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TITRE en frangais : Optimisation de méthodes bidimensionnelles en ligne LCxLC-
UV/MS et LCxSFC-UV pour I'analyse d’échantillons complexes

RESUME en francais : La chromatographie en phase liquide bidimensionnelle
« comprehensive » en ligne (LCxLC) est une technique a trés haut pouvoir de
séparation. Aprés avoir établi son intérét mais aussi les enjeux liés au développement
de méthodes et les conditions expérimentales utilisées, une attention particuliére est
portée a I'optimisation des méthodes en LCxLC. Une procédure d’optimisation basée
la méthode « Pareto-optimal » est décrite. Les conditions optimales prédites sont
ensuite appliquées a la séparation RPLCxRPLC d’un mélange complexe de peptides
et comparée avec la 1D-RPLC en termes de capacité de pics, temps d’analyse et
facteur de dilution démontrant I'avantage fournit par la RPLCxRPLC. L’'optimisation
d’'une méthode HICxRPLC-UV/MS en ligne permettant la caractérisation exhaustive
d’'un anticorps conjugué est réalisée soulignant, entre autres, la grande
complémentarité entre les différents modes de détection employés en 'D et 2D.

Enfin, la possibilité de développer un couplage RPLCxSFC est explorée dans le but
d’augmenter l'espace de séparation pour des composés neutres. La méthode
RPLCxSFC optimisée est comparée avec une séparation RPLCxRPLC optimisée pour
I'analyse d’'une bio-huile montrant qu’elle peut étre considérée comme une alternative
crédible pour la séparation de tels échantillons.

TITRE en anglais : Optimization of on-line two-dimensional LCxLC-UV/MS and
LCxSFC-UV methods for the analysis of complex matrices

RESUME en anglais : Comprehensive two-dimensional liquid chromatography is a
powerful but complex separative technique. After detailing the interest of such a
technique, the method development issues and the experimental conditions employed
throughout this work, a particular attention is paid to the optimization of LCxLC
methods. Accordingly an optimization procedure based on Pareto-optimal method is
described. The predicted optimal conditions are then applied to experimental
RPLCxRPLC separations of complex samples of peptides and compared with 1D-
RPLC in terms of peak capacity, analysis time and sensitivity clearly showing the
advantage of RPLCxRPLC approach.The optimization of a HICxRPLC-UV/MS method
for the exhaustive characterization of an antibody-drug conjugate is achieved
highlighting the high complementarity of the different detection modes used both in 'D
and 2D. Finally, a proof of concept concerning the implementation of RPLCxSFC
coupling is achieved with the aim of increasing the separation space coverage for
neutral compounds. The optimized RPLCxSFC separation is then compared with an
optimized RPLCxRPLC approach for the analysis of a bio-oil sample showing that
RPLCxSFC is a credible alternative for the separation of such a sample.

Discipline : Chimie analytique

MOTS-CLES : Chromatographie bidimensionnelle en ligne, peptides, anticorps
conjugués (ADC), biomolécules, bio-huile, SFC, RPLC, HIC, spectrométrie de masse

ADRESSE DU LABORATOIRE : Institut des Sciences Analytiques (ISA). 5 rue de la
Doua. 69100 Villeurbanne (France)
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INTRODUCTION GENERALE

La chromatographie en phase liquide (LC) est une technique de choix dans de
trées nombreux domaines (pharmaceutiques, environnementaux, cosmeétiques,
fraudes...).

Pour faire face a des échantillons de plus en plus complexes et obtenir un
maximum d’informations, la chromatographie en phase liquide bidimensionnelle
« comprehensive » (LCxLC) est une technique a fort potentiel grace a son trés haut
pouvoir séparatif théorique.

Les approches bidimensionnelles (2D) peuvent étre réalisées en mode hors
ligne ou en ligne. Le mode hors-ligne requiert une optimisation classique des
conditions chromatographiques mais présente plusieurs inconvénients a savoir (i) une
durée totale d’analyse trés élevée qui comprend différentes étapes non automatisables
tels que l'analyse de 1¢° dimension, la collecte des fractions, bien souvent un
traitement de celles-ci (évaporation du solvant, regroupement de fractions) puis les
injections successives en 2™ dimension (une fraction = une analyse), (ii) des risques
de contamination, d’effets mémoires, et (iii) des pertes et/ou dégradations
d’échantillons.

Pour pallier ces limitations, le mode en ligne a été privilégié tout au long de ce
travail. Toutefois, I'optimisation de méthodes LCxLC en ligne est beaucoup plus
complexe. En effet, il faut considérer les deux dimensions chromatographiques non
plus de fagon distinctes mais comme un systéme unique dans lequel tous les facteurs
(conditions opératoires et contraintes instrumentales) sont interconnectés. Ceux-ci
influencent de fagon conflictuelle les trois objectifs désirés dans le développement
d’'une méthode chromatographique a savoir (i) une capacité de pics élevee, (ii) une
sensibilité élevée et (iii) un temps d’analyse le plus court possible. |l est donc
nécessaire d’établir des relations mathématiques qui permettent de suivre le
comportement chromatographique des molécules a séparer dans le systeme 2D
envisagé reliant ainsi les conditions opératoires a ces trois descripteurs de
performance afin de pouvoir les optimiser simultanément. Malgré l'enjeu, peu de
travaux ont été décrits concernant I'optimisation de méthodes en LCxLC en ligne.
Aucun ou presque ne présente d’application expérimentale basée sur une stratégie
prédictive.

Un état des lieux concernant les grands principes a appliquer lors d’un
développement de méthodes en LCxLC en ligne, ainsi que les différentes stratégies
d’optimisation proposées dans la littérature est donc proposé dans le chapitre 1. Une
analyse critique de ces différentes approches est effectuée et des pistes
d’améliorations sont suggérées.

Aprés avoir décrit, dans le chapitre 2, les conditions expérimentales utilisées dans les
différentes études, le chapitre 3 développe une nouvelle méthodologie pour
'optimisation des conditions en RPLCxRPLC en ligne. Basée sur une approche
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"Pareto optimal”, cette méthodologie tient simultanément compte des trois critéres
d’optimisation en intégrant les aspects cinétiques et thermodynamiques pour décrire
le comportement des molécules, mais aussi les contraintes instrumentales dans
chacune des dimensions. L’objectif est double : (i) prédire quels sont les meilleurs
parameétres (longueur de colonne, diamétre de particules, température, ratio de split,
etc...) a choisir pour dimensionner une séparation RPLCxRPLC optimale et (ii) pouvoir
directement appliquer ces conditions expérimentalement. Dans ce travail, 'approche
théorique est ensuite appliquée a la séparation de peptides. Les résultats sont
comparés avec ceux obtenus en 1D-RPLC dans des conditions également optimisées.

Le couplage en ligne de méthodes orthogonales couplées a la spectrométrie de
masse haute résolution a également été développé pour la caractérisation de
biomolécules a trés hauts poids moléculaires (= 25 a 150 kDa), des anticorps
conjugués (ADCs). Ces nouvelles molécules thérapeutiques a trés haute valeur
ajoutée allient la spécificité d’un anticorps monoclonal (mAb) et la puissance de
molécules cytotoxiques conjuguées sur le mAb. Utilisées pour le traitement du cancer,
elles sont particulierement propices au développement d’outils bidimensionnels du fait
de leurs propriétés et de leur complexité. En effet, de nombreuses techniques
analytiques sont nécessaires pour caractériser ces molécules et l'intérét de pouvoir
combiner les informations obtenues a partir de deux techniques différentes lors d’une
méme analyse est évident. Dans cette optique, le chapitre 4 détaille I'optimisation
d’'une méthode bidimensionnelle « comprehensive » en ligne entre la chromatographie
d’interaction hydrophobe (HIC) et la chromatographie en phase inverse (RPLC)
couplée a la spectrométrie de masse haute résolution (HRMS). Cette méthode
HICxRPLC-UV/MS a pour but de déterminer, en une seule analyse, le nombre moyen
de molécules cytotoxiques conjuguées au mAb, en HIC (conditions non dénaturantes),
puis d'obtenir des informations structurales en RPLC-UV/MS (conditions
dénaturantes). En plus de I'aspect séparatif, la deuxieme dimension doit permettre
I'élimination de la grande quantité de sels présents dans la phase mobile de 1¢®
dimension avant son entrée dans le spectrométre de masse afin d’éviter toute
contamination. Cette étape de dessalage en ligne constitue également un aspect
particuliérement intéressant d’'un couplage LCxLC-MS.

Alors qu'’il est assez aisé de trouver des conditions relativement orthogonales
en LCxLC pour des composés ionisables par simple modification du pH entre les deux
dimensions (chapitre 3) ou en utilisant des conditions non dénaturantes/dénaturantes
dans le cas de biomolécules telles que les ADCs (chapitre 4), il est beaucoup plus
difficile de trouver des sélectivités différentes en RPLCxRPLC pour des molécules
neutres. Des alternatives comme le couplage entre la phase normale (NP) et la phase
inverse (RP) peuvent étre envisagées mais se heurtent au manque de compatibilité
des phases mobiles entre les deux dimensions. De plus la NP présente les
inconvénients d’étre peu répétable, d’utiliser des éluants souvent toxiques et d’offrir
peu de choix dans les chimies des phases stationnaires. De ce fait, les séparations
RPLCxRPLC sont souvent privilégiées malgré le manque d’orthogonalité. Le chapitre
5 propose une nouvelle alternative pour la séparation de mélanges complexes de
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composés neutres. |l s’agit de coupler la RPLC, en 1°¢ dimension, avec la
chromatographie en fluide supercritique (SFC), en 2¢™¢ dimension. L’utilisation de la
SFC en 2°m¢ dimension se justifie notamment par la possibilit¢ de conduire des
analyses ultra-rapides (< 1min). D’autre part, la phase mobile constituée de COq,
mélangé a de faibles proportions de solvant organique (5-10% en général) en SFC est
considérée comme “ verte” et peu onéreuse. Afin d’assurer la compatibilité entre les
phases mobiles, une étude concernant le choix de plusieurs paramétres critiques a été
effectuée (nature de la phase stationnaire, volume injecté, volumes des boucles,
composition du solvant d’injection). A partir de ces résultats, I'optimisation d’une
méthode RPLCxSFC en ligne a été menée sur un échantillon de standards puis
étendue a l'analyse d’'un mélange complexe de composé neutres issus d’un extrait
aqueux d’'une bio-huile. Les résultats ont ensuite été comparés a ceux obtenus a 'aide
d’'une méthode RPLCxRPLC optimisée.

Six études sont présentées sous forme d’articles :
Article 1 (chapitre 1)
“Theoretical and practical interest in UHPLC technology for 2D-LC ”;

M. Sarrut, G. Crétier, S. Heinisch, TrAC Trends Anal. Chem. 63 (2014) 104—
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INTRODUCTION

La chromatographie liquide bidimensionnelle « comprehensive » en ligne est
une technique séparative a trés fort potentiel qui permet théoriquement d’obtenir une
capacité de pics tres élevée. En effet, la capacité de pics théorique est égale au produit
des capacités de pics dans chaque dimension. Le couplage d'un tel pouvoir de
séparation associé a la dimension supplémentaire fournie par la spectrométrie de
masse conduit a un pouvoir de résolution trés important donnant ainsi la possibilité de
caractériser des échantillons complexes.

Néanmoins, atteindre le plein potentiel d’'une analyse bidimensionnelle
« comprehensive » en ligne est un challenge analytique. Cela requiert 'utilisation des
grandeurs théoriques impliquées dans les processus chromatographiques et des
équations qui les relient mais aussi la prise en compte des contraintes instrumentales
afin de trouver le meilleur compromis entre des objectifs contradictoires, les objectifs
prioritaires étant de maximiser la capacité de pics tout en minimisant a la fois le facteur
de dilution et le temps d’analyse.

Ce chapitre 1 aborde dans une premiére partie les notions théoriques
indispensables a la mise en place d’'une démarche d’optimisation des conditions
bidimensionnelles. Un regard particulier est mis sur l'avantage d'utiliser la
chromatographie liquide a trés haute performance (jusqu’a 1200 bar) associée a des
températures élevées (HT-UHPLC) en 2D. Une revue des applications employant des
conditions UHPLC en 2D est présentée.

Une deuxiéme partie récapitule les stratégies d’optimisation multi-critéres
employées pour I'optimisation de méthodes LCxLC.

Finalement, une troisieme partie s’intéresse aux différents moyens employés
pour limiter la variance a l'injection lors du transfert de I'échantillon de la 'D a la 2D.

Chapitre 1 : Contexte | 7



A. INTERETS ET CHALLENGES EN CHROMATOGRAPHIE EN PHASE
LIQUIDE « COMPREHENSIVE » BIDIMENSIONNELLE EN LIGNE

1. Apport de ’HT-UHPLC en LCxLC en ligne

Article 1
“Theoretical and practical interest in UHPLC technology for 2D-LC ”;

M. Sarrut, G. Crétier, S. Heinisch, TrAC Trends Anal. Chem. 63 (2014) 104—
112. doi:10.1016/j.trac.2014.08.005.
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1. Introduction

Two-dimensional chromatographic separations can be heart-
cutting or comprehensive in approach, as stated by Giddings [1].
Definitions, nomenclature and symbols were further standardized
by Marriott et al. [2].

Unlike heart-cutting, wherein only a fraction of the chromato-
gram is sent to a second dimension, “comprehensive” means that
the whole sample is subjected to two different separations. The in-
terest in two-dimensional separation techniques has grown
considerably in the past decade. Comprehensive two-dimensional

* Corresponding author. Tel.: +33 437 423 551.
E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

http://dx.doi.org/10.1016/j.trac.2014.08.005
0165-9936/© 2014 Elsevier B.V. All rights reserved.

gas chromatography (GC x GC) is now accepted as a powerful tech-
nique for the separation of complex samples (e.g., those encountered
in the fields of oil products or perfumes). By contrast, comprehen-
sive two-dimensional liquid chromatography (LC x LC), although very
promising, is still emerging and is not yet used as a routine tech-
nique in industry.

In LC x LC, the total peak capacity is theoretically the product
of peak capacities in each dimension. As a result, whereas hours or
even days are necessary in one-dimensional LC to reach peak ca-
pacities exceeding 1000 [3], impressive theoretical peak capacities
may be achieved rapidly in LC x LC (e.g., peak capacities as low as
50 in each dimension should provide 2500 as the theoretical peak
capacity in LC x LC).

The advantage of UHPLC for heart-cutting methods (LC-LC) can
be considered similar to those for conventional LC methods, so we
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do not deal with this subject in this review, which focuses on the
advantages of UHPLC for LC x LC techniques. The growing interest
in LC x LC is driven by the following observations:

1 the sample complexity increases in many fields (-omics science,
biofuels, pharmaceuticals, environmental research, food and
natural products);

2 there is a trend towards the reduction of sample preparation,
which is made easier using two chromatographic dimensions,
as already shown by the success of heart-cutting methods;

3 two-dimensional techniques may quantify compounds at levels
significantly lower than those possible by one-dimensional tech-
niques, thanks to focusing methods; and,

4 coupling to mass spectrometry (MS) requires compatible mobile
phases capable of providing suitable ionization.

With a two-dimensional separation system, while the second di-
mension mobile phase has to be MS compatible, the choice of the
first dimension (D) mobile phase is driven by separation consid-
erations only, making separation methods in 2D much more flexible
than any 1D ones [4].

Whereas heart-cutting methods are extensively used in routine
analysis, comprehensive methods are scarcely used and when they
are, they are most often in off-line mode. Yet, on-line methods are
very advantageous in many respects, as reported by recent very
interesting reviews [5-10]. They avoid the risk of sample contam-
ination, sample loss or sample degradation during sample handling
and, solvent evaporation and furthermore, they are less time-
consuming. In spite of their great potential, on-line LC X LC methods
have essentially been evaluated by academic research and have very
rarely been used in industrial projects. This can be due to both the
complexity of current data analysis while suitable software is still
missing and the difficulty in optimizing 2D conditions, consider-
ing the huge amount of parameters and the conflicting objectives
(increasing peak capacity, decreasing analysis time and increasing
sensitivity). The possibility of using very high pressure associated
with short efficient columns in the second dimension is currently
enhancing interest in on-line LC x LC. A theoretical section draws
the fundamentals of LC x LC with a focus on the need for very fast
separations in the second dimension. A second section deals with
applications in on-line LC x LC that involve UHPLC.

2. Theoretical advantage of UHPLC in 2D-LC
2.1. Peak capacity in 1D-LC

The concept of peak capacity was first introduced by Giddings
to provide a valuable tool capable of assessing the separation power.
It was defined as the number of peaks that can be ideally placed
between the first peak (often represented by the column dead time)
and the last peak of interest with unity resolution between all
peaks [11]. According to Neue [12], if the peak width is changing
with retention time, the sample peak capacity, n, as defined by
Dolan et al. [13], can be expressed as:

1

* Ot total

tn
n=1+
14

dt (1)

where t, and t; are the gradient retention times of the most and
the least retained compounds, respectively, and Gy ot iS the total
peak standard deviation in time unit.

A solution to this general equation exists for linear solvent
strength (LSS) gradients according to the LSS model developed by
Snyder et al. [14]. LSS behavior is usually assumed for linear gra-
dients in reversed-phase LC (RPLC) and, to a certain extent,

hydrophilic interaction LC (HILIC) [15]. In this case, the practical peak
capacity becomes [12]:

n=1+

(2)
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where S is the average value of the slope of the relationship between
the logarithm of the retention factor and the solvent composition,
AC is the composition range, and b is the LSS gradient steepness:

Tc

b (3)

with Tg, the gradient time and to, the column dead time.

It should be noted that, for rapid gradients (T is low) or for large
molecules (SXAC is high), the peak width is nearly constant all over
the gradient run and Equation (2) simplifies to:
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AC., being the range of compositions at elution covered by the
sample.

When considering Equation (4), it appears that the highest peak
capacity is obtained for b close to 0. In this case, n depends on the
product SXAC. (typically of the order 3-10, depending on the S value,
which increases with molecule size) and on the column plate
number. That leads to a maximum peak capacity equal to 2-5 times
the square root of the plate number (N =2-5VN). For example,
100,000 plates are potentially sufficient to reach 600-1500 as peak
capacity.

2.2. Peak capacity in LC x LC

In off-line LC x LC, the two separations are decoupled so that peak
capacities in both first dimension ('D) and second dimension (?D)
might be as high as that in 1D-LC. The advantage of UHPLC in off-
line LC x LC is similar to that of 1D-LC. If the two LC systems are
fully orthogonal, the total peak capacity can theoretically attain the
product of the maximum peak capacities obtained in one single di-
mension, (e.g., 600 x 600 = 360,000 for a small analyte). However,
it is obviously unrealistic, considering the huge number of runs in
2D (>1000) and, more importantly, the lengthy total analysis time
(many days). As a result, the chromatographer has to choose the
best trade-off between peak capacity and analysis time for his own
requirements.

Conversely, in on-line LC x LC, the two separations are linked by
the analysis time in %D being a fraction of the 'D peak width. It is
therefore impossible to deal with the peak capacity in 2D separate-
ly from that in 'D. In on-line LC x LC, the effective peak capacity must
be calculated by taking into account three correction factors
[16]:

e v, to take into account the retention surface coverage, which
depends on the degree of orthogonality between the two systems
[15];

e 0, to correct the peak capacity in 'D due to under-sampling; and,

e f3, to correct the peak capacity in 2D due to non-ideal transfer
of the sample fraction from 'D to 2D [17].

As a result, the effective peak capacity is given by:
Mo efeciive = - (1=7)- N+ a-B-y-'n-*n 5)

where 'n and 2n are the peak capacities in the 'D and 2D, respec-
tively, and can be predicted, in case of LSS gradients, according to
Equation (2).
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If v is high enough (close to 1), Equation (5) simplifies to [17]:
M effective =0!'ﬁ-7-1n»2n (6)

As the three correction factors are less than 1, it is clear that the
effective peak capacity in LC x LC can be significantly lower than
that expected from the calculation of theoretical peak capacity ('n
X 2n). Vivo-Truyols et al. [18] showed that, under certain circum-
stances, the loss in peak capacity may reach 75%. It is therefore of
crucial importance to find a way to evaluate these correction factors
correctly in calculating the effective peak capacity and optimizing
LC x LC parameters.

The estimation of y can be made graphically. It can also be pre-
dicted from data obtained with a representative sample in a given
LC x LC configuration [15,19,20].

As regards the correction factor, o, Davis et al. [16] derived an
empirical equation to estimate it. This equation is now widely used
to evaluate the effective peak capacity:

1
P — 7)
V1+0.21- A2
with:
A= ts/lct,mml (8)

ts is the sampling time and the total analysis time in 2D. It corre-
sponds to a multiple, A, of the peak standard deviation in 'D. A cannot
be too high because the analysis time in 2D would be too short and
cannot be too low because under-sampling would be too severe. This
issue was first addressed by Murphy et al. [21], who showed that
A should be 2-2.7 roughly to maintain the resolution obtained in
ID. However, it is difficult to find a balance between the decrease
in 'n due to large t;, on the one hand, and the decrease in ?n due
to short t;, on the other hand. To maximize napefective for LC x LC with
gradients in both dimensions, Horie et al. showed that A should be
2-3.6 [22], which corresponds to 1.7-3 runs in 2D per peak in 'D.
According to Equation (7), 'n is decreased by 25% with A =2 and 50%
with A =3.6.

The total analysis time in 2D, t;, is related to gradient time ?T¢
according to:

2 2
tszzto‘[z—?+2—\‘f’+(l+x)] (9)
0 0

with 2Vp, the gradient dwell volume in 2D; 2V, the column dead
volume; 2to, the column dead time; and, x, the number of column
volumes used for column equilibration. As highlighted in Equa-
tions (2) and (3), the peak capacity in 2D strongly depends on the
ratio ?T¢/?to. Equation (9) emphasizes the necessity to consider
both equilibration time and dwell time when optimizing LC x LC
conditions.

It is clear tzhat ts/*to should be as high as possible and at least

. V

higher than [TVD+ 1+x |

0
It is usually recommended that the dwell volume is of the same

order of magnitude as the column dead volume. However, it was
shown that only two column volumes (X = 2) can provide good run-
to-run repeatability in UHPLC conditions, even with charged
compounds [23-25]. Starting from these values, the requirement
in on-line LC x LC becomes:

ts
>4 (10)
0

Two very important conclusions for the interest in UHPLC for
LC x LC can then be drawn from Equation (10), as follows.

1 In 2D, ?to must be minimized while keeping good column effi-
ciency. Small particle sizes working at maximum allowable
pressure and/or maximum deliverable flow-rate are therefore
strongly recommended in the 2D, as illustrated in Fig. 1, showing
calculated %n as a function of flow-rate for conventional HPLC,
high-temperature LC (HTLC), UHPLC and high-temperature UHPLC
(HT-UHPLC) [26]. The calculations were carried out with 60 s as
sampling time and a 50 x 2.1 mm column in 2D. As expected from
Equation (9), 2T¢/*to and, hence, 2n increase with the flow-rate,
the minimum value of which (here 0.4 mL/min) is:

2 2
Vo (*Wb

— | =—+1+x
ts [ZVO j (11)

2Fmin =

As shown in Fig. 1, the highest peak capacity is achieved in HT-
UHPLC (170). In UHPLC, the maximum peak capacity is lower (100)
because of lower attainable flow-rate. However both techniques are
better than conventional techniques with maximum peak capaci-
ties of only 70 and 40 in HTLC and HPLC respectively. It should be
noted that although high temperatures associated with UHPLC con-
ditions are very attractive to enhance peak capacities for a given
sampling time, there are some potential issues when operating at
high column temperature [27]. They include: (1) possible sample
degradation; (2) reduction of column lifetime; and, (3) decrease in
the eluent strength of the solvent entering the 2D and hence re-
duction of the compression factor.

2 In'D, t; and hence A'G, 1o Should be high enough (at least higher
than 4%ty). For small column length and/or low 'Tg, it may be nec-
essary to decrease significantly the linear velocity, 'u, sometimes
well below the optimum value, in order to fulfill the condition
of Equation (10). Thus, resulting conditions in 'D often have to
be far from UHPLC conditions. However, as discussed else-
where [28], the effective peak capacity in fast on-line LC x LC
(<2 h) weakly depends on the 'D peak capacity and, as a result,
UHPLC conditions are unnecessary in this case

In preceding calculations of ?n, peak-band broadening due to in-
jection effects were not considered. However, there may be
significant peak distortion if large fractions of 'D are injected in ?D.
The effect of a large injection volume on peak variance has been
studied [29]. The correction factor, B, for ?n can be related to the
injection volume in 2D, 2V;, and derived as:

180 p—
12n mE
160 .. HT-UHPLC (90°C-800bar-1.9um)
140 .l
120+ a
100 - .OQUHPLC (20°C-800bar-1.9um)
80
60 | f ... e .ch (gl)’(%Sosar-S’m) L ® ®
40 AAAAAAA A A A A
HPLC (20°C-350bar-5um)
20
0- : . : :
0 1 2 3 4 5
2F (mL/min)

Fig. 1. Variation of peak capacity in the second dimension with flow-rate in dif-
ferent conditions. Data were calculated for a sampling time of 1 min with 50 x 2.1 mm
column in 2D, a dwell volume of 120 pL and two column volumes for equilibration
(x=2). {Adapted from [26]}.
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2
Oy col 1
B=5—"= (12)
2 O total 1+ l % 2 V,*z % l
512 2 o'a,cul Cl%

8% depends on the injection process (=12 for plug injection and close
to 3-4 in practice). 20y, o1 is the peak standard deviation in volume
units resulting from peak band broadening in the second column,
26y, total 1S the total peak standard deviation in 2D and Cg is the com-
pression factor [30]. Cr is related to the two solute retention factors
in 2D, the first one with the 'D mobile phase and the second one
at elution with the 2D mobile phase [18,30,31]. The compression
factor is high if the injection solvent in the transferred fraction is
weak.

2V, is related to both the total peak standard deviation (in volume
units) in 'D and the split ratio potentially designed for reducing the
flow-rate entering 2D (0<z<1) [32]:

zvl’:/’L><1 Oy total * Z (13)
The combination of Equations (12) and (13) yields:

1

2272
1+ 52 X

From Equation (14), it appears that B can be tuned or main-
tained at an acceptable value (for example, >0.9, which means that
less than 10% of the peak capacity is lost in 2D as a result of injec-
tion effect) by various means:

B= (14)

12
Oy total l
2 22 2
Oy col CF

e increasing the compression factor; in RPLC x RPLC, this can be
obtained with relative smooth gradient steepness in !D while
steeper gradient in D and/or with more retentive stationary phase
in 2D than that in 'D;

e decreasing 'Gyoral/*Oveol and hence the ratio of internal column
diameters ('d;/?d;), and/or, decreasing Gy o, Which means, for
a given t;, decreasing 'F and hence the column pressure; or,

e decreasing the split ratio (z < 1); however, one should be careful
not to significantly increase extra-column band broadening with
low split ratio (z < <1), thereby decreasing 'n [33].

Depending on the column geometry in both dimensions, a suit-
able compromise has to be found between the decrease in z and
the decrease in 'F.

2.3. Optimization of on-line LC x LC parameters

Once the two chromatographic systems are chosen with respect
to their degree of orthogonality, the operating conditions have to
be carefully optimized. Those include gradient conditions, column
dimensions and particle diameters in both dimensions, as well as
the split ratio. The optimization procedure must deal with:

e on the one hand, conflicting objectives, including maximizing
the effective peak capacity, minimizing the analysis time (rep-
resented by the gradient time in 'D) and minimizing the dilution;
and,

e on the other hand, instrumental limits in terms of pressure, flow-
rate, column length, temperature and dwell time.

It is therefore of prime importance to find a way to make the
situation less complex.

The dilution factor, Dy, is often considered as the product of the
dilution factors in each dimension (D¢ = 'Df x 2Dg) [34]. That would
be fully correct if the maximum injection concentration in 2D was

Input 17

l

Optimizer varies 1F1L

o |

v

lYes

Optimizer varies 27,

No l
Maximum In2p >
l Yes

Fig. 2. Two-step optimization diagram in LC X LC. {Adapted from [36]}.

the concentration at the peak apex in 'D ('Cpax), namely if the frac-
tion number was infinite. A more accurate approach involves the
“ERF function”, which allows calculation of the fraction of peak area
corresponding to the sampling [35]. However, for sake of clarity, the
product of dilution factors is usually maintained to evaluate Dy:

/ 2
DF= 2n x Oy col

5y <D (15)

which yields, by combining Equations (12) and (15):

D N 1
"s1-p2 G

Two different optimization protocols were recently proposed [36]
for maximizing peak capacity with gradient conditions in both di-
mensions. The more robust method involved a two-step optimization,
first maximizing 'n and then maximizing n; x n,. The flow diagram
is shown in Fig. 2.

Other attempts were made to optimize the peak capacity while
keeping an acceptable analysis time [30,37,38]. The compromise
between peak capacity and analysis time was established by means
of an attractive pareto-optimality approach [18]. In this study, the
calculations were made easier by:

"Dy (16)

1 setting, in both dimensions, a value of 10 for the ratio of the gra-
dient time to the column dead time (T¢/to=10);

2 working, in both dimensions, at the maximum pressure allowed
by the instrument; and,

3 neglecting dwell times and equilibration times.

In addition, the sampling rate was not kept constant but was
allowed to vary. Consequently, the authors used Equation (7) to
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Fig. 3. (a)Pareto curves and (b) Pareto surfaces for optimizing conditions in LC x LC. {Adapted from [18]}.

correct the effective peak capacity. The results are shown in Fig. 3a.
As expected, the gain in peak capacity is achieved at the expense
of longer analysis time. It seems from these curves that the use of
UHPLC in both dimensions represents the best configuration with
peak-capacity improvement by 30% compared to HPLC x HPLC
systems. The dilution factors were not taken into account in the dif-
ferent situations presented in Fig. 3a. Yet, as underlined by the
authors, the best conditions in Fig. 3a lead to very high dilution. The
authors therefore also considered low dilution as a separate objec-
tive in the optimization procedure. The results are shown in Fig. 3b,
which displays the Pareto surfaces for the simultaneous optimiza-
tion of peak capacity, analysis time and dilution factor.

From Equation (16), it is clear that maximizing the effective peak
capacity (i.e., B close to 1) is a conflicting objective with decreas-
ing the dilution factor ((i.e., B close to 0). However, for given 3 and
Dy, D becomes dependent on only the compression factor, and it
is very interesting to note that increasing Cr is beneficial for both
peak capacity (B increases) and sensitivity (Dr decreases), as illus-
trated in Fig. 4.

® Peak capacity
M Dilution factor

Fig. 4. Variation of dilution factor and peak capacity (normalized scale) with the
compression factor. Data calculated from Equations (12) and (15), with §?2 =4 and
V= 2cv,col-

3. The quest for large separation power in on-line LC x LC
applications

In the past few years, researchers performed comprehensive on-
line two-dimensional separations by adapting the chromatographic
conditions in order to find a good trade-off between speed and peak
capacity in the 2D. As discussed in Section 2, the peak capacity in
the 2D is increased with 2Tg/?t,. Although the stop-flow mode seems
to be convenient to increase 2T¢ [39-41], it is time consuming [40]
even with UHPLC conditions in the 2D [41,42], and, in addition, it
requires additional hardware. Moreover, axial dispersion may be a
critical issue, particularly for the most retained compounds, thereby
leading to significant peak band broadening [8]. Yet, large mol-
ecules with low diffusion coefficients are relatively little subjected
to axial dispersion [43].

An alternative approach to increase peak capacity in the 2D in-
volves using two columns in parallel [30,44-47]. Francois et al.
designed an interface [48] consisting of two identical two-position
10-port switching valves, each equipped with two identical loops.
The second switching valve offered the possibility to double the anal-
ysis time in the 2D, thereby increasing the gradient time and hence
the peak capacity. However, the use of two columns in parallel re-
quires complex interfaces and introduces additional difficulties for
data processing, particularly because consecutive separations are
performed on two different columns that can be slightly different
[49].

The use of HT-HPLC was also investigated to reduce the mobile-
phase viscosity and hence to increase the flow rate while keeping
an acceptable pressure [50-52]. According to Equation (9), dead time,
delay time and equilibration time are also decreased resulting in
higher peak capacity. However, as discussed in Section 2, UHPLC and
especially HT-UHPLC are the techniques of choice in the ?D. Some
LC x LC applications involving UHPLC in the ?D were recently re-
ported. They covered a wide range of analytical fields, such as food
analysis, life sciences, bioenergy and polymers. These applications
are summarized in Table 1 and discussed below.

3.1. LCx UHPLC in food analysis
The complexity of food matrices makes LC x LC coupled to MS

a powerful technique for solute identification. The first applica-
tion involving UHPLC in the %D dealt with the separation of phenolic
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Table 1
On-line comprehensive two-dimensional liquid chromatography (LC x LC) separations using ultra-high-pressure liquid chromatography (UHPLC)
Ref. Configuration Column dimensions; Flow-rate; Temperature Sampling time Application
First dimension, 'D Second dimension, 2D
[53] RPLC x RPLC 150 x 2.1 mm, 3 um; 100 uL/min; ND? 50 x 2.1 mm, 1.7 um; 0.8 mL/min; ND 120s Food analysis
[42] HILIC x RPLC 250 x 1.0 mm, 5 pm; 25 uL/min; Ambient 50 x 4.6 mm, 1.8 um; 1.5 mL/min, 50°C 120 and 180 s Food analysis
[54] HILIC x RPLC 250 x 1.0 mm, 5 pm; 20 uL/min; Ambient 30x 2.1 mm, 1.8 um; 3.4 mL/min, 70°C 20s Food analysis
[55] HILIC x RPLC 250 x 1.0 mm, 5 pm; 50 uL/min; Ambient 50 x 4.6 mm, 1.8 um; 1.2 mL/min, 48°C 120s Food analysis
[56] NPLC x RPLC 250 x 1.0 mm, 5 pm; 10 uL/min; 30°C 60 x 4.6 mm, 2.7 um; 4 mL/min; 65°C 90sand 60 s Food analysis
[57] RPLC x RPLC 50 x 1.0 mm, 3 pm; 10 uL/min; 30°C 50 x 2.1 mm, 2.6 um; 1.8 mL/min; 60°C 555 Life sciences
[57] RPLC x HILIC 50 x 1 mm, 3 um; 10 puL/min; 30°C 50 x 2.1 mm, 1.7 um; 1.8 mL/min; 60°C 46.2's Life sciences
[58] RPLC x RPLC 100 x 1.0 mm, 5 um; 10 puL/min; 60°C 50 x 2.1 mm, 1.7 um; 1.4 mL/min; 80°C 69s Bioenergy
[59] RPLC x SEC 250 x 2.1 mm, 1.7 pum; 200 pL/min; 25°C 150 x 4.6 mm, 1.7 um; 2 mL/min; 30°C 54s Polymer
[59] RPLC x SEC 250 x 2.1 mm, 1.7 pm; 100 pL/min; 55°C 150 x 4.6 mm, 1.7 um; 2 mL/min; 50°C 30s Polymer
4 ND: No Data.

compounds in wines [53]. In this work, the authors compared several
combinations:

e HPLC x HPLC (packed);

e HPLC x HPLC (monolith);

e HPLC x UHPLC with the ?Ds performed in isocratic mode; and,
HPLC x UHPLC with gradient conditions in the 2D.

D conditions were the same for all experiments. Surprisingly,
the best performance in terms of peak capacity was obtained with
the two HPLC x HPLC configurations. However, the lower peak ca-
pacity in HPLC x UHPLC compared to HPLC x HPLC (monolith) was
explained by significant additional peak band broadening result-
ing from injection on the UHPLC column (200 uL injected on a
50 x 2.1 mm column versus 150 puL on the 50 x 4.6 mm monolithic
column). Moreover, the potential of UHPLC was not fully ex-
ploited (only 520 bar as column pressure).

The separation of matrices of phenolic compounds in HILIC X RP-
UHPLC has been studied at different temperatures for the 2D {i.e.,
70°C [54]; 48°C [55]; and, 50°C [42]}. In these different studies, a
250 x 1 mm column with 5-um particle size was used in 'D. Kalili
et al. [42] compared off-line, stop-flow and on-line comprehen-
sive analysis of procyanidins in cocoa extracts, while Beelders et al.
[55] compared off-line and on-line comprehensive analysis of phe-
nolics (flavonoids, phenolic acids, coumarins amongst others)
contained in rooibos. They both used the same C18 50 x 4.6 mm
column with 1.8-pum particle size in the 2D. The second separation
was performed at the maximum pressure withstood by the column
(600 bar). Both studies showed that, although stop-flow and off-
line modes provide much higher peak capacity than the on-line
mode, the peak-production rate (peaks/min) was 2-4 times greater
in the on-line mode. In both cases, the flow was split to avoid extra-
column peak band broadening due to large injection volumes.
However, that increased dilution, which, in turn, decreased peak sen-
sitivity. Conversely, the repeatability of D retention times was found
to be very good (<2%).

Similarly, the separation of 10 stevia glycoside and polyphenol
compounds contained in Stevia rebaudiana extract was achieved in
100 min in HILIC x RPLC [54]. A very short narrow-bore, sub-2-
pum column (30 x 2.1 mm, 1.8 um) was used at 70°C in order to obtain
very fast analysis in the 2D (20 s as cycle time with a flow rate of
3.4 mL/min). In these conditions, the system pressure attained 922
bar and the ?T; value was only 15.6 s. The effective peak capacity
was calculated according to the geometric approach developed by
Liu et al. [19] and estimated at 1850. Despite the very short anal-
ysis time, the retention-time repeatability obtained was acceptable
(<5%).

Finally, in a recent study [56], two different NPLC x RPLC con-
figurations (HPLC x HPLC and HPLC x UHPLC) were compared for
the separation of 33 compounds belonging to 10 different classes

of carotenoids contained in red chili-pepper extracts. IT-TOF-MS de-
tection was used in both configurations for compound identification.
A microbore cyano column (250 x 1 mm; 5 um) was used in 'D while
macrobore superficially porous C18 columns (30 x 4.6 mm, 2.7 um
in HPLC and 2 x 30 x 4.6 mm, 2.7 um in UHPLC) were used in 2D at
65°C. Such a large difference in column diameters between 'D and
2D was designed to circumvent the incompatibility of the solvents
used in the two dimensions. In the LC x UHPLC system, two columns
were serially coupled with a view to increasing peak capacity. 2D
separations were carried out at a flow rate of 4 mL/min, allowing
very fast analyses and generating a backpressure of 450 bar (HPLC)
and 900 bar (UHPLC). As expected from Equations (2) and (4), the
peak capacity in 2D was multiplied by a factor v2 from RP-HPLC
with a sampling time of 0.75 min to RP-UHPLC with a sampling time
of 1.5 min (22 versus 31). The theoretical peak capacity was there-
fore significantly increased (from 990 to 1375). However, the effective
peak capacity, corrected for under-sampling [Equation (7)] and for
orthogonality, became higher with HPLC compared to UHPLC (526
versus 373). As the sampling time was larger in the second case, the
under-sampling was more severe and that, in turn, could explain
this result. After decreasing the sampling time from 1.5 min to 1 min,
an effective peak capacity of 639 was obtained in UHPLC condi-
tions, thereby highlighting the interest in increasing pressure.

3.2. LCx UHPLC in life sciences

Biological samples require techniques with very high resolving
power and high sensitivity in order to identify the maximum number
of sample components. On-line HPLC x HT-UHPLC separations of
tryptic digest of three proteins were recently achieved in both RPLC
x RPLC and RPLC x HILIC with UHPLC as %D [57]. The peak capaci-
ties obtained, corrected for surface coverage, were 3300 (y=0.39)
and 2600 (y= 1), respectively, both in 200 min. The two ?Ds were
performed at the maximum flow rate authorized by the instru-
ment (i.e., 2 mL/min). The aim of this work was to evaluate the
benefit of 2D-LC separations of peptides compared to 1D-LC sepa-
rations using a Pareto optimal approach. The 'D column was a micro-
bore C18 column (50 x 1 mm, 3 pum). Short narrow-bore columns
(50 x 2.1 mm) were used in the 2D in order to have a short cycle time
and to limit the dilution factor. The rapid calculation of the ulti-
mate peak capacity in 1D-LC, as presented in Section 2, does not
give any information on the time it would take, or on the real pos-
sibilities of achieving such high peak capacities taking instrument
limitations into account. This information is given in Fig. 5, which
shows analysis time as a function of peak capacity for 1D data that
were found in the literature (represented by squares). Most data were
obtained in UHPLC or HT-UHPLC; the data corresponding to the
upper square were obtained with a long silica monolith column [60].
The dotted curve represents the Pareto front for two objectives,
namely minimizing the analysis time and maximizing the peak



110 M. Sarrut et al./Trends in Analytical Chemistry 63 (2014) 104-112

1
1000 = " LI P
T L 1]
T = ® 7
£ T - /e Ay
i ke, TP
o 100 =
£ z g n ’-/ C*H/l;(/?plc
- T '
2 T ™ e
S 10= i
< E /’
4+ -
1 -7
1 ‘-" t t F————+— t +—
100 1000
Peak capacity

Fig. 5. Plots of analysis time versus peak capacity for the separation of peptides. Black
squares correspond to data recently published in the literature (see [57] for more
information). The dotted line represents the Pareto curve for analysis time and peak
capacity. The data obtained in RPLC x HILIC and RPLC x RPLC are indicated by a circle
and a triangle, respectively. {Adapted from [57]}.

capacity. It can illustrate the current limit attained in 1D-LC ac-
cording to published results. After correction for under-sampling,
the effective peak capacities obtained in RPLC x HILIC (1700) and
RPLC x RPLC (2000) were placed in Fig. 5. As can be seen, they are
located outside the Pareto curve. The gain in speed and the gain in
peak capacity was 10 and 1.3, respectively, compared to the best
result obtained in 1D-LC. A similar effective peak capacity (1800)
was also obtained in RPLC x RPLC in 200 min [61]. However, this
separation performed under conventional HPLC conditions made
use of a very long column (4 x 150 x 2.1 mm serially coupled
columns) in the 'D.

3.3. LC x UHPLC in bioenergy

Le Masle et al. [58] used on-line RPLC x RPLC for the character-
ization of bio-oils obtained by fast pyrolysis of lignocellulosic biomass
(mainly neutral and acidic compounds). Accurate knowledge of bio-
oil composition is essential for optimizing the process of upgrading
bio-oil to biofuel.

Based on preliminary data obtained with a sample of 38 repre-
sentative compounds, an LC x LC configuration was selected. It
comprised a stationary phase based on porous graphitic carbon
(Hypercarb column 100 x 1 mm, 5 um) in 'D and a Phenyl Hexyl
column in 2D (50 x 2.1 mm, 1.7 um). The authors relied on the dif-
ference in selectivity between these two different columns to
generate high peak capacity, and on HT-UHPLC conditions to get fast
analyses in 2D. Accordingly, the temperature of the 2D was set at
80°C with 1.15 min as sampling time, ensuring 3.6 cuts by peak of
D. The gradient time was 0.73 min at 1.4 mL/min. The LC x LC anal-
ysis of a partly dehydroxygenated bio-oil provided an effective peak
capacity of 1940, corresponding to the separation of more than 120
compounds with an average peak width of 0.85 s (4x?Gyota1) and a
total analysis time of 285 min. This 2D separation is shown in Fig. 6.

3.4. UHPLC x UHPSEC in polymer analysis

For polymer samples, RPLC x SEC is a powerful technique that
can provide simultaneous information on both chemical composi-
tion and molecular-weight distribution. According to Uliyanchenko
et al. [62], the commonly used LC x SEC configuration provides sat-
isfactory information, but its implementation in industry is very time
consuming (several hours). To overcome this constraint, the authors
developed an on-line UHPLC x UHPSEC for the separation of samples
of polyurethane (PU) and polymethacrylate (PMMA). In 'D, three
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Fig. 6. RPLC x RPLC separation of a partially dehydroxygenated bio-oil using the cou-
pling of Hypercarb (100 x 1 mm, 5 um) in 'D and Acquity CSH phenyl-Hexyl
(50 x 2.1 mm, 1.7 um) in 2D. {Adapted from [58]}.

Acquity BEH C18 columns (2.1 mm i.d.) with a total length of 250 mm
were serially coupled and used at a flow-rate of 0.2 mL/min and
0.1 mL/min for PMMA and PU, respectively. In 2D, an Acquity BEH
C18 column (150 x 4.6 mm, 1.7 um) with a sampling time of 0.9 min
and an Acquity BEH HILIC column with a sampling time of 0.5 min
(150 x 4.6 mm, 1.7 um) were used at 2 mL/min for PMMA samples
and PU samples, respectively. With these two LC x LC systems, the
analyses were performed in only 22 min for PMMA and 60 min for
PU. Both analysis times were much shorter than those obtained in
conventional LC x SEC, which can reach 4 h for PMMA analyses [59].
According to the authors, in addition to the shorter analysis time
due to using UHPLC conditions, the resulting information was rel-
evant to assess the composition of the polymer samples.

4. Conclusion

It was shown that, whereas UHPLC conditions (very small par-
ticles with very high pressure) are highly recommended in the 2D
of on-line LC x LC separations in order to reduce the gradient time,
they may be quite counterproductive in the 'D.

In the 2D, UHPLC conditions with short columns are very attrac-
tive because they can generate enough separation power to increase
significantly the total effective peak capacity compared to unidi-
mensional techniques, as was recently proved for the separation of
peptides. Elevated temperatures associated with UHPLC condi-
tions can further improve the separation power in the 2D but they
may be detrimental to samples and instrumentation.

Numerous parameters are available to optimize the quality of
analysis, which can be well described by three conflicting criteria:
effective peak capacity; analysis time in 'D; and, method sensitiv-
ity. Although efficient strategies have already been developed, much
work is still required to have convenient, reliable tools able to predict
and to optimize LC x LC separations.
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2. Stratégies d’optimisation de méthodes LCxLC en ligne

L’optimisation de méthodes LCxLC en ligne est beaucoup plus complexe qu’en
1D-LC. Ceci est du au trés grand nombre de paramétres qui peuvent influencer la
qualité de la séparation (en général évaluée en terme de capacité de pics), le facteur
de dilution et le temps d’analyse (correspondant au temps d’analyse de premiere
dimension). De ce fait, I'optimisation doit considérer 'ensemble des paramétres du
systeme LCxLC, la modification d’'un paramétre pouvant s’avérer avantageux pour la
capacité de pics de premiéere dimension, par exemple, mais finalement défavorable
pour la capacité de pics effective en LCxLC. Cependant, trés peu d’études proposent
I'optimisation simultanée de ces trois critéres.

2.1. Optimisation de la capacité de pics

A partir du travail de Davis et coll. [1] concernant le taux d’échantillonnage
optimal de la séparation 'D (lié au facteur de correction «, (cf. Chap.1-A.1.)) et du

travail de Li et coll. [2], Gu et coll. ont développé deux protocoles pour maximiser la
capacité de pics effective en LCxLC [3].

L’équation qu’ils ont utilisée pour la capacité de pics effective est la suivante :

ltr,last_ltr,first
((*ws)?+3.35(%tg+3)?)

nZD,effecive = X a; X (1 - eXp(_az X Ztg)) EQ- 1

avec 't, 145 €t 'ty rirse l€ temps de rétention du dernier et du premier pic en D,

'w,, la largeur d’un pic 'D a 4 sigma et %t le temps de gradient de 2D. A noter que
Ztg + 3 représente le temps d’échantillonnage, la valeur de 3 correspondant au temps

d’équilibrage, en secondes, utilisé dans cette étude (2x?to). Les coefficients a1 et a2
sont propres a chaque systéme chromatographique utilisé.

Aprés avoir choisi la valeur de 'tg, le protocole 1 se déroule en deux étapes
indépendantes. Il consiste tout d’abord a faire varier 'L avec 'F fixe pour maximiser la
capacité de pics de la 'D puis a optimiser %ty (et donc le temps d’échantillonnage de
D). Le protocole 2 permet d’optimiser simultanément 'F, 'L, et %ty Tous les autres
paramétres (°L, 'dc, ?dc, 'dp, °dp) sont fixes dans les deux protocoles.

Les calculs obtenus montrent qu’un faible taux d’échantillonnage (a « 1) peut
étre compensé par un 2tg plus long (soit 2n plus grand) et que 2ty optimal augmente
lorsque 'ty augmente. Il apparait également avec le protocole 2 qu’une capacité de
pics maximale 'n, ne génére pas nécessairement une nzp effective maximale. Ce dernier
résultat démontre I'importance du compromis entre ts (liée au nombre de fractions par
pics de 'D) et 2n pour obtenir une n2p effective Maximale.

La capacité de pics calculée par ces protocoles d’optimisation tient donc compte
du sous échantillonnage en 'D (facteur de correction @) pour un taux d’occupation de
I'espace donné. Cependant la dispersion engendrée par des volumes injectés en 2D
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souvent trés importants (60 et 230% 2Vo dans [3]) n'est pas prise en compte. Les
capacités de pics effectives LCxLC calculées a partir de ces deux approches peuvent
donc étre largement surestimées selon les volumes injectés en 2D et la force éluante
du solvant d’injection. Les conditions optimales pourraient donc s’avérer différentes si
la démarche tenait compte de cette dispersion. Par ailleurs, la prise en compte du
facteur de dilution comme critere additionnel devrait également conduire a des
conditions optimales différentes.

2.2. Optimisation multi-critéres
2.2.1. Approche générale

Le groupe de Schoenmakers a développé des stratégies plus exhaustives qui
tiennent compte simultanément de la capacité de pics, du temps d’analyse et du
facteur de dilution.

Dans un premier article [4], les auteurs ont proposé un protocole d’optimisation,
présenté Fig.1, basé sur la méthode dite « Poppe plots » qui est une méthode
définissant le meilleur compromis entre la capacité de pics et le temps de gradient en
1D-LC pour des paramétres donnés (diamétre de particules, viscosité de la phase
mobile, coefficient de diffusion de I'analyte, coefficients expérimentaux de I'équation
de Van Deemter) et pour une contrainte en pression donnée. Les temps de gradients
utilisés dans cette étude théorique sont fixés a t; = 10 X t, pour toute I'étude et dans
chaque dimension.

Choose Choose Choose
(max. acceptable) (max. workable) (smallest good)
analysis time pressure first-dimension
l [ column
. diameter
Best speed vs. resolution

compromise (Poppe plot)

'‘d, 'N 'L 'n,
L

1 t

s

Injection band
broadening

2d, 2N 2L 2p,

ch

Dilution factors

Figure 1 : Protocole d’optimisation en LCxLC en ligne proposé par [4]. Adaptée de [4].

Dans ce protocole, I'utilisateur définit une pression maximale pour les deux
dimensions et une valeur minimum du diameétre de la colonne de 'D, 'dc. Ensuite, les
« Poppe plots » déterminent les valeurs optimales de "N associées a 'L pour plusieurs
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valeurs de 'dp. Il est donc possible de calculer 'n, "ot et le temps d’échantillonnage, ts,
selon t, = o,. Enfin les valeurs de 2dp, ?N et L sont obtenues de la méme fagon qu’en
'D. L'utilisateur définit alors une valeur de 'dc impliquant une valeur de 'F et donc un
volume injecté en ?D. Un 2dc approprié est finalement calculé afin d’éviter les effets a

e V2 e A n .
I'injection (selon ¢? = 6—‘2) tout en minimisant le facteur de dilution. Grace a cette

stratégie, en supposant une couverture maximale de I'espace de rétention, une
capacité de pics de 4000 associée a un facteur de dilution de 12 a été calculée pour
un temps d’analyse de 220 min dans des conditions HPLC (400 bar). Il a été suggéreé,
par la suite, que cette valeur de capacité de pics pourrait étre augmentée en
considérant ts compris entre 21o, et 3.6%0, au lieu de 1o, selon [5-7]. Par ailleurs, la
prise en compte du facteur de compression qui n’est pas considéré dans cette étude
pourrait réduire le facteur de dilution sans affecter la capacité de pics. Ceci explique

. . . . la
notamment le choix défavorable du rapport des diamétres de colonne (Tdc < 1avec
Cc

des diamétres de 1 mm et 4.6 mm en 'D et 2D respectivement) pour éviter les effets a
I'injection.

Vivo-Truyols et coll. ont proposé en 2010 l'utilisation d’'une méthode « Pareto-
optimal » [8]. Cette méthode permet de calculer la (ou les) condition(s) optimale(s)
lorsque plusieurs objectifs conflictuels doivent étre pris compte [9]. En pratique, les
parametres tels que la perte de charge maximum, le diamétre des colonnes, le volume
d’injection de 'D, le diamétre de particules et le temps d’échantillonnage sont définis
par I'utilisateur. A partir de ces données et de paramétres pré-établis liés au systéme
(coefficients de I'équation de Van Deemter, coefficients de diffusion, viscosité, porosité
des colonnes, facteur de résistance a I'écoulement) cette méthode permet de générer
des valeurs optimales pour les longueurs de colonnes et les débits. L’algorithme
« Pareto optimal » permet la sélection des meilleures conditions considérant les trois
critéres, capacité de pics, temps d’analyse et facteur de dilution. Les résultats montrent
clairement I'avantage d’utiliser le mode gradient dans les deux dimensions ainsi que
des conditions UHPLC (cf. Chap.1-A.1). Contrairement a la méthode décrite
précédemment, le facteur de compression (Cr) a été considéré et permet, pour un
méme temps d’analyse (2h) et une méme capacité de pics (4000), de diviser par 4 le
facteur de dilution passant de 40 (Cr=1) a 10 (Cr=5) montrant ainsi I'importance de
considérer ce facteur lors de I'optimisation.

En conclusion, la méthode basée sur les « Poppe plots » et celle basée sur la
méthode optimale de Pareto sont des outils intéressants pour l'optimisation de
méthodes en LCxLC en ligne. L’avantage d’une approche « Pareto optimal » réside
dans sa capacité a optimiser simultanément plusieurs objectifs conflictuels [6]. Il est
également important de noter que ces deux études sont purement théoriques et
gu’'aucune séparation n'a été réalisée expérimentalement a partir des valeurs
optimales prédites. De plus, le volume de délai de I'appareillage qui dépend en partie
de la boucle d’injection et donc du volume injecté, le temps d’équilibrage ou encore
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I'utilisation de débits splittés n’ont pas été pris en compte et devront aussi étre
considérés.

2.2.2. Approche ciblée

Dans un tres récent article, Pirok et coll. [10] ont développé une stratégie pour
optimiser la séparation de 54 colorants synthétiques par chromatographie d’échange
d’anions en 'D et en chromatographie d’appariement d’'ions C18 en 2D (SCX x lon
Pair-RP). Leur méthodologie consiste a réaliser deux séparations LCxLC avec des
pentes de gradient normalisées trés différentes dans les deux dimensions et de
réaliser du « peak tracking » afin de déterminer un modéle de rétention linéaire pour
chaque composeé et ainsi prédire les temps de rétention dans des conditions de
gradients données. A partir de ces modéles, une approche « Pareto-optimal » est
utilisée pour définir le meilleur compromis entre le temps d’analyse et la résolution
entre chaque pic en tenant compte du temps d’échantillonnage de la 'D et des effets
a l'injection en 2D. La résolution entre chaque pic est calculée selon un algorithme
développé par Schure et coll. [11] et une fonction de désirabilité de Derringer est
employée délivrant un score compris entre 0 (co-€lution totale) et une valeur de 1
(résolution = 1.5). Finalement, le produit de chaque fonction est calculé pour évaluer
la qualité globale de la séparation, une valeur de 1 signifiant que tous les pics sont
séparés en LCxLC. Cette approche est intéressante pour des échantillons pour
lesquels il est possible d’identifier et de suivre des composés mais est impossible a
appliquer pour des échantillons trés complexes.

2.3. 1D-LC vs LCxLC : Quelle capaciteé de pics, en combien de temps ?

Différents groupes ont cherché a définir le temps au bout duquel la capacité de
pics devient égale entre une analyse 1D-LC et LCxLC appelé « crossover time » [12—
14] pour la séparation de molécules de bas poids moléculaires (150-400 Da). Dans
une étude théorique Potts et Carr ont montré que ce « crossover time » était situé entre
3 et 8 min (Fig.2) [14].
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Figure 2 : Comparaison théorique des capacités de pics effectives en LCxLC et 1D-
LC en fonction du temps d’analyse pour différents taux d’occupation de I'espace (1, 0.7 et
0.4). La ligne pleine correspond a I'analyse 1D-LC. Conditions détaillées en [14]. Figure
adaptée de [14].

Les auteurs ont comparé des analyses 1D-LC optimisées selon une méthode
analogue a celle des Poppe-plots [15] (APmax=400 bar) avec différentes analyses
LCXLC pour des temps d’analyses de 15, 30 et 60 min. L’optimisation des analyses
LCxLC utilisait la méthode décrite dans la 2.2.1 de ce méme chapitre. Le crossover
time théorique est environ 4-5 min pour y=0.7. Il est encore diminué par l'utilisation
d’un split en amont de la colonne de 'D qui a pour but de permettre une augmentation
de 'F et donc une diminution du temps nécessaire pour I'équilibrage de la colonne en
fin d’analyse. En conséquence, la pente normalisée de 'D diminue et 'n augmente
d’autant plus que 'F se rapproche du débit optimal. Les auteurs soulignent I'importance
de y, du taux d’échantillonnage et de la nature des composés sur ces résultats. Ces
observations théoriques sont en accord avec les résultats expérimentaux obtenus par
Stoll et coll. [12] et Huang et coll. [13] sur un échantillon de graines de mais mutées.

A nouveau, les études théoriques ne tiennent pas compte des potentiels effets
a l'injection en 2D qui peuvent pourtant diviser par deux la capacité de pics en LCxLC
selon Vivo-Truyols et coll. [8]. Le facteur de dilution n’est pas non plus abordé. En
conséquence, les résultats expérimentaux pourraient étre ameéliorés par un meilleur
dimensionnement de I'analyse bidimensionnelle.

3. Minimisation de la variance liée a I'injection en deuxiéme dimension

Comme évoqué précédemment le transfert de I'échantillon de I'une a l'autre des
deux dimensions est un point critique affectant I'optimisation d’une analyse LCxLC.
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Il est donc crucial de réduire la contribution de la variance a I'injection en 2D,
autrement dit de maximiser le facteur B (cf. article 1). La dispersion a I'injection peut
étre due (i) a un volume injecté trop important [16] associé a une force éluante plus
importante que celle de la phase mobile pouvant méme dans certains cas conduire a
un phénomeéne de breakthrough [17,18], (ii), a des problémes de miscibilité entre les
phases mobiles 'D et 2D [19,20], et/ou (iii) a une différence de viscosité entre le solvant
d’injection et la phase mobile (« viscous fingering ») [21,22].

Le facteur de correction 3 décrit la perte en capacité de pics liée au premier cas
évoqué ci-dessus. Son expression (cf. article 1) est a nouveau décrite ici pour faciliter
le raisonnement :

1

,8 — Zzo'v,col —

. 1,2
v,total A?xz? 0O 1
\/ N x v,total><

Eq. 2

s 26127,col CF’
avec “ov, col I'écart type du pic en unité de volume résultant de I'élargissement
de bande sur la colonne 2D, “ov, total I'écart type total du pic en 2D, 32 qui dépend du
processus d’injection (égal a 3-4 en pratique), z le ratio de split réduisant le débit au
niveau de l'interface (0 <z < 1), Cr le facteur de compression et 1 qui correspond a un
multiple de I'écart type d’un pic de 'D de telle sorte a ce que le temps d’échantillonnage
de la 'D, ts, soit égal & t; = 1 * ', 4o1a:-

Le facteur de compression peut s’écrire dans le cas de gradient trés rapide (*k, ,
trés faible) et/ou de solvant d’injection fortement éluant (%k,;, élevé) [23,24]

Cp = Kea Eq. 3
F - zke,Z q'
avec %k, et k., le facteur de rétention d’un soluté sur la 2D dans le solvant
d’injection et dans les conditions de gradients respectivement.

Différentes stratégies peuvent étre employées (et combinées) pour obtenir
proche de 1 :

(i) Réduire z entre les deux dimensions [25-29]. Cette option présente
I'inconvénient d’augmenter le facteur de dilution diminuant ainsi la sensibilité de
la méthode. De plus, il a été montré que I'utilisation d’un té afin d’obtenir le ratio
de split désiré pouvait générer de la dispersion et par conséquent diminuer la
capacité de pics de D [30].

(i) Réduire A et donc augmenter le nombre de fraction en 'D (?Vidiminue) grace a
une approche dite « stop flow » LCxLC, qui consiste a stopper 'F le temps
nécessaire a I'analyse de 2D [31], ou en utilisant plusieurs boucles de stockage
par position [32,33]. L'utilisation de deux colonnes en paralléle en 2D présente
également cet avantage [34,35]. Ces solutions entrainent une augmentation du
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temps d’analyse notamment le mode « stop flow » et peuvent conduire a une
augmentation du facteur de dilution.

(iii) Mmlmlser ‘”"“” et donc le 'Vo/?Vo et en particulier le rapport —< [16 20,29,36].

vcol

Ici encore, le facteur de dilution augmente.

(iv)  Augmenter le facteur de compression en utilisant le phénoméne de
concentration du créneau d’injection en téte de colonne. En RPLCxRPLC, ce
phénomeéne peut étre obtenu en utilisant une colonne plus rétentive en seconde
dimension [13] et/ou lorsque la pente normalisée de 'D est faible par rapport a
celle de 2D.

Un autre moyen pour augmenter Cr consiste a utiliser un liquide additionnel
peu éluant [37] afin de diminuer le pouvoir éluant de la phase mobile de 'D et

augmenter Zke’l. Des colonnes de trapping sont également montées a la place

des boucles vides pour piéger les solutés avant leur élution vers la 2D [38]. Ces
deux approches sont souvent associées afin de favoriser le piégeage des
composes [17,39,40].

Trés récemment, Van de Ven et coll. ont développé une interface constituée
d’'une colonne monolithique capillaire qui est chauffée lors du remplissage puis
refroidie avant I'élution afin de permettre une concentration des analytes et leurs
transfert dans le solvant d’élution [41].

De toutes les solutions proposées pour limiter 'impact des effets a l'injection, il
est important de noter que seules celles menant a 'augmentation du facteur de
compression ne présentent que des avantages. En effet, en plus de limiter les
problemes a linjection, il permet une augmentation de la sensibilité globale de la
méthode comme [l’illustre clairement la Fig. 4 de l'article 1. L'optimisation de ce
parametre sera donc particulierement importante.

La diversité des stratégies employées par différents groupes de recherche
illustre le fait que la maitrise des effets a I'injection en 2D représente un enjeu central
lors du développement d’'une méthode LCxLC. Ces effets a l'injection doivent donc
absolument étre pris en compte lors de I'optimisation.
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CONCLUSIONS

L’optimisation des conditions en LCxLC en ligne doit tenir compte d’'un grand
nombre de paramétres liés aux conditions opératoires ainsi qu’aux contraintes
instrumentales. Les conditions optimales résultent d’'un compromis permettant de
maximiser la capacité de pics tout en minimisant le temps d’analyse et le facteur de
dilution.

Dans cette quéte, seules quelques tendances « universelles » semblent
émerger pour I'optimisation :

- un pic de 'D doit étre fractionné entre 1.7 et 3 fois pour conserver une majeure
partie de la séparation en 'D sans trop limiter le temps d’analyse en 2D

- I'emploi de conditions HT-UHPLC en 2D doit étre privilégié pour générer des
capacités de pics importantes lors d’analyses trés rapides

- lamise en ceuvre de moyens permettant d’augmenter le facteur de compression
ne présente que des avantages

Finalement trés peu de stratégies d’optimisation tenant compte simultanément
des trois objectifs (capacité de pics, temps d’analyse et facteur de dilution) ont été
proposées. La plus intéressante est basée sur la méthode « Pareto-optimal ».
Cependant, seuls des résultats théoriques ont été présentés. Par ailleurs des
parameétres importants ont parfois été fixés arbitrairement (par exemple tc/to) et
certaines grandeurs instrumentales (volume de délai, temps d’équilibrage, rapport de
split) n’ont pas été prises en compte. Une amélioration des techniques d’optimisation
doit passer par la prise en compte de ces aspects importants. D’autre part, la
comparaison entre les valeurs prédites et les valeurs expérimentales est absolument
nécessaire.
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INTRODUCTION

Ce chapitre décrit I'appareillage, la nature des échantillons ainsi que les
méthodologies employées pour le traitement des données dans les différentes études.

La section A détaille les différents instruments employés a savoir deux
systemes bidimensionnels de chromatographie en phase liquide et un systéme de
chromatographie en phase supercritique. Les différents couplages étudiés ont été
réalisés a 'aide de trois interfaces qui sont également décrites. En plus de la détection
UV, deux types de spectrométre de masse ont été employés : un simple quadripdle et
un appareil Q-TOF (un quadripdle associé a un temps de vol).

Les sections B et C décrivent les phases stationnaires et mobiles utilisées lors
des différentes études.

La section D détaille la nature et les caractéristiques des échantillons utilisés au
cours des différents travaux. Des mélanges complexes de peptides sont issus de la
digestion tryptique de six ou trois protéines (chapitre 3). Des anticorps monoclonaux
(mAbs) et anticorps conjugués (ADCs), fournis par les Laboratoires Pierre Fabre, ont
fait 'objet d’une étude approfondie (chapitre 4). Des composés aromatiques et la partie
aqueuse d’une bio-huile, fournie par 'lFPEN, ont également été analysés (chapitre 5).

Enfin, la section E aborde le traitement et la gestion des données LCxLC-UV et
LCxLC-MS.

Nous remercions Waters pour le prét puis le don du systeme bidimensionnel 2D |-
Class, pour le prét de 'UPC? et des colonnes dédiées ainsi que pour le prét du logiciel
de retraitement MaxEnt. Nous remercions les Laboratoires Pierre Fabre, I'Université
de Geneve et 'IlFPEN pour le don d’échantillons d’ADC, de colonnes et de I'échantillon
de bio-huile respectivement. Nous remercions l'lrstea Villeurbanne pour le prét du
systeme Q-TOF.
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A. INSTRUMENTATION

1. Appareillages de chromatographie
1.1. 2D I-Class (Waters)

Ce systeme de chromatographie en phase liquide bidimensionnelle inclut deux
systemes de pompage binaires ultra haute pression identiques (un pour chaque
dimension), un passeur d’échantillon, deux fours colonnes identiques (un pour chaque
dimension), une interface composée de deux vannes hautes pressions 6 ports 2-
positions, un détecteur UV mono longueur d’onde (1¢ dimension, 'D) et un détecteur
a barrette de diodes ou DAD (2°m¢ dimension, 2D). Le systéme de pompage peut
délivrer jusqu’a 2 mL/min. Le maximum de pression autorisée est 1285 bar mais
décroit a partir de 1 mL/min en fonction du débit et de la composition de phase mobile.
Le systéme d’injection n’utilise pas de boucle d’injection, I'aiguille de prélévement de
15 uL permet également de stocker I'’échantillon avant d’étre balayé par la phase
mobile vers la colonne (« flow-through needle », FTN). Une boucle d’extension
optionnelle permet d’augmenter le volume injecté a 50 pL. La température maximale
du four colonne est de 90°C. L’interface est détaillée dans la partie 3. Les cellules de
détection ont un volume de 0.5 uL, chemin optique de 10 mm et supportent une
pression de 70 bar maximum.

Le systeme 2D I|-Class est piloté par le logiciel Masslynx qui permet également
I'acquisition des données.

Ce systeme est également utilisé pour des analyses unidimensionnelles. Dans
ce cas, seule la pompe 'D, le passeur d’échantillon, un des deux fours colonnes et le
DAD sont utilisés.

1.2. 1290 Infinity 2D-LC (Agilent)

Ce systeme de chromatographie en phase liquide bidimensionnelle inclut deux
systemes de pompage binaires haute pression identiques (un pour chaque
dimension), un passeur d’échantillon, deux fours colonnes identiques (un pour chaque
dimension), une interface composée d’'une vanne double 4 ports 2 positions résistante
aux hautes pressions, un détecteur UV mono longueur d’'onde ('D) et un DAD (?D). Le
systeme de pompage peut délivrer jusqu'a 5 mL/min. Le maximum de pression
autorisée est 1200 bar. Le systeme d’injection est un FTN et permet l'injection de
volume jusqu’a 20 pL. Pour injecter des volumes jusqu’a 100 uL, il est nécessaire
d’ajouter un tube dimensionné selon le volume souhaité. La température maximale du
four colonne est de 100°C. L'interface est détaillée dans la partie 3 de ce chapitre. Le
détecteur UV posséde une cellule de 2 uL, un chemin optique de 3 mm et supporte
une pression de 60 bar maximum. Le détecteur DAD posséde une cellule de 0.6 L,
un chemin optique de 10 mm et supporte une pression de 120 bar maximum.
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Le systéme 2D-LC est piloté par le logiciel OpenLab CDS qui permet également
I'acquisition des données.

Ce systeme est également utilisé pour des analyses unidimensionnelles. Dans
ce cas, seule la pompe de premiére dimension, le passeur d’échantillon, un des deux
fours colonnes et le DAD sont utilisés.

1.3. UPC? (Waters)

Ce systéeme de chromatographie en phase supercritique (SFC) inclut un
systéme de pompage binaire haute pression, un passeur d’échantillon, deux fours
colonnes identiques avec deux vannes de sélection de colonne 6 ports 2 positions, un
détecteur DAD et un module permettant la régulation de la contre pression. Le systéme
de pompage peut délivrer jusqu’a 4 mL/min. Le maximum de pression autorisée est
de 414 bar pour des débits inférieurs a 3.25 mL/min et décroit linéairement a 293 bar
a 4 mL/min. Le volume de la boucle d’injection est de 10 pL. La température maximale
du four colonne est de 90°C. Le détecteur DAD posséde une cellule 8 yL, un chemin
optique de 10 mm et supporte une pression de 414 bar maximum.

Le systeme UPC? est piloté par le logiciel Empower qui permet également
'acquisition des données.

1.4. Couplage LCxSFC

Contrairement aux couplages LCxLC qui ont été réalisés a I'aide d’instruments
commerciaux, le couplage LCxSFC nécessite de relier deux instruments différents.

La premiere dimension est composée de différents modules du 2D |-Class a
savoir le systtme de pompage de premiére dimension, le passeur d’échantillon, les
fours colonnes et le détecteur DAD. La deuxiéme dimension est constituée du systéme
de pompage, du détecteur DAD et du régulateur de contre pression de 'UPC?2. Les
fours colonnes du 2D I-Class abritent donc les colonnes de premiére et deuxiéme
dimension. Une vanne 10 ports 2 positions équipée de boucles identiques de 3 et 5 uL
selon les expériences est utilisée comme interface entre les deux instruments. Celle-
ci est détaillée dans la partie 3 de ce chapitre.

Le logiciel Masslynx permet le pilotage de la premiére dimension et celui de
l'interface ainsi que l'acquisition des données de premiére dimension. Le logiciel
Empower permet le pilotage et I'acquisition des données de 'UPC?2. La synchronisation
entre les systémes est réalisée en connectant électriquement les deux systémes et en
programmant des événements externes a partir de la premiére dimension sous
Masslynx.
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2. Caractéristiques des systémes

Le tableau 1 recense le volume de délai et le volume externe des différents
systémes chromatographiques utilisés. La mesure du volume externe a été réalisée
en considérant le moment statistique centré d’ordre 1 par injection d’1 puL d’ethyl-
parabene, une union a zéro volume mort remplacant la colonne. Le volume de délai a
été calculé aprés I'enchainement de montée linéaire—palier isocratique—descente
linéaire rapide [1].

Vdglai Volume externe
(bL) (WL)
1ér¢ dimension 110 12
2D I-Class )
2¢me dimension 120 6.5*
1ére dimension 140 22
1290 Infinity 2D-LC )
2°Me dimension 65 8.5*
UPC? Appareillage 300 83
unidimensionnel
UPC? 2¢me dimension 300 57

Tableau 1 : Caractéristiques des différents systémes et couplages utilisés. * Le volume
indiqué ne tient pas compte du volume des boucles d’échantillonnages situées au niveau de
l'interface

Les variances extra-colonnes ont été mesurées selon la méthode des moments
statistiques centrés d’ordre 2 [2] et sont présentées Fig. 3.
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Figure 3 : Evolution de la variance extra-colonne en fonction du débit pour les systémes 2D
I-Class et 1290 Infinity 2D-LC utilisant les pompes de 1°® dimension. Injection de 1 L
d’ethylparabéne dans 50/50 eau/acétonitrile

Lorsqu’ils sont utilisés comme systéme unidimensionnel, le 2D |-Class génére
une variance environ 4 fois moins importante que le systéme 1290 Infinity 2D-LC. Ceci
étant d0 en majeure partie au tubing utilisé (65 ym vs 127 um de diamétre interne pour
le 2D I-Class et 1290 Infinity 2D-LC respectivement) et a la cellule de détection (0.5
ML pour le 2D-IClass versus 2 pL pour le 1290 Infinity 2D-LC). De plus, tandis que les
deux cellules de détection sont identiques sur le 2D I-Class et générent donc la méme
variance, celles qui équipent le 1290 Infinity 2D-LC n’ont pas le méme volume (2 uL et
0.6 uL pour 'UV et le DAD respectivement) générant des dispersions différentes. Ceci
explique I'écart entre les variances mesurées en 1D-LC avec le DAD par rapport a une
utilisation 2D pour laquelle le DAD sera utilisé comme détecteur de 2°™¢ dimension
pendant que I'UV sera utilisé comme détecteur de 1¢ dimension.
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Figure 4 : Evolution de la variance extra-colonne en fonction du débit pour les systémes 2D
I-Class et 1290 Infinity 2D-LC utilisée en 2°™® dimension. Injection de 3 pL d’ethylparabéne
dans 50/50 eau/acétonitrile. Boucles de 20 uL (125 pm de diamétre interne) a I'interface.

Les variances mesurées en 2éM® dimension (Fig. 4) sont de I'ordre de 4-5 yL2
pour les deux appareillages pour des débits <a 2 mL.min'. Ces valeurs permettent de
travailler avec des colonnes de faibles volumes morts (< 110 pL) et trés efficaces (sub-
2um) qui seront nécessaires pour des analyses en 2°™e dimension.

3. Interfaces

Le role de linterface est primordial pour la bonne conduite d’une analyse
bidimensionnelle « comprehensive ». Chaque interface est composée de deux boucles
identiques dont les volumes varient en fonction du dimensionnement de l'analyse.
Pendant que l'une des boucles échantillonne la séparation issue de la premiére
dimension, le contenu de la seconde est analysé en deuxiéme dimension, chacune
des boucles remplissant les deux rdles alternativement. Les boucles sont remplies et
vidées en sens inverse (« back-flush ») ce qui permet de diminuer la dispersion du
créneau d’injection par rapport a une approche « méme sens » (« forward-flush »).

3.1. Deux vannes 6 ports 2 positions (2D-IClass)

Une interface composée de deux vannes 6 ports 2 positions (Fig. 5) est utilisé
sur le systéme 2D I-Class commercial. Cette interface est symétrique. Cela signifie
que le trajet des composés est le méme (boucle 1 et boucle 2) ce qui permet d’éviter
les décalages d’'une fraction a l'autre [3]. La symétrie est obtenue grace a deux
raccords de 2 pL reliant les ports 1-5 (vanne de gauche) et 2-4 (vanne de droite). Une
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bonne synchronisation entre les deux vannes lors de la rotation est indispensable pour
obtenir des analyses 2D répétables.

Position A
DétecteurD Déchets
Colonne 2D
Boucle 2
Rotationl AVAVAV VA VY
Boucle 1
Position B

A il
Détecteur'D Déchets

Colonne 2D

Boucle 2

Figure 5 : Deux vannes 6 ports 2 positions
3.2. Une vanne double 4 ports 2 positions (1290 Infinity 2D-LC)

Cette interface, présentée Fig. 6, permet de travailler dans une configuration
symétrique sans avoir besoin de chemins additionnels et aucun probléme de
synchronisation n’est a craindre entre les deux positions puisqu’elle n’est composée
que d’une seule vanne.

Rotation
DétecteurD DétecteurlD
Déchets Déchets
Pompes 2D Pompes 2D
Colonne 2D Colonne 2D
Position A Position B

Figure 6 : Une vanne double 4 ports 2 positions
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3.3. Une vanne 10 ports 2 positions (LCxSFC)

Cette interface a été utilisée pour le couplage LCxSFC. A la différence des deux
précédentes, lors de l'injection en 2D, I'échantillon ne parcourt pas le méme trajet en
position A et en position B. Ceci s’explique par la présence d'un raccord, entre les
positions 4 et 9. En seconde dimension, le chemin parcouru est plus important pour la
position A, en bleu, que pour la position B, en rouge (Fig. 7). En effet, dans le premier
cas, le raccord intervient aprés la boucle, contrairement a la position B ou il intervient
avant la boucle. Pour tenir compte de ce décalage, il sera donc nécessaire de réaligner
les pics des fractions paires et impaires. D’autre part, en position A, le raccord
engendre une augmentation du volume externe alors qu’il engendre une augmentation
du volume de délai en position B. Cet aspect peut également contribuer a un décalage
des pics sur la 2D.

Rotation

DétecteurD Détecteur 1D

-

7

‘ Pompes 2D I Pompes 2D

Colonne 2D

Déchets Déchets

Position A Position B

Figure 7 : Vanne 10 ports 2 positions
4. Spectrométres de masse

Deux spectrométres de masses couplés aux systemes unidimensionnels et
bidimensionnels ont été utilisés.

4.1. QDa (Waters)

Le QDa est un simple quadripble équipé d’une source electrospray (ESI)
possédant une gamme dynamique de 50 a 1250 Th. Il est piloté par le logiciel
Masslynx. Les réglages de sources sont listés dans le tableau 2. Les conditions
spécifigues a chaque composé sont mentionnées dans le chapitre concerné. Les
acquisitions ont été réalisées en mode SIM (« Single lon Monitoring ») qui permet de
sélectionner une ou plusieurs masses a suivre spécifiquement.
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Polarité ESI +

Mode d’acquisition SIM

Tension du capillaire (kV) 1.5

Température de désolvatation (°C)| 650

Tableau 2 : Réglages du spectrométre de masse QDa pour I'analyse de peptides

Ce détecteur a été couplé au 1290 Infinity 2D-LC utilisé en 1D-LC-MS et 2D-
LC-MS.

4.2. G2-S QTOF (Waters)

Ce spectrométre de masse est composé d’un simple quadripdle associé a un
analyseur a temps de vol par l'intermédiaire d’une cellule de collision. L’instrument est
équipé d’'une source ESI. Le temps de vol permet I'obtention de spectre de masse
haute résolution (= 40 000). Le pilotage est réalisé via le logiciel Masslynx. Les
acquisitions ont été enregistrées en mode scan qui permet de balayer une gamme de
m/z choisie. Le signal enregistré représente alors la somme de toutes les masses ou
courant ionique total (TIC). Il est alors possible de connaitre les m/z qui constituent ce
signal ou d’extraire spécifiquement une ou plusieurs m/z (EIC).

Le G2-S QTOF a été couplé au 2D I-Class pour I'analyse de protéines a trés
hauts poids moléculaires (entre 25 et 150 kDa) présentées au chapitre 4. Les réglages
utilisés sont listés ci-dessous dans le tableau 3 :

Format des données Continuum
Polarité ESI +
Analyseur Mode sensibilité
Gamme de masse (m/z) 500-3500
Tension du capillaire (kV) 3.2
Tension du céne d’échantillonnage (V) 120
Température de la source (°C) 110
Température de désolvatation (°C) 500
Débit de gaz du cbéne (L/Hr) 50
Débit de gaz de désolvatation (L/Hr) 950
Composé lock spray Leucine enkephaline
Calibrant Nal

Tableau 3 : Réglages du spectrométre de masse G2-S QTOF pour I'analyse de protéines
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B. PHASES STATIONNAIRES

Les différentes phases stationnaires a base silice ou a support carbone graphite
(colonne Hypercarb) utilisées au cours de ce travail sont listées dans le tableau 4

. L di dp dpores
Nom Type | Fournisseur Chap.
P (mm) | (mm) | (um) | (A) P
Ascentis Express | o5 | Supelco | 100 | 24 | 5 | NR
C18
) Xbridge C18 TP Waters 50 2.1 5 100
| 3
D_ .
o | Ascentis Express | opn | gihelco | 50 | 24 | 27 | NR
C18
Kinetex C18 SP | Phenomenex | 30 2.1 1.3 100
Thermo
) MabPac HIC-10 TP o 100 4.6 5 1000
T Scientific
4
Acquity gZLC BEH | 1p | Waters 50 | 21 | 1.7 | 300
Thermo
@)
= Hypercarb TP Scientific 100 1.0 5 250
0’
Xbridge C18 TP Waters 50 1.0 35 100
Acquity CSH PH TP Waters 50 2.1 1.7 130
Acquity UPC? BEH-
SEP TP Waters 50 2.1 1.7 100 5
Acquity UPC?*BEH | TP Waters 50 2.1 1.7 100
O . >
b | Acquity UPCEHSS | 1n 1\ aters 50 | 21 | 17 | 130
Cc18
H 2
Acquity ::JFF:C CSHT b | Waters 50 | 21 | 1.7 | 100

Tableau 4 : Phases stationnaires utilisées pour les différentes études. Séparations de
peptides, protéines et molécules issues de la biomasse dans les chapitres 3, 4 et 5
respectivement. TP : Totalement poreuse ; SP : Superficiellement poreuse
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C. PHASES MOBILES

1. Phase inverse (RPLC)

L’eau utilisée pour la préparation des phases mobiles provient d’un systéme de
purification a eau Elga. La conductivité obtenue est supérieure 18 MQ.cm. Les
bactéries présentes dans l'eau sont détruites par rayonnement UV. Les phases
mobiles organiques sont préparées a partir d’acétonitrile et de méthanol qualité LC-
MS ou HPLC fournis par Sigma Aldrich.

Divers additifs (qualité MS) sont ajoutés dans les phases mobiles aqueuses et
organiques. Ces additifs sont I'acide formique (FA), I'acide trifluoroacétique (TFA) et
l'acétate d’ammonium (AA). Ces additifs sont introduits dans les phases mobiles
aqueuses et organiques sauf I'acétate d’ammonium. Les phases mobiles aqueuses
préparées a base de sels sont filtrées sur 0.22 ym avec un systéme de filtration
Millipore afin de garantir 'absence de particules.

2. Chromatographie d’interactions hydrophobes (HIC)

Pour réaliser la séparation d’'un ADC, une phase mobile constituée de (A) 2.5
M AA + 0.1 M Na2HPO4 ajusté a pH=7 (acide phosphorique) et (B) 0.1 M de tampon
phosphate (Na2zHPO4 et NaH2PO4) ajusté a pH=7 avec de I'hydroxyde de sodium a été
utilisée.

3. Chromatographie en phase supercritique (SFC)

Dans I'étude développée au chapitre 5, des mélanges 1:1 (v/v) dACN et de
MeOH ont été employés avec le CO2en mode d’élution isocratique et gradient.

D. ECHANTILLONS

1. Peptides
1.1. Composés standards

Six peptides ont été sélectionnés de maniére a étre représentatif de peptides
issus de digestion tryptiques de protéines. lls sont extraits d’'une liste de peptides
utilisés lors de la thése d’A. d’Attoma [1]. Les peptides ont été fournis par Sigma Aldrich
et stockés a -20°C une fois solubilisés dans I'eau. Le tableau 5 récapitule les
caractéristiques des six peptides.
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Peptide Masse exacte(Da)  Point isoéléctrique

Influenza Hemagglutinin 1101.5 3.5
leucine enkephalin 555.3 6.0
bombesin 1618.8 7.6
[arg8]-vasopressin 1083.4 8.2
[ile]-angiotensin 896.5 9.4
bradykinin fragment 1-5 572.3 10.6

Tableau 5 : Caractéristiques des peptides étudiés

1.2. Peptides issus de digestions tryptiques de protéines

Des mélanges complexes de peptides ont été obtenus aprés digestion
enzymatique de protéines a I'aide de la trypsine. L’albumine de sérum bovin (BSA), le
lysozyme et la myoglobine ont été mélangées (noté mélange de 3 protéines) afin
d’obtenir aprés digestion un mélange de 115 peptides [4]. Un mélange de 6 protéines
comprenant la BSA, 'HSA, le lysozyme, la myoglobine, le cytochrome C et la -
caséine a aussi fait I'objet d’'une digestion. Celle-ci conduit a un mélange de 196
peptides [4].

Les différentes étapes de la digestion sont présentées Fig. 8. Les réactifs ont
tous été fournis par Sigma Aldrich.

DTT OH o
SH
s . O
OH Destructiondes lodoacetamide
1h 3 60°C ponts disulfures 1h 3 Tambiante

Digestion de protéines v
stockée 3-20°C avant trypsine Alkylations
utilisation o 16h a 37°C des cystéines

Figure 8 : Procédure de digestion tryptique de protéines [1]
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Le protocole complet est le suivant [1] : 35 mg de protéines sont mis a réagir
avec 0.5 mL d’une solution de dithiothréitol (DTT) dans I'eau a 20 mM. Pour la
deuxiéme étape, 0.5 mL d’'une solution d’iodoacétamide a 20 mM est ajouté. La
trypsine est solubilisée dans une solution de HCA (hydrogénocarbonate d’ammonium)
a 20 mM a la teneur de 1 mg/mL. 0.5 mL de cette solution est ajouté au milieu
réactionnel. Un volume total de digestion de 1.5 mL est ainsi obtenu. Le milieu
réactionnel est chauffé dans un systéme thermomixer (Eppendorf) lors des étapes 1
et 3.

Des aliquots sont ensuite conservés au congélateur a -20°C dans des tubes
coniques en plastique. Les aliquots sont ensuite décongelés selon le besoin, filtrés sur
0.22 ym et les solutions diluées sont préparées dans des flacons HPLC en plastiques
pour éviter les adsorptions sur le verre. Ces solutions sont ensuite conservées a 4°C
dans le passeur du systéme chromatographique ou au réfrigérateur. La longueur
d’onde de détection UV est de 210 nm.

2. Biomolécules
2.1. Anticorps monoclonal (mAb)

Le Brentuximab B, a été fourni par les Laboratoires Pierre Fabre. Sa
concentration est de 2 mg/mL. Il est stocké a 4 °C. La longueur d’'onde de détection
est 280 nm.

2.2. Anticorps conjugué (ADC)

Un ADC a cystéine, le Brentuximab Vedotin (Adcetris®), commercialisé par
Seattle Genetics et fourni par les Laboratoires Pierre Fabre a une concentration de 5
mg/mL a été analysé. La longueur d’onde de détection est 280 nm.

3. Molécules neutres
3.1. Composeés standards

12 composés ont été sélectionnés a partir des travaux de Le Masle et al. [5] afin
d’étre représentatif d’'un échantillon complexe de bio-huile.
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Famille Formule

Composé chimique brute MW (g/mol) log P
1 a-angelica lactone lactone CsHeO2 98.10 0.236
2 2-phenylethanol alcohol CsH100 122.16 1.504
3 5-methylfurfural furane CeHeO2 110.11 0.670
4 phenol phenol CsHsO 94.11 1.50
5 o-cresol phenol C7HsO 108.14 1.962
6 m-cresol phenol C7HsO 108.14 2.043
7 trimefk,ljli?);wenol phenol CoH12O 13619 2.935
8 a-hydroxycumene phenol CoH120 136.19 2.861
9 guaiacol guaiacol C7HsO2 124 .14 1.341
10 syringol syringol CsH100s3 154.16 1.218
11 1-indanone enone CoHsO 132.16 1.419
12 anisole aroig‘fi;ue C7Hs0 108.14 2.170

Tableau 6 : Propriétés physico-chimiques de composés représentatifs de la bio-huile
3.2. Bio-huile

La partie aqueuse d’une bio-huile a été fournie par 'l[FPEN et analysée tel quel.

E. OUTILS DE CALCULS ET DE TRAITEMENT DES DONNEES

1. Optimisation de méthodes LCxLC

Les calculs effectués dans le cadre de 'optimisation de méthodes RPLCxRPLC
pour la séparation de peptides (chapitre 3) sont réalisés a I'aide d’'une feuille de calcul
Excel développée au laboratoire.

2. Données 1D

Les données acquises en 1D-LC ou 1D-SFC ont été traitées sur le logiciel dédié
a I'instrument ou sur Excel aprés exportation des données brutes.

3. Données 2D
Une analyse bidimensionnelle génére un nombre trés important de données.

En effet, leur représentation s’effectue selon trois dimensions, le temps de rétention
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dans chacune des dimensions et le signal du détecteur, mais les données sont
obtenues sous forme matricielle. Le traitement de ces données est donc complexe.

o Généralement, le détecteur en sortie de seconde dimension enregistre le signal
en continu pendant toute la durée de l'analyse (temps de séparation de la
premiére dimension). Le chromatogramme de deuxieéme dimension correspond
ainsi a la succession de toutes les injections envoyées en seconde dimension
(a chaque rotation de vanne). Ce chromatogramme peut alors étre fractionné.
Les fractions sont réalignées si besoin et superposées pour permettre
linterprétation des résultats (Fig. 9). Une macro Excel développée au
laboratoire réalise ces différentes étapes.

(a)

HAU
9.3E+05 A

4.3E+05 A

12 /0/4'3 Tw)

(b) 16005

-7.5E+04

5.0E+04 -

-5 0E+04 Time ( |n

(C) 55. 57‘58 5‘ 60‘ 615 (d)

1.9E+05 A 19E+05 7 Ay
9.0E+04 - | ’| I “ 9.0E+04 A
-1.0E+04 -1.0E+04

5.5 615

57 20.0 35.0 50.0 65.0 80.0

Time (mln} Time (s)

Figure 9 : lllustration du traitement des données 2D. Chaque fraction du chromatogramme 'D
(a,b) est analysée générant un chromatogramme unique de 2D (c) dont les fractions sont
ensuite superposées (d).

e Les données peuvent étre visualisées sous forme de « contour plot » ou de
représentation 3D (Fig. 10). Ces types de représentations sont réalisés sous
Matlab grace a un programme développé au laboratoire.
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Figure 10 : Représentation d’une analyse 2D par (a) un contour plot et (b) 3D-plot

Bien que des logiciels de représentation de données LCxLC soient
commercialement disponibles, des progres restent nécessaires pour une utilisation
plus routiniére de I'exploitation des données. De plus, leur utilisation quels que soient
les formats de données générées selon les différents fournisseurs reste
problématique.

4. Analyse des biomolécules

Le logiciel MaxEnt® (Waters) permettant Il'obtention de la masse
monoisotopique d’une protéine aprés déconvolution des spectres MS a été utilisé. En
effet, une protéine de plusieurs dizaines de kDa peut générer une série de 10-20 pics
correspondants a différents états de charge. Un outil d’aide pour le calcul de la masse
d’'une telle molécule est donc intéressant. La Figure 11 décrit de fagon simplifiée le
travail de I'algorithme et le résultat obtenu.
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Figure 11 : Obtention de la masse monoisotopique d’'une protéine a partir du calcul de ses
états de charges. (a) le spectre de masse, (b) I'obtention du nombre d’états de charges et (c)
le calcul de la masse monoisotopique
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CHAPITRE 3 — OPTIMISATION DE METHODES RPLCXRPLC
EN LIGNE : APPLICATION A UN MELANGE COMPLEXE DE
PEPTIDES

Ce chapitre a fait 'objet de deux publications :

Article 2

“Optimization of conditions in on-line comprehensive two-dimensional reversed
phase liquid chromatography. Experimental comparison with one-dimensional
reversed phase liquid chromatography for the separation of peptides”;

M. Sarrut, A. D’Attoma, S. Heinisch, J. Chromatogr. A. 1421 (2015) 48-59.
doi:10.1016/j.chroma.2015.08.052.

Article 3

“Comparison of optimized sub-one hour separations between one dimensional
and on-line comprehensive two-dimensional liquid chromatography for peptide
mapping”;

M. Sarrut, F. Rouviére, S. Heinisch, J. Chromatogr. A, (2016), to be submitted
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INTRODUCTION

Une méthode de chromatographie en phase liquide se doit de répondre a
plusieurs critéres. Le chromatographiste doit trouver le meilleur compromis entre des
objectifs contradictoires que sont (i) maximiser la capacité de pics, (ii) minimiser le
temps d’analyse et (iii) maximiser la sensibilité de la méthode. En 1D-LC, et plus
particulierement en RPLC, il existe des logiciels d’aide au développement qui
permettent de modéliser le comportement des molécules pour finalement définir les
meilleures conditions de séparations.

En LCxLC, le nombre de paramétres influencant la qualité de la séparation, le
temps d’analyse et le facteur de dilution de la méthode augmente considérablement.
Trouver le meilleur compromis entre ces différents objectifs ne peut pas s’effectuer
sans utiliser des modéles prédictifs afin de tenir compte de toutes les répercussions
possibles provenant de la modification d’'un ou plusieurs paramétres (pente du
gradient, temps de délai, volume injecté, etc...).

La section A de ce chapitre propose, sous forme d’article, une approche pour
I'optimisation de séparations RPLCxRPLC en ligne basée sur le modéle LSS (Linear
Solvent Strength) et une méthode Pareto-optimale. Cette méthodologie est ensuite
appliquée a un échantillon complexe de peptides. Les performances obtenues en
RPLCxRPLC pour trois temps d’analyses (60, 120 et 200 min) sont comparées avec
les meilleures performances connues en 1D-RPLC.

La section B approfondit la comparaison entre 1D-RPLC et RPLCxRPLC pour
la séparation de mélanges complexes de peptides pour des temps d’analyses
inférieurs a 60 min tout en affinant la méthodologie d’optimisation. Le temps au bout
duquel une analyse 2D surpasse une analyse 1D d’un point de vue de la capacité de
pics est discuté. Une comparaison entre ces deux techniques couplées a la
spectrométrie de masse est effectuée.
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A. OPTIMISATION DE METHODES RPLCXRPLC EN LIGNE. COMPARAISON
DES PERFORMANCES EXPERIMENTALES AVEC LA 1D-RPLC POUR LA
SEPARATIONS DE MELANGES COMPLEXES DE PEPTIDES

Article 2

“Optimization of conditions in on-line comprehensive two-dimensional reversed
phase liquid chromatography. Experimental comparison with one-dimensional
reversed phase liquid chromatography for the separation of peptides”;

M. Sarrut, A. D’Attoma, S. Heinisch, J. Chromatogr. A. 1421 (2015) 48-59.
doi:10.1016/j.chroma.2015.08.052.
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Comprehensive on-line two-dimensional liquid chromatography is an attractive technique to enhance
peak capacity and deal with complex samples. Yet, its optimization is not straightforward and requires
to take into account a huge number of parameters to finally obtain a good compromise between different
criteria which are often conflicting. In this study, we propose a procedure for RPLC x RPLC separations able
to define, for a given analysis time, the optimized LC x LC parameters for achieving the best compromise
between high peak capacity and low dilution. This procedure makes use of both a prediction tool based on

Keywords: . . . Lo theoretical relationships and a Pareto-optimality approach to optimize these two criteria. The possibility
Comprehensive two-dimensional liquid . A N . . X .

chromatography to split the flow-rate of the first dimension before the interface is taken into account as well as the focusing
2D-LC effect in the second dimension. This optimization procedure is applied to the prediction of optimized
RPLC x RPLC conditions for the separation of peptides. The need for very short and efficient columns (typically 30 mm
Peptides ascolumnlength and 1.3 wm as particle diameter) in the second dimension is clearly established whatever

Protein digest
LC x LC optimization

the geometry of the first dimension column. Furthermore it is shown that several sets of quite different
conditions in the first dimension can lead to similar results and hence that additional quality descriptors
are required to make a decision. RPLC x RPLC separations of a protein digest were carried out and the
obtained results were found in very good accordance with the predicted ones. Our results were compared
to the top results reported in the literature for 1D-RPLC separations of peptides. More than 4-fold increase
in peak capacity (5100 vs 1150) at 200 min has been obtained. Furthermore a 40-fold gain in analysis
time (1 h vs 40 h) was obtained for achieving 1800 as effective peak capacity which is close to the highest
peak capacity reported in 1D-RPLC for the separation of peptides.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction instrumental limits in term of pressure, flow-rate, column length,

column temperature and dwell time and (iii) mobile phase com-

On-line comprehensive two-dimensional liquid chromatogra-
phy (LC x LC) is a powerful technique to achieve very high peak
capacity. Its great advantage over conventional one-dimensional
techniques for separating very complex samples such as protein
digests has been highlighted by a large amount of papers and
very recent reviews continue to deal with this topic [1-3]. Despite
its great potential, the optimization of LC x LC conditions is not
straightforward. It requires to take into account a huge amount of
parameters while considering (i) conflicting goals (enhancing peak
capacity while reducing both analysis time and sample dilution) (ii)

* Corresponding author. Tel.: +33 437 423 551.
E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

http://dx.doi.org/10.1016/j.chroma.2015.08.052
0021-9673/© 2015 Elsevier B.V. All rights reserved.

patibility since a weak solvent in ' D could become a strong solvent
in 2D, thereby leading to serious deterioration of peak shapes. It is
therefore of major importance to find a way to make the situation
less complex.

When a few compounds are to be separated, optimization soft-
ware based on either theoretical or empirical relationships can be
used by the analyst to optimize simultaneously different param-
eters while considering quality descriptors such as the resolution
between the different pairs of compounds and the analysis time. Yet
additional quality descriptors such as robustness and/or sensitivity
and/or analysis cost can be considered. In this case, in addition to
reliable relationships able to relate retention to chromatographic
conditions, the optimization methodology requires suitable multi
criteria decision making approach [4]. Pareto-optimality approach
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is an interesting method to optimize two different conflicting crite-
ria [5]. As underlined by Vanbel and Schoenmakers [4], the key
advantage of the Pareto approach is that it provides the chromatog-
rapher with multiple sets of conditions leading to the same results
so that he can decide which of the Pareto-optimal points is the best.
For complex samples, a gradient elution is used and the separation
power is usually assessed by the peak capacity [6] while the anal-
ysis time can be described by the gradient time. The separation
system (mobile phase and stationary phase) must be first properly
selected in term of selectivity. Peak capacity and analysis time can
then be optimized by means of the so-called Kinetic Plot Method
(KPM) [7,8] applied to gradient elution [9,10]. KPM which is also a
Pareto-optimality method in its concept requires reliable relation-
ships to describe the two quality descriptors as a function of the
chromatographic parameters.

In LC x LC, the problem is far more complex since, in addition
to thermodynamic parameters (stationary phase, mobile phase
and temperature in both dimensions) a huge number of kinetic
parameters affect the quality of the analysis, including gradient
conditions, sampling rate, column dimensions, flow splitting, etc.
All these parameters are interconnected and are likely to affect sig-
nificantly the quality of the 2D-separation. The difficulty of on-line
LC x LC optimization is highlighted in Fig. 1 with all LC x LC con-
ditions related to the main quality descriptors via intermediate
parameters. This graphic which represents the multiple interac-
tions between the different parameters, points out at a glance the
complexity of the problem and the difficulty to take into account
all these interactions simultaneously. It can be compared to the
famous circle of interactions proposed by Bounine for 1D-LC sepa-
rations [11]. The different relationships involved in Fig. 1 are more
detailed in next theoretical section. Obviously, in LC x LC the prob-
lem has to be simplified and some parameters must be defined at
first. Methods dealing with multiple criteria and supporting LC x LC
optimization have been recently reviewed [12]. Two studies using
KPM were reported [13,14]. As highlighted [12], the dilution factor
has been often ignored whereas its increase during the separa-
tion process can be tremendous. Pareto-optimality approach was
recently applied for the first time by Vivo-Truyols et al. [15,16]
to the optimization of LC x LC separations. They considered both
analysis time and effective peak capacity as criteria. They also pro-
posed an extension of this approach with a view to find a good
compromise between short analysis time, low dilution and high
effective peak capacity. To achieve this, they used theoretical equa-
tions relating the peak capacity, the analysis time and the dilution
factor to the considered LC x LC parameters. Whereas many theo-
retical studies have pointed out some guidelines to achieve correct
LC x LC separations [14,17,18], no study has so far confirmed the
theoretical approach by experimental results.

In this study, we propose a procedure that optimizes all the
kinetic parameters arranged on the circumference of the circle
presented in Fig. 1 except (i) the thermodynamic ones (stationary
phases and mobile phases) which determines the degree of orthog-
onality of the 2D-system and (ii) the sampling rate which can be
defined prior to optimizing. In particular, the optimized parameters
include the flow-rate in the first dimension and the split ratio. The
thermodynamic parameters (i.e. LC-systems for both dimensions)
were defined in previous studies for the separation of peptides
[19,20]. The Pareto-optimality approach was applied to define opti-
mized sets of conditions considering both effective peak capacity
and dilution factor as quality descriptors at three different analysis
times (60 min, 120 min and 200 min). The objectives of this study
were (i) to determine the most relevant parameters in RPLC x RPLC
for the separation of peptides (ii) to validate our predicted opti-
mized results by means of experimental RPLC x RPLC separations;
(iii) to emphasize the advantage of very short and very efficient
columns for performing 2D-LC within a relatively short analysis

time (<200 min); (iv) to compare our optimized 2D-LC separations
to the top published 1D-LC separations of peptides.

2. Theoretical considerations
2.1. Effective peak capacity

The effective peak capacity in RPLC x RPLC can be predicted
using the theoretical relationships [15] listed below

n2D,effective:a'ﬁ'V'1n~2n (1)

where 'n and 2n are the peak capacities in the first and second
dimension, respectively. In RPLC, the peak capacity, n, can be cal-
culated according to [6]

VN 1 (2~3b+1e2.3s.AcE_ 1 ) 2)

n=1+ 7 3357 33D 33D

As shown by Eq. (2), the peak capacity calculation requires the
knowledge of (i) ACe, the range of compositions at elution covered
by the sample); (ii) S, the average value of the slope of the relation-
ship between the logarithm of the retention factor and the solvent
composition; (iii) N, the column plate number and (iv) b, the Linear
Solvent Strength (LSS) gradient steepness (S AC(tg/tg) [21], tg and
t; being the column dead time and the gradient time respectively).

In Eq. (1), , B and y are coefficient factors lower than 1. They
operate as follows:

a corrects 'n due to undersampling. It is calculated from [22]

w— 3)

\V/1+0.21(6/1)

where 7 is the sampling rate (number of fractions sent to 2D per 60
peak width in 'D).

y takes into account the retention surface coverage which
depends on the degree of orthogonality between both RPLC sys-
tems. Its value can be determined according to preliminary studies
on the degree of orthogonality [19].

B corrects 2n due to non-ideal transfer of the sample fraction
from 1D to 2D. Indeed, there may be significant peak distortion if
large fractions of 'D are injected in 2D. The effect of large injection
volumes on peak variance has been studied for a long time [23]. 8,
can be expressed as:

1

p= (4)
\/1 +(1/82) x (V2202 ) x (1/C2)

where 8? is dependent on the injection process (equal to 12 for plug

injection and close to 3-4 in practice). 203 o1 1S the peak variance

in volume units resulting from peak band broadening in the 2D col-
umn and 2V; is the injected volume in 2D and Cf is the so-called
compression factor [24] or focusing factor [15]. In Eq. (4), the con-
tribution of other extra-column volumes to peak dispersion was
neglected. This omission is correct as long as the contribution of
the injection process is predominant.

Cr is related to the two solute retention factors in 2D, 2k, 1 with
D mobile phase at elution and 2k, with 2D mobile phase at elu-
tion [15,24,25]. The compression factor is high (>1) if the injection
solvent in the transferred fraction is weaker than the mobile phase
at peak elution and low otherwise (<1). It is equal to unity if the
eluent strength of injection solvent and mobile phase are the same.
The most usual equation for Cr is given by [15,24,26,27]

1+ ZkeJ

Cp=——
F 142k,

(5)
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Fig. 1. Schematic representation of the complex interactions between conditions, intermediate parameters and criteria in on-line LC x LC. A glossary of abbreviations is given
in Table 1. Parameters (with ! and 2 corresponding to first and second dimension, respectively): Vp: System dwell volume; t;: Gradient time; tp: Column dwell time; Eanalysis:
Analysis time; t;: Sampling time; tp: Column dead time; F: Flow rate; AC: Gradient composition range; ¢sq: Stationary phase; ¢,,: Mobile phase; T: Column temperature;
dc: Column internal diameter; dp: Particle diameter; Dy,: Diffusion coefficient; V;: Injection Volume; 7: Sampling rate; 2x: number of column volumes for equilibration;
ke: Retention factor at elution; n: One-dimensional peak capacity; nyp¢5: Two-dimensional effective peak capacity; Nops: Observed column plate number; N: Column plate
number; o;: Peak width in time unit; Cr: Compression factor; S: Average slope of the relatonship between the logarithm of the retention factor and the stronger solvent
composition; «, B and y: Correction factors due to undersampling, non ideal transfer from the 1st to the 2nd dimension and retention surface coverage, respectively; Dr:

Dilution factor; z: Split ratio.

However, it was recently shown that, for very steep gradients (very
low 2k, » values) and/or very strong injection solvent (very low 2k 1
values), Cr was more correctly described by [21,22]

zke,l

CF - 2ke,Z

(6)

In RPLC x RPLC, assuming a LSS behavior [21] and similar reten-
tion in both systems (i.e. 2k ; close to 'k, 1), the compression factor
can be approximated by

2g

Cr=—
s

(7)
where 's and 2s are the normalized gradient slopes in 'D and 2D,
respectively.

2y, is related to the total peak standard deviation (in volume
units) in 'D, 16y, the sampling rate, t;, and the split ratio,
1z, potentially designed for reducing the flow-rate entering 2D
(0<1z<1)[30]:
_ 610 1,

2Vi_ - :ts-]F-1Z (8)

The combination of Egs. (4) and (8) yields:
1

B=
1+ 036:122/7282)x (102 41 202 ) x (1/CP)

9)

FromEq. (9), it clearly appears that B can be tuned or maintained
toanacceptable value (for example > 0.9 which means thatless than
10% of the peak capacity is lost in 2D as a result of injection effect) by
various means. For a given sampling rate and a given ! t¢, increasing
B can be achieved by

(i) increasing the compression factor. In RPLC x RPLC, this can be
obtained with relative smooth gradient in 'D (by increasing !F)
and much steeper gradient in 2D and/or with more retentive
stationary phase in 2D than that in 'D.

(ii) decreasing the ratio 16y, a1/ cor (1de <2dc).

(iii) decreasing !0, orq1, (Dy decreasing 'F).

(iv) increasing 20, (by increasing 2L and/or by using less steep
gradients).

(v) decreasing the split ratio (1z<1) which may lead to additional
extra-column band broadening.

2.2. Dilution factor
The dilution factor is often considered as the product of the dilu-

tion factors in both dimensions [31]. The dilution factor in 2D can
be expressed as

V2T 20,00

2 v,c0

Dp = —— 10

F="g X3y, (10)
Combining Egs. (4) and (8) yields

Dp=— 0 V2 1 (11)

« —
§-/1-p2 CF

Maximizing peak capacity (8 close to 1) is conflicting with min-
imizing dilution (B close to 0) as pointed out by Egs. (1) and (11),
respectively. However for a given f value, Eq. (11) shows that 2Dg
becomes dependent on the compression factor only. An additional
pump can be used in order to dilute the ' D mobile phase with water
thereby increasing the compression factor in RPLC [32].

It is clear from the theoretical discussion above that some deci-
sions may have opposite effects and that a good compromise has
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to be found which must be supported by an accurate knowledge of
the impact of LC x LC conditions on the intermediate parameters
shown in Fig. 1.

2.3. Analysis time

The analysis time in !D represents the total analysis time of
the 2D-separation. It can be approximated by the gradient time
in 1D, assuming that both dwell time and column dead time to be
negligible.

The analysis time in 2D is the sampling time, t;. It can be calcu-
lated via Eq. (8):

6- loH/,total
AT =
The gradient time in 2D can be deduced from the sampling time
with

2y,
2tc =t — 2t x (f‘j‘mﬂl +><)> (13)
0

where x is the number of column volume required for column equil-
ibration and 2Vp ¢ is the total dwell volume, dependent on the
loop volume and hence on the injected volume in 2D. It can be
expressed as

1

2VD,total = 2VD,instrumem +A-ts- IF.1z (14)

where 2Vp jnstrument 1S the specific instrument dwell volume and 2,
a factor which defined the volume of the required sample loop in
view of the injected volume (see Eq. (8)). A value from 1.5 to 2 is
sufficient to avoid sample loss during the sample loop filling time.

The peak capacity 2n increases with 2t¢/%ty. As a consequence
of Eq. (12), 2t;/?tg is positive and hence the related optimized con-
ditions are realistic provided that

i > 2 VD, total
21’0 ZVO

+1+x (15)

Eq. (15) emphasizes the absolute necessity of considering both
column equilibration and total dwell volume in the optimization
strategy.

3. Experimental
3.1. Material and reagents

The gradient runs were performed with different mixtures of
water and acetonitrile (ACN). Acetonitrile was HPLC grade from
Sigma Aldrich (Steinheim, Germany). Water was obtained from an
Elga water purification system (Veolia water STI, Le Plessis Robin-
son, France). Two types of pH additive were used, formic acid 0.1%
(FA) and ammonium acetate 10 mM (AA), both from Sigma Aldrich
(Steinheim, Germany). Formic acid was added to both water and
ACN. Ammonium acetate was added to water only due to the lack
of solubility in organic solvent. Aqueous phases with ammonium
acetate were filtered on 0.22 wm nylon filter before use. The six
proteins (BSA, HSA, lysozyme, cytochrome C, beta-casein and myo-
globin) were purchased from Sigma Aldrich (Steinheim, Germany).
A tryptic digest was prepared according to a protocol including
denaturation with dithiothreitol (DTT), alkylation with iodoac-
etamide and digestion with trypsin (mass ratio protein/trypsin of
70). The concentration in each protein was 4 mg/mL. The aliquots
were stored at —20°C. The sample was filtered on 0.22 pm before
injection. All reagents for the tryptic digest were obtained from
Sigma Aldrich (Steinheim, Germany).

3.2. Columns

Different columns were used in the first dimension ('D): X-
Bridge C18 (50 mm x 2.1 mm, 5 um) from Waters (Milford, MA,
USA), Ascentis Express C18 (100 mm x 2.1 mm, 5 um) and Ascentis
Express C18 (50 mm x 2.1 mm, 2.7 pm) both from Sigma-Aldrich
(Saint-Louis, MO, USA). The second dimension (2D) column was
a Kinetex C18 (30 mm x 2.1 mm, 1.3 m) from Phenomenex (Tor-
rence, CA, USA).

3.3. Apparatus

The LC x LC system was a 1290 Infinity 2D-LC from Agilent
Technologies (Waldbronn, Germany). This instrument includes two
high-pressure binary solvent delivery pumps, an autosampler with
a flow-through needle of 20 wL, a column oven with an allowed
maximum temperature of 100°C, a UV detector and a diode array
detector equipped with 2 wL and 0.6 L flow-cells respectively. A
2-position/4-port duo valve was used as interface between the two
dimensions. The measured dwell volume was 140 pL and 65 pL
for the first and second dimension respectively. It should be noted
here that the given dwell volume value of the second dimension
does not take into account the size of the loops used between the
two dimensions (20, 40 and 80 L according to the experiments). A
total extra-column volume of 22 p.Land 8.5 pL and an extra-column
variance of 12 pL? and 4.5 L2 were determined for the first and the
second dimension respectively. Dwell volumes, extra-column vol-
umes and extra-column variances were determined using a zero
dead volume union connector in place of the column. The methods
are described elsewhere [33].

Several parameters were kept identical for all LC x LC experi-
ments. They are listed below:

- The mobile phase in the first dimension was composed of ammo-
nium acetate 10 mM and ACN. The mobile phase in the second
dimension was composed of water and ACN both with 0.1% FA.

- The temperature was set at 30°C and 90 °C for the first and the
second dimension, respectively.

- For detection, both detector wavelengths were set at 210 nm. The
acquisition rate was set at 5Hz and 80Hz for the first and the
second dimension, respectively.

Data acquisition and instrumental control were performed by
OpenLab software (Agilent). 2D-data were exported to Microsoft
Excel and Matlab V7.12.0635 to construct a matrix via calculation
tool enabling the construction of 2D-contour plots.

3.4. Calculations

The chosen values used in this study are summarized in
Table 1. All optimization calculations were performed using an
Excel spreadsheet and appropriate home-made routines.

Predicted effective peak capacities were calculated according to
Egs. (1)-(9) with a value of 0.6 for y. B was allowed to vary down
to 0.5. Below this value strong peak distortion may occur according
to our own results. Column plate heights, iH, retention factors at
elution, ‘ke, peak standard deviations, iov'co,, and column pressure
drop were calculated from Egs. (16),(17),(18) and (19):

) ) b-iDp, id3
'H=a-'d : c-—-'u 16
bt Y, (16)

i 1

ke = ———— 17
¢ 23.5s (a7
i Vo - (1+1ke) ,

iy col = % « \/iH (18)
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Table 1
Chosen values for the optimization procedure.
Name Symbol Values Equation
H coefficients (porous) (a, b, c) (0.6; 7.0; 0.15) 16
H coefficients (superficially porous) (a, b, c) (0.5; 3.2;0.05) 16
Diffusion coefficient at 25 °C in water D 2x10719m?/s 16
Total column porosity (for Vy calculation) & 0.6 (porous); 0.5 (superficially porous)
Factor due to the injection process 81.2 3 4;9; 11
Flow resistance factor D 800 19
Multiplying factor for loop volume s 2 14
Number of column volumes for equilibration X 2.5 13; 15
Gradient steepness S 0.2 2;17
Sampling rate T 2.5 3;8;9;12
Ratio 'V;/'V, q 0.1
Maximum pressure in 'D and 2D APpax 900 bar
Correction factor for surface coverage Y 0.6 1
Maximum Flow-rate in 2D 2Fnax 2 mL/min
Column temperature in 'D T 30°C
Column temperature in 2D 2T 90°C
Gradient time in 'D Tte 60 min; 120 min; 200 min
Range of compositions in 'D TAC, 30% (1-31%) 2
Range of compositions in 2D 2ACe 43% (1-44%) 2
Column diameter in 'D d, 1mm; 2.1 mm
Column diameter in 2D 2d. 2.1mm
Column length in 'D L 5cm; 10cm
Column length in 2D 2L 3cm; 5cm
Particle size in 'D d, 2.7 pm; 5 pm 16; 19
Particle size in 2D 2d, 1.3 um; 1.7 um 16; 19
iA iL.ip.iy conditions, located on the same point of the Pareto front, have been
Peol = ¢ idl% (19) established. In the proposed procedure shown in Fig. 2, the analysis

“i”, standing for the dimension number, ‘u, being the linear velocity
(L/to) and s being the normalized gradient slope. Some parame-
ters cannot be controlled. Those include the flow resistance, &,
the diffusion coefficients, Dy, the gradient steepness, S, assuming
a LSS behavior for the gradients in both dimensions, the mobile
phase viscosities, 7, the coefficients for the plate height equation
and the dwell volume in the second dimension. 0.2 as S value and
2 x 10~ m?2/s as D, value at 25 °C were found to be average values
for peptides with molar weights in the range 500-2000 Da [19,34].
Mobile phase viscosities, were calculated according to a method
described elsewhere [35]; (a, b, ¢) values came from our own results
obtained on the selected columns with neutral compounds. They
are given in Table 1 for porous and superficially porous stationary
phases. The total dwell volume being dependent on the injected
volume as discussed in the theoretical section, it was calculated
according to Eq. (14). Finally, the dilution factors were calculated
according to Eq. (10).

Experimental effective peak capacities were measured accord-
ing to

Ttg 2t

N2p effective,exp =& - YV - ﬁ : ﬁ (20)
with 'w and 2w being the average 40 peak widths in 'D and 2D,
respectively, obtained from at least 10 individual peaks. o was
calculated according to Eq. (3) and y was graphically measured
according to a method described elsewhere [36].

4. Results and discussion
4.1. Optimization procedure

Whereas the Pareto-optimality approach can provide the ana-
lyst with a useful procedure for finding the best compromise
between relevant criteria, it is a graphical tool and hence, it is
not easy for the chromatographer to handle more than two crite-
ria. Additional criteria must either be fixed before following the
optimization procedure or be optimized after the different sets of

time is fixed at first before finding the good compromise between
low dilution and high peak capacity. Thus, for given analysis time,
the conditions are optimized in such a way that the maximum peak
capacity is achieved with the minimum sample dilution. The opti-
mization problem can become very complex when the number of
parameters to be optimized increases. As was underlined [15], the
number of sets of conditions grows exponentially with the num-
ber of conditions. Such a complex situation can give rise to some
difficulties to find the good solution. With a view to simplifying
the problem, three input levels are suggested in Fig. 2. The chro-
matographer can choose the level he prefers depending on both
available instrumentation and available columns. As a result, at
each input level the corresponding parameters and those at the
preceding levels are fixed prior to optimization. In our opinion,
first parameters should be fixed while second and third parameters
can be optimized. First parameters include column temperatures in
both dimensions, the column diameter in 2D and the sampling rate.
The sampling rate should be between 2 and 3 since it was shown
that 2-3 cuts per D peak permit a good compromise between the
decrease in 'n; due to 'D undersampling and the decrease in 2n.
due to 2D fast gradients [37,38]. The temperature in the second
dimension should be as high as possible in order to perform very
fast efficient separation in the second dimension. Finally, the col-
umn diameter in 2D should be chosen according to the available
instrumentation.

Second parameters include column length and particle size in
2D. These parameters are not continuous. Thus, only realistic val-
ues should be considered. At this second input level where the
2D-column dimensions are selected, the 2D-flow-rate is fixed in
such a way that the maximum allowable pressure can be reached.
At the third input level, column dimensions in !D (column length,
particle size and column diameter) are optimized. As stated above,
only realistic values are considered. The ratio of the injected vol-
ume to the column dead volume (parameter q) can be fixed with a
value adapted to the injection solvent conditions. The fourth opti-
mized parameters are continuous and are allowed to vary within
a specified range. They include the flow-rate in the first dimen-
sion and the split ratio. Whatever the input level, a full Pareto plot
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Fig. 2. Procedure for optimizing LC x LC conditions. A glossary of abbreviations is given in Table 1.

can be proposed leading to a preselection of all parameters except
1F and 'z The further construction of a partial Pareto plot with
these two continuous parameters is expected to improve the opti-
mization procedure. Finally, additional goals and hence additional
quality descriptors may be required to establish a clear differ-
ence between the numerous sets of conditions obtained after the
Pareto-optimality procedure. The additional goal can be either (i)
to minimize the number of runs in the second dimension in order
to preserve the column or (ii) to maximize the split ratio thereby
avoiding too much dispersion into the split unit or (iii) to prioritize
high flow-rates in the first dimension in order to properly meet the
gradient specifications of the instrument. At the end of the proce-
dure, a unique set of conditions is established, yielding the sampling
time and the gradient time in the second dimension.

It should be noted that although our proposed optimization
strategy is quite close to that developed by Vivo-Truyols et al. [15],
it differs in several main respects listed below:

(i) The conditions were optimized at fixed analysis time in such a
way that the maximum peak capacity was achieved with the
minimum sample dilution.

(ii) The sampling rate was fixed prior to optimizing and hence not
allowed to vary [16,28,29].

(iii) Splitting of the D mobile phase before entering the sample loop
of the interface was considered.

(iv) The variation of the total dwell volume in 2D which is dependent
on the injection volume and hence on the required loop was
taken into account. Similarly, the re-equilibration time depend-
ing on the column dead time was also taken into account.

(v) Additional band broadening due to strong injection solvent
(Cp<1) as well as focusing effect due to weak injection solvent
(Cg>1) were taken into account using Eq. (6) for the compres-
sion factor calculation.

4.2. Full Pareto representation

Our objective was to separate peptides in less than 200 min as is
mostly requested in on-line LC x LC. All values used for the different
parameters are listed in Table 1.

The following conditions were chosen prior to optimizing: (i)
fully porous and superficially porous stationary phases were con-
sidered in 'D and 2D, respectively; (ii) the temperature in 2D was

at the maximum value recommended by the column supplier (i.e.
90°C) while the temperature in 'D was fixed at 30 °C; (iii) the col-
umn internal diameter in 2D was 2.1 mm which is a standard value
for current UHPLC instruments; (iv) the sampling rate was fixed at
2.5. As a result, the optimization procedure started at the second
input level. The injected volume in the first dimension, 'V;, was
fixed at 10% of the column dead volume ('V;=0.11V,) which was
found to be appropriate for injected mixtures of peptides contain-
ing no organic solvent. The analysis time was assumed to be the
gradient time, !t¢, in the first dimension (both column dead time
and dwell volume in 'D were considered as negligible). The sec-
ond dimension flow-rate, 2F was fixed at the maximum allowable
column pressure drop (i.e. 900 bar). ' Fand 'z were allowed to vary
within 2 pL/min and 2000 p.L/min and within 0.1 and 1, respec-
tively. It is important to note that 0.1 as minimum z value means
that the first dimension flow-rate cannot be split more than 10
times. Beyond 10, it was found that the dispersion into the splitting
unit might be significant [39].

Three full Pareto-representations were constructed for three
different analysis times (60 min, 120min and 200 min) in such
a way that the maximum peak capacity for the separation of
peptides was achieved with the minimum sample dilution. The full
representations are given in Fig. 3. For sake of clarity, the full repre-
sentations for the two studied column diameters in 'D (2.1 mm and
1 mm) are displayed separately. Optimum conditions are related
to both effective peak capacity and dilution factor values located
along the Pareto front. Some instructive conclusions can be raised
from Fig. 3. Firstly, as could be expected, an increase in effective
peak capacity may be achieved at the expense of longer analysis
times and/or higher dilution. For example, considering unity as
dilution factor, the optimized effective peak capacity is about 4000,
9000 and 17,000 in 60, 120 and 200 min, respectively. Thus, it
seems that, for a given dilution, the effective peak capacity should
be doubled if one accept to double the analysis time. Secondly, it
appears that 2.1 mm as column diameter in !D is more attractive
than 1 mm since it allows to achieve quite similar effective peak
capacities with less dilution thanks to the possibility of flow
splitting in 'D and furthermore to peak focusing in 2D. Thirdly, the
shortest 2D column lengths (i.e. 30 mm, open symbols in Fig. 3) lead
always to the best results. This last result is in very good agreement
with numerous studies [13,40,41]. For more convenience, Fig. 4
presents less complex Pareto plots. They were extracted from those
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Fig. 3. Full Pareto plots of the predicted dilution factor (Dr) as a function of effective peak capacity (napf) for three gradient times in 'D: (a,d) 60 min, (b,e) 120 min and
(c,f) 200 min with two different column diameters in 'D: (a, b, ¢) 2.1 mm and (d, e, f) 1.0 mm; 2d. =2.1 mm. Circle and triangle correspond to 'L=100mm and 'L=50 mm,
respectively. Full and open symbols correspond to 2L=50 mm and 2L =30 mm respectively. The legend is given as 'L (mm)—'d, x 2L (mm) — 2d,,. For other conditions, see

Table 1.

of Fig. 3a—c, with the choice of 2.1 mm as column diameter in 'D
and 30 mm as column length in 2D. Fig. 4 highlights the effect of the
particle size in 2D (all figures), of the particle size in ! D (Fig. 4a—c vs
Fig. 4d-f) and of the column length in 1D (Fig. 4d—f vs Fig. 4g-i). As
regards the particle size in 2D, 1.3 um particles seem to be better
than 1.7 wm in most cases in term of both effective peak capacity
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and dilution, in particular when a 50 mm-5 pm column is used in
the first dimension (Fig. 4b and c). 1.7 wm particles allow to reach
higher flow-rates and hence higher 2t;/%ty which should lead to
higher peak capacities. However, 1.3 wm particles compensate by
a better efficiency which yields finally a better peak capacity. Yet,
the performance in 60 min is quite similar for both particle sizes
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(Fig. 4a, d, g). The use of 5 wm as particle size in 'D does not reduce
the ultimate effective peak capacity that can be achieved compared
to the use of 2.7 wm but it seems that the dilution is higher in
this case, especially for long analysis time (i.e. 200 min). Finally,
increasing the column length in 'D is not advantageous in term of
peak capacity. However the plots are shifted from top to bottom
yielding higher sensitivity (lower dilution) on the Pareto front.

4.3. Application to the experimental RPLC x RPLC separation of
peptides

In the light of the above results, it seems that a good choice
in 2D for on-line RPLC x RPLC separations of peptides consists

S mAu I (a)
400
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12T ()15 18 21

in using very short columns packed with very small particles
(e.g. 2L=30mm and ?d,=1.3 pwm). In 'D, a column packed with
5 pm particles will be suitable for short analysis times. For longer
analysis times (e.g. >120 min), sub-3 wm particles should be pre-
ferred. The choice of the column dimensions in 'D depends on
whether or not sensitivity is essential. If it is the case, columns
with 100 mm as length and 2.1 mm as diameter should be cho-
sen rather than shorter columns and/or thinner columns. It
is important to note that this recommendation regarding the
column diameter is given by considering 2.1 mm as column diam-
eter in 2D. In any case the column diameter in 'D must be
adapted to the column diameter in 2D. However the conclu-
sions could be somewhat different considering another instrument
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Fig. 6. Overlay of the chromatograms of the second dimension obtained with two on-line RPLC x RPLC separations of peptides performed in 120 min with Pareto-optimum
conditions indicated by full circles in Fig. 5. The column lengths in 'D were (a) 'L=50mm (b) 'L=100 mm. Other conditions are given in Table 3 (RPLC x RPLC #3 and

RPLC x RPLC #4, respectively).
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Table 2
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Experimental conditions for the LC x LC separations of a tryptic digest of proteins. Other conditions are given in the text.

1st dimension ('D)

2nd dimension (2D)

1st dimension (D)

2nd dimension (2D)

t¢ =60 min #1 #2

Stationary phase XBridge C18 Kinetex C18 XBridge C18 Kinetex C18
Column geometry 50 x 2.1 mm, 5 pum 30 x 2.1mm, 1.3 pm 50 x 2.1 mm, 5 pm 30 x 2.1mm, 1.3 pm
Flow rate 30 pL/min 1.5mL/min 500 pL/min 1.5mL/min
Gradient 1-31%(B) in 60 min 1-44% (B) in 0.17 min 1-31% (B) in 60 min 1-44% (B) in 0.15 min
Split ratio 1:5 1:5

Sampling time 0.33 min 0.31 min

Injected volume (%Vo) 10 L (10% Vo) 2 wL (4% 2Vo) 10 L (10% Vo) 36 WL (69% 2Vo)

Tt =120 min #3 #4

Stationary phase XBridge C18 Kinetex C18 Ascentis Express C18 Kinetex C18
Column geometry 50 x 2.1 mm, 5 pm 30 x2.1mm, 1.3 pm 100 x 2.1 mm, 5 um 30 x 2.1 mm, 1.3 pm
Flow rate 100 pL/min 1.5mL/min 100 pL/min 1.5mL/min
Gradient 1-31%(B) in 120 min 1-44% (B) in 0.26 min 1-31% (B) in 120 min 1-44% (B) in 0.15 min
Split ratio 1:5 1:2

Sampling time 0.43 min 0.32 min

Injected volume (%Vo) 10 L (10% Vo) 9L (17%2Vo) 20 L (10% Vo) 17 pL(33%2Vp)

1tc =200 min #5

Stationary phase Ascentis Express C18 Kinetex C18

Column geometry 50 x 2.1mm, 2.7 pm 30x2.1mm, 1.3 um

Flow rate 100 pL/min 1.5mL/min

Gradient 1-31% (B) in 200 min 1-44% (B) in 0.31 min

Split ratio 1:5

Sampling time 0.48 min

Injected volume (%Vy) 10 L (10% Vo) 20 wL (39%2Vo)

with different maximum values for both pressure and flow-
rate.

The selection of both F and !z can be done by considering par-
tial Pareto plots, as shown in Fig. 5 for an analysis time of 120 min.
Two different column lengths in 1D were considered: 50 mm fully
porous stationary phase (Fig. 5a and c) and 100 mm superficially
porous stationary phase (Fig. 5b and d). As previously shown, a
longer column allows to reduce dilution. Furthermore, depending
on the conditions it might enhance the focusing effect as can be
expected from the dilution factors lower than unity observed in
Fig. 4. The calculations were operated by using Eq. (6) (Fig. 5a and
b) and Eq. (5) (Fig. 5c and d) for the estimation of the compression
factor. It is clear that the obtained results are quite different. With
Eq. (6), the focusing effect which happens with low 2k, and high 2k
is emphasized resulting in a significant shift of the curves towards
lower dilution factors compared to Pareto curves calculated using
Eq. (5). The considered conditions are indicated by a full circle
in Fig. 5. The first set of conditions ('L=50mm, 'F=100 p.L/min
and 1/1z=5) is located on the Pareto front and corresponds to
Dr=1 (Fig. 5a) while the second set of conditions ('L=100mm,
1F=100 pL/min and 1/1z=2) is also located on the Pareto front but
corresponds to Dp=0.2 (Fig. 5b). As a result, according to Eq. (6)
and in view of Fig. 5b, a 5-fold gain in sensitivity was expected
from the first to the second set of conditions with a slight decrease
in the effective peak capacity (about 40%). On the other hand, with
Eq. (5) and the same conditions, only a 2-fold gain in sensitivity
might be expected whereas the predicted peak capacity might be
divided by a factor 3.5 (Fig. 5e). Overlays of the 2D separations
obtained with these two sets of conditions are shown in Fig. 6a
and b for the first and the second set of conditions respectively.
The conditions used are given in Table 2 (as RPLC #3 and RPLC
#4, respectively). As expected from predictions with Eq. (6), peak
heights are about 5-fold higher in Fig. 6b. The results in terms of
peak capacity are reported in Table 3 and as also predicted, the loss
in effective peak capacity is of around 40% thereby showing the
reliability of the method. It is important to note that, as can be seen
in Table 3, measured effective peak capacities are about 2-3 times
lower than those calculated. The significant discrepancy between
predicted and experimental effective peak capacity values is not
surprising and can be well explained. Firstly, the volumes behind

the 2D-column might substantially contribute to the total band
broadening given the very low predicted peak widths in the second
dimension (about 0.07s predicted while 0.16s obtained). Secondly,
predicted effective peak capacities were calculated from Egs.
(1) and (2) while experimental peak capacities were calculated
from Eq. (20) which is known to yield underestimated values
especially in the range of low gradient slopes as in 1D [6]. Thirdly
Van Deemter coefficients were determined from a neutral solute.
However it was shown that the Van Deemter curves of charged
compounds, especially at acidic pH, are shifted towards higher
plate heights thereby leading to a decrease in column efficiency
[42]. Yet, it is noteworthy that an experimental effective peak
capacity of nearly 3500 was achieved in two hours without dilution
(Dp=1). RPLC x RPLC separations were performed in 60 min with
two different flow-rates (30 nL and 500 pL/min), 120 min and
200 min. In the four cases, the sets of conditions were located on
the Pareto front and corresponded to Dg=1. The conditions are
reported in Table 2 (conditions #1, #2, #3 and #5, respectively)
and the results in Table 3. The resulting chromatograms can be
seen in Fig. 7. Once again there is a factor of around 3 between
predicted and experimental peak capacity values as explained
above (see Table 3). The observed errors between predicted and
experimental values do not affect the reliability of the optimization
procedure to deliver good LC x LC conditions but underline the
fact that predicted tools in LC x LC can significantly overestimate
effective peak capacities. Indeed, as predicted, the peak heights
were quite similar in the three chromatograms which confirms the
reliability of this approach. Furthermore, two sets of conditions,
both corresponding to a point of the Pareto front were applied with
the analysis time of 60 min and Dp=1 (#1 and #2 in Tables 2 and 3).
These two sets differ by the flow-rate in the first dimension (30
vs 500 pL/min). Both led to similar experimental effective peak
capacities as predicted. Whereas it is often stated that ! D-gradient
should be slowed down with sub-optimum flow-rates [12], this
study shows that high flow-rates can also be very attractive in
RPLC x RPLC provided that other conditions were fully optimized.

The obtained results with Dg=1 are compared in Fig. 8 to the
Pareto-front in 1D-RPLC obtained from the best results found in
the literature for the separation of peptides. As can be observed, a
40-fold decrease in analysis time can be obtained in RPLC x RPLC
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Table 3
Comparison of on-line RPLC x RPLC experimental results with predicted values.
RPLC x RPLC? Ttc (min)  y 1D peak width (min)® 2D peak width (s)” 2D effective
conditions
Predicted Experimental Error (%) Predicted Experimental Error (%) Predicted Experimental Error (%)
#1 60 0.56 0.34 0.48 +41% 0.07 0.16 +129% 4000 1300 —68%
#2 60 0.61 0.35 0.25 —29% 0.06 0.16 +167% 4100 1800 —56%
#3 120 0.50 0.45 0.4 —7% 0.07 0.16 +129% 9600 3400 —65%
#4 120 0.52 0.34 0.36 +6% 0.07 0.18 +160% 6500 2300 —65%
#5 200 0.45 0.5 0.4 —20% 0.08 0.18 +125% 17000 5100 —70%
@ Refers to Table 2.
b Measured at half peak height.
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Fig. 7. Contour plots of the experimental on-line RPLC x RPLC separations performed in (a) 60, (b) 120 and (c) 200 min with Dr = 1.0. RPLC x RPLC conditions are given in

Table 2 as #2, #4 and #5. The baseline has been subtracted.
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Fig. 8. Comparison between 1D-RPLC and on-line RPLC x RPLC for the separation of
peptides. Red circles represent the best reported separations of peptides in 1D-RPLC
[43-48]. Blue circles correspond to experimental on-line RPLC x RPLC separations
(#1, #3 and #5 in Table 2). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

compared to 1D-RPLC to achieve 1600 as effective peak capacity
which is the maximum value that has ever been reached for the
separation of peptides. Furthermore for an analysis time of 200 min,
it was shown in the present study that the effective peak capacity
can be multiplied by a factor 4.

For given column formats, increasing peak capacity in 1D-
separations is always achieved at the cost of higher gradient time
but also of higher dilution. However, in case of RPLC x RPLC sepa-
rations, it is very interesting to notice that whereas a peak capacity
increase is accompanied by a longer analysis time, it is possible
not to increase dilution as highlighted by the limit curve in Fig. 8,
obtained while keeping the same column geometry and the same
dilution (Dg=1) all over the curve. That is likely to be due to very
fast gradients in 2D and hence strong focusing effect.

5. Conclusions

Predictive calculation tools allowed the simultaneous optimiza-
tion of several parameters and the set-up of relevant conditions
for on-line RPLC x RPLC separations of peptides, considering both
effective peak capacity and dilution factor for a given analysis time.
To our knowledge, it is the first time that optimized parameters
obtained from predictive tools are applied to real separations in
LC x LC and that predicted and experimental results are success-
fully compared. Thanks to this approach, an experimental peak
capacity of 5100 was obtained in 200 min only. This result is far bet-
ter than the best published results in 1D-RPLC (i.e. 1600 in 40 h).
Furthermore, the optimization procedure was able to define dif-
ferent sets of best conditions for three different analysis times and
hence, to experimentally delimit the current ultimate performance
of on-line RPLC x RPLC for the separation of peptides. The resulting
Pareto curve shows that on-line RPLC x RPLC performance greatly
exceeds 1D-RPLC one when the analysis time is 60 min or more.

From predictive calculations and after experimental verifica-
tion, the following recommendations can be stated:

- Very short and very efficient columns are required in the sec-
ond dimension whatever the first dimension column geometry.
For this purpose, columns such as the Kinetex C18 column
(30 mm x 2.1 mm, 1.3 pwm) used in this study are suitable.

- The use of the same column diameters in both dimensions is a
good choice to find conditions that minimize sample dilution.
It is indeed shown in this study that very large volumes can be
injected in the second dimension (up to 70% of the dead volume)
without peak shape deterioration thereby underlining the impor-
tance of considering the focusing effect when optimizing on-line
RPLC x RPLC.

- The same set of columns (same column dimensions) can be kept
for increasing analysis time and hence effective peak capacity
while maintaining same sensitivity (same dilution factor). This
is quite impossible in 1D-LC.
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- Numerous sets of conditions can achieve the same chromato-
graphic performance in LC x LC, in terms of analysis time, peak
capacity and sensitivity. It is of prime importance to choose addi-
tional goal to select the appropriate conditions.
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This study was devoted to the search for conditions leading to highly efficient sub-hour separations of
complex peptide samples with the objective of coupling to mass spectrometry. In this context, condi-
tions for one dimensional reversed phase liquid chromatography (1D-RPLC) were optimized on the basis
of a kinetic approach while conditions for on-line comprehensive two-dimensional liquid chromatog-
raphy using reversed phase in both dimensions (on-line RPLCXRPLC) were optimized on the basis of a
Pareto-optimal approach. Maximizing the peak capacity while minimizing the dilution factor for dif-
ferent analysis times (down to 5 min) were the two objectives under consideration. For gradient times
between 5 and 60 min, 15 cm was found to be the best column length in RPLC with sub-2 pm particles
under 800 bar as system pressure. In RPLCXRPLC, for less than one hour as first dimension gradient time,
the sampling rate was found to be a key parameter in addition to conventional parameters including
column dimension, particle size, flow-rate and gradient conditions in both dimensions. It was shown
that the optimum sampling rate was as low as one fraction per peak for very short gradient times (i.e.
below 10 min). The quality descriptors obtained under optimized RPLCxRPLC conditions were compared
to those obtained under optimized RPLC conditions. Our experimental results for peptides, obtained
with state of the art instrumentation, showed that RPLCXRPLC could outperform 1D-RPLC for gradient
times longer than 5min. In 60 min, the same peak intensity (same dilution) was observed with both
techniques but with a 3-fold lower injected amount in RPLCXRPLC. A significant increase of the signal-
to-noise ratio mainly due to a strong noise reduction was observed in RPLCXRPLC-MS compared to the
one in 1D-RPLC-MS making RPLCXRPLC-MS a promising technique for peptide identification in complex
matrices.
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1. Introduction

On-line two-dimensional comprehensive liquid chromatogra-
phy is a powerful separation technique for the characterization of
complex samples in numerous application fields [1-3]. However
due to the large number of parameters involved in the separa-
tion process [4], the approach for optimizing such methods is not
straightforward. Accordingly, prediction tools are of prime impor-
tance to find out a good trade-off between three important but
conflictual objectives: (i) maximizing the peak capacity (ii) mini-
mizing the dilution factor and (iii) minimizing the analysis time [5].
A protocol was proposed for the first time by Schoenmakers et al. [6]
to simultaneously optimize peak capacity, analysis time and dilu-

* Corresponding author.
E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

http://dx.doi.org/10.1016/j.chroma.2017.01.054
0021-9673/© 2017 Elsevier B.V. All rights reserved.

tion factor. Based on a Poppe approach [7], the authors selected a
set of first dimension conditions (particle diameter, column length)
from a given gradient time fixed as ten times the column dead time
and could thus determine the first dimension peak capacity. The
sampling time was set as the first dimension peak standard devi-
ation. The same Poppe plot approach was applied to the second
dimension, thereby yielding the second dimension peak capacity. A
proper column diameter ratio between first and second dimension
was chosen to avoid band broadening resulting from large injection
volumes and the dilution factor could be estimated. The authors
highlighted the fact that, unless using on-column focusing in the
second dimension (not considered in this study), the column diam-
eter ratio had to be high enough to avoid any injection effect and
hence significant dilution. This approach is attractive because it is
easily implemented. However, based on the Poppe plot approach,
it was assumed that the best conditions in both dimensions were
those related to the maximum allowable pressure. Furthermore,
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many conditions (sampling time, gradient times etc. . .) were fixed
and hence not optimized [8].

Gu et al. [9] proposed two optimization protocols for maximiz-
ing the peak capacity while taking into account undersampling
effects in the first dimension. In their two-step protocol, first
dimension conditions were also firstly optimized for a given anal-
ysis time according to the Poppe plot method. The gradient time of
the second dimension and hence the sampling time were further
optimized to obtain the highest effective peak capacity in LCXLC.
The second proposed protocol is a one-step protocol where the first
dimension flow-rate, the first dimension column length and the
second dimension gradient time, were simultaneously optimized.
All other parameters including column diameters, particle sizes
in both dimensions and column length in the second dimension
were fixed in both protocols. As expected, the results showed the
importance of the sampling rate to avoid undersampling. A more
important result was that, the highest value for the effective peak
capacity could be obtained with sub-optimum values for the first
dimension peak capacity, highlighting the need for optimizing both
dimensions simultaneously. Yet, these optimization procedures did
not take into account the dilution factors in both dimensions which
could have led to an estimation of the dilution factor in 2DLC. Fur-
thermore, additional band broadening due to injection effects was
not considered despite very high injection volumes in the second
dimension.

An elegant approach to optimize on-line LCXLC separations
was developed by Vivo-Truyols et al. [10] using a Pareto-optimal
approach. The advantage of this approach is its capability to
optimize simultaneously several conflictual objectives [11]. The
maximum allowable pressure was taken into account. Column
diameters, injection volume in the first dimension and sampling
time were chosen prior to optimizing. From specific data related to
the chromatographic system (Van Deemter coefficient, diffusion
coefficient, mobile phase viscosity, column flow-resistance and
porosity) an algorithm generated the optimum values for column
lengths and flow-rates in both dimensions. The final conditions
could be selected among these optimum conditions according to
desired values for peak capacity, dilution factor and/or analysis
time. As previously, the gradient time in both dimensions was fixed
as 10 times the column dead time thereby limiting the sets of
optimum conditions and probably missing some more attractive
conditions. This theoretical study clearly showed the importance
of considering focusing effect during the optimization process.

Some alternative studies evaluated the so-called “crossover
time”. At longer analysis times LCXLC provides higher peak capac-
ity while at shorter analysis times 1D-LC is more successful [12]. A
theoretical study predicted a crossover time between 3 and 8 min
for the separation of low molecular weight compounds ranging in
molecular mass from 181 to 376 Da [13]. This study was in good
accordance with previous experimental works [12,14]. The gradi-
ent time in the second dimension was dependent on both chosen
sampling time and re-equilibration time. The 33 x 2.1 mm, 3 pm
column used in the second dimension was operated at 400 bar
under high temperature conditions (110 °C). By extrapolating the
number of observed peaks obtained in 15, 30 and 60 min, in both
optimized LCXLC and optimized 1D-LC conditions, it was possible
to estimate a crossover time of about 5 min for the specific case of
a maize extract [12]. These different studies pointed out the strong
impact of sampling time [13-15] and retention space coverage on
the crossover time [12,13].

We recently developed a Pareto-optimal approach to optimize
both peak capacity and dilution factor for analysis times ranging
from 60 to 200 min [4]. With a view to apply the theoretical results
to real separations, flow-splitting between the two-dimensions
was also considered. Furthermore, important instrumental param-
eters including the re-equilibration time (depending on second

dimension column dead time) and the total loop volume (depend-
ing on the injection volume and therefore strongly impacting on
the total dwell volume), were considered for calculations. The
compression factor, Cg, was also considered in order to take into
account both additional band broadening (Cr<1) and focusing
effect (Cg>1). As was highlighted, very steep gradients in the sec-
ond dimension made it possible to inject very large volumes (up
to seventy per cent of the column dead volume) without any
additional band broadening thereby enhancing sensitivity (dilu-
tion factor <1). Optimized conditions were applied to the on-line
RPLC x RPLC separation of a complex peptide sample and the result-
ing peak capacities were compared to the best reported peak
capacities in one-dimensional liquid chromatography. In particular,
optimized RPLCXRPLC conditions allowed to achieve an effective
peak capacity of 1800 in one hour only, without sample dilution
(dilution factor=1) whereas such a value was attained in more
than 40 h in 1D-LC [16]. This study yielded a figure showing two
curves both representing the analysis time as a function of the
peak capacity. The first one fitted the best reported 1D-LC results
and the second one fitted our obtained results in RPLC x RPLC. The
extrapolation of these curves to very short analysis times yields a
crossover time of about 20 min, much higher than that found by
Stoll et al. [12] for maize extract. However, the reported 1D-LC
results originated from different studies involving various condi-
tions (pressure, mobile phase additive), various protein digests and
various methods for determining peak capacities, thereby making
the extrapolation value quite unreliable.

The objective of the present study was to pursue our previous
one [4]| and to extend it to sub-one hour separations in order to
experimentally find out the crossover time for larger molecules
such as peptides, considering both the best current column for-
mat in 1D-RPLC under optimized HT-UHPLC conditions and fully
optimized parameters in RPLC x RPLC. Predicted and experimental
results in optimized 1D-RPLC and optimized RPLC x RPLC condi-
tions were compared for different analysis times (down to 5 min),
considering the same peptide sample, the same mobile phase addi-
tive and the same procedure for peak capacity assessment in order
to ensure unbiased conclusions. Finally the potential interest of on-
line RPLCXRPLC-MS for the separation of complex peptide samples
is presented from the coupling with a mass detector operated in
single ion monitoring mode. The results in terms of signal-to-noise
ratio are compared with those obtained in 1D-RPLC for different
peptides spiked in a tryptic digest of three proteins.

2. Experimental section
2.1. Material and reagents

The gradient runs were performed with different mixtures of
water and acetonitrile (ACN). Acetonitrile was MS grade from Sigma
Aldrich (Steinheim, Germany). Water was obtained from an Elga
water purification system (Veolia water STI, Le Plessis Robinson,
France). Two different pH additives were used, formic acid 0.1% (FA)
(pH=2.8) and ammonium acetate 10 mM (AA) (pH = 6.8), both from
Sigma Aldrich (Steinheim, Germany). Formic acid was added to
both water and ACN. Ammonium acetate was added to water only
due to the lack of solubility in organic solvent. Aqueous phases with
ammonium acetate were filtered on 0.22 wm nylon filter before
use. The three proteins (BSA, lysozyme, myoglobin) were pur-
chased from Sigma Aldrich (Steinheim, Germany). A tryptic digest
was prepared according to a protocol including denaturation with
dithiothreitol (DTT), alkylation with iodoacetamide and digestion
with trypsin (mass ratio protein/trypsin of 70). The concentration
in each protein was 4 mg/mL. The aliquots were stored at —20°C.
The sample was filtered on 0.22 wm before injection. All reagents
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for the tryptic digest were obtained from Sigma Aldrich. Three pep-
tides from Sigma Aldrich were used for this study. [ile]-angiotensin
was used as reference compound for obtaining the experimental
kinetic plots while leucine enkephalin and bradykinin fragment
1-5 were used for the comparison between 1D-RPLC-MS and
RPLCXRPLC-MS.

2.2. Columns

For 1D-RPLC experiments two Acquity CSH C18 columns
(50mm x 2.1mm 1.7pm and 150mm x 2.1mm 1.7 wum) from
Waters (Milford, MA, USA) were used.

For RPLCXRPLC experiments, !D columns were an Ascentis
Express C18 (50 mm x 2.1 mm, 2.7 pm) from Sigma-Aldrich (Saint-
Louis, MO, USA) and a Xbridge C18 (50 mm x 2.1 mm 5 pm) from
Waters depending on the experiments. The second dimension (2D)
column was a Kinetex C18 (30 mm x 2.1 mm, 1.3 um) from Phe-
nomenex (Torrence, CA, USA).

2.3. Apparatus

All 1D-LC experiments were carried out with an I-Class system
from Waters (Instrument 1). This instrument includes a high-
pressure binary solvent delivery pumps, an autosampler with a
flow-through needle of 15 L, a column manager composed of two
column ovens with an allowed maximum temperature of 90°C
and a diode array detector (DAD) equipped with 500 nL flow-cell.
The upper maximum allowable pressure is 1285 bar for the two
pumps. Beyond a flow-rate of 1 mL/min, the upper limit decreases
depending on both flow-rate and mobile phase composition. The
measured dwell volume was 110 L. A total extra-column volume
of 12 wL and an extra-column variance of about 4 L2 were deter-
mined. Data acquisition and instrument control were performed by
Masslynx software (Waters).

The LCxLC system (Instrument 2) was a 1290 Infinity 2D-LC
from Agilent Technologies (Waldbronn, Germany). This instru-
mentincludes two high-pressure binary solvent delivery pumps, an
autosampler with a flow-through needle of 20 p.L, a column oven
with an allowed maximum temperature of 100°C, a UV detector
and a diode array detector (DAD) equipped with 2 L and 0.6 L
flow-cells respectively. A 2-position/4-port duo valve was used as
interface between the two dimensions. The measured dwell vol-
ume was 140 pL and 65 pL for the first and second dimension
respectively. It should be noted that the given dwell volume value
of the second dimension does not take into account the size of the
loops used between the two dimensions (20 pL). For 1D-LC exper-
iment, a total extra-column volume of 22 pL and an extra-column
variance of 15 L2 (DAD detector) were measured. For LCXLC exper-
iments, a total extra-column volume of 22 pL and 8.5 pL and an
extra-column variance of 30 wL? (UV detector) and 4.5 wL? (DAD
detector) were determined for the first and the second dimen-
sionrespectively. The estimated value of the extra-column variance
related to extra-column volumes located after the column outlet
was 2 L2, It is important to note that the UV detector was not
used as 'D detection since its contribution to extra-column dis-
persion was significant. Accordingly the peak capacity in the first
dimension was measured by injecting representative peptides [17]
in 1D-LC using the DAD detector.

A mass detector, QDa from Waters, was coupled to the 1290
2D-LC and used in Single Ion Monitoring mode (SIM). 1D-RPLC-MS
separations were carried out with the first dimension of the 2D-LC
system.

Data acquisition and instrument control were performed by
OpenlLab software (Agilent) for the chromatographic process. 2D-
data were exported to Microsoft Excel and Matlab V7.12.0635 to
construct a matrix via calculation tools enabling the construction

Table 1

Characteristics of the two peptides injected alone and spiked in the tryptic digest
of proteins at a concentration of 1 mg/L for comparison between 1D-RPLC-MS and
RPLCXRPLC-MS separations. The source temperature, the capillary voltage, the dwell
time and the acquisition rate were 600°C, 1.5kV, 5 ms and 16.7 Hz respectively both
for RPLC-MS and RPLCXRPLC-MS experiments.

Peptide M (Da) m/z (Th) Cone voltage (V)
Leucine enkephalin 555.3 556.3 10
Bradykinin fragment 1-5 572.3 573.3 20

of 2D-contour plots. MS acquisition and instrument control were
performed by Masslynx software (Waters).

2.4. Chromatographic conditions

For 1D-LC separations with 5 and 15cm columns, the mobile
phase was composed of Water (A) and ACN (B) both with 0.1% FA,
the temperature was set at 60 °C, the composition range was from
1 to 31% B and the flow-rate was adjusted so that the total system
pressure attained 800bar. The acquisition rate was 40Hz. 1D-
RPLC-MS separation was carried out on the 150 x 2.1 mm 1.7 pum
Acquity CSH C18 column. 30 L (10% Vy) were injected. The flow
rate was 800 pL/min and the gradient time was 60 min. The acqui-
sition rate was 80 Hz. For RPLCXRPLC separations, the mobile phase
of the first dimension was composed of ammonium acetate 10 mM
(A) (pH=6.8) and ACN (B) while the mobile phase of second dimen-
sion was composed of Water with 0.1% FA (A) (pH=2.8) and ACN
with 0.1% FA (B). The temperature was set at 30°C and 90 °C for the
first and the second dimension respectively for all LCXLC experi-
ments. The acquisition rate was 80 Hz. Other conditions are detailed
in Table 2. The wavelength was set at 210 nm for UV detection for
all the experiments presented in this work. For MS detection, Single
Ion Monitoring mode (SIM) was used. A capillary voltage of 1.5kV
and a source temperature of 600°C were found as the best val-
ues for all the peptides in term of sensitivity both in 1D-RPLC-MS
and RPLCxRPLC-MS. The acquisition rate was 16.7 Hz and the dwell
time was 5ms for all separations. The MS settings are given in
Table 1. No flow splitting was used prior to MS.

Other conditions (gradient time, flow-rate, sampling time...)
are subjected to optimization and are therefore given throughout
this paper.

2.5. Calculations

All calculations including Pareto curves were performed using
an Excel spreadsheet and appropriate home-made routines.

Predicted peak capacities were calculated according to the equa-
tion developed by Neue [18] with respect to the Linear Solvent
Strength Theory (LSST) [19]:

V Neop % 1 In <1 + 2~31be2.3iSiAtPB _ 1

. . — )
4 142.3b 2.3'b 2.3’b)

where the superscript “i” refers to first or second dimension N
is the column plate number, Agg is the gradient range expressed
in volume fraction, S is the slope of the relationship between the
logarithm of the retention factor and the volume fraction of the
strong solvent, B. S value was estimated from 3 peptides (see next
section). b is the gradient steepness given by

=1+

b=S><Aq>B><(t—O) )
tc

Where tg and tg are the column dead time and the gradient time
respectively.
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Table 2

Experimental conditions for the RPLCXRPLC separations of a tryptic digest of proteins. Other conditions are given in the experimental section.

1st dimension (D)

2nd dimension (D)

1st dimension (D)

2nd dimension (2D)

Stationary phase
Column geometry
Flow rate

Gradient
Temperature

Split ratio

Sampling time
Injected volume (%Vy)

Ttg=5min — # 1
Ascentis Express C18
50 x 2.1 mm, 2.7 pm
30 pL/min

1-36% (B) in 5 min
30°C

1:10

0.21 min

10 L (10% Vo)

Ttg=30min — # 3

Kinetex C18

30 x 2.1mm, 1.3 pum
1.5mL/min

1-47% (B) in 0.08 min
90°C

0.7 uL (1.4% 2Vy)

Ttc=10min — # 2
Ascentis Express C18
50 x 2.1 mm, 2.7 pm
30 pwL/min

1-34% (B) in 10 min
30°C

1:10

0.26 min

10 L (10% 'Vo)

Ttc=60min — # 4

Kinetex C18

30 x 2.1mm, 1.3 pm
1.5mL/min

1-45% (B) in 0.1 min
90°C

0.8 uL (1.5% 2Vo)

Stationary phase Ascentis Express C18 Kinetex C18 X Bridge C18 Kinetex C18

Column geometry 50 x 2.1 mm, 2.7 pm 30 x 2.1mm, 1.3 pum 50 x 2.1mm, 5 pum 30 x 2.1mm, 1.3 pm
Flow rate 50 pwL/min 1.5mL/min 500 pL/min 1.5mL/min

Gradient 1-31%(B) in 30 min 1-44% (B) in 0.18 min 1-31%(B) in 60 min 1-44% (B) in 0.17 min
Temperature 30°C 90°C 30°C 90°C

Split ratio 1:10 1:5

Sampling time 0.34min 0.36 min

Injected volume (%Vy) 10 L (10% Vo) 1.7 uL (3.3% 2Vo) 10 L (10% Vo) 36 WL (69% 2Vy)

For predictive purpose, the peak standard deviation due to
solute dispersion in the column was calculated according to LSST
as

to(2.3b+1
Ocol = M (3)
2.3by/Ncoi

The predicted dilution factor in dimension “i” can be expressed
as

i
: A/ O
lDF 27'[ % = v,col (4)
lﬂ lvinj

where igy .o is the peak standard deviation in volume unit. '3
corrects for oy ¢, by considering extra-column band broadening.
In this study, no extra-column band broadening was assumed in the
firstdimension (! = 1) while only injection effects were considered
in the second dimension as discussed below. iij is the injection
volume. 1Vinj was set at 10% of the first dimension column dead
volume (Vjy; =0.11V) while 2V;; was given by

2Vinj =ts x 1F X Z (5)

Where ts is the sampling time, F, the first dimension flow-rate
and z, the split ratio, potentially designed to reduce the flow-rate
entering the interface (0<z <1). The sampling rate, 7, is related to
the sampling time by

1
= 610

z (6)

where o, being the first dimension peak standard deviation in
time unit.

In 2D-LC the total dilution factor was considered as the product
of the dilution factors in both dimensions (Eq. (4)).

N.o was estimated from the coefficients (a,b and c) of the Knox
equation:
Neor = % X 1D ud (7)

p (au0~33 +bif + CD—,:>

Where L is the column length, u, the linear velocity (L¢/tp), dp,
the particle size and Dy, the diffusion coefficient. The values for
the coefficients (a-c) came from our own results obtained on the
selected columns with neutral compounds: (0.57, 7.22, 0.14) and
(0.5,3.2,0.05) for porous and superficially porous stationary phases
respectively. The calculation for diffusion coefficients is based on
a value of 2.10719m2/s in water at 25°C. It is more detailed in a
previous study [17].

Experimental peak capacities in dimension “i”, both in 1D-LC
and 2D-LC were estimated according to

in
4ot

(8)

Where oo is the total peak standard deviation in time units calcu-
lated from the Dorsey Foley equation [20] which was shown to be
well correlated to the true peak standard deviation for small peak
asymmetry (i.e. As <2.5):

wWioyvAS +1.25
Otot = 646 (9)

w1y being the measured peak width at 10% of the peak height and
As, the peak asymmetry (ratio of the right half peak width to the
left half peak width, measured at 10% of the peak height).

Effective peak capacities in RPLCXRPLC were calculated from the
following relationship [10]:

nZD,effective:]aXlnxzﬁxznxy (10)

where 'n and 2n are the peak capacities in first and second dimen-
sions respectively, calculated with Eq. (1) for predicted values.
Experimental ones were calculated according to Eq. (8), thereby
leading to 'n and 2B2n. 'a, 2B and vy are correction coefficients
lower than 1. o corrects for 'n values by considering undersam-
pling[21].2p corrects for predicted 2n values by taking into account
additional band broadening due to injection effects. It is depen-
dent on the compression factor, Cr and calculated for optimization
purpose by the following equation:

1
2B = (11)
1 2y2. 1
1+Z><20_gu Xé

col

For additional details about the calculations of 'a, 23 and C, it
is recommended to refer to our previous study [4]. 'y corrects for
partial retention surface coverage [17]. For predicted peak capac-
ities, y was set at 0.6 according to preceding 2D-results obtained
by changing the mobile phase pH between the two dimensions [4]
while for experimental ones, y was graphically measured according
to a method described elsewhere [22].

3. Results and discussion
The objective of this work was to assess and to compare the chro-

matographic performance of 1D-RPLC and on-line RPLC x RPLC for
the separation of peptides with a view to coupling to MS detection
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Fig. 1. Predicted variation of the gradient time vs peak capacity (top) and pre-
dicted variation of gradient steepness vs peak capacity (bottom) at 800 bar for
column lengths ranging from 3 to 30 cm. Coefficients of reduced Knox equation
were measured on a 50 x 2.1 mm, 1.7 wm Acquity CSH-C18 column using Ethyl-
paraben in 30% Acetonitrile at 30°C (k=4): A=0.24; B=5.25; C=0.21; n=0.33;S=25
and Dm=0.58 10~2m?s (calculated for [ile]-angiotensin at 60°C). Composition
range=30%. Flow-rate: 1800 wL/min for 3cm; 1100 wL/min for 5cm; 600 pwL/min
for 10 cm; 400 pL/min for 15 cm and 200 pL/min for 30 cm. The double line, in the
top figure, joins data corresponding to the lowest gradient time for a given peak
capacity and hence delimit the area of interest in 1D-RPLC. Vertical lines delimit the
area of interest for each column length.

and further performing peptide mapping. Only gradient times of
one hour or less were considered for that purpose.

3.1. Optimization of 1D-RPLC separations

According to LSST, the logarithm of the retention factor is
assumed to be a linear function of the volume fraction of the strong
solvent B, ¢g:

log (k) = log (ko) — Sep (12)

where S is the solvent strength parameter and kg is the extrap-
olated retention factor in the weak solvent. The two coefficients
of Eq. (12) were calculated with HPLC modeling software (Osiris
4.1.1.2, Datalys, Grenoble, France) [23], from three peptides ([ile]-
angiotensin, leucine enkephalin and bradykinin fragment 1-5) by
running two gradients with two different slopes. An average value
of 25 was obtained for S.

For a linear gradient elution, the retention time can be given by
1

p
tr=th 1+ —
r O(+t0+b

log (2.3bk; + 1)) (13)

enough to affect the peak capacity value. As a matter of fact, it was
found, for large molecules, that the error on peak capacity did not
exceed 10% for b values between 0.02 and 3 (results not presented
here).

According to the kinetic plot method discussed for isocratic elu-
tion in many seminal papers [7,24,25], the highest plate number,
for a given particle diameter, a given column temperature and a
given column dead time, can be obtained at the highest allowable
pressure, thus determining both column length and flow-rate. On
the basis of the Linear Solvent Strength Theory (LSST) [19], kinetic
curves in gradient elution can be calculated as well [26,27].

Similarly to the kinetic curves in isocratic elution, those in gra-
dient elution permit to know the highest peak capacity that can
be obtained for a given gradient time. For highly efficient 1D-
RPLC separations, HT-UHPLC is the technique of choice [28]. We
have therefore chosen a 1.7 pm Acquity CSH-C18 column which
is expected to work well at acidic pH for the separation of pep-
tides, thanks to positive charges on the surface of the stationary
phase [29]. The column temperature was fixed at the maximum
recommended temperature (i.e. 60 °C). Kinetic curves are usually
calculated for a given value of the gradient steepness, b, by keep-
ing the ratio of the gradient time to the column dead time (tg/tg)
constant [26,30]. However there are as many curves as there are
gradient steepness values and it is necessary to consider all the
curves to find optimum conditions. Top Fig. 1 shows the variation
of gradient time with peak capacity at 800 bar for different col-
umn lengths. Bottom Fig. 1 shows the corresponding variation of
gradient steepness with peak capacity. The curves were calculated
for a peptide ([ile]-angiotensin) with a molecular weight of 800 Da
(Dm=0.6 102 m? s~! in these conditions) and a calculated S value
of 25. According to this representation, the column length is con-
stant for a given curve while the column dead time varies as the
flow-rate varies. As a result, the gradient steepness varies as shown
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Fig. 3. Separations of a tryptic digest of 3 proteins under optimized 1D-gradient conditions (see text for explanation). Acquity CSH-C18 column (150 x 2.1 mm; 1.7 pm);
400 pL/min; 60°C; A: water +0.1% formic acid; B: ACN +0.1% formic acid; 1%B-31%B in (a) 5min; (b) 10 min; (c) 30 min and (d) 60 min. V; = 1.5 pL. Detection at 210 nm.

in the bottom figure. The double line in top Fig. 1 joins values cor-
responding to the highest peak capacity for a given gradient time
and therefore represents the limit curve that defines optimum con-
ditions. It can be therefore considered as the final kinetic curve in
gradient elution. As can be observed in Fig. 1, for gradient times
ranging from 10 to 60 min, a 15 cm column is adequate. For lower
gradient times, shorter columns seem to be necessary. A column
length of 3cm becomes advantageous for gradient times below
1 min and should be therefore highly recommended for the sec-
ond dimension of comprehensive on-line LCxLC. It is interesting to
notice that the same performance can be obtained with different
column lengths as pointed out by the straight vertical lines delimit-
ing the areas of interest for each column length. For a given gradient
time, the required gradient steepness increases as the chosen col-
umn length decreases. As an example, for a gradient time of about
4 min, it is possible to reach 200 as peak capacity with either 15, 10
or 5cm columns, the corresponding gradient steepness being 0.1,
0.7 and 1 respectively. It also appears that the range of optimum
gradient steepness is between 0.1 and 0.8 and is slightly shifted
toward higher values for shorter columns.

Experimental results obtained in optimum conditions for 5 and
15 cm columns with [ile]-angiotensin, at two different concentra-
tions (50 ppm and 5ppm), are shown in Fig. 2. It appears that
experimental data drift away from theoretical curves and that the
resulting gap increases with the gradient time and hence with the
solute retention. As a result, while the theoretical peak capacity was
expected to reach 600 with a gradient time of 60 min, only half that
value could be experimentally achieved. It is also highlighted that
the shift towards lower peak capacities is less significant for lower
peptide concentrations. Both observations suggest the existence of
an overloading effect which appears at very low concentrations as

pointed out in earlier studies [31-33] when formic acid is used as
additive. For a given peak capacity, this effect is more pronounced
with a 5cm than with a 15 cm column. This can be explained by
the fact that the column dead time of a 5cm column being 10-fold
shorter for a given gradient time, the column gradient steepness is
10-fold lower, resulting in a 10-fold increase in the retention factor
atelution (Eq. (13)). As aresult, the extrapolation of the experimen-
tal curve to a gradient time of 5 min suggests that a 5cm column
should be worse (50 ppm) or similar (5 ppm)toa 15 cmone in these
gradient conditions.

According to the above results, a 15 cm column was selected for
comparison with on-line RPLC x RPLC separations. Fig. 3 shows the
separations of a tryptic digest of 3 proteins performed with four dif-
ferent gradient times under the best conditions established in the
preceding discussion. The peak capacity was calculated from Eq. (8)
considering the average peak width of 5 well separated peaks that
were well distributed among the separation space. The resulting
values were 135,214,291 and 377 for gradient times of 5, 10,30 and
60 min respectively. These results were in very good accordance
with those experimentally obtained for [ile]-angiotensin injected
with a concentration of 50 ppm (see Fig. 2), thereby definitely val-
idating our preliminary selection of 'D conditions.

3.2. Optimization of RPLC x RPLC separations

For RPLC x RPLC separations, the optimization procedure was
based on predictive calculation tools [4]. This procedure made use
of a Pareto-optimality approach to define, for a given analysis time,
the best set of conditions, considering simultaneously the effective
peak capacity and the dilution factor. In this predictive approach,
injection effects in the second dimension were taken into account. It
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Fig.4. Pareto plots of the predicted dilution factor (D) as a function of effective peak capacity (nyp ) for 5 different 't values: (a) 10 min; (b) 30 min; (¢) 60 min; (d) 120 min

and (e) 200 min and 5 different sampling rates: 1 (

);1.5(A );2(A );2.5(®);and 3 (®). 'F and z were allowed to vary within 20 wL/min and 1000 pL/min and within 0.1

and 1, respectively. All other 2D-conditions were fixed (see text for explanation). Pareto fronts are represented by curved lines.

is indeed of prime importance to predict additional band broaden-
ing which results in a decrease of both sensitivity and peak capacity.
It can also be helpful to predict on-column focusing in order to
improve sensitivity in the second dimension by injecting larger
volumes while keeping the same peak width.

In our previous study [4], the first dimension gradient time var-
ied from 60 to 200 min. Since the number of sets of conditions can
dramatically increase with the number of parameters to be opti-
mized, we proposed a flexible optimization procedure, allowing
to proceed at three different input levels. Depending on the input
level, a more or less extensive preselection of conditions can be
done. Thus, the user can choose the level he wants depending on
both available instrumentation and available columns. It was rec-
ommended in usual cases to fix the parameters of the first input
level which includes column temperatures in both dimensions,
second dimension column diameter and the sampling rate. This
latter was fixed at 2.5 fractions per peak as recommended in sev-
eral studies [8,34]. This sampling rate was found to be suitable for
1D gradient times longer than one hour. Accordingly, optimized
parameters included L, %L, dp, 2dp, 'F and the split ratio, z,
between the two dimensions. In the present study, shorter anal-
ysis times were investigated and the sampling rate was found to be
also a key parameter in these conditions as shown in Fig. 4 where
Pareto plots as well as Pareto fronts are given for different !t val-
ues. The pareto-front represents the performance limit with respect
to the objectives (i.e. minimizing the dilution factor and maximiz-
ing the peak capacity) within the specified set of fixed conditions.
Each symbol is related to a set of three changing conditions ('F, split
ratio and sampling rate), all other conditions being fixed. Optimum

conditions are related to the data located along the Pareto front. As
expected, Fig. 4d and e shows that sampling rate values between 2
and 3 are well adapted to long 2D-separations (>60 min) with cor-
responding data located close to the Pareto front. Conversely, Figs.
4a and 4b clearly show that such values are no longer suitable for
rapid separations and that lower values should be used which is in
good accordance with a previous study [14]. For a gradient time of
60 min, 2 fractions per peak seem to be more appropriate than 2.5,
especially in the range of very high effective peak capacities (high
dilution)

We therefore applied the optimization procedure to different
gradient times, starting from the first input level of the procedure.
The second dimension temperature was preselected so that it was
as high as possible for the selected column, considering the sup-
plier recommendations (i.e. 90 °C). Furthermore column diameters
in both dimensions were fixed at 2.1 mm in view of the avail-
able instrumentation. It was previously shown for large analysis
times (i.e. >60 min) that a 30 x 2.1 mm, 1.3 pwm Kinetex C18 col-
umn used at 90°C in the second dimension outperformed other
column conditions [4]. Considering the very short investigated
analysis times, we also included, in the present optimization proce-
dure, column length and particle diameter in the second dimension.
The flow-rate in the second dimension was set at its maximum
value considering the available maximum column pressure drop
of 800 bar. To sum up, the conditions that were considered in this
optimization procedure included 7, T, 'L, 2L, 'd,, 2dp, 'F and z.
A representation of Pareto fronts obtained in different fixed con-
ditions are given in Fig. 5 for a first dimension gradient time of
10 min. The Pareto fronts delimit optimum conditions for 'F, z and
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7, other conditions being fixed, except 2F which was adjusted to
the maximum allowed pressure and the injection volume in the
first dimension, 1Vinj, which was adjusted to the column dead vol-
ume Vg (i.e. 1V;p;/1Vg kept constant). Some instructive conclusions
can be drawn:

(i) The gain obtained by elevating column temperature in the first
dimension is not significant and may even be counterproduc-
tive (Fig. 5a).

(ii) Surprisingly, the first dimension particle diameter has little
effect on the pareto front (Fig. 5b).

(iii) Very short columns (i.e. 1 cm) in the first dimension should per-
mit to achieve larger effective peak capacities (Fig. 5c¢). This
could be surprising but can be easily explained by the much
higher compression factor in case of 1cm column. Indeed, for
a given flow-rate, the column dead time and hence the gradi-
ent steepness is 5 times higher with a 5cm compared toa 1 cm
column. As a result, the compression factor which is related to
the ratio of the gradient steepness between both dimensions is
expected to be 5 times lower [4]. This underlines the great inter-
est in considering the compression factor for an optimization
approach. However, considering the current column availabil-
ity and furthermore the difficulty to pack very short columns,
a 5 cm column with either 5 or 2.5 wm particles seemed to be a
good choice. Itis interesting to note that RPLCxRPLC with longer
columns (e.g. 10 cm) can be an attractive option for on-column
focusing, and hence for enhancing sensitivity. Of course that
would be done at the cost of lower peak capacities.

(iv) The flow-rate in the second dimension can be increased by
increasing the particle diameter while maintaining the same
column pressure drop (800 bar), thereby reducing the column
dead time, 2ty and hence the gradient steepness. The gain
observed by increasing 2F and hence decreasing 2t is signif-
icant (see Fig. 5d). Despite a decrease in the plate number
(8600-1600), the peak capacity is two-fold higher for 2.5 pum
compared to 1.3 pum, the corresponding column dead times
being 0.6 s and 2.1 s respectively.

(v) Similarly, due to lower flow-rate and hence longer dead time,
a 5cm column is less attractive than a 3cm or even a 2cm
column despite a plate number four times lower in the latter
case (Fig. 5e). However, a major issue in case of very short col-
umn dead times arises from the detector whose response time
and acquisition rate are often not suitable for very thin peaks,
especially MS-detectors as discussed below.

Considering the available instrumentation, we chose a
50 x 2.1 mm, 2.7 pm column at 30°C for the first dimension and
a 30 x 2.1 mm; 1.3 pm column at 90°C for the second dimension.
From the preceding observations, it is clear that very short columns
(<3cm), both in 'D and 2D should be more attractive for very fast
2D-separations and should permit to double the peak capacity for
a first dimension gradient time of 10 min. A larger particle size in
the second dimension should be also advantageous. However these
conditions are not currently easy to handle considering (i) the pump
limits at both high flow-rate and high pressure, (ii) the limited num-
ber of columns withstanding temperatures as high as 90 °C, (iii) the
low MS-acquisition rate, usually not suitable for very thin peaks and
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(iv) the fact that very high flow rates are often not compatible with
MS, thus requiring flow splitting prior to MS.

The contour plots of on-line RPLC x RPLC separations of a tryptic
digest of 3 proteins, obtained with optimized sets of 2D-conditions
and a predicted dilution factor equal to 1 (i.e. no dilution dur-
ing the separation process) are shown in Fig. 6 for four different
gradient times, 5, 10, 30 and 60 min. A sufficient degree of orthog-
onality was ensured by changing the mobile phase pH between
the two dimensions, namely 6.8 and 2.8 in first and second dimen-
sion respectively as earlier recommended [17]. Other conditions
are reported in Table 2. 2D-contour plots can be compared to the
optimized 1D-separations shown in Fig. 3 for the same gradient
times. It is important to note that the peak width cannot be evalu-
ated from the 2D-contour plot since the observed spots depends on
the peak intensity but also on the chosen Z-scale. As a result, very
intense peaks look much larger. Furthermore, some poorly retained
peaks eluted together in the second dimension (see !t =60min)
thereby leading to very large spots. The obtained results in terms of
peak capacities can be compared between both techniques in Fig. 7.
Experimental data are represented by red and green circles for 1D-
RPLC and RPLC x RPLC respectively. The advantage of RPLC x RPLC
can be assessed by the gain in peak capacity which increases with
the analysis time up to a factor 4 for a gradient time of 60 min. It can
be observed that the corresponding curves intersect at about 5 min
suggesting that, by using cutting edge instruments and cutting edge
columns in both techniques, the crossover time for peptides is sim-
ilar to that obtained by Huang et al. [14] for small molecules (i.e.

between 5 and 7 min). Predicted effective peak capacities (see green
triangles in Fig. 7) were calculated from Eq. (10) with experimen-
tally determined vy value (0.6; 0.6; 0.42 and 0.41 for 5; 10; 30 and
60 min respectively). As can be observed in Fig. 7, predicted data are
shifted towards higher peak capacities with a crossover time that
could be expected to be much shorter. It is important to note that
predicted data were obtained by assuming that the contribution
of extra-column volumes to the total peak variance was not sig-
nificant. In case of the 2D-Agilent instrument, the estimated value
for the extra-column variance (resulting from both the cell volume
and the tubing located between the column outlet and the detector)
was estimated at 2 wL2. Considering 2D peak thinness (in volume
units), this value may be quite significant. Eq. (11) was therefore
modified in order to take into account the extra column variance in
the second dimension, yielding for 23 calculation:

25— ! (15)

2y2 2,2

1 inj 1 Oext

\/1+4x202 Xﬁ"'zgz
col F

col

Where 0y is the extra column variance in the second dimension.

Resulting corrected predicted data are represented by green
empty triangles in Fig. 7. As can be seen, the predicted corrected
curve is very close to the experimental one. In our previous study
[4], we suggested that the observed error between experimen-
tal and predicted data could be derived from different issues, the
main one being related to the fact that Van Deemter coefficients
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Fig. 9. MS-signal of leucine enkephalin injected alone (blue signal) and spiked in the matrix (red signal) in (a, c) RPLC-MS and (b, d) RPLCXRPLC-MS (main fraction). Bottom
chromatograms represent zoom of upper chromatograms for comparison of short-term noiseSame conditions as in Fig. 8. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

were calculated from a neutral solute and hence could significantly
overestimate the column plate value for charged compounds with
formic acid as additive [31]. From the present results, it appears
that Van Deemter coefficients obtained with neutral solutes are
quite reliable for the prediction of RPLC x RPLC separations of
peptides. Unlike in 1D-RPLC, very steep gradients are used in the
second dimension of RPLC x RPLC, resulting in much lower reten-
tion and hence little or no overloading effect. This is not true in
1D-RPLC as discussed above (Fig. 2). It can be concluded from
these results that the main reason for the observed discrepancy
between predicted and experimental data in RPLCXRPLC is the sig-
nificant extra-column band broadening which occurs in spite of
very small extra-column volumes proposed by current 2D-UHPLC
instruments. In light of these results, this optimization approach
appears to be quite reliable with predicted values matching exper-
imental ones provided that the extra column variance, in addition
to the injection effects are considered. Furthermore this suggests
that optimization results, and in particular the crossover time
should strongly differ from one 2D-instrument to another. As a
consequence of the above, decreasing extra-column volumes and
especially those located after the column outlet should permit to
further decrease the crossover time.

3.3. Comparison of mass spectrometry detection capability
between 1D-RPLC-MS and RPLCXRPLC-MS

In addition to UV detection, a mass spectrometry detector (sin-
gle quadrupole) was hyphenated to the 1D-instrument and to the
2D-instrument for comparing RPLC and RPLCXRPLC signal inten-
sities in optimized conditions for a gradient time of 60 min. In
order to further increase the peak capacity in 1D-LC, another 1D-
instrument (Instrument 2) was used. The advantage of Instrument

2 consisted in its larger tubing, thus allowing higher flow-rates. It is
important to note that the contribution of larger tubing to the total
peak dispersion was not significant due to high o values in 1D-
conditions. 1D-separations of peptides could be carried out with a
higher flow-rate, thereby further enhancing the experimental peak
capacity (close to 400 with the 15cm Acquity CSH-C18 column).
Two peptides were followed in Single lon Monitoring mode (SIM)
with characteristics and MS conditions listed in Table 1. The two
peptides were analyzed alone and spiked in a tryptic digest of three
proteins (matrix), each at a concentration of 1 mg/L. The peaks of
the peptides obtained alone under RPLC-MS and RPLCXRPLC-MS
conditions are shown in Fig. 8. For both techniques, the injected
volume (30 wL in 1D-RPLC and 10 L in RPLC x RPLC) represented
10% of the column dead volume. It is very interesting to notice that,
for both peptides, UV-signal intensities (green chromatograms in
Fig. 8) in RPLC-UV (Fig. 8a and b) and in RPLCXRPLC-UV (Fig. 8c and
d) are quite similar which means that the same sensitivity level
(same dilution factor) was reached in both techniques while the
injected amount was three times smaller and the peak capacity
four times higher in case of RPLC x RPLC, thereby emphasizing the
advantage of 2D-LC compared to 1D-LC. In 1D-LC (Fig. 8a and b),
peak widths with MS detection are similar to those obtained with
UV detection. This is not the case in 2D-LC for which peaks are much
larger with MS detection (Fig. 8c and d) suggesting a much stronger
contribution of MS-instrument (tubing, capillary and MS param-
eters) to extra-column band broadening in 2D-LC-MS compared
to 1D-LC-MS. The estimated value for the extra-column variance
with MS detection was 8 wL?, four times higher than the esti-
mated value of the extra-column variance with UV detection. As
discussed above, such value cannot be compatible with the remark-
able thinness of the peaks in 2D, both in time unit (0.2-0.5s) and
in volume unit (5-12 pL). As a consequence, the coupling with MS
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detection generates a significant additional band broadening in 2D-
LC-MS thereby leading to both a reduction of signal intensity and
a decrease in peak capacity, thus spoiling the separation power
achieved in optimized RPLCXRPLC conditions.

A major advantage of 2D-LC is clearly pointed out in Fig. 9 which
compares the baseline noise between 1D-LC and 2D-LC. In 1D-LC,
the noise is significantly increased when the peptide is spiked in
the matrix (red signal) compared to when it is alone (blue signal)
(Fig. 9a and c) whereas in 2D-LC the noise intensity is the same in
both cases (Fig. 9b and d). The origin of the noise in 1D-LC may stem
from the complexity of the matrix resulting in numerous species
with close m/z values coming simultaneously in the MS-source.
From the comparison of MS-signals between the two techniques
(two-fold lower in RPLCXRPLC for leucine enkephalin as shown in
Fig. 9. It results that the signal-to-noise ratio (S/N) is dramatically
improved in RPLCXRPLC-MS compared to 1D-RPLC-MS (i.e. by a
factor 15). As a consequence, the lower noise generated in 2D-LC
may compensate a lower signal in MS due to the use of higher
acquisition rates which are mandatory for untargeted applications
considering the very narrow peaks that are obtained in RPLCxRPLC.

4. Conclusions

This study was devoted to the optimization of both 1D-RPLC
and on-line RPLCXRPLC conditions for the separations of complex
samples of peptides with gradient times of one hour or less.

In 1D-RPLC, despite the use of a stationary phase dedicated to
the separation of charged compounds, a strong overloading effect
was highlighted, in acidic medium, which significantly reduced the
experimental peak capacity compared to the predicted one, espe-
cially in the range of very low gradient steepness values as those
obtained with both short columns and high flow-rates. This issue
is not at stake in RPLCXRPLC due to very steep gradients used in the
second dimension.

In RPLCXRPLC, the peak capacity and the dilution factor were
considered together, at a given first dimension gradient time, for
the optimization of numerous parameters. It was shown that the
sampling rate has to be decreased down to one fraction per peak
for very short first dimension gradient times (below 10 min). Our
experimental results show that the experimental effective peak
capacity in RPLC x RPLC outperforms that in 1D-RPLC when the
analysis time is longer than 5 min. Furthermore, the experimen-
tal RPLCXRPLC separation, performed in optimized conditions with
a gradient time of 60 min, led to a 4-fold gain in peak capacity com-
pared to the optimized 1D-RPLC separation. At the same time, peak
heights with UV detection were exactly the same in spite of an
injected volume divided by 3 in RPLCXRPLC.

An important discrepancy was found between predicted and
experimental data which was proved to be mainly due to extra-
column band broadening occurring between column outlet and
detection. By considering this issue, we obtained that predicted
and experimental data match very well, thereby emphasizing the
reliability of our optimization approach.

Despite a lower peak capacity with MS detection than with
UV detection, resulting from a greater contribution of extra col-
umn volumes to extra-column band broadening, the somewhat
higher peak capacity in 2D-LC compared to 1D-LC allowed a dras-
tic decrease of baseline noise thereby significantly increasing the
signal-to-noise ratio (by 15-20 times).

As a consequence of the results detailed in this study (lower
amount of sample required, higher peak capacity and lower noise),
optimized on-line RPLCXRPLC hyphenated to mass spectrometry
seems to be very promising for the fast analysis of complex peptide
samples.
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Glossary
Exponents ! and 2 correspond to first and second dimension respectively:

As: Peak asymmetry

b: Gradient steepness

@p: Volume fraction of the strong solvent B

Cr: Compression factor

dc: Column diameter

Dg: Dilution factor

D, Diffusion coefficient

d,: Particle diameter

F: Flow rate

ko: Extrapolated retention factor in the weak solvent

Noi: Column plate number

n: One-dimensional peak capacity

Np,efr: Two-dimensional effective peak capacity

S: Solvent strength parameter

T: Column temperature

to: Column dead time

tp: System dwell time

tc: Gradient time

t;: Sampling time

Vp: System dwell volume

Vinj: Injection volume

Wioy: Peak width at 10%

a: Correction factor due to undersampling effect

{3: Correction factor due to non ideal transfer from the 1st to the 2nd dimension

«: Correction factor due to retention surface coverage

A@: Gradient range in volume fraction

0 Peak standard deviation due to solute dispersion in the column

0o Peak standard deviation due to solute dispersion in column and extra-column
units

07 1: Peak variation due to extra column dispersion

7: Sampling rate
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CONCLUSIONS

L’optimisation simultanée de la capacité de pics, du temps d’analyse et du
facteur de dilution a été réalisée a l'aide d'outils prédictifs puis appliquée a un
échantillon réel de peptides. L'intérét d’utiliser des colonnes trés courtes (30 mm) et
trés efficaces en 2D mais également de méme diamétre qu’en 'D pour respectivement
maximiser la capacité de pics et la sensibilité est clairement montré. Cela est
notamment rendu possible par le 2Cr qui permet de larges volumes injectés en 2D (70
%Vo).

La capacité de pics maximale atteinte en 1D-RPLC est obtenue en divisant le
temps d’analyse par 40 en RPLCxRPLC (1h vs 40h). De plus, une séparation
RPLCxRPLC génére une capacité de pics supérieure a celle obtenue en 1D-RPLC
dés l'utilisation de temps de gradient d’environ 3-4 min.

D’autres parts il est intéressant de noter que plusieurs sets de conditions
conduisent au méme résultat et que des criteres supplémentaires doivent étre
considérés pour finalement choisir les meilleures conditions.

Enfin, les résultats obtenus en 2D pour un méme set de colonnes a différents
temps d’analyse I'ont été a sensibilité équivalente ce qui est impossible en 1D-LC.
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CHAPITRE 4 — LA CHROMATOGRAPHIE EN PHASE LIQUIDE
BIDIMENSIONNELLE « COMPREHENSIVE » EN LIGNE
COUPLEE A LA SPECTROMETRIE DE MASSE POUR LA
CARACTERISATION  D'ANTICORPS CONJUGUES
OPTIMISATION ET APPLICATION

Ce chapitre a fait 'objet de deux publications :
Article 4

“‘Analysis of antibody-drug conjugates by comprehensive on-line two-
dimensional hydrophobic interaction chromatography x reversed phase liquid
chromatography hyphenated to high resolution mass spectrometry. |- Optimization of
chromatographic conditions”;

M. Sarrut, A. Corgier, S. Fekete, D. Guillarme, D. Lascoux, M-C. Janin-Bussat,
A. Beck, S. Heinisch, J. Chromatogr. B, 1032 (2016), 103-111

Article 5

“‘Analysis of antibody-drug conjugates by comprehensive on-line
twodimensional hydrophobic interaction chromatography x reversed phase liquid
chromatography hyphenated to high resolution mass spectrometry. |- Identification of
sub-units for the characterization of even and odd load drug species”;

M. Sarrut, S. Fekete, M-C. Janin-Bussat, D. Guillarme, O. Colas, D. Guillarme,
A. Beck, S. Heinisch, J. Chromatogr. B, 1032 (2016), 91-102
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INTRODUCTION

Les anticorps conjugués (ADCs) représentent I'une des classes de molécules
thérapeutiques les plus prometteuses pour le traitement du cancer [1]. Ces
biomolécules combinent la spécificité d’'un anticorps monoclonal (mAb) avec la
présence de puissantes molécules cytotoxiques liées de fagon covalentes au mAb par
le biais de linkers. Les cellules cancéreuses sont alors sélectivement détruites tout en
limitant les effets secondaires.

Ces protéines sont des macromolécules d’environ 150 kDa (environ 1300
acides aminés) qui peuvent générer des milliers de variants différents (charges, taille,
oxydation, deamidation, glycosylation...) [2]. Le nombre moyen de molécules
cytotoxiques conjuguées sur un mAb (DAR moyen) est également une donnée
majeure puisqu’il influence les parameétres pharmacocinétiques, toxicologiques mais
aussi la dissipation et I'index thérapeutique de 'ADC dans 'organisme [3-5].

La complexité de telles structures requiert de multiples approches analytiques
complémentaires pour leur caractérisation telles que la chromatographie (IEX, SEC,
HIC, HILIC, RPLC), les techniques électrophorétiques (CZE, clEF, CGE) et la
spectrométrie de masse (MS native, approches top-down, middle-up, bottom-up,
peptide mapping...) [6]. La possibilité de coupler ces techniques en ligne,
particulierement en mode « comprehensive », présente donc un intérét indéniable
puisqu’il sera possible de recueillir des données orthogonales en une seule injection
tout en limitant la consommation d’échantillon ou des problemes de contaminations
[7]. Le développement et l'optimisation de telles méthodes bidimensionnelles
représentent toutefois un challenge analytique important aussi bien du point de vue
instrumental que du traitement des données.

La section A de ce chapitre détaille, sous la forme d’un article, l'intérét et
I'optimisation d’'une méthode HICXRPLC-UV/MS en ligne pour la caractérisation d’'un
ADC commercial a cystéine, le Brentuximab Vedotin (Adcetris©).

La section B est dédiée au traitement des données UV et MS de la méthode
développée dans la section A dans le but d’obtenir a la fois le DAR moyen (i.e. le
nombre moyen de molécules cytotoxiques liées au mAb) ainsi que des informations
structurales sur I'ADC. L’analyse d’échantillons d’ADCs stressés a également été
réalisée afin d’étudier la dégradation de ces biomolécules. Cette partie est présentée
sous la forme d’un second article.
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A. OPTIMISATION DES CONDITIONS CHROMATOGRAPHIQUES

Article 4

“‘Analysis of antibody-drug conjugates by comprehensive on-line two-
dimensional hydrophobic interaction chromatography x reversed phase liquid
chromatography hyphenated to high resolution mass spectrometry. |- Optimization of
chromatographic conditions”;

M. Sarrut, A. Corgier, S. Fekete, D. Guillarme, D. Lascoux, M-C. Janin-Bussat,
A. Beck, S. Heinisch, J. Chromatogr. B, 1032 (2016), 103-111
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Antibody-drug-conjugates (ADCs) manufacturing leads to a mixture of species which needs to be char-
acterized during development and for further quality control. The coupling of on-line HIC x RPLC to
high resolution mass spectrometry can be considered as a very efficient analytical method, providing
extensive information on ADC sample, within a reduced time scale. Our intention in this first paper is to
present the approach used to rationally optimize the numerous conditions that can affect the quality of
the 2D-separation. HIC and RPLC conditions were therefore optimized to prevent salt precipitation due to
solvent mixing and to enhance sensitivity, while limiting the total analysis time. We demonstrated that
HICXRPLC-QTOF-MS adding salt in the sample solvent before HIC injection allows a significant peak shape improvement. The
Antibody-drug conjugate gradient profile was also carefully optimized in both dimensions, leading to a two-step gradient in HIC
ADC and bracketed gradient in RPLC. This study shows that on-line HIC x RPLC hyphenated to high resolution
Brentuximab vedotin mass spectrometry is a useful method to obtain rapid and extensive structural information on the peaks
Adcetris® observed in the first HIC dimension, thereby leading, in a single step requiring 75 min, to the precise
determination of the average drug-to-antibody ratio (DAR) by HIC as well as the knowledge of the drug
load distribution for a particular DAR. The structural characterization of ADC fragments by RPLC-QTOF
will be discussed in the second part of this two-part series.
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1. Introduction

Monoclonal antibodies (mAbs) and their related products such
as antibody-drug-conjugates (ADCs), bispecific antibodies, Fab
fragments, Fc-fusion proteins and radio-immunoconjugates are the
fastest growing class of human therapeutics [1]. Even if numer-
ous mAbs and derivatives have been approved, the first generation
mAbs often suffers from a limited efficacy. ADC technology com-
bines the specificity of a monoclonal antibody (mAb) together with
a potent cytotoxic drug covalently bounded via a linker to the anti-
body, allowing an efficacy improvement. There are two main types

* Corresponding author.
E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

http://dx.doi.org/10.1016/j.jchromb.2016.06.048
1570-0232/© 2016 Elsevier B.V. All rights reserved.

of ADC technology based either on cysteine or lysine linked conju-
gations and currently — as a third class — the so-called engineered
ADCs (cysteine residues are engineered on the surface of the mAb)
are often mentioned as a promising technology. Cysteine linked
ADCs are made by the chemical conjugation of cytotoxins to mAbs,
by first reducing inter-chain disulfide bonds, followed by the con-
jugation of the resulting free thiols with drugs. This process yields
a controlled, but heterogeneous population of conjugated prod-
ucts that contains species with various numbers of drugs linked to
different former inter-chain disulfide cysteine residues on the anti-
bodies [2]. This process results in conjugates with a distribution of
0, 2, 4, 6 and 8 drugs incorporated per antibody and an average
DAR of around 3-4 drugs/mAb which seems to be optimal in clini-
cal trials [3,4]. Fig. 1 shows the possible positional isomers of DAR
species of a cysteine conjugated ADC. In ADC products, the DARO
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Fig. 1. Representation of positional isomers for the different even DARs of a cysteine
conjugated ADC.

is considered as an impurity while DAR species with odd numbers
(DART1 or DAR3) are degradation products.

Among the several liquid chromatographic (LC) modes applied
for the analysis of ADCs, hydrophobic interaction chromatography
(HIC) is the reference technique to separate the different popu-
lations of DARs. The main advantage of HIC compared to other
LC modes (reversed phase (RP) particularly) is that it is non-
denaturating, so the native forms of the proteins are expected to
be maintained. HIC allows the separation of the different DARs of
native cysteine conjugated IgG1 type ADCs such as DARO, DAR2,
DAR4, DAR6 and DARS8 under their physiological-like conformation
[5-7]. In an orthogonal way, DAR species can also be separated by
RPLC under reducing conditions as well as capillary electrophore-
sis sodium dodecyl sulfate (CE-SDS) under both non-reducing and
reducing conditions [2]. Finally, mass spectrometry (MS) is ulti-
mately used for structural assessment [8,9].

MAbs are heterogeneous and possess several microvariants
including glyco variants, charge variants and size variants [10].
In addition, the conjugation of payloads to mAb further increases
the structural complexity, and requires improved methods for the
characterization of drug loading, distribution, average DAR, size
and charge variants or unconjugated drug linkers [11]. State-of-
the-art structural characterization methods of ADCs were recently
reviewed by Beck and Cianferani and case studies of cysteine-linked
Brentuximab vedotin (Adcetris®) and lysine-linked Trastuzumab
emtansine (Kadcyla®) were also discussed [12,13]. ADC analysis
and characterization can be performed at different levels such
as top-down, middle-down and bottom-up levels. Coupling of
different techniques such as LC-MS or multidimensional LC separa-
tions may offer additional benefits over one-dimensional methods
[14,15].

Recently, Debaene et al. applied HIC and off-line ion mobility
native mass spectrometry (IM-MS) for the detailed characteriza-
tion of Brentuximab vedotin [16]. The main advantage of using
native MS for exact mass measurements of ADCs with inter-chain
cysteine-linked drugs, lies in its ability to detect non-covalent asso-
ciations of light and heavy chains that cannot be detected directly
with classical denaturating LC-MS methods. This methodology
resulted in a fast determination of DAR ratio, average DAR and
naked mAb, but provided no information about the drug loading
position.

An improved LC-MS peptide mapping protocol to character-
ize the drug loaded peptides was reported by Janin-Bussat et al.
[17]. This protocol was developed for the commercially available

Brentuximab vedotin. Because of the drug hydrophobicity, all the
steps (including enzymatic digestion) were improved to maintain
the hydrophobic drug-loaded peptides in solution, allowing their
unambiguous identification by LC-MS. For the first time, the pay-
loads positional isomers observed by RP-LC after IdeS-digestion and
reduction of the ADC were also characterized.

Recently, an interesting work showed that multi-dimensional
(2D) chromatography could be a powerful technique for ADC
analysis and characterization, since it allows the hyphenation of
non-compatible MS chromatographic method (i.e. HIC as the first
dimension) to MS instrumentation via a suitable interface (involv-
ing the use of RPLC as the second dimension) [18]. Informative
data could be obtained with intact ADC injected in non-denaturing
medium in first dimension. Even DARs were separated and injected
in the second dimension leading to the separation of sub-units
resulting from denaturing RPLC conditions. Although this approach
was efficient, this 2D-LC method, based on heart-cuts of the first
dimension peaks, requires as many injections as peaks to be ana-
lyzed, which makes this strategy sample-consuming and hence
less attractive when only a limited sample amount is available.
Moreover, this approach may be time consuming and requires 3
pumps, including first and second dimension pumps as well as a
regenerating pump. On-line comprehensive two-dimensional lig-
uid chromatography could therefore be an attractive alternative for
reducing both sample consumption and analysis time. In addition,
in on-line LCXLC, the entire first dimension separation is subjected
to the second separation. As a result, the risk of missing peaks
of interest which in turn may lead to lose essential information
is avoided. However, it was recently shown that the optimiza-
tion of on-line LCXLC conditions may turn out to be a tedious
task without an efficient method development, able to find the
best trade-off between peak capacity, sensitivity and analysis time
[19]. The purpose of the present study is therefore to develop a
straightforward on-line HICXRPLC-MS method. In the first part
of this study, the conditions of the two-dimensional separation
were rationally optimized to gain information that would help
in enlarging the current knowledge on ADCs. Our objective is to
obtain in one single injection, both average DAR determination
and comprehensive identification of positional isomers, thereby
allowing the characterization of both even and odd DARs. This sec-
ond aspect will be extensively discussed in the second part of this
study.

2. Experimental section
2.1. Material and reagents

Acetonitrile (ACN), methanol (MeOH), formic acid (FA) and
trifluoroacetic acid (TFA) all LC-MS grade were purchased
from Sigma-Aldrich (Steinheim, Germany). Ultra-pure water
was obtained from an Elga water purification system (Veo-
lia water STI, Le Plessis Robinson, France). For HIC mobile
phase, ammonium-sulfate, ammonium-acetate (AA), ammonium-
formate and sodium-chloride were purchased from Sigma Aldrich
(Steinheim, Germany). Disodium-hydrogen-phosphate dodecahy-
drate, sodium-dihydrogen-phosphate (anhydrous), phosphoric
acid and sodium hydroxide were purchased from Acros Organic
(New Jersey, USA). Brentuximab Vedotin (Adcetris©) and Brentux-
imab B were kindly provided by the Center of Immunology Pierre
Fabre (Saint-Julien en Genevois, France). Brentuximab B is a mAb
differing from naked Brentuximab in three amino acids. Their con-
centrations were 5 mg/mL and 2 mg/mLrespectively. The pH values
were measured with a Standard pH meter (Radiometer analytical,
Villeurbanne, France).
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2.2. Columns

The HIC column was a MabPac HIC-10 (100 mm x 4.6 mm, 5 pm,
1000 A) from Thermo Scientific (Cheshire, UK). The RPLC column
was an Acquity UPLC Protein BEH C4 (50 mm x 2.1 mm, 1.7 pum,
300A) from Waters (Milford, MA, USA).

2.3. Instrumentation

The LCXLC-MS system is presented in Fig. 2. It consists in a
2D-IClass liquid chromatograph hyphenated to a quadrupole time-
of-flight Xevo G2-S Q-Tof, both from Waters (Milford, MA, USA).
The 2D-IClass instrument includes two high-pressure binary sol-
vent delivery pumps, an autosampler with a flow-through needle
of 15 pL equipped with an extension loop of 50 p.L, a column man-
ager composed of two independent column ovens with a maximum
temperature of 90°C and two 6-port high pressure two-position
valves acting as interface between the two separation dimensions.
A single wavelength UV detector and a diode array detector both
equipped with 500 nL flow-cell withstanding pressure up to 70 bar
were used for the first and second dimension respectively. The max-
imum pressure capability is 1285 bar for both pumps. Beyond a
flow-rate of 1 mL/min, the upper pressure limit decreases depend-
ing on both flow-rate and mobile phase composition. The measured
dwell volumes were 160 L and 100 L for the first and the second
dimensions, respectively. It should be noted that the dwell volume
of the second dimension does not take into account the volume
of the sample loops used at the interface. The measured extra-
volumes were 12 L and 17 p.L for the first and second dimensions,
respectively. The volume of the sample loops used for interfac-
ing both dimensions was 200 L. 1D-LC experiments were carried
out with the first dimension instrument. For the LCXLC-MS exper-
iments, an external 10-port high pressure 2-positions valve (Vici
Valco Instruments, Houston, USA) was placed before the MS to
avoid any salt contamination due to the injection plug. A flow split-
ter was also used to reduce the flow rate before entering MS.

Data acquisition and instrument controlling were performed
with Masslynx software (Waters). 2D-data were exported to
Microsoft Excel and Matlab V7.12.0635 was used to construct a
matrix via house-made calculation tools enabling the construction
of 2D-contour plots.

2.4. Experimental conditions

2.4.1. Sample preparation
Both Brentuximab Vedotin and Brentuximab B were injected as
intact proteins.

2.4.2. Chromatographic conditions

Three ammonium acetate (AA) concentrations were considered
to optimize the HIC separation, namely 2.5, 3 and 3.5 M. The mobile
phase A was composed of the desired concentration of AA and
0.1M phosphate buffer (Na,HPO4) with pH adjusted to 7 with
phosphoric acid. The mobile phase B was composed of 0.1 M phos-
phate (Na;HPO4 and NaH,PO4) with pH adjusted to 7 with sodium
hydroxide solution. For this optimization, the gradient conditions
were 0-100% B in 10 min at a flow-rate of 800 L/min. Column tem-
perature, wavelength and acquisition rate were set at 30 °C, 280 nm
and 10 Hz respectively.

The acquisition rates for UV detection were set at 10Hz and
40 Hz for the first and second dimensions respectively. The wave-
length was set at 280 nm for both dimensions. The conditions in
HICXRPLC result from specific development discussed in this work.

2.4.3. Mass spectrometry conditions

Continuous data were acquired in sensitivity mode with posi-
tive polarity. A mass to charge ratio (m/z) from 500 to 3500 was
used for data collection. Other mass spectrometer settings were
3.20kV and 120V as capillary and sample cone voltage, respec-
tively. Source and desolvation temperature were equal to 110 and
500 °C, respectively. Gas flow for desolvation and cone were set at
900 and 50 L/Hr, respectively. The scan time was set at 0.5s.

3. Results and discussion
3.1. Optimization of HICXRPLC-MS separation

3.1.1. Optimization of ' D HIC conditions

3.1.1.1. Phase system optimization in HIC. Ammonium sulfate is the
most widely used salt for HIC, as it often leads to an efficient sep-
aration of the different DARs [5-7,20]. However, it is not a good
candidate for on-line HICXRPLC, as it may precipitate with organic
solvent in the second RP dimension, even at very low salt concen-
trations, resulting in pressure elevation and risk of clogging. Thus,
different combination of stationary phases and salts were evalu-
ated.

First, the stationary phase was selected on the basis of DARs
retention (elution) window and achievable peak capacity (effi-
ciency). Among the six tested columns at disposal (i.e. Thermo
MAbPac HIC-10, Thermo MAbPac HIC-20, Thermo MAbPac HIC-
butyl, Thermo ProPac HIC-10, Waters Protein-Pak Hi Res HIC
and Tosoh TSKgel Ether-5PW), the Thermo Mab-Pac HIC-10 was
selected since it provided appropriate retention, selectivity and
peak capacity. Some of the columns (Thermo MAbPac HIC-20 and
Thermo MAbPac HIC-butyl) did not allowed the elution of the
most hydrophobic DAR species (DAR6 and DARS8) of brentuximab-
vedotin [21].

Then, the mobile phase salt concentration and type (lyotropic
strength) were optimized, since these variables are highly relevant
for tuning HIC retention and selectivity. Generally, the influence of
different salts on hydrophobic interactions follows the Hoffmeis-
ter (lyotropic) series for the precipitation of proteins from aqueous
solutions [22]. Not only the effect of salt concentration on ADC
DARs retention was evaluated, but the impact of different salts on
selectivity was also studied.

First, the solubility of 1-4 M ammonium-sulfate, ammonium-
acetate, ammonium-formate and sodium-chloride was assessed
in 10, 30, 50% and 100% methanol and acetonitrile. Based on the
results, ammonium-sulfate was found to be the less appropriate
salt, while ammonium-acetate and ammonium-formate showed
acceptable solubility in all organic mixtures. The solubility was
found to be somewhat lower in neat acetonitrile than in methanol.

Ammonium-acetate and ammonium-formate were then com-
pared. Ammonium-formate showed somewhat lower elution-
strength than ammonium-acetate and therefore required higher
salt concentration to sufficiently retain the DARO and DAR2 species.
Higher salt concentration is not recommended, because of the high
organic modifier content in the second RP dimension. Therefore,
taking the solubility and elution strength of the four salts into
account, ammonium-acetate was selected for the HIC separation.

Finally, the salt concentration was optimized. Based on the pre-
liminary results, 2.5, 3.0 and 3.5 M ammonium-acetate were tested
when applying a linear salt gradient from 100 to 0% salt concentra-
tion. To keep sufficient retention for the least retained compounds,
while minimizing the analysis time, 2.5M was found to be the
optimum concentration (see Supplementary Fig. S1).

3.1.1.2. Optimization of ' D-Gradient conditions in HIC. The analysis
time in the first dimension separation has to be minimized, since
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Fig. 2. HICXRPLC set-up. The eluent of the first dimension is stored in the loop 1, while the content of loop 2 is injected in the second dimension. Abbreviations are defined
as SV: switching valve; UV: UV detector; DAD: diode array detector; QTOF: quadrupole time-of-flight mass spectrometer.
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it represents the analysis time of the whole LCXLC separation. In
the meantime, the separation power has to be maximized. Fur-
thermore, with the objective to send in 2D, a constant number of
fractions per peak of first dimension, gradient conditions must be
carefully chosen, so that the widths can be kept constant for all
peaks. To achieve these conflicting objectives, HIC gradient condi-
tions were optimized using computer assisted optimization (Osiris
software). Three preliminary experiments were performed under
linear gradient conditions with three different normalized gradi-
ent slopes (5%, 15% and 25%), the normalized gradient slope being
the product of the gradient slope and the column dead time. It was
shown that the Linear Solvent Strength model (LSS) [23] was accu-
rate enough to describe the retention behavior of DAR species in
HIC. The corresponding retention model (log k) can be written as:

logk = logkg — S.C (1)

where log kg is the extrapolation of the retention model to a null
value of the salt concentration, C is the salt concentration and S
is the slope. S and log ko can be determined from two gradient
runs. As shown in Fig. 3a, the variation of S with log kg for the
different peaks is linear which is in good accordance with the fact
that only one mechanism is involved in the HIC separation process
(i.e. hydrophobic interaction mechanism). The strong increase in S
value with the number of drugs and hence with the hydrophobicity
of DAR species (Fig. 3b) suggests that a linear gradient cannot be
suitable for the purpose of keeping both the same peak width and
the same peak spacing all over the separation and that a concave
profile should be much more appropriate. The optimum predicted
gradient separation is given in Fig. 4a, while the experimental one
is shown in Fig. 4b. A first normalized gradient slope of 25% was

first applied followed by a second normalized gradient slope of 5%.
As expected, the predicted separation is in good agreement with
the experimental one. However, it can be observed that the least
retained peaks (e.g. DAR 0) are strongly distorted. This is mainly due
to injection effects produced by the combination of large injection
volume (20 pL) and strong injection solvent (no salt).

3.1.1.3. Effect of salt addition in the sample solvent in HIC. To
enhance sensitivity in HICXRPLC-MS, large injection volumes
are mandatory. However, strong injection effects such as peak
distortions and breakthrough phenomena may occur as above high-
lighted, particularly for the least retained compound (i.e. DAR 0 and
DAR 2). Decreasing the eluent strength of the sample solvent is a
good way to improve the peak shape. In HIC, the eluent strength can
be decreased by increasing the ionic strength. The effect of different
AA concentrations in the sample solvent on Brentuximab B (home-
made naked brentuximab) peak shape can be observed in Fig. 5
for different injection volumes. As observed, the phenomenon of
breakthrough appears for salt concentrations lower than 1.5 M even
for very low injection volumes. On the contrary, this phenomenon
no longer exists at higher salt concentrations. The obtained results
clearly point out that a volume as high as 40 pL can be injected
onto the column without peak distortions, provided that the con-
centration of ammonium acetate in the injection solvent is 2.5M
or more.

As highlighted in this study, the addition of AA into the sample
solvent is very efficient to improve mAbs peak shape in HIC. Such
ionic strength conditions were further applied to the ADC sample.
The obtained separations for different injection volumes with 2.5 M
AA added to the sample solvent are shown in Fig. 6. As expected,
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neither peak distortion nor peak broadening can be observed with
injection volumes as high as 40 p.L. Thus, these conditions (2.5M
AAin injection solvent and 40 p.L as injected volume) were further
selected for 2D experiments with the goal to significantly enhance
sensitivity of least retained compounds.

3.1.2. Optimization of RPLC-MS conditions

3.1.2.1. Selection of organic modifier in RPLC. To avoid a poten-
tial precipitation issue when the injection plug coming from the
first HIC dimension is diluted in the second RPLC mobile phase,
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Fig. 6. Effect of different injection volumes on the HIC separation of ADC. 2.5M as
ammonium concentration in the sample. Optimized HIC conditions as in Fig. 4.

methanol was first preferred to acetonitrile. However, with very
short gradient times, the optimal flow-rate to achieve the high-
est possible peak capacity is much higher than the one to achieve
the best plate number (van Deemter curve), thereby leading to the
need for very high flow-rates in the second dimension [24] to max-
imize peak capacity. In this context, acetonitrile (ACN) is expected
to be more attractive than methanol (MeOH) due to its lower vis-
cosity. The two organic modifiers were therefore compared at the
highest possible flow-rate compatible with the instrumentation,
namely 1.2 and 1.4 mL/min for MeOH and ACN, respectively. The
comparison was based on the achievable peak capacity obtained in
the second RPLC dimension for a given sampling time (i.e. 1 min),
considering the separation of the fractions of DAR 6. Fig. 7 illus-
trates the overlaid separations of the different sub-units of DAR
6 resulting from disruption of non-covalent bonds in RPLC dena-
turing conditions. It can be observed that the retention space was
larger when acetonitrile was used as organic modifier. For a more
reliable assessment of the separation power, the experimental peak
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Conditions as in Fig. 4.

Table 1
Comparison of the peak capacities obtained in Fig. 8 for the separation of the frac-
tions of DAR 6. MeOH and ACN as organic modifier. Conditions given in Fig. 8.

MeOH (At=17s) ACN (At=23s)

Wy (S) nc Wy (S) n
Peak 1 1.9 8.9 1.8 12.8
Peak 2 32 53 2.7 8.5
Peak 3 34 5 34 6.8
Average value 2.8 6 2.6 9

capacity, 2n, was calculated in both cases according to the following
relationship:

Zn =1+ At/?w

Where At is the retention space represented by the difference in
retention times between the last and the first eluted compounds
and 2w is the average peak width at 4.2c.

The results listed in Table 1, point out a 1.5-fold gain in peak
capacity when using acetonitrile rather than methanol. As a result,
acetonitrile was chosen for the rest of the study.

3.1.2.2. Optimization of gradient conditions in RPLC. The 2D RPLC
method has to fulfill two major objectives: (i) minimizing the risk
of precipitation which could result from the large amount of salt
injected from the first dimension to the hydro-organic media of
the second dimension has to be avoided and (ii) maximizing the
peak capacity in order to facilitate MS spectra deconvolution.

To avoid precipitation, an easy solution may consistin injecting a
very low sample volume in the second dimension. This can be done
either by setting a short sampling time or by using a flow splitter
to reduce the flow-rate entering the interface. However, shorten-
ing the sampling time results in decreasing the peak capacity, while
increasing sample dilution. On the other hand, flow splitting allows
to keep an acceptable peak capacity but also leads to high dilu-
tion and hence low sensitivity. An alternative solution consists in
using a gradient elution bracketed by two water steps so that the
contact of the injection plug, rich in salt, with the mobile phase of
the second dimension, rich in organic solvent, can be minimized.
According to this idea, the second dimension RPLC gradient condi-
tions were modified by programming an isocratic hold (99% water)
at the beginning and at the end of the gradient method, to complete
the elimination of the salt in both the loop and the column before
the organic solvent was in contact with the injection plug.

To maximize the peak capacity, we took into account the strong
focusing power of water as injection solvent in RPLC, thereby allow-
ing the injection of large volumes without the occurrence of peak
distortion. As a result, sampling times and hence peak capacities

Table 2
2D RPLC method with bracketing water steps.

Time (min) %B (ACN +0.05%TFA +0.1%FA)
0 1

0.14 1

0.15 32

1.21 40

1.22 1

1.5 1

could be maximized. To keep an acceptable sampling rate (2-3 frac-
tions per peak), the sampling time was set at 1.5 min, corresponding
to aninjection volume of 150 p.L. Accordingly, two identical sample
loops of 200 pL were selected for the interface. Their volume was
slightly higher than the injection volume to prevent any sample
loss. It should be underlined that the sampling time must include
the bracketing times in addition to the gradient time. Once again, it
was of prime importance to work at the highest possible flow-rate
so that the column dead time was as low as possible. The use of
high column temperature in the second dimension was therefore
mandatory.

Instrumental dwell volume (100 L), loop volume (200 L) and
column dead volume (about 100 pL) were carefully considered to
determine the duration of the isocratic hold, which has to be long
enough to avoid any salt precipitation and as short as possible to
maximize peak capacity. Considering these two conflicting objec-
tives, the duration of the first and the second isocratic holds were
set at 0.14 min and 0.28 min respectively, corresponding to solvent
volumes of 200 L and 400 L, respectively for a second dimen-
sion flow-rate of 1.4 mL/min. In these conditions, the injection plug
was therefore washed out with 350 L of water-rich solvent (99%
water). Such a volume corresponds to more than two injection vol-
umes (350 L vs 150 pL). At the end of the analysis run, the column
was filled with the same solvent, thereby bracketing the next injec-
tion plug. Considering the duration of the two isocratic holds, the
time available for the gradient was 1.06 min which led to a reason-
able normalized gradient slope of 0.56% with 8% as composition
range. The gradient conditions for the 2D RPLC separation are given
in Table 2.

3.1.2.3. Further RPLC optimization designed to enhance MS detection.
To increase sensitivity, 0.1% FA was added to the mobile phase in
addition to 0.05% TFA [25]. To prevent any salt contamination in
the MS source resulting from the very high salt concentration in the
injection plug, the 2D-mobile phase coming from the UV-detector
was sent to the waste, thanks to a two-positions switching valve.
This was done for a period which depends on the width of the sol-
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Table 3
HICXRPLC conditions.

Chromatographic conditions 1t dimension ('D)

2"d dimension (2D)

MabPac HIC-10
100x4.6 mm, 5 wm 1000 A

Stationary phase
Column geometry

Mobile phase A:25MAA (pH=7)B: 0.1 M Phosphate
(pH=7)

Flow rate 100 pL/min

Gradient 0to 90% (B) in 36 min, 90 to 100% (B) in 21 min,

100% (B) for 11 min
Temperature 30°C
Sampling time

Injected volume (%Vp) 40 L (4% Vo)

Acquity Protein BEH C4
50x2.1mm, 1.7 wm 300 A
A : Water+0.05%TFA+0.1%FA B :
ACN +0.05%TFA + 0.1%FA
1.4mL/min
1% (B) for 0.14 min, 1 to 32% (B) in 0.01 min, 32
to 40% (B) in 1.06 min, 40 to 1% (B) in 0.01 min,
80°C
1.5min
150 pL (150% 2Vo)

UV detection 280nm (10Hz) 280nm (40 Hz)

MS conditions (ESI+)

Scan range 500-3500m/z
Scan time 0.5s
Capillary / Sample cone voltage 3.20kv/120V
Desolvation temperature 500°C
Desolvation | Cone gas flow 900 L/Hr / 50 L/Hr
Source temperature 110°C

vent peak. The time required for the salt peak to fully return to
the baseline corresponds to about 0.4 min after the injection time,
thereby fixing the time required to eliminate the whole amount
of salt (see Supplementary Fig. S2). It should be noticed that this
time is more than two-fold higher than the time required for on-
column injecting and column travelling (i.e. about 0.18 min) as a
result of the high dilution of the injection plug in the mobile phase.
PolyEthylene Glycol (PEG) was also detected from the Total lon Cur-
rent signal (MS-TIC-signal) at the beginning of the gradient run due
to its presence in the ADC formulation. However, the most intense
signal for PEG was found within 500-800 m/z as mass range which
did not constitute a barrier for the MS-detection of ADC sub-units
considering their higher expected mass-to-charge values. Further-
more, the flow was split post-column so that the flow-rate entering
MS was 750 pL/min only to enhance ionization, while 650 p.L/min
were directed to UV detection.

3.2. HICXRPLC-MS results

The above optimized conditions were applied to the HIC x
RPLC-MS separation of brentuximab vedotin®. All operating condi-
tions were summarized in Table 3. The obtained first dimension HIC
separation is shown in Fig. 8. The successive fractions sent to the
second dimension are delimited from vertical lines. As expected by
our optimization approach above discussed, two to three fractions
per peak could be analyzed in the second RPLC-dimension, ensur-
ing a comprehensive on-line 2D-LC separation. The integration of
the peak areas of the different even DARs allowed to determine the
average DAR (avDAR) value according to the following relationship
[2,26]:

ZSHADAR
avDAR = % (2)
oAADAR,
where n correspond to the number of loaded drug and Appg,, cor-
responds to the peak area of DAR n, n being the DAR number.

The results are shown in Table 4. The obtained value of 3.9 + 0.1
is in good agreement with those found in the literature [16,27].
Furthermore, the reliability of this measure seems to be very
good, considering the obtained relative standard deviation of 1.5%
calculated from 3 replicate injections (Table 4). These results
demonstrate the ability of the D HIC method to provide an accurate
determination of the average DAR.

The 2D-colour plots are shown in Fig. 9a and b for UV and MS-
signal, respectively. Each horizontal dotted line shown in Fig. 9b,

Table 4
Average DAR calculation.

Number of drug load HIC peak area (%) (average on 3

injections)
DAR O 6.0
DAR 2 26.1
DAR 4 42.6
DAR 6 17.2
DAR 8 8.1
Average DAR 39
RSD (%) 1.5

passes through the peak apex of the different sub-units obtained
from the dissociation of a given species. Horizontal black dotted
lines allow to locate the separations of the 5 fractions correspond-
ing to the peak apex of the 5 even DARs in 1D- HIC (see also Fig. 8).
As shown by the black spots in Fig. 9b, 17 peaks were found in
this 2D-map. Some of them are vertically aligned suggesting that
the corresponding sub-units are the same. The vertical alignment
of these colored spots is noteworthy. This observation highlights
the very good run-to-run repeatability of retention times and as a
result, the ability of this 2D RPLC method to discriminate between
the different spots. Here, the three vertical lines in Fig. 9b indicate
three series of identical sub-units. However, it appears that 6 spots
are not aligned with the others thereby suggesting that the corre-
sponding sub-units are quite different. Similarly, some horizontal
dotted lines (highlighted in red in Fig. 9b) do not correspond to any
peak apex of even DARs. They suggest that some additional species,
unknown so far, are also separated to some extent in !D HIC. It can
be concluded that 2D-maps can be very helpful for further MS iden-
tification of sub-units and beyond sub-units, for identification of the
different species present in the ADC product. This will be discussed
in more details in the second part of this study.

Finally, it is very interesting to notice the excellent similarity
between two 2D-UV-colour-plots obtained from the same bren-
tuximab vedotin, but analyzed with four days between injections
(Fig. 9a and c). This result points out that, in addition to good
run-to-run repeatability of 2D separations, as above discussed,
the variability of the whole developed 2D-separation method is
very low. The perfect similarity between the two 2D-separations
is attested by the excellent correspondence between 2D-retention
times as emphasizes by the vertical dotted lines joining the spots in
Fig. 9a to those in Fig. 9c. The low variability of this comprehensive
2D-separation method can further be assessed by observing the
similar intensity of UV-signals between the two successive sepa-
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Fig. 9. 2D-colour plots of the HIC x RPLC separation of Brentuximab Vedotin using optimized conditions displayed in Table 3. (a) first UV-signal, (b) Total lIon Current MS

signal and (c¢) second-UV-signal obtained four days after the first one.

rations. The high reliability of this comprehensive 2D-separation
method associated to the versatile information it can provide, sug-
gests that such 2D-colour plots, obtained from either UV or MS
signal or from both, might constitute a very convenient tool to
quickly evaluate the quality of a given ADC. Knowing that two dif-
ferent ADCs can still deliver similar HIC profiles, 2D-plots could
be indeed very useful for gathering extensive information within a
single run. This feature will be more extensively discussed in the
second part of this study wherein 2D-colour plots of stressed ADCs
will be compared to that of the original one.

4. Conclusion

The comprehensive characterization of ADCs is a challeng-
ing task due to their high complexity. In this work, an on-line

HICXRPLC-MS method was successfully developed leading to an
informative 2D-separation requiring 75 min only. The objective
was to get relevant information on both drug loaded profile (aver-
age DAR) and structural information on positional isomers of each
DAR of a cysteine-linked commercial ADC (brentuximab vedotin,
Adcetris®).

To achieve this goal, several optimization steps were tackled. 'D
HIC conditions were carefully optimized by (i) replacing the usual
salts employed in the mobile phase with ammonium acetate to
improve the solubility of the salt in the hydro-organic media of the
second dimension and MS hyphenation (ii) using a concave gra-
dient thanks to a computer assisted method based on LSS model,
which was found to accurately predict the retention behavior of
different DARs and (iii) adding a sufficient amount of salt in the
sample before injection to reduce the injection solvent strength
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thereby allowing to increase the injected amount and hence sensi-
tivity. 2D RPLC gradient conditions were also carefully optimized.
Furthermore, the gradient profile was bracketed by two water steps
to prevent any salt precipitation at the injection time and both very
high flow-rate and high temperature were used to maximize peak
capacity. Peak capacity was also enhanced thanks to the strong col-
umn focusing effect in the second dimension, allowing a sampling
time of 1.5 min and therefore very large injection volume (150% of
the second dimension column dead volume). Finally, the flow-rate
coming from the second dimension was first diverted to discard
the salt plug coming from 'D fractions to preserve MS detector and
then decreased to ensure a sufficient sensitivity.

The obtained average DAR value was found in very good
accordance with those reported in the literature. In addition, the
LCxLC-UV method was found to be highly reproducible and very
informative and could therefore be used for a rapid characteriza-
tion of ADCs. We demonstrated that the precise determination of
the average drug-to-antibody ratio (DAR) and an extensive knowl-
edge of the drug load distribution could be obtained in a single step
method. The identification of the different sub-units related to their
specific DAR will be discussed in the second part of this series.
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0dd DARs replaced by UV detection to quickly assess the conformity of different ADCs batches.
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1. Introduction

Hydrophobic interaction chromatography (HIC) is one of the
most popular modes of chromatography that is widely applied
for the characterization of antibody-drug conjugates (ADCs). This
reference technique enables the separation of the different popu-
lations of ADC molecules that differ in their number of drugs per
antibody which are often known as DAR (drug-to-antibody ratio)
species [1,2]. For cysteine linked ADCs, thiol conjugates are pro-
duced by the partial reduction of disulphide bridges and followed
by the conjugation with a drug linker, resulting in a heterogeneous
population that differs with respect to the site of conjugation and
the number of drugs per antibody (DAR) [1].

* Corresponding author.
E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

http://dx.doi.org/10.1016/j.jchromb.2016.06.049
1570-0232/© 2016 Elsevier B.V. All rights reserved.

The drug-loading distribution and conjugation sites of ADCs
have been reported to influence pharmacokinetic, toxicity, clear-
ance and therapeutic index [3-5], therefore it is important to
determine the average DAR and distribution of the different pop-
ulations. One of the most important quality attributes of an ADC
is the average number of drugs that are conjugated, because this
determines the amount of “payload” that can be delivered to the
tumor cell. A fully conjugated IgG1 ADC has a maximum DAR of
8 and is composed of a heterogeneous mixture of 0, 2, 4, 6, and 8
DARs [6]. An odd number (e.g. DAR 1 or DAR 3) of conjugated drug is
typically indicative of incomplete conjugation or degradation, and
odd DARs are therefore mostly observed in very small amount [1].

Obviously, other techniques than HIC can also be used to
determine the average DAR and DAR distribution [7]. UV-vis spec-
trophotometry, reversed-phase liquid chromatography (RPLC) or
sodium-dodecyl-sulfate capillary gel electrophoresis (CGE-SDS)
are often used for cysteine linked ADCs, while ion-exchange
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chromatography (IEX) or capillary isoelectric focusing (cIEF) are
routinely used for lysine conjugations [6,7]. With RPLC, not only
the average DAR, but also the amount of each positional isomer can
be determined. Native mass spectrometry (MS) is also an important
tool for the determination of average DAR and DAR distribution [8].

Multi-dimensional (2D) chromatography could be a powerful
technique for ADC characterization, since it allows the hyphenation
of MS incompatible chromatographic modes to MS instru-
mentation. Three approaches are applied for multi-dimensional
separations of ADC samples: (i) off-line sample collection (LC-MS),
(ii) heart-cutting approach (LC-LC-MS) and (iii) fully comprehen-
sive on-line approach (LCXLC-MS). Debaene et al. applied HIC for
off-line native MS characterization of ADC (brentuximab vedotin)
[9]. HIC fractions were collected and then analyzed by ion mobil-
ity (IMS) combined with native MS. On-line multi-dimensional
LC of HIC and MS using an RPLC desalting step prior to MS was
applied by Birdsall etal. [10]. Their heart-cutting setup provided the
identification of positional isomers and the drug conjugation site
confirmation. This approach however requires as many injections
as peaks to be analyzed. On-line comprehensive two-dimensional
liquid chromatography could therefore be an attractive alternative
for reducing both sample consumption and analysis time.

It has been shown in the first part of this study that com-
bining HIC in the first dimension of an on-line comprehensive
2D-separations and RPLC in the second dimension was a promising
solution for MS-coupling, given the fact that the salt can be com-
pletely eliminated in the second dimension [11]. In addition, the
whole sample is subjected to two different separation modes in
comprehensive 2D-LC which dramatically increases the separation
power provided of course that the degree of orthogonality of the
combination is sufficient. Indeed, we demonstrated that the second
RPLC-dimension permitted to obtain a good separation of the dif-
ferent sub-units of the DAR positional isomers. It was also shown
that 2D retention times were highly repeatable and hence able to
provide useful additional information for completing MS identifica-
tion. As a result, an extensive information on the peaks observed in
the first HIC-dimension can be expected from 2D-data. The objec-
tive of this second study was therefore to cross information from
retention and MS data to clearly identify the peaks obtained in the
second dimension, thus tracking the ADC structure. Non-stressed
and stressed brentuximab vedotin samples were analyzed to assist
the ADC characterization. The final objective was to demonstrate
that, once the characterization was completed, MS could be conve-
niently replaced by UV detection to quickly assess the conformity
of different ADC batches.

2. Experimental section

For detailed explanations, the reader is kindly referred to Part I
[11] of the present study, in particular to Table 3 for the description
of the HIC x RPLC-UV/MS method and to Fig. 2 for instrumental
set-up.

2.1. MS-data processing

Mass spectra were deconvoluted using the MaxEnt 3 algorithm
of Waters MassLynx.

2.2. Protocol to obtain stressed ADC samples

The Brentuximab vedotin ADC sample was analyzed as soon as
received (non-stressed sample) and after having been subjected
at 40°C during one month (one-month stressed sample) and two
months (two-month stressed sample).
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Fig. 1. Expected sub-units for the positional isomers of even DARs resulting from
denaturing conditions in RPLC. Abbreviations are defined as “L” for light chain; “H”
for heavy chain with numbers 1, 2, 3 and 4 referring to the number of drugs.

3. Results and discussion

3.1. Structural elucidation of even DAR positional isomers by
on-line HICxRPLC-MS

Brentuximab vedotin is a cysteine-conjugated ADC. The con-
jugation of drugs to the antibody results in a heterogeneous
population of DARs. Drug loads are usually expected in even inter-
vals (2, 4, 6 and 8). The positional isomers of even DARs are shown
in Fig. 1 as well as the expected sub-units resulting from disruption
of non-covalent interaction in a denaturing medium such as RPLC
hydro-organic mobile phase. For sake of convenience, abbrevia-
tions for the different sub-units have been used all along this paper
in the following way: “L” and “H” refer to light and heavy chains
respectively; a combination of “L” and “H” is used when several
chains are present; the number at the end of the abbreviation indi-
cates the number of payloads without specification of their location
in the sub-unit. For example, HHL1 refers to two heavy chains, one
light chain and one drug. HHL1 corresponds to a theoretical mass of
125675 Da, as calculated from the work of Janin-Bussat et al. [12].
Theoretical masses for both sub-units and even DARs are given in
Table 1.

The different steps leading to identification of the different
peaks obtained in the second RPLC dimension have been reported
in Fig. 2 for the particular case of DAR 6, whose peak apex was
located at a retention time of 58.5 min in HIC (Fig. 2a). The fraction
between 58.5 and 60 min was sent to the second RPLC-dimension
and led to the separation of four major sub-units, as highlighted by
MS-Total lon Current (MS-TIC) chromatogram (Fig. 2b). Sub-units
could be identified after deconvolution of mass spectra (Fig. 2c),
leading to measured masses of 25040.4 Da (peak 1) matching with
L1, 76676.4Da (peak 2) matching with HL2, 105915 Da (peak 3)
matching with HH4 and 54271.3 Da (peak 4) matching with H3.
In the cases of HL2 and H3, two masses differing by 162 Da were
observed as a result of microheterogeneity in the sub-units (dif-
ference in glycoforms G1F/GOF). MS-sensitivity was limited for
HH4 and prevented from unambiguously identifying glycosylation
(G1F). Measured masses can be compared to theoretical ones in
Table 1 for all the identified sub-units. The observed errors were
24, 26, 63 and 123 ppm for L1, HL2, H3 and HH4, respectively. The
increase in error with the mass of the sub-unit is likely to be due to a
lower sensitivity for larger sub-units. Increase in error on measured
masses may also be the result of less efficient de-adducting of the
higher loaded species [9]. Fig. 3 shows the HICXRPLC-UV analysis
of brentuximab vedotin. Even DARs are given on the left side of the
1D-HIC separation. The corresponding sub-units that were further
identified by mass spectra deconvolution are indicated at the top of
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Fig. 2. Successive steps leading to the identification of sub-units by HICXRPLC-MS. This example illustrates the identification of DAR 6 sub-units: (a) 1D-HIC separation;
the fraction at 58 min (colored vertical line) was sent to 2D; (b) 2D-RPLC separation of the fraction at 58 min (TIC chromatogram); (c) Identification of the 4 sub-units,
corresponding to the 4 peaks observed on MS-TIC chromatogram, by deconvolution of MS signal. Experimental conditions were given in the experimental section of part 1

[11].

the contour-plot. Measured sub-unit masses found for each DAR as
well as average mass values are listed in Table 1. The error between
average measured masses and calculated theoretical masses, was
in the range 24-155 ppm. This error is strongly dependent on the
sub-unit mass, due to potential difficulty in detecting large masses.
Sub-units are ranked in the ascending order of their retention times

Table 1

in Table 1. The number of identified sub-units was 6, out of a total
of 8 that were expected (see Fig. 1). As above mentioned, HHL3 (for
DAR 4) or HHLL2 (for DAR 2) were more difficult to detect by MS,
probably due to their size. According to the data set including all
2D-retention times for detected sub-units (discussed below), the
retention time of HHL3 should be close to 54s. Yet, UV detection

Summary of experimental values for the different sub-units identified for even DARs: retention times in the second dimension and molecular weights obtained from
deconvoluted mass spectra. Abbreviations are defined as “L” for light chain; “H” for heavy chain with numbers 1, 2, 3 and 4 referring to the number of drugs. The retention
time (RT), the standard deviation of the RT and the MW of each detected sub-units is indicated. Grey cells mean that the related sub-unit was not expected with the
corresponding positional isomer. Theoretical masses of sub-units were compared to the experimental ones at the bottom. Similarly, theoretical masses of DARs were

compared to the experimental ones on the right hand.

Sub-units L1 HHL1 HH2 HL2 HH4 H3
2D retention time (s) 36.3 405 433 467 57.1 73.1
Standard deviation (s) 0.4 / 0.9 0.4 0.4 0.5
Sum | Theoretical | A mass
MW (Da) (Da) mass (Da) (Da) Error (ppm)
DAR 2 25040.8 125690 150731 150715 16 106
258:;())'8 153365 153349 16 104
DAR4 76676.9
) 153354 153349 5 33
(x2)
25040.7 155996 155982 14 90
DAR 6 (x2)
25040.7 54271.9 155988 155982 6 38
DAR 8 250305 54270.6 158622 158616 6 38
(x2) (x2)
Experimental MW (Da) 250407 | 125690 | 103284 | 766764 | 105915 | 542713
(average value)
Theoretical MW? (Da) 25040.1 125675 103268 76674.4 105902 54267.9
A mass (Da) 0.6 15.0 16.0 2.0 13.0 3.4
Error (ppm) 24 119 155 26 123 63

2obtained or calculated from [12].
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Fig. 3. HICXRPLC separation of Brentuximab Vedotin. ' D HIC separation is on the left side. The different positional isomers for each DAR are specified. The 2D-contour plot was
on the right side. The grey grid delimits the different 'D fractions sent to 2D. The sub-units identified after MS deconvolution were specified according to the abbreviations
given in Fig. 2. Horizontal thick grey lines correspond to the most concentrated fractions of DAR 0, 2, 4, 6 and 8. UV detection at 210 nm was used in both dimensions. Other

experimental conditions were given in the experimental section of part 1.

also failed to detect a peak at this time. It is therefore likely that
the corresponding positional isomers were either not present or be
present in the ADC sample in very small amount. Despite these two
non-detected species, the clear and unambiguous identification of
the four even DARs (2, 4, 6 and 8) was made possible with a rea-
sonable error on the total mass (33-106 ppm), as shown in Table 1.
DAR 0 (i.e. mAb) was poorly detected by mass spectrometry due to
its large mass, and the signal was too low for an accurate decon-
volution. Of course, this information is not of prime importance
since the relative DAR 0 abundance can be directly assessed from
1D HIC separation, its structure being generally known before ADC
synthesis.

The separations of the most concentrated fractions of even DARs,
indicated as horizontal grey lines in Fig. 3, are shown in Fig. 4.
As shown, the peaks are located within a narrow retention range
(36-73s). However, as reported in Table 1, the standard deviation
of retention times (in the order of 0.5 s) is low compared to the aver-
age peak width at half peak height (from 1s for L1 to 2.5 s for H3).
As a result the 2D-retention times of sub-units can be considered
as helpful data (in addition to those provided by MS) for complet-
ing the identification of sub-units. In this way, it was surprising to
observe a small peak corresponding to HL2 in the separation of the
DAR 8 fraction (Fig. 4e). The presence of this sub-unit is likely to be
due to the peak tailing of DAR 6 in HIC (Fig. 1a), both DARs being not
baseline resolved in HIC. More surprisingly, a small peak of H3 can
be observed in the chromatogram of the fraction of DAR 4 (Fig. 4c)
whereas this sub-unit is expected to be present in the fractions of
DAR 6 and DAR 8 only, as highlighted in Fig. 1.

The observation of the contour plot shown in Fig. 3 provides
some relevant information summarized below:

As highlighted by the large spot of DAR 0, UV detection seems to
be more sensitive than MS detection for such very large proteins.

For a given sub-unit, the corresponding plots are well aligned
along a vertical line whatever the 2D-run. In the light of this, it is
clear that some spots cannot correspond to any of the sub-units
related to even DARs as listed in Fig. 1. Some of these spots could

be also identified by MS and suggested that odd DARs were also
present in this ADC sample. This issue will be addressed in the next
section.

The spot corresponding to HH4 appears to be slightly offset from
the other spots of the DAR 6 sub-units (i.e. L1, HL2, H3). This can be
more easily observed in Fig. 5, showing the 2D-separations of two
successive fractions, the most concentrated fraction of DAR 6 at
60 min and the preceding fraction at 58.5 min (Fig. 5). As expected
from the observation of the contour plot, the peak heights of both
HL2 and H3 increase between the fraction at 58.5 min and that at
60 min while it decreases for HH4. This suggests that the positional
isomer of DAR 6 with the six drugs uniformly distributed over the
mADb, thereby leading to a symmetrical structure, was slightly less
retained in HIC than the second positional isomer. Furthermore,
the comparison of peak intensities between both separations sug-
gests that the first positional isomer was far less abundant. That
is not in agreement with the results obtained by Birdsall et al. in
2D-heart cutting [10]. However, their results were not obtained
with Brentuximab Vedotin, but with an ADC synthetized from a
non-cytotoxic-drug-mimic.

As expected from the results presented in the first part of this
study, the present results confirm that on-line HICXRPLC-UV/MS
can be a powerful technique to obtain, in a single step method of
75 min, an extensive information on both the drug loaded distri-
bution (HIC separation) and the drug loaded position (RPLC-MS),
making this method very attractive for the characterization of
ADCs.

3.2. Structural elucidation of odd DAR positional isomers by
on-line HICXRPLC-UV/MS

In the previous section, it was suggested that some peaks
obtained in the second dimension could correspond to sub-units
that were different from those coming from even DARs in denatur-
ing conditions. The deconvolution of mass spectra for these peaks
pointed out the existence of sub-units specific of odd drug loads. In
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Fig. 4. 2D RPLC-separations of the most concentrated fractions of DAR 0, 2, 4, 6 and 8 (indicated as horizontal grey lines in Fig. 3). The subunits that could be identified by
deconvolution of mass spectra were specified above the corresponding peak apex.

arecent work of Debaene et al. [9], the unexpected presence of odd ence of odd drug load is usually observed in lysine ADCs, it is rather
drug load species was highlighted by off-line combination of HIC unexpected in the case of cysteine conjugated ADCs [8] and may
and native MS in the case of an in-house produced ADC. For Bren- result from an incomplete conjugation.

tuximab Vedotin, this analytical approach was not able to identify In the present study, most of the sub-units that could be related
odd-numbered DARs. It should be noted that, whereas the pres- to odd DARs were not sufficiently concentrated to be unambigu-
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partial separation in HIC of the two positional isomers of DAR 6. Fractions at 58.5 min
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ously identified. The DAR distribution may change over time under
stress conditions, with an occurrence of odd load drug species.
Then, we decided to stress the ADC sample, which would subse-
quently lead to a decrease of the drug load level, and hence an
increase in the concentration of odd DARs. The ADC sample was
subjected to one-month and two-month stress procedure, accord-
ing to a protocol described in the experimental section. An overlay
of the three resulting HIC separations is shown in Fig. 6.

As observed, the HIC distribution profile of a stressed ADC sam-
ple is quite different from that of a non-stressed one. In particular,
the peak intensities of even DARs decreased when the stress dura-
tion is increased while, at the same time, the intensities of two
unidentified peaks (indicated by arrows in Fig. 6) increase, sug-
gesting a potential degradation of the product. In view of their
respective location in the chromatogram, these peaks could cor-
respond to odd-numbered conjugated species, namely DAR 1 and
DAR 3 respectively. DAR 0 (i.e. mAb) also seems to have been
impacted by the stress procedure since the emergence of several
peaks can be seen at its retention time. In the light of the peak
intensities, the sample was particularly degraded during the first
month. HICXRPLC-UV contour plots of the three ADC samples are
shown in Fig. 7. This representation gives a more thorough com-
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-75000 T T T T

DAR 2

parison thanks to the additional RPLC dimension which allows the
separation of the different sub-units for each DAR specie. Here,
the color scale (indicated on the left side of the figure) was the
same for the three 2D-separations. The decrease in drug load level
when the stress duration was increased was reflected by the lower
intensities of the spots corresponding to all sub-units of DAR 8 and
DAR 6 and to a lesser extent, of DAR 4 and DAR 2. As an exam-
ple, the HH4 spot (specific sub-unit of DAR 6) disappeared in the
contour plots of the stressed samples (Fig. 7), meaning that the cor-
responding positional isomer of DAR 6 has probably been degraded.
As expected from 'D HIC separations (Fig. 6), the contour plots
also point out significant intensity increase for spots correspond-
ing to 'D-retention times of about 30 and 45 min, which do not
match with 'D-retention times of even DARs. Moreover, some new
spots were clearly observed in the case of stressed samples, while
they were hardly visible in the case of non-stressed sample at the
same time coordinates (e.g. at 30 and 32s in 2D). Accordingly, the
methodology involving mass spectra deconvolution, as previously
described in Fig. 2, was applied to identify unknown species. Fig. 8a
lists the three hypothetical positional isomers of DAR 1 (labeled
1A, 1B and 1C) along with their related sub-units in a denaturing
medium. Apart from L1 (found in all DARs) and HHL1 (also found
in DAR 2), the other ones (LO, HHLO and HHLL1) are not related
to even DARs (see Fig. 1). In particular, HHLO is a specific sub-unit
of DAR 1. Fig. 8b shows the overlay of 2D RPLC chromatograms
obtained for both non-stressed and stressed samples. As expected
from the contour plots in Fig. 7, the peak intensities were strongly
increased for stressed ADC samples, thereby allowing to clearly
identify two sub-units on the basis of their deconvoluted masses,
corresponding to LO and L1 respectively. While difficult to unam-
biguously identify by mass deconvolution, the presence of HHLO
was highly suspected. This idea is supported by (i) the obtained
charge distribution which was very close to that of HHL1 previ-
ously identified in case of DAR 2 and (ii) the presence of L1 which is
associated to HHLO for the positional isomer 1A. Sub-unit retention

DAR 4

l DAR 6
DAR 8

12 18 24 30 36

42 48 54 60 72
Time (min)

Fig. 6. Overlay of HIC-separations of non-stressed (blue), one-month stressed (red) and two-month stressed (green) ADC samples. The two arrows indicate unidentified peaks
in HIC, for which intensities increase with stress conditions. Experimental conditions were given in the experimental section of part 1 (for interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article)..
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Fig. 7. Comparison of the contour plots of HIC x RPLC-UV 210 nm separations of non-stressed (top), one-month stressed (middle) and two-months stressed (bottom) ADC
sample. The sub-units identified after MS deconvolution for even DARs were specified at the top of the figure according to the abbreviations given in Fig. 2. Horizontal thick
grey lines correspond to the most concentrated fractions of possible odd DARs. Color scale (on the left side) was the same for the three separations. Experimental conditions
were given in the experimental section of part 1.”*” indicates that the presence of DAR 5 remains hypothetical.

times and mass data were listed in Table 2. Both L1 and HHLO are
sub-units of positional isomer 1A, thereby clearly highlighting the
presence of this isoform. HHL1 could not be clearly identified by
MS although a peak was observed in Fig. 8b with 2D-retention time
corresponding exactly to the expected one for HHL1 (i.e. 40.5s as

given in Table 1). It can be concluded that, isomer 1B is likely to be
present but in much lower abundance than isomer 1A. Similarly to
HHLL2 for DAR 2, HHLL1 and hence its corresponding isomer 1C,
could not be detected, either due to its large mass or just because it
is not present. The addition of salt in the sample solvent in HIC, as
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Fig. 8. (a) Possible positional isomers of DAR 1 and their expected sub-units resulting from denaturing conditions in RPLC (hinge region-isomers were not represented) and
(b) overlay of the 2D RPLC-separations of sub-units corresponding to the most concentrated fractions in 'D for DAR1 (indicated as horizontal grey lines at 30 min in Fig. 7),
for non-stressed (blue), one-month stressed (red) and two-months stressed (green) ADC samples. The full red line delimits the positional isomers (above) that could be
unambiguously identified. Abbreviations are defined as “L” for light chain; “H” for heavy chain, with numbers 1, 2, 3 and 4 referring to the number of drugs (for interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

described in the first part of this study, was likely to be a valuable
asset for sample focusing and hence fraction concentration enhanc-
ing. This was important to help for identifying both isomers 1A and
1B, thereby confirming the presence of DAR 1 in stressed samples,
but also in non-stressed one. Finally, it is important to underline the
high complementarity between UV and MS detection in association
with retention times in both dimensions for sub-unit identification.

Similarly to DAR 1, the fraction obtained in HIC at 45 min was
investigated with the goal to identify most of the sub-units among
the large number of DAR3 positional isomers, as listed in Fig. 9a. As
shown in Fig. 7, the spot intensity of H3 significantly increases at
this 1D time, suggesting the presence of 3A positional isomer (H3
was indeed specific of isomer 3A). In addition, the intensity of two
other spots (i.e. at 29.8 and 32.4 s) also increases for stressed sam-
ple. Those spots do not correspond to any sub-unit related to even
DARs. The 2D-separation of the fraction at 45 min with UV detection
is shown in Fig. 9b revealing seven well separated peaks in spite of
the narrow retention range in the second dimension (<1 min). Mass
spectra deconvolution permitted the identification of seven sub-
units, indicated at peak apex. Among them, LO, HLO, HL1 and H1
do not belong to the list of sub-units related to even DARs (Table 1)
and hence were not detected before. Table 2 shows the correspond-
ing masses for these new species. As shown, they were very close
to the theoretical ones, with mass error ranging from 2 to 38 ppm.
The presence of HL1 at 39.8 s could not be unambiguously ensured
by deconvoluted mass spectra, but the obtained charge distribu-
tion was very close to that obtained for both HLO and HL2, making
the presence of this sub-unit very likely. According to both MS and
retention data, the presence of HH1 and HH2 was also suspected.
It should be noted that the difficulty to find out the masses for
specific sub-units of odd DARs may also come from the presence
of additional heterogeneity, resulting from potential degradation
mechanisms (deamidation, oxidation, glycation...). On the other
hand, several possible sub-units of DAR 3 could not be detected such

as HO, H2 and HHL2, suggesting that their corresponding positional
isomers may be either absent or present in low abundance. Taking
into account firstly the detected sub-units and secondly the rela-
tive increase in their peak intensities when the sample was stressed
(Fig. 9b), it was possible to definitely pointing out the presence of
the first three positional isomers listed in Fig. 9a (i.e. 3A, 3B and 3C)
and hence, that of DAR 3. Whereas the peak intensity increase for
L0, HLO, L1, HL1, HL2 and H3 was significant, H1 intensity remained
constant. Thus, there may be still a certain uncertainty about the
presence of positional isomer 3D. Similarly, based on the difficulty
to clearly identify HH1 and HH2, the isomers 3E to 3H are undoubt-
edly present, but probably in lower abundance than the first three
positional isomers.

The sub-units resulting from the three possible positional iso-
mers of DAR 5 (5A, 5B and 5C) are listed in Fig. 10a. The ! D-retention
time of DAR 5 in HIC should be within 50 min (DAR 4) and 58 min
(DAR 6). No significant change was observed within this time range
when the sample was stressed, neither in the HIC profiles shown
in Fig. 6, nor in the 2D-contour plots shown in Fig. 7. However, the
observation of the 2D-separations of ! D-fractions at 52.5 min and
54 min (Fig. 10.b) points out slight differences which may demon-
strate the presence of low amount of DAR 5. Both fractions were
in the tail of DAR 4 peak. For the fraction at 52.5 min, LO, L1 HH2,
HL2, H2 and H3 could be identified by deconvoluting mass spectra.
In the case of H2 (at 57s), a mass difference of +106 Da compared
to the theoretical mass (Table 2) was observed but remain unex-
plained. It is indeed neither related to known variants [13], nor to
a change in the amino acid sequence but may potentially originate
from a change in the linker structure after stress degradation. Pep-
tide mapping and/or thorough study of the chemical mechanisms
involved under stressed conditions could be useful to understand
this difference. However, considering both its retention time and
deconvoluted mass spectrum, the peak at 57 s could be unambigu-
ously identified as H2. H2 is a specific sub-unit of DAR 5 and, as
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Fig. 9. (a) Possible positional isomers for DAR 3 and their expected sub-units resulting from denaturing conditions in RPLC (hinge region-isomers were not represented) and
(b) overlay of the 2D RPLC-separations of sub-units corresponding to the most concentrated fractions in 'D for DAR 3 (indicated as horizontal grey lines at 45 min in Fig. 7),
for non-stressed (blue), one-month stressed (red) and two-months stressed (green) ADC samples. The full red line delimits the positional isomers (above) that could be
unambiguously identified. Abbreviations are defined as “L” for light chain; “H” for heavy chain with numbers 1, 2, 3 and 4 referring to the number of drugs (for interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

shown in Fig. 10b, its corresponding peak cannot be observed with
non-stressed sample. Its presence with stressed samples suggests
the existence of the positional isomer 5A in RPLC, and hence of DAR
5 in HIC. L1, HH2, HL2 and H3 are also present in DAR 4 and their
presence could be explained by the strong peak tailing of DAR 4
in HIC. However, while the peak intensity of HH2 (not related to
DAR 5) decreases with the stressed sample, those of L1, HL2 and
H3 (related to both DAR 4 and DAR 5) slightly increase, suggest-
ing a balance between decrease in DAR 4 and increase in DAR 5.
The peak intensity of LO (specific sub-unit of odd DARs) increases,
thereby also suggesting the presence of the positional isomer 5C.
For the fraction at 54 min, a small peak appears at 51 s for stressed

samples. This peak could not be clearly identified by deconvoluted
mass spectra. It was suspected to correspond to HH3 by means of
the variation of sub-unit retention times with the drug load number
(Fig. 11). Finally, considering the likely presence of HH3 in stressed
samples, the presence of the positional isomer 5B was also highly
suspected which could signify that the isomer 5B was slightly sep-
arated from 5A and 5C in HIC. Thus, similarly to the presence of
DAR 1 and DAR 3, there is converging evidence pointing out the
presence of DAR 5, especially in stressed samples. Based on these
observations, the average drug-to-antibody ratio (avDAR) should
be more accurately determined by also taking into account odd
DARs. Accordingly, Table 3 shows the average DAR values calcu-
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Fig. 10. (a) Possible positional isomers for DAR 5 and their expected sub-units resulting from denaturing conditions in RPLC (hinge region-isomers were not represented)
and overlay of the 2D RPLC-separations of sub-units corresponding to the fraction at (b) 52.5min and (c) 54 minin 'D, for non-stressed (blue), one-month stressed (red) and
two-months stressed (green) ADC samples. Sub-units related to the corresponding positional isomers mentioned at the top of the figure were circled (for interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

lated from the peak areas of all DARs. It appears that the value
obtained for non-stressed ADCs (i.e. 3.9) was the same as the one
obtained when only even DARs were considered [11]. This is due
to the low abundance of odd DARs in a cysteine conjugated ADC
(<2%). In contrast, since the relative abundance of odd DAR species
was higher when the ADC sample was stressed, the average DAR
value was significantly impacted and decreases down to 2.5 with
one month stress and 2.0 with two-month stress duration.

The retention times for all sub-units identified for even and
odd DARs were plotted as a function of the drug load number in
Fig. 11. As shown for two sub-unit configurations namely H (with
1, 2 and 3 drugs) and HL (with 0, 1 and 2 drugs), the three exper-
imental data, were very well fitted with a straight line (R? higher
than 0.999). Such a retention behavior also exists in gradient elu-
tion with homologous series, when the carbon number is increased.
Similarly, it seems that the drug number is the driving force for RPLC
retention behavior of the sub-unit. This observation is confirmed
when considering the behavior of the HH, HL and HHL sub-units.
For a given drug number, the retention times of the series L and HH
were exactly the same in RPLC and those of the series HL and HHL
were close to each other. The series H was the most retained, with
a regression line exhibiting a very high slope value compared to
the other series. All these regression lines make it possible to pre-

dict the retention time of any sub-unit, provided that the retention
times of at least two sub-units, having the same configuration but
different drug number, are known. As example, the retention time
of HH3 was predicted at 51 s, which is in good agreement with the
retention time of the unknown peak in Fig. 10b.

3.3. On-line HICXRPLC-UV as a rapid method for quality
assessment of ADCs

As demonstrated, on-line HICXRPLC-UV/MS method provides
a huge amount of information. In one single injection, the deter-
mination of avDAR in HIC allows a qualitative evaluation of ADC
structures, while the identification of sub-units in RPLC-MS pro-
vides essential data to deeply characterize the ADC. Our analytical
strategy can be employed in the early stage of ADC development
for extensive characterization. In addition, the high reliability of
HICXRPLC-UV technique could allow its use in the later stages of
ADC development and maybe, in the near future, for its quality
control. For a given ADC, once all sub-units have been identified,
UV detection might be sufficient considering that UV sensitivity
was similar to or even better than MS for such species. As shown
in Fig. 7 for degraded ADC, 2D-contour plots obtained in UV could
be conveniently compared to each other in order to assess differ-



Table 2

Summary of experimental values for the different sub-units identified for suspected odd DARs: retention times in the second dimension and molecular weights obtained from deconvoluted mass spectra. Abbreviations are defined

as “L” for light chain; “H” for heavy chain with numbers 1, 2, 3 and 4 referring to the number of drugs.
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Fig. 11. Retention times vs. drug load number for all sub-units identified in this
study.

Table 3
Average DAR calculation for non-stressed, one-month stressed and two-month
stressed ADC considering both even and odd DARs.

Number of drug load HIC peak area (%)

Non-stressed One-month stressed Two-month stressed

DAR O 5.7 7.2 9.1
DAR 1 1.1 7.5 9.8
DAR 2 253 20.4 17.4
DAR 3 1.8 6.4 7.6
DAR 4 41.3 25.6 20.8
DAR 6 17.1 85 4.6
DAR 8 7.5 3.7 25
Average DAR 39 25 20

ences between ADC batches as recently proposed by Vanhoenacker
etal.[14] for the specific case of therapeutic monoclonal antibodies
peptide mapping.

4. Conclusions

This work shows that on-line comprehensive 2D-LC-MS is
a powerful technique for rapid characterization of inter-chain
cysteine-linked ADCs. The combination of HIC and RPLC-MS leads
to the determination of DARs in HIC and, at the same time, to the
identification of the predominant positional isomers in RPLC-MS.
Compared to the off-line mode, the on-line mode allows to obtain
extensive information on all regions of the HIC-chromatogram and
to avoid any risk of sample loss and/or sample contamination. Fur-
thermore, the total analysis time is significantly lower and remains
reasonable, the present 2D-separation being achieved within an
analysis time of only 75 min.

In addition to even DARs (2, 4, 6, 8), the presence of odd
DARs (1, 3 and 5) was clearly attested by a thorough study
of HIC x RPLC-UV/MS data obtained on both non-stressed and
stressed samples. Additionally, the relative abundance of their dif-
ferent positional isomers could be assessed.

It was finally demonstrated that the retention data obtained in
HIC x RPLC with UV detection were of prime importance to assist
ADC characterization. Indeed, the high complementarity between
UV and MS detection in association with retention times in both
dimensions was extremely helpful to identify sub-unit and hence
characterize DARs. Furthermore, it was shown that the obtained
contour plots were significantly different depending on ADC degra-
dation conditions, suggesting that HIC x RPLC-UV contour plot
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could be used as a convenient representation for assessing the con-
formity of ADCs in their later stage of development as well as in
quality control.
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CONCLUSIONS

Le développement d’'une approche HICXRPLC-UV/MS a permis I'obtention, en
une seule injection (temps d’analyse = 72 min), d’'informations orthogonales telles que
le DAR moyen des ADCs analysés et des informations structurales concernant les
isomeéres de positions des différents DARSs pairs.

La méthode a été optimisée afin (i) d’augmenter la capacité de pics grace a
I'utilisation d’outils prédictifs en HIC et un choix de phase mobile approprié en 2D, (ii)
d’augmenter la sensibilité grace a I'ajout de sel dans I'échantillon, a l'utilisation de
I'effet de concentration en 2D malgré de larges volumes injectés et a I'ajout d’acide
formique dans la phase mobile 2D combiné a un split pour favoriser I'ionisation en MS,
(iii) d’éviter toute précipitation entre les deux dimensions grace a I'encadrement du
volume transféré par un créneau d’eau et (iv) d’assurer le couplage avec la MS grace
a l'utilisation d’'une vanne permettant d’éviter la contamination de la source par le
créneau de sel li¢ a l'injection en 2D.

Une étude fine des données de rétention de 'D et 2D et la complémentarité des
modes de détection UV et MS ont permis d’identifier pour la premiére fois la présence
de DARs impairs et de proposer des structures relatives a ces espéces.

Cette méthode HICXRPLC-UV-MS pourrait étre utilisée lors d’étapes en amont
du développement pour caractériser de fagon exhaustive un ADC. De plus, du fait de
sa bonne répétabilité, la cartographie 2D-UV générée peut-étre un bon outil de
contréle de la qualité de la fabrication des ADCs ainsi que de leur stabilité.
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CHAPITRE 5 - DEVELOPPEMENT DU COUPLAGE ENTRE LA
CHROMATOGRAPHIE LIQUIDE ET LA CHROMATOGRAPHIE
EN PHASE SUPERCRITIQUE POUR LA SEPARATION DE
COMPOSES NEUTRES

Ce chapitre a fait 'objet d’'une publication :
Article 6 (chapitre 5)

“Potential and limitations of on-line comprehensive reversed phase liquid
chromatography x supercritical fluid chromatography for the separation of neutral
compounds: An approach to separate an aqueous extract of bio-oil;

M. Sarrut, A. Corgier, G. Crétier, A. Le Masle, S. Dubant, S. Heinisch J.
Chromatogr. A. 1402 (2015) 124—133. doi:10.1016/j.chroma.2015.05.005.
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INTRODUCTION

L’absence de corrélation entre les rétentions dans les deux dimensions, plus
simplement appelée orthogonalité, peut-étre déterminante pour maximiser la capacité
de pics lors d’analyses bidimensionnelles.

Alors que des conditions offrant un degré d’orthogonalité élevé sont aisément
identifiables pour des molécules ionisables grace a l'utilisation de phases mobiles de
pH différents et/ou grace a la combinaison de différents modes chromatographiques
(IEXXRPLC par exemple), celles-ci sont plus difficiles a trouver pour des composés
neutres.

Le couplage entre la chromatographie en phase normale (NPLC) et la RPLC
fournit une trés bonne orthogonalité puisque les deux mécanismes de rétention sont
différents [1]. Cependant, la compatibilité des phases mobiles entre les deux
dimensions représente un probléme majeur. Pour contourner cette difficulté, un faible
volume doit étre transféré vers la 2D au prix d’'une diminution importante de la
sensibilité.

Ces difficultés ont donc souvent mené les chromatographistes a privilégier le
couplage RPLCxRPLC malgré un faible degré d’orthogonalité [2]. La RPLC présente
en effet 'avantage (i) d’étre adaptée a de nombreux types d’échantillons, (ii) d’offrir
différentes sélectivités du fait des nombreux greffages disponibles, (iii) de nécessiter
des faibles temps d’équilibrage, (iv) de délivrer une grande efficacité et (v) d’étre
compatible avec la spectrométrie de masse [2].

Dans ce chapitre, la possibilité de coupler la chromatographie en fluide
supercritique (SFC) et la RPLC (RPLCxSFC) en ligne pour [lanalyse
« comprehensive » d’'un mélange complexe de composés neutres a été explorée. Le
potentiel en terme d’orthogonalité entre ces deux techniques a déja été souligné en
mode hors ligne [3,4]. De plus, la faible viscosité de la phase mobile en SFC permet
des analyses trés rapides comme celles requises en 2D. En revanche, la recherche de
conditions permettant le transfert de I'échantillon entre les deux dimensions est un
challenge clé pour le développement de telles méthodes.
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A. DEVELOPPEMENT DU COUPLAGE LCXSFC EN LIGNE POUR LA
SEPARATION DE COMPOSES NEUTRES

Article 6 (chapitre 5)

“Potential and limitations of on-line comprehensive reversed phase liquid
chromatography x supercritical fluid chromatography for the separation of neutral
compounds: An approach to separate an aqueous extract of bio-oil*;

M. Sarrut, A. Corgier, G. Crétier, A. Le Masle, S. Dubant, S. Heinisch J.
Chromatogr. A. 1402 (2015) 124—-133. doi:10.1016/j.chroma.2015.05.005.
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ABSTRACT

On-line comprehensive Reversed Phase Liquid Chromatography x Supercritical Fluid Chromatography
(RPLCxSFC) was investigated for the separation of complex samples of neutral compounds. The presented
approach aimed at overcoming the constraints involved by such a coupling. The search for suitable condi-
tions (stationary phases, injection solvent, injection volume, design of interface) are discussed with a view
of ensuring a good transfer of the compounds between both dimensions, thereby allowing high effective
peak capacity in the second dimension. Instrumental aspects that are of prime importance in on-line
2D separations, were also tackled (dwell volume, extra column volume and detection). After extensive
preliminary studies, an on-line RPLCxXSFC separation of a bio-oil aqueous extract was carried out and
compared to an on-line RPLCXRPLC separation of the same sample in terms of orthogonality, peak capac-
ity and sensitivity. Both separations were achieved in 100 min. For this sample and in these optimized
conditions, it is shown that RPLCxSFC (with Hypercarb and Acquity BEH-2EP as stationary phases in first
and second dimension respectively) can generate a slightly higher peak capacity than RPLCXRPLC (with
Hypercarb and Acquity CSH phenyl-hexyl as stationary phases in first and second dimension respec-
tively) (620 vs 560). Such a result is essentially due to the high degree of orthogonality between RPLC and
SFC which may balance for lesser peak efficiency obtained with SFC as second dimension. Finally, even
though current limitations in SFC instrumentation (i.e. large extra-column volume, large dwell volume,
no ultra-high pressure) can be critical at the moment for on-line 2D-separations, RPLCXSFC appears to
be a promising alternative to RPLCXRPLC for the separation of complex samples of neutral compounds.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

appropriate interface may produce a separation system capable of
generating a very high effective peak capacity in a reasonable anal-

Over the last decades, on-line comprehensive two-dimensional
liquid chromatography (LCxLC) has grown significantly in many
application fields [1-4]. Liquid chromatography provides a wide
variety of separation modes including Reversed Phase Liquid Chro-
matography (RPLC), Normal Phase Liquid Chromatography (NPLC),
Size Exclusion Chromatography (SEC), lon Exchange Chromatog-
raphy (IEC) and Hydrophilic Interaction Liquid Chromatography
(HILIC). On-line coupling two of these different techniques via an

* Corresponding author. Tel.: +33 437 423 551.
E-mail address: sabine.heinisch@univ-lyon1.fr (S. Heinisch).

http://dx.doi.org/10.1016/j.chroma.2015.05.005
0021-9673/© 2015 Elsevier B.V. All rights reserved.

ysis time while avoiding sample loss and/or sample contamination
[5].

To maximize the potential of a two-dimensional system, one of
the key problems is to find orthogonal conditions between the two
dimensions in order to obtain a separation that uses the largest
possible fraction (y) of the separation space [6]. In this regard,
NPLCxXRPLC was shown to be very attractive for the separation of
pharmaceutical compounds [7]. However, in spite of a lower degree
of orthogonality, RPLCXRPLC has often been preferred to avoid peak
deterioration associated with the incompatibility of the mobile
phase of first dimension with that of second dimension (stronger
eluting power or immiscibility) [2,8,9] and finally to obtain an
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Table 1
Physical and chemical properties of some bio-oil representative compounds.
Compound Chemical family Molecular Formula MW (g/mol) logP

1 a-angelica lactone Lactone CsHgO2 98.10 0.236
2 2-phenylethanol Alcohol CgHi100 122.16 1.504
3 5-methylfurfural Furan CsHgOo 110.11 0.670
4 Phenol Phenol CsHgO 94.11 1.540
5 o-cresol Phenol C7HgO 108.14 1.962
6 m-cresol Phenol C7HgO 108.14 2.043
7 2,4,6-trimethylphenol Phenol CoH120 136.19 2.935
8 a-hydroxycumene Phenol CoH120 136.19 2.861
9 guaiacol Guaiacol C7HgO, 124.14 1.341
10 syringol Syringol CgH1003 154.16 1.218
11 1-indanone Enone CoHgO 132.16 1.419
12 anisole Aromatic ether C7HgO 108.14 2.170

interesting sample peak capacity for the overall comprehensive
system.

Bio-oil samples are mainly composed of small neutral com-
pounds. Two very recent papers [10,11] presented successful
separation of aqueous bio-oil extracts by on-line RPLCXRPLC with
a percentage of retention space coverage close to 50% only, the
retention space being delimited by the retention times of the least
and the most retained compounds in both dimension. NPLCxR-
PLC could be a possible solution to increase the utilized portion
of the available space. In this work, we experiment another option
which consists in coupling RPLC to supercritical fluid chromatog-
raphy (RPLCXSFC). West and Lesellier showed that polar stationary
phases in SFC tend to behave as in NPLC [12]. Slightly polar sta-
tionary phases were also found to be attractive with SFC mobile
phases as recently reported in a study which compared their use in
SFC and RPLC [13]. On-line SFCxRPLC was investigated by Francois
et al. [14] for the separation of fatty acids in fish oils and com-
pared to on-line RPLCxRPLC for the separation of the same sample.
92% of the separation space was occupied in SFCXRPLC vs 55% in
RPLCxRPLC. However, SFCxRPLC arrangement needed a particular
interface composed of two two-position/ten-port switching valves
equipped with two loops packed with octadecyl silica allowing both
the depressurization of the supercritical fluid and the trapping and
focusing of the analytes after an addition of water to the first dimen-
sion eluent and before the transfer to the second dimension. The
potential of RPLCXSFC was highlighted by Stevenson et al. [15] in
off-line mode. On-line RPLCXSFC has never been investigated yet.
Here we describe our development of on-line RPLCXSFC for the sep-
aration of aromatic neutral compounds and an aqueous extract of
bio-oil. With a liquid eluent in the first dimension, the interface
between the two dimensions is simpler than that used in SFCxR-
PLC and similar to that used in RPLCXxRPLC. Moreover, in the second
dimension, the low viscosity of SFC mobile phase allows very fast
analysis, which is of prime importance to increase peak capacity
in on-line two-dimensional separations. This paper deals with the
choice of SFC stationary phase, the study of phenomena resulting
from the injection of a polar sample solvent into a supercriti-
cal mobile phase and the experimental and instrumental aspects
related to the interface. Finally, a comparison between RPLCXSFC
and RPLCXRPLC separations of the same aqueous bio-oil extract
is proposed in terms of orthogonality, effective peak capacity and
sensitivity.

2. Experimental
2.1. Material and reagents

Acetonitrile (ACN) (HPLC grade), methanol (MeOH) and acetone
were purchased of HPLC grade from Sigma-Aldrich (Steinheim,

Germany). Water was obtained from an Elga water purification
system (Veolia water STI, Le Plessis Robinson, France). Pressurized

liquid CO; 3.0 grade (99.9%) was obtained from Air Liquide (Pierre
Bénite, France).

The synthetic sample for RPLCxSFC experiments was composed
of different compounds known to be representative of those found
in bio-oil aqueous samples [10]. It contains a-hydroxycumene,
phenol, 2,4,6-trimethylphenol, 1-indanone, syringol, angelica lac-
tone, m-cresol, o-cresol, anisole, guaiacol, 5-methylfurfural and
phenylethanol. They were dissolved in water/ACN 85/15 v/v at
the concentration of 50 mg/L. Physical properties of these twelve
compounds are reported in Table 1. The compounds were either
obtained from Sigma-Aldrich or provided by IFP Energies nouvelles
(Solaize, France). The bio-oil aqueous sample was provided by IFP
Energies nouvelles.

2.2. Columns

Four columns from Waters (Milford, MA, USA) were used
under SFC conditions: Acquity UPC2 BEH-2EP, Acquity UPC2
BEH, Acquity UPC2 CSH Fluoro-Phenyl (all 50 mm x 2.1 mm,
1.7 wm, 100A) and Acquity UPCZ HSS C18 (50 mm x 2.1 mm,
1.8 wm, 130A). Three columns were used under RPLC conditions:
XBridge C18 (50 mm x 1.0mm, 3.5 wm) from Waters, Hypercarb
(100 mm x 1 mm, 5 wm) from Thermo Scientific (Cheshire, UK) and
Acquity CSH Phenyl-Hexyl (50 mm x 2.1 mm, 1.7 pwm) from Waters.

2.3. Apparatus

2.3.1. 1D-SFC system

Waters Acquity UPC2 system was equipped with a binary sol-
ventdelivery pump, a 250 pL mixing chamber, an autosampler with
a 10 pL loop, two column ovens compatible with temperature up
to 90°C and including two 6-channel column selection valves, a
UV detector with a 8 L flow-cell withstanding a pressure up to
414 bar and a backpressure regulator (BPR). The maximum allow-
able flow rate is 4 mL/min. The maximum allowable pressure is
414 bar for flow-rates below 3.25 mL/min. The maximum allowable
pressure linearly decreases to 293 bar when the flow rate increases
from 3.25 mL/min to 4 mL/min. Data acquisition was performed by
Empower software (Waters). The extra-column volume and extra-
column variance were measured under liquid chromatographic
conditions. They were equal to 83 pL and 132 L2 respectively. The
system dwell volume was estimated at 300 p.L (see Section 2.4.1).

2.3.2. RPLCxRPLC system

The RPLCXRPLC system was a 2D-IClass liquid chromatograph
from Waters. This instrument includes two high-pressure binary
solvent delivery pumps, an autosampler with a flow-through nee-
dle of 15 L, a column manager composed of two column ovens
with an allowed maximum temperature of 90°C and two 6-port
high pressure two-position valves acting as interface between
the two separation dimensions, a UV detector and a diode array
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Fig. 1. RPLCXSFC setup. (a) The eluent of first dimension is stored in loop 1 while the content of loop 2 is injected in second dimension and (b) vice versa.

detector equipped with 500 nL flow-cells withstanding pressure up
to 70 bar. The upper maximum allowable pressure is 1285 bar for
the two pumps. Beyond a flow-rate of 1 mL/min, the upper limit
decreases depending on both flow-rate and mobile phase compo-
sition. In case of low flow-rates (e.g. 10 wL/min in 'D), a small i.d.
tubing (30 cm x 25 pm) was placed just behind the column in order
to generate a sufficient working pressure to ensure a good gra-
dient run repeatability. The measured dwell volume was 110 L
and 120 pL for the first and second dimension respectively. A total
extra-column volume of 12 pwLand 17 pL and an extra-column vari-
ance of 4 uL2 and 9 L2 were determined for the first and the second
dimension respectively.

To ensure a fair comparison between RPLCXRPLC and RPLCXSFC
experiments, the original interface made of two 6-port valves was
replaced by a 10-port high pressure 2-position valve (Vici Valco
Instruments, Houston, USA) equipped with two identical loops
of 20 uL. Data acquisition, the instrumental control of the two
dimensions and the programming of the 10-port high pressure
2-position valve interface were performed by Masslynx software
(Waters).

2.3.3. RPLCxSFC setup

The first dimension was the same as in RPLCXRPLC, namely
consisting of the high-pressure binary solvent delivery pump, the
autosampler and the diode array detector of the 2D-IClass appara-
tus. The second dimension consisted of the high-pressure binary
solvent delivery pump, the UV detector and the BPR of the Acquity
UPC? apparatus, set at 140 bar. The column manager of the 2D-
IClass instrument was used for both first and second dimension
columns.

As in RPLCXRPLC, the 10-port high pressure 2-position valve was
used as interface between the two dimensions. It was equipped
with two identical loops of 3 or 5 L. A 30cm x 175 pm i.d. tub-
ing was used between the mixer of SFC pump and the 10-port
2-position valve. A 56cm x 175 wm i.d. tubing was connected
between the valve and the 31.8 cm x 175 wm i.d. preheater of the
second dimension column. Finally, the UV detector was connected
to the column outlet by 30cm x 175 pm i.d. tubing. Instrumen-
tal characteristics were determined for the SFC second dimension:
300 L for the dwell volume, 57 pl for the extra-column volume
and 50 pL? for the extra-column variance. The RPLCXSFC setup is
presented in Fig. 1.

Both instrument control for the first dimension and interface
programming were performed by Masslynx software. Data acqui-
sition and instrument control for the second dimension were
performed by Empower software dedicated to Acquity UPC? instru-
ment. Synchronization between both dimensions was obtained
by connecting electrically the two systems and by using exter-
nal events in the first dimension method controlled by Masslynx
software.

2.4. Chromatographic procedures

24.1. 1D-SFC

For Vp determination, SFC mobile phases are composed of CO,
as solvent A and MeOH +0.1% acetone as solvent B. It was found
that when the initial composition of the programmed gradient was
rich in CO, (e.g. 1%B), the obtained gradient profile was not per-
fectly linear, which led to a high uncertainty At on the gradient
middle time t* and consequently on the dwell volume Vp, (Fig. 2a).
From the experiment shown in Fig. 2a, Vp was in fact estimated
at 600 + 300 L. This abnormal behavior is likely to be due to the
supercritical nature of the mobile phase at high percentages of CO,.
In order to correctly assess the dwell volume of our SFC instru-
ment, the gradient was therefore started with a higher percentage
of MeOH +0.1% acetone (i.e. 69% B) in order to get a quasi-liquid
phase since the beginning of the gradient. Under these conditions
the observed gradient profile was actually linear as shown in Fig. 2b
and thus, the dwell volume measurement was much more reliable
(i.e.300+40 pL).

The compatibility of the four SFC stationary phases (Acquity
UPC2 HSS C18, Acquity UPC2 CSH FP, Acquity UPC2 BEH and Acquity
UPC2 BEH-2EP) with LC injection solvents composed of different
water/ACN proportions was tested in isocratic conditions, namely
95/2.5/2.5 CO,/MeOH/ACN. The temperature, the flow rate, the BPR,
the wavelength and the sampling rate were set at 45 °C, 2.7 mL/min,
140 bar, 215 nm (compensation from 350 nm to 450 nm) and 40 Hz
respectively for all the experiments. The effect of injection sol-
vent composition on the peak shape of o-cresol was only studied
with the Acquity UPC2 BEH-2EP column. The flow rate was set at
2.2 mL/min. Other conditions were those mentioned above.

2.4.2. RPLCXSFC
RPLCXSFC experiments related to the effect of RPLC sol-
vent injection on pressure increase in second dimension were
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Fig. 2. Influence of gradient profile on the dwell volume measurement in SFC. Mobile phases: A=CO,, B=MeOH +0.1% acetone. Temperature = 30 °C. BPR = 140 bar. Detection
wavelength =254 nm. Programmed gradient: (a) 1-99%B in 8 min at 1 mL/min, (b) 69-99%B in 3 min at 1.5 mL/min. Dotted lines are the tangents to the obtained gradient
profile. At represents the uncertainty at half part of the UV signal with t* being the corresponding time.

performed with the following conditions. In first dimension, X-
Bridge BEH C18 column was used with mobile phase consisted
in Water (A) and ACN (B); the gradient profile was: Omin, 1% B;
29.3 min, 55% B; 31.05min, 1% B; 55 min, 1% B; the flow rate was
10 pL/min. In second dimension Acquity UPC? CSH FP and Acquity
UPC2 BEH were used at 2.0 mL/min and 2.6 mL/min respectively in
isocratic conditions, namely CO,/MeOH/ACN 95/2.5/2.5 (v/v/v) at
45 °C and 140 bar as BPR. The sampling time was 0.3 min. The loop
volume of the interface was 3 pL.

The conditions of the RPLCXSFC separation of both synthetic
sample and aqueous bio-oil extract are given in Tables 2 and 3
respectively.

2.4.3. RPLCxRPLC

The conditions of the RPLCXxRPLC separation of aqueous bio-oil
extract are given in Table 3. It should be noted that the maximum
pressure allowed by the system with the second dimension was
only 900 bar.

3. Calculations

The experimental sample peak capacities were calculated
according to
; th — 1
In=—~—-
n " (1)
tn and t; are the retention times of the most and the least
retained compound respectively and w is the average 40 peak
width (13.4% of peak height). Exponent j stands for the dimension
number.
Effective sample peak capacities were calculated by the follow-
ing relationship [10]:

n2D,effective:aX1nX(l_V)+Vx(ax1nxzn) (2)

Table 2

y is the correction factor corresponding to the ratio of the prac-
tical to the theoretical retention area. Its calculation is detailed in
reference [6]. « is the undersampling rate introduced by Davis et al.
[16]:
o= S S— 3)

2
1+0.21(%)

where 7 is the sampling rate of the 2D-separation (i.e. the num-
ber of fractions sent to 2D per 60 peak width in 1D).

2D-data were processed using calculation tools developed
under Excel 2007 and Matlab V7.12.0635.

4. Results and discussion
4.1. Theoretical considerations

The peak capacity in the second dimension 2n increases with
the ratio of the gradient time to the column dead time, 2tg/2to. It
is important to note that the increase in 2n can be significant in
the range of low 2tg/2ty values which are usually considered in
the second dimension. It is therefore of prime importance to do
everything possible to enhance this ratio. As previously discussed
[4], this ratio can be expressed by

2 tg ts |: 2 Vb

2t 2ty |2Vo

+(1+ x)} (4)
where t is the sampling time, 2Vp the 2D dwell volume, 2V, the
2D column dead volume and x is the number of column volume
required for 2D column equilibration between two gradient runs.
Eq. (4) highlights the need for (i) low 2ty and therefore the use
of a short 2D column providing high efficiency, i.e. packed with
sub 2 wm particles and/or the use of a high linear velocity as that
usually required under SFC conditions, (ii) low 2Vp/2V, which is
not favorable for SFC as second dimension because a rather large

Experimental conditions for the RPLCXSFC separation of the 12 representative compounds (see list in Table 1).

RPLC (D)

SFC (2D)

Stationary phase
Column geometry

X Bridge BEH C18
50mm x 1.0mm, 3.5 pm

Mobile phase A: Water B: ACN
Flow rate 10 pL/min

Gradient 8-51% (B) in 23 min
BPR /

Temperature 30°C

uv 220nm

Vinj 2l

Acquity UPC? BEH-2EP

50mm x 2.1mm, 1.7 pm

A: CO, B: MeOH/ACN 1:1 (v/v)
2mL/min

[socratic 5% (B)

140 bar

45°C

215 nm (compensation from 350 nm to 450 nm)
5 uL?

2 0.5 min as sampling time.
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Table 3
Experimental conditions for both RPLCxSFC and RPLCxRPLC separations of the bio-oil aqueous sample.
RPLC ('D)? SFC (*D) RPLC (D)
Stationary phase Hypercarb Acquity UPC? BEH-2EP Acquity CSH Phenyl Hexyl
Column geometry 100mm x 1.0 mm, 5 pm 50mm x 2.1 mm, 1.7 pm 50mm x 2.1 mm, 1.7 pm
Mobile phase A: Water B: ACN A: CO, B: MeOH/ACN 1:1 (v/v) A: Water +0.1% FAPB: ACN+0.1% FA
Flow rate 10 pL/min 2mL/min 1.2 mL/min
Gradient 5-99% (B) in 102.5 min 15-50% (B) in 0.12 min 5-55% (B) in 0.18 min
BPR / 140bar /
Temperature 30°C 45°C 80°C
uv 220nm 220 nmCompensation from 350 nm to 450 nm 220nm
Injected volume 5L 5 uLe 5 uLe

2 RPLC ('D) conditions are the same for RPLCXSFC separation and RPLCXRPLC separation.

b FA means formic acid.
¢ 0.5min as sampling time.

dwell volume is present in the current SFC instrumentation, (iii) few
column volumes to equilibrate the 2D column (i.e. low x value) and
(iv) a substantial sampling time ts. However ts affects the injection
volume in 2D, 2Vj, according to

2V, =ts x 'F (5)

where 'F is the flow-rate in 'D.

Critical injection effects have been reported under SFC condi-
tions, especially when using polar injection solvents and/or large
injection volumes [17,18]. With RPLC as first dimension, the injec-
tion solvent in 2D is composed of water and an organic solvent,
typically ACN. To the best of our knowledge, no study has been
devoted to large injection volumes in hydro-organic solvents in SFC.
Thus, the two following sections present a thorough study to deter-
mine the maximum injection volume depending on both mobile
phase composition in 'D and stationary phase in 2D.

In order to minimize 2V; and since flow-splitting is impossible
between the first RPLC dimension and the second SFC dimension
to avoid CO, depressurization when the valve is switched, 'F was
set at the lowest value (10 pL/min) recommended in gradient elu-
tion for the UHPLC instrument. As a result a 1 mm i.d. column was
found to be the most appropriate column geometry for the first
dimension.

4.2. Effect of injection of a large water volume on inlet pressure
increase

In SFC, when the injection solvent contains water, we observed
a pressure increase (denoted AP) which occurs a few seconds after
the injection process. Then, the pressure slowly decreases to its
initial value. This phenomenon can be observed in 1D-SFC condi-
tions as well as in RPLCXSFC conditions. The injection process is
different between these two configurations. In 1D-SFC, the sam-
ple is pressurized before injection thanks to a particular design of
the UPC? injection system. This pressurization step results in an
immediate sharp pressure increase followed by a sharp decrease
down to the working pressure, Py, which is the working pressure
generated by our experimental conditions. In RPLCXSFC the injec-
tion system of the UPC? instrument is not used. The sample is sent
from the 'D RPLC column to the sample loop and then injected
in the SFC 2D column when the 10-port valve is switched. As a
result, the preceding sharp increase does not occur. However, in
both cases, the same pressure increase AP can be observed. We
have measured AP under different conditions in 1D-SFC. The exper-
iments were focused on the behavior of 4 different SFC stationary
phases subjected to 3 different injection volumes (1, 5 and 10 L)
with 3 different injection solvents differing in their water con-
tent (95%, 50% and 5%). A recent study in SFC [19] underlined the
complementarity of the four studied stationary phases, with a polar

character for Acquity BEH and Acquity BEH-2EP while much less
polar for Acquity CSH FP and Acquity HSS C18. The obtained results,
given in Fig. 3, clearly show that AP increases both with the injec-
tion volume and with the percentage of water in the injection
solvent. It is also very interesting to note that the pressure increase
is markedly higher with less polar stationary phases (Fig. 3a and b)
resulting in an inlet pressure exceeding the pressure limit autho-
rized by the instrument for 10 pL injected in 95% water. In this
situation, AP was much higher than 80 bar while it remained lower
than 40 bar for the two polar stationary phases (Fig. 3c and d). For
5 pL injected, AP is still high on less polar stationary phases com-
pared to polar stationary phases (50 bar vs 5 bar at 95% water and
10bar vs 2 bar at 50% water).

The problem of pressure increase was found to be much more
critical during a RPLCXSFC separation as highlighted in Fig. 4. The
inlet pressure of the 2D SFC instrument was recorded when an
Acquity CSH FP column (Fig. 4a) and an Acquity BEH column were
used in 2D (Fig. 4b). SFC conditions were strictly identical for both
columns, except flow rate. Due to difference in pressure increase,
the flow-rate was set at 2.0 mL/min while 2.6 mL/min with Acquity
CSH FP and Acquity BEH respectively. The sampling time was
0.3 min. Consequently 3 pL of liquid solvent were injected in the
2D SFC column every 0.3 min. The composition of this liquid injec-
tion solvent changes gradually as the gradient in the D column
progresses. This variation is easily assessed by means of the 1D gra-
dient profiles given in Fig. 4a and b. With a non-polar stationary
phase (Fig. 4a), whereas the inlet pressure at the time of injection
was 315 bar, it reached 400 bar after 10 runs. This pressure that is
very close to the instrument pressure limit was kept nearly constant
during 20 min before slowly decreasing down to the initial inlet
pressure when the percentage of water becomes lower than 70%.
This phenomenon was not observed with polar stationary phases
(Fig. 4b). To explain this, we suggest that, unlike polar station-
ary phases, non-polar ones are poorly wetted by injection solvents
rich in water, which finally results in local change of mobile phase
nature. Due to the short analysis time in the second SFC dimension
(0.3 min), these successive modifications have no time to be swept
away. They eventually accumulate to form a multiphase plug (com-
posed of CO,, water, MeOH and ACN) which is more viscous than
the original monophasic mobile phase (CO,-MeOH-ACN mixture).

This significant pressure increase observed with non-polar sta-
tionary phases prevents from working at high flow-rates in 2D.
Furthermore, the sharp decrease in pressure observed in Fig. 4a
might lead to change in retention between two consecutive frac-
tions which could be very detrimental for the 2D-reconstruction.

In addition to this critical problem of pressure increase, signifi-
cant baseline fluctuations are observed on Fig. 4c for the fractions
that are separated during the pressure plate. Conversely no base-
line fluctuation is noted for fractions that are analyzed when the
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Fig. 3. Pressure increase APin 1D-SFC as a function of water content of the injection solvent and injection volume V; on (a) Acquity UPC2 CSH FP column, (b), Acquity UPC2 HSS
C18 column, (¢) Acquity UPC? BEH column and (d) Acquity UPC?> BEH-2EP column. Column geometry: 50 mm x 2.1 mm, 1.7 wm; flow rate = 2.7 mL/min; temperature =45°C;
BPR =140 bar; injection solvent = mixture of water and acetonitrile. ** means that AP could not be measured because the pressure limit (414 bar) was reached.

inlet pressure is back to normal (Fig. 4e). With 2D polar stationary
phases the 2D inlet pressure remains constant during the whole
RPLCxSFC separation (Fig. 4b) and no fluctuation of the baseline is
visible whatever the considered fractions (Fig. 4d and f).

In the light of these results, it is clear that a polar stationary
phase should be preferably used for the SFC second dimension.
Re-injection of very low injection volumes (<1 uL) in 2D could
probably circumvent the problems encountered with non-polar
stationary phase but it should lead to quite unrealistic sampling
time (<0.1 min). Another alternative would be to start the RPLC gra-
dient with water content lower than 70%. However this option is
not possible for compounds that are poorly retained in RPLC such
as small polar compounds. Considering the above results, Acquity
BEH-2EP was chosen as 2D SFC stationary phase for the rest of this
study.

4.3. Effect of injection volumes and injection solvent composition
on peak shapes in 1D-SFC

In SFC, it was recently shown [ 18] that the injection solvent com-
position strongly influences peak shapes. Very polar solvents such
as DMSO and MeOH were found to lead to significant peak dis-
tortions even for small injected volumes, these distortions being
more pronounced for less retained compounds. The effect of small
injection volumes of ionizable compounds with pure water or
water/ACN mixtures as injection solvent was recently studied [20].
For 90% of the tested compounds (acidics and basics), no significant
injection effect were found. In an extensive work Abrahamsson
et al. [17] also studied the effect of various injection solvents in
accordance with the stationary phase. They pointed out that injec-
tion solvent may interact with stationary phase, mobile phase and
solute, thereby affecting either positively or negatively peak shape.

We have therefore studied the impact of injected volume on peak
shape when the solute is dissolved in different water/ACN mix-
tures. Results obtained with CO,/ACN/MeOH 95/2.5/2.5 (v/v/v) as
SFC mobile phase and o-cresol as solute are shown in Fig. 5. Sur-
prisingly, when the injected volume does not exceed 5 L (i.e. 5%
of the column dead volume), a very high content of ACN in injec-
tion solvent (i.e. 95%) seems to be more damaging for the peak
shape than a high content of water (Fig. 5a and b). Conversely, it
is possible to inject up to 5 uL of sample dissolved in a solvent
containing 50-95% water without strong peak distortion. Obvi-
ously, for 10 L injected (Fig. 5c¢) which represents 10% of the
column dead volume, the peak shapes are very bad for all stud-
ied injection solvents. The results shown in Fig. 5 also point out the
retention shift that increases with both the percentage of water
in the injection solvent and the injection volume. It is likely to
be due to two combined effects: (i) good affinity of water for the
polar sites of the stationary phase and (ii) high affinity of o-cresol
for water. Consequently, when the injection plug enters the col-
umn, o-cresol interacts preferentially with the stationary phase
thereby increasing retention. Such retention shift could be damag-
ing for 2D-chromatogram reconstruction due to difficulty in peak
assignment between consecutive fractions analysis. However, this
problem does not really arise in RPLCxSFC since the injection sol-
vent composition slightly varies between the 2 and 4 consecutive
2D runs that are required in comprehensive two-dimensional chro-
matography to minimize undersampling [16].

In view of this study, it was decided to inject a maximum of 5 pL
in the second SFC dimension. Since flow splitting between 'D and
2D was not possible with a LCxSFC configuration, injection volume
in 2D was directly related to both 'D flow-rate and sampling time.
Accordingly, with 10 wL/min as 'D flow-rate, the sampling time
could not be higher than 30s.
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Fig. 4. Influence of 2D stationary phase on the course of a RPLCXSFC experiment. (a) and (b): SFC inlet pressure vs run time. (c) and (d): 2D analysis of fractions eluted from
1D between 20.1 min and 21.0 min. (e) and (f): 2D analysis of fractions eluted from 'D between 36.3 min and 37.2 min. Sampling time =0.3 min. RPLC conditions: column
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mobile phase: CO,/MeOH/ACN 95/2.5/2.5 (v/v/v). Temperature =45 °C. BPR = 140 bar. Detection wavelength =215 nm (compensation from 350 nm to 450 nm).

4.4. Application to the RPLCXSFC separation of a sample of
aromatic compounds

In order to validate the choices made previously to carry out
the on-line RPLCxSFC experiments, 12 aromatic compounds were
separated. The experimental conditions are given in Table 2. The
sampling time and the 'D flow rate being equal to 0.5min and
10 pL/min respectively, two identical sample loops of 5 L were
installed on the 10-port switching valve in order to completely fill
the sample loop. In LCXLC, partial loop injection is always preferred
in order to avoid any sample loss due to the parabolic flow profile.
Sample loops are therefore most commonly oversized. In LCXSFC,
full loop injection is necessary to avoid dissolving issues as high-
lighted in Fig. 6. When the sample loop is in inject position, it is
filled with the SFC mobile phase. When the sample loop comes

back in load position, it is depressurized allowing some droplets
of organic modifier covering the walls of the loop. Whereas this
droplets can be well solubilized in the RPLC mobile phase com-
ing from 'D (Fig. 6a) they may cause troublesome issues with the
SFC mobile phase if the sample loop is partially filled (Fig. 6b). In
addition, the presence of air to push the sample plug can have a
detrimental effect with SFC mobile phase which is better dissolved
in the hydro-organic liquid solvent. However, unlike in LCxLC, full
loop injection is a possible solution in LCXSFC since the loop is filled
with air prior to the injection process thereby allowing the flow
profile to be radial and hence preventing from any sample loss.
The obtained RPLCxSFC separation is presented in Fig. 7a. It is
interesting to notice the large occupation of the retention space by
the 12 compounds, underlining the great interest of this coupling
in terms of orthogonality. Furthermore, as highlighted in Fig. 8b
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showing the separation of four consecutive fractions, peak shapes
are quite symmetrical as could be expected from our preliminary
studies. With 0.83 s as average 40 peak width the sample peak
capacity is close to 15 in the second dimension.

4.5. Comparison of RPLCXRPLC and RPLCXSFC systems for the
separation of a bio-oil sample

An extensive knowledge of the bio-oil composition is strongly
required to optimize the pyrolysis process. As discussed in a pre-
ceding study, dealing with the RPLCxRPLC separation of bio-oil

[10], LCXLC should be complementary to two dimensional gas chro-
matography (GCxGC) due to the presence of compounds with low
volatility and/or poor thermal stability such as molecules coming
from the thermal cracking of natural polymers or cracked sugars.
Unlike GC, both LC and SFC are expected to be suitable separation
techniques for this kind of compounds. In this study, RPLCXSFC
was compared to RPLCXRPLC for the separation of a real sample
consisting in an aqueous extract of a bio-oil. The conditions of the
first dimension were similar to those used in our previous study
on RPLCXRPLC [10] except the gradient time, much lower in the
present work to reduce the analysis time. In order to elute all
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Table 4
Experimental results of RPLCxSFC and RPLCXRPLC.
Y o n 2W4U (s) ’n Inx2n Np effective
RPLCXSFC 1 0.85 56 1.09 13 730 620
RPLCXRPLC 0.59 0.85 56 0.60 20 1120 560

n and ?n were calcutated according to Eq. (1); ¥ was calculated according [6]; « was calculated according to Eq. (3); nap effective Was calculated according to Eq. (2).

the compounds in 2D SFC conditions, a gradient from 15% to 50%
MeOH/ACN (1:1) was needed. The contour plot of the RPLCXSFC
separation is presented in Fig. 8a. For comparison, Fig. 8b shows
the RPLCXRPLC separation of the same sample performed using the
same !D conditions as the RPLCxSFC separation. The ! D-separation
is shown in Fig. 8c. For a better comparison of the two separa-
tions, the sampling time was also kept identical (i.e. 30s). As a
consequence, 'n (Eq. (1)) and « (Eq. (4)) were identical for both
separations. Experimental conditions are given in Table 3.

Fig. 8 clearly underlines that the RPLCXSFC system offers much
higher degree of orthogonality (y close to 1) compared to the
RPLCxXRPLC configuration (y close to 0.6). It is important to note
that this latter configuration and the corresponding conditions dis-
played in Table 3 were found to provide the highest effective peak
capacity among the different studied RPLCXRPLC systems [10].

In RPLCXSFC, thanks to tremendous enhancement of the avail-
able retention space the effective peak capacity was slightly higher
as shown in Table 4 although %n was lower in SFC (12 vs 20 in
RPLCXRPLC). This significant difference in 2n can be essentially
ascribed to

(i) More extra-column band broadening in SFC second dimension
with 50 wL? as measured extra-column variance compared to
9uL? in RPLC second dimension. This is essentially due to
larger tubing internal diameter as well as larger cell volume
(175 wm and 8 L respectively in SFC compared to 65 wm and
0.5 L respectively in RPLC). A recent study dealt with these
problems of extra-column volumes in SFC [21], especially in
case of short and narrow bore columns.

(ii) Injection issues that still exist in RPLCxSFC despite the pre-
cautions that need to be taken as discussed in Section 4.1.
Conversely, no injection effect was observed in RPLCXRPLC.

(iii) Less broad composition range in SFC (35% vs 45% in RPLC).

It should also be noted that 2n improvement was strongly
expected in SFC as a result of flow-rate increase and hence 2ts/2t,
increase but, in the end, 2t¢/%to which is of major importance in
peak capacity assessment, was just slightly higher (2.3 in SFCvs 2.1
in RPLC). According to Eq. (4), these quite identical values can be
explained by the fact that (i) the dwell volume was larger in SFC
(300 L vs 120 pL in LC) increasing 2Vp/?Vy and (ii) an additional
time of 0.2 min was required by the software for data processing
between two consecutive runs, thus increasing the time for col-
umn equilibration (3.4tg in SFC vs 2ty in RPLC) while 2ty only are
sufficient for good run-to-run repeatability in UHPLC conditions
[22-24] as well as in SFC conditions for neutral compounds (data
not shown).

Larger extra-column volumes as well as more injection effects in
SFC generated larger peak widths (1.09 s as average value vs 0.6 s in
RPLC) and hence lower peak heights. Moreover, whereas the peak
widths were nearly the same for all peaks in RPLC (10% as RSD), the
peak shapes varied in SFC depending on the compounds resulting
in a high variability in peak width values (23% as RSD). As a result
the signal was 3-20 times lower in SFC compared to RPLC (7 times
on average). At the same time, the UV-detector noise was more
important in SFC (about two times higher). More significant UV-
noise in SFC is probably due to pressure fluctuations and resulting
refractive index changes [25].

In the present study, the combination of both lower signal and
more significant noise resulted in a signal to noise ratio about 15
times lower in RPLCxSFC than in RPLCxRPLC.

Finally, despite the addressed instrumental issues which could
be overcome in the future for some of them, our results show that
RPLCXSFC can be a good alternative to RPLCXRPLC for the separation
of biomass by-products and more generally for the separation of
neutral compounds.

5. Conclusions

The goal of this work was to evaluate the potential of on-line
RPLCxSFC for the separation of neutral compounds. Suitable sta-
tionary phase and injection volume for the 2D SFC were chosen
thanks to preliminary studies aiming at overpassing the lack of
compatibility between the mobile phases used as first and sec-
ond dimension. Polar stationary phases in SFC seem to be the most
adapted stationary phases. On the other hand it was shown that
a maximum of 5 pL of a mixture of water/acetonitrile was appro-
priate to inject in the second SFC dimension. An on-line RPLCXSFC
separation of a real aqueous bio-oil sample was successfully carried
out achieving full orthogonality (y=1) using a Hypercarb column
in 'D and an Acquity BEH 2-EP column in 2D. With the optimized
RPLCXRPLC configuration, using the same Hypercarb column in 'D
and an Acquity CSH phenyl-hexyl in 2D, the y-coefficient could not
exceed 0.59. Accordingly, although wider peaks were observed in
SFC as second dimension, the effective peak capacity was slightly
higher with RPLCXSFC configuration (620 vs 560 with RPLCXRPLC).
However, it should be noted that the peak capacity in 2D-SFC was
limited by the high dwell volume of the apparatus as well as soft-
ware issues due to this unusual coupling. Consequently, we are sure
that there is still room for further improvements. Furthermore, the
signal to noise ratio was found to be markedly higher in RPLCXRPLC
(10-fold higher) due to both larger peaks in SFC resulting from sig-
nificant extra-column volumes and still more pronounced injection
effects and more significant UV-detector noise in SFC.

Finally, in the light of these results, on-line RPLCXSFC can be
considered as aninteresting alternative for the separation of neutral
compounds compared to RPLCXRPLC.
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CONCLUSIONS

Le couplage RPLCxSFC en ligne a été appliqué a I'analyse d’une bio-huile
principalement composée de molécules neutres.

L’avantage d’utiliser une combinaison RPLCxSFC par rapport a un montage
RPLCxRPLC est clairement montré d’'un point de vue de I'orthogonalité. Néanmoins,
la compatibilité des phases mobiles entre les deux dimensions ainsi que la variance
extra-colonne bien supérieure en 2D-SFC comparée a la 2D-RPLC limitent le gain final
en terme de capacité de pics. Ces paramétres contribuent également a la plus faible
sensibilité observée en RPLCxSFC. Une diminution du volume extra-colonne, du
volume de délai et une augmentation de la pression maximale de I'appareillage en
SFC sont des pistes a suivre pour augmenter les performances de ce couplage.

Finalement, le couplage RPLCxSFC en ligne est une solution viable et
intéressante pour la séparation de composés neutres. Son potentiel pour des analyses
achirales ('D-RPLC) puis chirales (°D-SFC) dans le domaine pharmaceutique est
également trés intéressant [5].
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CONCLUSIONS GENERALES ET PERSPECTIVES

Nous avons pu confirmer dans ce travail que la chromatographie en phase
liquide bidimensionnelle « comprehensive » en ligne est une technique séparative a
tres fort potentiel qui permet de répondre a des problématiques complexes trés
diverses.

Il a été montré qu’une mise au point rationnelle des conditions opératoires est
indispensable. Une nouvelle méthodologie basée sur une approche « Pareto-optimal »
a été développée afin d’optimiser simultanément la capacité de pics, le facteur de
dilution et le temps d’analyse. Celle-ci tient compte a la fois des conditions opératoires
mais aussi des contraintes instrumentales. Les conditions optimales peuvent ainsi étre
appliquées a des séparations réelles dans un environnement instrumental donné.
Cette approche théorique a ainsi été appliquée en RPLCxRPLC pour I'analyse de
mélanges complexes de peptides. Les résultats expérimentaux obtenus sont tout a fait
cohérents avec les résultats prédits. Par ailleurs, il est montré que des conditions
opératoires completement différentes peuvent aboutir a des performances
chromatographiques comparables et qu’il appartient au chromatographiste de faire un
choix final en fonction de critéres additionnels. En ce qui concerne la séparation de
peptides, il est particulierement intéressant de remarquer que la plus grande capacité
de pics atteinte en 1D-RPLC (1600 en 40h, colonne monolithique de 4 métres) ne
nécessite qu’th en RPLCxRPLC dans nos conditions optimisées. D’autre part, cette
capacité de pics obtenue en RPLCxXRPLC est 4 fois supérieure a celle obtenue dans
des conditions optimisées en 1D-RPLC avec le meilleur standard de I'instrumentation
actuelle (HT-UHPLC, sub-2um). Enfin des capacités de pics similaires en 1D-RPLC et
RPLCxRPLC ont été obtenues pour des temps de gradient de seulement 3-4 min.

Une méthode HICxRPLC-UV/MS en ligne a été optimisée dans le but de
caractériser de facon exhaustive des biomolécules a visée thérapeutique a trés hauts
poids moléculaires que sont les anticorps conjugués (environ 150 kDa). Ce couplage
a permis, en une seule injection de 70 min, de calculer le DAR moyen de I'échantillon
d’anticorps conjugués (Brentuximab Vedotin) grace a la 'D mais également d’obtenir
des renseignements structuraux grace a la spectrométrie de masse associée a la
détection UV de la 'D et de la 2D. Cette complémentarité a rendu possible
I'identification de DAR impairs jusqu’alors non décrits dans la littérature pour cet ADC
commercial. Pour obtenir ces résultats, un développement de méthode a été
nécessaire et nous a conduit a (i) optimiser les conditions de gradient d’élution en HIC
pour la séparation des différents DARSs, (ii) ajouter du sel dans I'’échantillon d’ADC afin
d’améliorer la sensibilité, (iii)) encadrer le créneau de sel provenant de la 'D par de
'eau pour éviter toute précipitation lors de linjection en 2D, (iv) sélectionner le
modificateur organique de 2D pour maximiser la capacité de pics, (v) utiliser une vanne
de sélection afin d’éliminer le créneau de sel avant son entrée dans la MS et (vi)
augmenter la sensibilité MS grace au split du débit de 2D et a I'ajout d’acide formique.
Il est a noter que la cartographie UV obtenue grace a cette méthode pourrait étre
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utilisée pour le contréle de la fabrication de ces molécules et/ou de leur stabilité. Le
couplage avec la MS pourrait étre utilisé lors d’étude en « early development » pour
une caractérisation exhaustive de I'échantillon et/ou apres la détection d’anomalies
observées avec la méthode UV.

Enfin le développement d’'un couplage RPLCxSFC en ligne a été pour la
premiére fois décrit. Appliqué a des mélanges complexes de composés neutres, les
sélectivités différentes fournit par ces deux modes chromatographiques sont un réel
avantage par rapport a une approche RPLCxRPLC. Un travail particulier concernant
les conditions de transfert de I'échantillon de la 'D vers la 2D a été réalisé. Il a abouti
a une interface simple constituée d’une vanne 10-ports/2pos composée de deux
boucles d’échantillonnages classiques (boucles vides). Celles-ci doivent étre
complétement remplies par la phase mobile liquide de 'D afin d’éviter la présence d’air
et ainsi assurer une meilleure solubilisation par la phase mobile de 2D
(CO2+modificateur organique). L’utilisation de phases stationnaires polaires est
recommandée en 2D pour éviter des problémes de surpressions et de fluctuations de
la ligne de base lors de I'injection. Seuls des volumes inférieurs a 5 pL (5% 2Vo)
permettent de limiter les effets a I'injection. Il est ici important de noter I'impossibilité
d’utiliser un split pour réduire 2V;du fait de la remontée du CO2 par dépressurisation
lors de la rotation de la vanne a l'interface. Finalement une méthode RPLCxSFC en
ligne a été comparée a une méthode RPLCxRPLC optimisée pour 'analyse d’un extrait
aqueux d’une bio-huile. Des capacités de pics similaires ont été obtenues démontrant
que le couplage RPLCxSFC représente une alternative viable pour la séparation de
ce type d’échantillon. L’amélioration de paramétres instrumentaux (volume de délai,
volume externe) en SFC pourrait accroitre I'intérét pour un tel couplage en termes de
capacité de pics et de sensibilite.

L’essor des techniques bidimensionnelles est croissant avec la complexité des
échantillons mais aussi avec les demandes des différentes réglementations qui
poussent les chimistes/biologistes a caractériser toujours davantage leurs
échantillons. L’apport de méthodes orthogonales est donc primordiale et leur couplage
en ligne avantageux. Pour bénéficier pleinement de I'apport de ces techniques en
ligne, le travail d’optimisation doit &tre poursuivi afin d’affiner les prédictions théoriques
et simplifier le travail d’optimisation. Le développement d’outils prédictifs plus ciblés
appliqués a la séparation d’une ou plusieurs paires de pics critiques pourrait également
étre envisagé.

Le couplage avec la spectrométrie de masse peut faire I'objet d’'améliorations
comme la possibilité de travailler a trés hauts débits sans limiter la sensibilité. Cela
eviterait I'utilisation d'un split en amont du spectrométre de masse et donc une source
de dispersion supplémentaire. Un meilleur compromis entre le temps de balayage et
la sensibilité MS permettrait de profiter pleinement du pouvoir de résolution d’'une
séparation 2D. En effet, la MS ne peut pas toujours décrire de fagon correcte les pics
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générés en °D (entre 0.3s et 2s de largeur a la base selon les composés) tout en
gardant une sensibilité suffisante.

Le domaine des biomolécules pourrait étre un vecteur de développement de
méthodes 2D. En effet, ces molécules sont trés complexes et posseédent des propriétés
qui conviennent parfaitement a des analyses 2D. Leur caractérisation requiert,
l'utilisation de meéthodes non dénaturantes et dénaturantes avec lutilisation de
différents modes chromatographiques tels que les modes HIC, SEC, RPLC, IEX,
HILIC, qui sont intrinséquement orthogonaux. L’intérét de méthodes 2D en ligne serait
alors d’obtenir les informations inhérentes aux deux techniques en une seule injection
tout en permettant la compatibilité avec la spectrométrie de masse parfois impossible
avec la méthode 'D (cf. chapitre 4). De la méme fagon, le couplage LCxSFC peut étre
envisagé pour obtenir la séparation de diastéréoisoméres en 'D achirale puis
d’énantioméres en 2D chirale.

L’évaluation de la réduction des effets matrices grace au pouvoir de séparation
des méthodes LCxLC doit étre poursuivie. En effet, cela pourrait permettre de limiter
les étapes de traitement d’échantillon qui ne sont pas toujours aisément
automatisables et ainsi gagner en productivité. Toutefois, ces études devront intégrer
un aspect quantitatif qui reste un domaine encore peu exploré en LCxLC en ligne.
L’apparition de logiciels permettant un traitement automatisé complet des données
ainsi que leur quantification est un enjeu primordial pour I'essor définitif de ces
techniques couplées « comprehensive » en ligne.
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