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Abstract

This paper describes a strategy for the development of chromatographic methods for drug candidates
based upon the use of simple MS compatible mobile phases and optimization of the chromatographic
selectivity through variations of the stationary phase and mobile phase pH. The strategy employs an
automated column selection system and a series of HPLC columns, varying in hydrophobicity and

silanol activity, in combination with DryLab software to develop chromatographic methods for the
separation of mixtures of bupivacaine and its metabolites; acidic, basic, and neutral compounds; and
atenolol, nitrendipine, and their degradation products.

Keywords
HPLC; DryLab; Automated method development

1. Introduction

In pharmaceutical drug development there is a need to develop HPLC methods that are sensitive
to changes in the related substance profile of a drug candidate due to modifications in the
synthetic pathway and/or formulation, as the candidate drug progresses from early to late stage
development. Therefore, it is not only necessary to develop HPLC methods efficiently, but
there is also a need to maximize information about method specificity. Valuable information
on chromatographic method specificity can be obtained by variations in the stationary phase,
mobile phase composition and pH. Traditionally, strategies for the development of specific
and robust HPLC methods have relied on the abilities of the chromatographer. The
development time is dependent upon the chromatographer, but even for the most experienced
it is a labor intensive and time-consuming process.

The process of HPLC method development generally uses a series of columns and selectivity
is obtained through modifications of the mobile phase organic modifier, pH, and occasionally
ion pairing reagents. While this can produce robust methods, it can be time consuming and the
mobile phase may not be compatible with mass spectrometric (MS) detection. For example,
the addition of ion pairing reagents and many buffer salts are incompatible with LC/MS.

In an effort to improve the efficiency of method development and maximize information about
method specificity, a number of computer simulation programs have become commercially
available in the last 15 years. DryLab® software is one such program which, on the basis of a
small well-defined number of experiments on a particular stationary phase, predicts the

* Corresponding author. Tel.: +1 302 886 7369. E-mail address: kieran.mclaughlin@astrazeneca.com (K. McLaughlin).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krisko et al.

Page 2

separation following changes in mobile phase composition, mode of elution (either isocratic
or gradient), temperature, pH or column parameters (dimensions, particle size, flow rate). A
number of reviews and applications of DryLab® software are reported in refs. [1-6].

A number of papers in the literature report the use of automated multi-column systems for the
purpose of either column scouting or for obtaining specificity data for a given method. Mazzeo
etal. developed a four-column approach for stability-indicating assays utilizing both stationary
phase chemistry as well as mobile phase pH to alter the selectivity of a separation [7]. This
approach was shown to be useful in finding degradation products of lansoprazole by
chromatographing a degraded sample on four different columns at high and low pH.

Pfeffer and Windt reported an automated method development system using a 12-column
selection system with DrylLab® software optimization [8]. They performed a single gradient
trial experiment on a number of selected columns. After obtaining data for each column, the
‘best’ column was selected by visually comparing the resultant chromatograms. DryLab was
then used to optimize the separation on the selected column.

This paper describes a strategy for the development of chromatographic methods for drug
candidates based upon the use of simple MS compatible mobile phases and optimization of the
chromatographic selectivity through variations of the stationary phase and mobile phase pH.
The rationale for this approach is based on a number of interdependent factors; (1) the use of
MS detection is preferred as this can aid in the determination of method specificity; (2) variation
of the chromatographic selectivity during method development is necessary to optimize the
specificity; (3) an information database is generated which can be accessed at any point in
development; (4) as development proceeds from pre-clinical to marketing submission, a
method will typically be transferred a number of times. Reducing the complexity of the mobile
phase is beneficial for efficient transfer of the methods.

The current work describes the application of an automated column selection system using a
series of HPLC columns varying in hydrophobicity and silanol activity, in combination with
DryLab® software to efficiently develop robust, specific and MS compatible HPLC methods
for the separation of mixtures of drugs and/or their metabolites or degradation products.

2. Experimental

2.1. Chemicals

Bupivacaine, 3'-hydroxybupivacaine, 4'-hydroxybupivacaine, desbutylbupivacaine, atenolol,
and atenolol acid were provided by AstraZeneca (Wilmington, DE, USA). Lidocaine,
mepivacaine, prilocaine, amitriptyline, prednisolone, naproxen, ibuprofen, p-
hydroxyphenylacetamide, p-hydroxyphenylacetic acid, and nitrendipine were purchased from
Sigma (St. Louis, MO, USA) and were used as received. Nitropyridine was formed by
degrading a 1 mg/ml solution of nitrendipine in 50:50 (v/v) methanol: water under UV
irradiation for 72 h. Methanol, acetonitrile, formic acid, and ammonium hydroxide were of
HPLC grade or better, and were purchased from Fisher Scientific (Hanover Park, IL, USA).

2.2. HPLC columns

The HPLC columns used in this study, together with the associated hydrophobicity, steric
selectivity, acidic, basic, and cation exchange parameters, are shown in Table 1. The columns
were evaluated for each of these parameters using the Column Match evaluation program
available at www.Rheodyne.com (Rheodyne, Rohnert Park, CA, USA). All columns had
dimensions of 4.6 mm x 150 mm.
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2.3. HPLC/MS conditions

An Agilent Technologies 1100 HPLC system equipped with a diode-array detector and an 1100
mass spectrometer (Agilent Technologies, Wilmington, DE, USA), and a LC Spider-ling
Deluxe column selection system (Chiralizer Services, LLC, Newton, PA, USA) were used in
this study. The system dwell volume was 1.18 ml. A column temperature of 30 °C was
maintained throughout. The initial experiments consisted of two gradient runs on each column
using a mobile phase gradient of 5-100% acetonitrile in 20 and 60 min. The mobile phases
were formed from mixing of acetonitrile and water, each containing 0.1% (v/v) formic acid
(pH of 2.7) or 0.1% ammonium hydroxide (pH 10.5). A flow rate of 1 ml/min was used for all
studies. Both UV (diode array) and mass spectrometric detection were used in all experiments.
For MS detection, electrospray ionization was used with a dry gas flow rate of 10 L/min,
fragmentation voltage of 80 V, capillary voltage of +2.8 kV, nebulizer pressure of 2.5 bar, and
dry gas temperature of 300 °C. To aid in peak tracking, UV spectra (190-400 nm) along with
UV detection at 230 nm was used for the atenolol/nitrendipine mixture and the acids, bases,
and neutrals mixture, while detection at 210 was used for bupivacaine and its metabolites.

2.4. Method development strategy

In this work a sample was chromatographed on a series of columns varying in hydrophobicity
and polarity (Table 1) using an automated column selection system with MS detection. For
each sample, initial input experiments were performed on the columns and the resulting
chromatographic data were entered into DryLab® software (Rheodyne, Rohnert Park, CA,
USA). Peak identities were confirmed by the DryLab® software peak matching function, the
UV spectra and molecular ion data.

A simulation of an isocratic separation on each column was performed in DryLab® software
to determine if all peaks in the sample satisfied the criteria: k' > 1.0 and baseline resolution
within 40 min. If an isocratic separation did not meet the criteria, DryLab® software was used
to construct a gradient to meet the above criteria, which was then experimentally confirmed.
The simulations that satisfied the above criteria were experimentally confirmed. The best
separation was selected based on shortest run time and peak shape (tailing factor <2.0).

3. Results and discussion

The method development strategy was applied to the separation of bupivacaine and its
metabolites (Fig. 1); a mixture of acidic, neutral and basic analytes (Fig. 2); and a mixture of
atenolol, nitrendipine and their degradation products (Fig. 3).

3.1. Bupivacaine and metabolites

HPLC methods for the separation of bupivacaine and its desbutylbupivacaine, 3'-
hydroxybupivacaine and 4'-hydroxybupivacaine metabolites have been previously reported
[9-12]. However, the separation of the 3'- and 4’-hydroxy isomers has been reported only once
[13].

In this work the initial two input experiments were performed on a series of columns (Table
1) using a gradient mobile phase of acetonitrile/water containing 0.1% formic acid (pH 2.7).
The data were imported into DryLab® software and an isocratic separation was predicted for
eight of the columns (Fig. 4). The predicted separations were experimentally verified for these
eight columns (Fig. 5). The actual (texp) and simulated (tsim) retention times for each component
in the mixture, together with their ratio (r = texp/tsim), are given in Table 2. The ratio is a
quantitative measure of the agreement between the experimentally determined separation and
that predicted by DryLab® software. All ratios, with the exception of the bupivacaine peak on
the XTerra MS C8 column, ranged in value from 0.72 to 1.08, thus indicating good agreement
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between the experimental and simulated results. Evaluation of these based on run time and
tailing factor indicated that the best separation was achieved on the Symmetry Shield column.

3.2. Mixture of acidic, basic, and neutral compounds

This method development strategy was applied to a mixture of acidic, basic, and neutral
compounds that is not typical of most pharmaceutical applications since it consists of
compounds with significantly different pK, values. However, this artificial mixture represents
a challenging scenario with which to test the method development strategy. The structures of
the compounds in this mixture are shown in Fig. 2. The initial gradient input experiments were
performed on the columns shown in Table 1 using a mobile phase pH of 2.7 and the data were
imported into DryLab® software. An isocratic separation with baseline resolution was not
predicted possible within 40 min but was predicted to be possible on four of the columns under
gradient conditions at pH 2.7. The experimentally verified separations are shown in Fig. 6. All
four columns showed good resolution of the compounds, however the XTerra MS column did
achieve baseline resolution of amitriptyline and prednisolon, while the best separation was
achieved on the Symmetry column.

To determine the utility of a high pH mobile phase, initial gradient input experiments were
performed on the Zorbax Extend C18, XTerra MS C8, XTterra Phenyl columns using a mobile
phase pH of 10.5 and the data were imported into DryLab® software. An isocratic separation
with baseline resolution was predicted on all three columns at pH 10.5. The experimentally
verified separations are shown in Fig. 7. All three columns showed good resolution of the
compounds, however the XTerra MS C8 column exhibited the best peak shape.

The results obtained show that separations with baseline resolution of all compounds can be
achieved at pH 2.7 and 10.5. It should be noted that the peak order changes significantly as a
result of the mobile phase pH. This provides valuable information about the specificity of the
method, giving the chromatographer greater confidence that no compounds may be co-eluting
with another. Although in the current example this has been performed on a known mixture,
the utility of performing the separation will be more fully realized on a sample with an unknown
number of compounds.

3.3. Atenolol, nitrendipine, and their degradation products

The structures of atenolol, nitrendipine, and their degradation products are shown in Fig. 3. An
isocratic separation of this mixture has been previously reported using a complex five
component mobile phase with a non-MS compatible buffer [14]. The method development
strategy was employed to produce a MS compatible separation for this mixture. Although the
selectivities of atenolol and nitrendipine are different this separation was particularly
challenging because the selectivity of their respective degradation products were not
significantly different and they had a tendency to exhibit poor peak shape. The method
development strategy was used to make a less complex, MS compatible mobile phase, that
would still give good peak shape and acceptable resolution of the compounds. Initial input
gradient experiments were performed on the columns shown in Table 1 using mobile phases
as described in the experimental section. While DryLab® software predicted that an isocratic
separation was not possible within 40 min, it did predict that a gradient separation was possible
on the Hypersil BDS and Mac-Mod ACE columns using a mobile phase of pH 2.7. The other
columns required a long runtime or did not adequately separate the compounds.
Chromatograms obtained using the gradient conditions predicted by DryLab® software are
presented in Fig. 8. The segmented gradient programs for Fig. 8c (gradient programs 1-3,
respectively) are given in Table 3.
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To determine the utility of a high pH mobile phase, initial gradient input experiments were
performed on the Zorbax Extend C18, XTerra MS C8, XTterra Phenyl columns using a mobile
phase pH of 10.5 and the data were imported into DryLab® software. A gradient separation
with baseline resolution was predicted on the Zorbax Extend C18 column using a mobile phase
of pH 10.5. The experimentally verified separation is shown in Fig. 8. Adjusting the pH of the
mobile phase to 10.5 did not produce a better separation than that at pH 2.7, but it did alter the
elution order of the compounds. The separation at pH 10.5 gave greater confidence that all the
degradation products of atenolol and nitrendipine were adequately separated.

It is evident that method development strategy was particularly useful for the atenolol/
nitrendipine sample since it allowed the efficient development of an MS compatible separation
using a simpler three component mobile phase.

3.4. Use of data base to modify separations

The application of the described method development strategy results in the efficient collection
of a large amount of data. This data can be subsequently utilized to modify the separation in
response to changes in the synthetic pathway and/or formulation or analytical demands on the
method. An example of the latter is the determination of minor impurities in drug substances.
In order to obtain acceptable quantitation limit for the degradation products, a high mass of the
parent drug must be injected into the column. This has the effect of decreasing the resolution
of peaks eluting on the tail of the parent peak as illustrated by the separation of atenolol,
nitrendipine and their degradation products with atenolol at a concentration of 1 mg/ml.
DryLab® software was used with previously obtained data to model the required adjustments
to accommodate the high mass loading of atenolol in the method without additional laboratory
work. The simulated gradients were then experimentally verified on the Hypersil BDS and
Mac-Mod ACE columns (Fig. 9).

4. Conclusions

A strategy has been described that uses an automated column switching system and a series of
HPLC columns varying in hydrophobicity and silanol activity, in combination with
DryLab® software, for the efficient development of robust, specific and MS compatible HPLC
methods for mixtures of drugs and/or their metabolites or degradation products.

The main advantage of this column switching strategy over traditional method development
practices lies in its ability to generate a large amount of data on several columns in a relatively
short period of time. This body of data can be subsequently used with DryLab® to modify the
separation without additional laboratory work. In addition, the strategy allowed for the efficient
development of an equivalent method for the separation of atenolol, nitrendipine and their
degradation products with a simplification of the mobile phase from the routine method,
thereby improving efficiency of transfer of the method during drug development. In summary,
use of the column selection system in conjunction with DryLab® software allows the
chromatographer to develop a robust, specific and easily modified HPLC method more
efficiently than the traditional manual approach.
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Fig. 1.
Structures of desbutylbupivacaine (1), 4’-hydroxybupivacaine (2), 3'-hydroxybupivacaine (3)
and bupivacaine (4).
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Structures of lidocaine (1), mepivacaine (2), prilocaine (3), bupivacaine (4), amitriptyline (5),
prednisolone (6), naproxen (7) and ibuprofen (8).

J Chromatogr A. Author manuscript; available in PMC 2008 August 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Krisko et al.

Page 9

OH
9es
H,N

Fig. 3.
Structures of p-hydroxyphenylacetamide (1), atenolol (2), p-hydroxypheny! acetic acid (3),
atenolol acid (4), nitropyridine (5) and nitrendipine (6).
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Fig. 4.

Simulated DryLab chromatograms of bupivacaine and it’s desmethyl, 3'-hydroxybupivacaine
and 4'-hydroxybupivacaine metabolites on the Prodigy (a), Symmetry (b), Inertsil C8-3 (c),
Symmetry Shield (d), Ace C8 (e), Zorbax Eclipse XDB (f), Hypersil BDS (g) and XTerra MS
C8 (h) columns.
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Fig. 5.

Experimentally verified isocratic separation of bupivacaine and it is desmethyl, 3'-
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hydroxybupivacaine and 4'-hydroxybupivacaine metabolites using the chromatographic

conditions as predicted by DryLab on the Prodigy (a), Symmetry (b), Inertsil C8-3 (c),

Symmetry Shield (d), Ace C8 (e), Zorbax Eclipse XDB (f), Hypersil BDS (g) and XTerra MS
C8 (h) columns. Peak identities: desbutylbupivacaine (1), 4'-hydroxybupivacaine (2), 3'-
hydroxybupivacaine (3) and bupivacaine (4). The USP tailing factor of bupivacaine is indicated
on the left hand side of each chromatogram. Peak order is the same for all chromatograms.
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Fig. 6.

Gradient chromatograms at pH 2.7 of lidocaine (1), mepivacaine (2), prilocaine (3),
bupivacaine (4), amitriptyline (5), prednisolone (6), naproxen (7) and ibuprofen (8) on the
XTerra MS C8 (a), Prodigy (b), Inertsil C8-3 (c) and Symmetry (d) columns. Peak order is the
same for all chromatograms.
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Gradient chromatograms at pH 10.5 of lidocaine (1), mepivacaine (2), prilocaine (3),
bupivacaine (4), amitriptyline (5), prednisolone (6), naproxen (7) and ibuprofen (8) on the
Zorbax Extend C18 (a), XTerra MS C8 (b) and XTterra Phenyl (c) columns. Peak order is the
same for all chromatograms.
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Fig. 8.

Gradient chromatograms of atenolol, nitrendipine and their degradation products on a Hypersil
BDS (a) and Ace C8 (b) columns at a mobile phase of pH 2.7 and on a Zorbax Extend C18
column at a mobile phase of pH 10.5 (c). Peak identities: p-hydroxyphenylacetamide (1),
atenolol (2), p-hydroxyphenyl acetic acid (3), atenolol acid (4), nitropyridine (5) and
nitrendipine (6).
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Fig. 9.

Gradient chromatograms of atenolol (1 mg/ml), nitrendipine and their degradation products on
a Hypersil BDS (a) and Ace C8 (b) columns at a mobile phase of pH 2.7. Peak identities: p-
hydroxyphenylacetamide (1), atenolol (2), p-hydroxyphenyl acetic acid (3), atenolol acid (4),
nitropyridine (5) and nitrendipine (6).

J Chromatogr A. Author manuscript; available in PMC 2008 August 25.



Page 16

Krisko et al.

"UWIN|02 SIY} 10} d|qe[TeAR A|3UsiInd Jou voneuLIojul

‘(02 Hd 1e) Sjouejis paziuol 01 anp AJARIe abueyoxa-uoed uwnjod ‘(0°2) O

}

'(8'z Hd 1e) Sjoue|is paziuol 0} anp ANARIe abueyIxa-uoied uwnjod (8'z) 0w

*(sdnoJb Jejod pappaquws “6-a) aseyd-Areuorieis ayi ui sdnolb oaiseq 03 anp Al1oiseq puog-usbolpAy uwnjod ‘g

p

's|oue|Is paziuol-uou 0} anp A1pIoe puog-usbolpAy uwnjod .<o

"(.A1A0319s adeys,, 01 JejIWIS . ‘UOIIIRISIUI ILIBIS,,) SBINJBjOW AX|NG,, JO UOILasUI 0} aseyd Areuonyels ayl 4o AIjIqIssadde ‘'S

q
*A9190ydo.pAy uwnjod _Im

L6T0- 98T 0- L0T°0 LT9°0- 1500 099°0 Vd ‘pIod Sppeyd ‘poN-0eN wr g 80 30V
1100 2000 600°0— 1220~ 920°0- 8160 3Q ‘uoiBuiwip ‘sa1bojouyoas us(iby wr g 80-gax asdifo3 xeqioz
Ly0T 9T 0- 00 ¥220- 80T'0 2050 3@ ‘uolButw)im ‘saibojouyos | Jus|iby wri ¢ oueAo gs xeqioz
9100 0£0°0 TY00- Z100 0S0°0- 860°T 3@ ‘uoiBurwyip ‘saifojouyda jus|iby wn g 810 pusix3 xeqioz
6.9°T 67T 050°0- 0900 690°0 986°0 1 ‘pleRIzaq ‘yosi Iy wr g g-80 11X alaydsoquospy
0820 9€€0 600°0— G600~ 1T0°0— €660 11 'paY9aQ ‘Yo wri ¢ 870-5A4 I1s18dAH

2980 €ee0- 9100 G920 ¥00°0- 080 1 ‘pleweea ‘Yo v wr g €-80 [1suau|
orzT 8160 8v0°0- 992°0 1500 696°0 VO ‘80uelI0 | ‘Xauswouayd wn g 8T-dy Jaydsoayor

€LT0- 692°0— 900°0- T2T0- £20°0- €00°T VO ‘80UelI0 | ‘Xauswouayd (2)81D BUNT

VD ‘99UBLIOJ ‘X3UBWOUAYd UM g 80 AbBipoud

T'T 9€.°0 2500 2€0°0- 0600 €920 VIN ‘PAOJJIN ‘Uoneiodio) siatep wr g z-80 qlosuayds
£€0°0- 20T°0 £00°0- v1€0— 9/0°0- 0690 VIN ‘PIOJJIN ‘UoneIodioD Sislep wr g zs@o quosuayds
€€0°0- 20T°0 €00°0- Y180~ 9/0°0- 0690 VIN ‘PIOJIN ‘uonelodioD sistepm wr ¢ Auayd eusl1x
¥82°0 L050- 0200 ¥02'0— Ly00- 7680 VIN ‘PAOJJIN ‘Uoneiodio) siatep wr ¢ 80 AnawwAs
69T°0 2650 80T°0 S05°0- 200 0.0 VIN ‘PIOJJIN ‘UoneIodioD Sislep w ¢ 82 paIys AnswwAs

L6T0- 98T 0- L0T0 LT90- 1500 099°0 VIN ‘PIOJIN ‘uonelodioD sistep wr € 80 SIN BIBLX

uo.b o] 5820 pd v qs eH Ja1nioeinueW uwnjo) uondii9ssp uwn(oD
[gT] s1e18Weted A1AID9I8S UWN|OD
T 9|gel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Chromatogr A. Author manuscript; available in PMC 2008 August 25.



Page 17

Krisko et al.

881 S0T 9'g 980 S€ 0¢ 10T 0¢ 8¢ 80T 8¢ 9¢ y
¢80 90T 6°CT 86°0 vy 84 160 8¢ 6'¢ ¢L0 9¢ 9¢ 6
S6°0 9¢T el §6°0 L€ 6'¢ ¥6°0 43 e 160 6'C 4 }
160 6°€T €61 S8°0 Sy €9 180 8¢ L'y 80 L'E 144 3
680 6'S 99 €80 v'e Tv 180 0€ L'E ¢L0 €¢ 43 p
180 '8 70T €80 0¢ 9€¢ 780 Le 4 ¢Lo x4 6°C 2
S8°0 el 9'GT 9.0 v'e S €L°0 6'¢ ov €L°0 LC L'E q
8.0 vl 08T 680 oy 84 G8°0 143 oy 680 T€ S'€ e

1 g .m_n_axwu v .m_n_E_mH 1 G .m_n_n_xm._. v .m_n_E_J 1 S .m_n_axwu v .m_n_E_mH 1 I .m_n_nvay v .m_n__._.__wH

€ 4 T

v “BId Ul paqLasap

se ale (Y—e) suonealynuapl uwnjod -sureseAldng () pue sureseAldngAxolpAy-,g () ‘sureaealdngAxoipAy-,¢ () ‘sureseardngjhingsep
(T) Jo suonesedas (G Bi4) paryiian ‘@) ‘Ajrejuswiiadxe pue (1 *Bi4) qe1A1a WSy ‘parejnwis Joy [W1s)9%e) = 4] uosuedwod awiy uonusley

NIH-PA Author Manuscript

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Chromatogr A. Author manuscript; available in PMC 2008 August 25.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Krisko et al.

Gradient program for Fig. 8a—c

Table 3
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Time (min) Gradient Program 12
%A %B
0.00 94 6
3.9 94 6
8.7 58 42
300 58 42
Time (min) Gradient Program 2b
%A %B
0.00 93 7
10.1 93 7
11.4 55 45
300 55 45
Time (min) Gradient Program 3¢
%A %B
0.0 94 6
5.0 94 6
7.1 61 39
35.0 61 39

Mobile phase for Fig. 8a and b: A = water containing 0.1% formic acid (pH 2.7) and B = acetonitrile containing 0.1% formic acid. Mobile phase for Fig.

8c: A = water containing 0.1% ammonium hydroxide (pH 10.5) and B = acetonitrile containing 0.1% ammonium hydroxide.

aFig. 8a.
bFig. 8h.

cFig. 8c.
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