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a b s t r a c t 

This study reports the application of retention modeling and quality by design practices for reverse-phase 

liquid chromatographic method development of a new chemical entity. Prior to the retention modeling, 

preliminary screening experiments were performed for the selection of stationary phase, organic modi- 

fiers, and method parameters. Based on the results of preliminary method conditions, t G -T (gradient time 

- temperature) 2-D modeling with 4 input runs, and t G -T-t c (gradient time-temperature-ternary composi- 

tion) 3-D modeling with 12 input runs were designed to build a model for achieving the optimized sepa- 

ration. Modeling of reverse phase separations was based on the measurement of both retention times and 

peak areas. A design space with appropriate input variables and control strategy was established prior to 

optimization and robustness evaluation following the quality by design framework. DryLab R © was used to 

predict the optimized gradient profile and separation temperature. The robustness evaluation was carried 

out using the multiple factors at a time approach and the control space was established. The interdepen- 

dence of control space and the control strategy was demonstrated by evaluating method robustness using 

two levels of system suitability criteria. The predictive accuracy of the retention modeling was established 

through experimental verification of the in-silico predictions. The quality by design based method de- 

velopment approach demonstrated the in-silico optimization as an integral component of reverse-phase 

chromatographic method development to evaluate the interplay of factors such as organic modifiers, sep- 

aration temperature and gradient time, which greatly integrated and enhanced method robustness during 

method development. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

As per the International Council for Harmonisation of Technical 

equirements for Pharmaceuticals for Human Use (ICH) guidelines 

8(R2), Quality by Design (QbD) is defined as “systematic approach 

o development that begins with predefined objectives and empha- 

izes product and process understanding and process control, based on 

ound science and quality risk management” [1] . QbD principles to 

he development of analytical methods are being widely adopted 

n the pharmaceutical industry to generate data that constitute a 

road experimental space and to achieve built-in method robust- 
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ess [2-5] . When the US Food and Drug Administration (FDA) first 

ntroduced QbD, its initial application included synthesis of active 

harmaceutical ingredient (API), drug product formulations, and 

iopharmaceutical process development [6] . However, owing to the 

ole of an analytical method in evaluating the quality of a pharma- 

eutical product, the QbD concepts were quickly adopted by the 

eparation scientists [7-14] . The concept of analytical quality by de- 

ign (AQbD), a systematic approach to analytical method develop- 

ent has effectively enabled analytical scientists to develop and 

alidate methods that consistently provides reliable results with 

uality [15-17] . Vogt et al. reviewed the principles and summa- 

ized the state of QbD in the analytical method development con- 

ext [18] . Both, Orlandini et al. and Vogt et al. have compared dif- 

erent QbD models and method development strategies that have 

een established to implement QbD principles and have proposed 
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 QbD guide for analytical method development [18-19] . Key re- 

uirements of the QbD analytical method development process are 

o evaluate the robustness and ruggedness of the method, under- 

tand the critical method variables, and establish proven accept- 

ble ranges. 

QbD terms that are most pertinent to analytical method de- 

elopment include Design Space (DSp), Control Space (CSp) and 

ontrol Strategy (CS). As per ICH guidelines Q8 (R2) [1] , DSp is 

efined as “the multidimensional combination and interaction of in- 

ut variables ( e.g. material attributes) and process parameters that 

ave been demonstrated to provide assurance of quality ”. In the liq- 

id chromatography (LC) method development context, it includes 

ny combination of the input variables such as gradient time, % 

rganic modifier, pH of mobile phase and separation temperature 

hat have a bearing on the quality of the data generated by the 

ethod [13] . CSp is an area of DSp that is selected for routine op-

ration and is dependent on the CS. As per ICH guidelines Q8(R2) 

1] CS is defined as “a planned set of controls, derived from current 

roduct and process understanding that ensures process performance 

nd product quality”. In the LC method development framework, CS 

ncludes the set of controls placed on the system suitability re- 

uirements (for example resolution, tailing factor, height equiva- 

ent to a theoretical plate, etc.) ensuring the method is operating 

onsistently within the CSp. 

Integration of QbD principles with the method develop- 

ent approach by using either empirical modeling tools (sta- 

istically based design of experiments (DoE)) such as JMP R ©, 

AS R ©, Design-Expert R ©, and Minitab R ©, or mechanistic modeling 

ools (chromatographic retention) such as DryLab R © [8-12,14,20-23] , 

hromSwordAuto R © [24-26] , ACD/AutoChrom 

R © [27-31] have been 

idely reported in the last decade or so. Additionally, there are 

vailable software packages such as Fusion AE R © [7,32] (QbD based 

oftware for LC method development) that serve as automated liq- 

id chromatography method development platform with in-built 

ormal experimental design tools. Mattrey et al. have provided a 

uccinct review of the available chromatography simulation and 

odeling software packages and their core capabilities [33] . Dis- 

as et al. have compiled an overview of QbD principles and statis- 

ical strategies (DoE-DSp approach) applied in the development of 

nalytical methods [5] . Most researchers have discussed retention 

odeling and QbD based method development strategies using 

 model mixture of commercially available pharmaceutical com- 

ounds and reference materials [8,11,12,20,22] . To the best of our 

nowledge, there is a requisite for demonstrating successful im- 

lementation of retention modeling and QbD methodologies in the 

ealm of reverse-phase method development for NCEs. In our ear- 

ier work, we proposed a stepwise method development strategy 

21] , where the robustness evaluation involved a univariate ap- 

roach or OFAT (One Factor at a Time) approach. The main draw- 

ack of OFAT approach was that it does not account for the mul- 

iple interactions between robustness parameters thereby leading 

o overestimation of the true CSp. In the current work, we attempt 

o evaluate the method robustness by creating a DSp in a multi- 

ariate approach or MFAT (Multiple Factors at a Time) approach to 

rrive at a CSp. MFAT approach results in analytical method with 

obust ranges of operation and hence minimizes the risk of fail- 

re when the analytical method is transferred from the develop- 

ent environment into a GMP testing quality control laboratory 

or supporting production and life cycle management of the prod- 

ct. The method development, optimization, robustness verifica- 

ion and identification of a routine CSp were achieved through the 

ollowing steps: 

• Established a preliminary analytical method through the evalu- 

ation of selected method parameters 
2 
• Established DSp and an optimized analytical method using two- 

dimensional (t G -T) and three- dimensional (t G -T-t c ) modeling 
• Performed (predicted) method robustness verification following 

MFAT approach with two levels of CS (system suitability crite- 

ria) using DryLab R ©
• Determined CSp based on the robustness results 

The sample for this study consisted of an API from our inter- 

al discovery program, its process-related impurity (A), and two 

iastereomers of the API (B, C). The development of the method 

escribed in this paper was particularly challenging as the impu- 

ities present in the sample were structurally very similar to the 

PI itself. It is important to note that the case study in this paper 

nvolving separation of API from 3 other impurities is representa- 

ive of an analytical method associated with new drug application 

NDA) submission and at this juncture the process is fully opti- 

ized, locked and the batches are clean with very minimal impu- 

ities. 

. Experimental 

.1. Chemicals 

API and its isomers were synthesized by the Chemical De- 

elopment and API Supply group in Biocon Bristol Myers Squibb 

esearch and Development Center (BBRC), Bangalore, India. HPLC 

rade methanol (MeOH) and acetonitrile (MeCN) were procured 

rom S.D. Fine Chemicals (SD Fine, Mumbai, India) and Rankem 

Rankem, New Delhi, India) respectively. Trifluroacetic acid (TFA) 

nd ammonium acetate (NH 4 OAc) were obtained from Biosolve 

himie (Dieuze, France). Water was obtained using an in house 

illi-Q system (Millipore Sigma, Massachusetts, USA). A sample 

arker mixture was prepared from the individual components 

uch that the API was present at a concentration of 0.5 mg/mL and 

he other compounds (A, B, and C) were present at approximately 

.2 to 0.8 area percent (AP) relative to API. MeCN:Water (80:20 

/v) was used as the sample diluent and sample injection volume 

as 5μL. 

.2. HPLC columns 

The HPLC columns (listed in Table S1) used in this study were 

urchased from the respective vendors. 

.3. Eluents 

Two pairs of eluents were used for column screening analy- 

is ( Section 3.1 and 3.2 ) and they were as below: 1) pH ~ 2.0,

 = 0.05% v/v TFA in Water: MeOH (90:10 v/v); B = 0.05% v/v 

FA in MeCN:MeOH (90:10 v/v) and 2) pH ~ 6.5, A = 0.01 M 

H 4 OAc in Water:MeOH (90:10 v/v); B = 0.01 M NH 4 OAc in Wa-

er:MeCN:MeOH (10:80:10v/v/v). For t G -T and tG-T-tc modeling in- 

ut experiments, eluent A was 0.05% v/v TFA in 100% water, and 

luent B was 0.05% v/v TFA with varying ratios of MeCN & MeOH. 

hroughout this study t c refers to the % of MeOH in eluent B. 

.4. Instrumentation and software 

Chromatographic evaluation and measurements were made us- 

ng an A1200 HPLC system equipped with a diode array detector 

Agilent Technologies, Santa Clara, CA, USA). The dwell volume was 

easured to be 1.36 mL. Waters (Milford, MA, USA) Empower Soft- 

are (Feature Release 2) was used to acquire, store, and process 

he chromatographic data. Retention times and peak areas of indi- 

idual peaks from experimental runs were used as input data for 

ryLab R © v.4.0 chromatography optimization software (Molnar In- 

titut, Berlin Germany). Robustness of the method was predicted 
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Table 1 

Chromatographic system suitability requirements for the resolution (control strategy). 

Level Criteria 

1 (Required) Resolution between A and API ≥ 1.5; Resolution between API and B ≥ 1.5; Resolution between B and C ≥ 1.5 

2 (Desired) Resolution between A and API ≥ 2.0; Resolution between API and B ≥ 2.0; Resolution between B and C ≥ 2.0 

Table 2 

Preliminary and final optimized LC method conditions. 

Parameter Preliminary Method Conditions Final Optimized Method Conditions 

Column Ascentis Express C18 (150 × 4.6) mm, 

2.7 μ

Ascentis Express C18 (150 × 4.6) mm, 

2.7 μ

Eluent pH 2.0 2.0 

Organic Modifier Eluent A: 0.05% v/v TFA in Water 

Eluent B: 0.05% v/v TFA in 100% 

MeOH or 100% MeCN or MeOH:MeCN 

(1:1 v/v) 

Eluent A: 0.05% v/v TFA in Water 

Eluent B: 0.05% v/v TFA in MeOH: 

MeCN (40:60 v/v) 

Column Temperature (T) 35 °C 35 °C 
Wavelength 254 nm 254 nm 

Flow Rate 1.0 ml per minute 1.0 ml per minute 

Gradient Time (t G ) 40 min 45 min 

Initial Organic 10% B 10% B 

Final Organic 100% B 100% B 
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sing DryLab R © v.4.0 using a 4-factor- 2 level full factorial design 

nd was experimentally verified. 

.5. Design space (DSp), control strategy (CS) and control space (CSp) 

The DSp was established using the combination of variables 

amely t G , T, and t c that were the most influencing parameters 

critical parameters) in determining the quality of the method be- 

ng developed in this work. It is important to note that the other 

ritical parameter, eluent pH, was not chosen to be an influencing 

arameter based on preliminary analytical method selection exper- 

ments discussed in Section 3.2 . In this work, CS was the chromato- 

raphic system suitability requirement for the resolutions as listed 

n Table 1 . CSp is a portion of DSp driven by the CS controls and

he method is validated to ensure that it is robust and operates in 

he CSp without any failure. 

. Results and discussion 

.1. Analytical method development strategy 

AQbD starts with clearly defining the analytical target profile 

ATP) or method goals, and one may choose the analytical tech- 

ique(s) that can meet the method goals. In this study, ATP was 

efined as an analytical method with adequate baseline separation 

f all the impurities (see Table 1 for resolution requirements) and 

stablishing a design space, in which the method is robust. Re- 

ersed phase liquid chromatography was chosen as the technique, 

hich is well suited to meet the ATP pre-requisites. A preliminary 

C method to resolve closely eluting structurally related impuri- 

ies in an active pharmaceutical ingredient was obtained using a 

implified method development strategy that consisted of column 

creening, eluent pH screening, organic modifier selection, tem- 

erature, and gradient time optimization. The columns and eluent 

creening were performed concurrently at eluent pH values of ~2.0 

nd 6.5 (for details see Section 2.3 ), column temperature of 30 °C, 

ow rate of 1.0 mL/minute, and wavelength of 254 nm. The pa- 

ameter F in Table S1 indicates the similarity between columns, 

nd it is derived using the USP-PQRI approach which is based on 

he hydrophobic subtraction model of reverse-phase column selec- 

ivity [34] . Using this approach values of F > 3 can be used to se-

ect columns with different selectivity and in this study, values of F 
3 
or the columns selected for screening ranged between 4.7 (Waters 

Bridge C18) and 23.0 (Waters XSelect HSS PFP). The organic mod- 

fier selection (MeOH vs MeCN) was initially simplified by adding 

0% v/v MeOH to eluents A and B in the screening experiments. 

ence the LC method development was focused on achieving se- 

ectivity through the identification of a suitable stationary phase, 

ppropriate eluent pH, selecting a practical organic modifier and 

nally performing software-assisted fine optimization (for T, t G, % 

 c ) of the selected method. 

.2. Preliminary analytical method selection 

Column screening at two different eluent pH values revealed 

hat pH did not have any significant influence on the separation of 

eaks. The selection of the column chemistry and pH was based on 

he number of peaks detected, and the resolution between peaks 

A & API and API & B or C) as listed in Table S2. It is important

o note that only C18 stationary phases (with F values of 4.7 and 

.5) offered the separation of all peaks and all other columns with 

 values above 8.5 did not yield separation of all peaks. The ac- 

eptable and comparable separation was achieved with Ascentis 

xpress C18 at both pH 2.0 and 6.5; and hence taking into prac- 

ical considerations, this stationary phase with TFA containing elu- 

nt was selected for further method development. Figure S1 and 

2 show the overlay of the chromatograms from column screen- 

ng at pH 2 and 6.5 respectively. Table 2 contains the preliminary 

ethod condition that was used as an input condition for DryLab R ©
ptimization in the next step. Since MeOH was present as an or- 

anic modifier in addition to MeCN during the initial screening ex- 

eriments, it was important to optimize the ternary composition 

f the eluent using DryLab R ©. 

.3. DryLab R © optimization of the preliminary method 

Modeling of reverse phase separations by DryLab R © is based on 

he measurement of both retention times and peak areas. In this 

ork, DryLab R © was used to predict the optimized gradient pro- 

le, separation temperature, and ternary composition of the mobile 

hase. Experimental design for simultaneous optimization of gradi- 

nt time(t G ) and temperature (T) required four experiments as fol- 

ows: Run 1 : 20-minutes gradient at 25 °C, Run 2 : 60-minutes gra- 

ient at 25 °C, Run 3 : 20-minutes gradient at 50 °C and Run 4 : 60-

inutes gradient at 50 °C. Following the recommended input con- 
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Fig. 1. Experimental design for a 3-dimensional LC method optimization. 3 t G -T modeling with 4 experimental runs in each and 1 t G -T-t c modeling with 4 × 3 experimental 

runs. t G is gradient time, T is column temperature and t c is ternary composition. 
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itions for DryLab R © predictions, the two gradient times differ by a 

actor of 3 and the �T of the two column temperatures is 25 °C. 

 wide gradient range of 10 – 100% B was chosen for all four runs 

hereby enabling exploration of deeper and broader DSp. The two- 

imensional t G -T modeling with the same set of four input exper- 

ments was performed using pure MeCN, pure MeOH and 1:1v/v 

MeCN: MeOH) as the organic modifier in eluent B. The twelve in- 

ut experiments together constituted the 3-dimensional modeling 

t G -T-t c ) with gradient time, column temperature and ternary com- 

osition as model variables ( Fig. 1 ). 

.3.1. t G -T retention modeling 

As discussed in Section 3.3 , t G -T modeling was performed with 

hree different organic modifiers (eluent B) and chromatograms 

rom all the 12 experiments are shown in Fig. 2 wherein (a) with 

eCN as the organic modifier, experiments 1 & 3 and 2 & 4 pro-

ided the same separation which indicated that column temper- 

ture had no impact on the separation. However, the resolution 

etween API and B was significantly improved between experi- 

ents 1 & 2 and 3 & 4 which suggested that gradient steepness 

run time of 20 vs 60 min) greatly influenced the resolution. In 

b) with MeOH as the organic modifier, the selectivity was altered 

eading to elution of impurity A after the API. At higher column 

emperature, the resolution between API and A was reduced com- 

ared to lower column temperature as seen from experiments 1 

 3. Similarly, the resolution between A and B was reduced at 

igher column temperature as seen from experiments 2 & 4. The 

lution order change between peaks API & A and longer retention 

imes for all components when MeOH is used could be correlated 

o the difference in the retention mechanism i.e., adsorption like 

or water:MeCN and partition like for water:MeOH mixtures. In (c) 

ith MeOH and MeCN (1:1 v/v) as the organic modifier, exper- 

ments 1 & 2 and 3 & 4 indicated that gradient steepness (run 

ime of 20 vs 60 min) had no major influence on the resolution 

f API and impurity A. However, comparison of experiments 1 & 3 

nd 2 & 4 indicated that resolution between A and API was sig- 

ificantly improved at lower column temperature. Fig. 2 (d) pro- 

ides the predicted chromatograms for the DryLab R © suggested op- 

imized condition for each organic modifier selection. Peaks that 

re colored red in each predicted chromatogram indicate the criti- 

al peak pairs. The predicted resolution between critical pairs were 

.66 (B and C), 2.30 (API and A) and 2.54 (B and C) using 100%

eCN, 100% MeOH and 1:1 v/v (MeCN:MeOH) as organic modifiers 

espectively. Fig. 3 shows the two-dimensional resolution maps of 

radient time, t G , [min] against the column temperature T [ °C] 

or each of the 3 experimental sets. Calculated peak resolutions 

f 0.0 0–1.60, 0.0 0–2.34 and 0.0 0–2.17 in increments of 0.02, 0.43 

nd 0.47 for Fig. 3 (a), (b), and (c), respectively, are shown as color-

oded regions and give a visual representation of the robustness of 
4 
he separation. The black arrow in each of the resolution map in 

ig. 3 denotes the DryLab R © suggested optimized condition for that 

rganic modifier selection. 

At this juncture, there were three optimized method conditions, 

.e., one condition for each ternary eluent composition. Therefore, 

electing a single ternary eluent composition and finalizing the 

ethod with the DryLab R © suggested optimized conditions would 

ave restricted the DSp and compromised the method robustness. 

ith the intent of a) establishing a broader DSp, b) identifying the 

ight ratio of MeCN to MeOH (ternary composition) that triggers 

he selectivity (between A and API) change and c) understanding 

he role of ternary composition in the overall optimization of the 

eparation, a 3D modeling (t G -T-t c ) study was explored. As shown 

n Fig. 1 , the 12 input experiments that were already performed as 

art of t G -T modeling were leveraged to obtain the predicted data 

or t G -T-t c modeling. 

.3.2. t G -T-t c retention modeling 

In this 3D modeling, gradient time (t G ), temperature (T) and 

luent ternary composition (t c ) were selected as model variables 

o create a cube resolution map that predicted the critical resolu- 

ion of the peaks to be separated. 3D resolution spaces as shown 

n Fig. 4 represent the simultaneous influence of three parameters 

n selectivity and critical resolution. Fig. 4 (a) through (f) shows the 

 G –T–ternary resolution space at a selected t c . As shown in Fig. 4 ,

he % of MeOH in eluent B plays a critical role in establishing an 

cceptable DSp. The DSp was found to be broad and considered 

cceptable at t c values of 100% ( Fig. 4 a), 40% ( Fig. 4 d) and 20%

 Fig. 4 e). The DSp was found to be narrow and slightly acceptable

t t c values of 60% ( Fig. 4 c) and 0% ( Fig. 4 f). The DSp was almost

one and unacceptable at t c value of 80% ( Fig. 4 b). To further sub-

tantiate the selection of t c value, DryLab R © was used to predict the 

eparation of the peaks for conditions with t c values ranging from 

% to 100% MeOH in intervals of 10% as shown in Fig. 5 (a) through

k). These predicted chromatograms provide a detailed picture of 

ow the selectivity and resolution varied with varying % of t c . As 

een in Fig. 5 , the resolution between API & B and B & C continue

o increase from 0% MeOH to 50% MeOH and peaks B & C remain 

s critical pair (colored in red). As t c value changed from 50% to 

0% MeOH, the resolution between A and API diminished and at t c 
alues of 70% and 80% MeOH, A & API completely co-eluted. At t c 
alue of 90% MeOH, the order of elution between A & API changed 

nd they emerged as a critical pair. At t c value of 100% MeOH, the 

eparation between API & A improved and A & B emerged as criti- 

al pair. This understanding of peak movement (elution order) and 

ritical peak pairs was possible due to the detailed (t G -T-t c ) 3D 

odeling and this would not have been understood only by the 

t -T) 2D modeling approach. 
G 
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.3.3. Final DryLab R © optimized method condition and establishing 

Sp 

Table 3 lists the DryLab R © predicted peak retention time (t R ) 

nd resolution (R s ) between the critical peak pairs at various t c 
alues. Based on the CS, i.e ., system suitability criteria (level 1) de- 

ned in Table 1 , t c values that led to predictions 8, 9 &10 were

eglected. Prediction 11 with 100% MeOH in eluent B was not pre- 

erred since higher MeOH content leads to higher UV background 

nd higher back-pressure. Prediction 1 with 0% MeOH was not cho- 
ig. 2. Experimental chromatograms showing i nfluence of gradient time and column tem

isted in Table 2 (preliminary method conditions). a) Eluent B is 100% MeCN, b) Eluent B

0 min & 50 °C, 3: 20 min & 25 °C, 4: 60 min & 25 °C. d) DryLab R © predicted chromato

odeling. t G is gradient time and T is column temperature. 

5 
en since it is evident that MeOH plays a significant role in se- 

ectivity and achieving higher resolution based on discussions in 

ection 3.3.1 . Predictions 6 and 7 were not preferred since the crit- 

cal peak pair changes from B & C (prediction 6,%t c = 60) to A &

PI (prediction 7,%t c = 70), which will impact the method robust- 

ess. In comparing predictions 2, 3, 4 & 5, prediction 5 has the 

ighest resolution for the critical pair and meets the system suit- 

bility resolution criterion for the other two peak pairs too. This 

utcome was also evident from the three-dimensional resolution 
perature on separation of API and related peaks. Chromatographic parameters as 

 is 100% MeOH and c) Eluent B is 1:1 v/v (MeOH: MeCN); 1: 20 min & 50 °C, 2: 

grams (inset: zoomed chromatograms) for the optimized conditions based on t G -T 
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Fig. 2. Continued 

6 



K. Jayaraman, A.K. Rajendran, G.S. Kumar et al. Journal of Chromatography A 1635 (2021) 461658 

Fig. 3. Two-dimensional resolution maps of gradient time, t G , [min] against the column temperature T [ °C] for each of the nine experimental sets. See Table 2 (preliminary 

method conditions) for other method conditions employed. t G , T and organic modifier (eluent B) were as listed in the resolution map. t G is gradient time and T is column 

temperature. 
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pace map in Fig. 4 d. The resolution table (shown in Fig. 6 a) pro-

ides an alternative display of the resolution as a function of gra- 

ient time and temperature matrix. The black-lined boundary in- 

icates the DSp within which a reasonable separation (R s ≥ 1.5) 

an be obtained with the critical pair always being B & C (desig- 

ated as 3, 4). For example, for a t G of 45 min and a temperature

f 35 °C, a resolution of 1.87 is predicted for the critical pair B &

 (see highlighted entry in Fig. 6 a). If an optimized condition has 

o be selected only by achieving the highest resolution for the crit- 

cal pair, a gradient time of 60 min and a temperature of 23 °C 

R s = 2.19) would have been the final method condition. How- 

ver, for practical reasons with respect to the effective control of 

he column temperature and to achieve a broader DSp, a gradient 
T

7 
ime of 45 min and a temperature of 35 °C (condition is shown by 

he dotted line in Fig. 6 b) were selected as the most robust con- 

itions from this analysis and these values were employed as the 

nal optimized condition ( Table 2 ). Fig. 4 (d) suitably illustrates the 

stablished DSp. To summarize, the finalized t G -T-t c values were 

5 min-35 °C-40%, respectively, and these set of values not only 

efine a set point, but represent a broader DSp, in which stable 

bD-relevant routine is feasible with increased flexibility. 

.3.4. Experimental verification of DryLab R © optimized method 

To verify the DryLab R © prediction, an experiment was carried 

ut using the final optimized conditions as summarized in Table 2 . 

he predictive ability of the DryLab R © was evaluated by compar- 
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Fig. 4. Three-dimensional resolution space maps of t G [min] - T[ °C] - t c (%) modeling and design space (DSp) at specific t c . (a), (b), (c), (d), (e) and (f) corresponds to t c of 

100%, 80%, 60%, 40%, 20% and 0% methanol in eluent B. Space (colored in red) within the black dotted lines corresponds to DSp. See Table 2 (preliminary method conditions) 

for other method conditions employed. t G is gradient time, T is column temperature and t c is ternary composition. (For interpretation of the references to colour in this 

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

Table 3 

DryLab R © predicted retention time of peaks and resolution for critical peak pairs at various t c (% methanol in eluent B). 

Prediction # 

t c (%MeOH in 

eluent B) R s (A & API) 

R s (API & B) or 

R s (A & B) R s (B & C) 

t R of peak 

A API B C 

1 0 6.25 1.98 1.61 15.2 16.0 16.4 16.5 

2 10 5.47 2.35 1.76 16.9 17.7 18.0 18.3 

3 20 4.73 2.68 1.89 18.6 19.3 19.6 19.8 

4 30 4.01 2.99 2.01 20.3 20.8 21.3 21.6 

5 40 3.27 3.27 2.13 21.8 22.3 22.8 23.2 

6 50 2.50 3.53 2.27 23.3 23.6 24.2 24.5 

7 60 1.66 3.79 2.42 24.6 24.8 25.5 26.0 

8 70 0.75 4.06 2.60 26.0 26.0 26.7 27.1 

9 80 0.23 4.10 2.79 27.1 27.1 27.9 28.4 

10 90 1.27 3.34 3.01 28.4 28.2 29.0 29.5 

11 100 2.35 2.55 3.23 29.7 29.3 30.0 30.5 

R s highlighted in bold are critical peak pairs at the given t c; t R highlighted in bold indicates change in elution order. 
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ng the predicted and experimentally obtained retention times and 

esolutions ( Table 4 ). The compared retention times were in good 

greement, with the average of the errors being 1.8% and similar 

evels of predictive accuracy for DryLab R ©, in terms of retention 

ime have been reported by Guichard et al. [20] , Kormany et al. 

14] .and Schmidt et al. [22] . The compared resolution values were 
8 
lso in good agreement, with the average of the errors being 5.1%. 

lightly higher errors for resolution values as compared to reten- 

ion time is not atypical and has been previously reported by Ja- 

araman et al. [21] and Fekete et al. [35] . More importantly, the 

redicted and experimental resolution for the critical pair (B & C) 

ere in excellent agreement with an absolute difference of only 
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Fig. 5. DryLab R © predicted chromatograms showing i nfluence of tc (% methanol in eluent B) on selectivity and resolution of critical pairs. t G of 60 min & T of ~30 °C was 

kept constant for all predictions. Other chromatographic parameters as listed in Table 2 (preliminary method conditions). t G is gradient time, T is column temperature and 

t c is ternary composition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. (a) DryLab R © 2-D resolution table and (b) DryLab R © resolution map obtained for the separation to predict the final optimized separation conditions at %t c = 40. Peaks 

B & C are designated as 3 & 4 in the resolution table. t G is gradient time and T is column temperature. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 
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.04. It should be noted that the error in resolution prediction 

s a resultant of the error in retention time prediction combined 

ith the uncertainty in peak width prediction [21] , [35] . The chro- 

atograms from the DryLab R © prediction and the verification ex- 

eriment are shown in Fig. 7 for visual comparison. 
w

9 
.4. Robustness verification and defining CSp 

While evaluating the built-in method robustness as part of 

ethod development, DryLab R © was used to predict the robustness 

f the optimized method listed in Table 2 . The method robustness 

as verified with two different levels of CS (system suitability cri- 
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Table 4 

DryLab R © predicted and experimental value for the resolution and retention time. 

Peak Identity 

Retention time (minutes) Resolution (R s ) 

Predicted Experimental Difference a % Error b Predicted Experimental Difference a % Error b 

A 17.56 17.26 0.30 1.71 NA NA NA NA 

API 17.92 17.59 0.33 1.84 2.92 2.76 0.16 5.48 

B 18.3 17.97 0.33 1.80 3.04 3.28 0.24 7.89 

C 18.55 18.20 0.35 1.89 2.03 2.07 0.04 1.97 

Average 0.33 1.8 Average 0.15 5.11 

a Difference = experimental – predicted. 
b % Error = [(experimental – predicted)/predicted] x 100. 

Table 5 

Chromatographic parameters and range for robustness verification. 

Parameter Low Center (actual method condition) High 

t G , Gradient Time (min) 40 45 50 

Initial Organic (%) 5 10 15 

T, Temperature ( °C) 30 35 40 

t c , Ternary Composition (% MeOH in eluent B) 30 40 50 

Fig. 7. DryLab R © predicted and experimentally obtained chromatograms (using 

DryLab R © optimized separation conditions). See Table 2 for final optimized method 

conditions employed. 
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eria) as listed in Table 1 . The method robustness was verified by 

hanging four selected chromatographic parameters (t G , T, t c and% 

nitial organic) within a range of approximately ± 10% to ± 50% 

f the method condition (see Table 5 ) using MFAT approach. For 

he MFAT approach, 20 experiments (16 different conditions and 

ctual method condition repeated 4 times) were generated using 4 

actor 2-level factorial design as shown in Table 6 . The outcome of 

he 20 experiments was predicted by DryLab R © and verified exper- 

mentally too. DryLab R © was used to predict all three resolutions 

or all conditions and these values were compared with the exper- 

mental results as shown in Table 6 . Using the robustness module 

n DryLab R ©, the CSp was also predicted in 3-D space as shown in

ig. 8 . The red-colored region (CSp) represents the space where all 

he resolution criteria were met, while the empty region (outside 

Sp) represents the space where the method failed to meet all the 

esolution criteria. It is to be noted that the CSp is bound to the 

S (resolution criteria in this work) and when the CS is altered or 

odified, the CSp will change accordingly. For example, when the 

ystem suitability criteria were changed from required (level 1) to 

esired (level 2) as listed in Table 1 , the CSp changed as seen in

igure 8 (a) and (b). This was also evident from the 2D resolution 

able in Fig. 6 (a), where the black-lined boundary indicated the CSp 

or level 1 criteria and the white-line boundary indicated the CSp 
10 
or level 2 criteria. For level 1 criteria, the entire DSp was available 

s CSp, while for level 2 criteria, only a small portion of DSp was 

vailable as CSp. 

.4.1. Interdependence between CSp and CS 

The three experimental resolution values were all above 1.5, 

nd all experiments satisfied level 1 (required) criteria as defined 

n Table 1 . While evaluating the robustness using level 2 (desired) 

riteria, 8 out of the 16 varied conditions failed to meet the sys- 

em suitability criteria. Out of these 8 failed experiments, 4 exper- 

ments have R s < 2.0 for B & C, 2 experiments have R s < 2.0 for A

 API and remaining 2 experiments have R s < 2.0 for both A & API

nd B & C (see Table 6 ). The difference in resolution between the 

eliberate change and the actual method condition, which reflect 

he robustness of the method, were all within an acceptable range 

ith the average difference (absolute) being 0.7, 0.3 and 0.2 for A 

 API, API & B, and B & C respectively over the 20 measurements

hown in Table 6 . The method was robust in the entire DSp with

evel 1 system suitability criteria (i.e., DSp same as CSp), while, the 

ethod was not robust in the entire DSp with level 2 system suit- 

bility criteria (i.e., only a portion of DSp is CSp) This difference 

n the robustness space was also evident from Fig. 8 (a) and (b) as

iscussed in Section 3.3.3 . Figure S3 shows the frequency distribu- 

ion of the critical pair R s (experimental value) for the MFAT based 

obustness evaluation conditions. The success rate of all 16 exper- 

ments (varied conditions) meeting the system suitability criteria 

as 100% for level 1 (Figure S3a) and 50% for level 2 (Figure S3b). 

his approach of evaluating the method robustness using 2 sets 

f system suitability criteria further corroborates the fact that the 

uccess of a method within the established DSp was dependent on 

he CS associated with the method. 

.4.2. Predictive accuracy of DryLab R ©
Out of the 16 varied conditions in the robustness evaluation, 

he critical pair was A & API for 4 experiments and B & C for

2 experiments. The critical pairs remained the same in DryLab R ©
rediction and experimental results. The DryLab R © predicted reso- 

ution values for the peak pairs were all in good agreement with 

he experimental values, with the average error being 9.1%, 6.7% 

nd 4.8% for A & API, API & B and B & C, respectively, over the

0 measurements shown in Table 6 . The % error of predicted accu- 

acy was positive (predicted lower than experimental) for A & API 

nd negative (experimental lower than predicted) for API & B and 

ombination of positive and negative for B & C. Any adjustment 

ver the plate number during the DryLab R © predictions would im- 
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Table 6 

Resolution values obtained for robustness verification. 

Predicted Experimental % Error (Predictive Accuracy) Difference (Method Robustness) 

Experiment 

# 

A:t G , Gradient 

Time 

B:Initial 

Organic 

C:T, Tem- 

perature 

D:t c ,% 

methanol) 

Rs (A and 

API) 

Rs (API and 

B) 

Rs (B and 

C) 

R s (A and 

API) 

R s (API and 

B) 

R s (B and 

C) 

R s (A and 

API) 

R s (API and 

B) 

R s (B and 

C) 

R s (A and 

API) 

R s (API and 

B) 

R s (B and 

C) 

min % °C % 

1 40 5 30 30 3.9 2.7 2.0 3.8 2.8 2.0 2.3 −5.3 1.5 1.1 −0.5 −0.1 

2 50 15 30 30 4.1 3.0 2.1 4.1 3.3 2.1 2.2 −8.6 0.0 1.3 0.0 0.1 

3 a 45 10 35 40 2.9 3.0 2.0 2.8 3.3 2.1 5.5 −7.9 −2.0 0.0 0.0 0.0 

4 f 40 5 40 50 1.8 3.0 1.9 1.5 3.1 1.9 17.7 −3.0 2.6 −1.3 −0.2 −0.2 

5 f 40 15 40 30 3.4 2.6 1.9 3.0 2.7 1.7 11.0 −4.7 12.9 0.2 −0.6 −0.4 

6 50 5 30 30 4.1 2.9 2.1 4.1 3.2 2.2 0.0 −8.9 −4.3 1.3 −0.1 0.1 

7 40 5 30 50 2.3 3.2 2.1 2.0 3.4 2.2 15.1 −5.0 −6.2 −0.8 0.1 0.2 

8 50 5 30 50 2.4 3.5 2.2 2.1 3.8 2.4 12.0 −9.9 −7.6 −0.6 0.5 0.3 

9 f 50 15 40 50 1.8 3.4 2.0 1.6 3.6 2.0 15.2 −5.9 −0.5 −1.2 0.3 0.0 

10 f 40 5 40 30 3.3 2.5 1.9 3.0 2.6 1.7 9.7 −5.7 12.6 0.2 −0.7 −0.4 

11 50 15 30 50 2.5 3.6 2.3 2.2 4.0 2.5 12.1 −11.3 −8.3 −0.6 0.7 0.4 

12 f 40 15 40 50 1.8 3.1 2.0 1.5 3.2 1.9 19.0 −2.6 2.6 −1.3 −0.1 −0.2 

13 a 45 10 35 40 2.9 3.0 2.0 2.8 3.3 2.1 5.5 −7.9 −2.0 0.0 0.0 0.0 

14 f 50 5 40 30 3.3 2.8 1.9 3.2 3.0 1.8 4.2 −6.5 5.7 0.4 −0.3 −0.3 

15 40 15 30 30 4.0 2.8 2.1 3.9 2.9 2.0 4.0 −5.4 1.0 1.1 −0.4 0.0 

16 a 45 10 35 40 2.9 3.0 2.0 2.8 3.3 2.1 5.5 −7.9 −2.0 0.0 0.0 0.0 

17 f 50 15 40 30 3.4 2.9 2.0 3.2 3.0 1.8 7.4 −4.9 10.3 0.4 −0.3 −0.3 

18 40 15 30 50 2.4 3.3 2.2 2.0 3.6 2.3 14.7 −6.6 −6.9 −0.7 0.3 0.3 

19 a 45 10 35 40 2.9 3.0 2.0 2.8 3.3 2.1 5.5 −7.9 −2.0 0.0 0.0 0.0 

20 f 50 5 40 50 1.8 3.3 2.0 1.6 3.5 2.1 14.3 −8.0 −5.0 −1.2 0.3 0.0 

% Error = [(experimental −predicted)/predicted] × 100, used to assess predictive accuracy of DryLab R © . 

Difference = (R exp −R amc ), used to assess method robustness, where R exp is the experimental resolution obtained at any varied condition and R amc is the resolution obtained under the actual method condition a . 
f Experiments which failed the level 2 system suitability criteria. Failed resolution values are in bold. 
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Fig. 8. (a) DryLab R © cube illustrating the control space (CSp) or robust zones where (a) R s ≥ 1.5 (level 1, Table 1 ) and (b) R s ≥ 2.0 (level 2, Table 1 ). 

Table 7 

Analytical figures of merit for validation of optimized method. 

Test Acceptance Criteria Result 

Specificity Resolve critical impurities Resolution of impurities achieved Pass 

Linearity a R squared must exceed 0.995 R squared = 1.000 Pass 

Precision (sample repeatability) RSD ≤ 2.5% RSD = 1.2% ( n = 3) Pass 

Precision (injection repeatability) RSD ≤ 1.27% RSD = 0.03% ( n = 6) Pass 

Sensitivity RSD ≤ 15% at QL RSD = 4% 

QL ≤ 0.05% Pass 

RSD: Relative standard deviation ; QL: Quantitation Limit 

. a Range from 0.05% to 150% of the working concentration. 
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rove the predictive accuracy of the model. The correlation be- 

ween predicted and experimental resolution values is illustrated 

n Figure S4a and R 

2 values of greater than 0.8 indicate a strong 

ositive correlation. The correlation between predicted and exper- 

mental retention times is illustrated in Figure S4b and R 

2 values 

f greater than 0.995 further validate the accuracy of the model. 

hese results demonstrate that retention modeling-based simula- 

ion in DryLab R © can be used with reasonable accuracy to predict 

he outcome of such robustness studies. 

.5. Validation of the final optimized method 

In compliance with the USP < 1225 > [36] , ICH Q2(R1) [37] , the

ethod was validated for the following parameters: method speci- 

city, linearity, injection repeatability, sample repeatability, and 

ensitivity of impurities. The method was validated with the level 

 CS or system suitability criteria ( Table 1 ) since the CSp was ro-

ust for this level. Table 7 provides the analytical figures of merit 

or the validation of the method. The acceptance criteria provided 

n Table 7 were established in the validation protocol prior to start- 

ng the validation. The results were all within the acceptance crite- 

ia. Based on the QbD based method development, the robustness 

f the method was already in-built within the method and the val- 
12 
dation becomes a simple exercise that demonstrated the method 

s suitable for its intended purpose. 

. Conclusions 

This manuscript describes the application of a retention mod- 

ling and QbD based analytical method development approach to 

eparate the components of a structurally complex new chemi- 

al entity (NCE) containing process impurity and diastereomers 

f the API. The first step was to perform a preliminary screen- 

ng using simplified method development strategy and leveraging 

he knowledge space from previous methodologies. This step was 

hen followed by retention modeling optimization through the use 

f DryLab R © which included 2D and 3D modeling to understand 

he influence of organic modifier, separation temperature and gra- 

ient time on the chromatographic separation. The optimization 

as performed within the QbD framework, clearly establishing 

he DSp, CS and achieving the CSp. The robustness of the opti- 

ized method conditions was evaluated using the MFAT approach 

hrough full factorial design at two levels of CS or system suitabil- 

ty criteria. The demonstration of the interdependence of CSp and 

S is a significant effect, which reinforces the conclusions by previ- 

us researchers [8-12,14,21,22,24,27,38,39] . The results from the ro- 

ustness experiments demonstrated that DryLab R © predictions can 
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e significantly relied upon to determine the method robustness 

pace and in-silico optimization is truly a green analysis initiative 

s it saves time, energy (instrument usage) and reduces waste (sol- 

ent consumption). The in-built robustness of the method made 

he validation experiments merely an iterative exercise and the 

alidation of the final method was performed and included for the 

ompleteness of method development. 
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