:HCOOH (0.1 %, v/v), 35:65, v/v

Flow rate 0.5 mL min!

Separation temperature 15 °C

Injection volume 2uL

UV Detection A =240 nm
Fluoxetine ... |
Stationary phase Cis

Mobile phase ACN:NaHPO4 (10 mM, pH = 8.0), 70:30, v/v
Flow rate 1.0 mL mint

Separation temperature 25 °C

Injection volume 2 uL

UV Detection A =220 nm
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Table III.2.- Continued.

Section 1V.7
Tested conditions for BUPI, mepivacaine (MEPI), prilocaine (PRILO) and propanocaine (PROPA)
CSP Am1, Am2, Am3, Celll, Cell2, Cell3, Cell4, Cell5
Mobile phase = ACN:NH4HCOs (5 mM, pH = 8.0), 10:90 - 100:0, v/v
= MeOH:NH4HCOs (5 mM, pH = 8.0), 30:70 - 90:10, v/v
Flow rate = Am2: 0.5 mL min'

Cell3, Cell4, Cell5: 0.5 - 1.0 mL min!
Other CSPs: 1.0 mL mint
Separation temperature = Cell3, Cell4, Cell5: 15 - 40 °C

= Other CSPs: 25 °C

Injection volume 2 uL

UV Detection A =220 nm

CspP Cell3

Mobile phase MeOH:NH4HCOs (5 mM, pH = 8.0), 70:30, v/v
Flow rate 0.5 mL min!

Separation temperature 40 °C

Injection volume 2uL

MS Detection ? m/z=100-500 (TIC<); 289.2 (SIM %)

(oY 4 Cell5

Mobile phase ACN:NH4HCO3 (5 mM, pH = 8.0), 50:50, v/v
Flow rate 0.75 mL min!

Separation temperature 25 °C

Injection volume 2uL

MS Detection ? m/z=100-500 (TIC¢); 247.2 (SIM 9)

(o Cell4

Mobile phase ACN:NH4HCOs3 (5 mM, pH = 8.0), 40:60, v/v
Flow rate 1.0 mL min't

Separation temperature 25 °C

Injection volume 2 uL

MS Detection ® m/z=100-500 (TIC¢); 221.2 (SIM 9)

CspP Cell4

Mobile phase ACN:NH4HCO3 (5 mM, pH = 8.0), 40:60, v/v
Flow rate 1.0 mL min*t

Separation temperature 25 °C

Injection volume 2 uL

MS Detection ® m/z=100-500 (TIC¢); 312.2 (SIM %)
Fluoxetine ... .|
Stationary phase Cis

Mobile phase ACN:HCOONH4 (10 mM, pH = 8.0), 60:40, v/v
Flow rate 1.0 mL mint

Separation temperature 25 °C

Injection volume 2 uL

UV Detection A =220 nm

2 Total concentration in the mobile phase

b positive electrospray ionisation (ESI) mode was used under the following experimental conditions: voltage =
3000 V, nebuliser pressure = 35 psig, N2 flow = 12 L min -, drying temperature = 350 °C

¢ Total current ion chromatogram

d Selected ion monitoring at /7/z values of the [M+H]* ion
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II1.3.3.- Biodegradability tests

Biodegradability tests were performed by duplicate (two independent samples for each
incubation time studied) in batch mode at approximately 20 mg L~! of each racemic compound under
study (rac-BUPI, rac-1BU, rac-KET, rac-MEPI, rac-PRILO, rac-PROPA, and rac-TRI). For rac-TRI,
3 concentration levels (5, 10 and 20 mg L™!) were assayed. To ensure aeration of the cultures, all
samples were prepared in sterile tubes of 5-fold the sample volume. For biotic tests, 3000 uL of test
compound solution were inoculated with 100 uL of the activated sludge, using tubes of a volume five-
fold superior to guarantee the aeration of the cultures. Simultaneously, abiotic degradation tests were
also performed using ultrapure water or 0.1 % (w/v) sodium azide (to prevent non-desirable microbial

growth) instead of the activated sludge.

The samples were kept in a shaking incubator (150 rpm, 20 °C) under natural light cycles.
At predefined incubation times (from 0 to 28 days), two test tubes for each compound and for each
concentration level assayed were collected and samples were diluted up to 3100 uL with ultrapure
water to compensate solvent evaporation. Next, samples were vortex-shaken and 200 uL of each
tube were used to measure the ODso0. In addition, in this step, sodium azide was added to stop the
microbial growth and then, they were frozen at -80 °C until HPLC analysis. Prior to HPLC analysis,
samples were thawed at 4 °C, centrifugated and the supernatant was filtered. In parallel, biotic and
abiotic biodegradability assays for fluoxetine or benzoic acid at 20 mg L=! were also performed to

control inoculum activity.

II1.4.- Software and calculations

To calculate the retention factor, the expression used was the following:

(Eq. II1.1)

where & is the gross retention time and & is the gross hold-up time estimated from the first

perturbation in the chromatogram.

The enantioresolution was calculated as follows:

tp, —
Rs =118 22 %L (Eq. I11.2)
w; +w,

where subscripts 1 and 2 denote the first and second eluted enantiomer, respectively, and wis the
peak width at 50 % peak height.

In section IV.4, Rs was estimated using Eq. III.3:
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tpr —
Rs = =22 K (Eq. I11.3)
B, +A4,

where B is the right half-width at 10 % peak height for the first eluted enantiomer and 4 is the left
half-width at 10 % peak height for the second eluted enantiomer.

The selectivity factor («), plate number (V) and asymmetry factors (B8/A) values were

calculated using the following equations:

Tk (Eq. 111.4)
N = 5.54 t”
T w2 (Eq. IIL.5)
B
Asymmetry factor = 1 (Eq. I11.6)

where A and B correspond to left and right half-widths at 10 % peak height (Foley-Dorsey

asymmetry), respectively.

For data treatment and calculations, the following software was used:

= ChemSketch® (®Advanced Chemistry Development, Inc.; 2020.2.0 version): for drawing

chemical structures.
» Grapher (®Golden Software, LLC; 3.03 version): for data representation.

* MarvinSketch® (®ChemAxon Ltd.; 21.8.0 version): for calculating chemical properties (e.g.,
pAka, logP, PSA, etc.).

= Matlab® (°The MathWorks, Inc.; R2016b and R2019a version): for kinetic and QSPRs
modelling using informatics algorithms developed by Prof. Ph.D. S. Sagrado (Department of

Analytical Chemistry, Universitat de Valéncia).

= Microsoft Excel® (®Microsoft 365 MSO; 2207 version): for data collecting, processing, and

representation.

= QB64: for the description of the profiles of chromatographic peaks using informatics
algorithms developed by Prof. Ph.D. J.]. Baeza-Baeza (Department of Analytical Chemistry,

Universitat de Valéncia).

= Statgraphics®Plus for Windows (©Statistical Graphics Corp., 5.1 version): for obtaining the

regression statistics of the calibration curves.

= Unscrambler™ (®Aspen Technology, Inc., v.9.2 version): for multivariate analysis.
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Summary of thematic, results and conclusions

IV.1.- Comparative modelling study on enantioresolution of structurally unrelated
compounds with amylose-based chiral stationary phases in reversed phase liquid

chromatography-mass spectrometry conditions. Paper I
IV.1.1.- Brief introduction and objectives

As previously indicated in section 1.2, the most commonly employed analytical technique for
the separation of enantiomers of chiral compounds is HPLC using CSPs. Of the many CSPs used in
HPLC, amylose and cellulose polysaccharide derivatives are unequivocally the most widely used (see
section 1.2.1.2). The nature and position of substituent(s) on the phenyl moiety of polysaccharides
as well as the polysaccharide backbone are key factors in chiral recognition. Enantiomers are
separated by the formation of transient complexes with the polysaccharide-based CSPs. Hydrophobic,
electrostatic, hydrogen bonding, van der Waals forces and steric factors are involved in complex
formation. Furthermore, these CSPs can be used with non-polar, polar organic and hydro-organic

mobile phases.

Despite the widespread use of these CSPs in HPLC, the underlying mechanisms of chiral
separations remain unclear due to the complexity of these chromatographic systems. Currently,
finding the optimal CSP/mobile phase combination for separating the enantiomers of a specific chiral
compound requires expensive and time-consuming trial-and-error methods. So, being able to predict
the potential for chiral separation in a given chromatographic system would greatly improve this
challenging task.

The studies carried out in this work are aimed at achieving two main objectives. On one hand,
this paper is aimed at performing a comparative study on the retention behaviour and
enantioresolution of 53 structurally unrelated compounds (drugs and pesticides) using three amylose-
based CSPs (Am1, Am2 and Am3; see section III.1). Hydro-organic mobile phases compatible with
MS detection consisting of mixtures of ACN and NH4HCOs (5 mM, pH = 8.0), in varying proportion
(10-80 % in volume of ACN), were used for the chromatographic separations. See Table III.2 for
additional information. The maximum value for the retention factors was set at 15 to give practical
conditions for routine analysis. On the other hand, this paper is also aimed at comparing and
describing the enantioresolution capabilities of these CSPs. To this end, QSPR models to
predict/anticipate a categorical enantioresolution (CRs) from 57 structural and physicochemical
properties of the compounds for each CSP are intended. DPLS1 (DPLS for one response variable) is
used for FS and modelling purposes. To the best of our knowledge, this is the first attempt to model
enantioresolution-related parameters for a large dataset of structurally unrelated compounds under

realistic chromatographic conditions from a practical point of view (see Table 1.9 in section 1.3).
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IV.1.2.- Results and discussion
IV.1.2.1.- Retention behaviour and enantioresolution studies

The compounds studied are 47 drugs from 13 different therapeutic families and six pesticides
(see Table III.1). These compounds present a varying degree of hydrophobicity (-1.6 < logD < 5.2)
and most of them exhibit net positive charge at operational pH.

For all the compounds studied and CSPs, in the experimental conditions assayed (see Table
II1.2), a usual RPLC behaviour was found (i.e., retention decreased as the ACN content in the mobile
phase increased from 10 to 80 %). On the other hand, when comparing retention data obtained in
each CSP using the same mobile phase, Am3 presented the highest & values for most compounds
(see Figure 1V.1). This behaviour could be attributed to the distinct electronic properties of the CSPs,

as well as the use of immobilised or coated amylose derivatives in the CSP.
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Figure IV.1.- Comparison of the retention factor (k) values for the first eluted enantiomer of compounds
obtained in the different CSPs studied using ACN:NH4HCOs (5 mM, pH = 8.0), 60:40 (v/v), as mobile phase.
(A) Am1 vs. Am2, (B) Am1 vs. Am3, (C) Am2 vs. Am3. (=== ) Identity line (i.e., slope = 1; intercept = 0).
See compound number in section VII (Paper I, Table 1).

72



Summary of thematic, results and conclusions

Regarding enantioresolution, the enantiomers of 16 of the 53 (30 %) tested compounds were
baseline enantioresolved and 19 (36 %) were partially enantioresolved in at least one of the
chromatographic systems assayed. Taking into account Rsdata from all mobile phases assayed, Am1
and Am3 CSPs presented some extent of enantioresolution (Rs > 0) for a similar number of
compounds (baseline enantioresolution: 11 compounds in both CSPs; partial enantioresolution: 16
and 14 compounds for Am1 and Am3, respectively). Am2 CSP provided the worst results (the lowest
Rs values for most compounds and the lowest number of compounds exhibiting some extent of

enantioresolution: 4 and 9 compounds with baseline and partial enantioresolution, respectively).

Figure IV.2 shows a comparison of the maximum enantioresolution values (Rs max) obtained
in each CSP. As can be observed, the highest Rs max values were found for mianserin (Mo = 8) in
Am1 (Rs max = 8.3), propafenone (Mo = 3) in Am2 (Rs max = 4.0), and nomifensine (Vo = 9) in
Am3 (Rs max = 8.4). Bicalutamide (Mo = 33; Rs max = 3.7 in Am1, Rs max = 3.3 in Am2, and
Rs max = 2.4 in Am3) and rabeprazole (No = 53; Rs max = 2.6 in Am1, Rs max = 2.0 in Am2, and
Rs max = 5.1 in Am3) were baseline enantioresolved in all assayed amylose-based CSPs. Warfarin
(Mo =4; Rs max =5.5in Am1, and Rs max = 5.3 in Am3), bupropion (No = 5; Rs max = 6.7 in Am1,
and Rs max = 2.4 in Am3), mianserin (Mo = 8; Rs max = 8.3 in Am1, and Rs max = 3.0 in Am3),
nomifensine (Mo = 9; Rs max = 3.0 in Am1, and Rs max = 8.4 in Am3), and benalaxyl (Vo = 12;
Rs max = 4.1 in Am1, and Rs max = 6.6 in Am3) were baseline enantioresolved in both Am1 and
Am3 CSPs. For the other compounds studied, all CSPs exhibited differences in their
enantioselectivities, which suggests differences in their enantiorecognition mechanisms (i.e.,

differences in the enantiomer-CSP interactions).

It is worth mentioning that under the experimental conditions tested, Am2 (see Figure IV.2.A
and IV.2.C) was the only CSP that allowed baseline enantioresolution of the enantiomers of
brompheniramine (Mo = 18; Rs max = 1.2 in Am1, Rs max = 1.6 in Am2, and Rs max = 1.4 in Am3),
chlorpheniramine (Mo = 21; Rs max = 0.9 in Am1, Rs max = 2.0 in Am2, and Rs max = 1.3 in Am3),
and cilnidipine (Mo = 44; Rs max = 0 in Am1, Rs max = 1.5 in Am2, and Rs max = 0 in Am3). The
enantiomers of all the other compounds studied that were baseline enantioresolved in Am2 CSP also

did in Am1 or Am3 CSPs. In fact, Phenomenex is currently no longer supplying Am2 CSP.
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Figure 1V.2.- Comparison of the maximum enantioresolution values (Rs max) obtained in the different CSPs
studied using ACN:NH4HCOs (5 mM, pH = 8.0) mobile phases. (A) Am1l vs. Am2, (B) Am1 vs. Am3, (C) Am2
vs. Am3. (*rre ) Identity line (i.e., slope = 1; intercept = 0). (- - - - - ) Rs max = 1.5.

Concerning the effect of the ACN percentage in the mobile phase on the enantioresolution,
as the ACN content decreased (i.e., when the retention increased), there was generally an
improvement in the Rs values. Nevertheless, for certain compounds (e.g., brompheniramine) higher
Rs values were obtained in all the assayed CSPs when higher ACN percentages in the mobile phase
were used. These opposite behaviours could be attributed to the prevalence of kinetic or
thermodynamic processes on enantioresolution. For certain compounds, the increase in retention
leads to higher selectivity factors, indicating that thermodynamics prevails over kinetics. However,
for other compounds, the kinetic contribution is more important than the thermodynamic one,

resulting in a decrease in efficiency as the retention increases.
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IV.1.2.2.- Structure-categorical enantioresolution relationships in amylose-based CSPs

QSPR models to evaluate/anticipate the enatioresolution ability of Am1 and Am3 CSPs in
aqueous ACN mobile phases for a given chiral compound from its structural parameters were
intended. QSPR models for Am2 were not intended due to the low number of compounds showing
baseline enantioresolution in this CSP. It must be pointed out that selectivity and retention factor
related parameters are the most investigated response variables in QSPRs (see Table 1.9 in the
introduction section). Enantioresolution related parameters are more complex since they are affected
by thermodynamic and kinetic factors, but in our opinion, they are more useful/realistic parameters

for evaluating the separation between chromatographic peaks for practical purposes.

DPLS1 was used for modelling purposes. To build the QSPR models, the experimental Rs
values were categorised as follows: (i) CRs = 1 (class-1) for compounds showing clear baseline
enantioresolution (Rs max = 2.0); (ii) CRs = 0 (class-0) for the rest of compounds. CRs values were
used as response variable (y) in the QSPR models. As X matrix, 57 structural and physicochemical
parameters of the studied compounds (see Paper I and Table S2 in section VII) were tested as
predictor variables. These variables include chiral carbon (C*) related parameters (C*-parameters),
and molecular descriptors and topological parameters predicted by software calculation. Autoscaled

y-X data were used for DPLS1 modelling. Leave-one-out cross-validation was used.

To reduce the number of X variables and simplify the interpretation of the QSPR model (see
section 1.3), a new FS strategy based on DPLS1 outputs (FS-DPLS1) was proposed. In the FS-DPLS1
process, the least informative variables (i.e., those with the worst descriptive and predictive ability)
are eliminated sequentially (one-by-one) using a new target indicator (77). The variable whose
elimination results in the highest 77value is eliminated in the subsequent run. Eg. IV.1 shows the 77

function introduced for the FS-DPLS1 process:

TI= W1 dD+ (1 -W1) dDcv —W?2 mUrb — W3 SSclass (Eq. IV.1)

where W1, W2 and W3 are parameters in the 0-1 range that have to be optimised; dDis the lowest
discriminant distance between class-1 and class-0 y estimates; dDcv is the dD value for the y
estimates in the cross-validation step of the QSPR DPLS1 model; mUrb is the mean value of the
relative uncertainties of the DPLS1 model regression coefficients; and SSc/ass is the sum of squares
of the differences between the predicted discrimination level (DL) and actual y values (CRs). DL are
y estimates that were categorised as follows: (i) DL = 1 (class-1) for compounds with y estimates
equal or higher than the highest y estimate for class-0 compounds; (i) DL = 0 (class-0) for
compounds with y estimates equal or lower than the lowest y estimate for class-1 compound; (iii)

DL = 0.5 for the rest of compounds.
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Positive dD or dDcv values indicate that the model correctly discriminates between all
compounds in class-1 and class-0. Thus, dD > 0 and dDcv > 0 are an indication of acceptable
descriptive and predictive ability of the model, respectively. Low mUrb values mean high reliability of
the model regression coefficients, and therefore, high reliability of the variables included the model;
and low SSc/ass values indicate high classification ability, the descriptive ability of the model is

enhanced by both of these aspects.

Figure IV.3 shows the progress of FS-DPLS1 for the Am1l QSPR DPLS1 model just for
illustrative purposes. As can be observed, the highest dD and dDcv values were obtained after
eliminating 35 variables (vertical dashed line). The resulting final QSPR DPLS1 model with 22 variables
exhibited dD > 0, indicating acceptable descriptive ability, although their predictive ability was limited
(dDcv < 0).

Discriminant distance

Variables eliminated

Figure IV.3.- Feature selection (FS-DPLS1) progress for Am1 model. (@) Discriminant distance (dD) and
(x) discriminant distance in cross-validation (dDcv). The vertical dotted line shows the variables eliminated in
the final model. The horizontal dotted line indicates discriminant distance equal to 0.
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For both CSPs, the final models obtained using just the selected variables (22 for Am1 and
16 for Am3) after FS-DPLS1 showed better descriptive (dD > 0, and lower mUrb values) and predictive
ability (lower dDcv values) than the initial ones obtained using all the 57 variables tested in matrix X.
Although all the models (using all the variables or just the selected ones for both CSPs) showed
limited predictive ability (dDcv < 0) (see Table IV.1).

Table IV.1.- Comparison of the descriptive and predictive ability of the DPLS1 models obtained for Am1 and
Am3 CSPs.

DPLS1 Variables Descriptive Predictive
CSP model selected muUrb—db v ability ability
Am1 Initial 57 10.9 -1.67 -2.85 Poor Limited
Final 22 1.2 0.56 -0.62 Acceptable Limited
Am3 Initial 57 4.2 -0.88 -1.31 Poor Limited
Final 16 1.2 0.22 -0.67 Acceptable Limited

W parameters of Eq. IV.1: W1 = 0.53, W2 = 0.49, W3 = 0.48 for Am1; W1 = 1.00, W2 = 0.09, W3 = 0.62
for Am3.

The regression coefficients derived from the final DPLS1 QSPR (see Figure IV.4) models can
be used to explain the major operating forces in the modelled chromatographic systems. The absolute
values of these coefficients reflect the relative importance of the corresponding variables in
discriminating between class-1 and class-0 compounds, while their sign shows their positive or
negative contribution to CRs. Consequently, for a given compound in a specific chromatographic

system, the balance of these contributions determines its enantioresolution in that particular system.
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Figure IV.4.- Regression coefficients (scaled) values obtained for the selected variables in the final DPLS1 QSPR
models (after FS-DPLS1). (A) Am1, (B) Am3. (M) Positive and (M) negative contribution to enantioresolution.

Variables (see further details in section VII: Paper I and Table S2):

Chiral carbon (C*) related parameters (C*-parameters): number of aliphatic groups (C*a ), carbonyl groups
(C*C=0), heteroatoms (C*X), and hydrogen atoms (C*H), directly bonded to C*.

Other molecular topological parameters: Balaban index (B/), nhumber of non-aromatic bonds (abc), aromatic
groups with 1,2 substitution (412), aromatic groups with 1,2,3 substitution (4123), aromatic bonds (Abc),
Ar-C-Ar moieties (ACA ), -CHs groups bonded to an aromatic ring (ACH3), Cl atoms bonded to an aromatic ring
(AC), bonds (bc), F atoms (F), fused rings (frc), aliphatic heterocycles (Harc), heterocyclic rings (Hrc),
nitrogen aromatic groups (VA), -NR; groups (VRZ2), tertiary amines in aliphatic cycles (MRc), O atoms (O), -OH
groups (OH), ring bonds (Rbc), rings (Rc), R-O-R (ROR), and S atoms in aliphatic cycles (S¢).

Other parameters: polar surface area (PSA), and maximal zlength (zmax).
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As can be observed in Figure 1V.4, the DPLS1 QSPR models for Am1 and Am3 CSPs share
some common features. In fact, in the DPLS1 QSPR models for both Am1 (Figure IV.4.A) and Am3
(Figure 1V.4.B) CSPs, C*C=0 is the most important variable favouring enantioresolution among the
C*-parameters studied; therefore, carbonyl groups in amides, ketones, and esters linked to the C*
play a crucial role in enantiorecognition. Examples of this are bupropion (Mo = 5), benalaxyl
(Mo = 12), aminoglutethimide (Mo = 32) and bicalutamide (Mo = 33) (see Table III.1 and Figure
IV.2.B). The atoms of O, C, and N in amides are part of a conjugated system that involves molecular
orbitals with delocalised electrons. As a result, these compounds can participate in n-r interactions
with the CSPs. Additionally, amides, esters, and ketones are capable of acting as hydrogen bond

acceptors, allowing them to take part in hydrogen bonding interactions with the CSPs.

Furthermore, Abc is also one of the most important variables in both DPLS1 QSPR models,
which indicates that aromatic bonds in the molecule (e.g., warfarin, No = 4, in Figure 1V.2.B) allowing
enantiomer-CSP n-n interactions, also enhance enantioresolution in Am1 and Am3 CSPs. However,
the absence of aliphatic bonds (e.g., abcand bc¢) in the molecule or aliphatic substituents in C* (C*a)
promotes enantioresolution in Am1 and Am3, respectively. In both CSPs, the absence of heteroatom

substituents in C* (C*X) also enhances enantioresolution.

On the other hand, VA is also one of the most important variables in both DPLS1 QSPR
models. However, it has an opposite contribution to the enantioresolution in each CSP (i.e.,
unfavourable and favourable contribution in Am1 and Am3, respectively). Examples of compounds
for which Am1 and Am3 display these opposite contributions to their enantioresolution are
disopyramide (Mo = 1), myclobutanil (Mo = 16), and penconazole (Mo = 17), which have pyridine-
like N atoms (basic aromatic rings); as well as pantoprazole (VMo = 52) and rabeprazole (Mo = 53),
which are compounds with pyridine-like and pyrrole-like N atoms (non-basic aromatic rings) in their
structure. The lone pair of electrons of the pyrrole-like N atom is part of the aromatic system,
promoting r-n interactions between the CSP and the enantiomer molecules. Pyridine-like N atoms act
as hydrogen bonding acceptors since their lone pair of electrons is not involved in the aromatic
system. Moreover, the inverse selectivity of the Am3 CSP relative to Am1 may arise from the formation
of Lewis adducts between pyridine-like N atoms, which act as Lewis bases, and either the Cl atom at
3-position of the phenylcarbamate moiety in the Am3 CSP, acting as Lewis acid, or the acidic H atom
of the carbamate moiety of Am3, whose hydrogen-bond donor ability is enhanced by the 3-chloro

substitution.

Other of the major contributions to enantioresolution in Am1 CSP is the absence of hydrogen
substituents (C*+) in C* that also enhances enantioresolution. The nature and position of
substituents in the aromatic ring can either diminish (e.g., ACH3 and ACA) or enhance (e.g., AC],
A12, and A123) enantioresolution. Lastly, the presence in an aliphatic cyclic moiety of a tertiary

amino group (VRc) also promotes enantioresolution in the Am1 CSP. In the case of Am3 CSP, the
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presence of fused rings (frc) in the molecule is also another major contribution improving
enantioresolution.

IV.1.3.- Conclusions

Under the experimental conditions tested, which involved three commercially available
amylose-based CSPs (Am1, Am2, and Am3) and ACN:NH4HCOs (5 mM, pH = 8), 10:90 - 80:20 (v/v),
mobile phases, typical RPLC retention behaviour was observed for all 53 structurally unrelated chiral

compounds studied.

Am1 and Am3 CSPs provided baseline enantioresolution for a similar number of compounds
but exhibited different enantioselectivies. Am2 provided the worst results, and its selectivity scarcely

complemented the other CSPs. In fact, Phenomenex is currently no longer supplying Am2 CSP.

A reduced set of structural variables (from 57 initial predictor variables), with positive and
negative contributions to categorical enantioresolution in Am1 and Am3 CSPs, was selected by FS-
DPLS1 QSPR modelling. The presence of carbonyl groups directly bonded to the C* and aromatic
bonds in the compounds were identified as key structural features favouring their enantioresolution
in Am1 and Am3 CSPs, indicating that enantiomer-CSP =-r and hydrogen-bond interactions may play

a crucial role.

The enantioresolution in Am1 CSP was also found to be influenced by both the position and
chemical nature of substituents in the aromatic ring, which can either favour or disfavour it.
Furthermore, the presence of a hydrogen-bond accepting ternary amine in an aliphatic cyclic group
can enhance enantioresolution. For Am3 CSP, the presence of fused rings was also found to improve

enantioresolution, probably due to the rigidity they confer to the molecule.

Finally, the presence of nitrogen in aromatic rings was also found to be important for
enantioresolution, with a favourable contribution for Am3 and unfavourable contribution for Am1 CSP.
This opposite selectivity of Am3 compared to Am1 could be explained by the combination of
enantiomer-CSP n-n and hydrogen bonding interactions, along with the formation of Lewis adducts
between the pyridine-like N atoms (Lewis bases) and either the Cl atom (Lewis acid) in Am3, or the
H atom of the carbamate moiety of Am3 (whose hydrogen-bond donor character is exalted by the

3-chloro substitution in the phenylcarbamate moiety).
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IV.2.- Comparative study on retention behaviour and enantioresolution of basic and
neutral structurally unrelated compounds with cellulose-based chiral stationary phases

in reversed phase liquid chromatography-mass spectrometry conditions. Paper II
IV.2.1.- Brief introduction and objectives

As previously mentioned in section 1.2.1.2, in the polysaccharide-based CSPs the nature and

composition of the mobile phase strongly modulates the chiral recognition mechanism.

It has been observed that in these CSPs, when using hydro-organic mobile phases containing
aprotic organic solvents (e.g., ACN), compounds may exhibit dual retention behaviour (RPLC and
HILIC) depending upon the water concentration. In such mobile phases, enantiomers can undergo
hydrophobic interactions with the phenyl moieties of the CSP, as well as hydrophilic (hydrogen bond)
interactions with the carbamate or ester moieties of the CSP. The addition of water to these mobile
phases enhances hydrophobic interactions, resulting in an increase in the analyte retention (RPLC
behaviour), but it also decreases hydrophilic interactions, leading to a decrease in the analyte
retention (HILIC behaviour). The net effect observed is the balance of both contributions, with the
first contribution dominating in mobile phases with high water content and the second contribution
being more important in mobile phases with low water content. This behaviour has been observed

for chlorinated polysaccharide-based CSPs due to their strong hydrogen bonding ability.

In contrast, in these CSPs when using hydro-organic mobile phases containing protic organic
solvents (e.g., MeOH) only RPLC retention behaviour has been observed, since only analyte-CSP

hydrophobic interactions can occur.

In this section, to deepen the understanding of polysaccharide-based CSPs, a comparative
study on the retention behaviour and enantioresolution of 54 structurally unrelated compounds
(nearly the same compounds studied in section IV.1 and Paper I) using five cellulose-based CSPs
(Cell1, Cell2, Cell3, Cell4 and Cell5; see section III.1) was performed. Hydro-organic mobile phases
compatible with MS detection consisting of mixtures of NH4HCOs3 (5 mM, pH4 = 8.0) and ACN or MeOH,
in varying proportion (10-98 % in volume of ACN and 30-90 % in volume of MeOH) were used for
the chromatographic separations. See Table III.2 for additional information. The existence of RPLC

and HILIC retention behaviour domains was also explored.
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IV.2.2.- Results and discussion
IV.2.2.1.- Retention behaviour study

For all the compounds studied and CSPs in hydro-organic mobile phases containing MeOH
(see Table III.2), a usual RPLC behaviour was found. However, in hydro-organic mobile phases
containing ACN (see Table III.2), a U-shapped retention behaviour was observed indicating the
coexistence of two retention domains as a function of the water content in the mobile phase: (i) the
RPLC-domain for mobile phases with a water content higher than 20 % (< 80% ACN) and (ii) the
HILIC-domain for mobile phases with a water content lower than 20 % (~ 80-98 % ACN). The
magnitude of the differences in retention upon varying the water content in the mobile phase
depended significantly on the nature of the compound and the CSP used. In all CSPs, these
differences were higher for the most hydrophobic and hydrophilic compounds in the RPLC- and HILIC-
domains, respectively. As an example, Figure IV.5 shows the & values corresponding to the least
retained enantiomer obtained in the different chromatographic conditions assayed for atenolol
(Mo = 33; the most hydrophilic compound studied: logD = -1.41; Figure IV.5.A) and BUPI (Ao = 25;
one of the most hydrophobic compounds studied: logD = 3.99; Figure 1V.5.B).
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Figure IV.5.- Values of the retention factor (k) in the different chromatographic systems studied obtained for:
(A) atenolol and (B) BUPI. CSPs: (@) Celll, (@) Cell2, (A) Cell3, (O) Cell4 and (B) Cell5. Mobile phases:
MeOH:NH4HCO3 (5 mM, pH 8.0) 30:70-90:10 (v/v) (left part) and ACN:NH4HCO3 (5 mM, pA 8.0) 10:90-98:2
(v/v) (right part).
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On the other hand, when comparing the k values for the first eluted enantiomer of
compounds obtained in each CSP using mobile phases containing 50 % ACN ( 4so%), it was found that
most CSPs (except Cell2 and Cell4) exhibited clear differences in their selectivities and retention
extent (Figure IV.6). The similarity between the kso% values obtained in Cell2 and Cell4 (Figure IV.6.A)
is due to their close structure (i.e., the sole difference between them is the interchange of methyl
and chlorine substituents at the 3,4 position of the phenyl moiety). However, the nature of
substituents (methyl and chlorine in Celll and Cell5, respectively) at the 3,5 position of phenyl moiety
did had effect on retention (Figure IV.6.E). However, it should be noted that in such cases, the impact
of utilising coated (Celll) or immobilised (Cell5) CSPs must also be considered. On the other hand,
the 4so% values for most compounds were lower in benzoate-type CSPs (Cell3) than in

phenylcarbamate-type (e.g., Cell4) CSPs (Figure IV.6.C).

Finally, when comparing the & values for the first eluted enantiomer of compounds obtained
in a given CSP using mobile phases containing the same MeOH or ACN percentage in the RPLC-

domain, it was observed that similarly to achiral RPLC, ACN has higher eluent strength than MeOH.
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Figure IV.6.- Comparison of the retention factor (k) values for the first eluted enantiomer of compounds
obtained in the different CSPs studied using ACN:NH4HCOs (5 mM, pH = 8.0), 50:50 (v/v), as mobile phase.
(A) Cell4 vs. Cell2, (B) Cell4 vs. Celll, (C) Cell4 vs. Cell3, (D) Cell4 vs. Cell5, (E) Cell5 vs. Celll. (=== ) Identity
line (i.e., slope = 1; intercept = 0). See compound number in section VII (Paper II, Table 1).
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1V.2.2.2.- Enantioresolution study

Baseline enantioresolution was achieved for the enantiomers of 38 out of 54 (70 %)
compounds studied, while partial enantioresolution was obtained for 13 compounds (24 %) in at least
one of the chromatographic systems assayed. For three compounds (brompheniramine, Ao = 17;
acebutolol, Mo = 32; and salbutamol, Mo = 37) null enantioresolution (Rs = 0) was obtained in all
the tested chromatographic systems. The highest enantioresolution value (Rs max = 9.4) was
obtained for aminoglutethimide (Vo = 30) in the 90 % MeOH-Cell3 chromatographic system.

Regarding the effect on enantioresolution of the nature of the organic solvent used to prepare
the mobile phase, chromatographic systems comprising MeOH/NH4HCO3 mobile phases provided
distinct enantioresolution degrees and enantioselectivities to those observed with ACN/NH4+HCOs3
mobile phases (see Figure 1V.7). For most compounds, the use of ACN/NH4HCOs instead of
MeOH/NH4+HCOs mobile phases provided higher Rs max values for all CSPs, and allowed baseline
enantioresolution for a higher number of compounds (Rs max > 1.5 for 34 and 24 compounds in
ACN/NH4HCOs and MeOH/NH4HCOs, respectively). This lower enantiorecognition ability of
MeOH/NH4HCO3 mobile phases could be due to their capacity to displace the enantiomer from the
enantiomer-CSP complex by exerting hydrogen bonds. From a practical standpoint, MeOH/NH4HCO3

mobile phases are only clearly advantageous for the baseline enantioresolution of Mo = 51 (TRI).

Concerning the effect on enantioresolution of the organic solvent percentage used to prepare
the mobile phase, for the majority of compounds and CSPs, enantioresolution improved when the
organic solvent percentage decreased using both MeOH/NH4HCO3 and ACN/NH4HCO3 mobile phases
in the RPLC-domain. However, distinct patterns were observed for enantioresolution in the ACN
HILIC-domain.
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Figure IV.7.- Comparison of the maximum enantioresolution values (Rs max) for the ACN:NH4HCOs (5 mM,
pH = 8.0) and MeOH:NH4HCOs (5 mM, pH = 8.0) mobile phases studied taking into account all CSPs data jointly.
(e ) Identity line (i.e., slope = 1; intercept = 0). (- - - - - ) Rs max = 1.5.
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On the other hand, approximately twice the number of compounds were baseline
enantioseparated within the ACN RPLC-domain compared to the ACN HILIC-domain (32 and 17
compounds, respectively; see Figure IV.8). In addition, for most compounds, the Rs max values
obtained in the RPLC-domain were higher than in the HILIC-domain for all CSPs. Only the enantiomers
of Mo = 49 (promethazine) were baseline enantioresolved in the HILIC-domain, while they were only
partially resolved in the RPLC-domain using ACN/NH+HCOs. However, MeOH/NH+HCO3 mobile phases
did allow their baseline enantioresolution. Finally, it is worth mentioning that only three (pindolol,
No = 35; PRO, No = 36; and isoprenaline, Mo = 41) out of the 30 compounds studied that exhibited

certain enantioresolution degree in HILIC conditions had logD values lower than 1.0.
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Figure IV.8.- Comparison of maximum enantioresolution values (Rs max) obtained for the HILIC and RPLC
domains using ACN:NH4HCOs (5 mM, pH = 8.0) mobile phases taking into account all CSPs data jointly. (-=---+- )
Identity line (i.e., slope = 1; intercept = 0). (- - - -~ ) Rs max = 1.5.

As far as the effect on enantioresolution of the nature of the CSP is concerned, using
ACN/NH4HCOs mobile phases, Cell2 was found to be the CSP that enabled baseline and partial
enantioresolution for the largest number of chiral compounds, then Cell4, next Cell3, Cell5, and Celll
(see Figure 1V.9). Additionally, ACN-Cell2 was the chromatographic system that allowed baseline
enantioresolution of the highest number of compounds (21) among all the tested systems, including
MeOH/NH4+HCO3 systems.

On the other hand, phenylcarbamate-type CSPs (Cell1l, Cell4 and Cell5; see Figures IV.9.A,
IV.9.C-1IV.9.E) did not exhibit clear complementary enantioselectivity to that of Cell2 when using
ACN/NH4HCO3 mobile phases.

When comparing the enantioresolution obtained in Cell2 and Cell4 CSPs, it was observed that
the position of the substituents on the phenyl group, while not having a significant effect on the
enantioselectivity of the CSP, did influence the enantioresolution degree in ACN/NH4HCO3 mobile

phases (see Figure IV.9.C), though not in MeOH/NH4HCOs mobile phases. In this way, the
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enantiomers of the majority of the compounds that were baseline or partially enantioresolved in the
ACN-Cell4 systems also did so in the ACN-Cell2 systems. From a practical standpoint, the ACN-Cell4
systems were found to be preferable to ACN-Cell2 in separating only the enantiomers of Ao = 11
(benalaxyl) and Mo = 31 (bicalutamide), which exhibited baseline enantioresolution only in ACN-Cell4

(although they did in other systems as well).

In practical terms, ACN-Cell1 (see Figure IV.9.A) and ACN-Cell5 (see Figure 1V.9.D) systems
were clearly advantageous over the ACN-Cell2 systems and also over all the systems studied to
achieve baseline enantioresolution of the enantiomers of just a few compounds —ACN-Celll for
No = 23 (orphenadrine); ACN-Cell5 for No = 24 (terfenadine) and No = 43 (terbutaline)—. Moreover,
upon comparing the enantioresolution obtained in the ACN-Celll and ACN-Cell5 systems (see Figure
IV.9.E), it was observed that they exhibited nearly orthogonal enantioselectivity, underlining the

significant influence of the nature of substituents in the CSP phenyl moiety on the enantioresolution.

On the other hand, out of all the CSPs tested with ACN/NH4HCO3 mobile phases, only Cell3
(a benzoate-type CSP; see Figure 1V.9.B) displayed distinct complementary enantioselectivity
compared to Cell2 and the remaining CSPs.
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Figure IV.9.- Comparison of maximum enantioresolution values (Rs max) obtained in the different CSPs studied
using ACN:NH4HCO3 (5 mM, pH = 8.0) mobile phases. (A) Celll vs. Cell2, (B) Cell3 vs. Cell2, (C) Cell4 vs. Cell2,
(D) Cell5 vs. Cell2, (E) Cell5 vs. Celll. (=== ) Identity line (i.e., slope = 1; intercept = 0). (- - - - - ) Rs max =
1.5.
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Using MeOH/NH4HCO3 mobile phases, Cell2 was found to be the CSP that enabled baseline
enantioresolution for the largest number of chiral compounds, then Cell3, next Cell4, Cell5, and Celll.
MeOH-Cell3 and MeOH-Cell2 chromatographic systems exhibited nearly orthogonal enantioselectivity
(see Figure IV.10.A). Furthermore, MeOH-Cell2 and MeOH-Cell4 systems exhibited comparable
enantioselectivities and enantioresolution degrees (see Figure IV.10.B). Finally, the MeOH-Celll and

MeOH-Cell5 systems showed nearly negligible enantioresolution ability (see Figure 1V.10.C).
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Figure IV.10.- Comparison of maximum enantioresolution values (Rs max) obtained in the different CSPs
studied using MeOH:NH4HCO3 (5 mM, pH = 8.0) mobile phases. (A) Cell3 vs. Cell2, (B) Cell4 vs. Cell2, (C) Cell5
vs. Celll, (»=r= ) Identity line (i.e., slope = 1; intercept = 0). (- - - -~ ) Rs max = 1.5.

Taking into account all the above considerations, we suggest following this order of
chromatographic systems while attempting to enantioseparate a new neutral or basic chiral
compound in the assayed cellulose-CSPs: (i) ACN-Cell2, (ii) MeOH-Cell3, (iii) ACN-Cell5, (iv) ACN-
Cell1, and (v) other systems.
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IV.2.3.- Conclusions

All the studied compounds and CSPs displayed the characteristic RPLC retention behaviour in
MeOH/NH+HCO3 mobile phases under the tested experimental conditions. However, in ACN/NH4HCO3
mobile phases, the U-shaped retention behaviour observed depending on their H20 content proved
the existence of two retention domains: the RPLC-domain, for mobile phases containing from 20 %
to 90 % H20 (< 80 % ACN); and the HILIC-domain, where the H20 percentage in the mobile phase
was below 20 % (80-98 % ACN). All the studied compounds and CSPs (both chlorinated and non-
chlorinated) exhibited this dual HILIC/RPLC retention behaviour. Nonetheless, the magnitude of the
differences in retention upon varying the H20 content in the mobile phase depended significantly on
the nature of the compound and the CSP used. In all CSPs, hydrophilic compounds exhibited more

noticeable HILIC behaviour.

The chromatographic systems exhibited differing enantioresolution degrees and
enantioselectivities when MeOH/NH4HCOs or ACN/NH4HCOs were employed as mobile phases.
MeOH/NH4+HCOs provided worse enantioresolution than ACN/NH4HCO3 mabile phases for the majority
of the compounds with all CSPs studied. This could be due to competition between MeOH and the

enantiomer for hydrogen bonding interactions with the CSP.

ACN/NH4HCOs mobile phases yielded significantly better enantioresolution in the RPLC-
domain as compared to the HILIC-domain for nearly all compounds. With the exception of
promethazine enantiomers, all compounds that had complete enantioresolution in the HILIC domain
had it in the RPLC domain as well.

The ACN-Cell2 chromatographic system enabled the separation of the enantiomers of the
largest amount of chiral compounds compared to the other tested systems. Only Cell3 CSP exhibited
a significant complementary enantioselectivity to Cell2, being nearly orthogonal with the use of
MeOH/NH4+HCO3 mobile phases.

When comparing the enantioresolution obtained in Cell2 and Cell4 CSPs, it is possible to
conclude that the position of the substituents on the phenyl moiety, while not having a significant
effect on the enantioselectivity of the CSP, did influence the enantioresolution degree in
ACN/NH4HCO3 but not in MeOH/NH4HCO3 mobile phases. On the other hand, the nature of the CSP
substituents played a significant role in the enantioresolution with ACN/NH4HCO3 mobile phases as
can be concluded from the comparison of the enantioresolution obtained in Celll and Cell5. The use
of MeOH/NH4HCO3 mobile phases with these CSPs was found to be unsuitable as these systems

almost lose their enantioresolution capability.

To assist in achieving optimal enantioresolution results and reducing the experimental effort
for the enatioseparation of a new basic or neutral chiral compound, the following screening sequence
was recommended: (i) ACN-Cell2 in the RPLC-domain; (ii) MeOH-Cell3; (iii) ACN-Cell5 in the RPLC-
domain; (iv) ACN-Celll in the RPLC-domain; (v) other chromatographic systems.
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1V.3.- Artificial neural networks to model the enantioresolution of structurally unrelated
neutral and basic compounds with cellulose tris(3,5-dimethylphenylcarbamate) chiral

stationary phase and aqueous-acetonitrile mobile phases. Paper III
IV.3.1.- Brief introduction and objectives

In this work to advance in the knowledge of the rational selection of the chromatographic
system to separate the enantiomers of a given compound, one of the objectives of this Doctoral
Thesis, ANNs are used to attempt quantitatively estimate enantioresolution of chiral molecules from

their structural information.

As stated in section 1.3, ANNs are robust and adaptive machine learning techniques that can
model complex and/or non-linear y-X or Y-X relationships. An ANN learns from a training dataset
until its predictive ability across a validation dataset improves. The architecture of an ANN comprises
interconnected neurons arranged in multiple layers that has to be optimised (see Figure 1V.11). In
the feed-forward method, the ANN architecture has: (i) an input layer (first layer) in which the X
variables are organised in the AMv neurons, (i) an output layer (final layer) in which the known
response variable(s) (y or Y) are also organised and (iii) the so-called hidden layers in the middle
that must also be arranged. During the learning process, the weights ( /) that connect all the neurons
are adjusted by means of linear or non-linear functions (activation functions). Once the architecture

is optimised, the ANN is ready to estimate response(s) for new compounds.

Because of the internal complexity of ANNs, the y-X relationship is not easily known. This
lack of transparency is often referred to as the “black box” problem in ANN research. Although several
methods have been proposed to estimate the importance of X variables in predicting responses, they
are not without limitations [222-224]. Moreover, there is currently no means to verify the quality of

such estimates.

The ANN methodology has a wide range of applications in various research areas. However,
at our knowledge, in the literature there are only four applications of ANNs for QSPR modelling in
chiral HPLC (see Table 1.9). These QSPR models have been derived for structurally related compounds
using amylose-based [111], donor-acceptor-based [116], cellulose-based [127], and macrocyclic
antibiotics [129] CSPs. At our knowledge, ANNs have never used to predict Rs values for structurally

unrelated compounds.

89



Chapter 1V

Input Laye Hidden Layers Output Layer
""""" \, VVI ST,
1 N i:*;ij 1 1
LY Known
2 i\\ — 2 2 0 e
\\ / 1
Structural \// = o
1 —+> Rsmax
Variables /f/ | | . ¥)
x / /\ \\\ '
X) // \ U | .
/‘ Z i Estimated
% A kk
Known
1 1 1
bias

Figure IV.11.- Architecture of ANNs tested in this work.

The aim of this work was to design, for the first time, a strategy exclusively based on ANNs
for FS and QSPR modelling of quantitative Rs values of structurally unrelated chiral compounds in a
given chromatographic system. The proposed strategy was tested for the prediction of the Rs max
values of 56 chiral compounds from 14 different chemical families chromatographed in Celll CSP and
aqueous ACN mobile phases (nearly the same compounds and ACN mobile phases studied in section
IV.2 and Paper II) from selected structural information. An approximation of the relative importance

of the selected variables to quantitatively predict Rs max was also suggested.

IV.3.2.- Results and discussion

The 56 structurally unrelated compounds studied were nearly the same studied in section
IV.2 (Paper II). The experimental Rs max values used as y variable are those corresponding to
ACN:NH4HCOs (5 mM, pH = 8), 10:90 - 98:2 (v/v), mobile phases studied in section IV.2 (Paper II)
for Celll CSP. The 56 structural variables used as X variables were nearly the same studied in section

IV.1 (Paper I). All variables (X and y) were autoscaled.

The 56 compounds studied were divided into three blocks: (i) the training block for learning
with 49 compounds, (ii) the validation block for overfitting control with 7 compounds displaying a
representative range of Rs maxvalues, and (iii) the test block for improving robustness which included

9 sets of 5 different training compounds used for cross-validation, and as test compounds as well.
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1IV.3.2.1.- ANN architecture optimisation, feature selection and predictive ability

930 ANNs architectures were assayed that included the X variables in the input layer, the
predicted Rs max values (¥) in the output layer, and up to two hidden layers with up to 30 neurons
in each hidden layer. For comparative purposes, some aspects of the ANNs that can generate different
outputs were fixed. That is, all inner weights (¥, in Figure IV.11) were fixed to one and the same

compounds subsets (training, validation and cross-validation) were utilised for every ANN assayed.

The code Mv-[ k- kk] - 1 was used for ANNs identification, being Mv, kand kk the number
of structural variables and of neurons in the first and second hidden layer, respectively. The code

NMv-[ k] -1 was used for ANNs with just one hidden layer.

To compare ANNs, a new quality target indicator (Q) was introduced:

Q = pMSE,,,, + pMSE, + W1|pMSE, — pMSE,, . | +

train train

(Eq. 1V.2)
w2 (=R + [1=b |+ [bo|)+ W3((@=R,) + [1= by | + |bou])

where pMSE are the penalised mean squared errors, and b, &1 and R are the intercept, slope, and
correlation coefficient values from the validation plot. The subscripts frain and v denote the training
and validation compounds. W1 =1, W2 = 10 and W3 = 5 were used in Eq. IV.2 to provide an
almost similar contribution of all the terms. The pMSE values were obtained by adding the standard
deviation to the mean value (obtained from 10-ANNs MSE outputs: one with the training block and
nine in the cross-validation runs). According to its definition, ANN quality increases as Q values

decrease.

The final ANN architecture chosen was the simplest ANN (i.e., with lower & x &k value) that
passed the two following filters: (i) R > 0.9, and (ii) @ values below the 10th percentile. It was
assumed that a simpler ANN, with a few connecting coefficients, would be more robust. The simplest

architecture fitting the two filters was 56-[7]-1. This architecture was selected for FS process.

To reduce the number of X variables and simplify the interpretation of the QSPR model (see
section 1.3), a new FS strategy based on ANN outputs (FS-ANN) was proposed. In the FS-ANN
process, the most informative variables (i.e., those providing the lowest @ values) were incorporated
(forward mode) sequentially (one-by-one) in each run. Figure IV.12 shows the relative Q values
respect to the @ value obtained using all variables through the FS-ANN process. As can be observed,
a Qvalue lower than 0 % (the initial one obtained with 56 variables) was obtained after adding eight

X variables. So, the final operative ANN architecture selected was 8-[7]-1.
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Figure 1IV.12.- Feature selection (FS-ANN) progress for Celll QSPR model: target indicator (Q ) values
(Eqg. 1V.2) obtained with the added variables relative to the Q value obtained with all the 56 X variables,
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in the final operative ANN architecture.

The final operative ANN architecture selected 8-[7]-1 showed good performance (e.g., MSE
= 0.047 and R = 0.98 for all the 56 compounds) in predicting Rs max (see Figure IV.13).

Estimated Rs max

0 2 4 6
Experimental Rs max

Figure IV.13.- Rs max validation plot obtained from the operative ANN (8-[7]-1) for all 56 compounds studied.
(O) Training and (@)validation block. (====+:* ) Identity (i.e., slope = 1; intercept = 0) and (—) regression lines.
(==-=-) Rsmax=1.5.
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1V.3.2.2.- Importance of variables

The importance of the eight selected structural variables in the ANN QSPR model was
approximated using two approaches adapted from the literature [222,223]. Using these approaches,
regression-like coefficients (one coefficient per variable) were obtained. These coefficients were
normalised with respect to their maximum value to approximate the relative importance of each
variable. Figure IV.14 shows the mean value of the relative importance together with their
corresponding standard deviation uncertainty obtained from the results of the two adapted

approaches for each selected variable.
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Figure IV.14.- Relative importance of the eight selected variables in the final ANN QSPR model. For each
variable, the mean (bar) and the standard deviation (error bar) values obtained using two approaches are shown.
(M) Positive and (M) negative contribution to Rs max.

Variables selected: number of aromatic heterocycle groups bonded to the C* (C*hA); surface tension (ST);
Balaban index (57); number of sp3 hybridised carbons divided by the total carbon count (/g3 ), secondary amine
(NVHR), tertiary amine (VR2) and ether (ROR) groups in the molecule; and number of amide groups bonded to
an aromatic ring (AVHCOR) in the molecule.

In a similar way to the regression coefficients in section IV.1 (Paper I), the approximated
relative importance of variables in the ANN QSPR model can be used to explain the major operating
forces in the modelled chromatographic systems. As can be observed in Figure IV.14, the presence
of dipoles (57) and ether groups (ROR) in the molecule enhance enantioresolution in the studied
Celll chromatographic system. Therefore, van der Waals forces and hydrogen bonding interactions
of enantiomers with the phenylcarbamate moiety of the CSP are of outmost importance on
enantioseparation. Oppositely, steric factors (high B/ values), as well as the existence of amide
(ANVHCOR), secondary (VHR) and tertiary (/VR2) amino groups in the compound molecule diminishes
enantioresolution. For all compounds exhibiting some of these negative features in their structure
(e.g., propafenone, fluoxetine, disopyramide, citalopram, brompheniramine among others, see Table
II1.1) Rs max < 1.5 were obtained; except for orphenadrine (Rs max = 2.3) and pindolol (Rs max =

1.6) because of the presence of ether groups in their molecule (see Table III.1).
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IV.3.3.- Conclusions

In this study, for the first time to our knowledge, ANNs were used for QSPR modelling of the
quantitative enantioresolution of structurally unrelated chiral compounds. As a case study,
experimental enantioresolution values of 56 chiral compounds from 14 diverse chemical families,
obtained in Celll CSP and aqueous ACN mobile phases, were used as the response variable; and 56

structural parameters were tested as predictor variables.

The strategy proposed based on a new quality indicator (Q) calculated from 9 ANN outputs
was designed to be suitable for the complexity of the data and the limited size of the dataset for ANN
modelling purposes. This strategy allowed for the selection of an appropriate predictive ANN
architecture (a single hidden layer of seven neurons) and for forward-stepwise FS-ANN process

resulting in the selection of eight predictor variables.

Finally, the study of relative importance of the eight selected variables, which combined
estimates from two different approaches, suggested that surface tension (positive contribution to
enantioresolution) and the number of secondary amino groups in the molecule (negative contribution
to enantioresolution) were the most important structural features of compounds for the prediction of

their enantioresolution under the experimental conditions assayed.

This study demonstrates the potential of using ANNs for estimating enantioresolution from
structural information, providing a valuable tool for predicting chiral separations. The ANN comparison
strategy proposed in this study could also be applied to other datasets, offering a reliable and efficient
method for selecting optimal ANN architectures and FS. Overall, this study provides a starting point
for future research on the use of ANNs for enantioseparations and expands the knowledge of the

relationship between molecular structure and chiral separation.
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1V.4.- Modified Gaussian models applied to the description and deconvolution of peaks

in chiral liquid chromatography. Paper IV
IV.4.1.- Brief introduction and objectives

As previously stated in the introduction chapter (section 1.4), the profiles of
chromatographic peaks, which can exhibit different peak characteristics such as efficiency and
asymmetry, can be described by a huge variety of mathematical functions. Modified Gaussian
models are a set of flexible functions with different complexity that stand out for the accuracy
achieved when they are used to fit chromatographic peaks. In these models, the change in the
variance (or standard deviation) of the chromatographic peaks over time is used to describe the
deviation from an ideal Gaussian peak. In addition, they can be made dependent on experimental

parameters as fr, /10, Aand B, which facilitates their practical application.

Among all modified Gaussian models proposed in Table 1.10, the LMG, PVMG and PLMG
models were chosen and used in this work. In LMG model, the peak standard deviation is explained
by means of a linear function (see Eqg. 1.6, using the first-degree polynomial). However, a more
elaborate model, such as PYMG model (see Eg. I1.8), in which the variance follows a parabolic
profile, is required to achieve more precise chromatographic peak fitting. In both models, for times
that are significantly distant from the peak maximum, the parabolic growth of variance can result in
non-zero values of the baseline. To prevent the function from growing beyond the peak region,
PLMG model (see Eq. 1.9) was proposed. PLMG model, which combines a parabola with a

Lorentzian, has proven to be the most effective in fitting isolated asymmetric peaks.

In this work, the description of the enantiomeric peak profiles is studied by the application
of the LMG, PVMG and PLMG models. The effectiveness of the approaches was verified by means of
the simultaneous fitting of the peaks of the enantiomers. The deconvolution of the enantiomeric
peaks, when they are not baseline separated (Rs < 1.5), is also studied with the aim of achieving
the EFvalue.

IV.4.2.- Results and discussion
IV.4.2.1.- Fitting performance

Different approaches based on the selected modified Gaussian models (LMG, PVMG and
PLMG models) have been proposed and compared (see Table IV.2). All models were applied
unmodified (approach a). In addition, two modifications of the models (2 new approaches) were
also applied to solve the problem of abnormal tail prediction. The tails models can be improved
using exponential tails, specifically at 10 % of the peak height, beyond the peak region
(approach b); or using a sigmoidal function that restricts the growth of the independent variable to

obtain Gaussian tails (approach c). In order to simplify the application of the proposed approaches,
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A and B parameters were measured at 10 % peak height, and the variance was kept positive and
with a minimum value never lower than 1:10®. Least squares regression was used to optimize the
peak parameters for each peak during the fitting process. Both enantiomeric peaks were

simultaneously fitted, providing an assessment of the fitting quality independent of their Rs.

Table IV.2.- Nomenclature of the different approaches applied to modified Gaussian models.

Model/Approach Unmaodified (a) Exponential function (b) Sigmoidal function (c)
LMG (I) Ia Ib Ic
PVMG (1II) IIa IIb Iic
PLMG (I1I) IlIa IIIb IIIc

The enantiomeric peaks used for the application of the modified Gaussian models were
chosen for their diverse shapes and skewness values. These enantiomeric peaks (20
chromatograms of eight chiral drugs from different families of interest: BUPI, FLU, IBU, KET, MET,
OME, PRO, and TRI) were acquired using different chromatographic systems with different CSPs,
mobile phases, pH values, and temperatures (see Table III.2 for additional information). The
selected chromatograms present a wide range of peak parameters: fr between 1.7 and 27.5 min,
Rs values from 0.49 to 3.34, B /A between 0.84 and 3.13, and £F from 29.8 to 61.2 %.

The PLMG model achieved excellent results in the fitting of the studied enantiomeric peaks.
Particularly, for KET4, IBU3 and MET2 chromatographic peaks that show a great diversity of values
in peak asymmetry (B /A range from 0.84 to 2.81). When using the PLMG model, most of the
compounds obtained errors below 1 % (mean relative error: 0.69 % for approach IIla, 0.80 % for
approach IIIb, and 0.71 % for approach IIIc). The PYMG model achieved acceptable results (mean
relative error: 1.87 % for approach IIa, 1.52 % for approach IIb, and 1.58 % for approach IIc).
While the LMG model achieved the worst results (mean relative error: 4.34 % for approach Ia,

4.12 % for approach Ib, and 4.54 % for approach Ic).

In overlapped peaks resolution, the unmodified models (approach a: Ia, Ila and IIla) have
a tendency to overfit and to transfer a fraction of area from one peak to another since doing so
results in a better fit. While applying an exponential function (approach b: Ib, IIb and IIIb) can
effectively address tail problems, it does not substantially enhance the fittings. The application of a
sigmoidal function (approach c: Ic, IIc and IIIc) is a suitable option since it is easier to apply and

provides acceptable results.

The LMG model can be only applied for peaks that are symmetric enough. The PYMG model
provided satisfactory fittings for most peaks. However, it is worth noting the slight enhancement in
fittings achieved with the modified PYMG models (approaches IIb and IIc). The PLMG model

provided the best fittings, although it is possible to encounter problems of overfitting or
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unsatisfactory tails in certain situations due to the high flexibility of the PLMG model (e.g., the
reliability of the A and B parameters can be low) (see Figure IV.15). For example, in the KET4
chromatogram, the individual peaks obtained with the PLMG model, both applying and without
applying restrictions (IIIa, IIIb and IIIc), are overlaid. Using approaches IIIa and IIIc, anomalous
peak shapes were observed in regions with overlapped enantiomeric peaks, while approach IIIb
addresses this problem by forcing an exponential decay in the peak tails. Therefore, it is not
possible to apply the PLMG model for deconvoluting overlapped peaks, but it is advantageous for
getting a peak function that precisely describes the experimental data for individual peaks that are
perfectly defined, for determining peak parameters and for minimizing noise problems. However,
for enantiomers that are partially separated, it is essential to perform a more exhaustive

investigation into peak shape variations.

(A)

TRI3

KET1

(D) (E) (F)

1BU2

IBU3

Figure IV.15.- Peaks adjusted with the PLMG function for (A) KET using Am2 CSP with ACN:HCOOH (0.1 %,
v/v), 60:40 (v/v), at 15 °C; (B) FLU using Celll CSP with ACN:HCOONH4 (10 mM, pH 3.0), 40:60 (v/v),
+ NaClO4 (500 mM) at 15 °C; (C) TRI using Cell-SC CSP with ACN:CH3COONH4 (10 mM, pH 8.0), 45:55 (v/v),
+ DEA (0.1 %, v/v) at 25 °C; (D) PRO using Celll CSP with ACN:NaClO4 (500 mM), 40:60 (v/v), at 25 °C;
(E) IBU using Am2 CSP with ACN:HCOONH4 (10 mM, pA 3.0), 40:60 (v/v), + NaClO4 (500 mM) at 25 °C; and
(F) IBU using Cell3 CSP with MeOH:HCOONH4 (10 mM, p# 3.0), 80:20 (v/v), at 25 °C. Experimental (o),
predicted (black solid line, —) and individual peaks (red and blue solid lines, — and — for E1 and for E2,
respectively).
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IV.4.2.2.- Peak deconvolution

Since both UV and MS spectra of the enantiomers of a racemic compound are identical, the
application of multivariate techniques (e.g., multivariate curve resolution-alternating least squares)
is not useful for the evaluation of the EF. Thus, the deconvolution of the peaks of the enantiomers

of diverse chiral drugs was studied.

The stability of the PLMG and PVMG models (the models that exhibited the best results in
chromatographic peak fitting) was compared. Both were applied to the overlapped peaks of KET4
(Rs = 1.21) at five concentration levels (2-100 mg L) to subsequently calculate the EF by
measuring the area of each peak. The reliability of the deconvolution process depends on the
model’s capability to correctly acquire the shape of each enantiomeric peak. Both models generated
well-fitted peaks, with similar total areas and a mean relative error of 0.3 %. The same £F values
should be obtained at different concentration levels since the shape of the peaks is expected to
remain constant. However, the variation in £F values was measurably larger for the PLMG model
than for the PVMG model. This may be because the significant uncertainties in the peak shapes

obtained with PLMG model, which in turn leads to higher errors in the deconvolution.

It is obvious that the PLMG model incorrectly distributes the total area between the two
enantiomeric peaks. Then, the PVMG model was used to fit the overlapped peaks of other
chromatograms such as KET2 (Rs = 0.73) and KET3 (Rs = 1.02). Using approach IIc, the
calculated £F was 38.3 % for KET2 and 46.4 % for KET3. In KET2, the width of the second peak
grew, including a portion of the area from the first peak. This could be attributed to the fluctuation
in width of one peak throughout the fitting iterations to counteract the reduction in width of the
other peak. This phenomenon was not observed for KET3. The variability was higher with low
enantioresolution (e.g., Rs = 0.49 for FLU2 and 0.62 for KET1). Nevertheless, when the
enantioresolution was enough (e.g., Rs = 1.19 for BUP1 and 1.38 for PRO3), similar £F values were
obtained using any approach studied. Therefore, the data set studied cannot be accurately
deconvoluted using the PVMG model when attempting to fit all peak parameters and the

enantioresolution is not sufficient (Rs < 1.0).

To address this problem, additional studies that reduce the peak shape variation should be
performed. It is important to discover approaches to restrict the peak shape while maintaining a
satisfactory level of fitting. Additionally, a protocol that maintain a constant £F value during the
deconvolution process should be developed. The suggested models should be also evaluated even

when the EFis significantly different from racemic.

98



Summary of thematic, results and conclusions

IV.4.3.- Conclusions

Tested modified Gaussian peak models allowed the fitting of chromatographic peaks with a
wide range of properties. LMG model only provides acceptable fittings for sufficiently symmetrical
peaks. PYMG model provides satisfactory fittings, being the chosen model for compounds that
present conventional profiles. PLMG model provides the best fittings, although overfitting problems

or unsatisfactory tails may appear.

For overlapping peaks, it is necessary to constrain the models to establish the peak shape
properly. If the models are applied without any restriction, they tend to overfit and transfer a

fraction of the area between the overlapped peaks if this leads a better fit.

The application of exponential tails (approach b) can effectively eliminate tail problems, but
it does not substantially enhance the fittings. The application of sigmoidal function (approach c) is a

suitable option, it presents acceptable results and is easier to apply.

The deconvolution of insufficiently separated chromatographic peaks of enantiomers of a

given chiral compound is also possible if resolution is not too low.
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IV.5.- Trimeprazine is enantioselectively degraded by an activated sludge in ready

biodegradability test conditions. Paper V
IV.5.1.- Brief introduction and objectives

As previously stated in the introduction chapter (sections I.1 and 1.5), despite the recognized
significance of stereochemistry in pharmacology, it has often been disregarded in the field of
environmental research. The enantioselectivity in the ecotoxicity and biodegradation processes is

obvious and parallel to that observed in the medical and biomedical fields.

The presence of chiral pollutants in the environment, particularly drugs, is a growing concern
due to the different characteristics of enantiomers and their possible effects on both human health

and the environment.

The OECD tests for assessing ready biodegradability (see section I1.5.1) are designed to
identify chemicals that can be easily degraded, thereby contributing to advances in water and
environmental research. Therefore, monitoring the £F of chiral compounds during the biodegradation

process is also crucial for assessing health and environmental risks.

TRI, also known as alimemazine, is a tricyclic antihistamine that shares structural similarities
with phenothiazine antipsychotics but differs in ring-substitution and chain characteristics. Although
TRI is not used clinically as an antipsychotic, it is commonly used as an antiemetic for motion sickness
prevention, or as an antihistamine in combination with other medications for cough and cold relief.
TRI is also used as an antipruritic agent, for insomnia, and as oral premedication in pediatric day

surgery.

In this work, the enantioselective biodegradation of TRI enantiomers is examined by a
biodegradability test under conditions similar to those recommended in OECD tests. The experiments
were carried out in batch mode using a saline medium with an activated sludge inoculum from a local
WWTP and spiked with rac-TRI at three concentration levels. A method for chiral separation of TRI
enantiomers by RPLC was developed. This study aimed to provide the first evidence of
enantioselective biodegradation of TRI and to relate it to microbial growth. In addition, a curve-fitting
approach is proposed for 5, BD and EF over time. Finally, a precision study on Sand £F data, under

intermediate precision conditions, is performed for the first time.
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IV.5.2.- Results and discussion
IV.5.2.1.- Chiral chromatographic analysis

The effectiveness of various polysaccharide-based CSPs and mobile phases (see Table III.2
for additional information) in separating the enantiomers of TRI was evaluated. Partial
enantioresolution was only achieved with Cell1 and Cell5 CSPs when using a mobile phase containing
ACN:HCOONH4 (10 mM, pH = 8.0), 60:40 (v/v), + DEA (0.1 %, v/v). To improve the separation,
mobile phases containing ACN and chaotropic agents such as ACN:KPFs (100 mM), 40:60 (v/v), and
ACN:NaClO4 (500 mM), 40:60 (v/v), were tested.

By using Celll as CSP and a mobile phase composed of ACN:NaClO4 (500 mM), 40:60 (v/v),
the enantiomers of TRI were separated with satisfactory results (Rs = 2.2, £{r1 =13.6 min and {r2 =
14.8 min). Calibration curves were obtained for each enantiomer by injecting standard solutions
containing rac-TRI in the concentration range of 1-30 mg L (5 concentration levels). Adequate
results were obtained for both enantiomers (R? > 0.99). The limit of quantification was determined

for a concentration of 1 mg L of rac-TRI (0.5 mg L of each enantiomer).
IV.5.2.2.- Enantioselective biodegradation results

Batch mode biodegradability assays were conducted in duplicate for TRI enantiomers at three
concentration levels of rac-TRI (4.8, 9.0 and 18.0 mg L) using the methodology outlined in section
I11.3.3. The inoculum activity was verified using benzoic acid (20 mg L) as reference substance. It
was observed that benzoic acid was completely biodegraded in less than 48 h, confirming the

adequacy of the inoculum and therefore the validity of the TRI assays.

Figure 1V.16 illustrates the changes in concentration (S -¢, two replicates) of the enantiomers
of TRI at an initial rac-TRI concentration of 9 mg L over the course of the experiment. As can be
observed, both enantiomers experience a similar concentration depletion in the first few days, up to
approximately day 4. However, different concentration profiles become apparent for the enantiomers
during the following days up until the experiment is completed. Furthermore, the concentration
profiles appear to stabilize at higher times, indicating that no further degradation is likely to occur.
Similar outcomes were obtained for the other tested rac-TRI concentrations, which indicate that
enantioselectivity is independent of the concentration. Abiotic assays showed relatively low
degradation rates (< 20 %) compared to biotic assays, confirming that degradation was primarily

driven by microbial communities.
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ODsoo values measure the turbidity of the solution, which can be considered proportional to
biomass growth [225]. In Figure IV.16, the variation of ODso0 measures over time was overlaid for
comparison purposes. As can be observed, a typical microbial growth curve was obtained, including
an initial lag phase (~2 days), a short exponential phase (~2 days), and a stationary/decline phase.
This last phase may explain the stabilization observed in the concentration profiles. This behaviour
was observed for all rac-TRI concentrations tested. Interestingly, by comparing the concentration
and ODsoo profiles, it can be concluded that the enantioselective biodegradation stage appears to

coincide more with the stationary/decline phase than with the exponential phase.
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Figure IV.16.- Variation of concentration of TRI enantiomers (two replicates) during biodegradability assay.
(A) First and (V) second eluted enantiomers. Fitted curves (solid lines) were obtained by adjusting the
experimental results to the simplified Monod model. ODsqp values (e, dashed line) are also shown. The results
correspond to an initial concentration of rac-TRI of 9 mg L.

Figure 1V.17 depicts the variation of the E£F values (Eq. 1.1) together with the standard
deviation over time for a rac-TRI concentration of 9 mg L. Consistent with the results shown in
Figure 1V.16, EF values close to 0.5 (indicating no enantioselectivity) were obtained until
approximately day 4. Subsequently, during the final phase of microbial growth, the E£F values
decreased and stabilized at around 0.40-0.45. Equivalent £F trends were noted for the other two
rac -TRI concentration levels investigated. The grand mean of £F for the final five incubation times
(where EF remained almost constant) were 0.44 + 0.03, 0.43 + 0.04, and 0.43 £ 0.05 for the low,
intermediate, and high rac-TRI concentrations, respectively. These results show, for the first time,
evidence of moderate enantioselectivity in the microbial degradation processes of TRI enantiomers

using this activated sludge within the concentration range studied.
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Figure IV.17.- Variation of mean EF + s (o) over time obtained for a rac-TRI concentration of 9 mg L. The
solid line, EF -t curve, was obtained by adjusting the experimental results to the simplified Monod model. The
horizontal line at £F = 0.5 denotes no enantioselectivity in the biodegradation process.

IV.5.2.3.- Kinetic assessment of the data. Curve fitting

Regardless of the accuracy and reliability of the kinetic parameter estimates commented in
section 1.5.1, Monod and Michaelis-Menten-like models provide curves with a good fit (e.g., high R?)

to the experimental S-¢data in most cases.

In this work, the simplified Monod model (Eq. 1.23) with an offset term was used to obtain
S-tcurves. As can be observed in Figure 1V.16, the resulting fitted models for both enantiomers
(solid lines) shown an adequate agreement with experimental values. From these S-¢ curves, the
corresponding £F -t curve was generated (solid line in Figure IV.17). Despite the presence of notable
uncertainty in the £F data, the fitted curve agrees reasonably well with the experimental £F values.

The curves obtained for the three concentration levels studied exhibited similar patterns.

Similarly, curves for BD (Eq. 1.27) over time (BD-t curves) were also obtained. These curves
can be very useful to estimate the half-life time (¢1/2; BD = 50%) as well as the BD at a given time.
As can be observed in Figure IV.18, for the highest concentration level studied of rac-TRI (curves 5
and 6), both enantiomers have similar f12 (~ 4.5 days), indicating a negligible degree of
enantioselective biodegradation. At the intermediate concentration level studied (curves 3 and 4),
t1/2 differs between both enantiomers revealing an incipient enantioselective biodegradation (~ 4.5
and ~ 6 days for E1 and E2 enantiomers, respectively). For the lowest concentration level studied of
rac-TRI (curves 1 and 2), £i2 is ~ 5 days for E1, but £1/2 cannot be estimated for E2 because E2
never reach BD = 50 %. The observed differences in the outcomes obtained for the various substrate
concentration levels could imply the existence of different biodegradation mechanisms for the TRI

enantiomers. Furthermore, it can be observed that in all cases the maximum BD values increase as
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rac -TRI concentration increases and that E1 reaches higher BD values than E2 during the

enantioselective biodegradation phase, consistent with Figure IV.16.
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Figure IV.18.- Estimated BD values of TRI enantiomers according to the simplified Monod models.
Initial rac-TRI concentrations: 4.8 mg L for curves 1 (E1) and 2 (E2); 9 mg L for curves 3 (E1)
and 4 (E2); and 18 mg L for curves 5 (E1) and 6 (E2). (- ) BD = 50 %.

IV.5.2.4.- Precision study under intermediate precision conditions

In biodegradation studies, precision evaluation is frequently overlooked. In these studies, the
uncertainty associated with both the analytical method and the biodegradation process contribute to
overall precision. By providing precision data, it is possible to compare different biodegradation

procedures and to assess the quality of the kinetic parameter estimates.

In this work, precision studies on S and EF values were performed to evaluate the
repeatability and intermediate precision conditions, which included the factor of time. Duplicated
results from biotic assays were placed in a matrix labelled Xnxns, with Arand Ais representing the
number of replicates (in this case, AMr = 2) and the number of series (incubation times). The data
matrix was analysed with ANOVA. The repeatability standard deviation (sr), between-run standard
deviation (swn), and standard deviation of the grand mean (smean) Were calculated using equations
IV.3 to IV.5, which were derived from the residual mean square (MS;) and the between-run mean

square (MSwun).

s2 = MS, (Eq. IV.3)
. _ (MSpyn —MS,) (Eq. IV.4)
Srun = - Nr
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2 _ MSyyn (Eq IVS)
mean Nr

For precision estimation of S values, for each enantiomer, Xaxi0 matrices (2 replicates, 10
days) were constructed and analysed using ANOVA. The ANOVA analysis indicated above, is valid for
a single concentration level. But, in biodegradation data, S changes over time, therefore, only the s;
values are statistically consistent. From Eq. IV.3, the relative standard deviation values expressed as
percentage (RSD;) were calculated for each concentration level and enantiomer and ranged from
3.7 % to 8.7 %, which suggests moderate imprecision. These values reflect the overall method

imprecision (biodegradation and analytical processes).

The precision study was extended, for the first time, to the £F values. In this case, since the
EF can be considered almost constant in the last five times, the precision study could be performed
including the factor time. For this purpose, for each concentration studied, ten £F data were used to
construct Xaxs matrices. From equations, IV.3 and IV.4, s; and su» values were calculated and
expressed as RSD in percentages (RSD: and RSDwun, respectively). RSDr and RSD.n values of less
than 5 and 13 %, respectively, were obtained for the concentrations studied. These values can be

considered usual in the framework of a biodegradation process.

IV.5.3.- Conclusions

The results in this work provided the first evidence of enantioselective biodegradation of TRI

enantiomers, with a maximum EF of 0.44 at concentrations of rac-TRI ranging from 5 to 20 mg L.

The biomass growth, measured by ODsoo, indicated that enantioselective biodegradation

occurred mainly during the stationary/decline stage rather than the exponential stage.

The Michaelis-Menten-like approach with an offset term can be used to fit S-t and BD-t
curves. Fitted curves accurately represented the experimental data and allowed the estimation of
half-life times which were more secure than other estimations based on model parameters. In
addition, for the first time, EF-t fitted curves were also obtained. The results showed that

enantioselectivity was found to be independent of concentration.

Moderate imprecision was observed in the precision study on S (repeatability conditions) and
EF (intermediate precision conditions). Future works should consider the S imprecision when

estimating kinetic parameters via Monod or alternative models.

The results obtained in this work suggest that TRI possesses the potential for moderate
enantioselective biodegradation in diverse environments, in accordance with OECD guidelines.
Nonetheless, additional studies are required to corroborate and extend these results using other

substrates/biological materials.
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1V.6.- Direct chromatographic study of the enantioselective biodegradation of ibuprofen

and ketoprofen by an activated sludge. Paper VI
1IV.6.1.- Brief introduction and objectives

To contribute to the advancement of knowledge of the risks and hazards of chiral pollutants,
one of the objectives of this Doctoral Thesis, in this work, in a similar way to section IV.5, the

enantioselective biodegradation of IBU and KET is studied.

IBU and KET are chiral NSAIDs that exhibit anti-inflammatory and analgesic properties. IBU
is one of the most widely used drugs globally. The therapeutic benefits of these drugs are
predominantly attributed to their (5 )-enantiomers, with the (R)-enantiomers being weakly active or
inactive. However, despite the differences in enantiomeric activity, IBU and KET are typically

produced as racemic mixtures.

It has been reported the occurrence of IBU and KET enantiomers in influents and effluents
from WWTPs. However, there is a controversy about the enantioselective biodegradation of IBU.
(S)-IBU was found to be the predominant enantiomer in wastewater influents and preferentially
degraded during wastewater treatment. Nonetheless, for constructed wetlands, the EF values
exhibited significant variability, with (R)-IBU preferentially degraded in the final stage of the process.
This behaviour has been attributed to changes in the aerobic and anaerobic conditions within the
WWTP that could induce the chiral inversion of (R)-IBU. Additionally, the degree of chiral inversion
seems to vary depending on the microorganisms present in the WWTP considered. No significant

changes in £F values were reported for KET.

Laboratory-scale experiments have also been performed to investigate the enantioselectivity
in the biodegradation of NSAIDs. The results obtained in these studies showed that (5 )-IBU was the
preferentially degraded enantiomer, and the degradation of (R)-KET was slightly higher than its

antipode.

To summarize, alterations in the £F values of IBU and KET during biodegradation can be
attributed not only to the faster degradation of one enantiomer compared to the other
(enantioselective degradation), but also to the occurrence of chiral inversion resulting from enzymes
that can vary in their ability to invert the degree and/or direction of chirality in different organisms,

or due to the combination of both processes [177].

The objective of this work was to evaluate the biodegradation of IBU and KET enantiomers
using ready biodegradability tests, compatible with OECD guidelines. To separate IBU and KET
enantiomers, polysaccharide-based CSPs were tested under RPLC conditions and, under the chosen

conditions, validation of the methods was performed.

In addition, this work describes a new approach for estimating significant parameters related

to the biodegradation process using chromatographic peak areas of enantiomers. The approach is
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designed to eliminate the uncertainty associated with the calibration step and to reduce experimental
effort and cost. The article presents new equations to model BD-¢ curves and EF -t curves using
enantiomer peak areas as dependent variables. The effectiveness of this approach is compared with

conventional models and previous results for the biodegradation of IBU and KET enantiomers.

IV.6.2.- Results and discussion
1V.6.2.1.- Chiral chromatographic separation

The usefulness of various polysaccharide-based CSPs and mobile phases in separating the
enantiomers of IBU and KET was evaluated. As mobile phases, binary mixtures of ACN or MeOH and
aqueous formic acid solution (0.1 %, v/v), in varying proportions, at 15 and 25 °C were assayed (see
Table III.2 for additional information). The identification of enantiomers of IBU and KET was

performed by injecting (S )-IBU and (S )-KET standard solutions.

Using Cell3 CSP and a MeOH:HCOOH (0.1 %, v/v), 80:20 (v/v), mobile phase at 25 °C,
adequate results (Rs = 2.8, tr(R)-IBU = 7.3 min and £r(S )-IBU = 8.1 min) were obtained. These

conditions were selected for the enantioseparation of IBU in biodegradability assays.

For KET, the use of Am2 CSP and a mobile phase containing ACN:HCOOH (0.1 %, v/v), 35:65
(v/v), at 15 °C provides adequate results (Rs = 1.6, {r(R)-KET = 4.1 min and ¢r(S )-KET = 5.2 min)
and was selected for the enantioseparation of KET in biodegradability assays. In the experimental

conditions assayed no reversal elution order of IBU and KET enantiomers was observed.
IV.6.2.2.- Biodegradation assays and chromatographic information

Batch mode biodegradability assays were done by duplicate at 15.6 mg L=! of rac-IBU and
18.0 mg L! of rac-KET following the procedure described in section II1.3.3. The inoculum activity
was verified using fluoxetine (20 mg L!) as reference compound (target value BDq = 70 £ 11 %)
[226]. In this work, a BDsd of 69.3 % for fluoxetine was obtained, confirming the adequacy of the
inoculum and therefore, the validity of the IBU and KET biodegradability assays.

In addition, the measurement of the ODs00 values to control the biomass growth showed
that, for both IBU and KET assays, the maximum biomass growth was obtained at 5 days, after which

a stationary growth phase took place, followed by another decreasing phase.

In this study, an alternative method for calculating BD values, which involves using

chromatographic information directly, specifically the peak area (A), instead of S data, was proposed:

So—S Ay — A Ap— A
0 0 ~ Jo 100 (Eqg. 1v.6)
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where Ao represents the peak area obtained at the beginning of the experiment (¢ = 0 days). This
equation is valid assuming that the intercept of the calibration curve, by, is statistically non-significant

or negligible.

Moreover, the EF values at a given time were also calculated directly from the

chromatographic information for IBU and KET enantiomers:

__Se _ (Ag1 = bog1) /by A (Eq. IV.7)
SEI + SEZ (AEl - bO,El)/bl,El + (AEZ - bO,EZ)/bl,EZ AEl + AEZ

EF

where Ae1 and A2 correspond to the peak area obtained for E1 and E2 enantiomers, respectively, at
a given time. This equation is valid assuming that the differences in the slopes (b1e1 and big2) are

not statistically significant and the intercepts (&,e1 and foe2) are statistically equal to zero.

In order to verify the indicated assumptions, methodological calibration for IBU and KET
enantiomers was obtained under the selected chromatographic conditions. Satisfactory results were
obtained for the enantiomers of both compounds studied (R2 = 0.998). In both cases, & values were
statistically non-significant. In addition, the #-test used to compare the bi,e1 and bie2 slopes of the

enantiomer calibration curves for IBU and KET indicated their statistical equality.

Figure IV.19 show the BD values calculated using the direct chromatographic approach for
the enantiomers of IBU (Figure IV.19.A) and KET (Figure IV.19.B). Degradation was not detected for
the enantiomers of IBU within the initial five days of incubation. Subsequently, the biodegradation
process was initiated; however, even after 28 days of incubation, complete degradation of IBU
enantiomers was not achieved. Furthermore, the biodegradation of (R)-IBU was found to be greater

than that of (5)-IBU, suggesting enantioselectivity in the biodegradation process of IBU enantiomers.

Similar to IBU, degradation of KET was observed after five days of incubation. However,
complete degradation of KET enantiomers was done within 25 days of incubation. As can be observed
in Figure 1V.19.B, the biodegradation of KET enantiomers was similar, therefore it appears not to be

enantioselective.

In the abiotic assays, non-significant physicochemical degradation (< 20 %) was observed
for IBU and KET enantiomers, confirming that degradation of these compounds was primarily driven
by microbial community. From the results obtained and according to OECD guidelines, IBU and KET

enantiomers exhibit ready biodegradability.

108



Summary of thematic, results and conclusions

(A) (B)
100 ——
et 100 | +/§ é
/s
- 50 @G- O 5O boveeeeenen g Lo
3 P @ P
//‘/ é/
(©)
" S 089
0 20 40 60 80 0 10 20 30
t, days t, days

Figure 1IV.19.- Biodegradation values (BD % s), calculated from peak areas using the Eq. IV.6, in incubated
samples during the biodegradation assay for: (A) (@) (S)-IBU and (®) (R)-IBU, and (B) (©) ($)-KET and
(®) (R)-KET. Dashed lines represent the modelled BD -t curves (Eq. 1V.9).

For modelling BD -t curves, the simplified Monod model (Eq. 1.23), which relates Sand ¢ by
means of the Lambert W function, has been adapted for chromatographic data (A= W{¢}; Eq. IV.8).
By substituting this model in Eq. 1V.6, the following equation (BD = W {t}; Eq. IV.9) was obtained:

So—Vin't
= [
0 N
1 So—Vm't
BD = ﬂ{so T [&e(—Ks i (Eq. IV.9)
So K,

where s is the maximum specific growth rate and As is the half saturation constant for growth.

Dashed lines in Figures IV.19.A and IV.19.B represent the modelled BD-¢ curves obtained
according to Eq. IV.9 for IBU and KET enantiomers, respectively. As can be observed, a good
agreement between the fitted curves and the experimental data points for BD exists (R? values of
0.94 and 0.95 for (R)- and (S)-IBU, respectively, and 0.99 for both (R)- and (5)-KET). By
extrapolating these curves, it can conclude that the biodegradation process of (R)-IBU would be
completed in approximately 60 days, while (5 )-IBU would require around 80 days. In contrast, KET
showed complete biodegradation within 25 days, as previously stated. Another significant advantage
of the BD model is the capability to predict 12 values. The 1,2 values for (R)- and (S )-IBU were
estimated to be 18 and 25 days, respectively. Whereas, the 1,2 values for (R)- and (S)-KET were
both 12 days.

109



Chapter 1V

Moreover, it is possible to model EF -t curves from chromatographic data (A -£curves) by
combining BD -t curves for the enantiomers E1 and E2 (B0k: and BDe, respectively). From Egs. IV.6
and 1V.7, the following equation is obtained:

po_ 100~ BDg (Eq. IV.10)
200 — BDy; — BDp,

Figures IV.20.A and 1V.20.B show the modelled E£F -¢ curves for IBU and KET, respectively.
As can be observed, a good agreement between the fitted curves and the experimental data points
for £F exists. The models allow extrapolating £F values. For instance, the £F value of IBU decreased
to approximately 0.4 at 28 days, and the expected minimum E£F value is close to 0.2 at 60 days (i.e.,
at the time where (R)-IBU is almost completely biodegraded). These results show that the
microorganisms present in the activated sludge used in this study show enantiorecognition towards
IBU enantiomers. Specifically, the biodegradation of (R)-IBU was observed to be superior to that of
(S)-IBU, as stated before. For KET, E£F values close to 0.5 were observed throughout the
biodegradation process, which confirms that the biodegradation process of KET is non-

enantioselective, as anticipated. These results are in agreement with those described in the literature.

(A) (B)
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Figure IV.20.- Variation of £Fvalues (mean = s) during the biodegradation assay for: (A) IBU and (B) KET.
EF values were calculated from Eq. IV.7. Dashed lines represent the E£F -tfitted curves obtained from Eq. IV.10.
The horizontal line (£F = 0.5) indicates the absence of enantioselective biodegradation.

The use of concentration data instead of peak areas provided similar BD and EF estimates.
A maximum absolute difference of 2.3 was observed for BD, while £F exhibited relative differences

below 1 %. Thus, both approaches can be applied indistinctly. However, using chromatographic peak
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area data as input variables eliminates the uncertainty associated with using calibration curves and

provides more precise BD and EF estimations.

Finally, although the purpose of the developed methods was not routine sample analysis,
some established analytical features (precision and trueness) were obtained by processing two
replicates of rac-IBU and rac-KET solutions prepared daily in MSM at two concentration levels
(1.2 and 8 mg L) for five days. Results for each enantiomer and compound were organised in a data
matrix, Xaxs, and processed via ANOVA following the strategy showed in section IV.5. Relative
standard deviations values and mean relative errors values lower than 6.9 and 9.5 % for IBU and

9.4 % and 9.5 % for KET, respectively, were obtained.

1V.6.3.- Conclusions

The assay to evaluate the biodegradability, following the OECD recommendations, of two
commonly consumed drugs, IBU and KET, using an inoculum of activated sludge from a WWTP
showed that both drugs were readily biodegradable with non-significant abiotic degradation. The
outcomes of this study suggest that these drugs have the potential for degradation in various
environments, according to the OECD guidelines. However, the extrapolation of these findings directly

to environmental or wastewater treatment scales is not recommended.

The biodegradability of IBU enantiomers was enantioselective, being the BD of (R )-IBU

higher than BD of (5 )-IBU; while non-enantioselective biodegradation was observed for KET.

The chiral RPLC methods developed to monitor the enantiomers of IBU and KET were fast
(analysis times lower than 10 min) and allow the complete separation of the enantiomers of both
NSAIDs (Rs = 2.8 for IBU and Rs = 1.6 for KET).

The biodegradation process was confirmed by the biomass growth, which was measured by
the ODs00. The maximum values of ODs00 were obtained on the fifth day of the biodegradation tests
for both NSAIDs. During the stationary/declining growth phase, the differential behaviour of the IBU
enantiomers was observed.

The proposed new equations using direct chromatographic information provided similar
estimates to those obtained using S data. However, the use of A data as input variables eliminated
the uncertainty associated with calculations derived from calibration curves and provided more
precise BDand EF estimations. The use of A data allows for estimating significant parameters related
to the biodegradation process: i) the 12 of (R)-IBU and (S)-IBU were estimated to be 18 and 25
days, respectively, while £1/2 values of 12 days were estimated for both KET enantiomers; ii) complete
BD of IBU enantiomers required 60-80 days, meanwhile for KET enantiomers only 25 days are
needed, and iii) the £F value of IBU decreased to approximately 0.4 at 28 days, being the expected

minimum value of around 0.2 at 60 days.
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IV.7.- Reversed phase liquid chromatography for the enantioseparation of local
anaesthetics in polysaccharide-based stationary phases. Application to biodegradability
studies. Paper VII

IV.7.1.- Brief introduction and objectives

LAs are commonly used analgesics that temporarily block the production and transmission of
pain signals in nerve tissue. While LAs have a low risk of adverse effects, their systemic toxicity can
cause serious harm, such as seizures, heart problems, and even death. The presence in the molecular
structures of LAs of an aromatic ring, an ester or amide linkage, and a tertiary amine determines
their therapeutic properties. Some of LAs (e.g., BUPI, MEPI, PRILO and PROPA) are chiral compounds.
It has been reported differences in the pharmacokinetic, pharmacodinamic and toxicological
properties of enantiomers of chiral LAs. For example, the (R )-BUPI enantiomer is more potent and
toxic than the (S )-BUPI enantiomer. Similarly, it has been reported that the (5 )-PRILO enantiomer
exhibits higher toxicity, whereas the (R )-PRILO enantiomer is metabolized more efficiently in the

liver.

LAs are widely present in the environment, mainly due to their extensive use in hospitals.
Previous studies have detected the presence of MEPI, lidocaine, BUPI, PRILO, procaine, and
benzocaine in wastewater samples at concentrations of the ng L range. However, there is a lack of
research in the literature investigating the possibility of enantioselective biodegradation of these

compounds.

In this work, a comprehensive investigation into the chiral separation of four LAs: BUPI, MEP]I,
PRILO and PROPA, is performed using five cellulose-based and three amylose-based CSPs with hydro-
organic MeOH or ACN mobile phases compatible with MS detection. The study compared retention
and enantioresolution values obtained for each LA in different CSPs and mobile phases. The results
of the study were used to propose the optimal chromatographic experimental conditions for
determining the enantiomers of these LAs in aqueous samples using MS detection, in order to
perform, for the first time, enantioselective biodegradability assays for rac-BUPI, rac-MEPI,
rac -PRILO and rac -PROPA. For estimating significant parameters related to the biodegradation

process, the direct chromatographic approach proposed in section IV.6 was used.

IV.7.2.- Results and discussion
1IV.7.2.1.- Chiral chromatographic separation

The effectiveness of five cellulose-based CSPs (Cell1, Cell2, Cell3, Cell4 and Cell5) and three
amylose-based CSPs (Am1, Am2 and Am3) using hydro-organic mobile phases compatible with MS
detection, which consist of mixtures of ACN or MeOH and NH4sHCOs3 (5 mM, pH = 8.0) in varying
proportion (10-100 % in volume of ACN and 30-90 % in volume of MeOH), at 15-40 °C in separating
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the enantiomers of BUPI, MEPI, PRILO and PROPA was evaluated (see Table III.2 for additional

information).

At the operational p#, the compounds exhibit a positive charge (+0.55, +0.33, +0.44, and
+0.25 for BUPI, MEPI, PRILO and PROPA, respectively), as well as a varying degree of hydrophobicity
(1.6 < logD < 4.5).

The retention of compounds with hydro-organic mobile phases containing ACN or MeOH was
quite different. As indicated in sections 1.2.1 and 1V.2.2.1, when MeOH (protic solvent) was used to
prepare hydro-organic mobile phases, for all compounds and CSPs, a typical RPLC behaviour was
observed. In contrast, for hydro-organic mobile phases containing ACN (aprotic solvent), dual
retention behaviour (HILIC or RPLC) as a function of the water content in the mobile phase was
observed. This dual retention behaviour was more pronounced for MEPI and PROPA when Cell3, Cell5
and Am1 CSPs were used. On the other hand, among all the CSPs tested, Cell5 and Am3 showed the
highest & values for the four ALs studied.

Polysaccharide-based CSPs assayed exhibited distinct enantioselectivity towards the
compounds studied. Figure IV.21 displays the Rs max values achieved with the corresponding mobile
phase composition for separating BUPI, MEPI, PRILO, and PROPA enantiomers using the different
CSPs and mobile phases investigated. As can be observed, under the tested conditions, baseline
enantioresolution of the four ALs studied could not be achieved with a single CSP. In general, the
cellulose-based CSPs showed better enantiorecognition ability for the LAs studied than the amylose-
based CSPs. The Cell2 CSP exhibited the highest enantioselectivity, providing Rs max > 1.5 for three
out of the four studied compounds (MEPI, PRILO, and PROPA). The Cell4 CSP provided Rs max > 1.5
for two analytes (PRILO and PROPA), while the Cell3, Cell5, and Am1l CSPs only provided
Rs max > 1.5 for one of the LAs studied (BUPI, MEPI, and PRILO, respectively). The Celll, Am2, and

Am3 CSPs were not able to baseline enantioseparate any of the LAs studied.

Regarding the mobile phase composition, the use of ACN provided, in general, better Rs max
values than MeOH. Except for BUPI where a complete enantioresolution was only achieved with Cell3
CSP and a mobile phase of MeOH:NH4+HCOs (5 mM, pH = 8.0), 70:30 (v/v).

From the results obtained, the chromatographic conditions for the chiral analysis of samples
containing racemic mixtures of the LAs studied in the biodegradability assays were selected taking
into account Rs and analysis times. For BUPI and MEPI, mobile phase flow rate and separation
temperatures were adjusted to get most adequate conditions for routine analysis. In Table III.2, the
selected chromatographic conditions for each compound are shown. Under these conditions,
satisfactory Rs and ¢r values were obtained for BUPI (Rs = 1.5, £r (R)-BUPI = 7.8 min and ¢r (S )-
BUPI = 8.5 min), MEPI (Rs = 2.0, fr1 = 6.9 min and £r2 = 7.5 min), PRILO (Rs = 1.8, tr1 = 6.8 min
and tr2 = 7.3 min) and PROPA (Rs = 2.0, ¢r1 = 10.6 min and ¢r2 = 11.7 min).
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Figure IV.21.- Maximum enantioresolution values (Rs max ) obtained for the enantiomers of (A) BUPI,
(B) MEPI, (C) PRILO and (D) PROPA using different CSPs (Cell1, Cell2, Cell3, Cell4, Cell5, Am1, Am2 and Am3)
and mobile phases composed by binary mixtures of (=) ACN or (m) MeOH and NH4HCOs (5 mM, pH = 8.0). The
percentage of organic modifier that allows Rs max s indicated in the Figure. (---) Rs = 1.5.
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1V.7.2.2.- Biodegradability assays

The biodegradability assays of rac-BUPI, rac-MEPI, rac-PRILO and rac -PROPA were
performed following the procedure described in section III.3.3. The initial concentrations of the
racemic compounds studied were 19.8 mg L for rac -BUPI, 20.6 mg L for rac -MEPI, 21.0 mg L
for rac -PRILO and 21.0 mg L™ for rac -PROPA. Simultaneously to LAs assays, biodegradability assays
were performed for fluoxetine as in section IV.6 (20 mg L!; target value BD = 70 = 11 %, in this
work BDr = 69 £12 %). In view of the results obtained, the activity of the inoculum was considered
adequate, and the biodegradability assays for rac -BUPI, rac -MEPI, rac -PRILO and rac -PROPA were
valid. Measurements of ODs00 values were also monitored to control the growth of microorganisms in

the inoculum.

For estimating significant parameters related to the biodegradation process (S, BD and EF),
the direct chromatographic approach proposed in section IV.6 was used. As it was indicated in that
section, to apply this strategy it is necessary to verify some assumptions related with calibration

curves of the enantiomers of a given compound.

Using the selected chromatographic conditions for each compound, methodological
calibration (5 concentration levels, 1-30 mg L=! concentration range of racemic compound) was
performed. The calibration statistics obtained for the enantiomers of the compounds studied showed
adequate results (R 2 > 0.997) and the intercept (/,e1 and boe2) values were statistically equal to 0,
so Eq. IV.6 for BD calculations can be used. For both enantiomers of PRILO and PROPA, the slopes
(bie1 and bie2) were statistically equivalent; therefore Eq. IV.7 for EF calculations can be used.
However, for BUPI and MEPI enantiomers, differences statistically significant in the b1e1 and bie2

values were found; so £F values were calculated from their concentration values (Eq. I.1).

Figure IV.22 shows the abiotic degradation (AD) and BD values estimated from the
biodegradability assays for the enantiomers of BUPI, MEPI, PRILO and PROPA. Their £F values are

also shown.
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Figure IV.22.- AD (%), BD (mean £ s, %) and £F values estimated during the biodegradability assays for
(A) BUPI, (B) MEPI, (C) PRILO and (D) PROPA. (e) less retained enantiomer; (A) most retained enantiomer.
The dotted line at AD = 20 % represents the minimum value to consider significant abiotic degradation (OECD
criterion). The dotted lines in the BD - ¢ plots represent the approximate 10-day window to assess persistence
(OECD criterion). The dashed line at £F = 0.5 indicates non-enantioselective biodegradation.
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For the enantiomers of BUPI (Figure IV.22.A) and MEPI (Figure IV.22.B), the estimated
degradation at 28 days of incubation for the biotic and abiotic assays were lower than 20 %;
consequently, the BUPI and MEPI enantiomers are “potentially persistent compounds” in agreement
with the OECD guidelines. These results should be confirmed by simulation or inherent

biodegradability (see section 1.5.1).

In contrast, for PRILO enantiomers (Figure IV.22.C), microbiological and physicochemical
degradation at 28 days was incomplete but notable (~ 69 % and 23 % for biotic and abiotic assays,
respectively). For PROPA enantiomers (Figure 1V.22.D), BD ~ 100 % was observed in three days.
Regarding the abiotic tests, the physicochemical degradation was not significant (AD < 20 %) up to
14 days and reached ~ 53 % after 28 days of incubation. According to the OECD guidelines, the
PRILO and PROPA enantiomers show “ready aerobic biodegradability”. For both compounds, the £F
values were close to 0.5 during the course of the biodegradability assay, indicating the absence of

enantioselective mechanisms in the biodegradation processes.

I1V.7.3.- Conclusions

The study about the effectiveness of five cellulose-based CSPs (Celll, Cell2, Cell3, Cell4 and
Cell5) and three amylose-based CSPs (Am1, Am2, Am3) and hydro-organic mobile phases compatible
with MS detection in separating the enantiomers of BUPI, MEPI, PRILO and PROPA revealed that for
hydro-organic mobile phases containing MeOH, the compounds show a typical RPLC behaviour.
Meanwhile for mobile phases containing ACN, the compounds shown HILIC- or RPLC-behaviour, as

a function of water content in the mobile phase.

The enantioselectivity of the CSPs tested towards BUPI, MEPI, PRILO and PROPA enantiomers
was different. The Cell2 CSP allows the complete enantioresolution of MEPI, PRILO and PROPA, while

the CSPs Celll, Am2 and Am3 did not allow the enantioresolution of the compounds studied.

From the systematic retention and enantioresolution study, the selected experimental
conditions for the separation of BUPI, MEPI, PRILO and PROPA enantiomers in enantioselective
biodegradation assays allow analysis times less than 15 min and the complete separation (Rs = 1.5)
of the enantiomers of the compounds studied.

From the biodegradability assays, in agreement with the OECD guidelines, the enantiomers
of PRILO and PROPA exhibit ready aerobic biodegradability. However, the enantiomers of BUPI and
MEPI are expected to be persistent compounds. Additionally, the enantiomers of BUPI, MEPI, PRILO
and PROPA do not exhibit enantioselective biodegradation under the conditions assayed. The EF

values were close to 0.50 during the whole biodegradation test.
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General conclusions and future studies

The studies presented in section IV.1 - IV.3 (Paper I - Paper III) comprise nearly 5300
experiments that include 53-56 structurally unrelated basic and neutral compounds, eight of the
most commonly used commercial polysaccharide-based CSPs (three amylose derivatives: Am1,
Am2 and Am3; and five cellulose derivatives: Celll, Cell2, Cell3, Cell4 and Cell5) and hydro-
organic mobile phases compatible with aqueous matrices and MS detection consisting of mixtures
of NH4HCOs3 (5 mM, pH = 8.0) and ACN or MeOH in varying proportions. From the results obtained

in these studies, it is possible to draw the following general conclusions:

— Comparative exploratory studies on retention factor data as well as on enantioresolution data

demonstrate that, under the experimental conditions assayed:

All compounds show a characteristic RPLC retention behaviour in all the CSPs studied,
except when using mobile phases containing the aprotic solvent ACN in the range of 80-98 %
and cellulose-based CSPs, where a HILIC retention behaviour exists, which in general
significantly reduces the enantioresolution. This HILIC retention behaviour is not observed in

the amylose-based CSPs studied, probably due to the lower ACN percentages used.

The ACN-Am1 and ACN-Am3 chromatographic systems show a reasonably broad and

complementary enantiorecognition ability, but the ACN-Am2 system do not.

The recommended screening sequence for cellulose-based chromatographic systems,
taking into account the success rate and complementarity of the enantioresolution data
obtained in these systems is as follows: ACN-Cell2 in the RPLC-domain as a first attempt,
followed by MeOH-Cell3, then ACN-Cell5 in the RPLC-domain, next ACN-Celll in the RPLC-
domain, and finally other chromatographic systems. HILIC-domain is not advisable, at least
as a first attempt, taking into account the enantioresolution results obtained, as well as the

cost and toxicity of the mobile phases.

— DPLS1 and ANNs have demonstrated to be successful multivariate chemometric tools for
QSPR modelling of enantioresolution-related parameters, which are really complex data
considering the relatively large dataset used, the diversity of compound structures and
enantiomer-chromatographic system interactions, as well as the complexity of

enantioresolution over other chromatographic parameters.

Moreover, these chemometric techniques have proven to be effective for the
development of automated strategies for FS, an essential feature in QSPR studies for the

sake of model simplicity and interpretability.

The QSPR models have been developed for categorical enantioresolution in ACN-Am1
and ACN-Am3 using FS-DPLS1; and for quantitative enantioresolution in ACN-Celll using FS-
ANNs. The use of quantitative rather than categorical data demonstrates the superiority of

ANNs over PLS for modelling complex data.
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The fastest and most economical way to try to separate the enantiomers of a new basic
or neutral chiral compound in the chromatographic systems studied in this Doctoral Thesis is
first to use the QSPR models developed to estimate whether their baseline enantioresolution

in the modelled chromatographic systems is a priori feasible or not.

The above conclusions have been derived from data on 53-56 structurally unrelated basic
and neutral compounds and can, therefore, be considered to be of general applicability to this
type of compounds in the chromatographic systems assayed. In our opinion, they represent a
valuable contribution to the knowledge of chiral HPLC with polysaccharide-based CSPs, which can
assist researchers in the rational selection of the most suitable chromatographic system to
achieve satisfactory enantioresolution results for a new basic or neutral compound, which in turn
could significantly reduce the cost and experimental effort required by the current trial-and-error

methodologies.

However, extensive research is still needed to deepen the understanding of the
enantiorecognition ability of polysaccharide-based CSPs. Currently, our research group has
already obtained experimental data on amylose-based CSPs using MeOH mobile phases as well
as ACN mobile phases in the HILIC domain. Exploratory comparative studies are underway to
complete the screening sequence proposed above. In addition, FS-ANN QSPR models are being

developed for other chromatographic systems.

The results presented in section IV.4 (Paper 1IV) —involving the enantioseparation of eight chiral
drugs (bupivacaine, flurbiprofen, ibuprofen, ketoprofen, metoprolol, omeprazole, propranolol and
trimeprazine) under several chromatographic conditions (a total of 20 experiments carried out in
five different polysaccharide-based CSPs using different ACN or MeOH hydro-organic mobile
phases with different compositions, p~ values and separation temperatures); and therefore,
including chromatographic peaks with different efficiency, skewness and enantioresolution
values— demonstrate that PVMG models with the proposed sigmoidal function correction for
proper peak shape adjustment (approach IIc) is a simple and reliable strategy for the
simultaneous fitting of chromatographic peaks (with a wide range of characteristics) of the
enantiomers of chiral compounds. This suggests that the proposed approach could be an effective
strategy for estimating chromatographic peak profiles at different retention times and peak
overlapping. These estimations could be really useful in the decision making process on the
mobile phase composition to achieve the maximum enantioresolution in a given chromatographic
system (CSP/organic solvent combination) for a given chiral compound. Therefore, as in the
above-indicated studies, it could be a valuable tool to save time and money in chiral HPLC

research by contributing to a rational chromatographic system selection.
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General conclusions and future studies

This approach has also proven to be useful to deconvolve partially overlapped peaks with
non-marginal enantioresolution (i.e., Rs> 1.0). This makes it very helpful in chiral HPLC to achieve

the mathematical resolution when the baseline resolution cannot be achieved experimentally.

Peaks with marginal enantioresolution require further investigation of peak shape variations.
A procedure for keeping EF values constant in the deconvolution procedure should also be

devised. The performance of the models should be further evaluated for non-racemic mixtures.

The results of the OECD biodegradability tests using an activated sludge from Quart Benager
WWTP presented in section IV.5 - IV.7 (Paper V - VII) have proven that biodegradation is
enantioselective for ibuprofen and, for the first time, for trimeprazine; but not for bupivacaine,
ketoprofen, mepivacaine, prilocaine and propanocaine at least under the experimental conditions
assayed. These results highlight the need for such studies for a reliable risk and hazard

assessment of chiral pollutants.

Moreover, the enantiomers of ibuprofen, ketoprofen, prilocaine and propanocaine exhibited
ready aerobic biodegradability (BD > 70 % in a 10-day window within a 28-day test), whereas
the enantiomers of bupivacaine, mepivacaine and trimeprazine are potentially persistent
compounds (BD < 70 % in a 10-day window within a 28-day test), although these results should

be confirmed by simulation or inherent biodegradability tests.

Finally, the use of peak area instead of substrate concentration data in Michaelis-Menten-like

kinetic models has proven to improve the precision of 8D and EF estimates.
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Polysaccharide-based chiral stationary phases (CSPs) are the most used chiral selectors in HPLC. These
CSPs can be used in normal, polar organic and aqueous-organic mobile phases. However, normal
and polar organic mobile phases are not adequate for chiral separation of polar compounds, for
the analysis of aqueous samples and for MS detection. In these situations, reversed phase condi-
tions, without the usual non-volatile additives incompatible with MS detection, are preferable. More-
over, in most of the reported chiral chromatographic methods, retention is too large for routine
work. In this paper, the chiral separation of 53 structurally unrelated compounds is studied us-
ing three commercial amylose-based CSPs -coated amylose tris(3,5-dimethylphenylcarbamate) (Am1),
coated amylose tris(5-chloro-2-methylphenylcarbamate) (Am2), and immobilised amylose tris(3-chloro-
5-methylphenylcarbamate) (Am3)-. Chiral separations are carried out using acetonitrile/ammonium bicar-
bonate (pH = 8.0) mixtures, reversed mobile phases compatible with MS detection. To provide realistic
conditions for routine analysis, maximum retention factors are set to 15. Retention and enantioresolution
behaviour of compounds in those CSPs are compared. On the other hand, to compare and describe the
resolution ability of these CSPs, 58 structural variables of the compounds are tested to model for the first
time a categorical enantioresolution (CRs) for Am1 and Am3 CSPs. Discriminant partial least squares, for
one response categorical variable (DPLS1) is used for feature selection, modelling. The final DPLS1 models
showed good descriptive ability.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

chromatographic mobile phase regimes: normal, polar organic and
aqueous-organic mobile phases [1-7].

High-performance liquid chromatography (HPLC) with chiral
stationary phases (CSPs) is one of the most widely used analytical
techniques for the separation of enantiomers of chiral compounds.
Among the large number of CSPs commercially available, amy-
lose and cellulose polysaccharide derivatives coated or immobilised
onto the stationary support represent by far the most widely used
CSPs in HPLC. This is due to their broad chiral recognition capac-
ity that confers extensive applicability for a large structural diver-
sity of compounds and compatibility with all of the most relevant

* Corresponding Author. Tel.: 34 96 386 4899, Fax: 34 96 386 4953.
** Corresponding Author.
E-mail addresses: lescuder@uv.es (L. Escuder-Gilabert), maria.j.medina@uv.es
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0021-9673/© 2020 Elsevier B.V. All rights reserved.

Mobile phase composition with polysaccharide-based CSPs
strongly modulates the stereorecognition process.. Different chro-
matographic behaviours, even reversals in the elution order of
enantiomers, are observed depending on the nature and compo-
sition of the mobile phase, as a consequence of changes pro-
duced in the intra-molecular hydrogen bonds of the polysaccha-
ride structure [5,6]. Selector-selectand complexes formation is me-
diated via hydrogen bonds involving the CO or NH groups of the
carbamate moieties, 7- 7 and Van der Waals interactions with
the phenyl rings, and steric factors [3,7]. Halogen bonds have
been also described to contribute to selector-selectand complex-
ation as electrostatic interactions [4,8]. In aqueous-organic mobile
phases, although water can compete for hydrogen-bond interaction
sites with the chiral compound and the CSP, hydrophilic interac-
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tions (residing in carbamate or ester moieties) and hydrophobic
interactions (associated with phenyl moieties) between the ana-
lytes and the polysaccharide-based CSPs exist [5-7, 9-12, 14]. In
fact, the combination of polysaccharide-based CSPs and aqueous-
organic mobile phases has proven to be useful for the separation
of enantiomers [7,9-14].

Aqueous-organic mobile phases are of special importance for
the separation of polar compounds poorly soluble in alkanes low
molecular weights alcohols or acetonitrile, as well as for the anal-
ysis of aqueous matrix samples such as biological and environ-
mental samples. Also, they are useful for chiral HPLC-MS detec-
tion because aqueous-organic mobile phases improve the analyte
ionization [11]. Unfortunately, most of the additives used in re-
versed phase conditions to improve resolution, to control the ionic
strength and the pH of the mobile phase are non-volatile or sup-
press analyte response and therefore they are incompatible with
MS detection.

Despite the large number of analytical applications of
polysaccharides-based stationary phases in HPLC, the fundamen-
tal mechanisms responsible for the observed chiral separations
are not fully understood because of the inherent complexity of
these selectors. To elucidate the chiral recognition mechanism of
polysaccharide chiral selectors, analytical separation techniques
in combination with spectroscopic techniques and molecular
modelling have been used [3,6,7,15-21].

Chemometric methods can be helpful to extract valuable in-
formation on molecular recognition [22,23]. Among these, quan-
titative structure-property relationships (QSPRs), which corre-
late enantioresolution-related information (retention or selectiv-
ity values) with different molecular properties of compounds,
are a powerful option. Different QSPR studies have been re-
ported for modelling data in enantioselective chromatography us-
ing polysaccharides-based stationary phases, [22-30]. These stud-
ies are usually carried out for structurally related compounds us-
ing amylose and cellulose-based CSPs and normal or polar mobile
phases. In these studies, information about the functional groups
responsible for enantioresolution is usually obtained.

In a previous paper |[31|, the enantioresolution level
(categorical variable) of structurally unrelated basic com-
pounds, obtained in HPLC using immobilised cellulose tris(3,5-
dichlorophenylcarbamate) CSP and hydro-organic mobile phases,
was modelled as a function of structural and physicochemical
parameters of the compounds. Similar studies in electrokinetic
chromatography using sulfated 8- and y-cyclodextrins as chiral
selectors were also performed [32,33]. The parameters used in the
modelling processes include molecular properties obtained from a
free on-line database and classical topological parameters, as well
as new topological parameters connected to the chiral carbon (C*-
parameters). Variables were selected by means of a discriminant
partial least squares on one single response (DPLS1) refinement
process. The models obtained presented adequate descriptive and
predictive capacity.

In this work, the chiral separation of 53 structurally unrelated
compounds (47 drugs belonging to 13 therapeutic families and
5 fungicides) is studied using three amylose-based CSPs (coated
amylose tris(3,5-dimethylphenylcarbamate), coated amylose tris(5-
chloro-2-methylphenylcarbamate) and immobilised amylose tris(3-
chloro-5-methylphenylcarbamate)). Chromatographic separations
are carried out using reversed mobile phases compatible with MS
detection consisting of mixtures of acetonitrile/ammonium bicar-
bonate buffer (pH = 8.0). Maximum retention factors are set to
15, in order to provide realistic conditions for routine analysis. Re-
tention and enantioresolution behaviour of compounds in those
amylose-based CSPs are compared. On the other hand, to com-
pare and describe the resolution ability of these CSPs, 58 structural
and physicochemical parameters of the compounds are tested to

model a categorical enantioresolution (CRs) for each column. DPLS1
is used for feature selection and modelling purposes. At our knowl-
edge, this is the first time that these studies have been carried out
under these strict and realistic chromatographic conditions and for
a large dataset of structurally unrelated compounds.

2. Experimental
2.1. Instrumentation

An Agilent Technologies 1100 chromatograph (Palo Alto, CA,
USA) with a binary pump, an UV-visible diode array detec-
tor, a mass spectrometer equipped with electrospray and atmo-
spheric pressure chemical ionization (ESI / APCI) sources and single
quadrupole, a column thermostat and an autosampler was used.
Data acquisition and processing were performed by means of the
LC/MSD ChemStation software (B.04.02 SP1 [208], ©Agilent Tech-
nologies 2001-2010).

An Agilent Technologies 1100 chromatograph (Palo Alto, CA,
USA) with a quaternary pump, a UV-visible variable wavelength
detector, a column thermostat and an autosampler was also used.
In this case, data acquisition and processing were performed by
means of the Chemstation software (A.09.03 [1417], ©Agilent Tech-
nologies 1990-2002).

Prior to injection into the chromatographic system, analyte so-
lutions were filtered through disposable 0.22 um Nylon® syringe
filters (Andlisis Vinicos, S.L., Tomelloso, Ciudad Real, Spain). Mo-
bile phase solutions were vacuum-filtered through 0.22 pum Ny-
lon membranes (Micron Separations, Westboro, MA, USA) and were
degassed in an Elmasonic S60 ultrasonic bath (Elma, Singen, Ger-
many) prior to use. A Crison MicropH 2000 pHmeter (Crison In-
struments, Barcelona, Spain) was employed to adjust the pH of the
aqueous mobile phase solutions.

2.2. Chemicals and solutions

All reagents were of analytical grade. Ammonium bicarbonate,
ammonia, acetonitrile (ACN) and methanol (®Multisolvent, HPLC
grade) were from Scharlau, S.L. (Barcelona, Spain). 5 mM Ammo-
nium bicarbonate buffer solution was prepared by dissolving the
appropriate amount of ammonium bicarbonate in water and ad-
justing the pH to 8.0 with 1 M ammonium hydroxide. Ultra Clear
TWF UV deionised water (SG Water, Barsbiittel, Germany) was
used to prepare solutions.

Bicalutamide, brompheniramine maleate, bupropion hydrochlo-
ride carbinoxamine maleate, chlorpheniramine maleate, clemastine
fumarate, clenbuterol hydrochloride, doxylamine succinate, etho-
propazine hydrochloride, fexofenadine hydrochloride, methadone
hydrochloride, methotrimeprazine maleate, nomifensine maleate,
orphenadrine hydrochloride, pantoprazole sodium, pindolol, pro-
cyclidine hydrochloride, rabeprazole sodium, terfenadine, thiori-
dazine hydrochloride, trimeprazine hemi(+)-tartrate and verapamil
hydrochloride were from Sigma-Aldrich (©OMerck KGaA, Darmstadt,
Germany). Atenolol, cinildipine, isoprenaline hydrochloride, mex-
iletine hydrochloride and propranolol hydrochloride were from
Acros (Acros Organics, Geel, Belgium). Citalopram hydrobromide
was from Tokyo Chemical Industry (Tokyo, Japan). Disopyramide
was from MP Biomedicals (Irvine, CA, USA). Felodipine and or-
ciprenaline sulfate were from EDQM (Strasbourg, France). Hy-
droxyzine hydrochloride was from Guinama (Valencia, Spain).
Propafenone hydrochloride and terbutaline hemisulfate were from
Abcam (Cambridge, United Kingdom). Bambuterol hydrochloride,
bupivacaine, cetirizine hydrochloride, trimipramine maleate and
warfarin were from Cayman Chemical Co (Ann Arbor, MI, USA).
Acebutolol hydrochloride, aminoglutethimide, metoprolol tartrate,
mianserin hydrochloride and salbutamol sulfate were from Alfa



M. Pérez-Baeza, L. Escuder-Gilabert and Y. Martin-Biosca et al./Journal of Chromatography A 1625 (2020) 461281 3

Table 1

Enantioresolution data (Rs) obtained with the different amylose-based CSPs studied. Compounds are identified by
their name and numbered order (No). Categorical enantioresolution (CRs) levels are assigned according to the exper-
imental observations: RsC = 1 if Rs > 2; otherwise, RsC = 0. ¢ is the percentage of acetonitrile selected. See further

details in Section 3.1.

Aml Am2 Am3
Name No  Family?  RsIpax @ CRs1  RS2max @ CRs2  RS3max ¢ CRs3
Disopyramide 1 1 0.7 50 O 0 10 0 2.8 60 1
Mexiletine 2 1 0.6 50 O 0 10 0 0 50 O
Propafenone 3 1 2.0 50 1 4.0 60 1 1.0 70 0
Warfarin 4 2 5.5 50 1 0 50 O 53 60 1
Bupropion 5 3 6.7 50 1 0 30 0 24 50 1
Citalopram 6 3 0 40 0 0.5 30 0 0 60 O
Fluoxetine 7 3 0 40 0 0 40 0 0 60 O
Mianserin 8 3 8.3 60 1 0 40 0 3 60 1
Nomifensine 9 3 3.0 60 1 13 30 0 8.4 60 1
Trimipramine 10 3 0 50 O 0 50 O 0 60 O
Viloxazine 11 3 1.5 20 O 0 10 0 1.9 50 O
Benalaxyl 12 4 4.1 60 1 1.6 50 O 6.6 60 1
Hexaconazole 13 4 5.6 60 1 0 40 0 0 50 0
Imazalil 14 4 1.1 50 O 1.2 40 0 1.2 50 O
Metalaxyl 15 4 1.8 40 0 0 20 O 1.5 40 0
Myclobutanil 16 4 0 40 0 0 30 0 2.0 50 1
Penconazole 17 4 1.0 50 O 0 40 0 35 60 1
Brompheniramine 18 5 1.2 60 O 1.6 60 O 1.4 60 O
Carbinoxamine 19 5 1.8 50 O 0 20 O 0 60 O
Cetirizine 20 5 0 30 0 0 20 O 0 60 O
Chlorpheniramine 21 5 0.9 60 O 2.0 60 1 13 60 O
Clemastine 22 5 0 60 O 0 50 O 0 70 0
Doxylamine 23 5 0 20 O 0.6 20 O 0 60 O
Fexofenadine 24 5 0 20 0 0 10 0 0 30 0
Hydroxyzine 25 5 29 60 1 0 30 0 0 60 O
Orphenadrine 26 5 0 40 0 0 30 0 0 60 O
Terfenadine 27 5 0 70 0 0 60 O 0 60 O
Bupivacaine 28 6 0 50 O 0 50 O 0 60 O
Mepivacaine 29 6 0 30 0 0 30 0 13 50 O
Propanocaine 30 6 0.9 50 0 0.4 50 0 0 40 0
Methadone 31 7 0 40 0 0 40 0 0 60 O
Aminoglutethimide 32 8 3.4 70 1 0 30 0 1.5 60 O
Bicalutamide 33 8 3.7 50 1 33 40 1 24 60 1
Acebutolol 34 9 0.7 50 O 0 10 0 0.3 60 O
Metoprolol 35 9 0 30 0 0 10 0 0 60 O
Pindolol 36 9 0.5 40 0 0 10 0 0 60 O
Salbutamol 37 9 0 10 0 0 10 0 0 10 0
Timolol 38 9 0 20 O 0 10 0 0 60 O
Bambuterol 39 10 0 20 O 0 10 0 1.2 60 O
Clenbuterol 40 10 0.4 50 0 0 20 O 0.6 60 O
Isoprenaline 41 10 0 10 0 0 10 0 0.7 10 0
Orciprenaline 42 10 0 10 0 0 10 0 0 10 0
Terbutaline 43 10 0 10 0 0 10 0 0 10 0
Cinildipine 44 11 0 50 O 1.5 60 0 0 50 O
Felodipine 45 11 0 50 O 0 40 0 0 50 O
Verapamil 46 11 0.6 50 O 0 40 0 0 60 O
Procyclidine 47 12 0 50 O 0 50 O 0 60 0
Ethopropazine 48 13 1.4 60 O 0 50 O 0 50 O
Methotrimeprazine 49 13 0 50 O 0 50 O 0 60 O
Thioridazine 50 13 0 60 0 0 60 0 0.7 70 0
Trimeprazine 51 13 0 50 O 0 40 0 0.6 60 O
Pantoprazole 52 14 0.5 40 0 0.8 20 0 2.0 60 1
Rabeprazole 53 14 2.6 50 1 2.0 30 1 5.1 60 1

2 Drug/Pesticide families: 1 (antiarrhythmic drugs), 2 (anticoagulants), 3 (antidepressants), 4 (fungicides), 5 (anti-
histamines), 6 (local anaesthetics), 7 (analgesics), 8 (antineoplastics), 9 (B-blockers), 10 (bronchodilators), 11 (calcium
channel blockers), 12 (anticholinergic drugs), 13 (antipsychotic drugs) and 14 (proton pump inhibitors).

Aesar (Thermo Fisher Scientific Inc., Karlsruhe, Germany). All the
rest of drugs tested were kindly donated by several pharmaceuti-
cal laboratories: fluoxetine hydrochloride by Alter (Madrid, Spain)
and mepivacaine hydrochloride by Laboratorios Inibsa (Barcelona,
Spain); propanocaine by Laboratorio Seid (Barcelona, Spain); timo-
lol maleate by Merck Sharp & Dohme (Madrid, Spain) and vilox-
azine hydrochloride by Astra Zeneca (Cheshire, UK). All racemic
pesticides (benalaxyl, hexaconazole, imazalil, metalaxyl, myclobu-
tanil, and penconazole) were from Dr. Ehrenstorfer GmbH (Augs-
burg, Germany).

Stock standard solutions of compounds used in this study
were prepared by dissolving 10 mg of the racemate in 10 mL
of methanol. Working solutions were prepared by dilution of the
stock standard solutions using the mobile phase solution. The so-
lutions were stored under refrigeration at 5°C.

2.3. Methodology for the chiral separation of compounds

The experimental maximum enantioresolution (RSmqx) values
of the compounds listed in Table 1 were obtained using the fol-
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lowing polysaccharide-based chiral columns: Lux Amylose-1 (amy-
lose tris(3,5-dimethylphenylcarbamate); 3 pm, 150 x 4.6 mm i.d.;
Phenomenex, Torrance, CA, USA), Am1; Lux Amylose-2 (amylose
tris(5-chloro-2- methylphenylcarbamate); 3 pm, 150 x 2.0 mm i.d.;
Phenomenex), Am2 and i-Lux Amylose-3 (amylose tris(3-chloro-5-
methylphenylcarbamate); 3 pm, 150 x 4.6 mm i.d.; Phenomenex),
Am3. Except for warfarin, mobile phases were prepared as bi-
nary mixtures of ammonium bicarbonate buffer (5 mM, pH 8) and
ACN in varying proportion (10-80 % in volume of ACN). For war-
farin, formic acid 0.1% (v) was used instead ammonium bicarbon-
ate buffer. The mobile phase flow rate was 1.0 mL min~! in all
cases except when using the Lux Amylose-2. In this last column,
the mobile phase flow rate was 0.5 mL min~!. In all of the ex-
periences, the injection volume was 2 uL. The detection was per-
formed in the UV at 220 nm for all the compounds, except for
ethopropazine, methotrimeprazine and trimeprazine whose detec-
tion was performed at 254 nm. The column was thermostatted at
25°C.

2.4. Software and calculations

In this paper 58 structural variables of the compounds have
been used (see Table S1 and S2 in Supplementary Data). Most of
them were taken from the online ChemSpider chemical structure
database [34] and were also tested in previous papers [31-33]ed
to the chiral carbon (C¥), for instance, C*X (C*-heteroatoms), C*a
(C*-aliphatic), C*H (C*-H) and C*C=0 (C*-carbonyl), among oth-
ers [32,33]. Variables xg to X;5 correspond to predicted molecu-
lar descriptors from ACD/Labs and ChemAxon calculations: molec-
ular weight (MW), octanol-water partition coefficient (log P), hy-
drogen bonding acceptor (HBA) and donor (HBD), minimal (zmin)
and maximal z length (zmax), polar surface area (PSA), among oth-
ers. Variable x4, the apparent logP at working pH (logD), was es-
timated as in reference [31].

Variables Xq7 to X33 correspond to molecular topological param-
eters predicted by ChemAxon; for example, aliphatic bond account
(abc), aromatic bond count (Abc), bond count (bond count), ring
bond count (Rbc), fused ring count (fic), hetero ring count (Hrc),
heteroaliphatic ring count (Harc), ring count (Rc) and Balaban in-
dex (Bi). Finally, variables X34 to Xsg are obtained as the count of
atoms/groups present in the entire molecule; for instance, num-
ber of oxygen (O) and fluoride (F) atoms, hydroxyl (OH), tertiary
amine (NR;), ether (ROR), CH3 groups (ACH3) and Cl atoms (ACIl)
bonded to aromatic rings, aromatic ring-C-aromatic (ACA) moieties,
1,2- (A12) and 1,2,3- (A123) substituted aromatic rings, aromatic ni-
trogen (NA), tertiary amine in aliphatic cycles (NRc) and sulphur
aliphatic cycles (Sc) groups among others.

Discriminant partial least squares, for one response categorical
variable (DPLS1) models have been performed using The Unscram-
bler® v.9.2 multivariate analysis software [35].

For DPLS1 modelling, categorised Rs (CRs) values (see Table 1)
were used as response variable (y). For compounds showing base-
line enantioresolution (Rs > 2.0), CRs = 1 (class-1) was assigned.
The rest of compounds were assigned to CRs = 0 (class-0). As pre-
dictor matrix (X), the structural variables of the compounds (see
section 2.4 and Table S2) were used. All y-X data were autoscaled
before DPLS1. The corresponding coefficients (scaled), directly mea-
sures the importance of the variables [31-33, 36].

Feature selection (FS) was done using a leave-one-variable-out
(or sequential) strategy equivalent to that used in the sequen-
tialfs.m code available from MATLAB® R2019a (Mathworks®) web
site [37]. The outputs from the DPLS1 were used to eliminate the
worst variable on each run (the process was called FS-DPLS1). The
variable whose elimination provokes the highest improvement of a
target indicator (TI) function is removed for the next run. The fol-
lowing function (not previously reported) was considered to select

the variable to be eliminated each run:
TI=W1dD + (1 - W1)dDcv — —-W2mUrb — —W3SSclass (1)

where, W1, W2 and W3 are parameters in the 0-1 range to be op-
timised. dD is the lowest discriminant distance between the out-
puts from the two classes (i.e. the distance between the lowest
y-predicted of class-1 and the highest y-predicted of class-0 data
from DPLS1) and dDcv is as dD but for cross-validated predicted y-
values. mUrb is the mean of the relative uncertainty of the DPLS1
coefficients (related to the importance of the variables). SSclass is
the sum of squares for difference between predicted and actual DL
values for compounds (i.e. y-predicted values from DPLS1 equal
or higher than the lowest y-predicted of class-1 are assigned to
DL = 1 and y-predicted values equal or lower than the highest y-
predicted of class-1 are assigned to DL = 0; otherwise, DL = 0.5 is
assigned).

Since dD represent the lowest distance between the classes, dD
> 0 (the two groups are fully separated) can be considered an
acceptable descriptive ability. Moreover, dDcv > 0 would corre-
spond to an acceptable predictive ability. Low mUrb (i.e. low ab-
solute coefficient uncertainty and/or high coefficient value) values
mean more confidence on the model coefficients, thus more reli-
able variable, while low SSclass values indicate high classification
ability, both aspects indirectly increase the descriptive ability of
the model.

The parameters (W1, W2, W3) were optimized for each CSP,
combining SIMPLEX optimization, from fminsearch.m [38], design
of experiments (DOE), from bbdesign.m [39] and manual refine-
ment strategies (manually varing one parameter value, previously
optimized, to confirm that it is the adequate one).

3. Results and discussion

3.1. Retention behaviour and enantioresolution of compounds in
amylose-based CSPs in reversed-phase conditions

The aim of this study is to explore the ability of Am1, Am2 and
Am3 to enantioseparate chiral compounds using reversed phase
conditions compatible with MS detection for their use in routine
analysis (k value for the most retained enantiomer lower than
15). Table 1 shows the chiral compounds studied, which belong to
14 therapeutic families: antiarrhythmic drugs, anticoagulants, an-
tidepressants, fungicides, antihistamines, local anaesthetics, anal-
gesics, antineoplastics, B-blockers, bronchodilators, calcium chan-
nel blockers, anticholinergic drugs, antipsychotic drugs and pro-
ton pump inhibitors. Table S1 in Supplementary Data shows the
chemical structure and the molecular weight, pKj, log P and log
D (estimated at pH 8.0) values for compounds under study. At
working pHs, most of the compounds studied present positive
net charge. Cetirizine (No = 20) has negative net charge; and
warfarin (No = 4), fexofenadine (No = 24), aminoglutethimide
(No = 32), cinildipine (No = 44), felodipine (No = 45) and fungi-
cides (No = 12-17) have zero net charge. Compounds studied
presents variable hydrophobic character (log D values ranged be-
tween -1.6 and 5.2).

For each analyte and CSP, the mobile phase that provided max-
imum Rs and k <15 values was selected. Table 1 shows the max-
imum resolution values (Rsmqx) obtained for each compound and
CSP together with the content of ACN in the mobile phase.

As can be observed in Table 1, 16 compounds of the 53 studied
were fully resolved (30 %) and 19 were partially resolved (36 %) at
least in one of the CSPs studied and the reversed phase conditions
assayed. Am1 allowed the complete resolution (baseline resolution)
of 11 compounds whereas 16 were partially resolved. Similar re-
sults were obtained for Am3 enabling the complete and partial res-
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olution of 11 and 14 compounds, respectively. The worst results
were obtained for Am2 which only allowed the baseline resolu-
tion of 4 compounds while 9 remained partially resolved. Although
the experimental resolution values were close or higher than 1.5
for some compounds (i.e. viloxazine, metalaxyl, brompheniramine,
carbinoxamine and ethopropazine), baseline resolution was not ob-
served. In these cases, the quality of the separation was affected by
the high peak width obtained.. The best resolution values in each
column were obtained for mianserine (RS1mgx = 8.3; No = 8) in
Aml1, propafenone (RS2nqx = 4.0; No = 8) in Am2 and nomifensine
(Rs3max = 8.4; No = 9) in Am3.

Bicalutamide and rabeprazole were baseline resolved in all
three columns. Warfarin, bupropion, mianserin, nomifensine, be-
nalaxyl, bicalutamide and rabeprazole were completely resolved in
both Am1 and Am3 columns; for the rest of compounds, differ-
ences in enantioselectivity between Am1 and Am3 columns were
observed, indicating differences in the interactions between the
compounds and the CSPs.

It is known that polysaccharide-based CSPs may behave either
as RP-like or HILIC -like stationary phases depending on com-
pounds characteristics and separation conditions, especially when
using ACN mobile phases with low water contents (<30%) [6-10].
In the experimental conditions assayed in this paper which include
mobile phases with a water content in the range 20-90% (v/v), for
all compounds and CSPs, typical chromatographic reversed phase
behaviour was observed. The increase in the water content in the
mobile phase produced an increase in the retention time of the
compounds. Different behaviour was observed for resolution val-
ues. In most cases, resolution improved as the percentage of ACN
in the mobile phase decreased (retention increased), as observed in
Figure 1A for rabeprazole in the column Am2. However, for other
compounds, e.g. brompheniramine in Am1 (see Figure 1B), better
resolutions were achieved when using higher percentages of ACN
in the mobile phase for all the CSPs studied. This can be due to
the existence of two opposite effects: thermodynamic and kinetic
processes. For some compounds, resolution is mostly affected by
the thermodynamics of the process (separation factor increased as
retention increased), while for other compounds, the kinetics con-
tribution (efficiency decreased as retention increased) prevails over
the others [5].

On the other hand, for the same ACN content in the mobile
phase, in general terms, Am3 provided the highest k values. This
behaviour might be due to the different electronic features of the
polymers, along with the type CSP, that is immobilised vs coated
[5].

Figure 2 shows the relationships between the logarithm of re-
tention factors for the less retained enantiomers (log k;) and their
corresponding log D values for each CSP. As can be observed, re-
tention increased as hydrophobicity increased for Am1 (Figure 2A)
and Am2 (Figure 2B) columns, as expected in reversed-phase con-
ditions. Besides, a linear trend is observed for Am1 column. In con-
trast, retention of analytes seems to be independent of their hy-
drophobicity in Am3 column (Figure 2C).

3.2. Structure-categorical enantioresolution relationships in
amylose-based CSPs

In this paper, an attempt has been performed to detect the ef-
fect of the structural variables of compounds on the resolution val-
ues obtained for each amylose-based CSPs in the chromatographic
conditions assayed. In this paper, the experimental Rs values were
also converted into categorised CRs values (see section 2.4 and
Table 1).

DPLS1 modelling was selected to relate the structural data (X-
matrix) (see section 2.4) to the CRs1 and CRs3 data (y-vectors) for
Am1 and Am3, respectively. Am2 was not included in the analy-
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Figure 1. Resolution values, (A) Rs, and retention factors, k, for the less (o) and
the most retained enantiomer (M) versus the percentage of acetonitrile (ACN, %) in
the mobile phase. (A) Rabeprazole in Am2 and (B) brompheniramine in Aml. See
further details in section 2.3.

sis because the low number of class =1 data (just 4 compounds,
see Table 1). Table 2 shows some outputs corresponding to the
initial DPLS1 models (all variables) and the final model after the
FS-DPLS1 process for Am1 and Am3. For both columns, the ini-
tial DPLS1 model with 57 variables showed a poor descriptive
ability, since Dd < 0. Thus such models become risky to define
the importance of the variables. After an exhaustive of optimiza-
tion study of the coefficients in Eq. 1, satisfactory models, with
a considerable reduction of the number of the (irrelevant), vari-
ables were found. As can be seen in Table 2, for both columns, the
results after FS-DPLS1 can be used to compare the importance of
the remaining variables (dD > 0), which fits with the aim of this
paper.

Comparing the two columns in Table 2, apparently, the results
for Am1 are better (higher dD; with similar dDcv value), but the
DPLS1 model is more complex (7 latent variables) compared with
the one for Am3 (2 latent variables) and also in the case of Am3,
the final mean uncertainty of the selected coefficients (mUrb) is
lower. As an example, Figure 3 shows the feature selection progress
in the case of column Am1.

Figure 4 shows the DPLS1 regression coefficients (scaled) for the
selected variables for the columns Am1 and Am3. Their absolute
value indicates the importance of the variable to discriminate be-
tween the classes. Their sign indicates a positive or negative con-
tribution on CRs. As can be observed, in both cases, variables re-
lated to atoms/groups bonded to the chiral carbon (C*) or present
in the entire molecule and molecular topological parameters were
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Figure 2. Representation of the logarithm of retention factor for less retained enan-
tiomer (log k) versus the logarithm of the distribution coefficient (log D) at pH = 8
for the CSPs studied: (A) Am1, (B) Am2 and (C) Am3. The mobile phases used for
this data were 5 mM ammonium bicarbonate (pH 8)/acetonitrile (50/50, v/v) for
Am1 and 5 mM ammonium bicarbonate buffer (pH 8)/acetonitrile (40/60, v/v) for
Am2 and Am3.

selected. For a given compound and a given CSP, the balance be-
tween positive and negative contributions determines enantioreso-
lution in that CSP.

For Am1 column (Figure 4A), among the variables linked to
the chiral center (C*-parameters), C*C=0 is the most important
variable that favours enantioresolution. Additionally, the absence
of heteroatoms (C*X variable) or hydrogen (C*H variable) sub-
stituents in C* favours enantioresolution. The presence of car-
bonyl groups in amides (-C(=0)NR;R;), ketones (-C(=0)-R) and
esters (-C(=0)-OR) linked to the chiral center is of great impor-
tance in the enantiorecognition process (C*C=0 variable). This is
the case, for example, of bupropion (No = 5 in Table 1), be-
nalaxyl (No = 12), aminoglutethimide (No = 32) and bicalutamide
(No = 33). The amides have a conjugate system on the atoms
of O, C, N, consisting of molecular orbitals occupied by delo-
calised electrons and therefore, selector-selectand m-m interac-
tions can exist. Amides, esters and ketones are hydrogen-bond
acceptors and can provide hydrogen-bond interactions with the
selector.

The presence of aromatic bonds in the molecule that favours
m-7 interactions also favours the enantioresolution (Abc vari-
able) in Aml1 column, as in the case of warfarin (No = 4).
Nevertheless, the position and nature of the substituents in
the aromatic ring can favour (e.g., ACl, A12 and A123 vari-
ables) or disfavour (e.g., ACH3, ACA) enantioresolution. The ab-
sence of aliphatic bonds in the molecule (abc and bc variables)
also favours enantioresolution. On the other hand, for Am1 col-
umn, the presence of a ternary amine (hydrogen-bond acceptor)
in an aliphatic cyclic group also favours enantioresolution (NRc
variable).

For Am3 column (Figure 4B), C*C=0 is the most important
variable, among C*-parameters, that favours enantioresolution; so
selector-selectand w-m interactions and hydrogen-bond interac-
tions are of outmost importance for chiral separation. Moreover,
the absence of heteroatoms (C*X variable, as in Am1 column) or
aliphatic (C*a variable) substituents in C* favours enantioresolu-
tion. As in the case of Am1 column, aromatic bonds (Abc variable)
favours enantioresolution. Additionally, the presence of fused rings
(frc variable) also improves resolution, as in the case of mianserin
(No = 8), nomifensine (No = 9), pantoprazole (No = 52) or rabepra-
zole (No = 53). This is probably due to the fact that they confer
rigidity to the molecule.

On the other hand, the presence of nitrogen in aromatic rings
(NA variable) is also important to favour enantioresolution on Am3
(e.g., for disopyramide (No = 1), myclobutanil (No = 16), pencona-
zole (No = 17), pantoprazole (No = 52), rabeprazole (No = 53), op-
positely to Am1 column. In the basic aromatic rings (e.g. pyridinic
rings), in which the nitrogen atom is not connected to a hydro-
gen atom, the lone pair of electrons is not part of the aromatic
system and it is responsible for the basicity of these nitrogenous
bases, similar to the nitrogen atom in amines. Therefore, they are
hydrogen bonding acceptors. In the non-basic rings, in which the
nitrogen atom is connected to a hydrogen atom, the lone pair of
electrons of the nitrogen atom is delocalised and contributes to the
aromatic s-electron system favouring selector-selectand m-m in-
teractions. The combination of these interactions together with the
formation of a Lewis adduct between the aromatic amines (Lewis
bases) and the chorine atom in 3-position of the phenylcarbamate
moiety in Am3 column (Lewis acid) and/or between the aromatic
amines and the acidic proton of the carbamate moiety of Am3,
which hydrogen-bond donor character is exalted by the 3-chloro
substitution, could explain the opposite selectivity to Am1 col-
umn. Disopyramide (No = 1), myclobutanil (No = 16) and pencona-
zole (No = 17) are examples of aromatic amines exhibiting this
opposite enantioselectivity between Am1 and Am3 columns (see
Table 1).
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Table 2
Comparison of models

Column  DPLS1  Variables mUrb  dD dDcv Descriptive ability ~ Predictive ability
Am1 Initial 57 10.9 -1.67 -2.85  Poor Limited

Final 22 1.2 0.56 -0.62 Acceptable Limited
Am3 Initial 57 4.2 -0.88  -1.31 Poor Limited

Final 16 1.2 0.22 -0.67  Acceptable Limited

Parameters, [W1 W2 W3], for Eq. 1 were: [0.53 0.49 0.48] for Am1; [1.0 0.083 0.62] for Am3.
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Figure 3. Feature selection progress in the case of Am1 column. (o) Discriminant distance (dD); (x) Discriminant distance in cross-validation (dDcv). A discriminant distance
above zero (dotted horizontal line) implies fully discrimination between classes. Elimination of 35 variables (vertical dashed line) provides a suitable DPLS1 model (with 22
remaining variables), providing dD >0 (the highest value during the FS-DPLS1 process), which suggests acceptable descriptive ability.

4. Conclusions

In this paper, the resolution ability of three commercial
amylose-based chiral stationary phases (Aml, Am2 and Am3) is
studied using acetonitrile/ammonium bicarbonate mobile phases
compatible with MS detection. On the other hand, maximum re-
tention factor are set to 15, so the chiral chromatographic meth-
ods developed are directly transferable to routine work. Studies are
conducted for 53 structurally unrelated chiral compounds.

In the experimental conditions assayed which include mobile
phases with a water content in the range 20-90% (v/v), for all the
compounds studied and CSPs, typical chromatographic reversed
phase behaviour was observed. On the other hand, resolution im-
proved as the percentage of acetonitrile in the mobile phase de-
creased (retention increased) for most compounds. However, for
some compounds better resolutions were achieved when using
higher percentages of acetonitrile in the mobile phase for all the
CSPs studied.

Hydrophobicity of compounds was an important property de-
termining their retention in Am1 and in a lesser extent in Am2.
In contrast, retention of analytes was found to be independent of
their hydrophobicity in Am3 column.

Am1 and Am3 CSPs allowed baseline resolution for a similar
number of compound. Nevertheless, differences in chiral selectivi-
ties between both columns were observed. Am2 provided the worst
results, although its selectivity is also complementary to the other
CSPs.

FS-DPLS1 modelling for 58 structural variables provided re-
duced set of variables with positive and negative contributions for

categorical enantioresolution in Am1 and Am3 CSPs. For a given
compound in a given CSP, the balance of such contributions de-
termines enantioresolution in that CSP.

For Am1 and Am3 CSPs, the presence of carbonyl groups linked
to the chiral centre (C*C=0 variable) as well as the presence of
aromatic bonds (Abc variable) are of great importance in the enan-
tiorecognition process. This suggests that selector-selectand -
and hydrogen-bond interactions could play determinant role. In the
case of Am1, the position and nature of the substituents in the aro-
matic ring can favour or disfavour enantioresolution. For Am1 col-
umn, the presence of a ternary amine (hydrogen-bond acceptor) in
an aliphatic cyclic group also favours enantioresolution (NRc vari-
able).

For Am3 column the presence of fused rings (frc variable) also
improves resolution. This is probably due to the fact that they con-
fer rigidity to the molecule.

On the other hand, the presence of nitrogen in aromatic rings
(NA variable) is also important for enantioselectivity. Although, this
variable presents an opposite effect for each colum, i.e. favourable
for Am3 and unfavourable for Aml1. The combination of selector-
selectand m-m and hydrogen bonding interactions together with
the formation of a Lewis adduct between the aromatic amines
(Lewis bases) and the chorine atom in 3-position of the phenyl-
carbamate moiety in Am3 column (Lewis acid) and/or between the
aromatic amines and the acidic proton of the carbamate moiety of
Am3, which hydrogen-bond donor character is exalted by the 3-
chloro substitution could explain this opposite selectivity to Am1
column.
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Table S1.- Chemical structure, molecular weight, the minus logarithm of the acidity constant
(pKa), the logarithm of the n-octanol-water partition coefficient (logP) and the logarithm of the
distribution coefficient (logD) at pH=8 of the compounds under study.
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Table S2.- Structural variables used for DPLS1 modelling.

Number | Symbol | Description

X1 C*X Number of heteroatoms bonded to the chiral carbon (C*-
heteroatoms)

X2 C*XH | Number of —OH or NHR groups bonded to the chiral carbon
(C*-OH or C*-NHR)

X3 C*hA | Number of aromatic heterocycles groups bonded to the chiral
carbon (C*-aromatic heterocycles)

X4 C*a Number of aliphatic groups bonded to the chiral carbon (C*-
aliphatic)

X5 C*H Number of hydrogen atoms bonded to the chiral carbon (C*-
H)

X6 C*C=0 | Number of carbonyl groups bonded to the chiral carbon C*-
amide (—C(=O)NR1R2), carbonyl (-C(=0)-R) and ester (-
C(=0)-OR) groups

X7 C*A Number of aromatic groups bonded to the chiral carbon (C*-
aromatic)

X8 Mr Molecular weight

X9 logP Logarithm of the partition coefficient

X10 HBA H-bond acceptors: number of hydrogen bond acceptors in the
molecule

X11 HBD H-bond donors: number of hydrogen bond donors in the
molecule

X12 PSA Polar surface area

X13 ST Surface tension

X14 zmin Minimal z length

X15 zmax Maximal z length

X16 logD log P at working pH

X17 abc Aliphatic bond count: number of non-aromatic bonds in the
molecule (excluding bonds of hydrogen atoms)

X18 Abc Aromatic bond count: number of aromatic bonds in the
molecule

X19 bc Bond count: number of bonds in the molecule including
hydrogens

X20 Rbc Ring bond count: number of ring bonds

X21 arc Aliphatic ring count: number of those rings in the molecule,
which have non-aromatic bonds

X22 Arc Aromatic ring count: number of aromatic rings in the
molecule

X23 Crc Carbo ring count: number of those rings in the molecule,
which contain carbon atoms only

X24 fArc Fused aromatic ring count: number of aromatic rings having
common bonds with other rings

X25 frc Fused ring count: number of fused rings in the molecule
(having common bonds)

X26 Hrc Hetero ring count: number of rings in the molecule, which
contain hetero atoms

X27 Harc Heteroaliphatic ring count: number of aliphatic heterocycles
in the molecule

X28 HArc Heteroaromatic ring count: number of aromatic heterocycles

in the molecule




Number | Symbol | Description

X29 Rc Ring count: number of rings in the molecule

X30 Rsc Ring system count: number of disjunct ring systems

X31 Srss Smallest ring system size: number of rings in the smallest
ring system

X32 Bi Balaban index: Balaban distance connectivity of the
molecule, which is the average distance sum connectivity

X33 fsp3 number of sp? hybridized carbons divided by the total carbon
count

X34 C Number of carbon atoms in the molecule

X35 ) Number of oxygen atoms in the molecule

X36 S Number of sulfur atoms in the molecule

X37 Cl Number of chlorine atoms in the molecule

X38 F Number of fluor atoms in the molecule

X39 OH Number of —OH groups in the molecule

X40 NHR Number of -NHR groups in the molecule

Xa1 NR2 Number of-NR2 groups in the molecule

X42 ROR Number of R-O-R groups in the molecule

X43 tB Number of tert-butil groups in the molecule

X44 iP Number of iso-propyl groups in the molecule

X45 ACH3 | Number of -CH3 groups bonded to an aromatic ring in the
molecule

X46 ACI Number of Cl atoms bonded to an aromatic ring in the
molecule

Xa7 AOH Number of -OH groups bonded to an aromatic ring in the
molecule

X48 AOR Number of —OR groups bonded to an aromatic ring in the
molecule

X49 ACOOR | Number of -COOR groups bonded to an aromatic ring in the
molecule

X50 ANHCOR | Number of - NHCO-R groups bonded to an aromatic ring in
the molecule

X51 ACA Number of moieties Ar-C-Ar

Xs52 Al2 Number of aromatic groups with 1,2 substitution.

X53 Al4 Number of aromatic groups with 1,4 substitution

X54 Al123 Number of aromatic groups with 1,2,3 substitution

Xs55 Al24 Number of aromatic groups with 1,2,4 substitution

X56 NA Number of nitrogen aromatic groups

Xs57 NRc Number of tertiary amines in aliphatic cycles

Xs58 Sc Number of S atoms in aliphatic cycles
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ABSTRACT

A comparative study on the retention behaviour and enantioresolution of 54 structurally unrelated
neutral and basic compounds using five commercial cellulose-based chiral stationary phases (CSPs)
and hydro-organic mobile phases compatible with MS detection is performed. Four phenylcarbamate-
type cellulose CSPs (cellulose tris(3,5-dimethylphenylcarbamate), Celll; cellulose tris(3-chloro-4-
methylphenylcarbamate), Cell2; cellulose tris(4-chloro-3-methylphenylcarbamate), Cell4 and cellulose
tris(3,5- dichlorophenylcarbamate), Cell5) and one benzoate-type cellulose CSP (cellulose tris(4-
methylbenzoate), Cell3) are assayed. Mobile phases consist of binary mixtures of methanol (30-90%
MeOH) or acetonitrile (10-98% ACN) with 5 mM ammonium bicarbonate (pH = 8.0).

The existence of reversed phase (RPLC) and hydrophilic interaction liquid chromatography (HILIC) re-
tention behaviour domains is explored. In MeOH/H,0 mobile phases, for all compounds and CSPs, the
typical RPLC retention behaviour is observed. When using ACN/H,0 mobile phases, for all compounds in
all CSPs (even in the non-chlorinated CSPs) a U-shaped retention behaviour depending on the ACN/H,0
content is observed which indicates the coexistence of the RPLC- (< 80% ACN) and HILIC- (~80-98%
ACN) domains. The magnitude of retention changes in both domains is related to the hydrophobicity of
the compound as well as to the nature of the CSP.

The study of the effect of the nature and concentration of the organic solvent, as well as the nature
of the CSP on the enantioresolution reveals that: (i) the use of MeOH/H,0 or ACN/H,0 greatly affects the
enantioselectivity and enantioresolution degree of the chromatographic systems, being, in general, bet-
ter the results obtained with ACN/H,0 mobile phases. (ii) The ACN-RPLC-domain provides much better
enantioresolution than HILIC-domain. (iii) Cell2, especially with ACN/H,0 mobile phases, is the CSP that
allows baseline enantioresolution for a higher number of compounds. (iv) Phenylcarbamate-type CSPs
do not offer clear complementary enantioselectivity to that of Cell2. (v) Cell3 is the only CSP that pro-
vides marked complementary enantioselectivity to that of Cell2, almost orthogonal in MeOH/H,0 mobile
phases.

© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

High-performance liquid chromatography (HPLC) in combina-
tion with chiral stationary phases (CSPs) based on amylose or cel-
lulose polysaccharide derivatives (coated or immobilised) is the
preferential choice for the separation of the enantiomers of chi-
ral compounds [1-6]. In these systems, separation is based on the
formation of a transitory enantiomer-polysaccharide CSP complex,
which is mediated by hydrophobic, electrostatic, hydrogen bonding
and van der Waals interactions and steric factors [3,7-9].

Amylose and cellulose polysaccharide derivative CSPs are poly-
mers in which the hydroxyl groups of the glucose molecules are
derivatised with benzoate or phenylcarbamate groups. These ben-
zoate or phenylcarbamate moieties can be functionalised with
electron-withdrawing and electron-donating substituents, such as
methyl groups and chlorine atoms, in various positions on the
aromatic ring. The nature and position of substituent(s) on the
phenyl moiety of polysaccharides are key factors in chiral recog-
nition [2,3,5,6,10-12].

Polysaccharide-based CSPs are compatible with all mobile phase
chromatographic regimes: apolar organic (normal phase HPLC), po-
lar organic (polar organic HPLC), and hydro-organic (RPLC: re-
versed phase HPLC, and more recently HILIC: hydrophilic interac-
tion liquid chromatography) [2,5,6,12].

The chiral recognition mechanism is modulated by the CSP and
also by the nature and composition of the mobile phase. Differ-
ent mobile phases can lead to differences in the enantioresolution
and chromatographic behaviour of the enantiomers of chiral com-
pounds [12-15], and even provoke reversals in their elution order
[16-19].

Hydro-organic mobile phases are particularly relevant for the
analysis of aqueous matrix samples, such as biological and envi-
ronmental samples, which require mass spectrometry (MS) detec-
tion [20-21]. These mobile phases improve analyte ionisation, and
thus the sensitivity in MS detection. However, most of the addi-
tives used in this HPLC-mode are incompatible with MS detection
[22].

One aspect to be considered when using hydro-organic mo-
bile phases is that the retention of compounds with polysaccha-
ride derivative CSPs may follow a dual behaviour (RPLC or HILIC)
depending on the protic or aprotic character of the organic solvent
and the water content in the mobile phase [6,15-19,23-29]. It has
been proposed that the balance between hydrophilic (hydrogen-
bond interactions with carbamate or ester moieties) and hydropho-
bic (with phenyl moieties) enantiomer-CSP interactions can explain
this dual behaviour [6,16-18,29].

For protic solvents, such as methanol the addition of water to
the mobile phase promotes hydrophobic interactions between the
analyte and the polysaccharide CSPs. This fact may increase the
analyte retention (RPLC behaviour) and eventually lead to an en-
hancement of enantioseparation [6,16-18].

For aprotic solvents, such as acetonitrile, the addition of wa-
ter to the mobile phase also increases analyte-polysaccharide CSPs
hydrophobic interactions leading to an increase in retention (RPLC
behaviour) but decreases hydrophilic interactions. The latter ef-
fect reduces analyte retention (HILIC behaviour) and may decrease
enantioresolution. The overall effect observed is the sum of both
contributions. The first contribution prevails in mobile phases with
high water content and the second one in mobile phases with low
water content [6,16-18]. This behaviour has been reported for chlo-
rinated polysaccharide-based CPSs which show a great ability to
form strong hydrogen bonds [29].

In the literature there are several studies on the enantios-
electivity, enantioresolution and retention behaviour with dif-
ferent polysaccharide-based CSPs using hydro-organic mobile
phases [16-18,30-36] and there are also several works that in-
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volve the use of mobile phases compatible with MS detection
[22,31,33,37,38].

In a previous work [31], a comprehensive study on the retention
and enantioresolution behaviour of 53 structurally unrelated com-
pounds using three commercial amylose-based CSPs and acetoni-
trile/ammonium bicarbonate (pH = 8.0) mixtures as mobile phases
was performed.

In this paper, a comparative study on the retention behaviour
and enantioresolution of 54 structurally unrelated neutral and ba-
sic compounds using five commercial cellulose-based CSPs and
mixtures consisting of organic solvent (methanol or acetoni-
trile) and 5 mM ammonium bicarbonate (pH = 8.0) in vary-
ing proportion as MS-compatible mobile phases is performed.
The structurally unrelated chiral compounds studied, belong to
13 drug/pesticies families: antiarrhythmic drugs, antidepressants,
fungicides, antihistamines, local anaesthetics, analgesics, antineo-
plastics, B-blockers, bronchodilators, calcium channel blockers, an-
ticholinergic drugs, antipsychotic drugs, and proton pump in-
hibitors.

2. Experimental
2.1. Chemicals and solutions

Acetonitrile (ACN) and methanol (MeOH) (®Multisolvent, HPLC
grade), ammonium bicarbonate, and ammonia 32% were from
Scharlau, S.L. (Barcelona, Spain). These reagents were all of the an-
alytical grade. The appropriate amount of ammonium bicarbonate
was dissolved in ultra-pure water to prepare a 5 mM ammonium
bicarbonate buffer solution. 1 M ammonium hydroxide was used
to adjust the pH to 8.0.

Racemic drugs were acquired from different suppliers:
propafenone hydrochloride and terbutaline hemisulfate were
from Abcam (Cambridge, United Kingdom); atenolol, cilnidipine,
isoprenaline hydrochloride, mexiletine hydrochloride and pro-
pranolol hydrochloride were from Acros (Acros Organics, Geel,
Belgium); acebutolol hydrochloride, aminoglutethimide, meto-
prolol tartrate, mianserin hydrochloride and salbutamol sulfate
were from Alfa Aesar (Thermo Fisher Scientific Inc., Karlsruhe,
Germany); bambuterol hydrochloride, bupivacaine, cetirizine
hydrochloride and trimipramine maleate were from Cayman
Chemical Co (Ann Arbor, MI, USA); felodipine and orciprenaline
sulfate were from EDQM (Strasbourg, France); hydroxyzine hy-
drochloride was from Guinama (Valencia, Spain); disopyramide
was from MP Biomedicals (Irvine, CA, USA); citalopram hydro-
bromide was from Tokyo Chemical Industry (Tokyo, Japan); and
bicalutamide, brompheniramine maleate, bupropion hydrochloride,
carbinoxamine maleate, chlorpheniramine maleate, clenbuterol
hydrochloride, doxylamine succinate, ethopropazine hydrochloride,
lansoprazole, methadone hydrochloride, nomifensine maleate,
orphenadrine hydrochloride, pantoprazole sodium, pindolol, pro-
cyclidine hydrochloride, promethazine hydrochloride, rabeprazole
sodium, terfenadine, thioridazine hydrochloride, trimeprazine
hemi(+)-tartrate and verapamil hydrochloride were from Sigma-
Aldrich (©Merck KGaA, Darmstadt, Germany). The rest of the drugs
studied were kindly donated by various pharmaceutical laborato-
ries: fluoxetine hydrochloride was kindly donated by Alter (Madrid,
Spain); mepivacaine hydrochloride and prilocaine hydrochloride
by Laboratorios Inibsa (Barcelona, Spain); propanocaine by Labo-
ratorio Seid (Barcelona, Spain); timolol maleate by Merck Sharp
& Dohme (Madrid, Spain) and viloxazine hydrochloride by Astra
Zeneca (Cheshire, UK). All racemic pesticides, such as benalaxyl,
hexaconazole, imazalil, metalaxyl, myclobutanil, and penconazole
were from Dr. Ehrenstorfer GmbH (Augsburg, Germany).

Stock standard solutions of 1000 mg L~! of each compound
were prepared by dissolving 10 mg of the racemic mixture in 10
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mL of methanol. Working solutions of 100 mg L~! were prepared
by dilution of the stock standard solutions using methanol. The so-
lutions were stored under refrigeration at 4°C until usage.

2.2. Instrumentation

An Agilent Technologies 1100 chromatograph (Palo Alto, CA,
USA) with a quaternary pump, a column thermostat, a UV-visible
variable wavelength detector, and an autosampler was used. Data
acquisition and processing were performed by means of the
Chemstation software (A.09.03 [1417], ©Agilent Technologies 1990-
2002).

Analytes solutions were filtered through disposable 0.22 pm
Nylon® syringe filters (Andlisis Vinicos, S.L, Tomelloso, Ciudad
Real, Spain) before injection into the chromatographic system. Mo-
bile phase solutions were vacuum-filtered through 0.22 pm Ny-
lon membranes (Micron Separations, Westboro, MA, USA) and de-
gassed in an Elmasonic S60 ultrasonic bath (Elma, Singen, Ger-
many) before use. Ultra Clear TWF UV deionised water (SG Water,
Barsbiittel, Germany) was used to prepare solutions and a Crison
MicropH 2000 pHmeter (Crison Instruments, Barcelona, Spain) was
employed to adjust the pH of the buffer solutions.

2.3. Methodology for the chiral separation of compounds

The following commercial polysaccharide-based CSPs: Lux
Cellulose-1 (cellulose tris(3,5-dimethylphenylcarbamate), Celll;
Lux Cellulose-2 (cellulose tris(3-chloro-4-methylphenylcarbamate),
Cell2; Lux Cellulose-3 (cellulose tris(4-methylbenzoate), Cell3; Lux
Cellulose-4  (cellulose tris(4-chloro-3-methylphenylcarbamate),
Cell4; and immobilised Lux Cellulose-5 (cellulose tris(3,5-
dichlorophenylcarbamate), Cell5 were wused. All columns (3
um, 150 x 4.6 mm id.) were purchased from Phenomenex
(Phenomenex, Torrance, CA, USA).

Binary mixtures consisting of ACN in varying proportions (10—
98% in volume of ACN) and ammonium bicarbonate buffer (5 mM,
pH 8) were used as mobile phases. Binary mixtures consisting of
MeOH in varying proportions (30-90% in volume of MeOH) and
ammonium bicarbonate buffer (5 mM, pH 8) were also used as
mobile phases. The mobile phase flow rate was 1.0 mL min~!, the
column was thermostatted at 25°C, and the injection volume was 2
pL, for all the experiences. The detection was performed at 220 nm
for all compounds, except for ethopropazine, promethazine, and
trimeprazine whose detection was performed at 254 nm.

The retention factors (k), selectivity factors (o), experimental
enantioresolution (Rs), plate number (N) and asymmetry factors
(B/A) values were obtained using the following equations:

tr — to

k= o (M
k2
=% (2)
try — Ry
Rs =118 —~~——- 3
W W, (3)
N=5 54£ (4)
=554y
Asymmetry factor = g (5)

where subindices 1 and 2 refer to the least and most retained
enantiomer, respectively; tp is the retention time, tp is the gross
hold-up time estimated from the first perturbation on the chro-
matogram, W is the peak width at half-height; and A and B corre-
spond to the left and right half-widths at 10% peak height (Foley-
Dorsey asymmetry).

Journal of Chromatography A 1673 (2022) 463073
3. Results and discussion

This paper aims to study the retention behaviour and explore
the ability of the Celll, Cell2, Cell3, Cell4, and Cell5 cellulose-based
CSPs to enantioseparate structurally unrelated chiral compounds
using hydro-organic mobile phases consisting of binary mixtures of
5 mM NH4HCO; (pH 8) and ACN (ACN/H,0) or MeOH (MeOH/H,0)
compatible with MS detection. The CSPs used in this work include
one benzoate-type (Cell3) and four phenylcarbamate-type (Celll,
Cell2, Cell4, and Cell5) cellulose derivatives. The phenylcarbamate
cellulose derivatives differ in the nature and position of the sub-
stituents on the phenyl moiety.

Table 1 shows the 54 structurally unrelated chiral compounds
studied, which belong to 13 drug/pesticide families: antiarrhythmic
drugs, antidepressants, fungicides, antihistamines, local anaesthet-
ics, analgesics, antineoplastics, S-blockers, bronchodilators, calcium
channel blockers, anticholinergic drugs, antipsychotic drugs, and
proton pump inhibitors. All these compounds have only one asym-
metric center. Table 1 also shows the logarithm of octanol-water
distribution coefficients (logD) at pH 8 and the minus logarithm
of the acidity constants (pK,) of the compounds [39]. These com-
pounds exhibit variable hydrophobic character with logD values
ranging between -1.4 and 5.4 at pH 8. At the working pH, most of
them have a positive net charge, except cetirizine (No = 19) which
has a negative net charge; and aminoglutethimide (No = 30), cilni-
dipine (No = 44), felodipine (No = 45), and fungicides (No = 11-16)
which exhibit net zero charge.

3.1. Retention behaviour of compounds with cellulose-based CSPs
with hydro-organic mobile phases

The retention behaviour of compounds with polysaccharide
derivative CSPs when using hydro-organic mobile phases depends
on the nature of the compound, the nature of the organic solvent,
and the water content.

To study the retention behaviour of the tested compounds with
the different cellulose-based CSPs, ACN/H,0O mobile phases, with
water content in the range 2-90% (v/v), were assayed. For most of
the compounds and CSPs studied, a HILIC/RPLC dual retention be-
haviour was observed as a function of the water content. However,
the observed changes in retention strongly depend on the nature
of the compound and the CSP.

Fig. 1, left part, shows, as an example, the retention factor (k)
values of the least retained enantiomer as a function of ACN con-
tent in the mobile phase for compounds with different hydropho-
bicity: atenolol (No = 33, logD = -1.41, Fig. 1.A), brompheniramine
(No = 17, logD = 2.29, Fig. 1.B), myclobutanil (No = 15, logD = 3.22,
Fig. 1.C), and bupivacaine (No = 25, logD = 3.99, Fig. 1.D) in all
Cell-based CSPs studied.

As can be observed in Fig. 1.A and B, retention of atenolol
and brompheniramine showed the typical U-shaped curves. Re-
tention of both compounds was high for the mobile phase with
the lowest water content (2%) in all the CSPs. The increase of
the proportion of water in the mobile phase up to 20% (98-80%
ACN, HILIC-domain) led to a large decrease in the retention of
both compounds. On the other hand, for water contents above
20-30% (ACN content lower than 80%, RPLC-domain), retention
was generally lower, especially for atenolol. For both compounds,
the retention increased as the water content in the mobile phase
increased.

On the contrary, as expected, compounds with high hydropho-
bic character (e.g. myclobutanil and bupivacaine, Fig. 1.C and Fig.
1D, respectively), in the RPLC-domain, showed large changes in
their k values, which increased as the water content in the mo-
bile phase increased. Oppositely, these compounds had very low k
values in the HILIC domain, so changes in the retention were al-
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Table 1
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Logarithm of the distribution coefficient (logD) at pH=8 and the minus logarithm of the acidity constant (pK,) values of the com-
pounds under study. Compounds are identified by their name and numbered order (No).

No  Compound FAM?®  logD®  pK," No  Compound FAM? logD®  pK,°

1 Disopyramide AAD 1.12 2.7, 104 28 Propanocaine LA 2.95 9.8

2 Mexiletine AAD 0.97 9.4 29  Methadone ANAL 423 9.1

3 Propafenone AAD 1.38 9.7 30 Aminoglutethimide  ANP 1.59 4.3;11.7

4 Bupropion AD 2.33 8.2 31 Bicalutamide ANP 2.52 11.8; 13.2

5 Citalopram AD 1.77 9.8 32 Acebutolol BB -0.50  9.7; 139

6 Fluoxetine AD 2.39 9.8 33 Atenolol BB -1.41 9.7

7 Mianserin AD 3.96 6.9 34 Metoprolol BB -0.18 9.7

8 Nomifensine AD 1.89 1.9; 8.8 35  Pindolol BB -0.07 9.7

9 Trimipramine AD 3.07 0.1; 9.4 36  Propranolol BB 0.83 9.7

10  Viloxazine AD 0.82 8.2 37 Salbutamol BB+BD  -1.06 9.4; 10.1

11 Benalaxyl AF 4.03 - 38 Timolol BB -0.60 -0.3; 9.8

12 Hexaconazole AF 2.99 2.0; 133 39 Bambuterol BD -0.36 9.5; 13.9

13 Imazalil AF 3.45 6.5 40 Clenbuterol BD 0.35 1.4; 9.6

14 Metalaxyl AF 1.91 15.8 41 Isoprenaline BD -0.50 9.0; 9.8; 12.7
15  Myclobutanil AF 3.22 2.3 42 Orciprenaline BD -0.47 8.8; 9.7; 10.6
16  Penconazole AF 3.77 2.1 43 Terbutaline BD -0.48 8.9; 9.8; 10.6
17 Brompheniramine  AH 2.29 3.6; 9.5 44 Cilnidipine CaB 4.03 -

18 Carbinoxamine AH 217 3.3; 89 45 Felodipine CaB 3.07 -

19 Cetirizine AH 0.00 1.6; 36; 74 46 Verapamil CaB 2.87 9.7

20 Chlorpheniramine  AH 2.02 3.6; 9.5 47 Procyclidine ACD 1.81 9.5; 13.8

21 Doxylamine AH 1.88 3.2; 89 48 Ethopropazine APD 3.47 9.6

22 Hydroxyzine AH 3.09 1.6; 7.5 49  Promethazine APD 3.31 9.1

23 Orphenadrine AH 3.16 8.9 50  Thioridazine APD 4.51 8.9

24  Terfenadine AH 5.39 9.0; 13.2 51 Trimeprazine APD 3.10 9.4

25  Bupivacaine LA 3.99 8.0 52 Lansoprazol PPI 2.90 1.1; 4.2; 94
26  Mepivacaine LA 3.02 7.3 53 Pantoprazol PPI 1.81 1.3; 3.6; 9.2
27 Prilocaine LA 1.82 8.8 54 Rabeprazol PPI 1.81 1.1; 4.2; 9.4

2 Drug/Pesticide family: AAD (antiarrhythmic drugs), AD (antidepressants), AF (antifungals), AH (antihistamines), LA (local anaes-
thetics), ANAL (analgesics), ANP (antineoplastics), BB (8-blockers), BD (bronchodilators), CaB (calcium channel blockers), ACD (anti-
cholinergic drugs), APD (antipsychotic drugs), and PPI (proton pump inhibitors).

b Estimated values obtained from ChemSpider [39]

most negligible, but perceptible. Therefore, the U-shaped retention
curves were not so evident as for less hydrophobic compounds.

To visualise the HILIC behaviour with cellulose-based CSPs,
Fig. 2 represents the differences between the k values for the least
retained enantiomer obtained with ACN/H,0 mobile phases con-
taining 2 and 10% of water (98-90% ACN) for each compound, in
the Celll, Cell2, Cell3, Cell4, and Cell5 columns. The compounds
are shown in increasing order of logD values. In general, positive
or zero values were obtained in all cellulose-based CSPs, indicat-
ing that in these experimental conditions these CSPs are operat-
ing in HILIC mode. It must be pointed out that, for the majority
of compounds, the retention factors obtained using a mixture of
5 mM ammonium bicarbonate (pH 8)/ACN (2/98, v/v) as mobile
phase followed the order k Cell3 > k Cell2 > k Cell4 ~ k Celll >>
k Cell5 (results not shown).

As can be observed in Fig. 2, for all CSPs, the largest differ-
ences in retention factors were generally obtained for compounds
with low to medium logD values whereas hydrophobic compounds
showed mostly low retention (so differences close to 0), which is
the typical behaviour with HILIC columns. The Cell3 CSP (Fig. 2.C)
showed the highest differences in retention values for a large num-
ber of compounds, especially for compounds No = 6, 17, 18 and 20.
These compounds present medium logD values (~ 2) and present
in their molecular structure tertiary or secondary amine groups,
halogen atoms, and high aromaticity which could favour -7, hy-
drogen bonding and van der Waals interactions. These interac-
tions could be important for 2% H,O mobile phases (the low-
est water content), and are drastically reduced when increasing
the water content in the mobile phase. In contrast, for the Cell5
CSP (Fig. 2.E), the differences in k values were minimal due to
the lower retention of the compounds under these experimental
conditions. Celll and Cell4 CSPs presented similar results, while
Cell2 showed larger differences in k values for a large number of
compounds.

Fig. 3 shows the most remarkable results found when compared
the k values for the first eluted enantiomer of compounds for mo-
bile phases containing 5 mM NH4HCO5; (pH 8)/ACN (50/50, v/v)
(ksgz, RPLC-domain) in each CSP. For comparative purposes, the
identity line of slope and intercept equal to 1 and 0, respectively
has been included. When comparing the ksgy values obtained in
each CSP, except for the Cell2 and Cell4 CSPs, there is a random
distribution of the kspy values and do not they fit the identity line
for most compounds, which points out the differences between se-
lectivities and retention extent of the CSPs.

The effect of the position of the substituents of the phenylcar-
bamate moiety on the retention can be observed in Fig. 3.A. As
could be expected, the Cell2 and Cell4 CSPs showed similar ksgy
values because of their close structure; the only difference be-
tween them being that the methyl and chlorine substituents in
the 3,4 position of the phenyl moiety are interchanged. On the
other hand, the Celll and Cell5 CSPs differ in the nature of the
substituents (two methyl groups in Celll and two chlorine atoms
in Cell5), not in their position (3,5) on the phenyl moiety. As can
be observed in Fig. 3.E, these CSPs showed different selectivity, al-
though it must be also taken into account that Cell5 is the only
immobilised polysaccharide-based CSP.

In general, for most of the compounds, the ksgy values
was higher in phenylcarbamate-type than in benzoate-type CSPs
(Fig. 3.C), opposite behaviour to that described for the HILIC mode.

The retention behaviour of compounds using MeOH/H,0 mo-
bile phases (in the range of 30-90%) was also studied. For all
compounds and CSPs studied, it was observed that an increase
in the water proportion in the mobile phase led to an increase
in retention, which is the typical RPLC-behaviour. As an exam-
ple, Fig. 1 (right part) shows the retention of atenolol, brompheni-
ramine, myclobutanil, and bupivacaine with mobile phases con-
taining different amounts of MeOH. By comparing the retention
behaviour of these compounds with mobile phases containing the
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Fig. 2. Differences between the retention factors obtained for the least retained enantiomer with mobile phases of 5 mM NH4HCO3/ACN (2/98, v/v) and 5 mM NH4HCO3/ACN
(10/90, v/v) (kax - kigy) in each cellulose-based chiral stationary phase studied: (A) Celll, (B) Cell2, (C) Cell3, (D) Cell4, (E) Cell5. The compounds are shown in increasing
order of hydrophobicity. See No in Table 1
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Fig. 3. Comparison of the retention factors of compounds using 5 mM NH,HCO;/ACN (50/50, v/v) mobile phases and the following cellulose chiral stationary phases: (A)
Cell4 vs. Cell2, (B) Cell4 vs. Celll, (C) Cell4 vs. Cell3, (D) Cell4 vs. Cell5, and (E) Cell5 vs. Celll. The diagonal dotted line represents the identity line of slope equal to unity

and intercept zero.

same percentage of ACN and MeOH in the RPLC-domain, it can be
concluded that in all cases the retention in MeOH/H,O is higher
than in ACN/H,0 and that MeOH presents lower eluent strength
than ACN, as occurs in achiral RPLC systems. This behaviour was
observed for all compounds.

3.2. Enantioresolution study

Table 2 shows, for each compound, the chromatographic sys-
tem that provided the maximum enantioresolution value (Rs max)
for the ACN/H,0 and MeOH/H,0 mobile phases studied taking into
account all CSPs data joinly. Table 2 also shows the correspond-
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Table 2 (continued)

MeOH
Ni/N,

ACN

Chromatographic

system

(B/A)1/(B/A)2

Rs max

o

kq/ky

(B/A)1/(B/A); Chromatographic system

o Rs max N1/N;

k1 /ky

No

3 - 80% MeOH
3 - 90% MeOH
3 - 90% MeOH
3 - 90% MeOH
4 - 70% MeOH
4 - 90% MeOH
4 - 90% MeOH

Ce
Ce

Ce

Ce

Ce
Ce

Ce

A iy ahag

3350

1840

220 =20 N 20

2290
3610

0.6
4.2

1.05
1.5

1590
3750
1830
4240
5040

1.0

1.13

5.5

1.65
1.56
13

4.0
2.5

6.0

1.59

L) 0 == )

3 - 50% ACN
3 - 95% ACN
3 - 50% ACN
2 - 50% ACN
4 - 60% ACN
4 - 50% ACN
4 - 50% ACN

Ce
Ce

Ce

Ce

Ce
Ce

Ce

=T =

5810/6390
4750/5020
2140/2510

3
2.7

1.19
1.31

12900/13800
4870/5410
7600/5160
7380/7010

5.0
9.5

1.56
1.93
1.67

8.5

D22 S

54

2 Compound with Rs = 0 in all ACN/5 mM NH4HCO; (pH=8) chromatographic systems

b Compound with Rs = 0 in all MeOH/5 mM NH4HCO; (pH:

8) chromatographic systems
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ing k, N and BJA values obtained for the first (1) and second (2)
eluted enantiomers as well as the o values (Eqs. (1)-(5)). Addition-
ally, Table 3 shows the count of compounds showing baseline (Rs
max > 1.5) and partial (0 < Rs max < 1.5) enantioresolution in at
least one of the experimental conditions assayed in each chromato-
graphic system; as well as the count of those compounds showing
null (Rs max = 0) enantioresolution in all experimental conditions
assayed in the indicated chromatographic system. Compounds are
identified as indicated in Table 1.

As can be observed in Tables 2 and 3 (last row), the enan-
tiomers of 38 of the 54 chiral compounds studied were baseline
separated in at least one of all the chromatographic systems as-
sayed. In addition, the enantiomers of five (No = 2, 18, 20, 39
and 47) of the 13 compounds partially separated showed marginal
Rs max values (0 < Rs max < 0.7); and three chiral compounds
(No = 17, 32 and 37) showed Rs = O in any of the chromato-
graphic systems studied. The highest Rs max value (9.4) was found
for compound No = 30 (aminoglutethimide) in the Cell3 CSP and a
90% MeOH mobile phase.

The effect of the nature and concentration of the organic sol-
vent, as well as the nature of the CSP on the enantionresolution is
studied in depth in the sub-sections below.

3.2.1. Effect of the nature of the organic solvent used in the mobile
phase on the enantioresolution

As stated in the introduction section, the mobile phase compo-
sition can modulate the enantiorecognition ability of a given CSP
[12-19]. As can be observed in Tables 2 and 3, ACN/H,0 allowed
baseline enantioresolution of a higher number of compounds than
MeOH/H,0 (Rs max > 1.5 for 34 and 24 compounds in ACN/H,0
and MeOH/H,O0, respectively). It must be noted that, in most cases,
the percentage of MeOH in the mobile phase allowing baseline
enantioresolution was much higher than the corresponding one of
ACN/H,O0.

Fig. 4 shows the Rs max values obtained with MeOH/H,O vs.
ACN/H,0 mobile phases for each CSP studied (Fig. 4.A-E), as well
as, taking into account all CSP results jointly (Fig. 4.F). The iden-
tity line (dotted line) has been included for comparative purposes.
When compared the results obtained with both solvents in each
CSP (Fig. 4.A-E), there is no correlation between the Rs max-ACN
and Rs max-MeOH values, nor do they fit the identity line for
most compounds, which means that the use of MeOH/H,0 or
ACN/H,0 leads to a different enantioselectivity and enantioreso-
lution degree of the chromatographic systems. Although in some
cases MeOH/H,0 mobile phases provided much better Rs max val-
ues than ACN/H,0 mobile phases, the use of MeOH/H,0 instead
of ACN/H,0 decreased enantioresolution for most compounds (i.e.,
compounds are below the identity line in Fig. 4) in all CSPs. This
effect was less noticeable in Cell3-MeOH. The MeOH-Cell1 and
MeOH-Cell5 chromatographic systems displayed very poor enan-
tioresolution ability. The lower enantioresolution ability of the
MeOH/H,0 chromatographic systems could be attributed to its
ability to exert hydrogen bonds with the CSP that can displace
the enantiomer from the enantiomer-CSP complex. In addition,
the efficiency (N) of the chromatographic peaks was always lower
in MeOH/H,0 than in ACN/H,0 chromatographic systems while
asymmetry (B/A) of the peaks was similar in both systems (see
Table 2).

From a practical perspective, taking into account the results ob-
tained for all CSPs (see Fig. 4.F and Tables 2 and 3), MeOH/H,0
mobile phases became indispensable only for the baseline enan-
tioresolution of four compounds: No = 4 (bupropion), No = 25
(bupivacaine), No = 44 (cilnidipine) and No = 51 (trimeprazine;
see Fig. 5). For these compounds, baseline enantioresolution was
only obtained with MeOH/H,0 mobile phases.
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Table 3
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Compound count with baseline (Rs max > 1.5) and partial (0 < Rs max < 1.5) enantioresolution in at least one of the experimental conditions assayed in each
chromatographic system; and compound count with null (Rs max = 0) enantioresolution in all experimental conditions assayed in the indicated chromatographic

system. See No in Table 1

Chromatographic system Rs max Count No
ACN-Cell1 Rs max > 1.5 9 7, 8, 12, 14, 15, 22, 23, 30, 35

0 < Rs max < 1.5 14 9-11, 13, 16, 24, 27, 36, 40, 41, 44, 46, 52, 54

Rs max = 0 31 1-6, 17-21, 25, 26, 28, 29, 31-34, 37-39, 42, 43, 45, 47-51, 53
ACN-Cell2 Rs max > 1.5 21 5, 7-10, 12-14, 16, 21, 26-28, 30, 35, 40, 41, 45, 52-54

0 < Rs max < 1.5 17 1-4, 11, 15, 22, 24, 25, 29, 33, 34, 39, 44, 47, 49, 51

Rs max = 0 16 6, 17-20, 23, 31, 32, 36-38, 42, 43, 46, 48, 50
ACN-Cell3 Rs max > 1.5 16 7-9, 12-15, 19, 22, 29, 30, 42, 48, 49, 50, 53

0 < Rs max < 1.5 6 4, 16, 23, 24, 44, 45

Rs max = 0 32 1-3, 5, 6, 10, 11, 17, 18, 20-21, 25-28, 31-41, 43, 46, 47, 51, 52, 54
ACN-Cell4 Rs max > 1.5 18 7, 8, 11-16, 27, 28, 30, 31, 35, 40, 41, 52-54

0 < Rs max < 1.5 17 1-5, 9, 10, 18, 21, 24, 26, 29, 34, 38, 42, 44, 45

Rs max = 0 19 6, 17, 19, 20, 22, 23, 25, 32, 33, 36, 37, 39, 43, 46-51
ACN-Cell5 Rs max > 1.5 15 8, 11-14, 16, 24, 26, 30, 31, 41, 43, 52-54

0 < Rs max < 1.5 7 4,9, 15, 25, 27, 28, 43

Rs max = 0 32 1-3, 5-7, 10, 17-23, 29, 32-40, 42, 45-51
ACN-All CSPs Rs max > 1.5 34 5, 7-16, 19, 21-24, 26-31, 35, 40-43, 45, 48, 49, 50, 52-54

0 < Rs max < 1.5 15 1-4, 18, 25, 33, 34, 36, 38, 39, 44, 46, 47, 51

Rs max = 0 5 6, 17, 20, 32, 37
MeOH-Cell1l Rs max > 1.5 4 14-16, 23

0 < Rs max < 1.5 11 7,10, 12, 13, 22, 25, 30, 35, 48, 52, 54

Rs max = 0 39 1-6, 8, 9, 11, 17-21, 24, 26-29, 31-34, 36-47, 49-51, 53
MeOH-Cell2 Rs max > 1.5 13 8, 10, 12-16, 30, 35, 45, 52-54

0 < Rs max < 1.5 14 1, 3-5, 7, 11, 21, 28, 31, 36, 39, 40, 44, 45

Rs max = 0 27 2, 6,9, 17-20, 22-27, 29, 32-34, 37, 38, 42, 43, 46-51
MeOH-Cell3 Rs max > 1.5 11 4,7, 8, 13, 22, 25, 29, 30, 45, 49, 51

0 < Rs max < 1.5 28 3, 6, 10, 11, 14-16, 18-20, 23, 24, 28, 31, 34-36, 39-44, 46, 48, 50, 52-54

Rs max =0 15 1,2,5,9,12, 17, 21, 26, 27, 32, 32, 37, 38, 47, 54
MeOH-Cell4 Rs max > 1.5 10 8, 10, 12, 13, 15, 30, 41, 52-54

0 < Rs max < 1.5 16 1, 3-7, 11, 14, 21, 28, 37, 39, 40, 44, 45, 47

Rs max = 0 28 2,9, 16-20, 22-27, 29, 31-34, 36-38, 42, 43, 46, 48-51
MeOH-Cell5 Rs max > 1.5 7 8, 11, 13, 16, 41, 44, 54

0 < Rs max < 1.5 9 10, 12, 14, 24, 26, 27, 31, 52, 53

Rs max = 0 38 1-7, 9, 15, 17-23, 25, 28-30, 32-40, 42, 43, 45-51
MeOH-AIl CSPs Rs max > 1.5 24 4,7, 8, 10-16, 22, 23, 25, 29, 30, 35, 41, 44, 45, 49, 51-54

0 < Rs max < 1.5 23 1, 3, 5, 6, 18-20, 21, 24, 26-28, 31, 34, 36, 39, 40, 42, 43, 46-48, 50

Rs max = 0 7 2,9, 17, 32, 33, 37, 38
All (overall data from all Rs max > 1.5 38 4, 5, 7-16, 19, 21-31, 35, 40-45, 48, 49-54
mobile phases and CSPs) 0 <Rsmax < 1.5 13 1-3, 6, 18, 20, 33, 34, 36, 38, 39, 46, 47

Rs max = 0 3 17, 32, 37

In view of the results obtained, to try to separate the enan-
tiomers of a new chiral compound in the cellulose CSPs studied
we recommend using ACN/H,O mobile phases as a first attempt
and testing MeOH/H,0 only in those cases where ACN/H,O0 fails.
It must be pointed out that the MeOH-Cell3 system can provide
interesting complementary results (see Section 3.2.2).

3.2.2. Effect of the percentage of organic solvent used in the mobile
phase on the enantioresolution

For most of the compounds and CSPs, with MeOH/H,0 and
ACN/H,O0 in the RPLC-domain mobile phases, enantioresolution in-
creased as the percentage of organic solvent in the mobile phase
decreased. Different behaviour was observed for enantioresolution
in the ACN HILIC-domain (98-80% ACN). For some compounds and
some CSPs, enantioresolution decreased as the ACN content de-
creased (e.g. No = 53 in Cell2, Cell4, and Cell5) while for other
cases CSPs, the opposite behaviour was observed (e.g. No = 29 in
Cell3). Finally, in other cases, the enantioresolution decreased as
the ACN content decreased up to a minimum were enantioresolu-
tion increased as the ACN content decreased (e.g. No = 8, 9, 12-14
in Cell2 and Cell4). This behaviour could be attributed to reversals
in the elution order of enantiomers. Although this statement must
be confirmed by injecting pure enantiomers.

The enantioresolution in the HILIC- and RPLC-domain were also
compared. Table 4 shows compound count with baseline and par-
tial enantioresolution in at least one of the experimental condi-
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tions assayed in the HILIC- (80-98% ACN) and RPLC- (< 80%) do-
mains in at least one of the experimental conditions assayed in
each chromatographic system. As can be observed in Table 4 (last
row) (see also Fig. S1.F in Supplementary materials), in the RPLC-
domain, the baseline enantioseparation of almost twice as many
compounds as in HILIC was obtained (32 and 17 compounds, re-
spectively).

On the other hand, when comparing the Rs max values ob-
tained in the HILIC-domain with the corresponding values in the
RPLC-domain for each of the CSPs studied (Fig. S1.A-S1.E), it was
observed that for most of the compounds, worse Rs max values
were obtained in HILIC. As can be observed in Table 4 (last row)
(and Fig. S1.F), the enantiomers of No = 49 (promethazine) were
the only ones that were baseline separated in the HILIC-domain
but partially resolved in the RPLC-domain (with ACN/H,0, in
MeOH/H,0 mobile phases baseline enantioresoltion was achieved,
see Tables 2 and 3). Moreover, all the other compounds that were
baseline enantioseparated in HILIC also did so in RPLC and with
higher Rs max values (Fig. S1.F), except for the enantiomers of pin-
dolol (No = 35), and isoprenaline (No = 41) whose Rs max values
were higher in the HILIC-domain.

As is well known, the HILIC mode in achiral HPLC is of par-
ticular interest for the separation of hydrophilic compounds, so it
would not be illogical to suppose that this mode could be advan-
tageous for the separation of the enantiomers of chiral hydrophilic
compounds in chiral HPLC. In contrast, 3 (No = 35, 36, and 41) of
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Cell2, (C) Cell3, (D) Cell4, (E) Cell5 and (F) all chiral stationary phases. The diagonal dotted line represents the identity line of slope equal to unity and intercept zero. The

horizontal and vertical dashed lines indicate Rs max = 1.5.

the 30 chiral compounds for which some degree of enantioresolu-
tion was observed under the HILIC conditions assayed have logD
values lower than 1.0.

In view of the results obtained, and taking into account the
higher cost and toxicity of the HILIC mobile phases used, to try
to separate the enantiomers of a new chiral compound in the cel-
lulose CSPs studied we recommend using the RPLC mode.

1

3.2.3. Effect of the nature of the CSP on the enantioresolution

As can be seen in Table 3, with ACN/H,0 mobile phases, Cell2
is the CSP that allowed the separation (baseline and partial) of
the enantiomers of the highest number of chiral compounds, fol-
lowed by Cell4, then Cell3, Cell5, and finally Celll. ACN-Cell2 is
also the chromatographic system among all the assayed (including
MeOH/H,0 systems) that provided the baseline enantioseparation
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Table 4
Compound count with baseline (Rs max > 1.5) and partial (0 < Rs max < 1.5) enantioresolution in at least one of the experimental
conditions assayed in each chromatographic system in the HILIC (80-98% ACN) and RPLC (<80%) domains. See No in Table 1

Chromatographic Rs max Domain  Count  No
system
ACN-Cell1 Rs max > 1.5 HILIC 3 14, 15, 35
RPLC 9 7, 8,12, 14, 15, 22, 23, 30, 35
0 <Rsmax < 1.5 HILIC 9 7, 8,11, 12, 16, 22, 23, 30, 36
RPLC 13 9-11, 13, 16, 24, 27, 40, 41, 44, 46, 52, 54
ACN-Cell2 Rs max > 1.5 HILIC 10 8, 12-14, 16, 30, 41, 52-54
RPLC 21 5, 7-10, 12-14, 16, 21, 26-28, 30, 35, 40, 41, 45, 52-54
0 < Rs max < 1.5 HILIC 9 1,7,9, 11, 24, 26-28, 45
RPLC 17 1-4, 11, 15, 22, 24, 25, 29, 33, 34, 39, 44, 47, 49, 51
ACN-Cell3 Rs max > 1.5 HILIC 4 8,9, 29, 49
RPLC 15 7-9, 12-15, 19, 22, 29, 30, 42, 48, 50, 53
0 < Rs max < 1.5 HILIC 4 7,13, 30, 50
RPLC 6 4, 16, 23, 24, 44, 45
ACN-Cell4 Rs max > 1.5 HILIC 6 12, 13, 41, 52-54
RPLC 17 7, 8, 11-16, 27, 28, 30, 31, 35, 40, 52-54
0 < Rs max < 1.5 HILIC 10 1,7, 8, 11, 14, 16, 18, 27, 28, 30
RPLC 17 1-5, 9, 10, 18, 21, 24, 26, 29, 34, 38, 42, 44, 45
ACN-Cell5 Rs max > 1.5 HILIC 9 8, 11, 13, 16, 26, 30, 41, 52, 54
RPLC 13 8, 11-14, 16, 24, 26, 30, 31, 52-54
0 < Rs max < 1.5 HILIC 7 12, 14, 15, 24, 25, 44, 53
RPLC 7 4,9, 15, 27, 28, 41, 44
ACN-AIl CSPs Rs max > 1.5 HILIC 17 8,9, 11-16, 26, 29, 30, 35, 41, 49, 52-55
RPLC 32 5, 7-16, 19, 21-24, 36-31, 35, 40-42, 45, 48, 50, 52-54
0 <Rsmax < 1.5 HILIC 13 1, 7, 18, 22-25, 27, 28, 36, 44, 45, 50
RPLC 15 1-4, 18, 25, 33, 34, 38, 39, 44, 46, 47, 49, 51
30 1
25
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Fig. 5. Chromatograms obtained for trimeprazine (No = 51) in the ACN/H,0 and MeOH/H,0 chromatographic systems, which provided the maximum enantioresolution
values. See further experimental details in Section 2.3.
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Fig. 6. Chromatograms obtained for hexaconazole (No = 12) in the chromatographic systems, which provided the maximum enantioresolution values using: (A) ACN/H,0
and (B) MeOH/H,0 mobile phases. See further experimental details in Section 2.3.

12



M. Pérez-Baeza, L. Escuder-Gilabert, Y. Martin-Biosca et al.

A

10
9
. 8
I
7
S
E 14
< 5
§ a
& 3
12
2 2NN B
! g2 10 4
0 53— —— T
012345467 8 910
Rs max-ACN-Cell2
©
10 4 '
| 53
9 !
8 ! 54
] .
$ ! A1
§61 ! '
S 59 : 52
§ 4{ ' 30 |
E _ TS a
@ 3 F 27’ 14
215 B i
i
¥
0 - I| T T T T T T T 1
012345467 8 910
Rs max-ACN-Cell2

10
9
o 8
g .
=
3 s
s 4
s 3
2
1
0

Journal of Chromatography A 1673 (2022) 463073

(B)

Rs max-ACN-Cell3

4T T T T 1

012345867 8 910
Rs max-ACN-Cell2

(D)

[
o

Rs max-ACN-Cell5
OB N WHUOGONO®O

0123456 7 8 910
Rs max-ACN-Cell2

012345678910

Rs max-ACN-Cell1

Fig. 7. Comparison of maximum enantioresolution values (Rs max) obtained for ACN/H,0 mobile phases in the cellulose chiral stationary phase studied: (A) Celll vs. Cell2,
(B) Cell3 vs. Cell2, (C) Cell4 vs. Cell2, (D) Cell5 vs. Cell2, and (E) Cell5 vs. Celll. The diagonal dotted line represents the identity line of slope equal to unity and intercept
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of the highest number of compounds. In this system, the Rs max
values, for compounds with baseline enantioresolution, were be-
tween 1.5 (No = 40, clenbuterol) and 8.0 (hexaconazole, No = 12,
maximum value obtained among all compounds and ACN/H,O
conditions tested, see Fig. 6).

In Fig. 7 the Rs max-ACN values obtained with each CSP vs.
those obtained with Cell2 are plotted. These graphs can be very
useful to compare the enantioresolution of the CSPs and also to
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establish if any of them have complementary/advantageous enan-
tioselectivity with respect to that of the Cell2 with ACN/H,0 mo-
bile phases.

As discussed above, Cell2 and Cell4 are the CSPs with the clos-
est structure. The ACN-Cell4 system did not show clear enantiose-
lectivity complementary to that of ACN-Cell2 (data show a random
distribution around the identity line in Fig. 7.C). Thus, in general,
the enantiomers of most compounds that separated (baseline or
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partially) in the ACN-Cell4 system also did in the ACN-Cell2 sys-
tem; except for the enantiomers of compounds No = 18, 31, 38,
and 42 which only showed some enantioresolution degree in ACN-
Cell4. For other compounds (No = 7, 11, 15, 30, 34, 40, 44, 52, 53
and 54) better Rs max-ACN-Cell4 values were also obtained. How-
ever, from a practical point of view, the use of ACN-Cell4 was ad-
vantageous over ACN-Cell2 only for the separation of the enan-
tiomers of benalaxyl (No = 11) and bicalutamide (No = 31) that
only showed baseline enantioresolution in ACN-Cell4 (although
also in other systems, see Table 3). These results show that the po-
sition of the substituents of the phenylcarbamate moiety, although
not exerting a marked effect on the enantioselectivity of the CSP,
does affect the enantioresolution degree.

The other phenylcarbamate-type CSPs (Celll and Cell5) also did
not clearly show complementary enantioselectivity to Cell2 with
ACN/H,0 mobile phases. As can be seen in Fig. 7.D, among the
compounds (No = 8, 11, 24, 26, 30, 31, 42, 43, and 54) with base-
line enantioresolution in ACN-Cell5 and with Rs max values higher
than in ACN-Cell2, this system was only advantageous over the
ACN-Cell2 system and also over all the systems studied (includ-
ing the MeOH/H, 0 systems) for the separation of the enantiomers
of terfenadine (No = 24) and terbutaline (N = 43) whose baseline
enantioresolution was only achieved in ACN-Cell5 (see Table 3).
On the other hand, for enantiomers of No = 14, 15, 22, 23, 30,
and 35 baseline enantioresolution in ACN-Celll was found with
higher Rs max values than in ACN-Cell2 (Fig. 7.A); but, among
these compounds, only for the separation of orphenadrine enan-
tiomers (No = 23), the ACN-Cell1 system was clearly advantageous
over ACN-Cell2 and also over the rest of the systems in practical
terms (see Table 3). As can be observed in Fig. 7.E, the ACN-Cell5
and ACN-Cell1l systems showed almost orthogonal enantioselectiv-
ity, highlighting the great impact of the nature of the CSP sub-
stituents on the enantioresolution.

Cell3 is the unique benzoate-type CSP assayed and is the only
CSP that clearly showed complementary enantioselectivity to that
of Cell2 and the other CSPs with ACN mobile phases. As can be
seen in Fig. 7.B, the enantiomers of No = 15, 19, 22, 29, 42, 48,
49, and 50 were baseline enantioresolved in Cell3-ACN but not in
Cell2-ACN (see Table 3). Cell3-ACN was the unique system among
all the studied systems (including the MeOH/H, O systems) that al-
lowed the baseline enantioresolution of the enantiomers of ceti-
rizine (No = 19), orciprenaline (No = 42), ethopropazine (No = 48)
and thioridazine (No = 50).

As can be seen in Table 3, with MeOH/H,0 mobile phases,
Cell2 was also the CSP that allowed the baseline separation of
the enantiomers of the highest number of chiral compounds, fol-
lowed by Cell3, then Cell4, Cell5, and finally Cell1 CSP. On the other
hand, Cell3 showed almost orthogonal enantioselectivity to that of
Cell2 (see Fig. S2.A) in MeOH/H,0. Moreover, in MeOH/H,0 mo-
bile phases, Cell2 and Cell4 CSPs showed similar enantioselectiv-
ities as in ACN/H,0 mobile phases, but also similar enantioreso-
lution degrees (Fig. S2.B). Finally, as stated in Section 3.2.1, the
MeOH-Cell1 and MeOH-Cell5 chromatographic systems displayed
very poor enantioresolution ability (Fig. S2.C).

For the aforementioned reasons, to try to enantioseparate a new
basic or neutral chiral compound in the cellulose-CSPs studied we
recommend using the following chromatographic system order: (i)
ACN-Cell2, (ii) MeOH-Cell3, (iii) ACN-Cell5, (iv) ACN-Celll and (v)
other systems.

4. Conclusions

In this paper, the retention behaviour and the enantioresolu-
tion of 54 structurally unrelated basic and neutral chiral com-
pounds are studied using five commercial cellulose-based chiral
stationary phases (Celll, Cell2, Cell3, Cell4, and Cell5) and acetoni-
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trile (10-98%) or methanol (30-90%)/5 mM ammonium bicarbon-
ate (pH = 8) mobile phases.

In the experimental conditions assayed, for all compounds and
CSPs in MeOH/H,0 mobile phases a typical RPLC retention be-
haviour was observed. Whereas for ACN/H,0 mobile phases, two
different domains according to water content and retention be-
haviour were distinguished: the RPLC-domain, for the water con-
tent of 20-90% (ACN content below 80%), where RPLC behaviour
prevails; and the HILIC-domain, for a water proportion in the mo-
bile phase below 20% (ACN content of 80-98%), in which HILIC re-
tention behaviour prevails.

This dual HILIC/RPLC retention behaviour was observed for all
compounds and all (chlorinated and non-chlorinated) CSPs. How-
ever, the magnitude of retention changes was different for each
compound and each CSP. HILIC behaviour was more noticeable for
hydrophilic compounds with all CSPs.

The use of MeOH/H,0 or ACN/H,0 leads to different enantios-
electivities and enantioresolution degrees of the chromatographic
systems. For most compounds in all CSPs, ACN/H,0 provided much
better enantioresolution than MeOH/H,0 mobile phases. This ef-
fect was less noticeable in Cell3-MeOH chromatographic system.
The MeOH-Celll and MeOH-Cell5 chromatographic systems dis-
played very poor enantioresolution ability. The lower enantioreso-
lution ability of the MeOH/H,0 chromatographic systems could be
attributed to its competition with the enantiomer for hydrogen-
bonding interactions with the CSP.

For ACN/H,0 mobile phases, much better enantioresolution was
obtained in the RPLC-domain for most of the compounds. Except
the enantiomers of promethazine, all the compounds that were
baseline enantioresolved in HILIC also did so in RPLC.

Among all the chromatographic systems assayed, ACN-Cell2 al-
lowed the separation of the enantiomers of the highest number of
chiral compounds. Phenylcarbamate-type CSPs did not clearly show
complementary enantioselectivity to that of Cell2 with ACN/H,0
mobile phases. Comparing enantioresolution of Cell2 vs. Cell4, it
can be concluded that the position of the substituents of the
phenyl moiety, although not exerting a marked effect on the enan-
tioselectivity of the CSP, does affect the enantioresolution degree
in ACN/H,0 but not in MeOH/H,0 mobile phases. On the other
hand, comparing the enantioresolution of Celll vs. Cell5, it can be
concluded that the nature of the CSP substituents has a significant
effect on the enantioresolution with ACN/H,0 mobile phases. Cell3
is the only CSP that clearly showed complementary enantioselec-
tivity to that of Cell2, mainly with MeOH/H,0 mobile phases.

From the results obtained, to try to separate the enantiomers
of a new basic or neutral chiral compound in the cellulose-CSPs
studied, we recommend using the ACN-Cell2 chromatographic sys-
tem in the RPLC-domain as a first attempt, then MeOH-Cell3, ACN-
Cell5, ACN-Cell1 both in the RPLC-domain, and finally other sys-
tems.
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Fig. S1. M. Pérez-Baeza et al.

Maximum enantioresolution values (Rs max) obtained for the HILIC vs. RPLC domains with
ACN/H20 mobile phases in each cellulose chiral stationary phase studied: (A) Cell1, (B) Cell2, (C)
Cell3, (D) Cell4, (E) Cell5 and (F) all chiral stationary phases. The diagonal dotted line represents
the identity line of slope equal to unity and intercept zero. The horizontal and vertical dashed lines
indicate Rs max = 1.5.
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Comparison of maximum enantioresolution values (Rs max) obtained for MeOH/H2O mobile phases
in the following cellulose chiral stationary phases: (A) Cell3 vs. Cell2, (B) Cell4 vs. Cell2, and (C)
Cell5 vs. Celll. The diagonal dotted line represents the identity line of slope equal to unity and
intercept zero. The horizontal and vertical dashed lines indicate Rs max = 1.5.
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ABSTRACT

Artificial neural networks (ANN; feed-forward mode) are used to quantitatively estimate the enantioreso-
lution (Rs) in cellulose tris(3,5-dimethylphenylcarbamate) of chiral molecules from their structural infor-
mation. To the best of our knowledge, for the first time, a dataset of structurally unrelated compounds
is modelled using ANN, attempting to approach a model of general applicability. After setting a strategy
compatible with the data complexity and their relatively limited size (56 molecules), by prefixing ini-
tial ANN inner weights and the validation and cross-validation subsets, the ANN optimisation based on a
novel quality indicator calculated from 9 ANN outputs allows selecting a proper (predictive) ANN archi-
tecture (a single hidden layer of 7 neurons) and performing a forward-stepwise feature selection process
(8 variables are selected). Such relatively simple ANN offers reasonable good general performance in pre-
dicting Rs (e.g. validation plot statistics: mean squared error = 0.047 and R = 0.98 and 0.92, for all or
just the validation molecules, respectively). Finally, a study of the relative importance of the selected vari-
ables, combining the estimation from two approaches, suggests that the surface tension (positive overall
contribution to Rs) and the -NHR groups (negative overall contribution to Rs) are found to be the main
variables explaining the enantioresolution in the current conditions.
© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

as well as in polar organic mode [1]. For the analytical scale, RPLC
has some advantages in the analysis of pharmaceuticals and aque-

Chiral stationary phases (CSPs) based on amylose and cellulose
polysaccharide derivatives are by far the preferred choice for the
enantioseparation of chiral compounds in high-performance liquid
chromatography (HPLC). Besides the wide availability of commer-
cially CSPs, their broad chiral recognition capacity enables the sep-
aration of the enantiomers of a high variety of compounds [1].
When using polysaccharide-based CSPs in HPLC, separations can
be carried out in normal phase (NPLC), in reversed phase (RPLC)

* Corresponding author.
** Corresponding author.
E-mail addresses: yolanda.martin@uv.es (Y. Martin-Biosca), sagrado@uv.es (S.
Sagrado).
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ous biological samples and coupling with mass spectrometry de-
tection [2].

There are numerous studies on the fundamentals of enantiosep-
aration mechanisms involving polysaccharide-based CSPs [3-13].
Spectroscopic methods and molecular modelling approaches have
contributed to elucidating the chiral recognition mechanism [3-
13]. Despite the insight provided by these studies, finding the right
CSP/mobile phase (MP) combination that allows the separation of
a given pair of enantiomers remains a very challenging task. Dif-
ferent strategies have been proposed for this purpose. The most
common consists of screening a series of CSP/MP combinations, a
trial-and-error approach that often requires a considerable exper-
imental and economical effort [14-20]. Alternatively, quantitative
structure-enantioselective retention relationships (QSERR), which

0021-9673/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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correlate relevant separation parameters with molecular descrip-
tors derived from molecular structure, have emerged as a useful
strategy to select a suitable CSP/MP combination in chiral RPLC op-
timisation processes [21,22].

For polysaccharide-based CSPs, QSERR have been built using
chemometric tools, like multiple linear regression (MLR) [23-26],
partial least squares regression (PLS) [25,27] or random forest ap-
proach [28,29]. These models, most of them constructed using
chromatographic data of structurally related compounds, allow the
prediction of retention times [25], logarithm of the retention factor
(log k) [22,26,27], separation factor « [28,29] and log o [26-28].

In previous papers, our research group modelled the enan-
tioresolution (as a categorical variable) of structurally unrelated
compounds in some commercial cellulose- and amylose-based sta-
tionary phases using data in RPLC mode [30,31]. 56 structural vari-
ables, including chiral topological parameters, molecular descrip-
tors and molecular topological parameters were used. Discriminant
partial least squares for one categorical response variable (DPLS1)
was used for feature selection and modelling purposes. The mod-
els obtained for the different CSPs presented adequate predic-
tive and descriptive capacity. The descriptive ability (importance -
contribution- of structural variables to explain enantioresolution)
was explored in two stages: (i) feature selection, FS, (eliminating
unnecessary variables) and (ii) calculation of the normalised re-
gression coefficients of variables.

Artificial neural networks (ANN) methodology is a flexible ma-
chine learning (artificial intelligence) approach capable of mod-
elling complex/non-linear relationships between input and re-
sponse variable(s) [32,33]. ANN were designed to learn from a
training dataset (until the predictive ability of a different validation
dataset improves) by using a neural architecture that consists of
interconnected neurons arranged in several layers. In the so-called
feed-forward modality, the architecture comprises an input layer
(independent variables), one or more hidden layers, and an output
layer (response variable(s)). The ANN behaviour depends on the
weights of the connections. During ANN training, these weights are
optimised using an iterative algorithm to obtain a final model that
provides the minimal prediction error on the response variable(s)
[34].

However, due to the inner complexity of ANN, it is difficult to
extract information on how models work to predict the output
from input variables (in ANN, the difficulty in establishing the re-
lationship between input-output variables is commonly referred to
as a black box). Different approaches have been developed to ap-
proximate the relative importance of the input variables to predict
the response, although all of them have limitations [34]. For in-
stance, the approach from Olden et al. comprises the sum of the
product of the inner weights connecting the input-response vari-
ables through the hidden layer [35] but is sensitive to the neu-
ral architecture and the initial starting inner weights [34]. The Lek
et al. approach changes the value of one input variable while main-
taining the other variables at a constant value (at different quan-
tiles) [36], but it could provide different data compared to those
used for training [34]. However, we have found no evidence on
which approach could provide a correct estimation of the impor-
tance of variables, due to the lack of a way to verify the estimation
quality up to now.

After an exhaustive search, only three ANN applications to pre-
dict enantioselective parameters in chiral liquid chromatography
have been found [37-39]. All these QSERR studies have been car-
ried out for a limited number of structurally related compounds
using macrocyclic antibiotics [37], cellulose [38] and brush-type
[39] CSPs. The homogeneity (simplicity) of the data sets used prob-
ably allows performing standard conditions for ANN (that normally
applies to big datasets) as well as a comparison with a conven-
tional regression model.

Journal of Chromatography A 1672 (2022) 463048

The main objectives of this work can be summarised as de-
signing a global strategy, based entirely on ANN, able to se-
lect a (preferably short) set of structural variables capable of
satisfactorily estimating enantioresolution in cellulose tris(3,5-
dimethylphenylcarbamate) chiral stationary phase and aqueous-
acetonitrile mobile phases, working with a relatively limited
dataset of 56 compounds from 14 different chemical families. An
additional aim is to approximate the relative importance of the
selected variables to quantitatively predict Rs. To the best of our
knowledge, ANN have not been used to directly predict the enan-
tioresolution values (Rs) of structurally unrelated chemical com-
pounds nor to perform a selection of the more relevant structural
parameters describing Rs in such a complex situation due to the
heterogeneity of the dataset.

2. Experimental
2.1. ANN nomenclature

Fig. 1 depicts the scheme of ANN used in this work. For all
compounds, the known structural variables (X) are set as the in-
put layer and the predicted Rs values (y) are the output layer (to
be compared with the known experimental Rs data (t) during the
training process). In the middle, we arranged up to 2 hidden lay-
ers and tried up to 30 neurons in each layer; so, a total of 930
ANN were evaluated. Each ANN architecture was identified by Nv-
|k-kk]—1, where Nv is the number of structural variables and k and
kk are the number of neurons in the first and second hidden layer,
respectively. In the case of only one hidden layer, kk=0, the ANN
were identified by Nv-[k]-1. Note that k and kk should be opti-
mised, that Nv could be reduced after a feature selection process,
and finally, from the ANN information (e.g. W;, y) the relative im-
portance of the Nv input variables could be approximated.

2.2. Structural and chromatographic data

To study the structure-enantioresolution relationships for each
compound under study, 56 structural variables (X) were used.
These variables include chiral carbon-related parameters, molecu-
lar descriptors and topological parameters predicted by software
(ChemSpider Database) [40], and calculated hydrophobicity param-
eters as the octanol-water partition coefficient (log P) and the ap-
parent log P at pH = 8 (log D) [30]. These structural variables
were described in detail in previous papers [30,41,42]. Briefly, vari-
ables x; to X7 correspond to chiral carbon (C*) related parameters
(e.g. number of aromatic heterocycles groups bonded to the chiral
carbon (C*hA) as x3); variables Xg to X1 correspond to predicted
molecular descriptors from ACD/Labs and ChemAxon calculations
[40] (e.g. surface tension (ST, dynecm~!) as Xq); variables Xq3 to
Xa9 correspond to molecular topological parameters predicted by
ChemAxon (e.g. Balaban index (Bi) and number of sp3 hybridized
carbons divided by the total carbon count (fsp3) as Xpg and Xag,
respectively), variables X3g to Xs4 are obtained as the count of
atoms/groups present in the compound (e.g. number of -NHR and
-NR, amino groups in the molecule (NHR, NR,), number of R-O-R
ether groups in the molecule (ROR) and number of - NHCOR amide
groups bonded to an aromatic ring in the molecule (ANHCOR) as
X36, X37, X3g and X4, respectively), while variables X55_s5¢ are the
hydrophobicity parameters.

Experimental Rs values of 56 structurally unrelated chem-
ical compounds under study were obtained as described in
[31] using the chiral column Lux Cellulose-1 (cellulose tris(3,5-
dimethylphenylcarbamate) and mobile phases consisting of binary
mixtures of ammonium bicarbonate buffer (5 mM, pH 8) and ace-
tonitrile (ACN) in varying proportions (10-98% in volume of ACN).
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Fig. 1. Architecture of the artificial neural networks (ANN) in this work. The known structural variables (X) are set in the Nv neurons of the input layer. The resolution (Rs)
estimated values (y) will be obtained in a single neuron (output layer). In the middle, the so-called hidden layers must be arranged, defining the complete architecture. ANN
architectures assayed (930) include up to 2 hidden layers and up to 30 neurons (k, kk) in each layer. Sigmoid (hidden layers) and linear (output layer) activation functions
are used. The weights (W;; connecting all the neurons, including those side neurons introducing bias) are adjusted during the learning process, minimising the differences
between y and the known experimental Rs values (t). Once an ANN has been trained is able to estimate y-values for novel compounds.

For each compound, amongst the various Rs values obtained us-
ing the different mobile phases tested, the maximum Rs value was
chosen to be used as the response variable (t). Other separations
conditions were: flow-rate, 1 mLemin~! and temperature, 25 °C.
These Rs values are shown in Table 1. Both X and t were autoscaled
as pretreatment.

2.3. Software and calculations

The global approach developed in this paper includes three au-
tomatic strategies based on ANN outputs: (i) architecture optimi-
sation, (ii) feature selection (FS) and (iii) approximation of the rel-
ative importance of variables. The first two strategies involve the
comparison of the results from different ANN. To ensure a reliable
ANN comparison, all aspects that could lead to different outputs
due to the limited number of compounds, combined with the pre-
sumable complexity of the t-X relationship, were prefixed in ANN
calculations. So, all the inner weights (W; in Fig. 1) were set to
one, and the same subsets of compounds (training, validation and
cross-validation) were used in all ANN. The validation subset for
overfitting control includes 7 compounds covering a representative
range of Rs values (see Table 1). The rest of the 49 compounds cor-
responds to the training block (for learning). Additionally, 9 sets
of 5 different training compounds were used in a cross-validation
process implemented to improve robustness. Training compounds
in these cross-validation subsets were punctually converted into
test compounds, i.e., they did not participate in the training nor
the validation task and were just predicted by the ANN as external
compounds.

To compare the performance of any ANN tested, a quality indi-
cator Q (Eq. (1)) was introduced. Q depends on 9 different statistics
related to the differences between the estimated (y) and experi-
mental (t) Rs values, in terms of mean squared errors (MSE) and
regression statistics of the validation plot (correlation coefficient,
R; slope by, and intercept, bg), for all, training (subscript train) and
validation (subscript v) compounds. MSE statistics were ‘penalised’
(identified using p before the statistic), adding to the mean the
standard deviation, both estimated from 10 ANN outputs (one with
49 training compounds plus 9 cross-validation runs).

Q = pMSE + pMSE, + W 1|pMSE, — pMSE yqin| + W2((1 — R)
+[1 = b1] + [bol) + W3((1 —Ry) + |1 = b1y| + |boy) (1)

The term |pMSE, - pMSE.qy,| characterises the (penalised)
overfitting degree. Note that penalised values aim to take deci-
sions in ANN comparisons including both the estimation of ex-
ternal compounds (test) as well as the uncertainty arising from
the different cross-validated outputs. Note also that the regres-
sion terms in Eq. (1) were set in a format where lower values
mean better quality (as MSE does intrinsically); thus, lower Q val-
ues imply higher ANN quality. The Q-weights (W1, W2 and W3) in
Eq. (1) were set at values 1, 10 and 5, respectively, to provide an
almost similar contribution of all the terms in Eq. 1.

Algorithms were written in MATLAB® R2019a (Mathworks®)
[43]. MATLAB has a Toolbox containing algorithms and tools for
creating and training artificial neural networks, called Deep Learn-
ing Toolbox. The programs used in this work include routines pro-
vided by this Toolbox: feedforwardnet.m, which generates a feed-
forward (regression-focused) ANN from a defined [k-kk] hidden
layers architecture; train.m, that trains a shallow ANN from given
X-t data and architecture and net.m, which predicts response val-
ues (y) from a trained ANN. To carry out the different strategies,
novel algorithms were also developed, such as fANN.m, a MATLAB
function that builds and trains an ANN from X-t data with a de-
fined [k-kk] hidden layers architecture by prefixing validation and
test blocks and initial W; and, optionally, eliminates variables or
objects (the last allows to perform cross-validation studies); Stu-
ANN.m, which numerically and graphically compares Q values (and
their parameters) of different ANN architectures up to k and kk
neurons in the hidden layers.

The ANN final architecture was chosen from the 930 studied,
in two steps. First, selecting those ANN showing R > 0.9 (filter-1),
and from them, those whose Q values were below the 10th per-
centile (filter-2). Finally, a visual inspection of the validation plots
(y vs. t) and the statistics of Eq. (1) allowed to select the definitive
architecture, preferably one with a lower k x kk value (see Fig. 1),
assuming that simpler ANN, with a lower number of connecting
coefficients (W;) should be more robust.

The optimal ANN architecture was chosen to conduct the sub-
sequent FS process. The function sequentialsfs.m (part of the Ma-
chine Learning/Artificial Intelligence suite of MATLAB®) was em-
ployed. This function uses a sequential strategy (i.e. adds or re-
moves one variable in each run). In this case, a forward mode
(adding variables) was used. As before, the variables selected in
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Table 1

Compounds of different families, with their maximum enantioresolution
values (Rs) obtained in cellulose tris(3,5-dimethylphenylcarbamate) CSP
using aqueous-acetonitrile mobile phases. Compounds are identified by
their name and numbered order (N). Validation set compounds (indi-
cated by +) and test compounds (in 9 cross-validation subsets indicated

by its number in parenthesis) are shown.

N  Family Compound Rs®  Validation  Test
1 AAD Disopyramide 0.0 (1)
2 AAD Mexiletine 0.0 (2)
3 AAD Propafenone 0.0 3)
4 ACO Warfarin 0.0 +

5 AD Nomifensine 1.8 (4)
6 AD Citalopram 0.0 (4)
7 AD Fluoxetine 0.0 (5)
8 AD Viloxazine 0.5 3)
9 AD Trimipramine 0.7 (7)
10 AD Bupropion 0.0 (6)
11 AD Mianserin 1.8 +

12 AF Benalaxyl 1.2 (2)
13 AF Imazalil 0.6 (5)
14 AF Penconazole 0.9 (1)
15 AF Hexaconazole 2.5 (7)
16  AF Myclobutanil 3.0 (8)
17 AF Metalaxyl 5.5

18 AH Doxylamine 0.0 (7)
19 AH Brompheniramine 0.0 (8)
20 AH Chlorpheniramine 0.0

21 AH Orphenadrine 2.3 (6)
22 AH Carbinoxamine 0.0 9)
23 AH Hydroxyzine 1.8 (5)
24 AH Terfenadine 0.5 (4)
25 AH Cetirizine 0.0 (1)
26 AH Fexofenadine 0.0 (2)
27 LA Mepivacaine 0.0 (3)
28 LA Propanocaine 0.0 (4)
29 LA Prilocaine 0.4 +

30 LA Bupivacaine 0.0 (5)
31 ANP Aminoglutethimide 2.7 +

32 ANP Bicalutamide 0.0 (6)
33 BB Pindolol 1.6 (3)
34 BB Propranolol 0.0 (7)
35 BB Metoprolol 0.0 (8)
36 BB Acebutolol 0.0 (9)
37 BB Atenolol 0.0

38 BB+BD Salbutamol 0.0

39 BB Timolol 0.0

40 BD Bambuterol 0.0 9)
41 BD Isoprenaline 0.5 +

42 BD Orciprenaline 0.0 (2)
43 BD Clenbuterol 0.3 (1)
44 BD Terbutaline 0.0 (1)
45 CaB Verapamil 0.7 (8)
46  CaB Felodipine 0.0 (2)
47 CaB Cilnidipine 0.7 +

48  ACD Procyclidine 0.0 3)
49  APD Trimeprazine 0.0 (4)
50 APD Ethopropazine 0.0 +

51 APD Promethazine 0.0 (6)
52  APD Thioridazine 0.0 (7)
53 PPI Pantoprazol 0.0 (8)
54  ANAL Methadone 0.0 9)
55 PPI Rabeprazol 0.7 9)
56 PPI Lansoprazol 0.6 (6)

2 Drug/Pesticide families: AAD (antiarrhythmic drugs), ACO (antico-
agulants), AD (antidepressants), AF (antifungals), AH (antihistamines),
LA (local anaesthetics), ANP (antineoplastics), BB (B-blockers), BD
(bronchodilators), CaB (calcium channel blockers), ACD (anticholinergic
drugs), APD (antipsychotic drugs), PPl (proton pump inhibitors), and

ANAL (analgesics).

b Maximum Rs value obtained using the mobile phases tested con-
sisting of binary mixtures of ammonium bicarbonate buffer (5 mM, pH

8) and acetonitrile (ACN) in varying proportions (10-98% in volume of

ACN).
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each run were those that provided the lowest Q. Since FS is based
on ANN outputs, the whole process can be called ANN-FS process.

To approximate the relative importance of the selected vari-
ables two approaches adapted from [35,36] were used. They are
based on the use of connecting weights (ANNcw) and y-estimates
to calculate the variable effect (ANNef). Since there is no litera-
ture evidence on which approach could provide correct (and the
best) estimations, we used the mean and standard deviation of the
outputs from these two approaches. Both approaches include as a
first step the estimation of a vector of regression-like coefficients
(b; one coefficient per variable as occurs e.g., in PLS). In the AN-
Ncw case, b was calculated by multiplying the W;-inner matrices
(hidden-output layers and input-hidden layers) calculated by the
ANN algorithm. In the ANNef case, b was estimated, creating two
‘artificial extreme molecules’ per X variable, using the maximum
and minimum values of this variable and the mean value for the
rest of the variables. The half difference between y-estimations as-
sociated with the ‘extreme molecules’ was an estimation of b. Fi-
nally, the b-vector was normalised with respect to its maximum
value (bmax) as:

I=Db/bpax (2)

We calculated the I vectors using Eq. (2) for both approaches.
Then, the mean I and the standard deviation were used as an ap-
proximation of the relative importance of the variables (including
the sign) on the Rs estimation.

3. Results and discussion
3.1. Previous results and data complexity

The use of a PLS model for predicting Rs values did not provide
satisfactory results. Only by dividing the compounds into two cat-
egories (resolved and non-resolved) and using a discriminant ap-
proach (DPLS1 model) adequate predicted categories were found
(results not shown). In our opinion, the data complexity is too high
to be solved by this model (despite that, in general, PLS can deal
with moderate non-linear problems). This was the main reason to
try ANN to reach a quantitative level of prediction.

ANN is intrinsically less robust than PLS (since much more
weights must be estimated). Moreover, ANN outputs can vary de-
pending on the complexity of the ANN architecture, but also on the
initial W; values and validation and test subsets, mainly when the
number of objects (here compounds) is limited. Thus, fixing the
initial W; values (Fig. 1) and pre-fixing the validation (see Table 1),
as well as the cross-validation subsets (see Table 1), was necessary
for consistently comparing the ANN results (i.e., architecture com-
parison and FS-ANN process). An extra element of complexity is
the fact that the Rs values present a very asymmetric distribution
(e.g. 62% of the Rs values are 0). Consequently, a random selection
of subsets could be inadequate. As can be seen in Table 1, the val-
idation set contains Rs values (t = 0, 0, 0.4, 0.5, 0.7, 1.8 and 2.7),
while the entire data set ranges between 0 and 4.86.

3.2. ANN architecture optimisation

ANN architecture optimisation was carried out according to the
procedure described in the experimental section based on the ap-
plication of two consecutive filters. Fig. 2 shows the quality values
(Q; Eq. (1)) for the 930 architectures assayed. As it can be seen, the
ANN architecture has a notable influence on the quality of the ANN
outputs. In the plot, dots show the ANN architectures that pass
filter-1 (R > 0.9), while circles indicate which of these also pass
filter-2 (Q below 10th percentile). This last group exhibit similar
Q-values, close to the target line (Q = 0). The simplest architecture



M. Pérez-Baeza, Y. Martin-Biosca, L. Escuder-Gilabert et al.

Journal of Chromatography A 1672 (2022) 463048

60 - T T

o

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
§
\

Run

Fig. 2. Quality (Q; upper part) values (Eq. (1)) through the ANN architecture study, where the runs correspond to different ANN architectures obtained by increasing the
number of neurons in the first hidden layer (k, from 1 to 30; See Fig. 1) for a given number of neurons in the second hidden layer (kk, increasing from 0 (no layer) to 30,
See Fig. 1). Thus, runs 1-30 correspond to ANN with a hidden layer with k from 1 to 30 neurons; runs 31-60 values correspond to ANN with two hidden layers with kk = 1
with k from 1 to 30 neurons, and so on. Internal ANN complexity (number of hidden neurons, k + kk, units; lower part) of each run. Symbols: dotted line = Q values for
the 930 architectures assayed; dot = ANN architectures that pass filter-1 (R > 0.9). Circle = ANN architectures that pass both filter-1 and filter-2 (Q below 10th percentile).

Q = 0 (target line) is also included as a horizontal dotted line.
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Fig. 3. Quality (Q) values (Eq. (1)), in percentage respect to the Q value obtained
with the initial 56 variables (horizontal dotted line; Q = 0%), through the ANN-
based feature selection (FS-ANN) process, where input variables are sequentially
added. The vertical dashed line indicates the number of variables added that pro-
vides a Q < 0%.

fitting the two filters corresponds to run 7 (Q = 3.2). This architec-
ture consists of 7 neurons in a single hidden layer (56-[7]-1) and
was selected and used in the next step (FS-ANN process). The min-
imum Q value (2.8) was found at run 524, which corresponds to an
ANN with two-hidden layers (56-[14 17]—1). However, as could be
expected, this more complex ANN showed a higher penalised over-
fitting (0.49; i.e. extremely good prediction for training but worse
prediction of the validation set) than the selected one (penalised
overfitting 0.13). Thus, this ANN was not considered for the next
step (feature selection).

3.3. Feature selection

The FS-ANN process, applied to the previously chosen ANN,
aimed to reduce the current Nv value (56 variables) to (i) improve
the current performance and (ii) be a first stage in defining the im-
portance of variables by eliminating the unnecessary ones. Fig. 3
shows the evolution of the FS-ANN process, as variables are added
(forward mode, 1 variable added in each run) by means of the Q-

Rs

Fig. 4. Rs validation plot of the ANN: 8-[7]—1. Selected variables are: X3, C*hA; Xq2,
ST; Xag, Bi; Xp9, fsp®; X36, NHR; X37, NR2; X35, ROR and, x4, ANHCOR (See Section 2.2),
including all the compounds (empty circles). Validation compounds are highlighted
using full circles. Vertical and horizontal dashed lines indicate Rs = 1.5. The diago-
nal dashed line reflects the target line while the solid line is the regression line.

values (Eq. (1)), calculated in percentage respect the Q value ob-
tained using all the variables (previous section). After adding only
8 variables we observed a Q value lower than the initial one ob-
tained with 56 variables (a satisfactory result). Since this fact fitted
the main aim of this work, i.e., to select a reduced set of variables
able to estimate the enantioresolution, we stopped the search for
a higher number of variables at this point. Thus, the final architec-
ture becomes 8-[7]—1. The selected variables are: X3, C*hA; X1y, ST;
X28, Bi; X29, f5p3; X36, NHR; X37, NR2; X3g, ROR and, X46, ANHCOR
(see Section 2.2).

3.4. Performance of the ANN (predictive ability)

Fig. 4 shows the validation plot (y vs. t; rescaled values rep-
resenting Rs) obtained with ANN 8-[7]-1 for all compounds (the
validation set is highlighted by full circles). As can be observed, a
good agreement between experimental and predicted values was
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Relative Importance

Variable

Fig. 5. Relative importance of selected variables (I; Eq. (2)) to estimate Rs of the ANN: 8-[7]—1. Selected variables in the order: 1-X3, C*hA; 2-X3, ST; 3-Xog, Bi; 4-Xp9, f5p3;
5-X36, NHR; 6-X37, NR2; 7-X33, ROR and 8-x45, ANHCOR. Data include the mean (bar) and standard deviation (error bar) of two strategies (ANNcw, based on inner connecting

weights and ANNef, based on the variable effect).

obtained, according to the low Q value found for this relatively
simple architecture. Only for one compound, with experimental
Rs = 0, a low Rs estimate is observed, still sufficiently below the
Rs = 1.5 critical line (indicating full enantioresolution). A good
agreement is also visible between the regression line and the tar-
get (diagonal) line of the validation plot. These observations fit
well with the first aim fixed for the present work since a rela-
tively simple ANN (architecture, few structural variables) becomes
capable of satisfactorily estimating enantioresolution in the current
conditions.

On the other hand, to check the final ANN performance, it is
advisable to use not only a validation subset (mandatory) but also
a test (external) subset. When using a big dataset (the conven-
tional situation in ANN models), this option normally does not re-
sult in a loss of representativeness of the remaining training data
to build the ANN (due to the large number of cases). However, if
the amount of data available is not high (as in many situations
in the scientific context), separating an extra test subset (proba-
bly with particular structural information) would likely affect the
representativeness in the learning process, providing a less general
ANN.

3.5. Importance of variables

The importance of the variables (also known as sensitivity
analysis) for describing the Rs data is an important issue in all
the QSERR models. Fig. 5 shows an approximation of the rela-
tive importance (I; Eq. (2)) of the 8 selected variables in pre-
dicting the enantioresolution. I is the mean of the results of two
adapted/simplified approaches, ANNcw and ANNef [35,36]. I abso-
lute magnitude and sign approximate the importance of the vari-
able and the positive or negative overall contribution to Rs, respec-
tively. It must be pointed out that I values do not act as real re-
gression coefficients. On the other hand, all the selected variables
are necessary to obtain the Rs-estimations (Fig. 4), however, not all
should be equally important (Fig. 5).

The standard deviation is an indication of the uncertainty aris-
ing from the two different approaches. The uncertainty for some
variables was low, which could confer more reliability of their I-
estimations. Fig. 5 results suggest that the contribution of variables
X3 (C*hA) and Xug (fsp3) is unclear since the error bar is higher
than their magnitude. On the other hand, x;5 (ST) is the most im-
portant, with a global positive effect on the enantioresolution. The
second important variable is X3g (NHR), which should globally in-
versely affect Rs. Other less important variables are: x3g (ROR), pos-
itive overall contribution to Rs, and Xg (Bi), X37 (NR2) and x4¢ (AN-
HCOR), negative overall contribution to Rs.

For a given compound, the balance between positive and neg-
ative contributions determines enantioresolution in that CSP. The

results suggest that the presence of dipoles (variable ST) and ether
groups (variable ROR) in the molecule (e.g. compounds N = 13,
17, 21, 22, 23, 25, 33, 35, 47, 55; Table 1) favours enantioresolu-
tion, which indicates the importance of van der Waals forces and
hydrogen-bond interactions with the phenylcarbamate moiety in
the CSP on enantiomer separation.

On the other hand, high steric factors (high values of Babalan
index), together with the presence of secondary (N = 3, 7, 10, 29,
33-44), tertiary amines (N = 1, 6, 9, 18-22, 28, 45, 49-51, 54) and
amide groups (N = 27, 29, 30, 32, 36) in the molecule decrease
enantioresolution. As can be observed in Table 1, this second group
of compounds, except N = 21 and 33, show null or partial res-
olution. However, both compounds present ether groups in their
molecules and are fully enantioresolved.

3.6. Additional remarks

Since this work constitutes the first attempt to obtain ANN
models to estimate Rs of a heterogeneous group of chiral com-
pounds, we focused on adapting conventional ANN strategies to
the current complex problem. Considering the introductory con-
text of this work, we opted for simple fit-for-purpose strategies in-
stead of more sophisticated ones. For instance, in a problem with
a large number of input variables, an independent criterion to per-
form a previous feature selection is a logical strategy. However,
in our case, in addition to the limited number of variables, we
were interested in performing the feature selection based on the
ANN outputs themselves (as an alternative to other approaches de-
scribed [44]); thus, we preferred to initiate the FS-ANN process
with a suitable ANN (architecture optimized; note that many ar-
chitectures provide inadequate outputs; probably connected with
the complexity of the current data; Fig. 2). Then, in FS, variables
were added progressively until an improved ANN with a reduced
number of variables was obtained (8 input variables; Fig. 3), which
also facilitates establishing the relative importance of variables. On
the other hand, after the ANN-FS process, to verify the consistency
of the previous optimized architecture (k = 7), an additional (fo-
cused) architecture optimization was performed, now using the 8
input variables selected (probing architectures with k from 1 to 7
combined with kk from O to 3). The results were comparable to
those obtained previously with 56 variables, and again, a single
hidden layer of 7 neurons provided the best Q value, which sup-
ports the validity of our strategy.

In the same context, there are more sophisticated strategies
proposed for the data division on subsets, e.g. those based on
a clustering approach [44], that uses both descriptors and the
response variable to divide compounds into subsets. A k-means
neighbour clustering approach was used to separate 7 subgroups of
compounds using the autoscaled y and X variables, followed by a
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principal component analysis (PCA). The main (PC1-PC2) PCA plots
were evaluated. The PCA score plot showed rough segregation be-
tween the clusters. On the other hand, the Rs variable was located
close to the origin of coordinates in the PCA loading plot (negligi-
ble contribution), suggesting that it is not well represented by the
clusters. Thus, taking into account the extreme asymmetry of the
Rs data, we have prioritized the selection of the subsets based only
on the response variable, for simplicity and representativeness of
the current available Rs-space.

One of the approaches used in Section 3.5 (ANNef approach)
for evaluating the impact of a single descriptor on the response
variable uses the extreme values of the descriptor understudy. A
more sophisticated strategy, involving the whole range under ex-
amination, provides a response curve [44]; broadening the ANNef
approach. In this work, five of the selected variables in Fig. 5 are
binary (so a response curve can not be obtained) and only vari-
ables 2-4 are continuous. For the most important variable, ST, a
response curve was obtained (Fig. 6). As it can be observed, the
autoscaled Rs-ST data corresponding to the current ANN model
show a complex-non linear relationship, which indicates (in the
extremes of the ST data) the overall positive contribution of ST to
Rs already shown in Fig. 5.

Conclusion

For the first time (to the best of our knowledge), ANN have
been used to quantitatively estimate the enantioresolution (Rs) of
a heterogeneous dataset of chiral molecules from their structural
information. Furthermore, the relative importance of a reduced
number of predicting variables was established. The strategy has
been designed for consistently comparing different ANN (architec-
ture, feature selection) for a relatively short dataset (here 56 com-
pounds), which implies prefixing some parameters (ANN initial in-
ner weights, validation and cross-validation subsets) to strengthen
the decision-making process.

The proposed strategy has been tested in the prediction of
enantioresolution values of the 56 chiral compounds from 14 dif-
ferent chemical families chromatographed in cellulose tris(3,5-
dimethylphenylcarbamate) and aqueous-acetonitrile mobile phases,
from selected structural information. The entire approach only uses
outputs provided by ANN. The key of the ANN comparison strategy

Journal of Chromatography A 1672 (2022) 463048

is a novel 9-parameters quality indicator (Q) which relies on pe-
nalised (by the cross-validated uncertainty) MSE statistics (includ-
ing an overfitting level) as well as on regression statistics.

After selecting the optimum architecture (first ANN compari-
son stage), it was used to reduce the X dimension (sequential FS-
ANN approach; second ANN comparison stage). The final ANN is
ready to: (i) estimate further enantioresolution data for novel non-
chromatographed compounds and (ii) establish the relative impor-
tance of the selected variables. For the current dataset used, a sim-
ple architecture of 8 structural variables input layer and 7 neurons
in a single hidden layer previous to the response variable layer
(8-[7]-1), offers good general performance (e.g. MSE = 0.047 or
R = 0.98 and 0.92, for all or just the validation compounds, re-
spectively) in predicting Rs. The analysis of the relative importance
of the selected variables in this final ANN suggests that the surface
tension (positive overall contribution to Rs) and the groups -NHR
in the molecule (negative overall contribution to Rs) are the most
relevant for enantioresolution prediction.
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The description of the profiles of chromatographic peaks has been studied extensively, with a large num-
ber of proposed mathematical functions. Among them, the accuracy achieved with modified Gaussian
models that describe the deviation of an ideal Gaussian peak as a change in the peak variance or stan-
dard deviation over time, has been highlighted. These models are, in fact, a family of functions of differ-
ent complexity with great flexibility to adjust chromatographic peaks over a wide range of asymmetries
and shapes. However, an uncontrolled behaviour of the signal may occur outside the region being fitted,
forcing the use of different strategies to overcome this problem. In this work, the performance of the
LMG (Linear Modified Gaussian), PVMG (Parabolic Variance Modified Gaussian), and PLMG (Parabolic-
Lorentzian Modified Gaussian) models is compared with variants obtained by combination of the modi-
fied Gaussian models with an equation that adds an exponential tail and with other functions that limit
the growth of the independent variable. The behaviour of the approaches is checked through the simul-
taneous fitting of enantiomeric peaks showing a wide range of characteristics, obtained in the separation
of drugs with chiral activity by liquid chromatography using enantioselective columns. The study is also
carried out with the purpose of performing the deconvolution of the peaks of the enantiomers, when
these are not completely resolved, in order to evaluate the enantiomeric fraction.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

In order to forecast the experimental conditions that best re-
solve the components of a sample by liquid chromatography, in
the shortest analysis time, it is convenient to make realistic pre-
dictions of the expected chromatograms. A reliable methodology to
make such predictions is based on the use of models that describe
the retention and shape of chromatographic peaks exhibiting dif-
ferent widths and asymmetries [1-5]. The parameters of the func-
tion used to fit the peaks should offer information about their po-
sition (tg), height (Hp), and left (A) and right (B) half-widths [6,7].
Also, models able to predict the peak half-widths as a function of
the experimental conditions are very useful for the simulation of
chromatograms [8,9].

A large number of mathematical functions have been proposed
to describe chromatographic peaks with different success [10-19].
Of special interest is the compilation of equations by Di Marco and

* Corresponding author.
E-mail address: celia.garcia@uv.es (M.C. Garcia-Alvarez-Coque).
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Bombi [16]. The exponentially modified Gaussian function has been
especially popular and served Foley and Dorsey as a basis to obtain
different equations to calculate parameters that characterise asym-
metric chromatographic peaks, depending on the values of the left
and right half-widths, and the retention times [20,21]. Our research
group has proposed modified Gaussian models [6,13,22], which
have demonstrated very good performance to describe peaks with
diverse asymmetry, where the model parameters can be expressed
as a function of the half-widths [7].

The simplest model (the linearly modified Gaussian, LMG
model) uses a linear function to describe the peak standard de-
viation [13]:

1 te 2
ho = o exp [—2 (o +e) ] M
being
AB
o = 0932 =~ 2)
B-A
m = 0.466 ATE (3)
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where t. = t - tg, and the half-widths are measured at 10% peak
height. According to Foley and Dorsey [11,12], measurements at
this height are most convenient, since peak asymmetry is more ev-
ident and the baseline noise is not disturbing. In the LMG model,
o describes the standard deviation of a Gaussian that behaves as
the asymmetric peak at the maximum [7]. This model is ideal for
predicting peaks with moderate asymmetries.

For more accurate fitting of chromatographic peaks, a more
complex model, such as the modified Gaussian with a parabolic
function (PVMG model) [6] is needed:

1 t2
h(t) = H, —_— s 4
® OeXp[ 2<702+btc+ct§i| )
where
B - A
bZW%Z (3)
_ 9%
¢ =0217 - 2% (6)

The main disadvantage of the above models (Eqgs. (1) and (4))
is that the parabolic growth of the variance can lead to non-null
values of the baseline for times far from the peak maximum. Thus,
for example, for the PVMG model:

h(co) = Hy exp [72lc] (7)

With the purpose of avoiding the function growth outside the
peak region, a modified Gaussian model formed by a combination
of a parabole with a Lorentzian (PLMG model) was further pro-
posed [22]:

(8)

2
hto) = Ho exp( 1 14+ wtc+2t 2)

2 02+btctctZ €

which has demonstrated the best performance in the fitting of iso-
lated asymmetric peaks [7]:

All modified Gaussian models require accurate enough estima-
tions of the height and time at the peak maximum to assure con-
vergence in the fitting process [22,23]. In order to improve the ap-
plicability of the model, negative values of the variances should
be avoided. It should be also noted that the high flexibility of the
PLMG model could give rise to peaks exhibiting more than one
maximum.

A large number of common drugs have at least one chiral cen-
tre, and the enantiomers may have different pharmacological and
toxicological properties. Therefore, the quantification of the enan-
tiomeric fraction, in both commercial and environmental samples,
is of great importance [24-26]. The application of all the above
models to the description of the peaks obtained in a chiral sepa-
ration is an important challenge, since the peak characteristics for
the enantiomers can be very different and their overlapping degree
variable.

The aim of this work is to study the performance of the LMG,
PVMG and PLMG models to get reliable fittings of experimental
chromatographic peak profiles for several drugs with chiral activity,
eluted with enantioselective columns. A main objective is to study
how these models succeed in the deconvolution of the chromato-
graphic peaks, when the enantiomers are not completely resolved.
This is relevant for a proper evaluation of the enantiomeric fraction
of the chiral samples. In this case, the application of multivariate
techniques, such as multivariate curve resolution-alternating least
squares is not helpful, since both enantiomers in a racemic mixture
have the same UV and MS spectra.

2. Experimental
2.1. Reagents

The mobile phases were prepared with acetonitrile (ACN) or
methanol (MeOH) (HPLC/LC-MS grade) from VWR International Eu-
rolab (Barcelona, Spain). The following reagents were added to ad-
just the pH of the mobile phases: ammonium acetate, ammonium
bicarbonate, hydrochloric acid (37%), sodium hydroxide all from
Scharlau (Barcelona), and ammonium formate from Acros Organics
(Geel, Belgium). In some separations, formic acid (98%) and sodium
perchlorate monohydrate from Scharlau, and potassium perchlo-
rate, diethylamine (DEA) and potassium hexafluorophosphate from
Acros Organics, were used as additives. All reagents were of ana-
lytical grade.

Ultra Clear TWF (tap water feed) UV deionised water (SG Wa-
ter, Barsbiittel, Germany) was used to prepare the following aque-
ous solutions: 10 mM ammonium acetate and 20 mM ammonium
bicarbonate buffers at pH 8.0 adjusted with 2.5 M sodium hy-
droxide, 10 mM ammonium formate at pH 3.0 adjusted with 1
M hydrochloric acid, 100 mM potassium hexafluorophosphate, and
500 mM sodium or potassium perchlorate. All these solutions were
mixed with the organic modifier to obtain the working concentra-
tion of the mobile phase. Ternary mixtures of the above aqueous
solutions, pure organic modifier and 0.1% (v/v) formic acid or DEA
were also used as mobile phases.

The following drugs were analysed: bupivacaine (BUP) from
Cayman Chemical Company (Michigan, USA), flurbiprofen (FLU),
ibuprofen (IBU), ketoprofen (KET), and trimeprazine (TRI) from
Sigma-Aldrich (St. Louis, MO, USA), metoprolol (MET) from Alfa Ae-
sar (Thermo Fisher Scientific, Karlsruhe, Germany), and omeprazole
(OME) and propranolol (PRO) from Acros Organics. All the stan-
dards used in the experiments were racemates ((+)-analyte). Stock
standard solutions of 1000 mg L-! for all the compounds in the
study were prepared by dissolving the adequate amount of each
drug in MeOH. From these, 100 mg L~! solutions were prepared by
dilution in MeOH.

Prior to injection into the chromatographic system, samples
were filtered through disposable 0.22 pm polyethersulphone sy-
ringe filters (Frisenette, Knebel, Denmark). Mobile phase solutions
were vacuum-filtered through 0.22 pm Nylon membranes (Micron
Separations, Westboro, MA, USA), and degassed in an Elmasonic
S60 ultrasonic bath (Elma, Singen, Germany) prior to use.

2.2. Apparatus and columns

Two chromatographic systems were used. The first system was
an Agilent Technologies 1100 chromatograph (Palo Alto, CA, USA),
equipped with a binary pump, a UV-visible diode array detector, a
mass spectrometer provided with a source of atmospheric pressure
chemical electrospray/ionisation (ESI/APCI) and simple quadrupole,
a column thermostat and an autosampler. Data acquisition and
processing were performed by means of the LC/MSD ChemStation
software (B.04.02 SP1 [208], ©Agilent Technologies 2001-2010).

The second system was an Agilent Technologies 1100 chromato-
graph, equipped with a quaternary pump, a UV-visible variable
wavelength detector, a column thermostat and an autosampler.
In this case, data acquisition and processing were performed by
means of the Chemstation software (A.09.03 [1417], ©Agilent Tech-
nologies 1990-2002).

For the separation of the enantiomers of the drugs under
study, several polysaccharide-based chiral stationary phases were
used: Lux Cellulose-1 (cellulose tris(3,5-dimethylphenylcarbamate),
3 um, 150 x 4.6 mm i.d. from Phenomenex, Torrance, CA, USA;
Lux Cellulose-2 (cellulose tris(3-chloro-4-methylphenylcarbamate),
3 pm, 150 x 2.0 mm i.d. from Phenomenex; Lux Cellulose-
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Table 1

Columns and experimental conditions used in the separation of the enantiomers of eight drugs. The retention times (tg) of the peaks
of each enantiomer, their resolution (Rs), asymmetry factor (B/A) for the peak of each enantiomer, and enantiomeric fraction (EF%) (see

Section 4.1) are given.

Chromatogram? Column Experimental conditions® tr Rs BJA EF (%)
BUP1 LuxCell-3  MeOH : NH4HCO; + DEA (70:30), 40 °C 7.8, 8.5 1.19 1.11,1.04 48.6
FLU1 LuxAm-2 ACN : ammonium formate + NaClO4 (40:60), 25 °C 4.9, 7.9 3.34 1.96, 1.74 50.1
FLU2 LuxCell-1 ACN : ammonium formate + NaClO4 (40:60), 15 °C  15.4, 15.8 0.49 1.20, 1.54  40.0
IBU1 LuxCell-3  MeOH : ammonium formate (85:15), 25 °C 7.0, 7.8 2.98 1.08, 1.07  50.0
IBU2 LuxAm-2 ACN : ammonium formate + NaClO4 (40:60), 25 °C 8.9, 9.6 0.59 2.14, 1.98 61.2
IBU3 LuxCell-3 MeOH : ammonium formate (80:20), 25 °C 7.3, 8.1 2.29 0.84,1.09 29.8
KET1 LuxAm-2 ACN : formic acid (60:40), 15 °C 1.7, 1.9 0.62 1.59, 2.31 47.8
KET2 LuxAm-2 ACN : formic acid (50:50), 15 °C 1.8, 2.0 0.73 117,170 384
KET3 LuxAm-2 ACN : formic acid (40:60), 15 °C 27,32 1.02 179,145 544
KET4 LuxAm-2 ACN : formic acid (35:65), 15 °C 4.0, 4.7 1.21 139,127 503
MET1 LuxCell-1 ACN : ammonium acetate (40:60), 25 °C 3.5,3.7 1.08 1.27, 1.30 49.5
MET2 LuxCell-1 ACN : ammonium acetate (30:70), 25 °C 5.0, 5.6 2.03 1.49, 2.81 51.1
OME1 Cell-SC ACN : ammonium acetate + DEA (35:65), 25 °C 7.2, 8.0 115 236,235 49.0
OME2 LuxCell-2 ~ ACN : NH4HCO; (50:50), 25 °C 45,63 206 154,143 494
PRO1 LuxCell-1 ACN : ammonium acetate (40:60), 25 °C 19.8, 21.5 1.88 1.18,1.14 499
PRO2 LuxCell-1 ~ ACN : NaClO4 (40:60), 25 °C 6.7, 8.1 2.41 1.64,3.13 542
PRO3 LuxAm-2 ACN : ammonium acetate + DEA (40:60), 25 °C 47,55 1.38 1.65, 1.51 49.2
TRI1 LuxCell-1  ACN : KClO4 (40:60), 25 °C 115,125 194 122,124 484
TRI2 LuxCell-1 ~ ACN : KPFs (40:60) 15 °C 26.3,27.5 1.01 1.20,1.20  48.0
TRI3 Cell-SC ACN : ammonium acetate + DEA (45:55), 25 °C 20.0,20.5 062 1.06,1.13 51.0

2 Bupicaine (BUP), flurbiprofen (FLU), ibuprofen (IBU), ketoprofen (KET), metoprolol (MET), omeprazole (OME), propranolol (PRO), and

trimeprazine (TRI).

b The concentration of the aqueous solutions of the reagents mixed with the organic modifiers is given in Section 2.1. BUP1 and OME2
were detected using both mass spectrometric and UV detection. All other analyses were carried out using UV detection exclusively.

3 (cellulose tris(4-methylbenzoate), 3 um, 150 x 4.6 mm id.
from Phenomenex; Chiralart Cellulose-SC (cellulose tris(3, 5-
dichlorophenylcarbamate), 3 pm, 150 x 4.6 mm i.d. from YMC Sep-
aration Technology from Tokyo, Japan; and Lux Amylose-2 (amy-
lose tris(5-chloro-2-methylphenylcarbamate), 3 pm, 150 x 2.0 mm
i.d. from Phenomenex.

The mobile phase flow rate was 1.0 mL min~! in all cases, ex-
cept when using the Lux Cellulose-2 and Lux Amylose-2 columns,
for which the flow rate was 0.5 mL min~!. In most cases, column
temperature was set at 25 °C (see Table 1 for more information).
The injection volume was 2 pL, and UV detection was performed
at 220 nm, except for trimeprazine for which the absorbance was
measured at 254 nm. Mass spectrometric detection for bupivacaine
and omeprazole was performed using an m/z ratio of 289 and 346,
respectively, which corresponded to the [M+H]* ions.

A MicropH 2000 pHmeter (Crison Instruments, Barcelona) was
employed to adjust the pH of the buffer solutions.

3. Theory
3.1. Approaches for the prediction of peak profiles

New approaches were developed to eliminate the problem
of the prediction of abnormal tails when the chromatographic
peaks of enantiomers are fitted using the modified Gaussian mod-
els. The approaches are based on the three models described in
Section 1 (LMG, PVMG and PLMG). To allow tails tending to zero
asymptotically, two modifications of these models are proposed:
(i) Replacing the model with exponential tails at 10% peak height
outside the peak region, and (ii) applying a sigmoidal function so
that the variance tends to a constant value when the time is far
from the maximum, giving rise to Gaussian tails. All models should
include the half-width values (A and B) as parameters [1]. In this
work, parameters A and B were measured at 10% peak height to
facilitate the application of the proposed modifications.

The different modifications are described below in detail. In all
approaches, the variance is forced to be always positive and above
1 x 1075,

3.1.1. Approach I: LMG model

Approach Ia: The LMG model is applied directly using
Egs. (1) to (3), without any modification. In this model, the fitted
parameters are tg, Hp, A and B.

Approach Ib: The peak tails are exponentially modified. The
LMG model is substituted by an exponential function below height
p.

hy
p = Ho 9

To avoid discontinuities, the slope of the LMG function and the
slope of the added exponential must be the same at the point of
substitution. To simplify, we will write the modified Gaussian func-
tion using the general expression:

h— Hye b (10)

whose derivative is:
dh dhdq dq

at “dgdr ~ MG ()
Meanwhile, the equation of the added exponential is:

h=Hye ™ (12)

and its derivative:

dh kt

Fri —kHpe™ = —kh (13)

Matching Egs. (11) and (13) at point p, the decay constant of
the exponential function is obtained:

dq

k=q- (14)
For the LMG model:
t2
. (15)
(0o + mt)
whose derivative is:
3
dq togp 0oq (16)

dt = (oo +mt)} L2
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By substituting Eq. (16) in Eq. (14), the decay constant of the
exponential function is as follows:

o
k= t—zoq3 (17)

We will arbitrarily take p = 0.1 (10% peak height) as the point

of change of the LMG function to an exponential. Therefore, from
Eq. (10):

g=_/-2x1In (’E‘) =-2xIn(0.1) =2.146 (18)
0

In this point (p = 0.1), for the left side of the peak (to; = -A),
the exponential function will be:

h = pHoek®) = 0.1 x Hy x %887 4+t (19)
and for the right side (to; = B):
h= pHyeXB) — 0.1 x Hy x 28833 Bt (20)

Approach Ic: The temporal variable of the variance is replaced
by a sigmoidal function:
te

x= led
1402/

(21)

the final peak model being:

2
h(t) = Ho exp [—5 (aoiicmx) } (22)

This assures that when t. = oo, then x = (A+B)/0.2and h = 0.

3.1.2. Approach II: PVMG model

Approach Ila: The PVMG model is first applied without modifi-
cations, using Eqgs. (4) to (6). The fitted parameters are tg, Hy, 0,
A and B.

Approach IIb: The exponential substitution is applied to the
PVMG model, as in Approach Ib. In this case:

2 tz

_ 23
0@ + bt + ct? (23)

q

whose derivative is:

dg 12t x (0§ +bt+ct?) —t>(b+2ct) 1 2002t+bt2q4

q— =
e 2 (02 + bt + ct?)? 2
(24)
Matching Eqs. (14) and (24), and working out:
202t +bt?
k=t (’7‘q4 (25)

2 t4

where the absolute value has been taken to ensure a positive value
of the decay exponential constant (k). Finally, considering that at
10% peak height, p = 0.1 and q = 2.146, the equation for the expo-
nential left tail will be:

2 952
h = 0.1x Hp x 010604 | Aj | (A+to) (26)
and for the right tail:
|b52+2023|
h = 0.1 x Hy x 10-604x 0t o1 (B—tc) (27)

Approach Ilc: As in Approach Ic, the temporal variable of the
variance is replaced by Eq. (21). The final peak model will be:

(& } (28)

h(E) = Ho exp [2 0¢ + bx +cx?

3.1.3. Approach IlI: PLMG model
Approach Illa: The PLMG approach is applied according to
Eq. (8). However, the same as in Approaches I and II, in order to
be able to implement Approaches IlIb and Illc, the half-width val-
ues should be known. For this