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Abstract

The concept of limiting peak purity was applied to quantify the degree of completion of the separation capability of a chromatographic
system using multi-linear gradients. The objective was to check whether the complexity of a gradient program deserves be increased to enhance
resolution by inserting more linear segments, or on the contrary, no significant improvements can be expected under more complex gradients.
A set of 19 isoindole derivatives of primary amino acids was selected to test the performance of isocratic, single linear and multi-linear
gradients. Accurate simulated chromatograms were obtained via numerical integration of the general equation of gradient elution, using
pre-established start and end conditions of the gradient program. The overall peak purity was selected as objective function. Good—although
not baseline—resolution was achieved with an optimal trilinear gradient. Excellent agreement between experimental and predicted optimal
chromatograms was found. With the proposed approach, a degree of completion of the separation capability of the chromatographic system
of 21.2,49.7, 81.5 and 88.5% was accomplished with optimal gradients with one, two, three and four segments, respectively. More complex
gradients did not enhance the latter figure significantly. Also, multi-linear gradients gave rise to more benefits than complementary gradients.
© 2004 Published by Elsevier B.V.
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1. Introduction ing modifier concentration. An accurate approximation of a
target sloped gradient requires a large number of these steps.
Nowadays, optimisation methods have exploited most However, gradients can also be approximated to a few large
possibilities of isocratic elution and a variety of efficient ap- isocratic steps with a prefixed increment in solvent concen-
proaches are availabJ&—4]. This picture contrasts with the tration (i.e. stepwise or multi-isocratic gradier}10]. Re-
situation in gradient elution, which still requires major im- cently, Nikitas et al][10] derived new equations to predict
provements to reach all its potential. Currently, linear gradi- gradient retention times in multi-isocratic gradient programs,
ents have displaced curved gradient profiles, since they arewith a stepwise variation pattern where the modifier concen-
more easily reproduced in different instruments, and conse-tration could be increased, or eventually, decreased, the for-
quently, methods are easier to be transferred with accuracymer possibility being more interesting in practice.
[5]. However, a single linear step is often unable to resolve  Multi-linear approaches are good alternatives to multi-
the analysed mixture and multi-segmented gradients are re4dsocratic gradients. In this case, more than one segment of
quired. different slope is defined, where the modifier concentration
In practice, chromatographs generate gradients by per-is linearly increased. In order to speed up the elution, the
forming consecutive small isocratic steps, usually at increas- gradient slopes should be always positive, but occasionally,
one or more isocratic steps can be inserted, or the slope
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these ideas is commercially available (e.g. Ogiti, Dry- bile phase, and therefore, the studied gradients were restricted
lab[12]). to this factor.

The most simple computer approach for multi-linear gra-  Any interpretive optimisation procedure relies on the fit-
dients consists of the insertion of nodes altering an optimal ting of experimental data to a retention model. This implies
single-step linear gradient, assisted by the observation of sim-the development of an experimental design, that can be per-
ulated chromatogramd1-13] Each node is dragged and formed either under isocratic (i.e. measuring the retention
dropped at will in a trial-and-error fashion. This strategy is of each compound at different mobile-phase compositions),
especially suited when there are a few well-resolved peaks ator gradient (i.e. measuring the retention of each compound
the end of the chromatogram, where there is sufficient reso-under different gradient programs) elution modes. Although
lution to be the exact position of the node non-critical. The gradient experimental designs may require less effort, the
experience of the chromatographer is thus usually enough tobenefits are only full when all standards can be injected si-
find a satisfactory gradient. In the limit, this approach can multaneously, beingthe identity of each resulting peak known
be particularised to each solute cluster in the eluted mixture without ambiguity through peak tracking. If peak tracking is
[14,15] not conclusive or an adequate detector is not available, either

Similar to isocratic elution, grid searches have been de- the individual injection of each compound or the injection of
veloped to find out systematically the position of one, two reduced subsets of resolved compounds at each experimental
or more nodes in multi-linear sloped gradients. However, the condition are required for avoiding misidentification. This
computation time for these approaches increases exponenfact, together with the elimination of re-equilibration steps
tially with the number of nodes, and the developers do not between consecutive injections can make a cleverly designed
extend usually the application to more than two or three nodesisocratic set of experiments fully competitive.

[5,16-18] In addition to these considerations, isocratic designs are

In previous work[1,2], we proposed an optimisation significantly more informative than gradient orj#&9,20] In
methodology for isocratic elution where the product of peak this work, we selected isocratic elution for retention mod-
purities ) was maximised to obtain optimal separation elling to measure the maximal separation capability of the
conditions. This assessment has some intrinsic advantageshromatographic system by applying the limiting purity con-
related to the unambiguous association of one measure-cept (Sectiort.4). Isocratic elution also allowed describing
ment to each solute, and its straightforward meaning ( the retention behaviour with the highest accuracy level.
values range between 1 and O for null and full interfer- The retention was modelled using the most widely applied
ence, respectively). We apply here the concept of peak pu-equations in reversed-phase liquid chromatography, the most
rity to check whether the complexity of the gradient pro- appropriate for each solute being selected on an ANOVA
gram deserves be increased by adding more linear seg-basis:
ments to fully exploit all the capabilities of the solvent
system. The proposed algorithm scans the possibilities of 09k = ¢o +c1¢ (1)
multijlinear gradients yvith pre-established start and end logk = co+€1<p+02¢2 )
conditions of the gradient program. The method was ap-
plied to optimise the separation of the 19 primary proteic wherek is the retention factok the volume fraction of or-
amino acids, previously derivatised withphthalaldehyde  ganic solvent (in this case, acetonitrile), apdaz and ¢ the
(OPA) andN-acetylcysteine (NAC) to form isoindoles, which  fitted parameters.
were eluted with acetonitrile—water mobile phases at pH  However, realistic simulations of chromatograms require
6.5. the prediction of peak profiles. For this purpose, a modified-

Gaussian model where the standard deviation depends lin-
early on the distance to the peak apex was selejf@gH

2. Theory This model includes parameters that can be related to the
peak height (or area), efficienci), asymmetry (measured
2.1. Simulation of chromatograms asB/A, BandAbeing the left and right halfwidths) and the re-

tention time. The values & andB/A were measured at 10%

The accuracy of the predicted retention times is a key point peak height for each solute at each isocratic condition of the
that influences the reliability of the optimisation study. Thus, experimental design. Efficiency was calculated according to
achievement of good models able to describe the retention ofFoley and Dorsef22]. Linear or parabolic models were fitted
the compounds of interest as a function of the factors(s) beingto predictN andB/A as a function of mobile-phase composi-
varied during the gradient program is mandatory. Tradition- tion [20]. Peak areas were normalised to the unity throughout
ally, gradient elution programs are optimised by changing this work, except in the comparison with experimental chro-
the gradient slope and the initial mobile-phase composition, matograms.
although other properties, such as temperature and pH, have The prediction oN andB/A is less accurate than the pre-
been considerefd.1,12] In this work, the subjacent experi- diction of retention. One should note, however, that the fac-
mental factor was the acetonitrile content in the organic mo- tor with major impact in the resolution is the retention time.
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Nevertheless, better predictions will be obtained for complex mobile phase were computed from chromatograms simulated

mixtures by considering variationsihandB/Awith mobile- according to Sectio.1

phase composition for each solute, with regard to those ob- The p; elementary values associatedrtaolutes eluted

tained either with the mean values ldfand B/A within the under a given gradient program were combined in an overall

experimental design, or just ignoring the peak shape influ- peak purity value, through the dot product of the individual

ence. peak purities extended to all solutes. This was the objective
Once built the models for retention, efficiency and asym- function being maximised:

metry in isocratic mode, the next step is developing an algo- ;

rithm able to take advantage of them to predict the separation p— l—[ P (5)

under any gradient condition. For this purpose, the predic- 1

tion of retention was performed through the resolution of the

general equation for gradient elution: The process of calculation of overall purity is generally
extended to a predefined set of experimental conditions (i.e.
il dr a set of isocratic experiments or a set of gradients), eventually
to = f 3) obtaining aP vector or matrix (according to the number of
k(e(0)) factors being varied). The position of the elemer®iwith a

. o ) " maximal value will denote the optimal separation conditions.
wherelg is the retention time under gradient conditidgshe  Ajternatively, the process can be applied to the elementary
retention of a non-retained compound, &g(t)), the vari- ity vector (or matrix) of a given solute (instead to the
ation of the retention factor as a function of time. Note that global purity vector/matrix). For each solute in the mixture,
the latter function is composed of two equations, namely, the there will be a certain experimental condition that will give
variation ofk versusp (i.e. the retention model) and the vari-  jis pest separation from all the others. Associated to this sep-
ation of this factor with respect to time (i.e. the gradient pro- ayation condition, there is a maximal elementary resolution
gram). Eq(3) has an algebraic solution when &) isused )¢ for that solute, which has been called the limiting peak
as retention model, and the gradient program is linear. Sinceprity [26]. If the solute can reach full separation, the limit-
this is not generally the case (as happens with multi-linear jng purity will be 1.0. When in the best conditions there is a
gradients, or yvhen Eq2) is used), numerical integration is  grtain overlap with other(s) solute(s), it will be <1.
the most straightforward system to solve &8), although Limiting purity is a useful concept to prospect the max-
may mean long calculation times if used in optimisation.  jma| separation capability of a chromatographic system in

Prediction of peak width under gradient conditions was rqer to separate, either a given solute or a set of solutes
carried out by applying the Jandera’s approgz8]. This from the others. Based on this assessment, a special optimi-
affirms that the band width of a given solute is equal to that gation that takes maximal advantage of the system capabil-
observed if it were eluted isocratically, at the mobile phase ity was proposed, namely, the complementary mobile-phases
affecting the solute when it reaches the column outlet during optimisation[2,26]. This methodology consists of finding a
the gradient. The same basis was applied for predicting peak,ymber of optimal chromatographic conditions (e.g. two or

asymmetn20]. three mobile-phase compositions or/and columns), selected
_ in such a way that each one is devoted to get an optimal sep-
2.2. Measurement of resolution aration of a given subset of compounds. When the results of

all conditions are considered globally, all compounds should
Optimisation is based on the improvement of a numer- pe maximally resolved and the overall purity should tend to
ical value able to sum up the quality of the separation of the overall limiting purity.
the whole mixture in a given simulated chromatogram. This
implies measuring and combining a set of elementary res-, 3 gradient optimisation
olution values, each of them devoted to a particular solute.
Several suitable criteria can be found in the literature forthe  1ne gim of this work was developing a measurement that

evaluation of the resolutiof24,25] whose advantages and 5o,y establishing the theoretically maximal resolution ca-
drawbacks have been extensively discussed and are out ofgpjjity that can be expected using multi-linear gradient elu-

the scope of this work. We use here the peak purity concept.tjon in order to decide if the introduction of new nodes will

which is defined as the area fraction of a given salti@tis  roduce significant benefits on resolution. The efficiency of
not overlapped by the chromatogram formed by the sum of \he gptimisation algorithm was out of our concern: a more

its interferentg2]: sophisticated algorithm would lead to the same results, al-
o though in less time. For this reason, we selected a grid search

pi=1--+ (4) as optimisation algorithm, which although being slow, was
o anyway enough for our purposes.

whereo! is the overlapped area under the peak of solute The dwell time tp (the time delay between gradient for-

ando; is its total area. Peak purity values for each solute and mation and column inlet), was considered as an initial iso-
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cratic step always present in any scanned gradient programthough whem> 3 the required computation time begins to
This means that actual gradient profiles should be obtainedconstitute a limit that constrains the practical application of
by addingtp to the programmed time values. However, for the algorithm.
simplicity, figures showing 3D views and contour maps of
resolution surfaces in this work do not include in the axis
the dwell time, although it was obviously considered in the 3. Experimental
calculations.
3.1. Reagents

2.3.1. Simple linear gradient optimisation

The optimisation of gradients was first tackled by perform- ~ The reagent mixture contained-phthalaldehyde,N-
ing a grid search of gradient slopes and initial solvent con- acetylcysteine (Fluka, Buchs, Switzerland), and a buffer pre-
centrations (i.e. the factors defining each gradient program), pared with boric acid (Probus, Badalona, Spain). The 19 stud-
assessing the performance of all possible combinations ofiedL-amino acidsTable ) were obtained from diverse man-
gradient descriptors. This yielded a resolution curve (one- ufacturers. Other chemicals needed were ethanol (Merck,
factor optimisation: gradient slope), or surface (two-factor Darmstadt, Germany), sodium hydroxide (AnalaR, Poole,
optimisation: gradient slope and initial solvent concentra- UK), and hydrochloric acid (Panreac, Barcelona, Spain). Mo-
tion). The detail level in the resolution surface was governed bile phases were prepared with acetonitrile (HPLC grade,
by the coarsenesg.(@ndgc), which is the increment in the  Scharlab, Barcelona). Mobile-phase pH was buffered us-

considered experimental factor. ing trisodium citrate dihydrate and a convenient amount of
hydrochloric acid (Merck). All reagents were of analytical
2.3.2. Multi-linear gradient optimisation grade.

This work evaluates the possibilities of gradient separa- The mobile phases and the solutions of the OPA-NAC
tion using two or more consecutive linear gradients. For this derivatives were filtered through 0.45n membranes (Mi-
purpose, the most conventional approach of defining a singlecron Separations, Westboro, MA). Nanopure water was used
linear gradient by fixing initialgg) and final ¢r) solvent con- throughout (Barnstead, Sybron, Boston, MA).
tents, and setting a transition tintg) (was chosen. The com-
plexity of the multi-linear gradient program is determined by 3.2. Apparatus and software
the number of nodes]. The most straightforward gradient
program is defined fon=0, which means a program with- The chromatograph (Agilent, Model HP 1100, Wald-
out nodes, varying linearly fromg to ¢s in t;. The insertion bronn, Germany) was equipped with a quaternary pump, a
of one node attf, ¢1), gives rise to a two-segment gradient column oven, an automatic sampler, and a diode-array detec-
(i.e. a bilinear gradient). Any gradient program selected for tor. The separation was carried out with a 250 .6 mm
n=1 increases linearly fromg to ¢1 in t1, and then reaches i.d. Inertsil ODS3 column with fum particle size (Aalisis
linearly s in tr —t1. This intermediate condition is always Vinicos, Tomelloso, Spain), connected to a 30 saimm
selected accomplishing thap <1 <¢f andtg <ty <t;. All
possibilities in the position of this first node were prospected Table 1

by considering the selected coarsenesg Bndt: 1 =gg Prediction errors for the 19 OPA-NAC amino acid derivatives
(/70+(Pc: (p0+2(pCi cea OF andt].:tOv t0+tCl t0+2tCl LY} tf Code Amino acid RE Rgdjb
The algorithms for gradient elution explained in Sectidris 1 Aspartic acid 0.01 1.0000
and 2.2were applied, yielding thus vectors of elementary and 2 Glutamic acid 0.04 1.0000
global peak purities for each tested gradient program. 3 Asparagine 0.24 1.0000
Gradient optimisation can be sophisticated and adapted to ‘5‘ zlelj't;‘;me g'ig g'gggg
the partlcula_rltle_s pf the sample by msert_m_g a larger numbe_r 6 Histidine 0.22 1.0000
of nodes. This will increase also the possibilities of successin 7 Threonine 0.22 1.0000
the separation of the mixture, but with the inconvenience of 8 Glycine 0.28 1.0000
requiring larger computation times. For 2, a pair of inter- 9 Arginine 0.26 0.9999
mediate conditions should be definetd; 1) and €, ). In 10 ’::/ﬁr‘g's?se %':;2 %‘2%22
thls_ case, the g_r_ad|ent program increases Imea_rly the concens, Cysteine 236 0.9985
tration of modifier frompg to ¢1 in ty, then togps in t; —t1, 13 valine 0.44 0.9999
and finally, togs in t; — to. Both nodes were selected accom- 14 Methionine 0.30 0.9999
plishing g < 91 <2 <@ andtg<t; <t, <t;. Note that these 15 Isoleucine 0.32 0.9999
conditions assure that the gradient always yields an increaset® #ﬁ)’:gphan %1133 11'%%%%
in elution strength. As in the case of 1, all combinations 18 Phenylalanine 0.06 1.0000

of two nodes were scanned by considering the coarsenesgg Leucine 0.03 1.0000

!n t andﬁ‘)' From a theoret'cal_Standpomt' therg '_S m_) limit 2 The percentage of relative error (R.E.) was calculated accord[@@}o
in the number of nodes considered in the optimisation, al- b corrected determination coefficient.




V. Concha-Herrera et al. / J. Chromatogr. A 1063 (2005) 79-88 83

i.d. Kromasil C18 guard column with jbm particle size models has been exhaustively tested for decades. The lim-
(Scharlab). The column temperature was fixed throughoutits of the considered search space for all gradients involved
at a nominal value of 25C, and the flow-rate was kept con- in the optimisation studies shown below were froyw 0 to
stant at 1 ml/min. Detection of amino acid derivatives was t; =80 min, and frompg =5 togs = 27.5% acetonitrile, which
performed at 335 nm. equals the range covered by the isocratic experimental de-
The dead time (2.1 min) was measured from the first devi- sign. We did not consider convenient to predict gradients
ation of the baseline, whereas the dwell time (1.79 min) was whose initial concentration is below 5% acetonitrile, which
obtained by monitoring at 280 nm a blank gradient where would mean an extrapolation. On the other hand, retention
acetone was increased from 0 to 1% in 20 fi2ig)]. times for >27.5% acetonitrile were too low for most amino
Home built-in routines, written in MATLAB 6.5 (The  acid derivatives, which appeared overlapped, and for these
Mathworks, Natick, MA), were developed for data treatment. concentrations modelling was considered useless.

3.3. Derivatisation and chromatographic procedures 4.2. Simple linear gradient optimisation

The OPA-NAC reagent, prepared weekly by mixing in this Fig. 1a depicts the resolution map for the two-facteg (
order an ethanolic OPA solution, an aqueous boric acid/borateand tg) gradient optimisation. Slices of this plot, parallel
buffer, and NAC solution, was stored at@ protected from to thetg axis (i.e. at fixedpg) would yield one-factortg)
light by covering the solution with aluminium foil. The fi- window diagrams of products of peak purities. The best
nal concentrations of the reagents were2 20~* M OPA, results were achieved by starting the gradient program at
4.0x 10~ M NAC, and 0.1 M boric acid/borate buffer. Stock  5.0% acetonitrile, with 75.3 min as gradient time. The coarse-
amino acid solutions (1.5 10~3 M) were diluted with water ness values fot. and g were 1.33 min and 0.5% acetoni-
up to 6.0x 10~ M before injection into the chromatograph, trile, respectively, which corresponded to a>66 simula-
except for cysteine (1.8 10~° M), which showed lower ab-  tion design. As can be seen, the optimum found yielded
sorptivity. poor resolution P~ 0.20, Table 2, which is evidenced by

The derivatives were formed by mixing an aliquot of each the corresponding predicted chromatogrdtig( 2a). A se-
amino acid solution with 3 ml of the OPA-NAC reagent, and vere overlap is observed between compounds 12/13 and
diluting to 10 ml with water. After 10 min, 2l of the deriva- 16/18/19, and to a lesser extent, for compounds 7/8. A single-
tives was injected into the chromatograph, and eluted un- step gradient optimisation was thus not satisfactory for this
der isocratic or gradient elution with acetonitrile—water mix- mixture.
tures, where pH was fixed at 6.5 with 503 M citric
acid/citrate buffer. Duplicate injections were made. 4.3. Multi-linear gradient optimisation

The resolution surface and the optimal chromatogram ob-

4. Results and discussion tained for a bilinear gradient optimisation (i.e. multi-linear
gradient with one node) are shown kigs. 1b and 2bre-
4.1. Experimental design and retention modelling spectively. The selected coarsenesgfavas 4 min, and for

@c, 1.12% acetonitrile, which gave rise to a2P1 simula-

A separation problem, containing the 19 proteic amino tion design. In this case, since the initial and finap} values
acids was selected to test the proposed method. The OPAwere fixed, only two factors were optimised: those defining
NAC derivatives were eluted with isocratic mixtures of the coordinates ofthe unique nodg {1). Therefore, this op-
acetonitrile—water at pH 6.5. The acetonitrile working range timisation looks like a conventional isocratic two-factor op-
was 5-27.5%. However, due to the large differences in polar- timisation. The optimal gradient achieved with the proposed
ity among amino acid derivatives, only some mobile phases algorithm included an initial ramp going from 5 to 17.4%
were suitable to elute each solute in appropriate analysisacetonitrile in 56 min, reaching then 27.5% acetonitrile in
times. Depending on the solute, data corresponding to 4—6additional 24 min (see dashed linesHiy. 2v). It should be
mobile-phase compositions were available to build the dif- observed that the node is located in the neighbourhood of
ferent models describing the isocratic retention, efficiency the diagonal elements of the resolution surface, which means
and asymmetry factor. that the optimal bilinear gradient program is close to the lin-

Table 1lists for each derivative the errors obtained in ear one (which goes directly frogy to ¢r in t min). This
the prediction of retention, which were extremely low for can be confirmed if one inspects the gradient pldtig 2b,
all amino acids. Only cysteine showed a larger relative er- in which the slopes of both segments of the gradient program
ror, although anyway very low. Nevertheless, the compar- are rather similar (0.28% mirt for the unique segment of the
ison of the experimental optimal chromatograms with the linear gradient, and 0.22 and 0.42 mirfor the two segments
predicted ones (Sectigh3) constitutes the most demanding of the bilinear gradients).
validation procedure of any prediction method. In addition, All gradient programs located in the diagonal region in
it should be noted that the validity of the selected retention Fig. 1b, which apparently seem different according to the
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Fig. 1. Overall purity surfaces at varying gradient tinkg) (and initial concentration of acetonitriled) for the separation of the 19 OPA-NAC amino acid
derivatives by applying: (a) linear, (b) bilinear, and (c and d) trilinear optimisations. The black dot indicates the optimal condition.

Table 2
Optimal popt) and limiting (o) purities for the gradient and isocratic optimisations in the separation of the 19 OPA-NAC amino acid derivatives
Compound3d Linear Bilinear Trilinear Tetralinear Isocratic
Popt PL Popt PL Popt PL Popt PL PL
1 1000 1000 1000 1000 1000 1000 1000 1000 1000
2 1.000 1000 1000 1000 1000 1000 1000 1000 1000
3 1.000 1000 1000 1000 1000 1000 1000 1000 1000
4 1.000 1000 1000 1000 1000 1000 1000 1000 1000
5 1.000 1000 1000 1000 1000 1000 1000 1000 1000
6 1.000 1000 1000 1000 1000 1000 1000 1000 1000
7 0.945 Q953 Q956 Q972 Q936 Q977 Q939 Q979 Q979
8 0.945 Q952 Q956 Q972 Q934 Q977 Q938 Q979 Q979
9 1.000 1000 1000 1000 Q998 1000 1000 1000 1000
10 1000 1000 1000 1000 1000 1000 1000 1000 1000
11 1000 1000 1000 1000 1000 1000 1000 1000 1000
12 0805 1000 1000 1000 Q969 1000 Q999 1000 1000
13 0805 1000 1000 1000 Q970 1000 Q999 1000 1000
14 1000 1000 1000 1000 1000 1000 1000 1000 1000
15 1000 1000 1000 1000 1000 1000 1000 1000 1000
16 0767 1000 Q945 1000 1000 1000 1000 1000 1000
17 1000 1000 Q994 1000 1000 1000 1000 1000 1000
18 0571 Q875 Q722 Q939 Q976 Q997 Q982 Q999 1000
19 0802 Q871 Q770 Q917 Q976 Q997 Q982 Q999 1000
Overall Q0203 Q691 Q477 Q815 Q782 Q949 Q849 Q957 Q959
Completion (%) 22 721 497 850 815 990 885 998 -

2 SeeTable 1for compound identities.
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Acetonitrile, %

Acetonitrile, %

Acetonitrile, %

) time, min

Fig. 2. Optimal chromatograms attending to the overall purity for a mixture
of 19 OPA-NAC amino acid derivatives under different chromatographic
situations by applying: (a) linear, (b) bilinear, and (c and d) trilinear gradients.
The dashed line depicts the gradient program. Bese 1for compound
identities.

coordinates of the nodés( ¢1), indeed represent the same

parallel structures, and presents the maximutpaB6 min,
¢1=20.75% acetonitrile.

The optimal overall purity using bilinear optimisation was
P~ 0.48, which is significantly larger than the value obtained
for single linear gradients. As can be seen, the resolution
of some compounds was still not satisfactory (see, e.g. the
group of peaks 16/18/19). The multi-linear gradient approach
offers the possibility of increasing the number of nodes as
desired, that is, each segment can be focused on the sepa-
ration of a specific solute cluster. If the optimal resolution
achieved using nodes is not satisfactory, the chromatogra-
pher can incidentally prospect an optimum fot 1 nodes
through computer simulation, without the need of additional
experimental work. This procedure can be repeated till reach-
ing the chromatographer’s satisfaction and/or the separation
limits of the chromatographic system. The convenience of
including more nodes and the way of assessing the real re-
quirement of these new nodes will be discussed in Section
4.4

In the case of trilinear gradients (i.e. three segments and
two nodes), the resolution surface require a five-dimensional
plot (four factors:ty, to, @1 and ¢y, plus the resolution as-
sessment itself), which cannot be properly drawn. Simplified
diagrams can be obtained instead, by depicting the optimal
resolution surface for each nodeig. 1c and d show these
resolution surfaces, arfedg. 2c the optimal chromatogram.
For the first nodeKig. 1c), each point of the surface repre-
sents the maximal resolution achieved when that node is at
the plotted position and the second one is at the optimal po-
sition. A similar idea, but fixing the second node, yields the
second plot Fig. 1d). These resolution diagrams, although
being a simplification of the reality (which is highly more
complex), give at least a graphical idea of the robustness of
the optimum found. In the examined example, the optimal
position of the first node is more critical than that of the sec-
ond node. The reason is that this node is chosen in a later
stage of the gradient and will not affect the compounds pre-
ceding the first node. Moreover, once fixed the first node,
the second one should be chosen from a more reduced factor
space. Another consideration to be taken into account is that
the gradients along the main diagonal are more robust, due
to geometrical reasons, since they represent closely similar
underlying solvent increments.

Plots inFig. 1c and d were generated by sampling less
comprehensively the factor space, in comparison with the
plots shown irFig. 1a and b. The reason was the exponential
increment in calculation time at increasing number of nodes.
This was partially avoided by modifying the coarsenéss:

underlying increment in solvent, and as a consequence, yieldandg. were setto 10 min and 2.25% acetonitrile, respectively
similar resolution. Gradients represented by nodes close to(compare with 4min and 1.12% acetonitrile for the bilinear
the diagonal (with an almost constant variation in solvent gradient optimisation), which corresponds to a 81 simu-
composition as a function of time) can be also expected to lation design.

yield similar resolution, but in addition, there are other ap-
parently different gradients representing similar solvent in-

The optimum found in the new conditions increased sig-
nificantly the resolution achieved with the bilinear optimisa-

crements. These gradients tend to yield linear resolution fea-tion, reaching an acceptable vallRe=0.78 instead of 0.48).
tures. The main secondary structure belongs to one of theselhis can be confirmed if one inspects the optimal chro-
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matogram Fig. 2c): the resolution of peaks 16/18/19 was im-
proved till almost baseline. Compounds 12 and 13 were also
satisfactorily resolved, and only a partial overlap remained
between compounds 7 and 8. A small increase in the res-
olution was obtained by introducing a third nodgd. 2d)
(P=0.85). The tetralinear gradient profile was similar to the
trilinear, with a new node at 20 min inserting a horizontal
segment.

Critical peaks correlate well with the position of the nodes.
Thus, the node in the bilinear optimisatidfid. 2b) is related
mainly with the separation of peak pair 12/13, which obliges =
to increase slowly the concentration of organic modifier be-
fore the node to avoid their coelution (compare Vith. 2a).
Once these peaks left the column, the concentration of solvent
can be steeply increased to elute the remaining compounds
in the prefixed maximal gradient time. For the trilinear opti-
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misation, the first node was shifted to shorter times (30 min
versus 56 min for the bilinear optimisation, comphig. 2b

and c), which does not affect significantly the resolution of

the first peaks. However, if the slope of the gradient were not
changed beyond 30 min, it would be detrimental for the sepa-
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ration of peaks 12/13 and 16/18/19, which would appear less 15

resolved. This explains the fact that the optimal slope beyond

the first node be strongly reduced. The second node is located
just before reaching the final subset 16/18/19, which is trans-

lated in a strong increment in the slope to be able to reach the
final gradient conditions. The resolution of these three peaks

is achieved thanks to the moderate elution strength during the
first and second segments.

Fig. 3 depicts predictedFig. 3a, ¢ and e) and experi-
mental Eig. 3, d and f) chromatograms for different gra-
dient programs. Chromatograms a and b correspond to the
secondary optimum found with linear gradients (optimis-
ing bothtg and¢g). Note that this chromatogram is faster
than the optimal situation shown Fig. 2a. The other de-
picted chromatograms correspond to the optimisation of tri-
linear gradientsKig. 3c—f). Fig. 32 and f show the chro-
matograms for a trilinear gradient where the optimum was
chosen with certain time restrictions. In all cases, the agree-
ment between predicted and experimental chromatograms is
excellent.

The bottleneck of the gradient optimisation is the numer-
ical computation of Eq(3), since a systematic scanning of
all possible multi-linear gradients is carried out. In order to fFig- 3. PreldiCtet‘_j (ai ¢, a’:jf_* e)ta”d experimental (gv g(;/afld f) ‘732f§m?t09fam5
keep the calculation time in a reasonable figure, we took the (t)); (S;;’SEOOZ?;T:;; A)I,et?=g(r)omgir:)r?3¢1g.06(.:25.% o fsomin)m;?&
decision of decreasing the grid thickness and the accuracy of . 5 7504 t,=70min), and (c) ¢o = 5.0%, ¢r = 27.5%, t; =80 min),
numerical integration. The treatment based on these simpli-(,, =18.5%,t; =30 min) and ¢, =20.75%,t, =60 min). SeeTable 1for
fications does not guarantee the true optimal separation becompound identities. Experimental areas were used for updating simula-
found. Nevertheless, the final simulation at the optimal con- tions.
ditions was performed at the highest possible accuracy level.

In case of disagreement with the corresponding experimen-4.4. Limiting purities as tools for scanning multi-linear

tal chromatograms, the optimisation should be repeated atgradient complexity

a higher accuracy, incidentally shrinking the factor space to

a more restricted region. However, the agreement between The above results illustrated the advantage of introduc-
experiments and predictions was good and the mentioneding a more complex gradient program to accommodate the
improvement was not required. requirements of each peak cluster. Thus, the overall peak
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purity increased fronP?=0.20 to 0.48 to 0.78 to 0.85 for sin-
gle, bilinear, trilinear and tetralinear gradients, respectively.
The point is to anticipate how many nodes will improve sig-
nificantly the resolution without the need of performing the
corresponding full optimisation.

Limiting purities have demonstrated to be a useful tool
to quantify the extent in which a given experimental con-
dition has been able to exploit the resolution capability of
the systeni2]. Table 2shows the elementary peak purities
at the optimal composition, together with the limiting val-
ues, for four types of gradient separations: linear, bilinear,
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provided that the isocratic experiments cover appropriately
the gradient scans.

Similar to isocratic elution, an approach has been reported
where the solutes were optimally resolved by performing two
runs at different temperature and gradient times (comple-
mentary linear gradient$29]. The relative performance of
complementary gradients versus multi-linear gradients can be
also evidenced from the resolution values listedamle 2
Under ideal conditions, two or more optimal complementary
linear gradients would yielé®=0.691 (the larger the num-
ber of optimised complementary gradients, the closer to this

trilinear and tetralinear, together with the results of the iso- figure). Note that one optimal bilinear gradient gives rise to
cratic separation, which is given as reference. The latter col- an appreciable increase in the overall purity with respect to
umn constitutes the maximal capability of the system, since the single linear gradient, and that the optimal purity for the
it expands the separation among peaks. In fact, the isocratictrilinear gradient is even larger than the theoretical largest
limiting purities indicate that the chromatographic system is resolution achieved with several complementary linear gra-
able to separate all peaks up to the baseline, except threodients, tending to the maximal separation capability of the
nine and glycine (compounds 7 and 8), which reach almost system. Including a larger number of segments in the gra-
isolation. However, the isocratic elution of the amino acid dient optimisation, gives rise to more opportunities to adapt
derivatives under the theoretically optimal separation condi- the system to the particularities of each solute cluster, get-
tions implies absolutely unpractical analysis times. The in- ting thus the elementary resolutions closer to the limiting
terest of presenting isocratic limiting purities is that they in- ones.

dicate whether the system will be able to resolve the com-  As indicated above, glycine and threonine coelute under
pounds under gradient elution: if the isocratic limiting values any isocratic condition. This behaviour is replicated under
for two or more peaks are below a given threshold, no sin- any assayed gradient. Accordingly, the only possibility of
gle linear or multi-linear gradient will be able to separate enhancing the separation of this peak pair is a major change
the mixture. Thus, isocratic limiting values are ideal figures in the nature of the chromatographic system (e.g. column,
that allow prospecting the maximal capabilities of the chro- solvent system, pH or temperature).

matographic system under both isocratic and gradient elu-
tion.

The meaning of limiting purities in gradient elution is sim-
ilar to the isocratic limiting values: for each solute, they will
indicate the minimal degree of interference that can be ex- An efficient inspection of the resolution capability of a
pected. Thus, as can be seerTable 2 the optimal linear chromatographic system can be performed by applying the
gradient is far below the system capability described by the concept of limiting purity. In isocratic elution, the only way
isocratic valuesK_ =0.203 versus 0.959). The same holds to achieve the full resolving capability, when the complexity
for the limiting purity for this kind of gradientd =0.691), of the mixture is high, is the use of complementary mobile
so the introduction of nodes can be expected to yield bene-phases. In gradient elution, however, the inclusion of nodes
fits. The same picture is observed for one and two nodes. Theto particularise the requirement of each peak cluster becomes

5. Conclusions

overall limiting purity isP. =0.815 and 0.949 for the bilinear

a competitive alternative to exploit the full capability of the

and trilinear gradients, respectively. The latter value almost system, making the resolution closer to the maximal values.

equals the isocratic limiting purity?( =0.949 versus 0.959),
therefore a third node (witR_ =0.957) will not contribute
appreciably to the enhancement of resolution.

A degree of completion of the separation capability of the

From a practical point of view, the use of multi-linear gradi-
ents present more advantages than developing two or more
complementary gradients.

The number of steps or segments showing particular gra-

chromatographic system of 21.2, 49.7, 81.5 and 88.5% wasdient slopes can be increased at will, but the computation
accomplished for optimal gradients with one, two, three and time increases exponentially. The same holds for the com-
four segments, respectively. These figures are obtained byplementary gradients. The research presented in this work
dividing the limiting purity in the selected separation by the was developed in a PC provided with a 3 GHz Pentium IV
isocratic limiting resolutionTable 2. More complex gradi- processor. In such a computer, the calculation time for deter-
entswill not enhance the separation significantly. Onthe othermining the best linear, bilinear, trilinear and tetralinear gra-
hand, the optimal overall purity becomes closer to the overall dients was 1.6, 2.2, 13.6 min and 8.4 h, respectively, which
limiting value as the number of nodes increases. Changes inshould be enhanced. This will be the subject of future work.
elution order in isocratic mode can appear or not in gradi-  The use of gross grids expedited the calculation time.
ent mode. However, if no peak reversal happens in isocraticHowever, it cannot be discarded that a close situation (not
mode, no peak reversal will be observed in gradient mode, included in the studied grid) could enhance slightly the op-
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timal gradient separation with n nodes. Note that the refer- [8] R. Cela, J.A. Mafinez, C. Gonalez-Barreiro, M. Lores, Chemom.
ence results correspond toisocratic elution, and are calculated  Intel. Lab. Syst. 69 (2003) 137.
with high accuracy. Consequently, if the optimisation were [°] M. Hutta, R. Gra, J. Chromatogr. A 1012 (2003) 67.
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