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I PREFACE

High pressure, or high performance, liquid chromatography (HPLC)
is the method of choice for checking purity of new drug candidates, mon-
itoring changes during scale up or revision of synthetic procedures, eval-
uating new formulations, and running control/assurance of the final drug
product. .

While numerous texts on HPLC are available, there are several
unique concerns for pharmaceuticals that have not been discussed previ-
ously in one single book:

* Strategies have to be developed for instrument qualification and
validation to meet various regulatory requirements.

¢ HPLC methods need to meet stringent validation requirements
before they are utilized for any pharmaceutical evaluations.

* Impurities and degradation products to be separated are fre-
quently not known and must be elucidated as part of the method
development process.

The aim of this book is to provide an extensive overview of modern
HPLC method development that addresses these unique concerns. For
the purpose of providing a single source of information, an attempt has
to been made to address all topics relevant to HPLC method develop-
ment. The book is comprised of two major sections:

1. Review and update of the current state of the art and science of
HPLC, including theory, modes of HPLC, column chemistry,
retention mechanisms, chiral separations, modern instrumentation
(including ultrahigh-pressure systems), and sample preparation.

xiii



xiv

PREFACE

Emphasis has been placed on implementation and on providing a
practical perspective.

. Focus on unique requirements for HPLC in a pharmaceutical set-

ting. These include:

Strategies for software and hardware validation to allow for
use in a regulated laboratory.

An overview of the pharmaceutical development process (clini-
cal phases, chemical, and pharmaceutical development activities)
to bring method development discussion into context.

A comprehensive discussion of how HPLC is used in each
phase of pharmaceutical development and how methods are
developed to support activities in each phase.

A discussion of method validation activities that provides an
extension of ICH guidelines (i.e., provides an interpretation of
ICH guidelines).

A comprehensive discussion of troubleshooting and prevention
of problems. )

A review of the emerging field of molecularly imprinted poly-
mers and its potential applications in pharmaceutical analyses.

The book is intended to be particularly useful for both novice and
experienced HPLC method development chemists in the pharmaceutical
industry and for managers who are seeking to update their knowledge.
We would like to thank the authors for their contributions that will
make this book serve as a definitive reference source of HPLC method
development for researchers, analysts, managers, and regulators of the
pharmaceutical industry.

Satinder (Sut) Ahuja
Henrik Rasmussen



I CONTRIBUTORS

Satinder Ahuja Ahuja Consulting, Inc., 1061 Rutledge Court, Calabash,
NC 28467, USA

Bonnie A. Alden Waters Corporation, 34 Maple Street, Milford,
MA 01757, USA

Kevin C. Bynum Novartis Pharmaceuticals Corporation, One Health
Plaza, East Hanover, NJ 07936, USA

Maurits De Smet Johnson and Johnson Pharmaceutical Research and
Development, A Division of Janssen Pharmaceutica N.V.,
Turnhoutseweg 30, B-2340 Beerse, Belgium

Julee L. Driver Department of Chemistry and Biochemistry, Shepard
Hall 121, Box 2202, South Dakota State University, Brookings,
SD 57007, USA

Thomas N. Feinberg Cardinal Health, P.O. Box 13341, Research
Triangle Park, NC 27709, USA

Sheetal Gaiki Johnson and Johnson Pharmaceutical Research and
Development, LLC, 1000 Route 202, P.O. Box 300, Raritan,
NJ 08869, USA

Edward R. Grover Waters Corporation, 34 Maple Street, Milford,
MA 01757, USA

Eric S. Grumbach Waters Corporation, 34 Maple Street, Milford,
MA 01757, USA

Patrick Heylen Johnson and Johnson Pharmaceutical Research and
Development, A Division of Janssen Pharmaceutica N.V.,
Turnhoutseweg 30, B-2340 Beerse, Belgium

Pamela C. Iraneta Waters Corporation, 34 Maple Street, Milford,
MA 01757, USA



CONTRIBUTORS

M. Ilias Jimidar Johnson and Johnson Pharmaceutical Research and
Development, A Division of Janssen Pharmaceutica N.V.,
Turnhoutseweg 30, B-2340 Beerse, Belgium

Y. V. Kazakevich Department of Chemistry and Biochemistry, Seton Hall
University, 400 South Orange Avenue, South Orange, NJ 07079, USA

Myra T. Koesdjojo Department of Chemistry, Oregon State University,
249 Gilbert Hall, Corvallis, OR 97331, USA

Walter Korfmacher Schering-Plough Research Institute, 2015 Galloping
Hill Road, Kenilworth, NJ 07033, USA

Weiyong Li Johnson and Johnson Pharmaceutical Research and
Development, LLC., Welsh & McKean Roads, Spring House,
PA 19477, USA

Harold McNair Department of Chemistry, Virginia Tech, Blacksburg,
VA 24061, USA

Alberto Méndez Waters Corporation, 34 Maple Street, Milford,
MA 01757, USA

James O. Mullis Boehringer Ingelheim Pharmaceuticals, Inc.,
900 Ridgebury Rd., P.O. Box 368, Ridgefield, CT 06877-0368, USA

Uwe D. Neue Waters Corporation, 34 Maple Street, Milford,
MA 01757, USA

Daniel L. Norwood Boehringer Ingelheim Pharmaceuticals, Inc.,
900 Ridgebury Rd., P.O. Box 368, Ridgefield, CT 06877-0368, USA

Lee N. Polite Axion Labs, 14 N Peoria St., Chicago, IL 60607, USA

Henrik T. Rasmussen Johnson and Johnson Pharmaceutical Research
and Development, LLC 1000 Route 202, P. O. Box 300, Raritan,
NJ 08869, USA

Douglas E. Raynie Department of Chemistry and Biochemistry, Shepard
Hall 121, Box 2202, South Dakota State University, Brookings,
SD 57007, USA

Vincent T. Remcho Department of Chemistry, Oregon State University,
249 Gilbert Hall, Corvallis, OR 97331, USA

Christine F. Richardson Process R&D, Kilolab Novartis Pharma AG,
Muttenz, Switzerland

Gregory C. Slack Clarkson University, 8 Clarkson Avenue, Potsdam,
NY 13699, USA

Nicholas H. Snow Department of Chemistry and Biochemistry, Seton Hall
University, 400 South Orange Avenue, South Orange, NJ 07079, USA

Michael E. Swartz Waters Corporation, 34 Maple St., Dept. GC, Milford,
MA 01757, USA

Kelly A. Swinney johnson and Johnson Pharmaceutical Research and
Development, LLC, A Division of Janssen Pharmaceutica N.V.,
Global Analytical Development, Turnhoutseweg 30, B-2340 Beerse,
Belgium

Yolanda H. Tennico Department of Chemistry, Oregon State
University, 249 Gilbert Hall, Corvallis, OR 97331, USA



CONTRIBUTORS xvii

Dave Van Geel Altran Belgium sa, Avenue de Tervurenlaan 142-144,
B1150 Brussels, Belgium

Doéra Visky Johnson and Johnson Pharmaceutical Research and
Development, LLC 1000 Route 202, P.O. Box 300, Raritan,
NJ 08869, USA

Xiande Wang Cordis Corporation, a Johnson and Johnson Company,
7 Powderhorn Drive, Warren, NJ 07059, USA

Xiaoying Xu Schering-Plough Research Institute, 2015 Galloping Hill
Road, Kenilworth, NJ 07033, USA



W&

REFS

1 ATFHYY HPLC HEFaInEn
L B PO 1
87 2SO 2
M HPLC A FIRHDEL  coovveeeerereeeersssrrnnerteetnrnesssessniseianinsiiereenenaes 2
IR LR 3 ot - LR RO 3
AV = 2 U 3
LT T T I € 23 O OO 4
VI TR e ereernrereernnnnseeceumanneetnnonn ettt aaeestensesattbesennra s estbat e bt nans 5
1 0T S O PP 5
IC AN BE S G FUIIALERAIN - veereemreeremrmmreremente st sttt e 6
SO L 1 b T O PP PO 6
YT ZHIH TR e evvrersrsereenenessrnnntiniiiiiiiiitertes et s 7
)R Ly s o P PP PP PP TP TIPS PP 8
T S HITF AR v vvnesenreneenstettmetemsini it s b a e e s 8
W ZEDR GHBR) BB rrvererererroerees i 9
XV BT T EEBITF R wrereereererersrrrsnrnrireenn et 9
YVI FFEEBEIA -oreeevvresememsemmmssos ittt ettt 10
VI BRBEHERR cvocevrerrererroernrrme e 10
I A TPERTETEGH «ooeeeeerrrrerrenmrmsmntrtimtte ittt 10
BRI TLRR vvveeeereoerermeree et s 11

2 HPLC#Eit
- - A L RLTAILRTITIVETIRLTIRITITERITE 13
I BIE vreeereererrreentieiiiiiieiii sttt e e 13
T EAHIEEEHEIRET oovrrererroremrrmrrrreretr et e 14
M AR -eceverermrrr e e 15
I -3 SR R D P P P O P PP E P LT SO YL T LEETEERRETEED 20
V  ARBEHLIRAG LR ovvveveeeerereererorermsinsineniine et 29
VI R AL B TR T -o-vveveeererremrmmrsrssositintt st 24
VI AFBOAER reeereerrersereommmimi e 27
7 - o TS PP PRI 28



W

=~

w

-

) G 32 = SN 29
X BUHZERRIL oo 31
XTI TR ---everemeremermreen ettt st st st 35
WL ERBBUN coverrrerrmmrmemen st s 37
M AREX D B TBUREME crrerrrerrerrorerarorati s 38
v Eﬁ§¥ﬁ¢:g&qzmﬂg@é ......................................................... 40
XV GEIL -vverrrrmrrrem s e e eeetianerraesrnes 43
BRI TCRR +ovovverrrrermerrrree s s e 43
HPLC & #FEFnoe;
X RCL LLLITTITIOTee 45
I B creverererrerre st 46
[T EBIBAEALEE covrveoreeemrme ettt 47
T EEREMIAIEIHE -ovnveerreeesoreremmrmonrtioitts sttt sttt 68
N BZkTLR RS R AR SR BIEAL e 77
Vo BB cevrer s 80
B TCRR +ovreverrmrerrrme st e 80
g
T R 85
T B35 cevvererennmereneni i s s 86
M RP-HPLC kL (BRI EERRIE  cverrmreerrenereenimeesnnnineicne, 90
|| IR iR -2 e %, bt = 4 e R R O L R LR LRI A 101
IV 53 eeereererennmrsnnsintinini ittt st s s s s 104
JBRA e v e ronnsrenrrene et 105
%Qagj(m .......................................................................................... 105
FHHHE
- SRSSAAAIIL I LI L IR 111
T BB eeveerereermereeste s e e e 112
I 7 HPLC Ftk [ﬁﬁ*ﬁ_tiﬂ'lﬂ&ﬁi%ﬁ'% ............................................. 115
M S258 T HPLC ISEFIIEG oooovererrrrmmesemsn s, 135
I3 T L L L R L 137
D N S P PR I IR TR LRI 138
PR s R B 24 O A 8 R
e eeerrnetrnn e e s s s e 145
T BB eeerereenrnunnetrr i 146



M HABFHETEIR TR oo 153
I\ EE HPLC @J UPLC E‘Jfﬁ@f?’f ...................................................... 169
V  ZEZYAT R UPLC BIREF  coeveeerrerermsrmmeenmnisin s 174
VI BGEFNGEIL e vrmvermmrer sttt s 183
SRR e v ee v mmeme e e e e 184
B RLHR eeveeerronrne e e et 185
]&_‘immﬁjﬁ‘ﬂ .............................................................................. 186
7 BRAHEAR
FEI B v rmrenn e e st s s e e 189
T B ERITR B oeerrerrrrerer st s s 190
I WA/ BREEHEF ccovvreererremmorrmermmrrrriarr it 191
M BAHAEE/ BREIIREGEB T o 218
IV B3 ereeeerernnmnrroseerne ettt e 231
JRRIGE e vreereneresn st s st s s 231
B HR v ve e rerer et s s 232
8 HPLC #am%l&

JET G veeeveenene e r e e s 237
I B S eeeeeeereeneemnmn s e 238
I ZEBURALSE A TR e oo eereerereroanses s sttt 9239
M RE SR T BRI TERR o oeeeremrrerermeesrer e e sttt 245
IV EEEEERE - veeeesee et 246
V. WETRFEIRL vooveevvororemmerserenss sttt s s 247
VI REIARRERRL - oeveenerreevrmersermmensetmtisirtti ittt s 248
oL - 3 T LR SLITI I TR LL L 254
VI BRI BRE R B A 5 Eh e eereerrnsssrrnsrsn sttt sttt e 256
[ ZE S eereerenrrreenmrensrranss ittt 263
BRI IR vvvvverrrrreessesrun st s s 263

.................................................................................

Wi <=2 8= —
rd
8t
2
o¥
&
3



10

11

12

13

BYFE: MNFEKE EHE#

I S 297
= = P 298
I ZEZGFIRIT HPLC BUFER] -oocereerrererernererenrnseeremmmiereetiensennnnenne 300
M ZEWEERFFLZDP HPLC BIVERT cccevrerrrrrraraiiciniiiiicciiieciia 303
NV FERIRFF RS HPLC ER roccoremrerrerereiiciiciinciiisinene 307
Vo TEHEAE oot et s e 312
A <5 O T T T P P PP PP P TR ST PPV R P FLPETTEYRIVITTIPPETALE 315
é"cﬁé‘)’(ﬁ .......................................................................................... 315

77 B R

7 R R T e R P E E R L L LR LR LR LR AL AL R AL IR LD 318
| =] B T T T T R ST ST PP PR S IR L ST ER R LR L S ERITE RN 318
0 EBEEMSEBEMRMNIEI (SRM) BIHERE  coooecrrrererm, 319
T  HPLC FEEBITEE]  creeerorrrrerrrer e 322
A = T - PP SPT 324
V' BEAABHURT e eenereeersreeraene et e 329
VI BT IR BB AGEHE oot 334
Vi EEBRE. TR RN e e 340
VI KIORE BRI BZE N FI2E R v vvermreeesrnne s 344
I G- eermerernsrmr et 345
- R T e P UL L R L e L e P LR L L L L CE L LI T R LR AR LR 345
= U GO T T e e R R e e e R R R 345
ER MM R F HPLC F i HT )

T P e L L LT LS 353
T %‘I%“ .......................................................................................... 354
T OB AMEFIZL BRI o vveeeeeeomssrnnneneeee ettt 355
il E;‘éﬂﬁgﬁ .................................................................................... 357
IV FFEETRARRILAL o oreeeeereneer et 362
VBRI T E eereerreeemmnensseemen st st s 366
VI HBFFE# HPLC FETFEI I ERITREE v 367
VI G5 rerrrenrrernrreseorecenn sttt st st s e s e 369
JREI oo v v vrewnm e st s e 369
G ) T E T RRIRILIED 369



14

15

16

| = 1 = T T L PP TTR Y 374
|| A ol = 1 -1 R T P P T PR P PRI PP P PR TP PTPPRPPPYPRTPRPPPRYPR 375
11 2 i 7 B R e PP PR T P T PP PP PP DR EL PP PP PEPTPPPEPD 377
v ﬁ%ﬁ%}]%ﬁ ................................................................................. 382
A\ f}%ﬂzmgﬂ ................................................................................. 394
Vi 75{2%%3% ................................................................................. 398
VI S BPERE W U A e veeeeomemrmesessessmnnien e sttt 400
I HETFEIRIETR B BIRAIARSER oot et 403
I e eerrrrere e 403
BB LR v ev e e r et e s 404
HPLC AFhmIT3Ea%N
e 407
T B3 cvevererenerrraneen et s bttt 407
I 225 R IR BB RISL - verreerrrmrrrrrree s 409
M ARSHE HPLC  cereeeeremmerneennnnmnueen ettt sstusets s aneae 419
I\ E%»%kﬁétfcppmﬁﬁ*ﬁgﬁ ............................................................ 420
V  ZEZEM A P b BB ARG o v vveeeee e e 429
VI GES IR IR ] v veeerrvererommeessnssmnnesens st st st 423
JRRIBT v veveeere e e 423
G T L CLIIIPCITRPPE TR TIAPPIES 423
AT £mH FHHEFFE
- LR AIR TIPS LRI 425
T BT eeereeeunnrmnn oot s e 426
I A HPLC BYEETRARKAGIIEE crovererermmmrninneniriiriiannancnn 430
M A EFGTeeereeeereneesn NendarererterareteEsaaesetttaat st arranaseastatatasstestaniisony 434
IV BAZEFIIZE S e rvevvreeranrrerse sttt sttt st e 437
BBIGAR] < v oevrrsre e e et s s 438
éjﬂéiﬁ .......................................................................................... 438
BRI
R L e e LA EEL AL 441
T B[R ererernnnnreeeennnnt e L 4472



