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Introduction

A brief overview of the LCxLC method optimisation program is provided. The program was written in-
house in a MATLAB 2019b (The Mathworks, Natick, USA) environment, and works best using this
version of MATLAB. Further details on the development, application and capabilities of the program

can be found in [1-4].

Definitions

To simplify the program description, some concepts used by the program are first be defined:

Standards:

Analytes:

Standards set:

Analytes set:

Experimental conditions set:

Permutation:

Method settings set:

Results set:

Results:

Points:

Calculate:

Optimise:

Simulate:

Compounds for which both the plate height data (reduced Van
Deemter parameters and diffusion coefficient/molecular volume)
and retention parameters are entered as input.

Sample specific compounds for which only the retention parameters
are entered.

A group of standards.
A group of analytes.

Contains the values (or ranges of values) of all the fixed and
optimisable experimental parameters, as well as system information
required to predict performance.

One combination of experimental parameter values.

Contains settings specifying how certain values should be calculated,
user defined restrictions to fine-tune the desirable results, and the
optimisation objectives.

Represents one optimisation attempt. Contains standard sets (D and
2D), analyte sets (optional), experimental conditions set, method
settings and results (if the results have been calculated already).

All the points (experimental conditions) remaining in the result set
after performance was calculated. This can either be achievable
results (if optimisation has not been performed yet), or optimal
results.

Each point refers to one permutation with its corresponding
performance values. Represents one set of experimental conditions
(one analysis).

Process of calculating the performance for each permutation in the
result set.

Removing points that are not optimal in terms of the optimisation
objectives from the results set.

Process of predicting elution profiles of compounds using the
algorithm designed by Stoll and co-workers [5,6].



Program overview

The main steps of the LCxLC method optimisation program are provided in Fig 1. Each step will be

further discussed in the following sections.
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Figure 1. Main steps in the LCxLC method optimisation program.

Step 1: Add standards and analytes data sets to program database

Standards set

Standards are used to predict kinetic performance. In the absence of measured plate height and

retention values, generic values can also be entered for the standards, although this will influence the

accuracy of the predictions. An example of a sample set is provided in Fig 2, with further details

provided on the relevant parts indicated. Once created, standards sets are saved to the database of

the program for future use or editing (Fig 3).
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Standafd Set Input
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r >
Select Name used to Influence of temperature on retention can be Diffusion coefficient can be Used to load
retention save/identify standards modelled using the Van't Hoff equation or the provided or calculated from values into
model. setin database. retention parameters at a second temperature. molecular volume. program.
LY
4 Cré‘ale standard set = a X

|
| Name of standards Set:
II

| Name of Column:

Phenclic RP 3

C18 Eclipse plus

Retention model

@) Linear solvent strength

‘emperature retention relationship

None (use one temperature only)

F'
For diffusion coefficients:

) Load standards set from excel
®) Calculate using molecular volume

Adsorption B value {van't Hoff equation) Use diffution coeficient value Save standards set to excel
Neue-Kuss . at2nd
Reduced van Deemter Retention parmeters (at Temp.1) Retention parmeters (at Temp.2)
Identifier Molecular Vo... |a b g k0 51 emp.t (C) |[ko (Te... | 51 (Te... Temp.2 (C to delete
Catachin 2918000 1.0904 17642 01669 53.1964 248364 o 30|| 19.0402 231585 0
2 |Vanilic Acid 174.3000 0.8544 26863 01414 41.8065 19.3678 0 30|| 18.8250 17.0910 o
Aspalathin 4546000 09770 19613 0O 1235 4517, 28.9407 0 30)| 1758... 27.8532 0
Iy
\

Arbitrary
identifier.

Parameters used to predict A
plate height, plate count

and peak variance.

Retention parameters
used to predict

Place holder for 8

Retention parameters

(If data does not display correctly, scroll Table to update display)

opre at 2" temperature value (gradient of
retention time. (optional). Van't Hoff plot),
not used in this
example.
Delete selected Add line
Cancel OK

Idle

Figure 2. Graphical interface window used to add a standards set.
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Standards Analytes Solvents

Name
Example Phenolic HILIC
Example Phenolic RP LSS
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Example HILIC DF
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& |HILIG Phenolic 5ds
RP Phenalic 5ds
HILIC Phenolic 5ds Ches

11 |RP Phenalic 5ds Ches

12 | HILIC phenolic min Nar

RP phenolic min Nar

Modeling

Experimental conditions

Column name
Amide

c18

c1s

Amide

C18 Eclipse plus
Amide

c1g

Amide

c1g

Amide

c1g

Amide

c1g

Method settings

Num. of compounds

Result list

Standard sets database

Retention model
3 Add
3|LSs

Modeling results.

Temperature response
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2
Temp2

None

Diffusion coeffiecient
MolecularVolume
MolecularVolume
MolecularVolume
MolecularVolume
MolecularVolume
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MolecularVolume:
MolecularVolume
MolecularVolume:
MolecularVolume
MolecularVolume

MolecularVolume

Delete EditiView
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Figure 3. Example of standards sets saved in the database.

Analytes

Analytes are used to optimise resolution and orthogonality for a specific sample. Analyte retention
parameters must be measured, generalised values cannot be used. This is generally done using
scouting gradients. In the absence of analyte sets to use, the standards will be regarded as the sample
analytes. An example of an analyte set is provided in Fig 4. Analyte sets are saved to the database of

the program for future use or editing, in the same way as standard sets.




)

f Name used to save/identify ] [ Select retention ] [ Influence of temperature on retention can be modelled using the Van't ] Loading values
analytes set in database. model. Hoff equation or the retention parameters at a second temperature. into program.
= T
4. Create analytes Yet - X
Analytes )
ame of analytes Set: | Tea RP/Zﬂ
Name of Column:  C18 Eclipse Plus
¥
Retention model Temperature retention relationship
@) Linear solvent strength ®) None (use one temperature only) Load analytes set from excel
Adsorption B value (van't Hoff equation) Save analytes set to excel
Neue-Kuss Parameters at 2nd temperature (interpolate)
Retention parmeters (at Temp.1) Retention parmeters (at Temp.2)
Identifier ko 51 = Temp.1 (C) = - = = - to delete
v 1 " 111945 11.0505 0 60 0 0 0 0 0
2 2 8.6752 10.4201 0 60 0 0 0 (v 0
3 3 6.9475 9.0058 0 60 0 0 0 0 0
4 4 8.4249 9.9641 0 60 0 0 0 0 0
5 5 13.2858 10.6609 [4] 60 0 0 0 0 0
6 6 14.1986 10.7137 0 60 0 0 0 (v 0
7 18.56314 9.9315 0 60 0 0 0 0 0
8 8 19.0940 9.9478 0 60 0 0 0 0 0
9 9 15.4650 98205 [4] 60 0] 0 0 v 0
10 |10 14.7807 9.1339 0 60 0 0 0 0 0
1M 15.7368 9.1011 0 60 0 0 0 0 0 .
A A in = / = g y
(If data do__e'ls not display correctly, scroll Taple to update display) /// Delete selected Add line
: // Cancel OK
Idle @

Arbitrary Retention parameters used to Place holder for retention parameters at 2n Place holder for B value (gradient of Van't
identifier. calculate retention time. temperature, not used in this example. Hoff plot), not used in this example.

Figure 4. Graphical interface window used to add an analyte set.

Step 2: Create experimental conditions set and method settings set
Experimental conditions

In the experimental conditions set the values of various optimisable and fixed parameters are
specified, as well as some restrictions. Apart from the standards/analytes’ properties, these are all the
values required to calculate performance. Conditions required include column dimensions, analysis
and sampling times, flow rates, modulation parameters and gradients. Most optimisable
chromatographic parameters, as well as gradient and column parameters can be varied between
minimum and maximum values using user-defined step values. An example of an experimental
conditions set is provided in Fig 5.

Method settings set

In the method settings set the user can specify how certain values must be calculated and add specific
restrictions to control the desired results. The optimisation objectives are also selected in the method
settings set. An example of a method settings set is provided in Fig 6, along with a short description
of the different features.
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Name of conditions set: | Ches large test HILICxRP

\

.

(used to calculate viscosity). Description: | limited diameter 1and 3 Save to database \
(" Selectgradienttype. ) Selecttoload: | RPxHILICset 1 v Load
Options are linear or multi- \
step in !D; full-in-fractionor ||| 1D 20
\__(multi-step) shiftingin?D. ) ( Solvent A Acetonitrile ¥ | [ water v ]
Maximum sample Ioop \[__SohentB Water v | [Acetonitile ¥
volume (instrumental Y Gragen Gradient 1s... ¥ | [Shift1step v | |
restriction). -
[ Maximum injection volume ) ~>{ Max 2D loop volume (uL): Set v w] |
unto the 2D (expressed as % of ___B!iﬁiﬁm—)l Max inj% 2Vo: None ¥ ]
void volume, used to limit 7| g‘”‘ :""" °i““':"5;_9°“9‘5."e None ¥ ]
\_injection band broadening). / ;ﬂ/ po— ~
Maximum flow to detector, ||| _—| Column LD Max  Stepsize giscrete values Num. of Values
used to calculate split required Lengh () 00151 5 2
(and effect on dilution). L (T Ly L o 1
Particle size (um): 17 17 | 0] 1
Porosity: 0.626
Ve ~ Resi 1000 |
1D and 2D column parameters. 400
Optimisable parameters are r e ~
length, diameter and particle 2D Column Min Max  Stepsizé  giocrate values Num. of Values
size. Porosity is a column Length (cm): [ 5] 5] 2| | 1
characteristic. Maximum Diameter (mm) 3 3 of | 1
pressure of column or system \A\ Particle size (um): 18 18 0] |35 2
[whichever is lowest) is an Porosity: 061
instrumental restriction. A :ggg 1

15 |

\

Cycle time (min): 1] | 1 !
1D gradient 2D gradient
% time % 33 % time % s initial % as final
0 10 0 1 30:10:50
Input data into gradient 90 30:10:50 100 1510 40:10:60
tables using format
min:step size:max 100 80

Analysis tims (min):

Sampling time (min):

1D Temperature:
2D Temperature:

1D Dwell volume (ul):
2D Dwell volume (uL):

1D Extra column varience (ul2):
2D Extra column varience (ulL2};

r@g_e'l.
| _

(]

[

For Off-line and Stop-flow applications:

Negative gradients will not be evaluated -

For full-in-fraction the time will be 100%

[ As an example: the values that will
be considered for analysis time is

L 10.30.45and60min,

[ Dilution of D eluent with weak D

solvent before the modulation
valve. Expressed as:
1 part D eluent: x parts weak
solvent.

i

H
n

[Filling percentage of sample loops. ]

|

Splitting of 1D eluent before the
modulation valve. Expressed as:

1 part D eluent to 2D: x parts D

eluent to waste.

Temperature in 1D and 2D.

)

Flow rate in *D and 2D.

)

Injection volume in *D. Expressed as|

% of D column void volume.

Sample solvent composition
(expressed as % strong solvent).
Used to calculate injection band

broadening in D

Relative sample concentration.
Used to compare dilution factor
between different sets of
optimisation results with varying

sample concentrations.

J

Only applicable for off-line and
stop-flow applications where the
cycle time is different from the
sampling time.

\

(Possible 1D and 2D gradients. Time )
is expressed as a percentage of the

total gradient time.

J

re-equilibration of 2D column.

[Column volumes required for]/

laximurm pressure:
Column volumes required for reequiliabration:

ITutaI permutations:

8.709e+05 |

[ 10 1socratic hod (min)

|0

2D Isocratic hold (s): |0

Idle

N

Number of different gradients

L (calculated from gradient table). )

,

Total number of permutations is t

he number of different combinations

of experimental parameters for which performance must be calculated
(product of the number of values of each optimisable parameter).
omputational time will increase with a larger number of permutations

Figure 5. Graphical interface window used to create an experimental conditions set.
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minimum value:step size:maximumvalue
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usage. OptIDn.S are: Description’ [ 1nj Bq\mh no seperation space restr | Save to dalabdae i 4) Resolution score (maximise)
1) no correction; = _ Objective 1: Analysis time v \__5) Orthogonality (maximise) /
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Ibf?ﬂdzﬂ_mgrfh?[l;ld t[J]EED \ Mode: N On-line v/ This function is used when the
calculate in the -an X \ (Araivsis e Retention tme of l2st 1D peak S y, user suspects the sample contains

Optionsare: \ 3 / less or more retained compounds
1) none; \ 1D compounds elute in time: Yes hd . = than in the analyte set. Effectively
<2} simulation; Y Advanced settings & . .
; \ R - = ¥ ensures separation space is
3) volume effect \ 20 compounds elute in time: S Minimum peak capacity: 50 Minimum analysis time: 0 available for compounds eluting
0750 = (Vi [Fx6,0)) 2 \ (1D peak gradient compression No v Maximum dilution factor 100 Maximum analysis time: | 60 before or after those used in the
4) volume effect x 2k /*k_; \ \_ optimisation. )
g2l.m = {vm/(Fx&m'))z" (kk.)? \ | 2D peak gradient compression: No v 1D: First peak elute between 0| % and 100 | % of analysis time window —
5) zone and step-gradient \ 1D Last peak elute between % and % of analysis time window (" Restriction parameters used to
compression {C"”ec‘ 1opescapasty B i - ez = avoid conditions where excessive
~ 2D First peak elute between 0 | % and 100 | % of analysis time window 1 0
0710 = (Vi [Fx80, )7 x Correct 2D peak capasity: Last eluting peak v . X undersamphr.]g occurs. Maximum
(k) 1ok ) x (14K 2D: Last peak elute between 0/%and | 100 | % of analysis time window undersampling factor (B) can be
: < 1D injection band-broadening: None v — 1 specified per peak, or for the
k. k otk o) - 3 Maximum undersampiing per peak: (None v | —— L avempge D'}a" peaks )
. Si;nP"f{iES;D))z 2D injection band-broadening: 1: Volume effect x 2ke/2kss v Maximum average undersampling: | None ¥ estcton parameter us-ed —
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ﬂ1+k‘;:’(1+"<:,{)2 ift‘;‘le initial A To calculate 2kss 1D solvents are inverse of 20 solvents ¥ | B e LIS avoid conditions where excessive
=1 ) Reduce predicted injection bandbroadening for excessive increase yes v " iniection band broadening in th
*D mabile phase is weaker /| Onthogonality Asterisk method ¥ | o X L : injection band broadening in the
\ than the sample solvent / / 7 : : If peak width increase more than| 500 |% set increase percentage to| 500 | % \ \_ 2D oecur. )
/| | Required resolution: 15 = P : PR
Describes relationship ™ / . ' 10: Calculate analyte kinetic performance using: (Ave. peak varience of st... ¥ \ Limit predicted injection band
between D and 2D mobile / / [Variance injection profile (delta inj): 8 2D: Calculate analyte kinetic performance using: [ Ave peak varience of st ¥ .| | broadening to % c.>f pfak varian.ce.
Used when the injection equation
phases to calculate the V4 / . P
. . / / overestimates injection band
retention factorin the Va / . )
2 / / broadening for weakly retained
sample solvent on the 2D / / Ide @
. . / L peaks.
column. Options are:
1D solvents are: Select method to calculate Value is used as the desired Value dependent on injection profile. For Peak variance of analyte compounds is estimated from the standards using one of three approaches: |
1} inverse of 2D solvents; orthogonality. Optionsare: resolution when calculating square injection profile, a value of 62,,=12 is 1) Use average peak variance of the standards compounds after inj. band broadening is calculated;
2) same as °D solvents; 91) Asterisk method the overall resolution score used (variance of rectangular plug), but 2) Use average peak variance of standards before inj. band broadening is calculated, and calculate
3) strong solvents in 2D; =2) Minimum convex hull using the Derringer generally a value between 4 and 8 is accepted. injection band broadening for each analyte compound;
4) weak solventsin2D ./ desirability function. Used to calculate injection band broadening. 3) Use average plate count of standards and calculate peak variance for each analyte

Figure 6. Graphical interface window used to create a method settings set.
aSymbols: 02;,;: peak variance caused by the injection process; Vin: injection volume; F: flow rate; 8;,j: standard deviation of injection plug profile; k.: retention factor at moment of elution; kss:
retention factor in sample solvent; ko: retention factor in initial mobile phase.; °[7,8]; ‘Simulated according to [5,6]; 9[9]; ¢[10].



Step 3: Construct result set

A result set represents one optimisation attempt. A result set is constructed by selecting the relevant standards sets and analytes sets (optional), along with
an experimental conditions set and method settings set (Fig 7). A result set can be created, calculated and optimised.

Figure 7. Graphical interface window used to create and manage result sets.
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Step 4. Calculate and optimise results

Calculation is performed using an iterative process where performance for each permutation in the
experimental conditions set is calculated. The algorithm used to calculate the results is shown in Fig

8. After calculation is complete, multi-objective optimisation is performed by comparing the values of

the optimisation objectives of each point in the results with each other point in the results. Only points
that display the best performance in terms of the optimisation objectives are kept, while the points
resulting in sub-optimal performance are removed from the results.

For each value of:
Analysis time, 1D column length, D column diameter, 1D

percentage, sample concentration and *D gradient in
experimental conditions

— particle size, 1D flow rate, D temperature, D injection volume

For each value of:
Sampling time, 2D column length, 2D column diameter, 2D
particle size, 2D flow rate,?D temperature, Loop fill % and 2D gradient in
experimental conditions

i
Calculate:
1D void time, 1D dwell time, D sample volume, 1D
loop time, 1D gradient time

¥
4—' Test if 1D gradient time >0 minutes?
NO
YES §
Calculate:

D linear velocity, 'D maximum viscosity, D
maximum pressure

i

Test if maximum pressure reached in 1D
+ is below maximum pressure specified by
NO user?
YES §
Calculate :

For 'D standards and analytes:
retention parameters at specified temperature,
retention time, elution solvent, retention factor at

moment of elution

+
Test if D compounds fall within time
NO| window specified in method settings?
YES §
Calculate:
For D standards: plate count and peak variance
For D analytes: peak variance (as specified in
method settings)

'

Calculate:
2D void time, 2D dwell time, D sample volume, 2D loop volume, 2D loop

time, 2D re-equilibration time, 2D gradient time,

i

Test if loop volume and sample volume (in terms of % 2D column

void volume) are below the limits specified in experimental
parameters
+YES

NO

Calculate:
2D linear velocity, 2D maximum viscosity, 2D maximum pressure

i

Test if maximum pressure reached in 2D is below maximum

pressure specified by user? NO
+ YES

Calculate :
For 2D standards and 2D analytes:
retention parameters at specified temperature, 2D gradient
experienced, sample solvent composition, retention time, elution
solvent, retention factor at moment of elution

!

Test if 2D compounds fall within time window specified? |NO—’

+ YES

Calculate:
For 2D standards: plate count and peak variance
For 2D analytes: peak variance (as specified in method settings)

1

Test if peak variance caused by injection band broadening falls

within limits as specified in method settings? NO
+ YES

Calculate:
For each standard and analyte compound:
1D peak capacity, 2D peak capacity, undersampling factor, dilution factor
in 1D, dilution factor in 2D, 2D dilution factor, 2D peak capacity

(corrected for separation space usage as specified in method settings)

Average:
1D peak capacity, 2D peak capacity, 2D peak capacity, dilution factor,
undersampling factor

1

Test if peak capacity, dilution factor and individual/average
undersampling factor fall within limits as specified in method

NO

settings
} YES

Calculate:
Resolution score and orthogonality of analytes
(or standards if analytes are not part of result set)

i

| Add point to results |

i

| Test if last iteration of 2D parameter? |N07

JEs

Figure 8. Algorithm used by program to calculate results.
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Step 5. Inspect results

After calculating and optimising the results, the points on the Pareto front can be inspected to find

suitable conditions. The user can view the experimental parameters associated with each point, as
well as the predicted contour plot for the standards and analytes (Fig 9). The predicted contour plot
can also be viewed as a three-dimensional surface plot, using either the calculated peak variances, or

by simulating each peak (for more accurate elution profiles). An example of such a three-dimensional

surface plot is provided in Fig 10.
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Figure 9. Graphical interface window used to view and inspect points on the Pareto front.
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Figure 10. Graphical interface window to view and manage the predicted three-dimensional contour plot of the
standards or analytes. ?[5,6].

Step 6. Recalculate results using different method settings set

After calculating and optimising the results of a result set, it is possible to recalculate the performance
for each point in the result set using different method settings (Fig 7). Only the performance for the
limited number of points remaining on the Pareto front are recalculated, not the complete set of
permutations in the original experimental conditions set.

Recalculating a result set is primarily used to increase the accuracy of the injection band broadening
predictions by using the simulation model (see [4]). Performing a full optimisation using the simulation
model is not possible due to the high computational demand, but when recalculating a result set the
number of points that must be simulated is reduced to a manageable number.

Step 7. Repeat

Due to the large number of optimisable parameters, the total number of permutations in a result set
can easily become excessively large. For this reason, it is advisable to start the initial optimisation
attempt using broad ranges of values for the optimisable variables, but with large increments (step-
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sizes) between values. This optimisation attempt will not provide the true optimum conditions, but
rather an indication of the range of values which will likely result in the optimum conditions. In the
next optimisation attempt, this narrower range of values with smaller increments between values can
be used to get closer to the true optimal conditions. This process can be repeated until satisfactory
results are obtained.

Summary

The LCxLC method optimisation program is a powerful method development tool capable of
simultaneously optimising most experimental parameters. The user can control how specific values
are calculated and utilise a range of settings to refine the results to suit specific circumstances. The
program is however currently still a research tool, and can still be improved significantly. For example,
including a peak-detection and peak-tracking algorithm [11] to automatically obtain retention
parameters from scouting gradients will be a great addition to the program.
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