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Abstract

A framework for reversed-phase HPLC method development
was developed by combining computer simulation, UPLC scouting
experiments and surface response design. An interactive computer
simulation program was developed for optimizing the gradient
elution conditions. This simulation program integrated the
kinetics and flow resistance parameters of 18 commonly used
columns. Accurate prediction of retention times by this simulation
program was demonstrated in this work. This program was used to
propose the optimum gradient operational conditions under given
constraints, which greatly reduced the time required for method
development. The Box-Behnken design was used to evaluate the
optimum operational conditions obtained from the simulation and
experiments and define the method operable design space. Further
insights into the separation mechanisms were obtained from the
statistical analysis results of DOE.

Keywords: HPLC method development; Computer simulation;
DOE; surface response design; Box-Behnken design; statistical
analysis

Introduction

The concept of Quality by Design (QbD) has been well
defined and described for the development and manufacture
of pharmaceutical drug substances and drug product [1-3].
According to ICH Q8 [1], design space and manufacturing
controls are established based on the knowledge gained from
pharmaceutical development. Once the proposed design space
is approved by regulatory, operational and manufacturing
parameter changes within this design space are not considered
as a change, and consequently, would not initiate regulatory post
approval change processes.

The same QbD principles have been applied to the HPLC
method development [4-6]. Using Design of Experiment (DOE)
technique, the Method Operable Design Region (MODR) can
be established. Operating the method within this MODR will
guarantee that the Critical Quality Attributes (CQAs) of the
method, such as separation resolution and peak tailing factors,
can be controlled within a reasonable range, resulting in a robust
method that consistently delivers the intended performance. In
addition, by DOE based strategies, detailed information about

how the operational parameters affect the CQAs within a narrow
region near the optimum operational conditions can be easily
obtained using statistical analysis methods [7], which not only
provides information for the quantitative evaluation of the
method robustness, but also provides critical information for the
fundamental study of the separation mechanisms.

Although numerous papers have been published on reversed
phase HPLC method development and optimization by DOE
strategies [5,8-10], method development strategies that fully rely
on DOE need to search the entire high dimensional design space,
which usually requires large amount of experimental trials,
especially for complex samples.

Computer simulation has been widely used in HPLC method
development and has been proved to be highly efficient to find
the optimum operational conditions [11-25]. By allowing DOE
to only study the narrow region of the design space near the
optimum, computer simulation can greatly speed up the process
for defining the MODR by DOE [20]. It should be noted that HPLC
method development is a complicated process where many
operational parameters, including column selectivity parameters,
column Kkinetic properties, mobile phase compositions, column
temperature, ion pair types and concentration, gradient profile,
and their interactions need to be considered. Although computer-
assisted method development methods can greatly speed up the
method development process, understanding of the fundamental
separation mechanisms and the operators’ method development
experience are still critical to method development.

In this paper, a framework is reported that combines the
computer simulation and surface response design for HPLC
method development. The goals of this manuscript are the
following: First, to demonstrate that by combining computer
simulation and surface response design, HPLC methods can
be effectively developed for challenging separation problems
by using reasonable amount of experimental trials; Second,
to demonstrate that UHPLC/UPLC can be used as an efficient
tool for conventional HPLC method development. Although
UHPLC/UPLC has been widely used in pharmaceutical industry,
conventional HPLC is still used in many cases due to instrument
compatibility and method transfer issues. This work showed
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that the solute retention parameters obtained from an acquity
BEH C18 UPLC column operated on a UPLC system can be
directly applied to X Bridge C18 column for conventional HPLC
method development by computer simulation. Due to the faster
separation speed [26,27]. And lower mobile phase consumption
of UHPLC/UPLC compared to conventional HPLC, this can greatly
reduce the time and cost required for conventional HPLC method
development; Third, to demonstrate that surface response design
together with the following statistical analysis not only provides
a critical tool to quantitatively evaluate the robustness of HPLC
methods and define the MODR, but also provides further insights
into the fundamental mechanisms of the separation. Finally, to
demonstrate an interactive simulation program that integrated
various column parameters for gradient method development.
The Graphic User Interfaces (GUI) of this tool makes it easy to
use for users without in-depth knowledge and understanding
of gradient elution theory and simulation. Results of this work
showed this simulation program can accurately predict the
retention times and propose the optimum operational conditions
based on the constraints set up by users.

It should be noted that this manuscript only discusses the
framework for finding the operational conditions that satisfy
the resolutions and peak shape quality attributes, and method
validation is beyond the scope of this work.

Materials and Methods
Chemicals

All solvents used in this work were HPLC grade. Acetonitrile
(ACN) and Methanol (MeOH) were purchased from EMD. Formic
acid (FA) was purchased from Fluka. Trifluoro acetic acid (TFA)
was obtained from Thermo Scientific. Ammonium hydroxide
(NH,OH, ACS reagent grade) was purchased from Sigma-Aldrich.
HPLC water was obtained from a Millipore system. Three
aqueous mobile phases (0.1% TFA; 0.1% formic acid; and 0.1%
ammonium hydroxide), and two organic modifiers (acetonitrile
and methanol) were utilized in the method development.

Solutes used in the isocratic flow study were obtained
from Sigma-Aldrich. The sample mixture was prepared by
appropriately diluting individual stock solutions of the solutes in
40:60 acetonitrile-water, resulting in a sample mixture solution
containing acetophenone (0.2mg/ mL), propiophenone (0.4
mg/ mL), butyrophenone (1.0 mg/ mL) and valerophenone
(1.0 mg/ mL). Uracil was purchased from Sigma and dissolved
in pure water at a concentration that gave an adequate signal to
determine the column dead volume.

A mixture sample consisting of Active Pharmaceutical
Ingredient (API) and process impurities developed by Eisai Inc.
was used for the method development. The molecular weights of
API and major impurities were measured by LC-MS.

Instruments and columns

The UPLC/UHPLC experiments were conducted using a
Waters Acquity UPLC I class system equipped with a single
column heating compartment, a photodiode-array detector and
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a SQD MS detector. Detection wavelength was set at 240 nm for
alkylphenones and 260 nm for the API mixture sample. The SQD
was set to scan mode from 150-800 Da. The capillary voltage
was set at 3.0 KV, cone voltage 30 V, extractor voltage 3V, source
temperature was 150 °C, and the desolvation temperature was
350 °C.

The HPLC experiments were conducted using an Agilent 1100
HPLC system equipped with a column heating compartment and a
VWD UV detector. Detection wavelength was set at 260 nm for the
pharmaceutical mixture sample and 240 nm for alkylphenones.

The instrument gradient void volumes were measured to be
114 uL and 1.33 mL for UPLC and HPLC systems, respectively.

Eighteen columns commonly used by the Eisai Inc. Analytical
Chemistry team for method development were characterized by
flow study. The names, dimensions, pore diameters, and particle
sizes of these columns are listed in table 1.

Software and Data Treatment

For all the experiments conducted on both UPLC and HPLC
systems, instrument control and data analysis were performed
by Waters Empower II software (Milford, MA USA). Column
van Deemter and flow resistance parameters were obtained by
fitting the flow study data using Microsoft Excel (Bellevue, WA).
A Microsoft Excel simulation program coded by Visual Basic
for Application (VBA) was used for modeling and optimizing
the gradient elution conditions. Column van Deemter and flow
resistance parameters were stored in a MySQL (Redwood, CA
USA) database. The VBA simulation program communicated
with the MySQL database by ODBC, and the column parameters
required for modeling were acquired by the VBA program from
MySQL using standard SQL queries. JMP software V 9.0 was used
for the DOE work.

Flow study experiments

Flow studies were performed on columns listed in Table 1
with alkylphenones. For UPLC/UHPLC columns, plate counts
based on butyrophenone were measured at a series of flow rates
between 0.05 and 1.0 mL/ min, while for HPLC columns, flow
rates were varied between 0.1 and 2.0 mL/ min. All the flow study
experiments were carried out using 50/50 water/acetonitrile
isocratic elution, and the columns were thermo stated at 35°C. In
addition, all the measured plate counts were corrected for extra-
column volume and broadening effects, which were measured by
injecting butyrophenone with a zero-dead-volume connector in
place of the column. The plate heights for the flow curve were
calculated using the corrected plate counts.

In addition to the plate counts, column pressure for each
column at each flow rate was recorded. These column pressures,
after corrected for instrumental pressure at the corresponding
flow rates, were used to calculate the column flow resistance.

Mobile phase and column screening

Zorbax Bonus RP RRHD (pore size: 80 A, particle diameter:
1.8 um), Zorbax Extend C18 RRHD (pore size: 80 A, particle
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Table 1: Summary of the columns characterized by the flow study.

Column Name Column L.D. (mm) Column Length (cm) Pore diameter (A) Particle Diameter (um)

Zorbax Bonus RP RRHD 2.1 5 80 1.8

Zorbax Extend C18 RRHD 2.1 5 80 1.8

ZorbaxStableBond C18 RRHD 2.1 5 80 1.8

Acquity BEH C18 2.1 5 130 1.7

Acquity CSH C18 2.1 5 130 1.7

Acquity BEH Shield RP18 2.1 5 130 1.7

Acquity HSS T3 2.1 5 90 1.8

XBridge C18 4.6 15 130 3.5

XBridgeBEH Shield RP18 4.6 15 130 3.5

Atlantis T3 4.6 10 101 3

Sunfire C18 4.6 15 100 3.5

Symmetry Shield RP18 4.6 15 100 5

Luna C18(2) 4.6 10 100 3

Zorbax Eclipse XDB-C18 4.6 15 80 3.5

Zorbax Eclipse XDB-Phenyl 4.6 15 80 35

Zorbax Bonus RP 4.6 15 80 3.5

Zorbax Stable Bond 80A C18 4.6 15 80 3.5

YMC-Pack Pro C18 RS 4.6 15 80 3

diameter: 1.8 um), Zorbax Stable Bond C18 RRHD (pore size: 80
A, particle diameter: 1.8 pm), Acquity BEH C18 (pore size: 130 4,
particle diameter: 1.7 pum) and Acquity BEH Shield RP18 (pore
size: 130 A, particle diameter: 1.7um) columns were used for the
column screening. All the columns had the same dimension of 2.1
x 100 mm.

Due to the severe peak tailing observed when 0.1%
FA aqueous solution was used in the mobile phase, only
mobile phases consisting of methanol-0.1% TFA aqueous,
methanol-0.1% NH,OH aqueous (pH = 10.5), ACN-0.1% TFA
aqueous and ACN-0.1% NH,OH aqueous (pH = 10.5)were fully
screened. The methanol-0.1% NH,OH aqueous and ACN-0.1%
NH,OH aqueous mobile phases were only used on Zorbax Extend
C18 RRHD and Acquity BEH C18 columns since only these two
columns are compatible with basic mobile phase conditions. The
ACN-0.1% TFA aqueous and methanol-0.1% TFA aqueous mobile
phases were screened for all the five columns.

For each column under a given mobile phase composition
condition, three gradient scouting runs with different gradient
times were completed. The gradient started at 75:25% aqueous:
organic and ramped to 10:90% aqueous: organic for all three
runs. The flow rates were fixed at 0.5 mL/ min. The gradient
times of these runs were 6, 18 and 30 minutes, respectively.
The API and seven other impurity peaks that distributed within
the entire gradient time window were chosen to represent the
API mixture sample for the gradient condition optimization
(see Figure 1). For a given column-mobile phase combination,
if reasonable resolutions of the critical pairs were observed
during the scouting runs, retention times of API and the seven
impurities obtained from the three scouting runs were submitted
to the Excel simulation software for optimization. Based on the
retention times of API and the seven impurities under the three
gradient scouting run conditions, the retention parameters (k'
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Figure 1: Chromatogram of API mixture sample containing API and
seven impurities chosen for method development by

Simulation program.

Gradient conditions: B% increased from 25% to 90% linearly in 6 min-
utes. Solvent A: 0.1%TFA in water. Solvent B: acetonitrile. Flow rate =
0.5 mL/min. Detection wavelength was set at 260 nm. Injection volume
was 0.5 puL. The column temperature was fixed at 35 2C. The separation
was carried out on a 2.1 I.D. x 100 mm BEH-C18 column packed with
1.7 pm particles.

and S values) of each peak were calculated and used by the
simulation software to predict the retention times and peak
widths, and optimize the gradient conditions based on the linear
solvent strength theory [24,25,28,29].

Procedure for DOE data analysis by JMP

Once operational conditions with acceptable resolutions
were obtained from simulation, the conditions were confirmed
by experiments. In addition, experiments were performed to
further optimize the conditions to make sure that the maximum
column pressure, signal intensity and resolutions were within
the appropriate ranges. After all these steps, the proposed
operational conditions were defined. Box-Behnken design
was then used to evaluate how the changes in this proposed
operational conditions affected the CQAs. The MODR was then
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defined based on the analysis results of the Box-Behnken design.
The Box-Behnken design table generated by JMP software based
on the proposed operational conditions, and the corresponding
experimental conditions of the 15 HPLC experimental trails
were shown in table 6. Attributes including the retention times
of AP, impurity 4 and unknown impurity (defined in figure 5),
values of API tailing factor and API peak width at half height, the
resolution between API and impurity 4 (defined as resolution 1)
and the resolution between API and unknown impurity (defined
as resolution 2) for each HPLC experimental trial were measured
from thesel5 experimental runs. Based on the experimental
results, effects of the TFA%, column temperature and flow rate
on these attributes were analyzed, and regression models were
established by JMP software. To establish the models, main
effects and interactions were first analyzed and only those with
p-values less than 0.05 were used to fit the regression models. All
the models had R-square values higher than 95%. The estimated
value, standard error, and t-test results for model parameters
were listed in table 6. The general procedure of using JMP
software to analyze the data and fit regression models were
documented in chapters 5 and 6 of JMP software document [30].

Results and Discussion
Flow study

Flow study is a commonly used method to measure the kinetic
properties of columns. The detailed discussion of the theory and
procedure of flow study can be found in references [31-35]. In
this work, plate height of each column obtained from flow study
experiments based on butyrophenone and the corresponding
reduced linear velocity were used to fit the van Deemter equation
to obtain the van Deemter parameters. The mobile phase
viscosity values for aqueous-methanol and aqueous-acetonitrile
were calculate by equations reported previously [36] and solute
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diffusion coefficients were estimated by the method reported
by Li and Carr [37,38]. The calculated van Deemter parameters
are listed in table 2. The interstitial porosity values for some of
the columns were obtained from reported values [39-41] (see
Table 3). A default value of 0.38 was used for columns that had
no reported interstitial porosity values. In addition, based on
the backpressure of each column measured at each flow rate,
values of flow resistance were calculated using the nominal
particle size and the interstitial porosity by the procedure
reported by Zhan [34]. The column physical properties and the
calculated flow resistance parameters are listed in table 3. These
parameters were stored in My SQL database, and used by the
Excel simulation software for gradient operational condition
optimization. It should be noted that the purpose of obtaining
these column parameters was to obtain an accurate estimation
of the separation efficiency and column pressure for an average
column of its type by simulation, not for the fundamental
understanding of the performance of these columns.

The author believes that integrating these column parameters
in the simulation program will be helpful, especially for optimizing
the separation conditions for complex samples where high peak
capacities obtained by coupled column systems are needed
[34,39,42]. In addition, integrating these column parameters in
the simulation programs allows users to easily optimize both the
gradient operational conditions and column types for HPLC and
UPLC method development by using the user-friendly graphic
user interface of the simulation program.

Although several papers have been published on optimizing
HPLC/UPLC methods for complex samples based on carefully
characterized columns using the flow study method reported
in this manuscript [34,42,43], these papers only characterized a
few specific types of columns. As far as the author knows, this

Table 2: Summary of the van Deemter parameters of the columns in flow study.

Column Name A B C S.E?
Zorbax Bonus RP RRHD 1.10 £ 0.07 10.78 £ 0.34 0.057 +0.003 0.02
Zorbax Extend C18 RRHD 1.11 +0.02 9.97 £0.08 0.045 +0.001 0.007
ZorbaxStableBond C18 RRHD 1.04 +£0.02 11.41+0.11 0.038 £ 0.001 0.009
Acquity BEH C18 0.38 £0.06 11.88 £0.20 0.069 + 0.003 0.04
Acquity CSH C18 0.37 £0.05 12.51+£0.17 0.075 £ 0.003 0.04
Acquity BEH Shield RP18 0.37 £0.05 10.59 £0.17 0.081 +0.003 0.04
Acquity HSS T3 0.70 £ 0.10 11.23 £0.32 0.071 £ 0.006 0.07
XBridge C18 0.75+0.03 11.32 £0.09 0.048 + 0.002 0.02
XBridgeBEH Shield RP18 0.93 £0.07 8.61+0.19 0.033 +0.003 0.05
Atlantis T3 091 +0.14 16.48 + 0.34 0.049 + 0.008 0.12
Sunfire C18 0.64 £0.07 14.05 £ 0.19 0.052 + 0.004 0.05
Symmetry Shield RP18 1.32£0.03 7.36 £0.10 0.042 +0.001 0.02
Luna C18(2) 1.06 + 0.09 10.96 £ 0.22 0.030 + 0.005 0.08
Zorbax Eclipse XDB-C18 1.37 £0.05 9.95+0.14 0.028 £ 0.003 0.05
Zorbax Eclipse XDB-Phenyl 0.72 +0.04 7.74 £0.10 0.052 +0.002 0.04
Zorbax Bonus RP 1.01 £ 0.03 6.58+0.08 0.054 +0.002 0.03
ZorbaxStableBond 80A C18 0.70 £ 0.04 9.48 +0.09 0.051 +0.002 0.03
YMC-Pack Pro C18 RS 1.26 +0.17 9.72 £ 0.67 0.108 + 0.009 0.05
a. Standard error of the fit
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Table 3: Physical properties of the columns in flow study.

Column Name Pore diameter () Surface Area (m%/g) Interstitial porosity® (¢,) Total porosity (g, ) ftl:;‘i’:tance
Zorbax Bonus RP RRHD 80 180 0.386° 0.523 443
Zorbax Extend C18 RRHD 80 180 0.386° 0.480 523
Zorbax Stable Bond C18 RRHD 80 180 0.386° 0.506 508
Acquity BEH C18 130 185 0.353b 0.546 443
Acquity CSH C18 130 185 0.353b 0.616 393
Acquity BEH Shield RP18 130 185 0.353° 0.554 462
Acquity HSS T3 90 150 0.38° 0.55 428
XBridge C18 130 185 0.34¢ 0.555 539
XBridge BEH Shield RP18 130 185 0.34¢ 0.582 441
Atlantis T3 101 315 0.38¢ 0.620 381
Sunfire C18 100 340 0.38¢ 0.535 572
Symmetry Shield RP18 100 335 0.38¢ 0.518 513
Luna C18(2) 100 400 0.3834 0.560 528
Zorbax Eclipse XDB-C18 80 180 0.4264 0.496 457
Zorbax Eclipse XDB-Phenyl 80 180 0.426¢ 0.547 417
Zorbax Bonus RP 80 180 0.4264 0.548 400
Zorbax Stable Bond 80A C18 80 180 0.4264 0.502 472
YMC-Pack Pro C18 RS 80 330 0.38¢ 0.510 406

a. All Zorbax UPLC columns are assumed to have the same ¢, The same principle applied to Acquity UPLC and HPLC, and Zorbax HPLC columns.
b. Results reported by Desmet and co-workers [39]

c. Results reported by Desmet and co-workers [40]

d. Results reported by Gritti and Guiochon [41]

A default value of 0.38 was used

Table 4: Comparison of the retention time and peak width at half height obtained from simulation and experiments for HPLC system.

HPLC conditions Peak # e (min) tr’m(min) € oror(Y0)° W (min) W (min) W, ..(%)!
Condition A* 1 7.52 7.60 1.06 0.05 0.06 17
2 8.56 8.57 0.07 0.06 0.06 0
3 9.10 9.09 -0.09 0.06 0.08 25
4 9.61 9.68 0.76 0.06 0.09 33
5 9.80 9.91 1.12 0.06 0.07 14
6 11.16 11.27 0.95 0.06 0.07 14
7 12.08 12.14 0.45 0.06 0.07 14
8 14.51 14.50 -0.03 0.06 0.08 25
Condition B® 1 9.35 10.06 7.04 0.05 0.08 38
2 10.76 11.32 4.94 0.06 0.08 25
3 11.40 11.96 4.69 0.06 0.08 25
4 12.02 12.70 5.36 0.06 0.11 45
5 12.26 12.99 5.61 0.06 0.09 33
6 13.86 14.62 5.18 0.06 0.11 45
7 14.95 14.89 -0.38 0.06 0.10 40
8 17.95 18.09 2.66 0.07 0.10 30
Condition C* 1 5.26 5.57 5.57 0.06 0.08 25
2 7.70 7.70 0 0.07 0.08 12
3 8.61 8.51 -1.23 0.07 0.09 22
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4 9.63 9.63 0.04 0.07 0.14 50
5 10.04 10.07 0.29 0.08 0.10 20
6 12.72 12.67 -0.43 0.08 0.09 11
7 14.72 14.54 -1.26 0.09 0.10 10
8 20.47 19.98 -2.46 0.10 0.11 9
a. Gradient conditions: B% increased from 20 to 64% linearly in 15 min; column length: 25 cm; F = 1.3 mL/min.
b. Gradient conditions: B% increased from 20 to 62% linearly in 20 min; column length: 25 cm; F = 1.1 mL/min.
c. Gradient conditions:B% increased from 33 to 53% linearly in 20 min; column length: 40 cm; F = 1.0 mL/min.
d. W, (%) = W, - W, |/w,,, x 100%
e tl’.error(%) = (tr,pre_ tr,exp)/tr,exp x100%
All the gradient runs were conducted using XBridgeC18 columns packed with 3.5 um particles with the pore size of 130 A. 0.1% TFA in water was as
solvent A and acetonitrile was used as solvent B. The column temperature was fixed at 35°C. Detection wavelength was set at 260 nm.

Table 5: Comparison of the retention time and peak width at half height obtained from simulation and experiments for UPLC system.
HPLC conditions Peak # t . (min) t . (min) € o (Y0)° w__ (min) w,__ (min) W, ..(%)!

1 1.295 1.284 0.86 0.008 0.017 53

2 1.567 1.510 3.77 0.010 0.016 38

3 1.688 1.634 3.30 0.010 0.018 44
Condition A* 4 1.808 1.777 1.74 0.010 0.025 60

5 1.852 1.895 -2.27 0.010 0.024 58

6 2.160 2.165 -0.23 0.011 0.018 39

7 2.371 2.302 3.00 0.010 0.020 50

8 3.836 3.787 1.29 0.012 0.020 40

1 1.739 1.794 -3.05 0.015 0.021 29

2 2.087 2.256 -7.49 0.018 0.018 2

3 2.404 2.541 -5.40 0.019 0.026 27

. 4 2.758 2.803 -1.62 0.020 0.052 62

Condition B®

5 2.864 2.896 -1.11 0.021 0.029 28

6 3.541 3.709 -4.53 0.023 0.033 30

7 4.156 4.283 -2.97 0.022 0.033 33

8 7.969 7.951 0.23 0.031 0.038 18

1 1.962 2.064 -4.94 0.020 0.018 11

2 2.456 2.615 -6.31 0.024 0.031 23

3 2.803 3.015 -7.03 0.026 0.033 21
Condition C* 4 3.309 3.380 -2.10 0.028 0.070 60

5 3.453 3.501 -1.37 0.029 0.040 28

6 4.406 4.736 -6.97 0.033 0.040 18

7 5.428 5.637 -3.70 0.034 0.052 35

8 11.249 11.269 -0.18 0.048 0.055 13
a. Gradient conditions: B% increased from 25 to 90% linearly in 6 min; column length: 10 cm; F = 0.5 mL/min.
b. Gradient conditions: B% increased from 25 to 90% linearly in 18 min; column length: 10 cm; F = 0.5 mL/min.
c. Gradient conditions: B% increased from 25 to 90% linearly in 30 min; column length: 10 cm; F = 0.5 mL/min.
dW__ (%)= |wpre- wexp|/wexp x 100%
€t (%) = (b £/t X 100% .
All the gradient runs were conducted using a 2.1mm I.D. x100 mm BEHC18 UPLC columns packed with 1.7 pm particles with the pore size of 130 A.
0.1% TFA in water was used as solvent A and acetonitrile was used as solvent B. The column temperature was fixed at 35 2C. Detection wavelength
was set at 260 nm.

Table 6: Box-Behnken experiment design table.

Experiment No. TFA% Temperature (2C) Flow rate (mL/min)
1 0.1 35 0.8

2 0.05 38 0.8

3 0.05 35 0.9

4 0.1 38 0.9
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5 0.15 35 0.7
6 0.1 38 0.7
7 0.1 32 0.7
8 0.15 32 0.8
9 0.1 32 0.9
10 0.15 38 0.8
11 0.05 32 0.8
12 0.1 35 0.8
13 0.1 35 0.8
14 0.15 35 0.9
15 0.05 35 0.7
For all the 15 HPLC experimental runs listed in (Table 6), experiments were operated on a 40 cm long column obtained by couplingﬂa 25 cm XBridge
C18 with another 15 cm XBridge C18 columns. Both of these columns were packed with 3.5 pm particles with the pore size of 130 A. The L.D. of both
columns was 2.1 mm. Detection wavelength was set at 260 nm. For all these experiments, solvent A was either 0.05%, 0.1% or 0.15% TFA in water
as defined by the TFA% in (Table 6) for each experiment, and solvent B was acetonitrile. The B% was increased from 33% to 53% linearly in 35
minutes. The sample injection volume was 5pL for all the experiments.

Table 7: Linear regression models for Critical Quality Attributes (CQAs).

Quality Attribute Term Estimate Standard Error |t Ratio Prob> |t|
intercept 1.50 0.005 281.20 <10%

API peak tailing TFA% (0.05, 0.15) -0.19 0.005 -37.61 <10°®
TFA% x TFA% 0.09 0.007 12.19 <10%
intercept 16.50 0.054 305.07 <10%
TFA% (0.05, 0.15) 0.56 0.04 14.00 2x107
temperature (32, 38) -0.19 0.040 -4.85 9.1 x107

fram flow rate (0.7, 0.9) -1.40 0.040 -35.27 <10°®
TFA% x TFA% -0.54 0.058 -9.21 7.1x10°
flow rate x flow rate 0.20 0.058 3.34 0.0086
intercept 15.83 0.051 312.50 <10%
TFA% (0.05, 0.15) 0.61 0.037 16.64 1x107
temperature (32, 38) -0.16 0.037 -4.30 0.002

et flow rate (0.7, 0.9) -1.37 0.037 -36.78 <10®
TFA% x TFA% -0.51 0.055 -9.41 5.9 x 10°
flow rate x flow rate 0.19 0.055 3.39 0.0079
intercept 2.20 0.020 108.71 <10%
TFA% (0.05, 0.15) 0.14 0.015 9.39 6x10°

Resolution 1° temperature (32, 38) -0.03 0.015 -1.84 0.098
TFA% x temperature -0.08 0.021 -3.67 0.0051
TFA% x TFA% -0.21 0.022 -9.38 6x10°
temperature x temperature -0.10 0.022 -4.36 0.0018
intercept 3.75 0.081 46.25 <10%

Resolution 2° TFA% (0.05, 0.15) -3.00 0.111 -27.01 <10°®
flow rate (0.7, 0.9) 0.29 0.111 2.61 0.023

a. Defined as the resolution between API and impurity 4 (see Figure. 5)

b. Defined as the resolution between API and the unknown impurity (see Figure. 5C)
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work is the first in which kinetic parameters of so many different
columns are characterized and integrated in software for method
development and optimization. In addition, since these columns
are widely used in pharmaceutical industry, these column
parameters also provide useful information for other HPLC/
UPLC method development software tools and applications.

Mobile phase composition and column screening

The API molecule is a basic compound containing several
ring structures and functional groups that can interact with the
silanol groups on columns via hydrogen bonding interactions.
When 0.1% FA was used in mobile phases, severe peak tailing
was observed. Since it is well known that ion pairing reagents
can improve the peak shape for basic drugs [44-46], 0.1% TFA
was added to the mobile phases, which greatly improved the
peak shape. In addition to using ion pairing reagents, another
commonly used strategy to improve peak shape for basic
compounds is to use basic mobile phases [47]. Therefore, mobile
phases consisting of MeOH-0.1% NH,OH aqueous and ACN-
0.1% NH,OH aqueous were screened. These basic mobile phase
conditions were only used on columns that were compatible with
basic mobile phases.

Five UPLC/UHPLC columns were selected for column and
mobile phase composition screening. These five columns included
three C18 columns, namely Zorbax SB C18, Zorbax Extend C18,
and Acquity BEH C18. Zorbax SB C18 column was selected due to
its extremely good stability under acidic mobile phase conditions.
Water BEH C18 was selected due to its unique stability in both
acidic and basic mobile phases. Extend C18 column was selected
mainly to test the peak shape improvement of API under basic
mobile phase conditions. In addition, two Polar Embedded Group
(PEG) columns, Zobax RP bonus and Acquity BEH Shield RP18
columns were selected due to their unique selectivity that was
very different from the selectivity of C18 columns [48].

Another challenge for this method development was the
separation of API and impurity 4 (see Figure 1 and Figure 5).
LC-MS results showed that these two molecules had very similar
structures. The only structural difference between these two
molecules was an extra double bond in API molecule. Column
screening results showed that under all the tested gradient
scouting conditions, only the Acquity BEH C18 column partially
resolved this critical pair using ACN-0.1% TFA aqueous as the
mobile phase. Using the ACN-0.1% TFA aqueous mobile phase, the
Zorbax Extend C18 only produced marginally partial separation.
For all the other columns and mobile phase conditions, no
separation of this critical pair was observed. Therefore, retention
times of the API and the seven chosen impurities obtained from
the three gradient scouting runs on the Acquity BEH C18 column
using ACN- 0.1% TFA aqueous mobile phase were used in the
next step for further optimization.

Gradient elution simulation and optimization

The theory for gradient elution simulation and optimization
have been discussed and described in detail [12-14, 19,21,23,25].
In addition, simultaneous optimization of operational parameters
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including flow rate, column length and mobile phase gradient
profile at given gradient times using Microsoft Excel Solver
function have been reported previously [24,29,49]. The same
principles and procedures were used in this work. However, by
integrating all the calculation logic, physical chemistry constants
and various column parameters in the VBA code and MySQL
database, the entire simulation and optimization operated
automatically and with better prediction accuracy. In addition, the
automation enables users to optimize the operational conditions
without having to have in-depth knowledge and understanding of
gradient theory and simulation. Finally, integration of interactive
Graphic User Interfaces (GUI) makes the program user-friendly
and easy to use. Figure 2 shows the user interface of the Excel
simulation software that allows users to submit there tention
times of APl and impurities under the three gradient scouting run
conditions, the operational conditions of the scouting runs, the
gradient void volume of the instrument and dead volume of the
column for the simulation. Figure 3 shows the GUI for users to set
up the constraints for the optimization, including column format,
organic modifier of the mobile phase, column temperature,
gradient time and the maximum column pressure allowed for
the optimization. After the user submits the constraints, the
simulation program then proposes the optimum operational
conditions. Figure 4 shows the simulated chromatogram under
the proposed optimum operational conditions generated by the
software. The GUI allows users to change operational conditions
including organic modifier percentage of the gradient and flow
rate. Once users change any of these conditions, the simulated
chromatogram will be changed accordingly. This allows users to
check how these operational conditions affect the separation.

The accuracy of the simulation program was studied by first
separating the APl mixture sample under three different gradient
elution conditions, and then comparing the experimentally
obtained retention times and peak widths with the values
predicted by the simulation program under the same conditions.
Figure 5 shows three chromatograms obtained from experiments
under the corresponding gradient elution conditions. (Table 4)
shows the predicted and experimentally obtained retention
times and peak widths at half height for API and seven chosen
impurities under these operational conditions from table 4. The
accuracy of the predicted retention time is within 8%. However,
the experimentally measured peak widths are much broader
than the predicted values. The extra peak broadening is very
possibly due to the column overloading [45]. And the secondary
interaction between API and the column. Such an extra peak
broadening effect was not considered in the simulation program.

It should be noted that the simulation program used the
retention times of API and representative impurities measured
on an Acquity BEH C18 UPLC column using an UPLC instrument
system, and predicted retention times and peak widths on an
X Bridge C18 column operated on an HPLC system with good
accuracy. Applying UPLC systems to the method development
of conventional HPLC can greatly reduce the time and solvent
consumption required for the method development.

An interesting question is if it is possible to predict the
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Figure 3: Graphic User Interface of the Excel VBA simulation program that allows users to set up the constraints for gradient condition optimization.

retention times and peak widths under given UPLC conditions
using the retention times measured in HPLC conditions. To
answer this question, based on the retention times of API and
seven impurities measured under the three different HPLC
gradient conditions listed in Figure 5. The retention times and the
corresponding peak widths of these peaks under three different
UPLC operational conditions were predicted by the simulation
software, and compared to the experimentally measured values
under the corresponding UPLC operational conditions. The
results are listed in Table 5. From table 5, the accuracy of the
predicted retention time is within 8%, which is similar to the

prediction results for HPLC shown in table 4. In terms of the peak
width, similar to the HPLC prediction results, the experimentally

measured peak widths are much broader than the predicted
values for UPLC prediction results. It should be noted that due

to the smaller column dimensions used in the UPLC experiments,
compared to HPLC, the peak widths in UPLC experiments are
more sensitive to the instrument configurations, especially the
volume of connection tubing and valves. From the results shown
in table 4, 5. The simulation software can predict the retention
behavior and optimize the operational conditions for HPLC and
UPLC systems based on the retention times measured under
either HPLC or UPLC conditions, although the most efficient
application in practice is to use the measurements obtained from
UPLC systems to optimize the operational conditions for HPLC
systems.

The gradient conditions in figure 5. Were proposed by the

simulation program as optimum conditions under different
constraints (25 cm maximum column length and 15 min gradient
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Figure 4: Chromatogram generated by the simulation program under the proposed optimum gradient conditions. By clicking increment and decre-
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effects of these operational conditions on the separation.
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Figure 5: Chromatograms of API mixture obtained under three gradient conditions.
All the gradient runs were conducted using XBridgeC18 columns (2.1 mm L.D.) packed with 3.5 um particles and a pore size of 130 A. 0.1% TFA in wa-
ter was used as solvent A and acetonitrile was used as solvent B. The column temperature was fixed at 35 2C. Detection wavelength was set at 260 nm.
Figure 5A gradient conditions: B% increased from 20 to 64% in 15 min; column length: 25 cm; F = 1.3 mL/min. The resolution of API and impurity

4 in this figure was 1.6.

T
18.00

T
20.00

Figure 5B gradient conditions: B% increased from 20 to 62% in 20 min; column length: 25 cm; F = 1.1 mL/min. The resolution of API and impurity

4 in this figure was 1.6.

Figure 5C gradient conditions: B% increased from 33 to 53% in 20 min; column length: 40 cm (obtained by coupling a 25 cm and another 15 cm col-

umns); F = 1.0 mL/min. The resolution of API and impurity 4 in this figure was 2.1.

Citation: Huang Y (2016) A Quality by Design (QbD) Framework for Reversed-Phase Liquid Chromatography Method Development. ~gfe(d] 10 of 17 I
Int.]. Anal. Tech 2(1): 1-17 DOI: http://dx.doi.org/10.15226/2471-3627/2/1/00107



A Quality by Design (QbD) Framework for Reversed-Phase Liquid Chromatography

Method Development

time for figure 5A; 25 cm maximum column length and 20 min
gradient time for figure 5B; and 50 cm maximum column length
and 20 min gradient time for figure 5C. The maximum column
pressure constraint was set at 350 bar for all these simulations.
According to figure 5 resolution between API and impurity 4
had already achieved the criterion of 2.0 for the operational
conditions of figure 5. However, considering that the quality
control team preferred to conduct analyses at column pressures
lower than 300 bars during the method transfer, the operational
conditions described in figure 5C were modified as follows: the
flow rate was decreased from 1.0 mL/min to 0.8 mL/min and
gradient time was increased from 20 min to 35 min. The resulting
conditions were: B% increased from 33 to 53% in 35 min; column
length: 40 cm; F = 0.8mL/min. Under the modified conditions, the
resolution between API and impurity 4 was modestly improved
to 2.3. The modified operational conditions were then used for
DOE study.

It should be noted that although changing the column
temperature has been reported as one of the most effective
ways to optimize the resolution and peak capacity of gradient
elution[23,24,35,50], and optimizing the column temperature
using simulation programs has been successfully demonstrated
[13,14,23,24,50], the column temperature was not optimized by
the simulation program in this work. The column temperature
was fixed at 35 °C for all column screening experiments and the
following simulations and optimization experiments in order
to prevent degradation of process impurities and the API that
might occur at higher column temperatures. Since the optimum
operational condition obtained from the simulation program had

Prediction Profiler
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already achieved the resolution criteria, exploring higher column
temperatures was not considered in this step. In the next step,
surface response design was used to explore a narrow column
temperature range of 30-40 °C to define the operable region.

Selection of DOE Factors and DOE techniques

Three operational variables were selected to be further
studied by DOE based on the optimized operational conditions
obtained from the previous steps. The first factor selected was
TFA%. As an ion-pair reagent, it is well known that TFA% affects
both peak tailing and selectivity of basic compounds [44-46].
Since both of these factors played a critical role in resolution,
a complicated effect of TFA% on resolution and peak shape
was expected. The second factor was temperature effects.
Temperature affects resolution by affecting selectivity and peak
width [24]. In addition, since temperature also affects the ion
pairing process, it should have a complicated effect on resolution
and API peak shape as well. The third factor studied was flow
rate. Flow rate affects resolution and peak capacity by affecting
gradient steepness and separation efficiency [24,28]. In addition,
in the practice of sample analysis, flow rate usually can be
adjusted to compensate the shift of API retention time caused by
different instrument configurations. Therefore, studying how the
change in flow rate affects CQAs is critical. Although the effects
of other operational parameters, such as sample concentration,
sample injection volume and initial and final organic modifier
percentages in mobile phase have been studied by DOE [4]. These
factors were not studied in this work because these parameters
can be very well controlled by careful sample preparation and the
high quality of the modern chromatography instrument systems.
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Figure 6: API tailing factor and retention and impurity 4 retention versus the operational conditions based on the regression model established by

JMP.
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Since operational parameters have already been optimized
by the previous steps and all the CQA criteria have been fulfilled,
the purpose of this step was to accurately approximate the
true response function within a relatively small region near
the optimized conditions obtained from the previous steps. In
addition, since flow rate, column temperature and TFA% affected
theresolution and API peak shape in a complicated way, nonlinear
effects of these factors on CQAs were expected. Therefore, a
surface response design that can fit nonlinear models should be
used [7]. The Box-Behnken design was selected because it is a
surface response method that can model nonlinear effects, and
is very efficient when3-4 factors are involved in the model [30].

Effects of operational parameters on API retention
time

The linear regression model of API retention time versus
operational parameters is shown in Table7. Plots generated
by JMP software based on this model are shown in figure 6A.
According to figure 6A. API retention time increases with the
increase of TFA%. In addition, the increase in API retention
becomes lower when the TFA% was higher than a certain value
(~0.1% in figure 6A), and finally asymptotically approaches
a limit. This trend is consistent with the general trend of basic
analyte retention observed previously when TFA is used in the
mobile phase [51]. According to Dai [44]. The retention of basic
analytes at low pH mobile phase conditions is the consequence of
two processes: one is the retention of the neutral ion pairs formed
between the basic analytes and ion pair reagents. The other is
the ion exchange between the analyte cations and the anionic ion

Resolution1

TFA%Y:
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pair reagents adsorbed on the stationary phase. Applying this
mechanism, when TFA% is low, with the increase of the TFA%,
more ion pairs are formed between API and TFA, which increases
the retention time of API. In addition, with the increase of TFA%,
more anionic TFA will adsorb onto the column. As a result, more
API cations will be retained on the column by interacting with
the anionic TFA adsorbed on the column. Therefore, for both
ion pairing and dynamic ion exchange processes, increasing
TFA concentration will increase the retention time of APL
However, based on both ion paring and dynamic ion exchange
mechanisms, retention time of API is not a linear function of the
TFA concentration. To explain this, it will be useful to review
the retention model proposed by Kazakevich [52]. Although this
model only considers the ion pairing process, the same principles
can be applied to dynamic ion exchange process.

According to Kzakevich model, the retention factor of analyte
is defined by the following equation:

k=k0+k,(1-0)=k,-0(k,—k,) "

In this equation, k is the retention factor of the analyte, k.and
k  are the retention factors of the free and ion paired forms of
the analyte, respectively, and 6 is the fraction of the free form
of the analyte. Since both k. and kip are constants, we can define
another constant k' = kip- k. Considering that fact that the free
analyte cations usually are less retentive than the neutral and
more hydrophobic, ion-paired analyte species on reversed-phase
columns, k; is usually smaller than kip. Therefore, k' > 0.
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Figure 7: Resolutions between API and impurity 4 and unknown impurity as function of operational parameters. The plots were generated by JMP

9.0 software.
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Considering the ion pairing equilibration, 6 can be expressed

1
G_K[A]H

as

(2)

In Eq. 2, K is the equilibrium constant of the ion pairing
process, and [AT] is the concentration of the ion pairing reagent.
Submitting 8 in Eq. 2 to Eq. 1, we get

_ Rk K
POK[A]+1 " K[A4]+1

(3)

In Eq. 3, kip can be considered as the “limiting retention
factor” for ion paired analyte, which corresponds to the retention
factor of fully ion paired analyte at very high concentration of ion
pairing reagent [52]. Since the second item in Eq. 3 is positive,
and it asymptotically approaches to zero with the increase of
[A7], increasing ion pairing reagent concentration leads to the
asymptotic approach of the analyte retention to kip, which is
consistent to the nonlinear trend observed in figure 6A.

Although Kzakevich model only considers the ion pairing
equilibration in the system, the dynamicion exchange process can
be described by the same format as expressed by Equation 3 [44].
As a result, with the increase of TFA concentration in the mobile
phase, the retention factor of the analyte governed by the dynamic
ion exchange process will finally asymptotically approaches
the limiting retention factor corresponding to the maximum
adsorption of TFA anions on the column. Since retention factors
governed by ion pairing and dynamic ion exchange processes
both asymptotically approach their maximum values with the
increase of TFA concentration, it is not surprising to see the
nonlinear trend of retention time versus the TFA concentration
in figure 6A.

It should be noted that the regression model listed in table
7 was used to approximate API retention versus operational
parameters in a narrow region near the optimized operational
conditions. It does not mean that the relationship between the
retention and TFA concentration is fundamentally governed
by a second order polynomial model. In fact, according to the
fundamental separation mechanisms, the retention factor of
basic compounds is a complicated function of the ion pair reagent
concentration [44,53]. In addition, from figure 64, increasing
flow rate greatly reduces the retention time, while temperature
only slightly affects the retention time.

Effects of operational parameters on API peak tailing
factor

Table 7 showed the linear regression model of peak tailing
factor versus operational parameters. The plots generated by
JMP software based on the model are shown in figure. 6B. Shows
that when TFA% is lower than 0.1%, as TFA% was increased,
the peak tailing factor improves significantly from 1.75 to 1.5.
However, when TFA% is higher than 0.1%, improvements in
the peak tailing factor become slower with the further increases
of TFA%. This can be explained by the same mechanisms as
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in the API retention discussion. According to the study of Dai
[45], peak tailing and peak broadening of basic compounds are
caused by sample overloading, and increasing ion pairing reagent
concentration improves the peak width and peak shape by
increasing the amount of the basic analyte participating in both
ion paring and dynamic ion exchange processes, which increases
the sample loading capacity. From Eq.2, it is easy to see that the
fraction of the analyte participating in the ion paring process,
which is 1-6, can be defined as:

1-0=(K[4 D/ (K[41+1) @

From Equation 4, in the low TFA concentration region
where K[A] << 1, 1-0 will increase with [A7] fast, leading to great
improvement in the peak width and peak shape. However, with
the increase of TFA concentration, when K[A] is comparable
to 1, 1-6 will increase with TFA concentration slower. With the
further increase of the TFA concentration when K[A] >> 1, 1-6
will approach to 1 asymptotically. As a result, increasing TFA
concentration in high TFA concentration region will lead to a
smaller increase in the fraction of the basic analyte participating
in ion pairing, and therefore, lead to smaller improvement in
peak shape compared to in the low TFA concentration region.
The same principle applies to dynamic ion exchange process

Effects of operational parameters on impurity 4
retention time

The linear regression model of impurity 4retention time
versus operational parameters is shown in Table7. Although the
retention time of impurity 4 is not a CQA, understanding how
the operational parameters affect the retention of this impurity
will give us more insights into the mechanism of the separation
between API and this impurity.

Plots generated by JMP software based on the linear
regression model are shown in figure 6C. Comparing (Figures 6A
and 6C). It is obvious that the retention times of API and impurity
4 show the similar nonlinear trend versus TFA%, which implies
that similar to API, impurity 4 also interacts ion paired with TFA.
In addition, similar to the retention time of API, the retention
time of impurity 4is affected by both temperature and flow rate.

Effects of operational parameters on resolution
between API and impurity 4

The linear regression model of the resolution between API
and impurity 4 (defined as resolution 1) versus operational
parameters is shown in Table7. Plots generated by JMP software
based on this model are shown in figure7A.

Figure 7A shows that resolution 1changes with TFA% in a
nonlinear way, with the optimum TFA% at ~ 0.1%. As shown in
the previous sections, both the retention times and peak widths
of API and impurity 4 change with TFA% nonlinearly. Therefore,
it is not surprising to observe a complicated, nonlinear effect of
TFA% on the resolution between them.

From table 7, It is interesting to see that resolution 1lis
affected by temperature xTFA% and temperature xtemperature,
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but not by temperature itself (prob>|t| > 0.05). In addition, the
interaction profiles in figure 7A Show strong interaction effects
between TFA% and temperature, indicating that temperature
affects resolution 1 by affecting the interactions between TFA
and the basic analytes (API and impurity 4).

Effects of operational parameters on resolution
between API and an unknown impurity

During the method development, an unknown impurity,
which was eluted behind APl was observed (see Figure. 5C).
Analyzing the effects of operational parameters on the retention
of this impurity (results not shown here) showed that TFA%
has no effects on the retention of this impurity. Therefore, this
impurity does not interact with TFA by ion pair or ion exchange.

The linear regression model of the resolution between API
and this impurity (defined as resolution 2) versus operational
parameters is shown in table 7. Plots generated by JMP software
based on this model are shown in figure 7B. Figure 7B Showed
that the resolution between API and this impurity decreases
with the increase of TFA%. This can be explained by the
different interactions between API and the impurity with TFA.
As a consequence of interacting with TFA by ion pairing and ion
exchange, the retention time of API increases with the increase
of TFA%. However, the retention time of the impurity does not
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change with the increase of TFA% because it does not interact
with TFA. Since the impurity is eluted after API, with the increase
of TFA%, the API peak will move closer to the impurity peak,
leading to a continuous decrease of the resolution between them.
In addition, the interaction profiles of resolution 2 (right hand
side of figure 7B show parallel lines corresponding to resolution 2
versus flow rate when TFA% are 0.15% and 0.05%, respectively.
The same parallel lines are observed for resolution 2 versus
TFA% when flow rates are 0.7 and 0.9 mL/min, respectively.
These parallel lines indicate that no interactive effects exist
between flow rate and TFA%. This is consistent to the fact that
fundamentally flow rate should not affect ion pairing and ion
exchange processes.

Defining the Method Operable Design Region (MODR)

The MODR was defined by the contour plots generated by
JMP software based on the regression models that described how
operational conditions affected CQAs. These contour plots were
generated by setting the following thresholds: resolution 1 > 2.0,
resolution 2 > 2.0 and API peak tailing < 1.5. The resulting contour
plots are shown in figure 8. According to these contour plots, to
fulfill the criteria for resolution 1, a safe region can be defined as
0.08% < TFA% < 0.14% and 32 °C < column temperature < 38
°C. Similarly, to satisfy resolution 2 requirements, the region is
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Figure 8: Contour plots for resolution 1, resolution 2 and prediction profile for API tailing factor.

Resolution 1 is the resolution between API and impurity 4 (see Figure. 5)

Resolution 2 is the resolution between API and unknown impurity (see Figure. 5C)

The settings for the contour plots are: resolution 1 >2.0; resolution 2 > 2.0.
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defined as 0.05% < TFA% <0.125% and 0.7mL/ min < Flow rate
< 0.9 mL/ min. In addition, to satisfy the requirement of API peak
tailing < 1.5, TFA% should be higher or equal to 0.1%. Finally,
by combining the above three regions, the MODR is defined as:
0.1% < TFA% < 0.125%, 32 °C < column temperature < 38 °C, and
0.7mL/ min < Flow rate < 0.9 mL/ min.

Conclusion

A framework integrating computer simulation and surface
response design for reversed phase HPLC method development
was applied to the method development of an API mixture
sample. By applying the solvent retention parameters obtained
from UPLC/UHPLC experiments to conventional HPLC method
development, the time and solvent consumption required for
HPLC method development were greatly reduced. In addition,
an Excel simulation program coded by VBA was developed for
automatic gradient operational condition optimization. This Excel
program integrated the flow resistance and kinetic parameters of
18 commonly used UPLC/UHPLC and HPLC columns. In addition,
integration of Graphic User Interfaces (GUI) makes it easy
for users without in-depth understanding of gradient elution
theory and programming to optimize the gradient conditions.
Results showed that the simulation program predicted the
retention times accurately and can propose the optimum
operational conditions under given constraints. Using simulated
chromatograms, the simulation program also allows users to
fine-tune the operational conditions and see how the operational
conditions affect the separation. A surface response method, Box-
Behnken design was used to define the Method Operable Design
Region (MODR) based on the optimized gradient conditions
obtained from simulation and HPLC experiments. Finally, this
work demonstrated that statistical analysis of DOE can provide
further insights into the separation mechanisms, especially the
effects of ion-pairing and ion-exchange processes on the CQAs of
the HPLC method developed in this work.
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