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DESIGN OF OPTIMIZED HIGH-PERFORMANCE LIQUID CHROMATO-
GRAPHIC GRADIENTS FOR THE SEPARATION OF EITHER SMALL OR
LARGE MOLECULES

IIT*. AN OVERALL STRATEGY AND ITS APPLICATION TO SEVERAL
EXAMPLES
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and
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SUMMARY

Recommendations are presented for an efficient approach to the design of
optimized gradients for complex samples using computer simulation. Examples based
on the separation of polyaromatic hydrocarbon and ribosomal protein mixtures are
shown.

INTRODUCTION

The preceding paper’ described how different sample types (cases [-III) respond
to vartous changes in gradient conditions. Based on that discussion, this paper outlines
a general approach to the design of gradients for maximum resolution and/or
minimum run time for each sample type, especially case III samples (where the band
spacing varies with the gradient conditions).

DESIGN OF OPTIMAL GRADIENTS

Case I samples

This is illustrated in Figs. 1 and 2 in ref. 1, assuming a sample with a molecular
weight of about 200. Increasing the gradient time (with other conditions fixed) leads to
a progressive increase in resolution, until the average &’ value for sample bands (k' =
1/1.15b) equals about 10. A further increase in ¢g beyond this point leads to minimal
additional improvement in resolution. At the same time, bands broaden in approxi-

* For Parts I and 11, see refs. 4 and 1.
** Present address: Eli Lilly Co., Indianapolis, IN 46285, U.S.A.
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DESIGN OF OPTIMIZED HPLC GRADIENTS. 1II. 45

mate proportions to fg, meaning that there will be a significant loss in detection
sensitivity for longer gradient times (not shown in Fig. 1 in ref. 1; all peak heights there
are normalized to a fixed maximum value). This means that there is an optimal
intermediate gradient time, equal to 50-100 min for this example (kK = 7-14).

For samples that can be classified as case I, there are no reversals of peak
position as the gradient time is changed. The effect of changing the starting value of
@ (@o) while holding the gradient steepness (b) constant is shown in Fig. 2 in ref, 1. If
the flow-rate and column dimensions are unchanged, the gradient time 7 must be
reduced in proportion to A¢ for b to remain constant, because

b = (VuS/F)(49/tc) ()

Fig. 2 in ref. 1 can be better understood in terms of eqn. 8 in ref. 1:
Pe — Qo = 1/S )

The value of ¢ (equal to ¢* for a linear, single-segmented gradient) must be
sufficiently different from ¢ at elution (¢.) to prevent initial elution of the sample by
the starting mobile phase if the separation is to be unaffected by the choice of ¢,. In this
instance S = 5, so that ¢, — @, should be greater than 0.20 (20% B).

As an example, consider the resolution of the first two bands of the
chromatograms in Fig. 2 in ref. 1. The average value of ¢, for these two bands is about
35% B (see gradient overlay, which represents ¢ at the column outlet). This means that
when @g exceeds 35 — 20 = 15% B, the resolution of the first two bands will be
decreased.For values of ¢, < 0.15, the relative retention and resolution of the two
bands should be unaffected. The resolution R, of these two bands as a function of ¢ is
as follows: when @ = 0.05, 0.20, 0.30, 0.40 and 0.50, R, = 5.8, 5.7, 5.5,4.8 and 2.7,
respectively. A significant decrease in resolution is seen to occur for ¢ > 0.30. That is,
eqn. 8 appears to be conservative for estimating the maximum value of ¢, for samples
of this type (case I). The final value of ¢ in the gradient has no effect on the appearance
of the chromatogram, as long as all bands are eluted before the end of the gradient.
This is illustrated by Fig. 2f and d in ref. 1.

Segmented gradients are not usually advantageous for improving the resolution
of case I samples. However, segmented gradients can be used to reduce the run time
whenever later portions of the chromatogram have much higher resolution (lower
density of bands), by using steeper segments for the elution of these bands.

Case II samples

Homologous or oligomeric samples often correspond to case II and show plots
of log k' vs. ¢ that extrapolate to about — 1.0 for ¢ = 1. We have therefore carried out
computer simulations with DryLab G for a series of hypothetical compounds where

S =logk, + 1 3)

and values of log k,, change by equal increments (as in Fig. 3b in ref. 1). The effect of
gradient time on the separation of the latter sample is shown in Fig. la-d. Sample
resolution increases regularly with increase in #g, as in the simulations in Fig. 1 in ref.
1 for a case I sample. However, the chromatograms in Fig. la—d show initial bands that
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DESIGN OF OPTIMIZED HPLC GRADIENTS. III. 47

are overresolved, even for fairly short gradient times, whereas later bands are only
marginally resolved even for very long gradients (240 min, Fig. 1d).

For examples of this type it is generally recommended to try a convex gradient.
Such gradients are usually described by equations of the form

o =1—1[1 = ()" “

However, it is seen in Fig. le and f that the use of convex gradients (of varying
convexity; # = 2 and 3) with a gradient time of 60 min does not improve the separation
obtained by a linear gradient in the same time (Fig. 1b). The reason is that the initial
steep portion of these convex gradients rises to a high value of ¢ before the sample can
be eluted from the column. The resolution of the sample is in turn determined by the
values of ¢, (or k;) for each band pair.

Fig. 2a and b show further separations of the sample in Fig. 1, where the value of
@o Is varied while the gradient steepness (value of b) is maintained the same as in the
separation in Fig. 1d (¢ = 240 min). The use of ¢y = 55% B (Fig. 2b) yields similar
resolution at the two ends of the chromatogram, so as to equalize the resolution
considerably over the entire chromatogram.

Now we can test the effects of a convex gradient for a similar gradient range and
steepness. In Fig. 2c a two-step convex gradient is used, with a modest improvement in
resolution for the end of the chromatogram and further equalization of overall
resolution. The separation based on this two-step gradient is little different from that
obtained with a corresponding continuous convex gradient as defined by eqn. 1 (Fig.
2d).

We can draw the following conclusions from the simulations in Figs. 1 and 2:

(1) Samples corresponding to case II show a continuous improvement in
resolution as the gradient time is increased, especially for later eluted bands; however,
the gradient time required for adequate resolution of the final bands in the sample may
be prohibitive, if a linear gradient from 5 to 100% B is used.

(2) The most effective strategy is to increase @o to the point where the resolution
of initially eluted bands is no greater than that of bands eluted near the end of the
chromatogram; this can be combined with an increase in fg so as to increase the
resolution of both early and later eluted bands to an acceptable level.

If the gradient time is excessive at this point, or resolution is still inadequate,
either a two-segment gradient or a convex gradient (eqn. 1 with n = 2) can be used to
advantage; however, the resulting improvement in separation may be minor.

Although it is also of interest to consider gradients of increasing curvature
(increased » values in eqn. 1), it appears that increasing »n is really equivalent to
decreasing tg, with little other effect on the separation. Thus a gradient for n = 3 has
virtually the same shape as a gradient forn = 2,if /g forthe n = 3 gradient is increased
1.3-fold. Therefore, the separation resulting from a gradient with n = 3 should be
similar to that obtained with a gradient where n = 2 and the gradient time is 1.3-fold
shorter. This is shown in Fig. 3 for the same sample as in Figs. | and 2. The resulting
retention times and resolution are essentially the same in the two instances (each
gradient could be terminated at 46 min, when all bands have left the column).

It appears from the preceding examples and discussion that (a) the use of convex
gradients is generally of little advantage compared with two-segment gradients of
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Fig. 3. Effect of starting %B and gradient shape on the separation of the sample in Fig. 1. Same conditions
unless indicated otherwise.

similar gradient range and time* and (b) there is no advantage in changing the
curvature of convex gradients (i.e., using different values of n in eqn. 1). This
considerably simplifies our study of gradient shape as it relates to separation,
particularly for case I samples. Our further discussions can therefore focus on
segmented gradients, as opposed to the continuously curved gradients described by
eqn. 1.

Case [T samples: example of sixteen polyaromatic hydrocarbons

We shall now apply some of the principles discussed above to the design of
optimal gradients for two different samples that have been described previously: (a)
a sixteen-component sample of polyaromatic hydrocarbons (PAHs) and (b) a twenty-
component sample of 30S ribosomal proteins. Because of the practical differences that
result for samples of differing molecular weight, it will prove useful to compare and
contrast these two examples.

The PAH sample was described in ref. 2, but with little discussion of how an
optimal gradient was obtained. The two initial runs used as experimental inputs for
computer simulation are shown in Fig. 4a and b (computer simulations; original
chromatograms shown in ref. 2). Preliminary examination of these two chromato-

* Thelatter conclusion concerning curved gradients (i.e., they are not very useful) should be qualified
for oligomeric mixtures having a wide range of molecular weight. The sample used in Figs. 1-3 corresponds
to a mixture with a maximum molecular weight of less than 1000. As the sample molecular weight (and
corresponding values of S) become larger, the advantage of segmented or curved gradients may increase.
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grams shows that there are three critical band pairs: 3-4, 9-10 and 14-15. Values of R
(for a 10 000-plate column) are superimposed on the critical band pairs in each
chromatogram. Usually the best first step in computer simulation is to examine
arelative resolution map (RRM) as a function of gradient time . This is shown in Fig.
4c, and it appears that a gradient time of ca. 20 min is optimal.

The next step is to adjust the gradient range for maximal resolution in the
minimal time. This can be done by trial-and-error, using computer simulation. Fig.
4e—g illustrate this process, with the conclusion that a 45-90% gradient in 9.5 min is
probably near optimal. Alternatively, DryLab G will recommend an appropriate
gradient range: 42-94% B in this instance, with the same gradient steepness (¢ = 11
min). At this point (Fig. 4f) it is seen that a minimum resolution of R, = 1.2 can be
achieved, in a time of 9.5 min per sample (the total analysis time is closer to 19 min if
column re-equilibration is taken into account®).

Returning to Fig. 4a and b, it is seen that bands 3 and 4 are better resolved at
higher values of ¢ (60 min), whereas bands 14 and 15 are better resolved at low values
of 1. This suggests that a shallow gradient to elute bands 14, followed by a steeper
gradient to elute the remainder of the sample, might prove better than a simple linear
(unsegmented) gradient in this instance. A further example of these trends in resolution
with gradient time is shown in Fig. 4d for t; = 10 min.

It is usually instructive at this point to examine the resolution of critical band
pairs as a function of gradient time, using computer simulations. Table I summarizes
data for the PAH sample obtained in this way. The resolution of band pair 3-4
continues to increase with increasing ¢, the resolution of band pair 9-10 is more or less
independent of ¢ and the resolution of band pair 14-15 is a maximum for a gradient
time of about 10 min (9.5% /min).

A good strategy for designing an optimal gradient is to first optimize the gradient
steepness for maximal resolution of the front end of the chromatogram. This would
suggest an initial gradient steepness that is as low as possible (Table I). However, this
turns out to be wrong for two reasons. First, a very shallow gradient for the elution of
bands 3 and 4 will adversely affect the resolution of bands 9 and 10 and 14 and 15, even
though a steeper (second) segment is used to elute these compounds. This can be seen
as follows. Fig. 8 in ref. 1 suggests that the second segment must begin about 25%
before the elution of bands 9 and 10 or 14 and 15 if their separation is not to be affected
by the first (shaliow) segment. However, bands 3 and 4 elute only 15% earlier than
bands 9 and 10.

A second reason not to make the initial gradient so shallow is that there is usually
little point in increasing the resolution of band pair 3 and 4 beyond the maximal
resolution that can be obtained for bands 9 and 10 and 14 and 15 (R, = 1.6). This
suggests a starting gradient (first segment) with a steepness of about 3%/min and
a second segment with a steepness of about 10%/min. As bands 3 and 4 are eluted in
the initial gradient with ¢, = 50%, this suggests a gradient of 5-52% Bin 15 min and
52-100% B in 5 min. Fine tuning of this gradient (by trial and error) then resulted in
the chromatogram shown in Fig. 4h. Finally, this gradient was shortened by starting at
a higher value of ¢ (trial-and-error simulations), giving the final separation of Fig. 4i.
Further trial-and-error modification of the gradient was attempted without a signifi-
cant further increase in resolution. A separation similar to that in Fig. 4i was confirmed
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TABLE |

RESOLUTION OF CRITICAL BAND PAIRS FOR A PAH SAMPLE AS A FUNCTION OF
GRADIENT TIME

Other conditions given in ref. 2.

tg (min) R, (N = 10 000) for indicated band pair (% jmin)*
34 9-10 14-15 % B/min
S 0.3 1.4 1.4 19
10 0.7 1.6 1.6 9.5
20 1.3 1.7 1.2 4.7
49 1.8 1.6 0.5 24
60 2.2 1.4 0.0 1.6

* Change in %B per minute (gradient steepness).

experimentally in ref. 2. The separation in Fig. 4i exhibits a 25% increase in minimal
resolution (R, = 1.5) compared with the run of Fig. 4f (R, = 1.2)*.

Case 111 samples: example of twenty 308 ribosomal proteins

Editing initial experimental runs. Two experimental runs were carried out
initially, as shown in Fig. 11a and b in ref. 1. Individual bands were matched between
the two runs as described in refs. 2-4. Comparison of a simulated run as in Fig. 14d in
ref. 1 with the corresponding experimental run (Fig. 14b in ref. 1) can be used to
confirm that bands in run 2 have been matched to those in run 1, prior to inputting
final retention times into the computer**. For this example, there is a close similarity
between the experimental and simulated chromatograms (Fig. 5b and d), confirming
the accuracy of peak matching.

A similar comparison for run 1 may also be useful for picking up any errors in
retention time (it is assumed that band areas from run 1 were entered into DryLab G).
This is illustrated in Fig. 5 for the same chromatograms as in Fig. 11a and c in ref. 1.
The initial computer simulation (Fig. 5b) differs in minor respects from the
experimental chromatogram (Fig. 5a). Minor adjustments in the retention times of
three bands (by 0.1-0.2 min) results in a better match (Fig. 5¢) with Fig. Sa.

The further correction of the input data for run 1 (as in Fig. 5c vs. 5b) is not
essential to accurate computer simulation, but it can have a favorable impact. The
errors in Fig. 5a arise from band overlap (see discussion in ref. 4), and in such instances
it is advisable to correct the value of ¢, for the overlapped band (i.e., so as to improve
the accuracy of the predicted resolution of run 1).

The correction of minor errors in retention time (as described above) becomes
more important as the sample complexity increases. As will be seen, samples such as
the 30S ribosomal proteins can be difficult to resolve compiletely, and this places
additional emphasis on the accuracy of computer simulation.

* The run time is greater in Fig. 4i (12.4 min) than in Fig. 4f (9.5 min), but the separation in Fig. 4i is
still superior; adjustment of the column plate number (flow-rate, column length) can be used to normalize
the run time, which then provides greater resolution for the conditions in Fig. 4i than those in Fig. 4f.

** A useful first step in computer simulation is to adjust the resolution of predicted chromatograms so
as to match one of the starting experimental runs. This was done in this instance by using the 240-min run
(Fig. 5b and d). The resulting value of N for the experimental column corresponded to 2500 plates.
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(a) 26-46% B in 60 min
3

experimental 4
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100~ (b) 26-46% B in 60 min

°/O —

computer simulation

1 8 15 22 29 36 43 50 57 64
(min)

(c) 26-46% B in 60 min

corrected inputs

A

1 8 15 22 29 36 43
(min)

Fig. 5. Use of corrected ribosomal protein retention

50 57 64

times for a 60-min run to improve computer

simulations. (a) Experimental run; (b) simulation based on retention time data from (a); (c) simulation based
on empirically corrected retention times. Conditions as in Fig. 14 in ref. | except where indicated otherwise.

Subdividing the chromatogram. A good
a relative resolution map as in Fig. 4c for the

initial step for any sample is to examine
PAH sample. Fig. 6a shows such a map

(RRM) for the ribosomal protein sample (all 20 bands, N = 2500). A maximum
resolution of R, = 0.7 is possible, but only for a long gradient time (¢ = 8 h). This
suggests that a segmented gradient may be preferable.
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For complex samples such as this, we should attempt (if possible) to divide the
chromatogram into groups of adjacent bands. As seenin Fig. llband dinref. 1 (1g =
240 min), there are three such groups of bands, A, B and C, consisting of bands 1-9,
10-15 and 16-20, respectively. There are no crossovers of bands between these three
groups; as a first step, we can therefore treat each group separately. Having grouped
the sample bands in this way, the next step is to look at RRMs for each band set.

Fig. 6b—d show the RRMs for groups A—C. A minimum resolution is predicted
of R, = 1.5 for group A, 1.5 for group B and 1.0 for group C. This suggests that we
should be able to achieve a minimum resolution of R, = 1.0 for the entire sample by
optimizing the gradient segments for each group. We shall see that this is possible. The
(predicted) optimal separation of each group is shown in Fig. 7a, c and d. Fig. 7b shows
a sub-optimum for group B (shorter gradient) that we shall examine later. The very
long gradient time suggested for group B (1200 min, Fig. 7c) need not be a problem,
inasmuch as the actual gradient segment can be very much shorter than for the full
26-46% B range (about 150 min, as seen in Fig. 7c).

Designing the gradient. The best strategy is usually to optimize each gradient
segment sequentially, beginning with the first group of compounds (bands 1-9 in this
instance). Reference to Fig. 7a suggests a gradient of 20% per 350 min or 0.057%/min
for this segment, with the segment ending at about ¢* = 33% (the ¢, value of band 9).
Values of ¢. can be determined from the retention time ¢, of the band. For a linear
gradient

Qe = Qo + A@[(t; — tb — to)/tg] 5

Forband 9, t; = 141 minand tp + 1o = 11.5, so that ¢, = 26% + [(129.5/350) - 20] =
33%.

Similar calculations can be used to determine ¢, for segmented gradients, or
values of ¢, can be read (approximately) from chromatograms such as that in Fig. 7,
which have a gradient overlay that is corrected for 7p and to. The first segment is
therefore calculated as 26-32.6% Bin 115 min (¢* = 32.6% was fine-tuned during the
addition of an additional segment to the gradient; see below). The resulting separation
will be the same as in Fig. 7a, as neither ¢, nor the gradient steepness (b) have been
changed.

The next step is to optimize the second gradient segment for group B com-
pounds. The optimal gradient in Fig. 7c for this group of bands suggests a gradient
steepness of 20% per 1200 min = 0.0167% B/min, e.g., 32.6-46% B in 800 min. Use of
this second gradient segment (in combination with the first segment above) gave
a separation that is inferior to that observed in Fig. 7¢, because of the influence of the
first segment on the separation of bands eluted by the second segment. As discussed
earlier, this can generally be corrected for by varying the slope of the second segment.

Trial-and-error adjustments yielded an optimal slope of 0.0136% B/min for the
second segment, and this two-segment gradient gave a resolution of bands 1-15 that
was equivalent to that provided in Fig. 7a and c. Band 13 (the last eluted band of group
B under these conditions) is eluted with a retention time of 310 min and a ¢, value of
36% B. Correcting for the effects of 7, and ¢, on the gradient at the outlet of the
column, this suggests a second gradient segment of 32.6-35% B in 177 min. The
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resolution of group B (R, = 1.2) obtained with this segment (in combination with the
first segment) was close to that obtained in Fig. 7c (R, = 1.5). Fine tuning of the
gradient at this point did not result in any improvement of this two segment
separation.

The optimal gradient slope for the final segment (to elute group C) is predicted
from Fig. 7d to be about 0.076%. The addition of this segment to the first two again

100~

D/O

(a) 26.0/32.6/35.0/46.0% B
0/115/292/345 min

Rs = 0.9

50

Wl T

37 73 109 145 181 217 253 289 325

O

100~ (b) 26.0/32.6/38.0/38.6/46.0% B
o/ | 0/115/129/190/195 min

— Rs = 0.8
50

# T

22 43 64 85 106 127 148 169 190
(min)

100
o |- () 27.0/34.0/38.0/38.0/41% B
_ 0/98/104/133/1983 min
50|
-
_.l A ﬂAlMM

A
26 51 76 101 126 151 176 201 226
(min)

(d) experimental
conditions as

in (c) |

19 Y
18]
213 5

14
. |

12

PR S W S R S T ST S S
50 100 150
Fig. 8. Optimized separation of 30S ribosomal proteins using different gradients. See text for details.
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gave a separation of group C that was inferior to that in Fig. 7d. However, fine tuning
yielded an optimal gradient steepness of 0.21% /min, and this three segment gradient
did provide a resolution of group C (R; = 0.9) which is close to that predicted in Fig.
7d (R, = 1.0).

The final three-segment gradient gave an overall minimum resolution of R, =
0.9 (Fig. 8a) which is close to that inferred from Fig. 7 (R; = 1.0). The separation in
Fig. 8a is seen to be considerably better than is possible with any single-segment
gradient (Fig. 6a, minimal resolution R, = 0.7). The separation time (345 min total) is
also less than that required for the best single-segment gradient (tg = 500 min). The
effort required to design this particular gradient (apart from the initial two
experimental runs) amounted to a few hours of computer time. A similar procedure
based on trial-and-error experimental runs would be impractical, probably requiring
several weeks.

Elsewhere, we have reported the separation of all twenty components of this
sample, using a complex four-segment gradient*. This gradient was developed by trial
and error (computer simulations), before the recommendations arrived at in this study
were implemented. It is interesting to see that this latter gradient (Fig. 8¢) is actually
superior (minimal R, = 1.0) to that in Fig. 8a, and requires a much shorter time. This
suggests that an experienced chromatographer can use (many) trial-and-error
computer simulations to arrive at good final gradients. However, the systematic
approach outlined above requires less effort (and experience) than the more empirical
approach that resulted in the separation in Fig. 8c.

Comparison of the predicted separation in Fig. 8c with the actual chromatogram
in Fig. 8d for these conditions shows only fair overall agreement. The observed
minimal resolution was about R, = 0.8 (vs. 1.0 predicted), and the retention times of
earlier bands differ significantly, between experimental and predicted chromatograms.
These errors in prediction are believed to be due to (a) rounding of the gradient by the
equipment and (b) changes in column retention between the initial and final
experimental runs. Attention to the recommendations in ref. 4 should result in better
agreement in other instances.

Example of 32 508 ribosomal proteins

A similar approach to the above was next tried for the separation of the 32 50S
ribosomal proteins, an even more complex sample. Details of this work will be
described elsewhere, but Fig. 9 compares the predicted (optimal) separation using
a four-segment gradient with the final experimental chromatogram*. As discussed in
ref. 5, the agreement between these two chromatogramsis good (+ 0.5% in¢,, + 8%
in R,). The conditions for Fig. 9 allow the separation of 31 of the 32 proteins in this
sample with a minimal resolution of about 0.8 (one band pair cannot be resolved with
this column, regardless of the gradient conditions).

Other observations

Evaluating the chromatogram. The evaluation of a chromatogram during the
design of a gradient by computer simulation is important to decisions made in the
inevitable trial-and-error fine tuning of the gradient at each step. Some workers will

* Fig. 9b shows only the confirmed 50S ribosomal protein bands, which are numbered in Fig. 9c.
Additional bands in Fig. 9¢ correspond to other compounds that were ignored in this study.
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Relative resolution map (based on 18 to 66°% B gradient)
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Fig. 9. Optimized separation of 50S ribosomal protein sample. (a) Resolution map; (b) simulated
chromatography; (c) experimental chromatogram. Conditions: 18, 29, 37, 43, 58% B in 0, 46, 142, 241, 320
min; other conditions as in the Experimental section in ref. 4. N = 900.

prefer to use tables of R; values for each band in the chromatogram (these are provided
by DryLab G for each run, e.g., as in Table I). Changes in the gradient usually lead to
an increase in R; for one or more critical bands and a decrease in resolution of other
critical bands. Often the best choice of gradient will equalize the R, values of two
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critical band pairs, and tables of R, values therefore inform us (a) in which direction
a particular gradient should be changed for best results and (b) how close we are to an
optimal result.

Other workers may prefer to examine the actual chromatograms that are
predicted for each gradient to be evaluated. However, complex samples such as this
often make visual interpretation of the chromatogram difficult. Overlapping bands
combined with the low resolution of the computer screen can lead to generally
confusing data. One means of improving this situation, which is not available
experimentally, is to increase the predicted resolution of each separation by some large
and arbitrary amount. This s illustrated in Fig. 10 for the group B bands (Fig. 11 of ref.
1) of the 30S ribosomal protein sample above. Here, the effect of gradient time (or
steepness) on the separation (26-46% B gradients) is examined for a plate number of
160 000; these separations have a resolution that is eight times that observed
experimentally. In the examples in Fig. 10 it is possible to see clearly changes in relative
band position as the gradient steepness is changed; band 4 (marked with an asterisk)
migrates from position 1 to position 4 as the gradient time is changed from 30 to 240
min. Bands 2 and 3 are initially well resolved (¢ = 30 min), but gradually approach
each other and merge at a gradient time of 240 min.

30 min 45 min 60 min 90 min
* * *
*
4 4
6
4 6 6
1
1
3 3 3
 — E ul_)Ub—__
36 41 43 49 57 64
120 min 180 min 240 min
* * *
4 4 4
6
6 2 6
3
A I _l_,__._,—'—L—r'—'—’ I —
1 2 1, 2 5
1]
3
73 ] 82 97 109 121 136

Fig. 10. Use of high-resolution computer simulations to track bands as the gradient time is varied.
Ribosomal protein sample; conditions as in Fig. 5 except where indicated otherwise.
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Alternative gradients. The examples in Fig. 8 suggest that more than one
approach to gradient optimization may often be successful. In fact, the separation of
a given sample such as this can usually be achieved (with similar resolution and in
a similar time) by an almost endless number of gradients. For example, Fig. 6¢ suggests
that group B can be separated with nearly adequate resolution (minimal R, = 0.8) in
a much shorter time (tg = 68 min), as shown in Fig. 7b. This suggests adjusting the
steepness of the second segment to a value of about 0.3% B/min, instead of the value of
0.017% B/min suggested by Fig. 7c. A similar approach to that for the development of
the gradient in Fig. 8a yielded the predicted separation in Fig. 8b. An overall minimum
resolution of R, = 0.8 (vs.R, = 0.9 in Fig. 8a) was obtained, in about half the total
time (195 vs. 345 min). For some applications, this separation might prove preferable
to that in Fig. 8a.

The considerable effort spent in designing the separation in Fig. 8a may not be
necessary in all instances. The data in Fig. 6 lead immediately to the predicted
separations of each group in Fig. 7. Depending on what compounds in the sample are
of interest, any of these group separations might have been suitable for the desired
application. However, with a little additional effort (ca. 1 h), a single separation (Fig.
8a) can provide equivalent results for the total sample.

Recommendations for designing an optimal gradient by computer simulation

Our experience in applying computer simulation to a number of different
examples (described here and elsewhere) is summarized below. It is assumed that (a)
the inital experimental data have been collected in such a way as to maximize the
accuracy of computer predictions of separation, (b) the data have been entered into the
computer correctly (bands matched between two initial runs) and (c) any discrepancies
between the experimental and corresponding simulated chromatograms have been
addressed (as in the example in Fig. 5). That is, we should first do everything possible to
insure the success of computer simulation for the sample at hand. The individual
computer simulation steps required to optimize the gradient conditions are as follows
(assumes the use of DryLab G or equivalent software):

(1) First, examine a resolution map for the entire sample, e.g., as in Fig. 4c for the
PAH sample. Many samples (especially those with fewer than fifteen components) can
be adequately resolved by using a linear (unsegmented) gradient with an optimal
steepness or value of f;. Other samples (case II) where the resolution decreases
continuously from the beginning to the end of the chromatogram can be handled
similarly, except that a two-segment gradient may provide marginally better resolu-
tion.

(2) Once an optimal gradient steepness has been chosen, trim the gradient range
(reduce A¢) to save time. This can be done by trial and error (as in Fig. 2 in ref. 1) or
DryLab G will provide specific recommendations. Often it is necessary to re-optimize
gradient time after the final gradient range is selected (repeat step 1).

(3) For more demanding samples, such as the case Il examples described here,
a segmented gradient will often be preferred. There are two possible approaches,
illustrated by the PAH and ribosomal protein samples. Which approach should be
followed depends on an initial examination of the experimental chromatograms. One
approach (as in the 30S ribosomal protein example) is to divide the sample into distinct
groups, e.g., A—Cin Fig. 11d in ref. 1, if this is possible. Alternatively (as with the PAH
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sample), one can see whether there are a small number of critical band pairs in the
sample. These can be identified initially on the basis of the RRM (Fig. 4¢) and by
looking for other marginally resolved band pairs (when ¢ is varied). In the PAH
example, band pairs 3—4, 9-10 and 14-15 were selected in this way.

(4) For samples such as the PAHs, it is recommended to first carry out computer
simulations for those bands (only) prior to and including the first critical band pair.
The gradient range and steepness for these compounds can then be optimized. In this
connection, the use of an RRM (for the bands in question) can save time. This step is
similar to step 1.

(5) A second segment can be added next, just following elution of the first critical
band pair. The steepness of this segment can be varied in trial-and-error fashion to
optimize the resolution of the second critical band pair. This procedure can be repeated
as necessary for a third, fourth, etc., critical band pairs and associated gradient
segments. During this process, one should be aware that an optimized preceding
segment can compromise the resolution in the following segment. This will be less of
a problem with protein samples, because of small values of ¢, — ¢*, and more of
a problem with small molecules in the 200-500 Da molecular weight range. In these
instances, it may be advantageous to de-optimize a preceding segment (i.e., reduce the
value of ¢* so as to allow a maximum value of minimum resolution for the two
segments together).

(6) For samples that can be broken into distinct groups (especially samples of
higher molecular weight), each group can be examined separately to determine an
approximately optimal gradient steepness (% B/min). The use of RRMs is useful for
this purpose, as illustrated in Fig. 6 for the ribosomal proteins. Now proceed in similar
fashion as for steps 4 and 5 so as to build up a suitable multi-segmented gradient. Again
it will sometimes be profitable to de-optimize a preceding segment in order to improve
the resolution of a subsequent segment, so as to achieve a maximal value of minimal
resolution (for both segments). Similarly, it is sometimes best to end a preceding
segment prior to elution of the last band in that group, especially when the last band is
well resolved from the critical band pair in this segment. That is, the value of ¢* should
sometimes be smaller than the value required to elute the last band of a group.

These recommendations plus the discussion of the preceding two examples
should facilitate the computer-assisted design of optimized gradients. Ideally, these
rules could form the basis of a computer-assisted gradient-optimization scheme.
However, it is not yet possible to reduce this procedure to sufficiently simple steps that
can be programmed into a computer, as the overall process is still too complex and not
yet well enough understood.

Procedures to avoid. In our experience, there are also some approaches or
strategies which seem less useful. Attempting to understood the details surrounding
the separation of critical band pairs in the chromatogram generally leads to *““paralysis
by analysis”. Fig. 10 for one part of an actual chromatogram illustrates this point; one
can easily imagine the incredible complexity of separation for this group of compounds
as a function of (a) preceding gradient segments, (b) the starting point (¢*) of the
present segment and (c) the duration (¢) of this segment (in which the sample group is
eluted).

Another problem to avoid is attempting an overly precise adjustment of gradient
conditions so as to maximize the minimal resolution. Improvements of less than 0.1
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unit in R, are generally not worthwhile, except as they accumulate to give greater
improvements in separation. The actual experimental run will often deviate from the
predicted separation by +0.1 R, units. Also, a major advantage of computer
simulation is its ability to suggest that further improvements in gradient conditions will
not be useful, when several successive attempts at improving sample resolution prove
unsuccessful.

CONCLUSIONS

Recommendations for the best approach to designing an optimal gradient for
a given sample are provided, based on the use of computer simulation and DryLab
software. Computer simulation greatly simplifies the task of obtaining an adequate
separation of complex samples containing a large number of components (e.g., fifteen
or more compounds). The application of computer simulation appears especially
worthwhile for biological samples containing peptides or proteins.

The design of acceptable gradients for some samples (case I) is straightforward;
only the gradient steepness and range need to be optimized, and there are no changes in
band spacing to confuse the chromatographer. Samples composed of homologous or
oligomeric series (case II) are slightly more challenging, but again the proper choice of
gradient steepness and range is usually adequate. In some instances a two-segment
gradient will provide better overall resolution and/or a shorter run time; curved
gradients are seldom required or worthwhile.

Samples that exhibit changes in band spacing when gradient conditions are
varied (case I1I) offer the greatest opportunity for maximizing resolution by selecting
the best gradient. Often such samples benefit from multi-segmented gradients, so that
the gradient steepness (and band spacing) can be optimized at different parts of the
chromatogram. Because separation within a given gradient segment is affected by
previous segments in the gradient, the design of the overall gradient can be challenging.
Various techniques for simplifying this procedure are described.
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