l i- -
Practical and e VEGEL

Applications Z_—

Second Edz'tion
-l -
0010}
0.005 } l
i |
o:m______._._...Jll' lll‘ 1
Té 20 22 2‘*: 28

Migration Time (min)

Ed itéa by
Joel K. Swadesh




HPLC

Practical and Industrial
Applications

Second Edition



Analytical Chemistry

Series

Charles H. Lochmiller, Series Editor
Duke University

Quality and Reliability in Analytical Chemistry

Gearge-Emil Bailescu, Raluca-oana Stefan, Hassan Y. Abaul-Enein

HPLC: Practical and Industrial Applications,
Second Edition
Joel K. Swadesh



HPLC

Practical and Industrial
Applications

Second Edition

Edited by
Joel K. Swadesh, Ph.D.

CRC Press
Boca Raton London New York Washington, D.C.



Library of Congress Cataloging-in-Publication Data

HPLC: practical and industrial applications / J.K. Swadesh, editor.--2nd. ed.
p- cm. (Analytical chemistry series)
Includes bibliographical references and index.
ISBN 0-8493-0003-7 (alk. paper)
1. High performance liquid chromatography. 2. High performance liquid
chromatography--Industrial applications. I. Swadesh, Joel. II. Analytical chemistry
series (CRC Press)
QP519.9H53H694 2000
543’.0894—dc21 00-046806
CIP

This book contains information obtained from authentic and highly regarded sources. Reprinted material
is quoted with permission, and sources are indicated. A wide variety of references are listed. Reasonable
efforts have been made to publish reliable data and information, but the author and the publisher cannot
assume responsibility for the validity of all materials or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, microfilming, and recording, or by any information storage or
retrieval system, without prior permission in writing from the publisher.

All rights reserved. Authorization to photocopy items for internal or personal use, or the personal or
internal use of specific clients, may be granted by CRC Press LLC, provided that $.50 per page
photocopied is paid directly to Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923
USA. The fee code for users of the Transactional Reporting Service is ISBN 0-8493-0003-
7/00/$0.00+$.50. The fee is subject to change without notice. For organizations that have been granted
a photocopy license by the CCC, a separate system of payment has been arranged.

The consent of CRC Press LLC does not extend to copying for general distribution, for promotion, for
creating new works, or for resale. Specific permission must be obtained in writing from CRC Press LLC
for such copying.

Direct all inquiries to CRC Press LLC, 2000 N.W. Corporate Blvd., Boca Raton, Florida 33431.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation, without intent to infringe.

© 2001 by CRC Press LLC

No claim to original U.S. Government works
International Standard Book Number 0-8493-0003-7
Library of Congress Card Number 00-046806
Printed in the United States of America 3 4 5 6 7 8 9 0
Printed on acid-free paper



Preface to the second edition

It is a distinct pleasure to be able to look back on a first edition and find it
to have been complete, timely, and prescient. In particular, the decision to
include capillary electrophoretic techniques in a book on chromatography
was in retrospect a good one, fully justified by the emergence of combined
electrophoresis-chromatography, or electrochromatography as one of the
brightest areas in the field of separations. On the other hand, recent stellar
achievements in interfacing chromatography and mass spectroscopy merited
the inclusion of a new section in the second edition. Miniaturization, auto-
mation and massive parallelism continue to revolutionize chromatography,
such that one can predict that analytical chemistry will converge with fields
as diverse as synthetic chemistry and cytology into a single discipline. In
that spirit, I have launched Seraf Therapeutics, Inc., a company devoted to
selective drug delivery for the treatment of autoimmune and inflammatory
diseases. The principles of molecular interaction described in HPLC: Practical
and Industrial Applications are no different in cells from those in chromatog-
raphy. The principles of laboratory management presented in section 1.8
have never been more in need of implementation than today.

We chose to adopt a simplified format for producing the second edition.
Rather than completely rewriting the book, brief updates were added at the
ends of the chapters. This greatly simplified the production of the second
edition, with possible incidental pedagogical benefits. Chromatographic his-
tory, basic theory, and standard applications are available in the main chap-
ters, while the updates deliver the latest news.

I would like to thank Dr. Cynthia Randall of Sanofi Pharmaceuticals
not only for an excellent contribution in the field of ion exchange chroma-
tography presented as an update to Chapter 5, but also for substantial
assistance in tracking down literature. Without her help and encourage-
ment, the second edition would not have become reality. Thanks are also
due to Denise Lawler, without whose help family obligations would have
made this work impossible.

Finally, I note with sadness the death of Dr. I-Yih Huang. His work on
hementin helped Sawyer et al. of Biopharm to obtain the patent on that
fascinating protein. As described in Chapter 5, his sequencing work was the
first structural characterization. Dr. Huang was a good friend and a won-
derful scientist.
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Preface to the first edition

Organization of the book

Books on chromatography are conventionally divided into theory, instru-
mentation, and practice, or into isocratic vs. gradient techniques, or by class
of analyte. The organization of the present work is somewhat unconventional
in that it is structured to facilitate problem-solving. The requirements of
meeting product specifications and regulatory constraints within the bound-
aries of tight production schedules impose considerable discipline on indus-
trial work. Industrial decisions move so quickly that sessions in the library
and extended research in the laboratory are often not options. In the present
work, information is clustered around certain topics in a manner to aid rapid
problem-solving.

With the increasing emphasis on research productivity, academic scien-
tists may also find value in a text oriented to problem-solving. Increasingly,
students in chemistry, biochemistry, engineering, and pharmaceutics help to
fund their education with short-term industrial positions. Some academic
laboratories now perform contract work for industry to augment basic re-
search funds. Students who choose to enter industry find they must now be
very independent, since mentors are a rare commodity in the workplace.
Some companies are turning to temporary employees, requiring extremely
rapid learning on the part of those coming in for a limited period of time.
These changes in the university and in industry argue for a modification —
but not a “dumbing down” of the traditional educational approach. Begin-
ners, students, temporary workers, and experienced scientists confronted
with a new area need to get up to speed quickly, comfortably, and with a
genuine sense of mastery.

At one stage in my career, I operated an applications laboratory for a
company that produced chromatographic standards, columns, and instru-
ments. Each day, urgent calls would come in from companies of all kinds.
Many of the calls were simple technical questions. A significant number of
calls, however, came from scientists who needed to become overnight experts
in an area of chromatography. Expertise, of course, requires more than an
understanding of the theory. Having a full bibliography describing prece-
dents, listing the suppliers of columns and instruments, and developing a



feel for the strengths and limitations of a particular kind of chromatography
are all necessary aspects of expertise.

Accordingly, this book is organized to facilitate rapid absorption of a
particular area of chromatography. The first chapter is a general chapter on
instrumentation, theory, and laboratory operations, designed for the non-
specialist unexpectedly drafted into analytical chemistry. A brief survey of
absorbance, fluorescence, and refractive index detectors is presented. Pumps
and columns are also described. Detailed information on specialty detectors,
such as electrochemical, viscosimetric, and light-scattering detectors, is pre-
sented in later chapters in association with those chromatographic modes
with which they are commonly used. The second chapter is designed for the
traditional analytical chemist who is transferred into the manufacturing
environment. It covers process sampling and analysis. The third chapter
describes process chromatography.

The remaining four chapters are on specialties within separations tech-
nology, i.e., reversed phase chromatography, ion exchange chromatography;,
gel permeation chromatography, and capillary electrophoresis. Each of these
chapters includes an introductory section to outline the key features of the
technique, a thorough bibliography and list of precedents, and detailed
examples of one or more applications, presented from the viewpoint of an
industrial scientist. Specialty detectors are also described in these chapters.
The chapter on ion exchange discusses electrochemical detectors, and the
chapter on gel permeation chromatography describes light-scattering and
viscosimetric detectors.

Inspiration for this book

“...[D]rug development cannot be managed in the tra-
ditional sense. The ‘managers” must rather be strong
leaders, accomplished and respected scientists them-
selves, who must exhibit broad vision, long-term per-
spective, trust in other professionals, and the ability to
inspire others. ... The public and the ethical industry
are best served by decisions based on good science,
adherence to high standards, and independent, expert
review. ... If the industry starts with high quality sci-
ence, effective analyses, and honest, responsive pre-
sentations, its regulatory problems will be few.”!

It was with this quotation from Cuatresecas that I closed my previous work
on industrial HPLC,? and it was the inspiration to write this book. Cuatre-
secas rightly refutes the misconception that dedication, quality, vision, trust,
and honesty are inimical to profit. By historical accident, the American drug
industry was driven by regulation to develop quality standards at a period
in time when other segments of industry were degrading their scientific



organizations. Experience makes it plain that, over the long run, profit flows
to organizations that insist on the highest standards in every aspect of business.

Industrial scientists are partners in the production of goods and can
positively influence the process from the early stages of research to technical
support of a finished product. The decision to bring a production process
from benchtop to large scale is a momentous one, requiring the commitment
of huge amounts of capital and human resources. Analytical chemistry is
critically important in the development process and beyond, serving to
referee the production process. Changes in production feedstocks or pro-
cessing conditions, planned or not, lead to changes in the ultimate product.
Some of the changes may be beneficial and others deleterious. It is to a
company’s great advantage to define the chemical and physical limits within
which a product’s properties are desirable and beyond which they are not.
When such limits are well defined, failure of the product in the field is far
less likely.

The purpose of this book is to examine analytical HPLC as it is actually
used in industry. Rather than focus on the technical issues alone, the book
acknowledges that technical issues are inseparably intertwined with non-
technical issues. Managerial and regulatory knowledge, project planning,
purchasing, reasoning and presentation of data, teaching skills, legal knowl-
edge, and ethical issues are all integral parts of the day-to-day lives of
ordinary scientists. Learning such skills is both essential to working effec-
tively in industry and difficult. For the student, the academic bias toward
technical excellence sometimes conflicts with the need for excellence in or-
ganizational, teamwork, and leadership skills. There are some excellent
works on general and scientific management, but much of that writing is
wanting in integrating the theory of management with the realities of the
workplace. The present work addresses some of these nontechnical subjects.

Also, there is the creative side to science that ultimately decides the
morale and energy of a scientific organization. This is as true for the devel-
opment side of the organization as for the research side. Sir James Black, one
of the great industrial scientists of our time, put it this way: “There is just
no shortage on the shop floor ... of ideas, exciting ideas,” but ... “some kind
of aphasia ... develops as you go up the company. ... They are expressing
lack of trust in the scientific process.”® He adds that “it is very hard for big
corporations not to contaminate [small drug discovery units] with too much
control.”

While it is sometimes recognized that intelligence and creativity are
useful in basic research, they are less frequently rewarded in areas such as
production and quality control. The mechanics of production are much more
complex than generally credited and can be disturbed by changes in feed-
stock, instrumentation, or personnel. It is precisely in such “routine” areas
as quality control that an alert analyst can detect a failing production process
promptly and diagnose the means by which failure occurred. Given the
amount of documentation required to monitor a production process, bright,
capable scientists can contribute substantially to the bottom line by devising



reliable and meaningful assays, writing clear procedures that can be trans-
mitted easily, and arranging convenient archives for data retrieval.

The technical aspects of analytical HPLC are the principal focus of the
present work. The goal is to impart the generalist’s breadth with the special-
ist’s depth. One would think that it would be easy for an analyst in one
industry to transfer his skills to an unrelated industry. Often, it is not so easy.
Although there are common threads in the issues involved in industrial
processes, there is essential, highly specialized knowledge associated with
each manufacturing process. While no book can hope to do justice to all of
the aspects of analytical HPLC, it is my hope that this book will be of special
service to students just entering industry, to those displaced from positions
in one industry seeking to retrain in another, and to those, like myself, who
simply enjoy understanding the big picture of how things are made.
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1.1 Quverview

This chapter briefly introduces chromatographic practice, with more detailed
information presented in subsequent chapters of the book. General informa-
tion regarding analytical pumps, columns, packing materials, and commonly
used detectors, such as those based on ultraviolet (UV) and visible absor-
bance, refractive index, and fluorescence are given in this chapter. Specialty
detectors and trends in automated sample processing are described in
Chapter 2. Preparative chromatography is described in Chapter 3. Electro-
chemical detection is described in Chapter 5, in association with ion
exchange chromatography. Viscosimetric, light-scattering, and evaporative
light-scattering detectors are described in Chapter 6, the chapter on gel per-
meation chromatography. The present chapter describes general chromato-
graphic theory, while more detailed discussion of the theory of strong
adsorption is reserved for the chapter on ion exchange, where moment
theory on band shape is presented in association with reversed phase chro-
matography. Theory applicable to electrophoretic separations is presented
in the final chapter. The present chapter also describes working in and
managing an analytical laboratory.

1.2 Pumps

The performance characteristics of the chromatographic pump and gradient
maker fundamentally define and limit the kind of separations that can be
performed on a liquid chromatographic system. Preparative chromato-
graphic apparatus is briefly described in Chapter 3. The most critical perfor-
mance characteristics of analytical pumps are flow rate reproducibility, flow
rate range, and pressure stability. Most of the commercially available ana-
lytical pumps are reciprocating piston devices,! which use one or two pistons
to pressurize the mobile phase. Usually, the pistons are rods formed of an
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abrasion-resistant material, such as sapphire. The Hewlett-Packard® Model
1090 liquid chromatograph, using a diaphragm piston, represents a signifi-
cantly different pump design. Low-pressure metering pumps introduce solvent
into the diaphragm, which then delivers solvent with relatively little pulsation.

Piston rods in a conventional high performance instrument typically are
driven by a cam. The cam smooths the delivery of the mobile phase. Dual
pistons allow one cylinder to recharge while compression of the other main-
tains the operating pressure. More recently, electronic flow sensing has been
used to continuously adjust and maintain control of the flow rate. Check
valves ensure that flow is unidirectional, as well preventing a drop in pres-
sure during the recharge cycle.

A second type of pump is the syringe pump, such as the Model 100-DM
produced by ISCO. Gradient formation at the high-pressure side of the check
valves is accomplished by mixing the flow from two or more pumps in a
chamber that promotes turbulent flow. Gradient formation at the low pres-
sure side is usually accomplished by means of a solenoid switching valve,
which intersperses pulses of one solvent with pulses of another. Eldex®
Laboratories (Napa, CA) has added the MicroPro™ pump to its product
line.? As column manufacturers have demonstrated the ability to obtain high
performance separations in short columns at reduced pressure, low-pressure
syringe pumps such as the FPLC® (Pharmacia Biotech AB; Uppsala, Sweden)
system have become increasingly adaptable to high performance liquid chro-
matography (HPLC) separations.

In the last decade, some systems, such as the Dionex DX-500, have been
manufactured with a flow path using corrosion-resistant materials such as
polyetheretherketone (PEEK®, ICI Americas; Wilmington, DE), rather than
the traditional stainless steel. Since stainless steel is prone to corrosion by
salts, particularly halides, the introduction of titanium, ceramic, and PEEK®
was welcomed by those performing chromatography in aqueous systems,
particularly in biological applications. PEEK®, however, is not useful in
applications requiring pressures greater than about 4000 psi.

The cost of a chromatographic system is usually determined by the
number of pumps and the number of pistons per pump. A single-piston
pump will exhibit pulsation and flowrate variation. Since most detectors are
sensitive to pressure and flow rate fluctuations, single-piston pumps nor-
mally are used in the least demanding applications. Dual piston reciprocat-
ing pumps are a relatively low-cost means of reducing pressure fluctuations,
and this design is widely used. Further pulse dampening can be accom-
plished by several means. The simplest is to insert several meters of tubing
ahead of the injector. A diaphragm device to reduce pulsation is available
from SSI. The lowest fluctuation in pressure and flow rate may be found in
syringe pump systems. Even in isocratic separations, dual syringe systems
are perhaps preferable, since otherwise the flow rate falls while the syringe
is recharging, causing the baseline to shift. For gradient separations, dual
solvent delivery is, of course, required.
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Flow-rate stability is an important characteristic in isocratic systems,
especially for molecular weight determination by gel permeation (size exclu-
sion) chromatography. As has been described, pressure pulsations lead to
fluctuations in flow rate. However, over the course of a day, flow rate can
vary due to the completeness of solvent degassing. The mobile phase is
usually degassed by sonication, by imposing a vacuum, or by displacing
atmospheric gases such as nitrogen and oxygen with helium, which has a
very low solubility in most mobile phases. On-line degassing through gas-
permeable/liquid-impermeable membranes has become increasingly popular.

Over the course of a day, a degassed mobile phase can reabsorb gas from
the atmosphere. Since the dissolved gas is far more compressible than the
mobile phase, the piston will deliver progressively less mobile phase per
stroke, leading to a drop in flow rate. For this reason, it is preferable to bubble
helium through the mobile phase continuously, to maintain a pressure of
helium over the mobile phase, or to continuously degas using gas-permeable
membranes. The disadvantage of continuous helium degassing is that the
composition of a multicomponent mobile phase may change due to evapo-
ration of the more volatile component. Also, high purity helium is expensive,
and lower purity grades can contaminate the mobile phase. Systems that
continuously degas the mobile phase by passing it through a gas-permeable
membrane that is under vacuum include the Alltech (Deerfield, IL) Model
NO-OX® membrane degassing system, which has a 15-ml dead volume and
claims to reduce dissolved oxygen to about 1 ppm, a feature that may be
especially useful for electrochemical detection.

Temperature variation may also be a relevant factor in flowrate stability.
Since the viscosity of the solvent is temperature dependent, wide swings in
the ambient temperature can directly affect pump performance. The direct
effects of temperature on pump performance usually are far smaller, how-
ever, than the effects on retention and selectivity; therefore, control of column
temperature is generally sufficient to obtain high reproducibility.

Most analytical pumps are designed to operate best at about 0.1 to
10 ml/minute, the lower value being useful for overnight equilibration, and
the upper value for purging the system lines. A flow rate of 1 ml/minute is
usually ideal for columns about 2 to 10 mm in diameter. In recent years,
narrow-bore (1 to 2 mm) and microbore (<1 mm) columns have come into
more general use. For these systems, flow rates from 1 to 100 pl/minute are
often required. Few pumps function well at the lower end of their rated
specification; therefore, many laboratories use flow splitters to adapt con-
ventional pumps to microbore capability. In isocratic systems, solvent recy-
cling may make this a cost-effective approach, but in gradient separations,
solvent waste quickly makes the purchase of a low-flow pump cost effective.
Syringe pumps such as the ISCO Model 100-D perform well at low flow
rates (1 to 100 pl/minute). In industrial processing, described in Chapter 3,
column diameters are much greater, and much higher flow rates are required.
High flow rates are generally accomplished at low pressure, so peristaltic
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pumps or low-pressure syringe pumps of the type used in the Pharmacia
BioPilot® system are adequate.

Gradient linearity and repeatability are essential for many demanding
applications, such as peptide mapping of proteins. As has been described,
mixing by means of a solenoid valve introduces pulses of the solvents used
to form the gradient. Unless mixing is complete, the solvent composition
will fluctuate slightly about the specified value, leading to erratic elution
profiles. Excessive dead volume between the locus of gradient formation
and the head of the column leads to gradient rounding. This dead volume
also lengthens the time that it takes a gradient that has been formed to
propagate to the column. Although the consequent increase in run time may
be insignificant for ordinary chromatography, the delay can be substantial
for microbore work. Finally, run-to-run variability in gradient formation can
cause comparison of different runs to be difficult. Run-to-run variability is
sometimes traceable to the performance of the microprocessor that controls
gradient making, but it may also be due to chromatographic variables, such
as pre-equilibration time.

1.3 Columns

High performance columns are classified as being open tubular or packed
bed. Although it has been shown that extremely high efficiencies can be
attained on open tubular columns of narrow diameter,*” packed-bed col-
umns have found more general use.®® Packed-bed microbore columns have
found some utility, particularly for cases in which high efficiency, extreme
sensitivity, or low solvent flow are required.!!? Packed-bed columns 1 to
10 mm in diameter are most widely used, since the performance is extremely
rugged and pump performance requirements are minimally demanding.

Packed-bed analytical columns are filled with particles about 3 to 10
in diameter. Larger particles, typically 20 to 50 p in diameter, are used in
preparative applications. The particles typically are formed of incompress-
ible materials such as silica, alumina, graphitic carbon, or rigid polymers.1314
Particles smaller than 3 11 can be used in analytical functions and are com-
mercially available from Micra. A number of column materials are homoge-
neous, i.e., there is no phase bonded to the base material. Unmodified silica
is a homogeneous phase used as in normal phase chromatography, while
poly(styrene-divinyl benzene) is a homogeneous phase when used as a gel
permeation material in organic solvents or as a reversed phase material in
mixed aqueous-organic solvents. Cellulose and modified cellulose, which
are commonly used in low-pressure applications, have found some applica-
tion in chiral separations. Cyclodextrins are also a common homogeneous
chiral phase. A most unusual homogeneous phase, used for high perfor-
mance ultrafiltration, is formed from plant cell clusters.!>

The material most widely used as the base material, or chromatographic
support, for bonded phases is silica, and the materials most widely used as
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bonded phases are alkyl silanes. Polymethylmethacrylate (PMMA), meth-
acrylate, poly(styrene-divinyl benzene) (PS-DVB), hydroxyethylmethacry-
late (HEMA), alumina, carbon, and other polymeric and inorganic materials
have been used as base materials. The particles may be regular or irregular
in shape. They may be permeable or impermeable to flow, and the surface
may be smooth or irregular; an irregular surface has a larger effective surface
area than a smooth one. Particles that are permeable to flow are said to have
an internal surface. Gel-type polymers, comprised of a linear polymeric chain,
are called microporous and can be conceptualized as a loosely wound ball of
yarn. Polymers formed from suspension polymerization form aggregates of
microparticles and are called macroporous. Microparticles may also be
agglomerated onto the surface of a larger, rigid particle to form a pellicular
resin.

The surface area of a particle that is accessible to a given analyte depends
on the analyte as well as the particle. Macromolecules may be unable to
penetrate to the internal surfaces or even to the more constricted surface
irregularities of a particle. For this reason, chromatographic packings are
often categorized according to pore size, which may be conceptualized as the
average size of solvent-accessible pockets in the particle. One simple method
of measuring the pore size is to heat a solvent-moistened particle on an
analytical balance and measure the loss of weight of evaporated solvent, a
technique known as thermogravimetry.!® The bulk liquid readily evaporates
near the boiling point, while liquid trapped inside pores evaporates less
quickly. Pore size measurements are useful as rough guides, but not as
absolute measures, of the appropriateness of a column material for a given
separation. Clearly, if the molecular radius of the analyte is larger than the
pore, it will be unable to access it. However, molecular shape is rarely
perfectly spherical, and electrostatic or other interactions between the analyte
and the particle may influence the entry of an analyte into the pore. For these
reasons, a molecule nominally of a given average radius may not be able to
penetrate a pore of equivalent size.

It is possible to coat, to graft onto, or even to encapsulate the chromato-
graphic support with another material, called the stationary phase or, since
bonding is such a common procedure, the bonded phase. Typical stationary
phases are aliphatic and phenyl moieties for reversed phase chromatogra-
phy; amines and diols are used for normal phase chromatography; unmod-
ified or alkylated amines are used for anion exchange chromatography;
sulfonates or carboxylates are used for cation exchange chromatography;
and affinity ligands, such as protein A and heparin, are used for affinity
chromatography. Other ligands, including bovine serum albumin, are used
in chiral chromatography. The phases, both homogeneous or bonded, that
have been used for HPLC are summarized in Table 1. Some examples of
commercially available columns are given in Table 2.2
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Table 1 Composition of Some Common Chromatographic Phases

Homogeneous (H)

Material or bonded (B) Type of chromatography
Silica H Normal phase, gel permeation
Alumina H Normal phase
Graphite H Reversed phase
Poly(styrene-divinyl benzene) H Reversed phase, gel permeation
Alkyl silane B Reversed phase
Phenyl B Reversed phase
Cyano B Reversed phase
Amino B Normal phase, ion exchange
Alkylated amino B Ion exchange
Sulfonate B Ion exchange
Alkyl sulfonate B Ion exchange
Diol B Normal phase
Poly(methylmethacrylate) H Gel permeation

1.4 Chromatographic modes
1.41 Overview

The chromatographic column is often conceptualized as a stationary bed
immersed in a rapidly flowing mobile phase, with stagnant pools of the
mobile phase situated in the pores of the packing material. A film of strongly
bound solvent is clustered around the stationary phase. This is an oversim-
plification, as flow can affect the volume of the bed or the accessible pore
volume. In a very simple formulation, then, liquid chromatography is the
movement of the analyte along a path, with its rate of movement being
determined by a competition between residence in the flowing mobile phase
or in the immobile, stagnant pools, perhaps even bound to the stationary
phase. The differential rate of migration of two analytes, therefore, is deter-
mined by their relative tendencies to interact with the stationary phase and
surrounding stagnant or bound solvent. In the absence of any interaction
between the stationary phase and the analyte, there are hydrodynamic, or
flow, effects. Principal among hydrodynamic effects are those consequent
from the difference in effective column void volumes due to exclusion from
pores that two analytes may experience.

From the viewpoint of molecular interactions, the number of fundamen-
tally distinct chromatographic stationary phases is very limited.'” One mech-
anism for adsorption to the stationary phase is solvophobic, or mobile-
stationary phase transfer free energy effects, in which the adsorption of an
analyte to the stationary phase liberates bound solvent. There is often an
accompanying enthalpic component to such binding through dispersion
interactions. Another mechanism for adsorption is that of specific interactions,



Table 2 Examples of Commercially Available HPLC Columns?

Mode Manufacturer Name Packing Particle size Note
Normal YMC, Inc. YMC-Pak Silica 5u, 120 A
phase Perkin-Elmer Silica, Spheri-5® Silica 5u, 80 A
(Norwalk, CT)
Waters pBondapak™-NH, Amine-bonded silica 10m, 125 A 3.5% C not endcapped
(Milford, MA)
Macherey-Nagel Nucleosil™ 100 Diol ~ Diol on silica 71,100 A
(Diiren, Germany)
BTR Separations Zorbax® Pro 10/60 CN Alkyl cyano phase on silica 10p, 60 A
(Wilmington, DE)
Reversed TosoHaas SuperODS C-18 on silica 2n Fast separations
phase (Tokyo, Japan)
Micra C-18 on silica 1.5 1 nonporous
DyChrom Shiseido RP-Capcell™ Polymeric C8 or C18 on silica 3-5 1, 120-300 A

Ion exchange

(Santa Clara, CA)
Polymer Labs

(Church-Stretton, U.K.)
LC Packings

(San Francisco, CA)

PLRP-S™ 100

Fusica™ II

Dionex CarboPak™ PA-1
(Sunnyvale, CA)

Shodex™ SC1011
(Tokyo, Japan)

TosoHaas DEAE-5PW™
(Tokyo, Japan)

BioRad Aminex® HPX-87H

(Hercules, CA)

Unmodified PS-DVB 5u, 100 A

C-4, -8, or -18 on silica 3-5u Microbore

Polystyrene

Sulfonated PS 7n Ca*2 form, exclusion 10°

Methacrylate-DEAE 10 p, 1000 A

Sulfonated PS-DVB 9n H* form, exclusion 103

suonyvanddy (wrisnpul puv oIl D TdH



Gel Shodex™ KB8OM
permeation  (Tokyo, Japan)
Polymer Labs PL-Gel™
(Church-Stretton, U.K.)
TosoHaas G1000-HXL
(Tokyo, Japan)
TosoHaas G3000-SWXL
(Tokyo, Japan)
Waters™ Styragel® HR-3
(Milford, CA)
Chiral Regis Whelk-O1®
(Morton Grove, IL)
DaiCel Chiralcel® OD
(Tokyo, Japan)
Phenomenex™ Chirex™ 3019

(Torrance, CA)

J. T. Baker® DNBPG
(Phillipsburg, NJ)

Cross-linked methacrylate
PS-DVB

Porous PS-DVB

Silica

PS-DVB

4-(3,5-dinitrobenzamido)-
tetrahydrophenanthrene
Cellulose on silica

S-tert-Leu and
S-la-naphthylethylamine
on aminopropyl silica

(R)-N-(3,5)-dinitro benzoyl
phenylglycine on silica

(not listed)
511, 50A
5u,40 A

51,250 A

Su

51, 100 A

10p

5p

Aqueous, exclusion 107

Organic
Aqueous

Organic, exclusion
30 x 10°

Pirkle type

Pirkle type

Note: PS = polystyrene, DVB = divinyl benzene, DEAE = diethylaminoethyl.
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which are typically primarily enthalpy-driven attractions between definable
groups on the stationary phase and on the analyte. These notably include
hydrogen-bonding, dipolar, and electrostatic interactions. Another mecha-
nism of interaction between stationary phase and analyte is that of a revers-
ible chemical transformation, in which a chemical reaction, such as disulfide
interchange, is involved in the binding of the analyte to the stationary phase.
The field of chromatographic science, however, has developed an extensive
nomenclature to further differentiate chromatographic phases. These are
presented in swift panorama to give the reader a sense for the range of
chromatographic types.

1.4.2  Gel permeation/size exclusion

The stationary phase in gel permeation (also called size exclusion) chroma-
tography contains cavities of a defined size distribution, called pores. Ana-
lytes larger than the pores are excluded from the pores and pass through
the column more rapidly than smaller analytes. There may be secondary
effects due to hydrophobic adsorption, ionic interaction, or other interactions
between the stationary phase and analyte. Gel permeation and non-ideal
interactions in gel permeation are described more fully in Chapter 6.

1.4.3 Normal phase

In normal phase chromatography, the analyte interacts with the stationary
phase, typically through hydrogen bonding or polar interactions. Silica and
alumina have long been used in normal phase chromatography.!® These
phases are compatible with nonaqueous solvent systems and are suitable for
the separation of many organic compounds. Normal phase still is routinely
used for the separation of simple organic compounds. The separation of
4-nitrobenzo-2-oxa-1,3-diazole derivatives of a number of glycero- and
sphigolipids,’® arachidonic acid metabolites,?® and diglycerides and
ceramide?! are typical separations performed by normal phase chromatog-
raphy. Coupled with a size exclusion column, normal phase may also be
useful for copolymer analysis.?

Silica has often been modified with silver for argentation chromatography
because of the additional selectivity conferred by the interactions between
silver and n-bonds of unsaturated hydrocarbons. In a recent example, methyl
linoleate was separated from methyl linolenate on silver-modified silica in
a dioxane-hexane mixture.?? Bonded phases using amino or cyano groups
have proved to be of great utility. In a recent application on a 250 x 1-mm
Deltabond® (Keystone Scientific; Bellefonte, PA) Cyano cyanopropyl column,
carbon dioxide was dissolved under pressure into the hexane mobile phase,
serving to reduce the viscosity from 6.2 to 1 MPa and improve efficiency and
peak symmetry.?* It was proposed that the carbon dioxide served to suppress
the effect of residual surface silanols on retention.
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1.4.4 Reversed phase and hydrophobic interaction chromatography

In reversed phase chromatography (RPLC), the analyte adsorbs to the sta-
tionary phase through the hydrophobic effect. Reversed phase chromatog-
raphy is described in much greater detail in Chapter 4. Fluorocarbons are
finding application as durable reversed phase materials, with the branched
polyfluorocarbon Neos (Shiga, Japan) Fluofix columns exhibiting slightly
less retention than ODS in the separation of phenols, halophenols, and
polyphenolic flavonoids such as hesperidin, naringin, quercitrin, hesperitin,
quercitin, naringenin, and kaempferol.?> Argentation chromatography, men-
tioned above, is also used in reversed phase separations of linoleic and oleic
acids by the simple addition of silver ion to the mobile phase.?

Hydrophobic interaction chromatography (HIC) can be considered to be
a variant of reversed phase chromatography, in which the polarity of the
mobile phase is modulated by adjusting the concentration of a salt such as
ammonium sulfate. The analyte, which is initially adsorbed to a hydrophobic
phase, desorbs as the ionic strength is decreased. One application demon-
strating extraordinary selectivity was the separation of isoforms of a mono-
clonal antibody differing only in the inclusion of a particular aspartic acid
residue in the normal, cyclic, or iso forms.?” The uses and limitations of
hydrophobic interaction chromatography in process-scale purifications are
discussed in Chapter 3.

1.4.5 Ion exchange/electrostatic interaction chromatography

In conventional ion exchange chromatography (IEC), electrostatic interac-
tions between an analyte and stationary phase of opposite charge cause the
analyte to adsorb to the stationary phase. Ion exchange, often called electro-
static interaction chromatography, is described in greater detail in Chapter 5.
A recent application that illustrates that ion binding and selective separation
may take place by means other than electrostatic interactions was the use of
an uncharged ligand, tetradecyl-16-crown-6, which complexes inorganic ions
in the order Ba*? > Sr*2 > K* > Rb* > Ca*? > NH, > Cs* > Na* > Li*. The
crown ether ligand was coated onto a a Dionex MPIC resin, and the sepa-
rations were performed using methanesulfonic acid as an eluent.® Depend-
ing on the degree of specificity of interaction between the stationary phase
and a particular analyte, one might regard a separation of this kind to be a
form of affinity chromatography.

1.4.6  Affinity chromatography

Affinity chromatography involves precisely the same kind of electrostatic,
hydrophobic, dipolar, and hydrogen-bonding interactions described above,
but the specificity of binding is extraordinarily high. Demands on the homo-
geneity of the stationary phase and on the rigidity of the support are often
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correspondingly low. Soft gels, such as agarose are often used as supports
for affinity chromatography. An example of the use of metal-interaction affin-
ity chromatography, often referred to as IMAC, was the use of Cu?** and Ni?*
in the purification of cysteine-containing peptides that each had a free amino
group, but lacked histidine or tryptophan residues.”? The use of IMAC in
preparative chromatography, is discussed in more detail in Chapter 3.

Extremely specific stationary-phase-analyte interactions, some of which
are orders of magnitude more specific than the crown ether-inorganic ion
complexation described above, are often described as molecular recognition
to indicate that the stationary phase binds one compound to the virtual
exclusion of all others. A recent review lists examples of ligands which have
a highly specific affinity for certain analytes, including monoclonal antibod-
ies against specific proteins, transition-state analogues for proteases, metal
chelates for metal-binding proteins, and deoxythymidine 3’-phos-
phate,5-aminophenylphosphate for Staphylococcus nuclease.® As specific as
affinity chromatography can be, the actual purification factor in separations
is often comparable to that seen in a well designed separation on RPLC,
HIC, IEC, or other conventional chromatographies. RPLC, HIC, and IEC
have the capability of individuating many more peaks than affinity chroma-
tography. For these reasons, affinity chromatography tends to be most useful
as a preparative chromatography.

1.4.7 Chiral chromatography

The separation of enantiomers is particularly important in pharmaceutics,
since many drug substances are chiral, and the biological activities of differ-
ent enantiomers may be substantially dissimilar. In the absence of pre-chro-
matographic chemical modification to form diastereomers, enantiomer sep-
aration requires that a chiral selector be incorporated into the stationary
phase or added to the mobile phase. The chiral selector, by interacting pref-
erentially with one enantiomer, influences the migration of that enantiomer
through the column. Preferential interaction is a phenomenon sometimes
called chiral recognition, consonant with the phrase molecular recognition,
above. Although many chiral phases have been designed to create three
specific contact points between the analyte and the stationary phase, it has
been pointed out that the achiral chromatographic support can serve as one
of the contact points required for chiral recognition.’!

There is a wide variety of commercially available chiral stationary phases
and mobile phase additives.3>3* Preparative scale separations have been
performed on the gram scale.®> Many stationary phases are based on chiral
polymers such as cellulose or methacrylate, proteins such as human serum
albumin or acid glycoprotein, Pirkle-type phases (often based on amino
acids), or cyclodextrins. A typical application of a Pirkle phase column was
the use of a N-(3,5-dinitrobenzyl)-o-amino phosphonate to synthesize sev-
eral functionalized chiral stationary phases to separate enantiomers of
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B-blockers such as metoprolol, oxprenol, propanolol, pronethalol, pindolol,
and bufarolol.3> The B-blockers all have a hydrophobic aromatic ring, a basic
secondary amino group, and a secondary hydroxyl group as functionalities.
These interact, respectively, with the hydrophobic ring; the protonated car-
boxyl, phosphonate, or other electronegative group; and the amide function-
ality of the chiral stationary phase. Temperature control and mobile phase
composition were useful to adjust retention.

The cyclodextrins are a family of basket-shaped oligosaccharides with a
hydrophobic cavity. The o-cyclodextrin variant contains six glucose residues,
B-cyclodextrin has seven, and y-cyclodextrin has eight. Enantioselectivity is
obtained generally only if the analyte has a hydrophobic portion to be
included into the hydrophobic cyclodextrin cavity, which could mean that
the analyte may require derivatization. Chiral ion-pairing agents such as
quinine also have been used as mobile phase additives. Other chiral selectors
include heparin and macrocyclic antibiotics such as rifamycins.* Some suppli-
ers of chiral columns include Phenomenex (Torrance, CA; Chirex™), Daicel
(Tokyo, Japan; ChiralPak® and Chiralcel®), J.T. Baker® (Phillipsburg, NJ), Regis
Technical (Morton Grove, IL), and Macherey-Nagel (Diiren, Germany).

1.4.8 Other chromatographic modes

Many other modes of chromatography have been described. One of these is
chromatofocusing, in which a pH gradient is developed along the length of
an ion exchange column using a complex mixture of buffers.¥3% The pH
gradient also can be generated in a column by means of an electric field, in
which case the technique is called isoelectric focusing, a technique that is
discussed in detail in Chapter 7. In either case, an analyte such as a protein
will be eluted as the pH of the gradient approaches the point of minimum
protein charge, known as its isoelectric point. Countercurrent chromatogra-
phy is another technique in widespread use. A liquid stationary phase
immiscible with the mobile phase is used for separation.®

1.4.9 Mixed-mode chromatographies and mixed-functionality resins

There is evidence of the participation of more than one mode of chromatog-
raphy in many, if not most, separations. This can sometimes be exploited to
customize a separation. The simplest means may be simply to couple two
well defined columns together, as has been done for separations on a chiral
column with pre-separation occurring on the reversed phase.* Another
approach is to blend resins with different functionalities. Mixed-bed ion
exchangers are a well established example of the utility of blending resins
with different functionalities. Finally, different functionalities can be delib-
erately placed on the same bead to tailor column performance to a particular
application. An example of a mixed-functionality, single-mode resin is the
use of heterogeneous hydrophobic groups for direct injection of serum and
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plasma.*! The strongly hydrophobic groups are sufficiently dilute such that
adsorption of serum proteins is reversible, yet the phase is not so hydrophilic
as to prevent the retention of low-molecular-weight components.

An interesting example of a mixed-mode chromatography is slalom
chromatography. Slalom chromatography is a hydrodynamic or flow mode
of separation; i.e., it is strongly dependent on the manner in which the
column packing and flow rate interact with molecular size and shape to
influence elution. A typical recent application was the mixed-mode separa-
tion of A/HindlIIl fragments from endonuclease digestion of DNA on
reversed phase columns such as the Shiseido (Tokyo, Japan) Capcell™-Pak
C1 or Capcell™-Pak Phe or one of the Shandon Hypersil®-3 (phenyl, trime-
thylsilyl, cyanopropyl, dimethyloctyl, or octadecyl) packings (Hypersil, Ltd;
Cheshire, U.K.).4?

1.5 Detectors
1.5.1 Ouerview of detectors

Devices used for detection in column chromatography typically rely on
differences in the physical or chemical properties of the eluent and the
analyte. Alternatively, the solvent may be evaporated to allow detection by
mass spectrometry, flame ionization, or other detection modes. Properties
exploited in detection of analytes in the presence of mobile phase include
absorbance of light in the infrared, visible, or ultraviolet range, fluorescence
of absorbed light, light-scattering, light refraction, viscosity, conductivity,
electrochemical reactivity, chemical reactivity, volatility, optical rotation, and
dielectric constant. Of these detectors, by far the most common are those
based on the absorbance of ultraviolet light and those based on the refraction
of light. Post-column reactors can be connected in-line to introduce a reagent
that will undergo a chemical reaction with the analyte, the product of which
is then detected by light absorbance or fluorescence. Post-column reactors
of this kind are in common use in amino acid analysis, clinical analysis, and
other important areas. Detectors based on light-scattering, viscosity, and
volatility are in wide use in the analysis of polymers. These detectors are
detailed in a later chapter on gel permeation chromatography. Electrochem-
ical detectors are popular in separations of sugars, while conductivity detec-
tors are often used for detection of inorganic ions. These detectors are char-
acterized in a chapter on ion chromatography. The present section focuses
on the ultraviolet-visible absorbance (UV-VIS) detector, the fluorescence
detector, and the differential refractive index (dRI) detector.

1.5.2 The UV-VIS detector

The ultraviolet-visible spectrophotometer is the most widely used detector
for HPLC. The basis of UV-VIS detection is the difference in the absorbance
of light by the analyte and the solvent. A number of functional groups absorb
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strongly in the ultraviolet, including aromatic compounds; carbonyl com-
pounds, such as esters, ketones, and aldehydes; alkenes; and amides. It
should be noted that a number of analytes of interest, particularly simple
sugars, saturated hydrocarbons, alcohols, and polyethers absorb only very
weakly above 200 nm, while many chromatographic solvents, such as tolu-
ene and acetone, absorb very strongly in the UV. Stabilizers commonly used
in solvents such as tetrahydrofuran may also absorb in the UV range. Absor-
bance by the solvent or stabilizer interferes with detection of an analyte.
Solvents that absorb only weakly in the UV range include water, methanol
and other simple alcohols, and acetonitrile.

There are various designs for UV-VIS detectors. In the simplest design,
UV-VIS is generated by a source such as a deuterium or mercury lamp. A
slit monochromator is used to select a narrow band of UV-VIS light which
is passed through the sample compartment and detected by a photomulti-
plier. Since some light may be scattered or re-emitted as fluorescence, a
second monochromator may be placed between the sample and the photo-
multiplier. Since absorption of light heats the eluent containing the analyte,
a thermal lens forms, distorting the light path. The effect is particularly
pronounced with high-intensity sources, such as lasers. Thermal lensing has
been used as a detection strategy,® but temperature control has long been
recognized to be essential in high-sensitivity work.*4> A tapered cell has
been proposed to minimize refractive index errors.*

Another strategy in UV-VIS design is to expose the sample to polychro-
matic light. The light then strikes a grating, which resolves the wavelengths
of light much like a prism. Narrow ranges of wavelengths then strike discrete
elements of an array of photodiodes.#” Instruments based on this design are
called photodiode array detectors. In a recent application illustrating the utility
of the photodiode array detector, the chemical structure of procyanidins
present in tannin could be inferred from the absorbance bands.*® Peak homo-
geneity has been analyzed by an ab initio approach using a diode array
detector.”” In the absence of any assumptions about peak shape or the spectra
of impurity or principal component, impurities in an unresolved peak could
be detected at less than 1%.

The trend in the 1980s was to design more sensitive UV detectors.
Although there are many applications for more sensitive detectors, HPLC is
the technique of choice for assays that do not require high sensitivity but do
require extremely high reproducibility. Several papers have described the
compromise with respect to slit width between sensitivity and broad linear
dynamic range.®*! For the maximum linear dynamic range necessary for
highly accurate analyses, a narrow slit width is desired, while a wide slit
width leads to a reduction in noise and improved sensitivity. For trace
analyses, the critical relationship between bandwidth and linearity is illus-
trated in an experiment described by Pfeiffer et al.>! using a liquid chroma-
tography (LC) detector with an adjustable slit width. Benzoic acid, which
has a relatively flat spectrum in the region of 254 nm, was used as the test
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compound (Figure 1). The linearity was tested at bandwidths of 2 and 16 nm
at 1.0 AUFS (absorbance units full scale). As shown graphically in Figure 2,
severe nonlinearity was obtained using the 16 nm slit width. Tests at interme-
diate slit widths showed nonlinear results when the slit width exceeded 4 nm.

Most instrument manufacturers evaluate linearity using a compound
with a broad spectral band at the wavelength chosen for testing. However,
for most multicomponent mixtures it is not possible to find a single wave-
length where all components have an absorption maximum or broad spectral
band. This led to the development of a more rigorous static test for evaluation
of detector linearity using test compounds with changing UV spectra at the
wavelengths chosen for testing.®® The ultraviolet spectra of the test com-
pounds, benzaldehyde and benzoic acid, are shown in Figure 1. Benzalde-
hyde was used to test detector linearity at 214 and 254 nm, while benzoic
acid was used to test linearity at 280 nm. Using this static test, important
differences between detectors from different manufacturers were observed.
Some detectors were linear to 2.56 AUFS, while other detectors were very
nonlinear well below 0.5 AUFS.5!

A more recent paper suggests that the most complete assessment of
detector performance may be obtained by testing detector linearity using
both best- and worst-case conditions.®? Dorschel et al.*? also caution against
using a least squares fit to data points using a nonzero intercept. Although
the line may appear to be linear, substantial errors can result when the line
(Figure 3) is used for quantitation of unknowns having concentrations at
either extreme of the curve.” The article suggests that a linear model be used
over a restricted concentration range or that a nonlinear model be applied
over a broader range of concentration. A detailed comparison of five com-
mercially available detectors showed the difficulty of absolute calibration.5>*
Another article by Dose and Guiochon specifically discusses the nonlinearity
observed with diode-array detectors due to polychromatic radiation.®

Another area of concern is wavelength accuracy. Wavelength inaccura-
cies of up to 10 nm have been observed not only between detectors from
various manufacturers but also between detectors from the same manufac-
turer. This is particularly important at low wavelengths (<220 nm), a region
commonly used to detect weak UV absorbers, where most organic com-
pounds have rapidly changing absorption bands.*® For these compounds,
small changes in wavelength can result in large changes in detector response.
A simple static test of wavelength accuracy applicable to the low-UV, mid-
UV, and visible regions has been described in an earlier paper by Esquivel.%
The test uses rare earth salts, which have sharp absorption bands in the UV-
VIS region. Using this test, important differences in wavelength accuracy
between UV detectors from various manufacturers were observed. The
effects of refractive index lensing have been examined in detail.’” A response
resembling the derivative of a peak is observed, apparently due to focusing
and defocusing of the beam image on the detector.
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Figure 1 Ultraviolet spectra for benzaldehyde and benzoic acid: solvent, metha-
nol; reference, methanol; cell, 1.0 cm. (From Pfeiffer, C. D., Larson, J. R., and Ryder,
J. E, Linearity testing of ultraviolet detectors in liquid chromatography, Anal. Chem.,
54,1622, 1983. Copyright American Chemical Society Publishers. With permission.)
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Figure2  Effect of slit-width on linearity — benzoic acid at 254 nm, 1.0 AUFS.
(From Pfeiffer, C. D., Larson, J. R.,, and Ryder, J. E, Linearity testing of ultraviolet
detectors in liquid chromatography, Anal. Chem., 54, 1622, 1983. Copyright American
Chemical Society Publishers. With permission.)
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Figure 3 Least squares calibration line for photometric detector. (From Dorschel,

C. A, Ekmanis, J. L., Oberholtzer, J. E., Warren, Jr., E. V., and Bidlingmeyer, B. A., LC
detectors: evaluations and practical implications of linearity, Anal. Chem., 61, 951A,
1989. Copyright American Chemical Society Publishers. With permission.)

Absorbance detectors are also commonly used in combination with post-
column reactors. Here, most issues of detector linearity and detection limit
have to do with optimization of the performance of the reactor. In a typical
application, organophosphorus compounds with weak optical absorbances
have been separated, photolyzed to orthophosphate, and reacted with
molybdic acid, with measurement being performed by optical absorbance.?®
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1.5.3 The refractive index detector

The refractive index (RI) detector is described in more detail in Chapter 6.
In this technique, the refractive index of the sample compartment is com-
pared with that of a reference compartment, and the technique is usually
called differential RI (dRI) detection. With improvement in sensitivity there
has been a resurgence of interest in the RI detector in modes of chromatog-
raphy other than GPC. Many compounds lack a strong absorbance in the
UV, including alkanes, simple alcohols, ethers, sugars, and many ions; there-
fore, a UV-VIS detector alone is hardly universal. The refractive index detec-
tor is universal in the sense that for any given analyte, a solvent probably
can be found such that the refractive index of the analyte differs enough to
permit detection. The dRI detector is often useful in specialized applications,
such as polymer analysis. The principal limitations that have made the use
of RI detection less popular are sensitivity, variation in response with
changes in temperature, peaks that may be negative or positive, sensitivity
to variations in flow or dissolved gases, and incompatibility with gradient
chromatography or analytes prepared in solvents different than the mobile
phase. The problem of gradient incompatibility has been overcome to a
considerable degree by a new design in refractive index detection.>-¢!
Another approach has been to match the refractive indices of the compo-
nents of the gradient,®? for which rates of flow and gradient change were
required.

Since the refractive index of the analyte may be either greater than or
less than that of the solvent, peaks may be either positive or negative. Some
data systems are incapable of properly integrating peaks of opposite polar-
ities. Therefore, while it was possible to integrate negative peaks by switch-
ing the polarity of the detector leads, such data systems were of limited
utility in separations involving peaks of both polarities. Increasingly, how-
ever, data systems are designed to accommodate negative peaks, and to
process the area below the baseline as a positive quantity. The refractive
index changes by about 10 RI units (1 mRI unit) per degree centigrade,
and since the limit of detection of modern RI detectors is approaching the
nRI level (10~ RI units), temperature control to 1 ndegree is required. This
problem is usually finessed by using a reference cell so that the change in
the solvent refractive index is compensated. This is not a rigorous solution
for comparing data from run-to-run, however, since the refractive index of
the analyte is not compensated for by the presence of the reference cell.

The problem of dissolved gases has been described at length.%>% Briefly,
the refractive indices of degassed and air-saturated solvents differ by about
0.1 to 100 puRI units (107 to 10 RI units), with water exhibiting a small
change on absorbing air, and organic solvents a large change. Similarly, as
dry organic solvents absorb moisture from the atmosphere, the refractive
index will change.®® These changes in solvent composition result in drift.
Artifactual peaks may be generated due to differences in composition
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between the sample and the mobile phase. Noise can result from using a
binary system to mix the mobile phase.

There are a number of designs that have been used for RI detection.®>
A deflection RI detector measures the extent to which the incident beam is
bent by traversing the sample.”” A Fresnel detector measures the loss of
intensity due to transmission vs. reflection at the interface between the flow
cell and its contents.®® A change of refractive index of about 90 nRI units can
be detected. The interferometric detector, with a claimed detection limit of
10 nRI units,%#8 splits a polarized light beam into two portions with orthog-
onal directions of polarization. Since the refractive index affects the speed
of light, the sample and reference beams will be out of phase when the RI
values of the two compartments are not identical. On recombination, inter-
ference due to mismatch of beam phase reduces the beam intensity. A Fabry-
Perot interferometric design utilizing a He-Ne laser (634.2 nm) as the light
source has been described.® This design exploits the proportionality of the
change of refractive index to the change in wavelength for measurement.
A detection limit of 15 nRI units was found. The linear range for RI
detectors has been estimated to be about 1000 to 10000 times the minimum
detectable limit,* although rigorous testing may suggest a more conserva-
tive estimate.®

1.5.4 The fluorescence detector

Another type of detector used in liquid chromatography is the fluorescence
detector. Following absorption of light to form an excited electronic state,
many events are possible. The excited molecule may chemically react. The
absorbed light may be immediately re-radiated, which is known as light-
scattering. When the excited molecule converts to a second, long-lived
excited state, the re-emitted light is known as phosphorescence. The excited
molecule may transfer all of its energy by long-range coupling to a distant
molecule, a process known as Forster quenching.”’ The excitation may be
dissipated entirely by vibrational motions, a process called “internal conver-
sion”. Stern-Volmer quenching describes de-excitation by collision with
other molecules.” If, however, the excited state partially relaxes by vibration
(internal conversion), then emits light at a lower wavelength than the excit-
ing beam, the resultant emitted light is known as fluorescence.” It is common
in fluorescence spectroscopy to observe a number of these effects and impor-
tant to be able to differentiate them.

The absorption of light is an inefficient process. Typically, no more than
10% of the light passing through a chromophore is absorbed.” Internal
conversion and quenching cause further losses in the yield of fluorescence
per input quantum of energy. Reabsorption of emitted light, known as the
inner filter effect, results in a further loss of fluorescence intensity. Fluores-
cence efficiency is a strong function of temperature due to collisional quench-
ing of the fluorophore by chromatographically unresolved compounds and
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by solvent or dissolved gas molecules. Dissolved oxygen is a particularly
potent quencher, as are sulfur-containing compounds.” Also, fluorescence
may be affected indirectly by the column temperature in gradient chroma-
tography, since fluorescence efficiency is strongly dependent on solvent com-
position. At high analyte concentrations, the inner filter effect may lead to a
decrease in fluorescence, so concentrations should be kept as low as possible.
High power sources, such as lasers, may cause photobleaching, a depletion
of the fluorophore due to photochemical decomposition that may be an
important source of detector non-ideality in microbore systems.”” At low
flow or high power, all of the analyte is photobleached, so one measures the
total amount of analyte passing through the cell, while at high flow or low
power, the fluorescence is proportional to concentration. To avoid scattering,
solvent filtration is essential. Even so, column degradation fragments can
introduce noise. The solvent alone may also scatter light. Finally, and most
importantly, most analytes are not fluorescent and must be derivatized with
fluorescent moieties such as anthracene, coumarin, phenanthrene, naphtha-
lene sulfonates, fluorescamine, or o-phthalaldehyde.” Despite all of these
disadvantages, fluorescence detection is still one of the most valuable tech-
niques in trace analysis by HPLC.

The simplest fluorescence measurement is that of intensity of emission,
and most on-line detectors are restricted to this capability. Fluorescence,
however, has been used to measure a number of molecular properties. Shifts
in the fluorescence spectrum may indicate changes in the hydrophobicity of
the fluorophore environment. The lifetime of a fluorescent state is often
related to the mobility of the fluorophore. If a polarized light source is used,
the emitted light may retain some degree of polarization. If the molecular
rotation is far faster than the lifetime of the excited state, all polarization will
be lost. If rotation is slow, however, some polarization may be retained. The
polarization can be related to the rate of macromolecular tumbling, which,
in turn, is related to the molecular size. Time-resolved and polarized fluo-
rescence detectors require special excitation systems and highly sensitive
detection systems and have not been commonly adapted for on-line use.

Some very clever techniques have been used to optimize the perfor-
mance of fluorescence detectors. It is possible to collect fluorescence at any
angle relative to incidence, but interference from reflected or scattered light
is strongest along the light path. Therefore, most fluorescence detectors
collect light at 90° relative to incidence. The steradian cell used in the Applied
Biosystems detector collects the fluorescence from 0° to £90° relative to the
incident beam, greatly increasing the sensitivity.” A combined UV-fluores-
cence detector was described in 1975.7% Given the significant problems in
calibrating fluorescence detectors, it is surprising that this design has not
become generally available. Lasers have long been used as excitation sources
for fluorescence.” They offer a number of advantages, including high inten-
sity, narrow excitation wavelength, and plane polarization of the light source.
Issues in cell design have been discussed.®
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Another tactic in improving fluorescence detection is post-column
derivatization. For example, post-column derivatization of sugars with
guanidine has attained detection limits of 5 pmol, with linearity up to
1 nmol.8! Post-column derivatization of sugars with benzamidine has also
been used.®> On-line, rapid-scanning fluorimetry is becoming increasingly
availably.®#* Laser-induced fluorescence is becoming an increasingly impor-
tant method for microbore systems, such as those in use in electrophoresis.
Indirect fluorescence spectroscopy was used for the detection of oligosac-
charides in the presence of the fluorophore, fluorescein.3 The analytes, as
they eluted, created a vacancy and therefore a negative peak, permitting
detection at the picogram level. An alternative to photo-excitation to produce
fluorescence is chemical excitation by a technique called “chemilumines-
cence” 8

1.6  Chromatographic theory

In chromatography, a material to be analyzed is propelled along a pathway
to a detector. Usually, the pathway is a column, but it can also be a plate,
such as is used in thin layer chromatography, or a slab, such as is used in
gel electrophoresis. The means of propelling the analyte is generally solvent
flow, but it can also be the influence of an electric field, the chemical potential
of a pH gradient, or the force field of a centrifuge. Two different analytes
traveling at different rates are thereby separated. For the purposes of this
section, it will be assumed that the analyte is separated in a column by means
of solvent flow.

Gel permeation chromatography, described in Chapter 6, and capillary
electrophoresis, described in Chapter 7, are examples of chromatographies
in which there may be negligible interaction between the analyte and the
stationary phase. In most chromatographies, however, there is an appreciable
interaction between analyte and stationary phase, and the remainder of the
chapter will focus on these sorptive chromatographies.’® Some analyte dis-
tributes itself into the mobile phases, and some into the stationary phase.
The interaction can be conceptualized as partition, as occurs between the
two phases of a separatory funnel, or as adsorption, in which the stationary
phase has discrete sites of interaction. As long as the interaction is relatively
weak, elution can be accomplished under isocratic conditions. If, however,
the interaction is strong, gradient elution may be required.

The practices of isocratic and gradient sorptive chromatography are very
different. Isocratic chromatography tends to be very sensitive to the details
of mobile phase preparation, temperature, pump speed, and sample com-
position. Gradient chromatography is usually more tolerant of small varia-
tions in these factors but may be extremely sensitive to column history,
equilibration time, and gradient preparation.

The theoretical parameters of isocratic chromatography are often
described using the plate model. One can imagine the analyte to be distributed
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Table 3 Parameters in Separation

Symbol Name Formula Note
t, Void time Retention time of an
unretained solute
t, Retention time Retention time of
analyte n
t) Reduced retention time ta—t,
K, Capacity factor th/t,
W, Peak width at half height
N Theoretical plates 5.54(t,/w,)? Other formulae are
also used
Neg Effective plates NIK./ (1 +Kk)J? Useful for comparing
columns
H Plate height L/N L is column length
Rom Resolution (between 2(t, - t,)/(w, + w,) Component n eluting
components n and m) after component m
Oy Separation factor, K. /K., Component n eluting
selectivity after component m

between the stationary phase and the flowing mobile phase. A given mole-
cule is transferred into the stationary phase at a given point along the col-
umn. After a time, it is returned to the mobile phase and swept down the
column a little way to a new site where the process is repeated. The locations
at which the analyte is transferred into the stationary phase are conceptual-
ized as plates, and the distance between them is conceptualized as the plate
height.

The parameters of isocratic column performance are listed in Table 3. A
substance n elutes at a characteristic retention time, t,. An unretained solute
has retention time t,. Neglecting the solvent volume in the injector and
tubing, the void volume in the column V, = Ft,, where F is the flow rate. As
the solute plug traverses the column, it is broadened by turbulent and
diffusional processes. Resistance to transfer between mobile phases and
stationary phase also contributes to broadening. The perfection of column
packing is estimated using the plate count, N, which is proportional to the
square of the retention time divided by the peak width. Chromatographers
variously use the peak width at half-height, at peak inflection points, or at
the baseline. As long the procedure used to measure plates is consistent, any
of these measures will serve to monitor column performance over time,
which is the principal objective of making plate counts.

The quality of a separation is measured by the resolution. The resolution
of two peaks, n and m, can be estimated as

Rn—m = 2(tn - tm)/(wn + Wm)
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where w, and w, are peak widths at half height. Under the assumption that
the peaks are of equal width, this simplifies to

Rn-m = (tn - tm)/4cs

where ¢ = 0.425w. In Chapter 4, the discussion of isocratic column perfor-
mance is extended to dispersive processes and peak moment theory. For the
purposes of understanding basic theory of gradient separations, however,
the only parameter needed is the capacity factor, k" = (t, — t.)/t,. This mea-
sures how strongly an analyte is retained. The retention time depends greatly
on mobile phase composition. In a gradient separation, the proportion of the
strong solvent is continually increased. At the beginning of the separation,
the composition of the mobile phase is such that the retention time of the
analyte would be very long. As the composition of the mobile phase is
programmed to include more strong solvent, the isocratic retention time of
the analyte shortens. It is possible to understand gradient elution in terms
of isocratic elution, using linear solvent strength theory.

The basis for linear solvent strength theory is the assertion that the
logarithm of the capacity factor is linearly related to the solvent strength.
This is expressed in the Equation:¥-°

log (K = log (k) - S¢

where Kk’ is the capacity factor at a given solvent composition, k,, is the
capacity factor when the strong solvent is absent, S is a constant for a given
solvent, and ¢ is the solvent composition expressed as the volume fraction
of organic solvent. This has been applied to IEC as well as to RPLC, although
with less satisfactory results.”? The implication is that one may measure the
retention of peaks at any two values of solvent composition and then calcu-
late the retention at any value of the solvent composition. If the solvent
composition is varied linearly with time, such that ¢ = ¢, + t A¢/t;, where
@, is the initial mobile phase composition, A¢ is the change in mobile phase
composition, tis time, and tg is the gradient time, then the gradient steepness
parameter, b, can be defined as b = SA@t,/t;. Ignoring non-ideal effects such
as size exclusion, the retention time is

te = t, + (t,/b)log(2.3k b+1)

where Kk, is the value of k” extrapolated to initial solvent conditions. If k, is
large, then this equation can be solved by taking two or more isocratic
measurements of retention time. Using the median value of k’, where k" =
1/(1.15b), the value of b can be calculated by varying the flow rate or the
gradient rate.558

The practical consequence of linear solvent strength theory is that, in
principle, it is possible to estimate the retention times of all peaks at any
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CROSSOVER OF PEAK RETENTION TIMES
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Figure4  Crossover of peak retention times as a function of gradient rate in the
separation of peptides. (Previously unpublished data are drawn from Swadesh, J. K.,
Tryptic fingerprinting on a poly(styrene-divinyl benzene) reversed phase column,
J. Chromatogr., 512, 3215, 1990.92)

gradient rate or flow rate from just two chromatographic runs. Therefore, it
is possible to optimize the resolution between any two peaks from just two
measurements. In practice, it is perhaps most common to perform three or
more gradient rate measurements while keeping the flow rate fixed.

In the analysis of the twelve peptides released from horse cytochrome
c by the action of trypsin, the gradient rate was varied. Then, log k” of two
peptides was graphed against the median organic modifier composition ¢
to solve for the slope and intercept, as shown in Figure 4. Because of differ-
ences in slope, there was a crossover in retention when ¢ is about 0.3. At
any other median solvent composition, those two peptides are better
resolved. A resolution map can be constructed for all of the components,
and a gradient rate and flow rate selected. A more extended discussion of
this gradient separation, including the effects of temperature, is presented
in Chapter 4.

1.7  Laboratory operations
1.7.1 Owerview of laboratory operations

The conventional analytical process is comprised of sampling — sample
preparation — analysis — calculation — approval of results — report —
decision.” The introduction of productivity measurements to focus attention
on continuous improvement and improving the reliability of assays to elim-
inate re-analysis can aid in re-engineering the process for greater efficiency.”
Automation is another important aspect of improving efficiency.” The rate-
limiting steps in many industrial laboratories, however, may precede or
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follow the conventional analytical process described above. Instead, assay
development time, the discovery of assay limitations as industrial processes
change, and the communication of results may be critical to the pace of
industrial development. The present chapter, therefore, reviews in depth
how analysis is planned and performed in the industrial laboratory.

The analytical chemist working on chromatographic procedures should
consider

¢ Assay selection and design

¢ Sampling and sample handling

¢ Chromatographic optimization

¢ Experimental procedures to verify the validity of the assay
¢ Field testing of the assay

¢ Interpretation of results

¢ Presentation of findings

1.7.2  Assay selection

The professional analyst begins the design of a chromatographic assay by
determining the stringency of the assay, i.e., the limit of tolerable error. In
effect, the analyst must assess the tolerance of the overall project to errors
in accuracy and precision. For example, in assaying for the concentration of
a formulated drug with dose-dependent toxicity, considerable risks are
incurred by error. Limits of a few percent error might be tolerable. By con-
trast, the risks of error in assaying a processed food for an off-flavor com-
ponent are substantially less; more generous limits of error might be
regarded as tolerable. The assay should be classified as a concentration assay
(to determine the concentration of a major component), a purity assay (to
determine the concentration of the major component relative to all compo-
nents), or a minor component assay (to determine precisely the concentration
or relative concentration of a minor, presumably undesirable, component).
The goals of the assay should be explicitly established in these terms, since
each kind of assay requires different levels of stringency in sample handling
and preparation and in system performance.

The limit of tolerable error is generally smallest in a minor component
assay. It will have been determined that a particular minor component must
be at or below a threshold concentration for the product to be usable. There-
fore, the decision to accept or reject an entire production batch may depend
on the analytical result. Typical batches may contain the contaminant at a
concentration very similar to the specification limit. In a minor component
assay, the major component may be overloaded and out of the proper range
of detection of the assay. Even so, the minor component may be at such low
levels that assay noise interferes.

A purity assay is the analysis of multiple, often unknown minor com-
ponents. Unless it has been determined separately that one or more of the
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components is deleterious to the product above a particular concentration,
only an overall estimate of the total concentration of the minor components
relative to the major component is required. It is rarely necessary to have a
very precise determination of the concentration of the individual minor
components, since errors in small values are still small. For example, a 10%
uncertainty in the overall measurement of minor components in a material
of purity 99.5% corresponds to an uncertainty range of 99.45 to 99.55%, which
is within rounding error. Also, with the measurement of multiple compo-
nents, there may be partial cancellation of overestimates of one component
by underestimates of another.

Concentration assays are often the least demanding, since usually the
component to be measured is abundant and minor components scarce. Even
if resolution is poor or there is detector noise, accurate measurements of
concentration can still be obtained. In concentration assays, the principal
requirements are stringency in the precision of sample dilution and mea-
surement of column losses of the major component. Detector calibration,
another important issue in concentration assays, has been discussed above.

Having determined the limits of tolerable error, the complexity of the
sample matrix should be assessed. The matrix for materials extracted from
biological tissues or fluids is one of the most complex, while the matrix of
a pure compound in solution is the least complex.

Assessing the complexity of the sample matrix is essential to determining
the selectivity required for the assay. Under the best conditions, standard
chromatographic methods are capable of separating mixtures containing no
more than about 50 components. Peak overlap or co-elution are frequent
occurrences. Changes or improvements in selectivity can be achieved by
sample processing or by the use of specialized detection. Primary and sec-
ondary amines, for example, are easily quantitated with or without chro-
matographic separation by a number of derivatization chemistries discussed
in Chapter 4. Aromatic compounds are readily quantitated in the presence
of non-aromatic compounds with or without chromatographic separation
by the selective detection afforded by UV.

The limitations of derivatization are that derivatization reactions only
approach completion and never attain it, that the conditions of derivatization
sometimes cause degradation, and that even very similar compounds are
derivatized to different extents. Use of derivatization, therefore, requires a
careful study of recovery of known components. A limitation common to
the use of specialized detectors and derivatization is the response factor
problem. The detector responds to different compounds to a greater or lesser
extent. Measurement of correction factors to account for this is one of the
most time-consuming aspects of analysis.

Once it has been determined that neither chemical processing nor selec-
tive detection are sufficient to assay the unfractionated sample within toler-
able error and that separation will be required, several preliminary proposals
for an assay should be considered. For example, if one wanted to conduct
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amino acid analysis, HCI and trifluoroacetic acid might be considered for
hydrolysis; phenol, tryptamine, and sodium sulfite might be considered as
antioxidants; IEC with post-column derivatization or RPLC with pre-column
derivatization might be considered as separation methods; and fluorescence
or UV-VIS spectrophotometry might be considered as detection methods. By
establishing alternatives early in the process of assay development, the ana-
lyst generates backups in case method development shows that the primary
assay choice is not sufficient for present or future needs.

Consideration should be given to future project needs and to other
project requirements. Often, in the early stages of a project, sample is scarce,
so sample-sparing assays are required. In later stages of development,
greater sample consumption might be tolerated if greater precision can be
obtained. A typical project requirement is that relatively complex assays
devised in a research department must be simplified for quality control
purposes. By designing an assay with future project needs in mind, one can
avoid project delays.

Assessing the resources available for method development should also
be done before beginning a project. The resources available include not only
HPLCs, detectors, and columns, but also tools for sample preparation, data
capture and analysis software, trained analysts, and especially samples rep-
resentative of the ultimate analyte matrix. Also, it should be considered
whether a fast, secondary method of analysis can be used to optimize sample
preparation steps. Often, a simple colorimetric or fluorimetric assay, without
separation, can be used for this purpose. A preliminary estimate of the
required assay throughput will help to guide selection of methods.

1.7.3 Assay design

The design of an assay is, in large measure, prospective quality assurance.
The factors that are likely to affect the results of the assay must be defined
and controlled to the greatest extent possible. Once the general outlines of
an assay have been established, key features should be examined, including
optimization of sample preparation, sample stability, choice of standards,
assay range, assay repeatability, optimization of separation, and optimiza-
tion of detection.

A general feature of optimum sample preparation is that maximum
recovery of the analyte is observed. Consider a graph of recovery vs. varia-
tion in one experimental condition. Figure 5 shows such a graph, with tem-
perature as the experimental variable. The curve exhibits a maximum and
a decline on either side of the maximum. The assay will be most reproducible
at the point of zero slope, i.e., at the maximum recovery, because small
variations in conditions will not affect the result. In hydrolysis of a protein
to its constituent amino acids, for example, it will be found that at very high
temperatures or long hydrolysis times, degradation of the product amino
acids occurs, while at low temperatures or short hydrolysis times, the protein
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Figure 5 Graph of recovery vs. variation in temperature in a hypothetical chemical
reaction.

is incompletely hydrolyzed. At the optimum temperature and time, the yield
of amino acids is maximal.

The principle that an assay is most rugged when response changes
slowly as a function of experimental variables can be applied to all aspects
of assay optimization. There are, however, many response functions with
multiple optima, and there may be cases in which the use of a local response
minimum gives a more rugged assay. For example, using detection at an
absorbance peak maximum is usually preferable to using detection at a
wavelength at which the absorbance changes rapidly with wavelength.
However, it may also be possible to use the local minimum of absorbance.
Selecting the mobile phase composition such that retention times vary min-
imally with changes in composition gives ruggedness to an HPLC separation.

Standards are used for a number of purposes. An external standard con-
tains a mixture of substances typically observed in the sample. Knowledge
of the concentration of the standard substances allows calibration of the
detector to compensate for run-to-run or day-to-day variability. External
standards should not be subjected to hydrolysis or other sample processing
steps, except as necessary for detection, since this would add other sources
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of variability to the result. An internal standard is added to a sample and to
the external standard to correct for dilution. Internal standards should be
chosen to exhibit no variation in recovery due to sample processing. The
term reference standard is sometimes used to refer to a sample that has been
characterized by a reputable vendor or institution. However, in industrial
terms, a reference standard is a single lot of a material, representative of a
production process, used to track the performance of an analytical assay
over time. Unless material has been maintained as an integral unit or, at a
minimum, subsamples stored under identical conditions, a sample cannot
be regarded as a reference standard. By including the reference standard as
a sample in every batch of sample analyses, one can monitor variation in
recovery due to experimental conditions.

Also, a chromatographic profile or fingerprint of trace unknowns can be
established and monitored, so that if product performance unexpectedly
changes, there will be a starting point for troubleshooting. The effects of
experimental variables on sample recoveries should be measured directly
by controlled variation of an experimental factor, using the reference stan-
dard, or suitable external standards, or spiked addition of an external stan-
dard to the reference standard. A detailed example of the use of internal and
external standards is presented in Chapter 4.

Considerable attention should be paid to obtaining samples truly repre-
sentative of the production process early in method development. Produc-
tion processes generate mixtures that are far more complex and variable than
may be generally realized; therefore, a separation developed using an early
production sample may prove to be inadequate for a later sample. Minor
peaks observed in the chromatogram, whether known or unknown, serve
as a record of the consistency of the process and can be used to monitor
process changes. Sometimes a particular peak can be associated with a desir-
able or undesirable property of the product and used for controlled process
optimization.

Sample stability and sample derivative stability are important questions
that should to be resolved early in method development, particularly if
derivatization is to be used. Some derivatives, such as o-phthalalde-
hyde/2-mercaptoethanol derivatives of amines are highly unstable in the
absence of stabilizers and must be assayed immediately on preparation.
Automatic sample preparation, which is available only on certain autoinjec-
tors, is extremely helpful in controlling the reaction time and reaction-to-
injection time. Some analytes, such as proteins, undergo associative or con-
formational equilibria on-column. Usually pH control or temperature control
can be used to optimize separations. Samples of biological origin are often
susceptible to microbial contamination and must be handled by clean or
sterile techniques. By the simple experiment of injecting a freshly generated
sample and an aged sample, one can avoid many of the pitfalls encountered
in method development.
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1.7.4  Sampling

Samples in solution are usually homogeneous, so samples drawn from dif-
ferent locations in the container are identical, however, sometimes even
seemingly homogeneous solutions present sampling problems. When the
solute is extremely dilute, when the sample size is extremely small, and
when the requirements of sample-to-sample variation are stringent, solution
inhomogeneity may be a problem. For solutions of picomolar concentration
or greater and sample sizes of nanoliter or larger, inhomogeneity of sampling
would not expected to be a serious problem.”

Supposedly identical samples in different containers often turn out not
to be identical, and they should never be assumed to be so unless handling,
preparation, storage, and the containers themselves are rigorously identical.
Some samples, such as polymers, are extremely slow to dissolve and may
generate artifactual chromatograms unless dissolution is allowed to proceed
to completion. Solid samples, suspensions, and solutions capable of phase
separation are intrinsically inhomogeneous.”® Samples obtained from
extremely large containers, such as reactors, also may be inhomogeneous.
For inhomogeneous samples, a strategy for sampling should be devised.
Samples can be drawn from different locations within the container and
tested for equivalence.

1.7.5 Sample handling

For assays of stable materials with wide ranges of tolerable error, sample
handling is of little concern. For assays of labile materials, especially assays
for purity or for minor components, controlled sample handling procedures
need to be established. There are three potential ways in which a sample
may become contaminated, namely by the sampling tools, sample contain-
ers, and degradation on storage.

For solids, contamination by sampling tools or containers is rare. Anal-
ysis of trace metals, however, is one case in which special precautions must
be taken. Plastic spatulas and plastic or acid-washed glass labware are often
required for trace metals analysis. For liquids, contamination by sampling
tools and containers occurs frequently. One common sampling tool for lig-
uids is the automatic pipet. Liquid or vapor aspirated into the pipet piston
during one sampling operation may contaminate a subsequent sampling.
Before sampling from a bulk sample, cleaning the piston may prevent sample
contamination. Sample containers are another common source of contami-
nation of samples. Glass sample vials can be contaminated with dust and
oil. The liners of caps are often glued in with resins that are soluble in organic
vapors. The liners themselves may degrade when stored with corrosive solu-
tions. Polyethylene and polypropylene containers are inert to most solvents.

Once a sample has been drawn, it should be provided with a unique
label, noting the date at which it was separated from the bulk. Since samples
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may degrade with time and handling, the properties of one sample may
differ from those drawn at a different time. Sample stability is a serious
concern in pharmaceutics, since trace degradation can lead to batch rejection.
Stability becomes a critical concern in biopharmaceutics, because biological
drug substances are often prone to bacterial contamination. It cannot be
assumed that a refrigerated or frozen sample is immune to degradation.
Freezing and thawing, in particular, lead to denaturation and aggregation
of biological materials. Phase separation can occur on refrigerated sample
storage. Long-term storage of biological samples is often performed by freez-
ing by stirring in liquid nitrogen and subsequently storing at -80°C. Thawing
is performed by incubation with tepid water and agitation. These proce-
dures do not guarantee the recovery of biological activity but often prevent
aggregation.

Finally, developing a good labeling system is important to sample han-
dling, particularly because samples may require long-term storage, some-
times under conditions of severe cold. In industrial production, samples are
often identified by batch number. When a sample is drawn from the bulk,
a new number should be assigned. Many organizations use sequential six-
digit numbers to identify samples. Alternatively, by labeling the sample by
notebook number and page number, a unique label can be established.

1.7.6  Chromatographic optimization

Some kinds of chromatography require relatively little optimization. In gel
permeation chromatography, for example, once the pore size of the support
and number of columns is selected, it is only rarely necessary to examine in
depth factors such as solvent composition, temperature, and flow rate. Opti-
mization of affinity chromatography is similarly straightforward. In RPLC
or IEC, however, retention is a complex and sensitive function of mobile
phase composition; column type, efficiency, and length; flow rate; gradient
rate; and temperature.

Since retention in RPLC or IEC is a function of so many variables, it is
advisable to structure the process of method development. The principal
goal of optimization is to devise chromatographic conditions such that the
peaks are roughly evenly distributed through the chromatogram and no
peaks overlap. In the first phase of optimization, pH, temperature, gradient
rate, and flow rate are fixed. Several columns may be surveyed under these
standard conditions. In the later stages of optimization, linear solvent
strength theory is useful to obtain precise solvent compositions, gradient
rates, and flow rates.

In surveying a separation, a gradient from 100% weak solvent to 100%
strong solvent is performed. In RPLC, the gradient might be from 100% water
to 100% methanol or acetonitrile, while in IEC the gradient might be from
water to 1 M NaCl. Some experimentalists prefer to begin the gradient from
slightly less than 100% weak solvent, since mixing artifacts are sometimes
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observed. The solvent strength (i.e., the concentration of the strong solvent)
at which each peak elutes is noted. Ideally, all components to be separated
will elute as resolved peaks in a fairly narrow region of solvent strength in
the range of 10 to 90% strong solvent. If these conditions obtain, isocratic
separation may be possible.

If most peaks elute near the injection front or near the end of the gradient,
it may be necessary to adjust the pH of the mobile phase before proceeding.
Atlow pH, carboxylate anions will protonate to the neutral form, and amines
will protonate to the cationic form. At high pH, carboxyl groups will depro-
tonate to the anionic form, and amines will deprotonate to the neutral form.
At very high pH, hydroxyl groups may also deprotonate, a feature that is
used in ion exchange separations of sugars as described in Chapter 5. By
comparing separations performed with the mobile phase buffered at pH 2,
pH 7, and (if permitted by the column packing) at pH 12, it is often easy to
shift retention times that are too early or too late into the optimal region. In
reversed phase chromatography, if components are still unresolved from the
solvent front, it may be possible to include mobile phase additives to ion
pair with the analyte, as is described in Chapter 4. Mobile phase additives
and pH adjustment may also be used to improve peak shape.

Once the resolution has been optimized as a function of gradient rate,
one can continue to fine-tune the separation, raising flow rate and temper-
ature. In a study of temperature and flowrate variation on the separation of
the tryptic peptides from rabbit cytochrome ¢, column performance doubled
while analysis time was reduced by almost half using this strategy.” Com-
mercially available software has been developed to aid in optimization. As
a final note, in an industrial laboratory optimization is not completed until
a separation has been shown to be rugged. It is a common experience to
optimize a separation on one column, only to find that separation fails on a
second column of identical type. Reproducibility and rigorous quality con-
trol in column manufacture remains a goal to be attained.

1.7.7  Data capture and analysis

The output of a detector is an electrical signal, the intensity of which is the
analog form of the signal. For data processing and analysis, this must be
converted into digital form. Chromatographic data systems and the principal
issues of peak analysis, including peak shape assumptions, derivative tech-
niques, signal filtering methods, and peak cutting techniques, have been
reviewed.?”®” Chapman presented a refreshing perspective on the mystical
awe with which computer systems are reverenced; why it is not always a
good idea to place such trust in what, after all, are fallible instruments; and
the history of Food and Drug Administration (FDA) guidelines on software
validation.!® As software is incorporated ever more widely into HPLC con-
trollers, detectors, data capture units, and data analysis systems, the chro-
matographer needs to be alert to the many, often insidious failures that can
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occur. A recent description of software validation in an industrial setting is
instructive.!®? A Dionex signal generator, traceable to National Institute of
Standards and Technology voltage patterns,'®> was used as a reference stan-
dard for digitally generated pseudo-chromatograms for analysis on a
Hewlett-Packard® HP® 3350 LAS computer network. Peak deconvolution is
becoming increasingly important, as sample complexity outstrips even the
impressive peak fraction capacity of modern HPLC.103104

1.7.8 Statistical analysis

Since most industrial laboratories operate under strict time constraints, it is
a temptation to forego experimental design in favor of generating results
quickly. It is almost always more cost-effective to re-analyze existing data
than to generate new data. For re-analysis to be feasible, however, experi-
mental conditions must be carefully controlled. Proper experimental design
implies designing experiments with statistical analysis in mind. The first
step in the process is to make a list of the possible variables, including
suspected interactions between variables. This list constitutes an outline of
the experimental design. From a list of variables and an estimate of assay
precision, one can estimate the number of independent and the number of
dependent replicates required for statistical analysis. Independent replicates
are samples prepared, handled, and analyzed separately from one another.
If a detector shows day-to-day variation in response, for example, one should
plan to assay all samples on one day or to assay equal numbers of samples
from each group on different days.

A central concept of statistical analysis is variance,'® which is simply
the average squared difference of deviations from the mean, or the square
of the standard deviation. Since the analyst can only take a limited number
n of samples, the variance is estimated as the squared difference of deviations
from the mean, divided by n — 1. Analysis of variance asks the question
whether groups of samples are drawn from the same overall population or
from different populations.!®® The simplest example of analysis of variance
is the F-test (and the closely related t-test) in which one takes the ratio of
two variances and compares the result with tabular values to decide whether
it is probable that the two samples came from the same population. Linear
regression is also a form of analysis of variance, since one is asking the
question whether the variance around the mean is equivalent to the variance
around the least squares fit.

Take, as an example of an optimization problem, a derivatization reaction
A+ B — Cin which it is desired to maximize the yield. The rate of formation
of C might be dependent on pH, temperature, the concentrations of A and
B, and the time allowed for the reaction to take place. A reasonable first step
would be to perform an analysis of the reaction rate at fixed pH (say, pH 7),
concentration, and temperature (say, 50°C) to estimate the time required for
the reaction to reach completion. It is useful to follow the reaction well
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Table 4 Example of ANOVA

Temperature
50°C 70°C

pH7 Groupl  Group 2
pHY9  Group3  Group 4

beyond completion to see if decomposition of the product can occur. Also,
by using a few replicates at various time points, it may be possible to estimate
the standard deviation associated with the analysis.

Given an estimate of the time to completion and precision of the analysis,
one can temporarily eliminate time as a variable and construct an analysis
of variance (ANOVA) to examine the effects of pH and temperature. A simple
ANOVA would consist of four groups, with several replicates in each group,
as shown in Table 4.

Notice that the results from one of the time points of the kinetic analysis
may be used for the Group 1 values, assuming that day-to-day and sample-
to-sample variability is minimal and that the time used for the remaining
groups is the same as that of the Group 1 sample. From the ANOVA will be
obtained not only information about the best temperature and pH, but also
an indication of whether pH and temperature interact with one another.
Further ANOVA or kinetic analysis can help to pinpoint the optimal yield
as a function of all of the variables.

A full investigation of a five-factor problem such as the reaction above
would probably require greater resources than most industrial analytical
laboratories would normally care to expend. By arbitrarily defining a limited
number of values for the variables and carefully controlling the sources of
variance, the problem can be analyzed according to ANOVA of lower dimen-
sionality. There are many other optimization strategies. The advantage of
designing the experiment using an ANOVA model is that the results are
structured. All of the known variables are controlled, and many groups are
directly comparable to other groups.

1.7.9 Presentation of results

Preparing reports and presentations is a major function of an industrial
analyst. Unlike academia, in which graphics are used primarily as an adjunct
to finished publications, in the industrial environment, presentations of inter-
mediate data are frequently used to guide decision-making on the fly. Since
those making the decisions are rarely analytical experts, graphic presentation
is an art of its own. In effect, the analyst needs to construct a picture so simple
that even a non-expert can understand the implications. Some of the formats
that are extremely useful include chromatographic overlays for sample com-
parison or comparison of sample with blank; statistical quality control charts
and trend analysis, demonstrating the change of a value over time; and the
substitution of tabular data with graphic presentations.
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Of the various methods of data presentation, the one with which starting
analysts may be least familiar is trend analysis and statistical quality control.
In an industrial environment, analysis is often centered around the produc-
tion of batches of material. The properties of those batches may change over
time due to random effects or to subtle changes in the production process.
In either case, the quality of the product may change. Analysis is used to
track the change in the properties of batches over time. Industrial analytical
methods, therefore, need to be extremely rugged. Millions of dollars may
depend on the analyst’s judgment as to batch equivalence.

The statistical control chart is a graph of a value measured for samples
over time.**1% One usually graphs the property measured, but one can also
graph the standard deviation of replicates within a run. By analyzing a
reference sample each time that a series of unknown samples are run, control
of the measurement process can be demonstrated. It is wise to bracket groups
of unknowns with reference samples so that if there is a failure of the method,
analytical control can be demonstrated for the groups that are bracketed.
Given a sufficient number of measurements of the control sample, an esti-
mate of the true mean value and standard deviation of the measurement
around that mean can be obtained. Of the values subsequently obtained for
the standard, 95% should lie within no more 2 standard deviations of the
mean, and any values outside of 3 standard deviations should be regarded
as clearly indicative of method failure.

One can apply a similar approach to samples drawn from a process over
time to determine whether a process is in control (stable) or out of control
(unstable). For both kinds of control chart, it may be desirable to obtain
estimates of the mean and standard deviation over a range of concentrations.
The precision of an HPLC method is frequently lower at concentrations much
higher or lower than the midrange of measurement. The act of drawing the
control chart often helps to identify variability in the method and, given that
variability in the method is less than that of the process, the control chart
can help to identify variability in the process. Trends can be observed as
sequences of points above or below the mean, as a non-zero slope of the least
squares fit of the mean vs. batch number, or by means of autocorrelation.!%

1.8 The role of laboratory management
1.8.1 Owverview

Analytics plays a critical and sometimes underestimated role in the pace
and direction of industrial projects. As laboratories are increasingly auto-
mated, the management skills of scientists are increasingly relied upon to
coordinate a complex and dynamic workplace.!’” There are many aspects
of project management which are not within the discretion of an analytical
manager. The exigencies of project timing and institutional culture, as well
as the nature and volume of the sample stream, influence the flow and
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methodology of laboratory work. The manager of the analytical laboratory,
however, can provide leadership essential to the success of an enterprise.

There are many kinds of analytical laboratories, ranging from clinical
laboratories handling vast throughput by invariant methods to research
support facilities with widely variant sample streams. Factors that are taken
into consideration for management style include minimization of cost and
turnaround time and maximization of throughput, precision, assay repeat-
ability over time, flexibility, and sensitivity of detection. It is impossible to
optimize all of these desirable characteristics simultaneously. To achieve
certain goals, others will be sacrificed. In addition to instruments, columns,
detectors, and general scientific procedure, wise scientific management is an
essential element of the production of quality industrial data.

One leading industrial scientist said about the process of drug devel-
opment:1%

“The ‘managers’ must ... be strong leaders, accom-
plished and respected scientists themselves, who must
exhibit broad vision, long-term perspective, trust in
other professionals, and the ability to inspire others...
The public and the ethical industry are best served by
decisions based on good science, adherence to high
standards, and independent, expert review... If the
industry starts with high quality science, effective anal-
yses, and honest, responsive presentations, its regula-
tory problems will be few.”

This is, more generally, a good overview of what is required in analytical
management. While the primary emphasis must be on good science — high
technical skill, careful experimental design, application of efficient analytical
tools, thorough statistical analysis, and effective management of data — the
“broad vision, long-term perspective, trust in other professionals, and the
ability to inspire others” listed by Cuatresecas above are skills essential to
the laboratory of the future.!” Furthermore, these leadership skills are defin-
able and learnable. Noting that leadership in the laboratory is directly related
to bottom-line financial performance, some institutions are actively adopting
these principles, while others lag. This section will expand on the concepts
implicit in Cuatresecas’ outline, beginning with “broad vision”, progressing
through “good science”, and closing with some practical suggestions on
budgeting and equipment acquisition.

1.8.2  The laboratory vision

Given the same goals and resources, two equally qualified individuals often
end up with very different degrees of success. To some extent, the different
outcomes are attributable to the relative levels of motivation. The personal
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outlook that defines motivation is what is meant by “vision”. Leaders are
often required to take risks and to sacrifice, and to persuade others to do
likewise. Vision is the ability to look beyond the present and calculate the
future, permitting one to see that the necessary risks and sacrifice are worth-
while. Effective leaders are able to communicate this vision to others, moti-
vating the entire team.

Defining a vision in an industrial analytical laboratory is difficult because
of the pressures to operate within the short-term time horizon often associ-
ated with product development. If the laboratory environment requires
extremely high sample throughput, it is tempting to abandon efforts to
develop the staff. Given the pace of change in the modern laboratory, how-
ever, it is both more humane and more productive to automate repetitive
tasks and to develop a work environment of high learning.!%” The managerial
vision increasingly will need to focus on the human needs of the work force
in order to obtain a flexible and productive laboratory and keep the staff
engaged and learning.

Scientific workers tend to be better educated, more independent, and
more highly motivated than nontechnical workers. Managers of technical
laboratories, who often come from a career in science, need to recognize that
management of technical employees is a new profession, distinct from the
conduct of technical work. All workers, technical and nontechnical, value
the following in descending order of importance:'®

¢ Interesting work

¢ Full appreciation of work done

¢ The feeling of being in on things
¢ Job security

¢ High wages

¢ Promotion

* Good working conditions

¢ Personal loyalty of the supervisor
¢ Tactful discipline, and

¢ Help with personal problems

Some practical means to accomplish these goals are

® Define achievement by projects advanced or questions answered,
rather than by the number of samples run. Let the analyst know what
the results of an analysis will mean to a specific project. Ensure that
each analyst receives public credit for work well done.

* Make a list of basic skills useful in analytical chemistry, such as public
speaking, writing skills, statistics, electronics, and computer science.
Determine where each analyst is strong or weak, and make a com-
mitment to further training. Reserve several hours each week for
special training in basic skills. Presentation by junior analysts of a
published paper to a group of peers is one useful format.
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* Work with those who submit samples to limit submissions to those
likely to yield useful information. In a typical sample queue, some
are outside of the parameters required for a standardized assay, hav-
ing a concentration too low for the precision required or containing
matrix components incompatible with the assay. Others may be low
on the list of project priorities. Analytical morale gains if every sample
run leads to results that are valued.

¢ Periodically — weekly, if possible — review progress and project fu-
ture work. Junior analysts will usually tolerate periods of overload
as long as the periods are anticipated, finite, and clearly related to
defined project goals. Recognition of extra effort through thanks may
be sufficient if the periods of overtime are brief. If sustained periods
of overtime are required, compensatory leave or financial compensa-
tion are essential to maintain good will and limit turnover.

* Plan ahead for those brief periods of slack time, and use them pro-
ductively. In many laboratories, instrument maintenance, operator
training, and staff development are in chronic deficit. During slack
time, those deficits can be addressed.

¢ Establish a program to monitor the publications, patents, and an-
nouncements of competitors and communicate these to the analytical
group. If there is a genuine commitment in the organization to “be
the best”, a good first step is to recognize the very skilled competition
to be faced.

¢ If possible, collaborate with research departments of local universities
on publishable work, even if that requires working outside of business
hours. Publication builds training and morale. It is also a way of
ensuring that junior analysts will have proof of their accomplishments
in the event of corporate reorganization, restructuring, or downsizing.

* Rotate the work that is least well loved. If possible, include yourself
in the rotation. There are benefits to taking part in laboratory work,
even if only for a few days per year. It is a form of “managing by
walking around”, helping a manager stay current with laboratory
operations. Also, it emphasizes the notion that no work that advances
projects is unworthy. Further, it helps the manager maintain a sense
of how long it takes to accomplish tasks. Finally, by taking part in
laboratory operations, the manager gains a sense of which tasks are
repetitive and can with advantage be automated.

1.8.3 Serving the public

An analyst will handle many tens of thousands of samples over a career.
The speed and complexity of sample analysis and reporting is rising and
will rise further still. The quality and reproducibility demanded of sample
analysis is also rising. Analyses may become numbingly repetitive and
results may not receive much appreciation. In analytics, the rewards for work
well done are rarely proportionate to the penalties for work done late or
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THE SCIENCE MOB

Fraud, complacency, and secrecy
in the scientific establishment

Figure 6 “The Science Mob”. (Reproduced with permission from The New Republic
and Mr. Robert Grossman.'%)

work discovered to be erroneous in a regulatory audit. The low rate of fraud
or error in science is a powerful testament to the fundamental dedication
and decency of the overwhelming majority of scientists.

Still, some members of the lay public are clearly skeptical of science and
scientists, as indicated by the view of the profession presented on the cover
of a national magazine in Figure 6.1 Although we may be assured that
scientists as a group are no more deficient in morals than, say, cartoonists,
it is important to understand the basis of public perceptions and to examine
the practical implications for laboratory management. Industrial products
are very widely distributed and many are used intimately. There are real
consequences that can arise from a serious error in manufacture or design,
as illustrated by the case of L-tryptophan.

L-tryptophan is a naturally-produced, natural amino acid used as a
dietary supplement. Samples from one manufacturer were found to be con-
taminated by trace amounts of another naturally occurring compound —
1,1"-ethylidene bis-[L-tryptophan]. The latter compound appears to have been
responsible for causing a number of deaths and additional cases of chronic
eosinophilia-myalgia,'! some of which might have been prevented had there
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been a fuller portfolio of analytical data. The public record indicates no
dereliction of science in this episode. Rather, the producer’s apparent strong
focus on improving the fermentation yield overshadowed full characteriza-
tion of the minor components or the process of their removal.

Industrial scientists, therefore, hold a very high public trust. There is a
need to go beyond the requirements of scientific canons and demonstrate to
the lay public that its trust has been upheld. A number of industrial firms
have recognized and responded to this need. Wilder, of Eastman Chemical,
for example, describes a proactive pollution prevention policy developed in
partnership with the Environmental Protection Agency.!'? This work
describes the key role of analytics in helping chemical manufacturers take
leadership roles in redesigning processes for waste prevention. Since the
analytical laboratory is a principal referee in the production process, there
is always a risk that time pressures will tempt some members of the pro-
duction team to “work the referee”. An important function of the chain of
command of the analytical laboratory, therefore, is establishing a clear oper-
ational policy to ensure that any such pressure does not reach the bench level:

* Define the turnaround time for each kind of routine sample analysis
and ensure that sample submitters understand requirements for sam-
ple size, concentration, and matrix.

¢ Ensure that all reported results are reviewed prior to release, even if
by a peer or a junior.

¢ Allow sufficient development time for new assays so that deadlines
can be comfortably met in all but exceptional cases. When assays
require new instrumentation or new personnel, build in a reasonable
learning period.

* Make it clear that the laboratory is devoted to good science.

1.8.4 Trust

The level of trust within a working group is probably the single most impor-
tant predictor of success.!’”” Teamwork is predicated on trust, and trust is
built not by words but by actions. Particularly essential in establishing trust
are managerial actions. A recent case history provides an instructive coun-
terexample.!'3 The point which emerges from this case study is that when
each is striving for his or her own benefit to the detriment of others, the
security and well being of all are eroded.

Organizations thrive or fail on trust. Trust is a precious commodity
impossible to quantitate on a bottom line, fragile, and, when damaged,
difficult to repair. When there is trust in an organization, resources and
information are shared freely and efficiently. Ironically, during the “efficiency
drives” of the recent past, the employment security that once was the cor-
nerstone of trust in scientific organizations was eliminated. The analytical
manager must therefore establish trust within his operation despite the
uncertain employment environment.
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The essence of trust is a sense of predictability and the security that
follows. The most predictable things are those which one directly knows and
controls. A good analytical work environment is characterized by a leader who:

* Directs only to the degree required by an individual’s own limits,
involving each worker in as many decisions as possible and delegat-
ing to each worker considerable control.

* Has a genuine interest in the personal and professional wellbeing of
each group member and therefore treats each as a unique individual.

* Respects each worker as a responsible, well intentioned adult, striving
to do his or her best.

¢ Is ethical, fair, and consistent, communicating honestly and openly
about events in the organization.

* Recognizes accomplishment both publicly and privately and encour-
ages continual worker education and growth.

e Serves as a facilitator, rather than as an overseer.

and by a staff that:

* Has a sense of purpose and an understanding of its role in the cor-
porate mission.

¢ Feels an internal commitment among staff members to each other and
to the organization.

¢ Cooperates, rather than competes.

* Shares the tedious work.

* Voluntarily trains new arrivals.

Trust, which implies respect, is the fundamental source of high morale
and productivity, loyalty, and enthusiasm. A common corporate aphorism
is that “no one is irreplaceable”. In fact, the loss of even the least efficient
member of one’s team to some degree scars the whole. While everyone may
be replaceable, one must ask whether replacing people is worth the price in
trust lost. There may be cases in which an employee proves incapable of
performing at a minimal level of competence. In such cases, transfer or
termination should be performed promptly for the benefit of the group, the
corporation, and the employee. The recent trend toward solving corporate
performance problems by dismissal of employees, however, is unwholesome.

1.8.5 Good science

A description of how large academic laboratories are administered, illustrat-
ing how different management styles can be successful, has appeared in the
literature.!* There is great diversity in laboratory operations in large labo-
ratories, but clearly contact between those who plan the projects, those who
have high skills in project operations, and those who execute the more
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routine work is regarded as important. Contact between the different groups
allows review of the details of how work is done and redefinition of the
goals of the work. Review is one of the most important features of good
science.

Good science requires good records. Complete records require the iden-
tification of each sample with a unique number, traceable to written records
describing donor and recipient, date of receipt, the sample composition, the
notebook page describing sample preparation, sample hazards, assays
requested, and the date after which the sample should be discarded. The
sample label should include the name of one analyst responsible for storing
and distributing the sample, safety information, the date of receipt, and the
expiration date. The sample label should be resistant to conditions of storage.
If a sample is transferred from one container to another, either in process of
distribution or storage, a new number should be assigned and the aliquot
should be regarded as a new sample. For such aliquots of original samples,
labeling by initials, notebook number, page number, and sample number is
usually sufficient. Some additional suggestions:

e Validate routine methods, i.e., define the conditions under which the
assay results are meaningful.!’® To do that, one must select samples
that are truly representative of the product stream. This may be a
difficult task when the process is still under development and the
product stream variable. The linearity of detector response should be
defined over a range much broader than that expected to be encoun-
tered. Interference from the sample matrix and bias from analyte loss
in preparation or separation often can be inferred from studies of
linearity. Explicit detection or quantitation limits should be estab-
lished. The precision (run-to-run repeatability) and accuracy (compar-
ison with known standards) can be estimated with standards. Sample
stability should be explored and storage conditions defined.

* Establish detailed written protocols. A suitable test of the quality of
the protocol is that a naive operator should be able to analyze accu-
rately blind samples with no further instruction.

® Perform periodic unannounced audits of operator performance by
submitting blind samples of known composition. Comparison of ob-
served vs. expected results may reveal bias due to differences in
methodology or flaws in technique. The results of the tests should not
be made the basis of punishment or reward.

¢ Establish control charts of instrumental performance. Day-to-day
variations in pump flow rate, relative response factors, absolute re-
sponse to a standard, column plate counts, and standard retention
times or capacity factors are all useful monitors of the performance
of a system. By requiring that operators maintain control charts, trou-
bleshooting is made much easier. The maintenance of control charts
should be limited to a few minutes per day.
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* When appropriate, require that operators be capable of performing
mechanical repairs of their own instruments. This is the simplest way
of teaching instrumental function and greatly improves operator self-
confidence. With the highly-computerized systems of today, it is likely
that supplemental assistance from the manufacturer will be necessary
for instrumental maintenance.

When the sample is injected onto the HPLC, the chromatographic run
should also be supplied with a unique number. Since HPLC systems are
becoming increasingly complex and components are swapped in and out, it
may save time to make a drawing of the system complete with component
serial numbers and insert a photocopy into the log book. This is called the
system definition and should be updated routinely. To make it impossible
to tamper with a photocopy (a requirement in laboratories subject to audit),
the copy should be mounted permanently into the notebook with glue and
tape. If standard methods are used, the parameters also should be recorded
into the logbook. The analysis parameters used to calculate results should
be recorded. Although there is presently an inclination to require that hard-
copy printouts of all data be retained, the rise in the volume of data that a
single analyst can generate is such that retaining hard-copy is becoming
impractical. In a high-throughput laboratory, a single analyst may generate
over 10,000 pages of output over a year. An audit may require selecting a
single analysis, performed years ago, from the output of the entire division.
Clearly, management of data is a critical component of managing an analyt-
ical laboratory.

Thorough validation of a method is a major step in ensuring the validity
of results. By understanding the analytical issues that arise due to variability
in the sample stream and errors in sample manipulation, one can build
safeguards into the procedure. By defining the limits of detection and the
expected variation in system performance, one sets limits on interpretation
of data. It is probably better practice to report an observed value, even if it
falls below the official level of detection, rather than listing the result as less
than a threshold or as zero. Be forewarned that reporting a value below the
limit of detection is an eternal source of perplexity to nonanalysts and may
lead to attempts to draw conclusions from insignificant differences or
demands to lower the official limit of detection.

Standards and blanks are the usual controls used in analytical HPLC.
Standards are usually interspersed with samples to demonstrate system
performance over the course of a batch run. The successful run of standards
before beginning analysis demonstrates that the system is suitable to use. In
this way, no samples are run until the system is working well. Typically,
standards are used to calculate column plate heights, capacity factors, and
relative response factors. If day-to-day variability has been established by
validation, the chromatographic system can be demonstrated to be within
established control limits. One characteristic of good science is that samples



Chapter one:  Introduction 45

are run once only and all data is used in final reporting. In this way, an
auditor can be more certain that there has been no tampering with results.
Multilevel calibration is used as a proof of linearity. The inclusion of a
reference sample, i.e., a well characterized sample representative of the pro-
cess stream, is used as a control for sample handling. Results from the
reference sample are often used as part of the acceptance criteria in deter-
mining whether a batch run was successful.

The use of internal standards is somewhat controversial.'> There is
agreement that an internal standard may be used as a correction for injection
volume or to correct for pipetting errors. If an internal standard is included
before sample hydrolysis or derivatization, it must be verified that the recov-
ery of the internal standard peak is highly predictable. Ideally, the internal
standard is unaffected by sample handling. Using an internal standard to
correct for adsorptive or chemical losses is not generally approved, since the
concentration of the standard may be altered by the conditions of sample
preparation. An example of internal vs. external standards is given in
Chapter 4.

Statistical analysis is a very important element of good science, and it is
underused in most analytical laboratories. In designing methods, factor anal-
ysis is useful for identifying factors that are likely to affect results. Correlation
coefficients, while useful, are often overused or misused. The density of data
points selected for a regression should be evenly distributed, rather than
clustered, to prove linearity by means of a correlation coefficient. It should
be recognized that linearity is an idealization of detector performance. The
upper and lower limits of linearity should be established. While many ana-
lysts are familiar with regression, relatively few use the related method,
analysis of variance, to determine the actual significance level of a correla-
tion. Analysis of variance can sometimes be used in correlating the sizes of
minor peaks to process changes and is therefore useful in process validation
and process monitoring. In the course of monitoring a production process
over time, one develops the very large sample populations necessary to use
statistics to explore unsuspected relationships. Propagation of error is
another method of great utility in analytical chemistry. By understanding
the contributions of individual variables to the uncertainty in a measured
value, one can systematically improve the precision of an assay.

Maintenance of instrument logbooks and detector calibration are impor-
tant issues. A logbook should include a full description of the instrument,
including serial and model numbers. Each instrumental user should be
instructed to look for specific signs of impending failure, such as changes in
pump flow rate and the level of medium-term baseline noise. It should be
explained that recording these in the logbook may help to pinpoint when
an instrumental failure occurred, thereby limiting the amount of data that
may need to be re-checked. Column serial numbers and day-to-day perfor-
mance characteristics, such as plate count, should be logged for the same
reason. Developing a test procedure for a detector can be somewhat
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involved. For the multiple wavelength UV detector, one can scan a known
sample over a wavelength range to determine accuracy of wavelength and
measure absorbance of different concentrations at a fixed wavelength to
determine accuracy of photomultiplier response. Other detectors may be
much more difficult to calibrate. The performance characteristics of fluori-
metric and electrochemical detectors, for example, tend to exhibit much
greater day-to-day variability than UV detectors. If possible, methods involv-
ing these detectors should not rely on absolute response, but rather on
relative response.

1.8.6 Budgeting

Cost-benefit analysis is a part of managing a laboratory that many laboratory
managers dread, yet it can be made relatively painless. The first step in doing
cost-benefit analysis for instrumental acquisition is to determine how many
hours an analysis or an analysis step presently requires and how many hours
would be saved by acquiring a new instrument. If the anticipated time
savings over the lifetime of an instrument, calculated from salary plus over-
head plus benefits, is greater than the instrumental cost, there is a strong
case for for purchasing the instrument. For example, if the cost of labor is
estimated at $100,000/year, and a technician would save 5 minutes per day
by purchasing an automatic pipettor expected to last three years, then about
60 hours (equivalent to $3000) would be saved over the lifetime of the
pipettor. If the pipettor costs $300, the cost-benefit ratio is 0.1, and the
pipettor is a real bargain. From that simple calculation, it should be clear
why automation is cost effective in most laboratories and why making every
minute productive is an important part of corporate success. Scientists,
trained in the methods of exact calculation, may find it vexing to make the
approximations necessary for cost-benefit analysis. Cost-benefit analysis,
however, is an important part of communicating scientific needs to financial
managers.

For acquisitions of instruments, cost-benefit analysis is usually only the
first step. It is much more difficult to write a justification for an instrument
based on project utilization. In some companies, it may be difficult to get an
instrument unless one can go outside the company to get data to prove the
benefits of an instrument. That scientific literature demonstrating the utility
of an instrument on related compounds is not an acceptable substitute to
data on the company’s compound can be distressing; it can be difficult to
get the necessary permissions to take a sample out of the company to a
university or to an instrumental applications laboratory, and it can be awk-
ward to present data to a conference of senior managers who have little
understanding of the science involved in the presentation. However, the
present system often makes it incumbent on the laboratory director to do
these things to get the instruments necessary to complete projects on time.
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One of the most difficult decisions that good managers face is the deci-
sion to request additional personnel. Adding a person to the group is a
commitment of your time and training to ensure that the new hire will be
doing valuable work well. Adding a new person is a significant commitment
of corporate resources. In addition to salary, benefits, and overhead, each
new hire requires instrumentation and supplies. Also, it is not unusual for
a new hire to become fully productive only after a period of many months.
The decision to add personnel should come only after making a full study
of project timelines over as long a period as possible. Consideration should
be given to automation, contracting work out, or temporary hires, and the
addition of personnel should be reserved as a last resort. Employing recent
graduates is one way to bring to the corporation new technology and new
ways of looking at problems. It may, however, be more cost effective as a
general strategy to systematically train existing employees.

Minimally, research and development (R&D) upper management must
communicate general project priorities to R&D personnel, and then request,
often through Project Management, appropriate time commitments and per-
sonnel needs from each department. The decline of the ranks of middle
management, however, has damaged lines of communication. One some-
times even finds that information that is freely available through such public
domain sources as scientific publications, corporate press releases, or share-
holder reports does not circulate to those who need it. However, assuming
that approximate project deadlines are known, one can calculate manpower
needs fairly accurately. A good starting point is to determine what charac-
teristics of the compound under development are likely to be most important
in keeping development on track. For a polymer, the molecular weight or
the presence of additives might be expected to be important, while for a
biopharmaceutical, the presence of residual cell culture media might be
important. Required detection limits should be estimated. After compiling
a list of which characteristics are likely to be important to define, the next
step is to propose an assay, including approximate assay time, separation
technique, and detector. Staff discussion at this stage may reveal potential
weaknesses in the assay and suggest a backup. Since staff are now aware of
what work is likely to be coming up, they may be able to assemble literature
and materials. As the project start time approaches, preliminary method
development can be done. Finally, one needs to estimate the production rate,
i.e., the number of batches per year, that will require assay. At this point,
estimating staff requirements is fairly straightforward.

1.8.7 Technology transfer

Technology transfer may involve the transfer of an analytical method from
a research group to an analytical group, the transfer of a method from one
analytical laboratory to another analytical laboratory or to a quality control
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unit, the transfer of a separation method from an analytical laboratory to a
process development group, or the transfer of a production method from
one facility to another. Therefore, the skills of the analytical laboratory man-
ager in defining and communicating technical issues are critical to maintain-
ing the pace of development. Often, there are differences in culture between
the corporate divisions that lead to misinterpretation and conflict. In the
words of a researcher in the area of conflict:1

“The pressures of rapidly bringing high quality new
products to market have increased managerial aware-
ness that cross-functional integration is necessary to
success. ... [T]The 1980s are littered with the detritus of
failed ventures or merged ones that could not create
their strategic syncretism of science and business in
time.”

Perhaps the most important step in ensuring the smooth transfer of
technology is the production of a written method. As well as serving as a
technical guide, the written method serves to limit conflict by providing a
record of who said what when. A written method should begin with an
introduction in plain, nontechnical language that describes the function and
limitations of a method. Issues that may arise during the course of sample
handling, particularly dissolution, detection, and stability, should be
described briefly. Specification of standards, solvent grade, and HPLC col-
umn should be established. Methods of calculation, including an example,
should be included. A method should also include a system suitability test,
i.e., a test that can be run with standards to determine whether the system
used by the laboratory receiving the new method is capable of performing
the analysis. A method should also include acceptance criteria, i.e., criteria
to determine whether the test results are likely to be valid. Examples of
elements of a system suitability test are the measurement of column plate
height, the calculation of separation factors, and the sizes of the standard
peaks relative to full scale. An element of acceptance criteria could be the
size of the peak of the principal component. Brief methods are more likely
to be read in detail than long methods.

In addition to a written method, transfer should include several samples
of well-characterized materials, portions of which are retained by the original
laboratory for troubleshooting purposes. For distant laboratories, the avail-
ability of data transfer by modem can be extremely helpful in troubleshoot-
ing. Often, comparison of chromatograms transmitted by mail or by FAX is
unsatisfactory for rapid troubleshooting. Senior management should be
briefed on the advantages of installing uniform data systems throughout the
organization, including the importance of data systems capable of transmis-
sion by modem.
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1.8.8 Conclusions

Managing an analytical laboratory requires knowledge of how to manage
people, instruments, data analysis, data systems, and project schedules. A
background in science does not necessarily provide one with the tools
required to manage effectively. The analytical manager should review the
literature on social science and management,''’”1¥ recognizing that the
human component is extremely important to successful operations. As one
writer put it, middle management, though much maligned, serves as a
stabilizing force to maximize system efficiency and aid the implementation
of technological change:!?

“Fortunately, American culture produces many strong
people who can be extraordinarily good at coming up
with creative solutions. ... Middle managers ... have
to... recognize that most technical and people prob-
lems are inseparable. [T]Jop management will have to
start developing and rewarding this activist role.”

Operating an analytical laboratory also requires considerable technical
depth. In the selection of staff for the analytical laboratory, some thought
should be given to this need. A background in organic chemistry is useful
in optimizing derivatization reactions. Knowledge of statistical methodology
is necessary in experimental design and in interpreting data. Spectroscopy
and electrochemistry are important in understanding detectors. Computer
and electronics skills find application in integrating HPLC systems and in
management and reporting of data. The coming years promise to be some
of the most productive years of science — for those that have the skills.
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Al
Introduction: update 2000

Joel K. Swadesh

Al1.1 Overview of developments in laboratory practices,
instrumentation, columns, and detectors

Since the first edition of this book was published, there have been significant
qualitative improvements in laboratory practices, instrumentation, columns,
and detectors. In a few areas, the degree of change has been so significant
that it might be termed revolutionary. Advances in computing, component
miniaturization, and sample handling have powered the rise of mass spec-
troscopy as a standard HPLC detector, greatly increasing the productivity
of the analytical laboratory. Section Al.2 is devoted to mass spectroscopy.
Capillary electrophoresis has been standardized to the point of being useful
as a routine technique. One of the most exciting developments in the area
of columns has been the fusion of chromatography and electrophoresis to
form a mixed-mode method called column electrochromatography,
described in the update to Chapter 7. The popularity of chromatography
and electrophoresis on chips has extended the use of these techniques to a
wider group. Miniaturization has also accelerated separations, reducing sol-
vent disposal problems for laboratories. Reduction of column and eluent
volumes also permits the use of solvents and column packings that would
normally be too expensive or too toxic to use. Monoliths, or homogeneous
phases cast as chromatography columns of one piece, may facilitate custom-
designed miniaturized columns. The recent commercialization of microma-
chines (MEMS) promises a genuine revolution in techniques that are depen-
dent on sample handling. Miniaturized pumps, mixers, and heating and
cooling devices will facilitate massive parallelism in sample cleanup, deriva-
tization, transfer, and separation.

Exciting, but more evolutionary developments have also been plentiful.
The revolutionary advances in mass spectrometry have been made possible
in part by clever means devised to stack samples for electroseparations,
transfer samples to the spectrometer, and ionize the samples for analysis.
Small particle sizes and shorter, high-efficiency columns are now common.
Low flow rate pumps necessary for interfaces to mass spectrometry are
commonly available. Peak capacities over 300 have been generated using
ultrahigh-pressure chromatography, a development likely to accelerate
progress in the analysis of extremely complex mixtures. The use of smaller
capillaries has made open tubular liquid chromatography more amenable
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to general use. The development of inexpensive chiral phases has made
preparative separations possible. Packings imprinted with a compound to
create an affinity phase also facilitate scale-up of chiral separations. Elec-
tronic means of preparing ion exchange eluents have improved the safety
and reproducibility of ion exchange chromatography. Array detection con-
tinues to make electrochemical detection more attractive as a specific detec-
tion method. Hydrodynamic chromatography has shown promise as a
means of preparing well-characterized materials.

Laboratory practices continue to improve. Better data handling capabil-
ities have improved the ease of managing and auditing laboratory data, such
that “portable labs” such as the Labtop™ portable laboratory are becoming
a reality. Many companies are recognizing the need for processes to be
environmentally gentle. All areas of manufacturing, including the analytical
laboratory, are undergoing a slow transformation to this end.

The structure of the second edition follows that of the first edition, with
novel applications contained in sections attached to the individual chapters.
The present chapter covers mass spectroscopy, with additional applications
being found in the individual chapters, as well as advances in common
detectors, unusual modes of chromatography, and general theoretical
advances.

Al.2 Mass spectroscopy
A1.2.1 Types of mass spectroscopy

Mass spectroscopy measures the mass of ions generated from a sample.
There are a number of types of detectors,! including quadrupoles, time of
flight, magnetic sector, Fourier transform, and ion trap. It’s also possible to
couple mass spectrometers into a tandem mode, such that ion decomposition
can be monitored. Quadrupole spectrometers apply voltage potentials
between two pairs of metal rods. Only ions of a particular charge-to-mass
ratio can pass through the quadrupole filter without deflection. Magnetic
sector spectrometers use the deflection of ions by a magnet to sort them by
mass-to-charge ratio. Time-of-flight detectors work on the principle that
small ions travel faster than large ions when propelled with the same kinetic
energy in a drift tube (flight tube) in which there is no electric field. Fourier
transform spectrometers use ion cyclotron resonance to select ions of a cer-
tain charge-to-mass ratio. lon-trap spectrometers trap ions within a small
volume, then eject them into a mass analyzer consisting of hemispherical
electrodes separated by a ring electrode. There are also a number of means
of generating ions, including

Chemical ionization
Plasma/glow discharge
e Electron impact

e Electrospray
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¢ Fast atom bombardment with xenon or argon
¢ Field ionization

e Laser ionization

* Matrix assisted laser desorption [MALDI]

¢ Plasma desorption-ionization

e Resonance ionization

* Secondary ionization

* Spark source

¢ Thermal ionization

A detailed description of sources used in atmospheric pressure ioniza-
tion by electrospray or chemical ionization has been compiled.? Atmospheric
pressure has been used in a wide array of applications with electron impact,
chemical ionization, pressure spray ionization (ionization when the electrode
is below the threshold for corona discharge), electrospray ionization, and
sonic spray ionization.? Interferences potentially include overlap of ions of
about the same mass-charge ratio, mobile-phase components, formation of
adducts such as alkali metal ions, and suppression of ionization by sub-
stances more easily ionized than the analyte.* A number of applications of
mass spectroscopy are given in subsequent chapters. However, this section
will serve as a brief synopsis, focusing on key techniques.

A1.2.2 Chemical ionization

Chemical ionization can be used at ambient pressures. Chemical ionization
was used in tandem MS, using a triple quadrupole instrument, to charac-
terize the antipsychotic agent 2-amino-N(4-(4-(1,2-benzisothiazol-3-yl)-1-
piperazinyl)butyl)benzamide from human plasma.’

A1.2.3 Plasma/glow discharge

An inductively coupled plasma formed by passing argon through a quartz
torch is widely used for the mass spectroscopic analysis of metal compounds
separated by online HPLC.¢ Samples are nebulized on introduction into the
interface. Plasma impact evaporates solvent, and atomizes and ionizes the
analyte. Applications include separation of organoarsenic compounds on
ion-pairing HPLC and vanadium species on cation exchange.

Al1.2.4 Electron impact ionization

Electron impact ionization, also known as particle beam ionization, has been
applied to the online determination of steroids such as hydrocortisone, cor-
tisone, prednisolone and prednisone. Polymer additives such as NC-4, Irga-
nox® 1076, 1-octadecanol and Naugard®-XL were identified and quantitated
online by electron impact and, separately, by atmospheric pressure chemical
ionization methods.”8
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Al.2.5 MALDI

Matrix assisted laser desorption (MALDI) spectroscopy has been coupled to
time-of-flight spectroscopy to create a powerful technique for high-molecu-
lar-weight substances, although designing the interface is challenging. Illu-
mination with a UV laser ablates the matrix, carrying the analytes into the
gas phase. In MALD], the matrix is usually a UV-absorbing chemical matrix.
Particle suspensions are used as light absorbing materials is in the similar
technique, SALDI. MALDI is ideal to couple to a time-of-flight detector, since
the pulse of the laser creates a well-defined ionization time. Performance
can, however, be improved by the use of orthogonal injection with collisional
cooling, with detection limits as low as 7 fmol in MS/MS mode.’

Proteins from cow’s milk, peptide mixtures, egg white proteins, and E.
coli proteins were analyzed by evaporating the sample onto a probe onto
which matrix had already been evaporated, then illuminating it with a 337
nm nitrogen laser.’ Peptides from secretory granules from the exocrine atrial
gland of Aplysia californica were characterized by MALDI-TOF MS.!* Tan-
dem mass spectroscopy using MALDI-TOF/TOF was used to sequence syn-
thetic and tryptic peptides.!? Standard proteins such as myoglobin, cyto-
chrome ¢ and lysozyme, as well as peptides such as bradykinin, were
analyzed on MALDI-TOF using a continuous flow probe.’> MALDI was
coupled with Fourier Transform ion-cyclotron resonance mass spectroscopy
to obtain the mass of the protonated ion of the insulin B-chain with 0.07 ppm
accuracy.'* SALDI has been used offline for standard proteins.!®

A1.2.6 Electrospray ionization

In electrospray ionization mass spectroscopy, nebulized sample droplets are
introduced directly into the mass spectromer, negative or positive charge is
introduced typically by the effects of an electric field, and ions so generated
are separated by a magnetic field.'*The sample may be introduced alone or
with a sheath liquid to modulate surface tension or a sheath gas to assist
nebulization. The types of interfaces used in electrospray mass spectroscopy
are called sheathless, liquid junction, and coaxial liquid sheath flow for-
mats.!” In the sheathless interface, ionization voltage is developed by means
of a conductive wire at the tip of the separating capillary. In the liquid-
junction interface, voltage is applied at a 10-20 1 gap between the separating
capillary and the capillary used to introduce eluent into the mass spectrom-
eter. A vacuum can be applied at the electrospray inlet to stabilize the flow
and a voltage divider can be used to prevent the electric current of the
spectrometer from leaking back. In the coaxial sheath-flow interface format,
a sheath liquid is mixed in to the column eluent through a coaxial design.
Charge can be introduced either by directly introducing charged species
or by depletion of species of the opposite charge. Usually, though, positive
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ions are generated by depletion of negative charge or positive ions are
depleted to operate in negative ion mode. As the droplet proceeds through
the mass spectrometer, it disintegrates through Rayleigh instability and
shrinks to a radius of about 10 nm, at which point ions are released from its
surface. Evaporated ions are denuded of solvent and subjected to a magnetic
field. Some aspects of electrospray mass spectroscopy that deserve mention
include corona discharge (representing a flow of current due to the electric
field), the suppression of signal by electrolytes, a drop-off of ion-sampling
efficiency at low mass, a saturation of ion signal by insufficient droplet charge
and potentially different response factors for detection of positive and neg-
ative ions. Unlike many other forms of mass spectroscopy, electrospray is
concentration sensitive, independent of flow rate. Reflectrons, which are ion
focusing devices formed by reflecting ions formed with different kinetic
energies from an electric field in such a manner that the kinetic energy
dispersion is narrowed, can be used to greatly improve the resolution of
time of flight instruments.!® A reflectron/quadrupolar ion trap has proven
to be valuable to greatly improve detection in capillary electrophoresis-
electrospray spectrometer.”” Tryptic digests of bovine -casein, hemoglobins,
cytochrome ¢ and myoglobin as well as cyanogen bromide-Staphylococcus
V8 digest of nucleoside diphosphate kinases were separated by capillary
electrophoresis and analyzed by MS.

In one application of ESI, ion-complexing agents such as cyclodextrins,
oligosaccharides, bafilomycin, and a crown ether were made charged by the
addition of sodium, potassium, rubidium, or cesium ions.?’ Thanks to
improved ionization—-mass spectrometer interfaces such as orthogonal injec-
tion, electrospray has also been coupled to time-of-flight mass spectroscopy
to create a rugged instrument capable of analyzing mass ranges up to and
beyond 10 kDa.?! One typical application of ESI-TOF in high-speed separa-
tions is the analysis of peptides, benzodiazepines, heroin, cocaine and
paraquat.? A peptide mixture of 2 fmol formed from the tryptic digests of
either B-galactosidase or yeast glucose-6-phosphate dehydrogenase was ana-
lyzed by electrospray using a modified triple quadrupole spectrometer
equipped with a source designed for nL/min flows.? Peptides from yeast
glucose-6-phosphate dehydrogenase were sequenced by MS/MS. Pronucle-
otides in biological media were analyzed in an on-line application for devel-
opment of drugs against HIV.* Analysis of desialylated oligosaccharides
released from ribonuclease B, thyroglobulin, transferrin, and immunoglob-
ulin Y with LC-MS/MS has been described.? Variants of human hemoglobin
have been 99% sequenced using automated sequence analysis of LC MS/MS
data generated by mixtures of enzymatic digests using trypsin, endoprotein-
ase Glu-C and subtilisin.? Variants known as Hb C, Hb E, Hb D-Los Angeles,
Hb G-Philadelphia, Hb Hope and Hb S were isolated, dehemed, disul-
fide-reduced. and S-carboxyamidomethylated prior to separation. Electro-
spray has been multiplexed for high-throughput applications.?”



62 HPLC: Practical and industrial applications

A1.3 Other detectors

A diode laser polarimeter was used for the on-line determination of the
specific rotations of 230 chiral compounds at 675 nm.? The amount injected
was typically 3 pg, but under favorable conditions, 50 ng was detectable.
Enantiomeric excesses as small as about 0.2% could be quantitated. A similar
system, called the Propol® has been described elsewhere.?”” The evaporative
light scattering detector was applied to determination of inorganic ions in
ion-pair RPLC.3° On-line infrared detection of pharmaceutical compounds
using a detector from Bourne Instruments has been reported.’ Analytes
included amoxicillin and its degradation products, erythromycin and its
degradation products, testosterone, nicotinamide, and several analgesic
compounds. A UV cell packed with octadecylated reversed phase material
was used for microcolumn detection of fat-soluble vitamins.3?

Online detection using 'H nuclear magnetic resonance (NMR) is a detec-
tion mode that has become increasingly practical. In a recent application,
cell culture supernatant was monitored on-line with 1-dimensional NMR for
trehalose, B-D-pyranose, B-D-furanose, succinate, acetate and uridine.® In
stopped-flow mode, column fractions can also be analyzed by 2-D NMR.
Reaction products of the preparation of the neuromuscular blocking com-
pound atracurium besylate were separated on chiral HPLC and detected by
'H NMR.* Ten isomeric peaks were separated on a cellulose-based phase
and identified by online NMR in stopped-flow mode.

Al.4 Laboratory practice

An automated procedure to measure peak widths for peak capacity mea-
surements has been proposed.® Since peak width varies through the sepa-
ration, the peak capacity as conventionally measured depends on the sam-
pling procedure. The integral of reciprocal base peak width vs. retention
time provides a peak capacity independent of retention time, but requires
an accurate calculation of peak width. Peak overlap complicates automation
of calculation. Use of the second derivative in the magnitude-concavity
method gives an accurate value of the standard deviation of the peak, from
which the base peak width can be calculated.

It is being recognized increasingly that regulation can have a positive
impact on laboratory productivity.3¢ System suitability testing has been pro-
posed as superior to and supplemental to calibration in the UV-VIS detector.’”
Large variations in both response factor and in relative response factors were
observed on different instruments. Even on the same instrument, UV-VIS
spectra can be extremely dependent on solution conditions, as was observed
in a separation of hypericin, the antidepressant extract of St. John’s wort.3®

Data systems, more broadly known as Laboratory Information Manage-
ment Systems, are in almost universal use in laboratories, allowing the
collection of mass data required by parallel and high-throughput analytical
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systems and offering the pitfalls familiar to computer users. One key com-
ponent of data collection is the analog-to-digital (A /D) converter.* Some of
the problems that have been noted include the need for more rapid data
acquisition in high speed chromatography, lack of resolution across a wide
range of analyte concentrations, crosstalk between different A/D channels
and non-linearity of response. Standardization, integration, and manage-
ment of large amounts of data were mentioned.®*’ The networked Agilent
Technologies (formerly Hewlett-Packard) data system is one of many data
systems suitable for the industrial laboratory.*! The EZ Chrom Elite™ data
system supplies a log of the instrument use, access by users, changes in
methods, and changes in results, all of which are necessary for fulfilling good
laboratory practices.*? Valuable resources for LIMS users, including contact
information for the LIMS Institute, a newsletter reporting the results of
satisfaction surveys for analytical consumers, and a LIMS bibliography, have
been compiled**

A1.5 Other chromatographic modes

Affinity chromatography remains an active area. Molecular imprinting is
one example of how highly selective separations can be obtained by opti-
mizing separations. A monomer is polymerized in the presence of a template
molecule.** Combinatorial chemistry has been applied to optimize monomer
selection, and applied to the preparation of phases for the triazine herbicides
ametryn and atrazine.*® Imprinted acrylate polymers were used for the sep-
aration of bisphenol A and phenol.* Immunoglobulin-sulfone binding was
reported as an affinity mode of binding at the 12th International Symposium
on Affinity Interactions.*” An electric field can be used to adjust selectivity
in affinity chromatography. The adsorption of human serum albumin to Blue
Sepharose® Fast Flow resin was found to be dependent on field strength.*

Chiral chromatography remains a minor but growing mode, accounting
for only 3.5% of column usage.* One interesting application was the use of
the polymeric surfactants based on diastereomers of the monomeric peptide
sodium N-undecyl Leu-Leu in electrokinetic chromatography.>® Selectivity was
tunable by the choice of surfactant diastereomer in the separation of alprenolol
and propanolol; and of enantiomers of 1,1”-bi-2-naphthyl-2,2’-diamine, of 1,2"-
bi-2-naphthol and of 1,1"-bi-2-naphthyl-2,2’-diyl hydrogen phosphate. With
the latter, the enantiomers could be eluted in either order or without resolution
by the choice of surfactant diastereomer. Daicel™, Regis Technologies, Eka
Chemicals, E. Merck/EM® Science and Advanced Separation Technologies
make commonly available chiral phases.>! Supercritical fluid chromatography
has been performed on a number of chiral phases, including Pirkle phases;
cyclodextrins; polysaccharides such as cellulose and amylose; methacrylate-
based phases such as (+)triphenylmethylmethacrylate, Hara-type phases,
which use hydrogen bonding in addition to the n-r interactions of the Pirkle
phases; and chirally modified poly(styrenes).
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Restricted access phases are another approach to exploiting the differences
in characteristics of analytes. Large analytes are excluded from an internal
surface on which an adsorptive stationary phase is present. A herbicide anal-
ysis for Metsulfuron methyl, Bentazone, Bromoxynil, methylchlorophenoxy
acid, and Mecoprop in the presence of humic acid was performed on restricted
access reversed phase media.”> The cytostatic compound epirubicin and its
metabolites were separated from plasma using a Pinkerton GFF II column.*
Gradient separations of polymers on reversed phase and on normal phase
represent an alternative to gel permeation chromatography. Polyesters of non-
crystalline materials were separated on a variety of such phases.>

Dual UV-VIS and fluorescence detection was applied to the separation
of complex glycan mixtures derivatized with the fluorophore 2-aminoacri-
done on hydrophilic interaction chromatography, using a methyl-4-amino
benzoate-derivatized dextran “ladder” (i.e., a mixture of oligomers) as an
internal standard.>® The system was ideal for characterization of oligosaccha-
rides released from glycoproteins such as immunoglobulins and ribonu-
clease B by enzymatic digestion.

Oxidative refolding chromatography, in which immobilized and reus-
able chaperones are employed to stimulate protein refolding without aggre-
gation, has been reported.® Rather than using the full-length chaperone
proteins found in nature, peptide fragments were employed. Disulfide
isomerase was covalently bonded to the column to catalyze disulfide rear-
rangements. Disulfide-reduced scorpion toxin Cn5, a 66-residue protein with
four disulfide bridges, was renatured and recovered in 87% yield.

A1.6 Other novel applications of chromatography

Chromatography by ion exchange on a sulfonated poly(styrene-co-divinyl
benzene) phase has been proposed as a replacement for titrimetry.>” Eluted
by a dilute solution of a neutral salt such as sodium ethanesulfonate, the
conductance of the protons can be measured in the absence of a suppressor
from sub-millimolar to molar concentration. The response factors of mono-,
di-, and trichloroacetic acid and of o-phthalic acid were large and essentially
equivalent to ethanesulfonic acid, while the response factor of acetic acid
was far smaller. A syringe pump has generated pressures as high as 72,000
psi (5000 bar) in a capillary column packed with 1 p particles, generating a
fraction capacity of 300 peaks in 30 minutes.*

Superheated water at 100°-240 °C, with its obvious benefits of low cost
and low toxicity, was proposed as a solvent for reversed-phase chromatog-
raphy.>® Hydrophobic compounds such as parabens, sulfonamides, and bar-
biturates were separated rapidly on poly(styrene-divinyl benzene) and gra-
phitic phases. Elution of simple aromatic compounds with acetonitrile-water
heated at 30°-130 °C was studied on coupled colums of zirconia coated with
polybutadiene and carbon.®® The retention order on the polybutadiene phase
is essentially uncorrelated to that on the carbon phase, so adjusting the
temperature of one of the columns allows the resolution of critical pairs of
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analyte peaks. Carbon dioxide, in the form of carbonic acid, has been used
as a displacement agent for the chromatography of amino acids on strong
anion-exchange.®* Carbon dioxide is ideal as a chromatographic eluent, since
it can readily be removed from the product and no waste is generated.

Membranes offer a format for interaction of an analyte with a stationary
phase alternative to the familiar column. For certain kinds of separations,
particularly preparative separations involving strong adsorption, the mem-
brane format is extremely useful. A 5 x 4 mm hollow-fiber membrane layered
with the protein bovine serum albumin was used for the chiral separation
of the amino acid tryptophan, with a separation factor of up to 6.6.2 Diethey-
laminoethyl-derivatized membrane disks were used for high-speed ion
exchange separations of oligonucleotides.®® Sulfonated membranes were
used for peptide separations, and reversed-phase separations of peptides,
steroids, and aromatic hydrocarbons were accomplished on Cs-derivatized
membranes.

A textile adsorbent, formed from rolled cotton and polyester sheet, was
derivatized to form a diaminoethyl-substituted stationary phase, and
applied to the separation of proteins, including cytochrome c, B-lactoglobulin
A, lysozyme, and ovalbumin.® It was also possible to separate poly(ethylene
glycol) with a molecular weight of 20 kDa from glucose in 90 seconds.
Monolithic column fabrication methods have found some favor.¢>% Polyacry-
lamide, polymethacrylate block, agglomerated silica beads, silica rods, and
membranes have been offered as monolithic phases. Poroshell particles,
composed of a solid core surrounded by a porous shell of microbeads,
represent a format that may combine good bed stability, high capacity, and
rapid exchange kinetics.

Al.7 Chromatographic theory

The elution of [60]- and [70]fullerenes was measured in water-methanol as
a function of temperature on a poly(octadecylsiloxane) phase.®” The retention
was shown to be dependent on the surface tension of the stationary phase
through a simple geometrical model in which the solute formed a cavity in
the stationary phase. In affinity chromatography, it was demonstrated that
low ligand density may be a requirement for specificity of binding.%

Energy-transfer quenching of Rhodamine B by Malachite Green in cat-
ion-exchange particles indicated that the fractal dimension of the particles
was 2.6-2.8 depending on crosslinking.® Non-linear adsorption isotherms
have been used to model ion exchange separation on membranes.” It was
possible to predict flow conditions necessary for the sharp breakthrough
curves desired in preparative work.

A review of the properties of silica as applied to reversed phase separa-
tions summarizes a number of issues that have been debated for many
years.”! The review categorizes unmodified silanols as free, geminal, vicinal,
and internal. The pK, values of silanols average about 7.1, but some silanols
may have pK, values as low as 3. As reported in Chapter 4, heavy metal
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contaminants in silica, especially iron and aluminum, have been a primary
cause of tailing. Inhomogeneity in the silica can lead to sample-dependent
overloading and associated peak asymmetry, with the consequence a pro-
found diminution of the apparent efficiency of a separation.

Study of the thermodynamics of interaction of polypeptides with non-
polar ligands has long been an area of interest relevant to retention in
reversed-phase, as is discussed in Chapter 4. Peptides constitute a rich and
immensely variable library of compounds with which to test hypotheses on
the nature of interaction. It was noted that thermodynamic parameters cal-
culated from gradient elution often do not match those derived from equi-
librium binding or calorimetric studies.” This represents a deviation from
linear solvent strength theory, a deviation that increases with polypeptide
size. Temperature studies of peptides including bombesin, B-endorphin and
glucagons showed some degree of curvature in the van’t Hoff plot. Solvent-
dependence was noted and ascribed to specific interactions between solute
and analyte. Also, long chain alkyl phases may undergo thermal transitions
as the temperature is raised. It is also well known that peptides can undergo
conformational changes due to thermal unfolding.

Pourbaix diagrams describing how passivation of stainless steel mini-
mizes corrosion through the formation of a metal oxide layer over the vul-
nerable stainless steel have been reproduced in the trade literature.” The
evolution of pit corrosion was explained by the point defect model, in which
a gap opens in the metal oxide layer, leading through rearrangement on the
molecular level to slow dissolution. The metal oxide layer can also be
abraded away by rapid solvent flow, in what is called erosion corrosion, and
electrochemical reactions can also serve to hasten dissolution of the oxide
layer. Sulfur-containing compounds can adsorb strongly to stainless steel or
react to form disulfides, but surfaces can be protected by deposition of a
silica-like coat.”

The extraordinary complexity of human genes and their products has
encouraged the development of extremely high-resolution analytical meth-
ods.” Capillary electrophoresis is competitive with slab gel methods, with
resolution up to the order of about 1,000 base pairs for sequencing, sizing,
and detection of mutation. Reversed phase HPLC is useful for restriction
digest mapping and MALDI-MS up to about 1000 base pairs.

Interesting literature describing the visualization of heterogeneity of
column beds has appeared.” Cibachron Blue dye was used to stain column
packing material prior to packing, then the column packing was extruded
and cross-sectioned to examine the characteristics of the dye band. Pro-
nounced wall effects are observed in slurry-packed columns. Inhomogenity
is observed in both axial and radial distribution in wet-dry packing, with
material close to the walls having a higher density. Another approach is
direct visualization of the packing using 'H NMR.” Static imaging of a
commercial column packed with 100-300 u beads was performed by spin
echo on a Bruker® DMS 400 MHz NMR.Interstitial and intra-particle pore
sizes were measured using T).
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2.1 Issues in process HPLC
2.1.1 Overview

The present section discusses issues involved in the process laboratory, draw-
ing samples for chromatographic analysis from a reactor or any other com-
ponent of a production process. These issues can be categorized as

Safety

Durability

Sampling site and frequency

Sample preparation, especially the removal of particulates
Speed of analysis

Sterility, an important issue in biopharmaceutical manufacturing, is not
covered in this section. Briefly, in sampling from a biopharmaceutical pro-
cess, the sample port should not compromise the physical integrity of the
process step. In other words, the port should be designed so that flow is
unidirectional out of the process stream, with no possibility of flow back
into the process. Also, the port should not constitute a stagnant pool in the
flow path. Stagnant pools do not give representative samples, are potential
locations for the growth of adventitious organisms, and are difficult to clean
between batches. There are similar concerns in process scale manufacturing
of biopharmaceuticals. In particular, the fittings must be designed to preserve
the physical integrity of the system. This requirement places restrictions on
the flow cell used in detectors.

The first commercially available process scale instrument was intro-
duced in 1974 by Applied Automation.! Since then, other instrument com-
panies, such as Waters™, Dionex, Siemens, and Knauer, have also developed
instruments. Larger particle size column packings (50 to 100 1) are com-
monly used to reduce back pressure and maintenance on the liquid handling
system.! Resolution is generally sacrificed for throughput, as is discussed in
the Chapter 3. An analytical high performance liquid chromatograph
(HPLC) may be coupled to a process liquid chromatograph (LC) as a monitor
for the separation. Although chromatography is used for production of high-
value-added materials such as pharmaceutics, HPLC applications at the pilot
and production scale more typically use the HPLC for automated sampling
and analysis. Therefore, analytical applications will be the focus of this
chapter.

There are several advantages of the use of HPLC for process monitoring.
First, HPLC provides both qualitative and quantitative information about a
process. At the research or pilot reactor stage of development, real time
monitoring increases research efficiency and provides the data for process
optimization. Second, because HPLC permits continuous real-time monitor-
ing of reactors or other process components, process upsets that might go
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unnoticed by manual sampling are detected promptly. Production batches
that might require reprocessing or even rejection in the absence of continuous
monitoring can be salvaged by timely intervention. Also, continuous mon-
itoring provides a database for statistical process control.2

2.1.2  Safety

A primary concern in the installation of temporary on-line or permanent
process HPLC instruments in the process environment has to do with flam-
mable vapors. For operation in a hazardous environment, the National Fire
Protection Association (NFPA) has established a standard (NFPA 496) for
enclosures of electrical equipment. These enclosures are purged with clean
air or inert gas at sufficient flow and pressure to reduce the concentration
of any flammable gas or vapor to a safe level. There are two degrees of
hazard classifications, Division 1 (normally hazardous) and Division 2 (haz-
ardous only under abnormal conditions). Division 1 includes locations in
which flammable gases are normally present and Division 2 includes loca-
tions in which flammable gases are normally confined but could escape if
failure or breakdown of containers occurs. The purge requirements for the
first case are more stringent and require Type X purging, while Division 2
situations require Type Z purging. In both cases an internal pressure of 25
Pa (0.1 in H,0) must be maintained in the enclosure. For Type Z purging,
an alarm or indicator is required to detect failure of purging, but safety
interlocks are not required. For Type X purging, power must automatically
be removed if purge is lost. In addition, an interlock must also be provided
to cut power if the enclosure door is opened. For HPLC enclosures, flamma-
ble limit detectors are generally used to detect solvent spills inside the box.

A diagram of a typical instrument is shown in Figure A2.1.*2 These instru-
ments are all designed to meet the requirements of NFPA 496 and are suitable
for use in hazardous environments. Conventional HPLC equipment must be
housed in a purged enclosure suitable for use in Division 1 and 2 areas. As
shown in Figure A2.2,** the enclosure is similar in size to the commercial
instrument shown earlier. The entire enclosure is air purged. The enclosure
has an explosion proof switch to cut power to all devices in the enclosure. Air
must be flowing into the enclosures before power can be turned on and loss
of air purge cuts power to the instruments. Two Rexnord flammable gas
detectors are used to detect the presence of any flammable vapors inside the
cabinet. The enclosures contains several shelves. The lower shelves are used
for mounting of up to three pumps. A shelf on the right side above the pumps
is used for mobile phase. Several air-actuated Rheodyne valves are mounted
on a shelf on the left side of the cabinet. A heated HPLC column enclosure is
also provided. The detectors are mounted on the top shelf, and all electrical
components are mounted above the rear of the top shelf.

* Figure A2.1is on p. 97.
** Figure A2.2 is on p. 98.
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2.1.3 Durability

Process LC instruments have higher requirements for ruggedness than ana-
lytical instruments. Process down time is extremely expensive. Also, bring-
ing service personnel into a production area is undesirable from the stand-
point of confidentiality. Removing equipment from a pharmaceutical
production area for service requires considerable time for re-installation.
Even in a process not subject to regulation, re-installation is time consuming;
therefore, process hardware should be reliable, durable, and simple to ser-
vice. For example, most process LC units use gas-driven pumping mecha-
nisms or syringe pumps rather than piston-type reciprocating pumps, which
are used most often in laboratory work.

The decision to select a permanent or a temporary installation of HPLC
for on-line analysis depends on the environment. As shown in Figure 1, a
permanent HPLC installation must be rugged, reliable, reproducible, and
capable of being operated and maintained by personnel with limited tech-
nical training. A primary goal is to monitor upsets. A temporary on-line
installation is more flexible but less rugged and reproducible. A primary
goal may be to identify which components are most important to monitor
on a continuous basis. The training level required of the operator of a tem-
porary installation is much higher.

2.1.4 Sampling site and frequency

Obtaining a representative sample from a reactor is often not so straightfor-
ward as it might seem. Large vessels tend to have some degree of inhomo-
geneity, even with stirring. There may be a time lag in sampling from effluent
or feed lines. In developing an on-line system, therefore, samples should be
drawn from several locations to ensure that the sample drawn from the
primary sampling port is representative of process status.

2.1.5 Sample handling

Sample preparation, injection, calibration, and data collection, must be auto-
mated for process analysis. Methods used for flow injection analysis (FIA)
are also useful for reliable sampling for process LC systems.! Dynamic dilu-
tion is a technique that is used extensively in FIA.!3 In this technique, sample
from a loop or slot of a valve is diluted as it is transferred to a HPLC injection
valve for analysis. As the diluted sample plug passes through the HPLC
valve it is switched and the sample is injected onto the HPLC column for
separation. The sample transfer time typically is determined with a refractive
index detector and valve switching, which can be controlled by an integrator
or computer. The transfer time is very reproducible. Calibration is typically
done by external standardization using normalization by response factor.
Internal standardization has also been used. To detect upsets or for process
optimization, absolute numbers are not always needed. An alternative to
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TEMPORARY PERMANENT

STUDY MONITOR

OPTIMIZE REAL TIME CONTROL
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FLEXIBLE SAMPLING DEDICATED

SOPHISTICATED \ SYSTEMS / RuGGED

ON-LINE
MONITORING

Figure 1 Goals of temporary vs. permanent on-line HPLC analysis.

dynamic dilution is the use of a stirred mixing chamber in which a known
volume of sample is diluted to a known concentration. The use of the stirred
mixing chamber for FIA and HPLC has been described.*

For permanent process HPLC instruments, sampling systems are usually
designed for each application. Manufacturers of process HPLC will design
sampling systems at additional cost. Concerns about confidentiality may
surface if the vendor requires more knowledge of a particular process than
the industrial customer cares to give. Sampling is a key parameter for a
successful on-line project. Errors in sampling can have serious consequences
to process-scale projects, as work at the production level is so expensive;
therefore, careful attention to sampling is critical.

Filtration of the process sample is a major concern in many applications.
An agitated ultrafiltration cell has been used for a continuously pumped
fermentation broth stream.® A flow-through process filter housing equipped
with a 0.45-u Durapore microporous filter has been used for monitoring the
isomerization of glucose to fructose.® This system was very reliable, since
the filter only had to be replaced on a monthly basis. The use of tangential
flow filtration or cross-flow filtration has increased the maintenance-free
lifetime of process analyzers dramatically. Tangential flow filters are avail-
able in several different geometries and can be constructed of various mate-
rials. In tangential flow filtration, only a portion of the liquid feed passes
through the filter, while most of the liquid feed flows tangentially to the filter
membrane. This tangential flow then sweeps away solid particles, so the filter
is self cleaning. Tangential flow filters are available in several forms including
tubular cross-flow, pleated sheet, plate and frame, and spiral wound filters.”
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2.1.6  Speed of analysis

One key factor in designing a method of chromatographic analysis for pro-
cess monitoring is matching the frequency of sampling the process to the
run time of the analytical method. High-speed separations now permit run
times of one minute or less in favorable cases. By automating sample prep-
aration, injection, and analysis, it is possible to monitor a process in real
time. One important application of process monitoring is the use of analytical
HPLC to monitor a process scale chromatographic run. The fractions to be
blended are determined by the analytical results. In order to automate frac-
tion collection of the process stream, the speed of the analysis must be on
the order of 100 to 1000 times faster than the process chromatography. In
general, sampling frequency should be sufficiently high so that a process
variable is sampled at least 10 to 20 times during that period of most rapid
change, e.g., during elution of a chromatographic peak.

2.2 Case histories

Several applications of on-line HPLC used as temporary installations for
process monitoring are presented in this section. These case histories include

¢ Catalytic amidation/cyclization step in a pesticide intermediate
* Microbore HPLC of a catalytic hydrogenation process

* Analysis of a bromination reaction

* Measurement of peak molecular weight of polystyrene

These installations of on-line process analytical equipment operated over
extended periods of time with the high degree of dependability required in
the process environment. Considerable cost savings in process development
time were achieved through automation of analysis.

2.2.1 Catalytic amidation/cyclization step in a pesticide intermediate

This application was performed on a lab-scale reactor and later in a mini-
plant-scale reactor. The reaction studied was the vapor phase catalytic ami-
dation/cyclization step in a pesticide process. As shown in Figure 2, two
reactions are taking place on the catalyst bed.

The equipment consisted of two Waters™ (Waters Corp.; Milford, MA)
M-45 pumps, a Waters™ 481 UV detector, a six-port Valco sampling valve
(A2L6P) with 0.08" holes in the valve body and rotor, a Rheodyne Model
7413 injection valve with a 1-pl loop, a valve interface box, and a Digital
Equipment LSI-11/23-based microcomputer system. The microcomputer
was used to control all valves, collect raw data from the UV detector, inte-
grate the chromatogram, and store and plot results.

A diagram of the sampling system is shown in Figure 3. The two starting
materials were pumped to the catalyst bed using a dual piston Eldex® (Napa,
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Figure 4  Dynamic dilution of sample for HPLC analysis of amidation/cyclization
reaction. Transfer solvent: methoxyethanol; flow rate 1 ml/min. Detection: refractive
index.

CA) pump. The catalyst was packed in a 3/4" x 2-ft glass column, which
was placed inside a three-zoned furnace. A preheater zone consisting of
quartz chips was packed on top of the catalyst. Nitrogen gas was used as a
carrier for the vapor phase reaction. The vapors from the catalyst bed were
condensed and the nitrogen passed through a tee in the line to a trap. The
1/4" exit tube of the condenser was reduced to 1/8" using a stainless steel
reducing union and a graphite ferrule on the glass condenser. A short piece
of the 1/8" Teflon® tubing was used to connect the condenser to the modified
six-port Valco valve. This valve had an 0.08" bore to minimize restriction.
Typically, Valco valves have 0.01" or 0.03" bores. The liquid sample was fed
by gravity through a 75-pl loop to a collection bottle. Every 20 minutes the
Valco valve was air actuated and the 75-ul sample transferred through 1/16"
x 0.02" i.d. stainless steel tubing using a Waters™ M-45 pumping methoxy-
ethanol at a flow of 1 ml/min. By this means, the sample was transferred to
a Rheodyne 7413 LC injection valve located about 50 ft away. Due to space
limitations in the lab, the LC could not be located closer to the reactor.

The 1/16" x 0.02" i.d. transfer line also functioned as a sample dilution
device; in other applications, a stainless steel column packed with glass beads
has been found to be useful for dilution. This simple dynamic dilution
technique has been used extensively in flow injection analysis.? A refractive
index detector is typically used to measure the sample transfer time. As
shown in Figure 4, approximately 5 minutes is required to transfer the sam-
ple plug to the Rheodyne valve. As the apex of the sample band passes
though the Rheodyne valve, the valve is activated and 1 ul injected onto the
liquid chromatographic column. The sample transfer time was checked peri-
odically over 1 year of operation and found to be stable.
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Figure 5  Separation of reactor product of amidation/cyclization reaction. Columns:
4.6 x 150-mm Zorbax® ODS coupled to a 4.6 x 250-mm Partisil® SCX. Mobile phase:
acetonitrile — water (30:70) with 50 mM monobasic potassium phosphate per 10 mM
phosphoric acid buffer. Flow rate: 2 ml/min. Detection: UV at 210 nm. Injection: 1 ul.

The sample drawn from the reactor consisted of an acid, several amines,
and a neutral species. Two of the components were not resolved to baseline
by reversed phase LC, so a dual column reversed phase ion-suppres-
sion/ion-exchange technique was used. A chromatogram of the separation
is shown in Figure 5.

This temporary on-line HPLC analysis, providing continuous monitor-
ing of catalyst activity, not only resulted in significant savings in analytical
time, but also accelerated the optimization of process parameters such as
reactor bed temperature and flow rate. The plot shown in Figure 6 shows
experiments run to determine optimum bed temperature. Figure 6 is a real-
time plot, displayed continuously on the video monitor and updated auto-
matically after each sample analysis. The figure shows that conversion to
the desired product increases with reactor bed temperature up to 325°C.
Above that temperature, competing reactions occur, as evidenced by the
appearance of several unknown peaks in the chromatogram and a decline
in the consumption of one of the starting materials. In less than 12 hours,
the reactor bed temperature was optimized, with the optimum occurring at
300°C.

To model the amidation and cyclization reactions, an internal standard
was weighed into the feed, and the feed placed on a balance for continuous
weighing during the reaction. The HPLC system was calibrated using units
of mol/kg, so that density effects could be neglected. A series of experiments
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Figure 6  Optimization of catalyst bed temperatures using on-line HPLC.

was then run using four catalyst bed lengths at two different temperatures
and four different flow rates. The mass balance showed 97% recovery on
average for the 32 experiments. Estimated rate constants and a predictive
model were obtained, completing the optimization and process design.

2.2.2  On-line microbore HPLC monitoring of a catalytic
hydrogenation process

The process under investigation, as shown in Figure 7, was the reduction by
hydrogen of a polysulfide feed to a mercaptophenol. Manual sampling was
impossible, since that would have caused reactor upset. The reaction, occur-
ring on a continuous fixed bed reactor catalyst, was analyzed and optimized
for parameters such as catalyst type and loading, bed temperature, and flow
rate. The temporary installation of an on-line HPLC monitor at the benchtop
level (1" diameter reactor) was so successful in helping to control the reaction
that the pilot plant reactor (6" diameter) was designed with a built-in sample
cup.

Ar S, Ar H,/Cat 2ArSH + (n-2) H,S
—
n=2,3,4,5

Figure 7 Catalytic hydrogenation of polysulfide feed to form a mercaptophenol.
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The equipment used in this application included two Waters™ M-45
pumps, a Waters™ 481 UV detector with microbore cell, an air-actuated
Rheodyne 7413 injection valve with a 1-pl injection loop, an air-actuated
Valco four-port sampling valve (A2CI4UW2) with no groove in the injection
entry ports, an air-actuated Valco three-port switching valve (AC3W), and
a Digital Equipment LSI-11/23 microcomputer. The LC system was located
in a purged cabinet suitable for use in Class I, division 2 areas. The cabinet
was in a heated room about 40 feet from the reactor column. The two Valco
valves were mounted next to the reactor column, while the microcomputer
was located in the control room.

A diagram of the sampling system is shown in Figure 8. The liquid
leaving the catalyst bed passed through a flange in the process pipe into a
l-ounce capacity cup inserted between two V-shaped plates. One of the
plates had a hole drilled through it for insertion of 1/16" stainless steel
tubing. A 1"-to-1/16" pipe-to-tube reducing union was located on the side
of the reactor to allow connection of the 1/16" x 0.03" i.d. sample line, which
was inserted through the hole in the steel plate into the liquid in the sample
cup. The other end of the sample line was connected to a 0.5-p1 in-line filter,
which was connected directly to a Valco valve.

Normally the Valco valve was in the inject position. In this position, the
reactor feed was blocked from entry, since the valve rotor had no grooves.
To sample the reactor, the valve was switched for 1.2 seconds to the load
position, using the 750-psi reactor pressure to fill a 2-pl slot in the valve rotor
from the sample collected in the cup in the reactor. Upon switching back to
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Figure 9  Typical microbore HPLC chromatogram of catalytic hydrogenation pro-
cess. Column: 1 x 250-mm Partisil® ODS (Whatman). Mobile phase: acetonitrile:
water:tetrahydrofuran, 85:15:2 (v:v:v). Flow rate: 0.2 ml/min. Detection: UV at
214 nm. Injection: 1 pl.

the inject position, the sample was transferred through 1/16" x 0.02" i.d.
stainless steel tubing to the Rheodyne valve located in the LC cabinet about
60 feet away. Acetonitrile, pumped at 1 ml/min, was used as the transfer
solvent. Transfer, as in the preceding case history, accomplished dynamic
sample dilution. Injection onto the microbore column was performed as the
apex of the sample band passed through the Rheodyne 7413 valve. The Valco
valves and sample line were enclosed in a Styrofoam® plastic foam box with
SR-1 heat tracing at 60°C to prevent freezing. The three-port Valco valve
served as the safety valve in the unlikely event of the sample valve sticking
in the load position.

The LC system consisted of a Waters™ M-45 pump with a micro-flow
module, a Waters™ Model 481 UV detector equipped with a microbore cell,
and a 1 x 250 mm Partisil® ODS reversed phase column. A typical chromato-
gram obtained under these conditions is shown in Figure 9. The response
was calibrated by external standardization.

Parameters such as feed rate, catalyst bed temperature, and reaction
pressure were optimized by use of the temporary on-line LC installation.
Reactor upsets could also be monitored. Figure 10 demonstrates how con-
tinuous monitoring can aid in detection of an upset. Due to a problem with
a level control valve, the reactor filled with liquid, preventing the reaction
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Figure 10 Real-time plot of reactor component concentrations in catalytic hydroge-
nation step illustrating early detection of baseline upset by on-line micro-HPLC.

from occurring. The on-line LC system readily detected the fault. In 1 hour,
the concentration of the starting material increased from 0.5 to 24% and the
product decreased from 48 to 36%. This partially converted batch was fully
salvaged.

In another experiment, the optimum feed rate was determined by slowly
increasing the pump rate while monitoring the concentration of starting
material. As shown in Figure 11, the concentration of starting material
increased as the feed rate was increased, and decreased to the desired level
of 1 to 2% level as the pump speed was reduced.

2.2.3 Liquid chromatographic analysis of a bromination reaction

As illustrated in Figure 12, the reaction mixture contains mono-, di-, and tri-
brominated glycols, hydrobromic acid, and water. The mixture is extremely
corrosive, and the reactor is operated at a temperature just above the freezing
point of the product. The key to successfully sampling this mixture was the
use of a corrosion-resistant tantalum sampling system. In addition, the sample
line was continuously flushed with reactor solvent except during sampling.
A diagram of the sampling system is shown in Figure 13. The sample
was drawn through tubing 1/16" o.d. x 0.03" i.d. x 6" in length. The tip of
the tube was inserted through a piece of Kynar® tubing, which was placed
inside a Teflon®-coated stainless steel dip pipe to prevent the tube from being
bent during agitation of the reactor. The other end of the tube was connected
to a four-port Valco tantalum valve mounted on top of the reactor. The
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n=1,23
Figure 12 Bromination of pentaerythritol.

sample exit line from the four-port valve consisted of a short piece of tanta-
lum tubing (1/16" 0.d. x 0.03" i.d.) connected to about 15 feet of 1/8" Teflon®
PFA tubing. The Teflon® tubing was connected to a four-port Valco stainless
steel switching valve mounted on the side of the cabinet housing the HPLC
equipment. The tantalum valve and sampling line were steam traced, insu-
lated, and maintained at 115°C. As an additional precaution to prevent
plugging, the sample line was flushed with reactor solvent at 1 ml/min.
To obtain a sample, the reactor was manually pressurized with nitrogen
to 10 to 12 psi, and the four-port switching valve was activated to divert the
flow of reactor solvent to recycle. The pressure forced about 4 ml of sample
through the 5-ul slot of the tantalum valve. The valve was then switched to
transfer the sample to the HPLC located about 15 feet away. The solvent for
transfer and dynamic dilution was ethoxyethanol, with a boiling point of
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Figure 13 Diagram of sampling system for brominated glycols.

130°C. The Rheodyne Model 7010 injection valve, equipped with a 20-pl
loop, was switched to injection at the apex of the sample band, as observed
on the refractive index detector. The complex kinetics of the production of
mono-, di-, and tri-brominated glycols is shown in Figure 14. Optimization
of parameters such as the flow rate of acid resulted in a 15% reduction in
batch cycle time and eliminated the need for manual analysis and interven-
tion to obtain a desired endpoint composition.

2.2.4 On-line GPC technique for measurement of peak molecular
weight of polystyrene

Polymers, which are slow to dissolve, represent a significant problem for
conventional sampling. Recirculation of sample and solvent is one approach,
but excessive sample dilution may occur. In the system described in the
present section, a flow-through valve was modified to contain an internal
dissolution chamber, as is shown in Figure 15. A known volume of solvent
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product.

(1 ml) is transferred to the 2-ml internal chamber, then a few microliters of
sample at 100°C are transferred from the process line to the internal chamber
with a grooved rod of the kind used to determine sample volume in process
gas chromatographs. A slow flow of air provided mixing. Since the valve
was maintained at 100°C, dissolution was rapid. The sample was then trans-
ferred to the liquid chromatograph using controlled-flow air.

A diagram of the sampling system is shown in Figure 16. A narrow
molecular weight standard was added to the diluent to correct retention
times for drift due to variations in flow rate. The dilution volume was fixed
by filling a loop on a six-port valve, labeled T3 in the diagram. A Porter flow
controller was used to deliver air at 4 ml/min to the six-port valve, trans-
ferring the 1 ml of diluent to the internal chamber on valve T4. A four-port
valve, labeled T6 in Figure 16, was installed above the sampling valve to
provide a second source of flow-controlled air for transfer of the dissolved
sample to the liquid chromatograph. A second four-port valve (T5) was also
installed between the sampling valve and the diluent valve (T3) for diversion
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Figure 15 Diagram of polymer sampling valve.

of the sample stream to the LC located in a purged cabinet about 10 feet
away. One minute was required to transfer the sample to the LC. Separation
was done by gel permeation chromatography using a Polymer Laboratories
PL-Gel™ 5-p1 mixed-bed column with tetrahydrofuran as the mobile phase.
The flow rate was 0.9 ml/min, and UV detection at 254 nm was used for
measuring the molecular weight distribution. A Spectra-Physics 4270 inte-
grator was used to control the entire system.
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Figure 16 Diagram of polymer sampling system.

2.3 Future directions for on-line HPLC process monitors
2.3.1 General

HPLC is extremely useful in monitoring and optimizing industrial processes.
Conventional process monitors measure only bulk properties, such as the
temperature and pressure of a reactor, while HPLC permits continuous real-
time monitoring of consumption of starting materials, product composition,
and impurity profile. There are a number of new initiatives relevant to HPLC
for process monitoring, including sample preparation, automation, minia-
turization, and specialized detectors.

2.3.2 Automated sample processing and process monitoring

Many process mixtures, notably fermentations, require sample preconcen-
tration, microdialysis, microfiltration, or ultrafiltration prior to analysis. A
capillary mixer has been used as a sample preparation and enrichment
technique in microchromatography of polycyclic aromatic hydrocarbons in
water.® Microdialysis to remove protein has been coupled to reversed phase
chromatography to follow the pharmacokinetics of the metabolism of ace-
taminophen into acetaminophen-4-O-sulfate and acetaminophen-4-O-glucu-
ronide.” On-line ultrafiltration was used in a process monitor for Aspergillus
niger fermentation.!°
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Figure 17 Diagram of probe-process LC. (From Guillemin, G. L., ]. Chromatogr., 441,
1, 1988. Copyright Elsevier Publishers. With permission.)

If simple sample pretreatment procedures are insufficient to simplify the
complex matrix often observed in process mixtures, multidimensional chro-
matography may be required. Manual fraction collection from one separation
mode and re-injection into a second mode are impractical, so automatic
collection and reinjection techniques are preferred. For example, a pro-
grammed temperature vaporizer has been used to transfer fractions of sterols
such as cholesterol and stigmasterol from a reversed phase HPLC system to
a gas chromatographic system.!! Interfacing gel permeation HPLC and
supercritical fluid chromatography is useful for nonvolatile or thermally
unstable analytes and was demonstrated to be extremely useful for separa-
tion of compounds such as pentaerythritol tetrastearate and a Cs4 hydrocar-
bon standard.'?

Automation of sample handling and instrumental reliability in the past
have been significant limitations to the use of HPLC for process monitoring.
Guillemin'3!* has described an approach known as probe-process liquid
chromatography (PLC). As shown in Figure 17, the sample handling, sam-
pling line, sample conditioning, and chromatographic valves and columns
are housed in a single unit, which can be immersed in the mixture to be
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analyzed. The detector, pump, and electronics are housed in a separate,
temperature-controlled unit. The microprocessor-controlled instrument uses
the deferred standard concept!>!® to characterize peaks despite changing
retention times, to readjust automatically the time functions of the analysis,
and to quantitate results. The deferred standard procedure consists of inject-
ing a reference compound during each analysis sequence. The software
recognizes the standard by its area and retention time, and automatically
adjusts time functions such as the start time of the next sample. An auto-
mated process monitor to perform system calibration and sample prepara-
tion and separation continuously for up to a week has been reported for
environmental and process monitoring.!” Illustrations included separations
of metal cyanides from plating, mono- and dichloramine from drinking
water, chromium, copper and lead, and aluminum.

Since reproducibility of the flow system is critical to obtaining reproduc-
ibility, one approach has been to substitute lower-performance columns (50-
to 100-u packings) operated at higher temperatures.! Often, improvements
in detection and data reduction can substitute for resolution. Chemometric
principles are a way to sacrifice chromatographic efficiency but still obtain
the desired chemical information. An example of how meaningful informa-
tion can be derived indirectly from chromatographic separation is the use
of system or vacancy peaks to monitor chemical reactions such as the titration
of aniline and the hydrolysis of aspirin to salicylic acid.!8

2.3.3 Miniaturization

One of the major practical problems to the installation of HPLC as a perma-
nent process monitor is the need to replace solvent. A large solvent reservoir
may present problems both in terms of size and safety. One solution is the
use of packed capillary columns, which consume much less solvent than
conventional columns, as the comparison (at constant linear velocity) in
Table 1 shows.

Table 1 Solvent Consumption as a Function of Column Diameter

LC column Solvent consumption
(Flow rate, ml/min) (ml/day)
Conventional, 5-mm diameter (2 ml/min) 2880
Small bore, 1.6-mm diameter (0.2 ml/min) 288
Micro-LC, 0.3-mm diameter (7 pl/min) 10

Another advantage of the micro-LC approach is that the required sample
size is minimal, so the sample can be drawn from a 1-1 laboratory scale
reactor without influencing the reactor composition. The ISCO pLC-500
microflow syringe pump has proven to be reliable and reproducible in eval-
uations in our laboratory. Capillary liquid columns have been fabricated on
planar devices such as silicon to form a miniaturized separation device.'
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Column switching in electrophoretic separations on miniaturized planar
devices is remarkably easy. The same approach of etching planar chips has
been developed in column chromatography to produce a miniaturized and
eventually portable screening device.?’ A photometer using radiolumines-
cence from irradiated inorganic or diamond crystals was useful as a source
for a miniaturized UV detector, with effective detection limits equivalent to
about 100 mAU on a conventional detector.?! Verzele et al.?> discuss other
advantages of micro-LC, including higher efficiency and easier interfacing
with techniques such as mass spectroscopy. Despite the greater stringency
of requirements for sample handling and column treatment, the considerable
advantages of micro-LC make it attractive in process monitoring.

2.3.4 Specialized detectors

Because process mixtures are complex, specialized detectors may substitute
for separation efficiency. One specialized detector is the array amperometric
detector, which allows selective detection of electrochemically active com-
pounds.? Electrochemical array detectors are discussed in greater detail in
Chapter 5. Many pharmaceutical compounds are chiral, so a detector capable
of determining optical purity would be extremely useful in monitoring syn-
thetic reactions. A double-beam circular dichroism detector using a laser as
the source was used for the selective detection of chiral cobalt compounds.?
The double-beam, single-source construction reduces the limitations of
flicker noise. Chemiluminescence of an ozonized mixture was used as the
principle for a sulfur-selective detector used to analyze pesticides, proteins,
and blood thiols from rat plasma.?> Chemiluminescence using bis (2,4,
6-trichlorophenyl) oxalate was used for the selective detection of catalytically
reduced nitrated polycyclic aromatic hydrocarbons from diesel exhaust.?
Nuclear magnetic resonance, using *C dynamic nuclear polarization
stimulated with a nitroxide radical immobilized on silica, has been used as
an on-line technique in normal-phase chromatography of halogenated
hydrocarbons.” Flow splitting was used to obtain simultaneous 'H NMR
and mass spectrometric data from an on-line separation of an isocratic
reversed-phase system of the anti-fungal agent fluconazole and two related
triazoles.”® On-line mass spectrometry has proved especially important in
characterizing recombinant proteins. Mass spectrometry has been used for
the characterization of intact and tryptic peptides of recombinant single-
chain tissue-plasminogen activator of the vampire bat, Desmodus rotun-
dus.? Electrospray mass spectrometry has been used for other tryptic
digests, such as cytochrome c.* Laser-induced infrared thermal lensing was
used for both direct and indirect detection of environmentally important
halophenol herbicides separated by isocratic normal phase chromatography.3!
A final aspect of process analytical chemistry is the vulnerability of the
sensitive detector components to the harsh conditions sometimes encoun-
tered in process sampling. It may be possible to physically separate sensitive
components, especially the electronics, from the sampling site. Fiber optics
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have been used in a UV detector to allow signal collection at high temper-
ature, while the detector electronics were at a site remote from the chromato-
graphic apparatus.®

2.4 Summary

The operation of HPLC equipment in a process environment requires special
considerations. One of the most important concerns is safety. For operation
in hazardous production plant areas instrumentation must meet the require-
ments of NFPA 496, which is the standard for purged and pressurized
enclosures for electrical equipment. In addition, process HPLC hardware
must be reliable, durable, and easy to service. Sampling is another key
consideration. Obtaining a representative sample, particularly from an inho-
mogeneous reactor, requires ingenuity. Automation of sample processing is
essential for continuous process monitoring. The use of tangential flow filters
for sample preparation has increased the reliability and decreased the main-
tenance requirements on process HPLC equipment dramatically. The speed
of analysis should be high enough to permit a sampling frequency much
more rapid than the change of the process variable of interest. Microbore
HPLC is useful to reduce solvent consumption, an important issue in the
process environment.

HPLC as a purification technique and as a tool for process monitoring
has become increasingly attractive and will find many new applications in
the future. Low pressure LC, probe LC, and micro-LC are techniques impor-
tant to the future of process chromatography. Specialized detectors and
multidimensional chromatographic approaches are also of increasing use.
Additional literature is available.?>333¢6
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Figure A2.1 Waters™ ProMonix On-Line HPLC analyzer. The upper compartment
door contains a keypad for programming and operation of the analyzer. The upper
window allows viewing of indicator lights and a liquid crystal display that provides
the operator with analyzer interface, programmed parameters, and instrument status
results. The lower chamber contains the pumps, valves, injector, and detector(s)
required for the chromatographic separation. The sample conditioning plate for
online process monitoring is to the right of the analyzer. This is a typical process
HPLC. (From Cotter, R.L. and Li, J.B., Lab Rob Autom., 1, 251, 1989. With permission
of VCH Publishers.)
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Figure A2.2 Purged enclosure for operation of laboratory HPLC equipment in pro-
cess area.
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3.1 Scope of process chromatography
3.1.1 Introduction

Most industrial processes involve processing very large lots of materials of
relatively low unit cost. The numbers and types of contaminants to be
removed from these systems do not require chromatographic separations,
which would increase unit cost significantly without providing a corre-
sponding increase in purity. In biopharmaceutics, the lot sizes are relatively
small and the unit costs are relatively high. In addition, the purification
challenges presented can be formidable and can only be addressed chro-
matographically. Use of other techniques such as precipitation and recrys-
tallization may not be possible. It has been estimated that more than half
the costs of processing a recombinant protein arise from downstream pro-
cessing rather than fermentation.! Fortunately, since the potency of biophar-
maceuticals is relatively high, with dosages in the milligram range, expensive
chromatographic materials and instrumentation are still compatible with a
cost-effective process. This chapter will focus on the use of chromatography
in the purification of biological materials for pharmaceutical applications.
From the earliest stages of development, the process must be designed in
such a way that quality is built into the system, in order to ensure that the
finished biopharmaceutical product meet essential criteria of purity, stability,
safety, and lot-to-lot uniformity. To be successful as an industrial process, it
must also be rugged and flexible enough to be scalable, yet sensitive and
well defined in order to be validatable.

Preparative liquid chromatography (PLC) is focused on purifying rela-
tively large amounts of a specific product at the lowest cost, as opposed to
analytical high performance liquid chromatography, where the emphasis is
on highest resolution independent of cost. Typically, PLC has been done in
glass columns containing packings with larger particles, and these columns
are run at relatively low pressures (< 50 psi). More recently, two variations
of PLC have gained increasing acceptance. The first, which is closer in many
ways to analytical chromatography than to conventional PLC, involves use
of stainless steel columns packed with relatively small particle sized pack-
ings (10 to 30 1) and run at medium pressures of 1000 to 1500 psi.? The
second variation involves running small particle sized packings in glass
columns at low pressures. With the commercial availability of rigid polymer-
based packings with small particle sizes and small particle size distributions,
operation in this mode can provide a combination of resolution and through-
put at low pressure, a combination not thought possible a few years ago.

Purification of biopharmaceuticals often involves the removal of mate-
rials with physical characteristics very similar to the desired product, such
as failure sequences from DNA synthesis or misfolded proteins from bacte-
rial fermentations. The contaminants, however, may have biological charac-
teristics very different from the desired product, including different antige-
nicities, bioactivities, and specificities. There are even systems in which the
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desired biopharmaceutical can be viewed as a trace contaminant of the
feedstock. An example of this would be isolation of a nonrecombinant pro-
tein from a mammalian culture. In this case, the protein of interest is a
relatively small percentage of the total protein present. Added to these chal-
lenges is that of designing a process chromatography system that meets
current good manufacturing practices (cGMPs). The chromatographic
media, hardware, and overall process must be well documented and capable
of being validated.

Lastly, considerations of process scale are a very critical point that must
be kept in mind even at very early stages of process development.> Approval
is given for a particular product produced by a very specific process. While
changes are permitted in the IND (investigational new drug) stage of biop-
harmaceutical product development, the process becomes more and more
fixed as the project nears the Phase III clinical stage. Once regulatory
approval for the product is in progress, the purification process is fixed. The
rationale for process design and optimization of purity, throughput, and cost
must begin very early on.

3.1.2 Biopharmaceutical materials

3.1.2.1 Owverview

While proteins and peptides continue to be the biopharmaceuticals of most
widespread interest, new drugs based on carbohydrates and synthetic DNA
require industry to develop new separation strategies for process scale puri-
fication. Each type of molecule presents its own unique set of challenges in
purification with regard to contaminants, breakdown products, altered
sequences, misfolding, and, in the case of proteins, immunological variants.
The following review highlights some of the more significant problems
posed by biopharmaceuticals produced in cell culture or by fermentation
(e.g., recombinant proteins) and those produced by chemical synthesis (e.g.,
oligonucleotides).

3.1.2.2  Biopharmaceuticals from cell culture or fermentation: proteins
While recombinant proteins can be manufactured in Escherichia coli in a
soluble form, they are most often made in systems in which they accumulate
as large insoluble complexes in particles called “inclusion bodies”.** Prior
to purification, inclusion bodies must first be solubilized, often using dena-
turants such as guanidine-HCl. The recombinant protein must then be
refolded (or in a more correct sense, folded for the first time) to obtain the
desired activity (e.g., enzymatic, immunological, hormonal). The processing
of inclusion bodies is extensive and involves a number of nonchromato-
graphic purification steps.® These include cell disruption and removal of cell
debris by centrifugation or filtration, followed by denaturation/solubiliza-
tion of the inclusion bodies and refolding of the protein of interest.”® This is
the point in purification where difficulties in separation increase sharply,
and it is here that chromatographic techniques are usually introduced. In
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some cases, the protein may be refolded after initial chromatographic isola-
tion. In these cases, the first chromatographic purification step may be run
in the presence of a denaturant. The types and number of contaminants in
these systems are large and complex and include host organism proteins,
lipids, nucleic acids, and, in the case of many nonbacterial systems, carbo-
hydrates.

With regard to denaturants, it should be mentioned that while the cha-
otrope urea was commonly employed as a denaturant in early industrial
processes (its lack of charge lends itself very well to ion-exchange, for exam-
ple) and is still seen in the research literature, today it is seldom chosen for
process scale. Even the highest purity, commercially available ureas poten-
tially are contaminated with cyanates. Cyanate ion contamination of concen-
trated urea solutions® can lead to carbamylation of lysine residues, a modi-
fication with very serious implications for protein drugs, since significant
changes in antigenicities could result from such modifications. These would
be extremely difficult to detect. Guanidine hydrochloride (GuHCI) is the
most favored chaotropic agent used for denaturation and solubilization.
Unfortunately, GuHCI is highly charged and this limits the choices open to
the process chromatographer for downstream processing. Ion-exchange sep-
arations in the presence of 7 M GuHCI, for example, are impossible. Affinity
chromatography techniques are also of limited usefulness in the presence of
GuHCl, since GuHCl is a very effective elution buffer for immunoaffinity
chromatography.

While glycosylated and produced in a soluble, active form, recombinant
proteins produced in mammalian cell lines are not produced in as great a
concentration as in bacterial systems. They are also more labile to proteolytic
degradation from naturally occurring proteases in mammealian cells. In addi-
tion, the glycosylation of proteins produced in mammalian culture is signif-
icantly affected by cell culture age and culture conditions.’ Different glyco-
sylation can seriously alter protein activities in vivo. Contamination with
viruses is of particular importance when isolating products produced in
mammalian cell culture.’® Recombinant proteins produced in yeast also accu-
mulate in particulate form in 30- to 60-nm particles,!! and the glycosylation
patterns of proteins produced in yeast may be very different from those seen
in the naturally occurring mammalian protein. Differences in glycosylation
affect the antigenicity of recombinant proteins, and these effects are poten-
tially of great significance in the clearance of protein drugs.

Proteins, whether recombinant or naturally produced, also present other
special challenges to purification due to misfolding (often involving disulfide
bond scrambling), denaturation, and modified sequences. In addition, a
number of other biological and chemical modifications occur, including
formylation, acetylation, phosphorylation, sulfation, glycosylation, deami-
dation, and proteolytic cleavage.!? These modifications are often very diffi-
cult to detect and present serious challenges in separation. They are poten-
tially serious and may affect protein products by adversely affecting stability,
solubility, and bioactivity. These variants also possess antigenicities differing
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from the desired protein, which can affect clearance rates and even produce
serious immunological effects when given to patients.

While the chromatographic techniques available for use with proteins
include ion-exchange, hydrophobic interaction, affinity, reversed phase, and
gel filtration,!3 certain design preferences exist. In an analysis of 100 papers
from scientific journals on protein purification, it was found that ion-
exchange chromatography was the most common purification technique,
followed closely by affinity chromatography.'* The chromatographic
sequence used most often was ion exchange (IEC), followed by affinity,
followed by gel filtration. This approach still reflects that taken by many
researchers in biotechnology, particularly in the early stages of research or
process development, when there is a need to rapidly purify larger amounts
of material. There are relatively few detailed published procedures for com-
plete large-scale purifications of specific recombinant proteins. One that is
available is that for purification of recombinant insulin from E. coli.!® The
process includes ion-exchange, followed by reversed phase high perfor-
mance PLC, followed by size exclusion chromatography, and was used suc-
cessfully at production scale.

Affinity chromatography has serious limitations of scale in process chro-
matography. Experts are wary of this approach and have found that an early
commitment to use affinity chromatography for the sake of convenience or
expediency more often than not results in serious long-term limitations.
Affinity supports are relatively expensive, since they often entail the use of
costly ligands or coupling of the ligands to an activated support. Making an
affinity support in-house, either in its entirety or by performing a coupling
reaction to a commercially available resin (e.g., coupling proteins to CNBr-
activated agarose), puts the burden of the quality control work involved in
manufacturing the affinity packing on the shoulders of the user, rather than
on those of a packing manufacturer. Generation of the affinity support can
become a rate-limiting step in production. In one case in the author’s expe-
rience, the scale-up of the chemical coupling reactions involved in making
the support was itself a major research project. In another case, the produc-
tion process for a Phase I clinical study incorporated an immunoaffinity
support using an antibody ligand that was in very limited supply. Affinity
chromatography was abandoned when it became obvious that it could not
be scaled to produce a commercially viable process. This necessitated a
complete redesign of the purification, with considerable loss of time and
money.

While use of affinity chromatography can present problems in large-
scale purification, it does have undeniable advantages when it comes to its
ability to yield maximum purification on one step. There are promising
approaches being taken to provide purification schemes that will ensure
smooth transfer to larger scale. One possible approach which ensures availabil-
ity of a ligand or for use in situations where there are no suitable affinity ligands
available is to bioengineer into the protein of interest specific binding sites for
which a suitable antibody is readily available. The antigenic determinant on
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the specific binding sequence can be used as the binding site for purification.
This approach was taken to purify fusion proteins for which suitable mon-
oclonal antibodies were not easily made.’® If the antigenic determinant is
attached to the fusion protein by a cleavable linker, linker and binding site
can be removed at some later stage of purification. An inherent problem with
this approach is that enzymatic or chemical cleavage of the linker will
increase the probability of heterogeneity in the product. Affinity chromatog-
raphy has potential uses for very early stage processing to remove products
from mammalian cell culture as they are produced. This is done by integrat-
ing the affinity support into a contained cell culture system.” Since highly
purified product was isolated very early in the process, proteolytic degra-
dation was kept to a minimum. Use of an affinity support in culture was
made possible by the development of a stable, nontoxic, autoclavable affinity
support: Actigel-ALD. The activated supports generally used in purification
are not autoclavable or chemically inert, with toxic groups from the support
poisoning cells in culture.

One subset of affinity chromatography that shows promise is immobi-
lized metal-chelate affinity chromatography (IMAC), which takes advantage
of the fact that many proteins, perhaps one third, bind to transition metals.!”
These metals are chelated to chromatography supports. Activated supports
have become commercially available and the ligands (metals) are relatively
inexpensive. One recent variant of IMAC is chelating peptide immobilized
metal ion affinity chromatography, or CP-IMAC.!® Metal binding sites are
engineered into proteins that do not naturally possess them to enable puri-
fication by IMAC. This is done by genetically engineering the expression of
a covalently attached small peptide which possesses metal affinity. Small
peptides are preferred since they are less likely to interfere with the desired
activity of the protein of interest and could potentially be left on after puri-
fication. IMAC on nickel affinity columns has been successfully used to
purify clinical-grade malaria vaccine candidates.!” The recombinant proteins
were bound by polyhistidine affinity tails. The tails were left in place after
purification, as no biological effect such as autoantibodies was found to result
from the polyhistidine tails in animal models. It should be borne in mind,
however, that use of metals for purification is not feasible with many pro-
teins. Metals can catalyze disulfide rearrangement and affect protein activity
and stability.

Hydrophobic interaction chromatograph (HIC), while very attractive in
principle, has proved difficult to scale up for processing. A recent series of
articles explores some of the unique problems associated with process-scale
HIC. Load sample preparation?’ must be carefully examined to prevent
protein aggregate formation in the presence of the relatively high salt con-
centrations used in this technique. Successful scale-up also requires the set-
ting of wide specifications to accomodate routine variations in the feed.?!
The effect of the salt concentration on capacity may be somewhat more
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involved than in other chromatographic modes and is a key parameter in
obtaining reproducible success as the scale changes.?

3.1.2.3 Biopharmaceuticals from organic synthesis: oligonucleotides
Recent interest in antisense DNA drugs has intensified work in the area of
oligonucleotide chromatographic purification on a preparative and process
scale. Purification of synthetic nucleic acids which have been synthesized on
solid supports presents a different type of challenge to the process chro-
matographer. The types of contaminants are not as varied as in the case of
a recombinant protein, and some problems such as misfolding due to disul-
fide bond scrambling are nonexistent. The contaminants which are present,
however, are exceptionally difficult to separate. Automated synthesizers pro-
duce oligonucleotides in a stepwise manner, adding one monomer at a time
to the growing oligonucleotide chain. From 1 to 3% of the reactions fail
during each cycle, however, producing a heterogeneous mixture of oligonu-
cleotides containing failure sequences consisting of oligonucleotides of vary-
ing length and possibly even branched DNA.? The additive effect of these
failures during synthesis of, for example, a 20-mer, will result in purities of
between 50 and 60%. In addition to problems due to inefficiencies in cou-
pling, postsynthetic problems such as depurination and cleavage reactions
occur and result in additional failure sequences.

Other problems arise when modified oligonucleotides are synthesized.
Oligonucleotides are most commonly synthesized today for pharmaceutical
purposes in the form of phosphorothioates (PS), in which sulfurization of
the phosphodiester bond has taken place (Figure 1).

i 0
mo—{%—w e O—P— 0w

¢} S”
Phosphodiester Phosphorothioate

Figure 1 Chemical structure of phosphodiester and phosphorothioate.

Sulfur is substituted for oxygen in order to decrease susceptibility of the
oligonucleotide to nuclease digestion.?* The presence of intra and extracel-
lular nucleases is a serious limitation to the use of oligonucleotides as ther-
apeutics. A certain small percentage of the PS oligonucleotide, however,
accumulates in the phosphodiester (PO) form (i.e., with oxygen replacing
sulfur). Removal of PO from the phosphorothioate preparation is very dif-
ficult. The up-front costs involved in synthesis (particularly raw material
costs such as the cost of phosphoamidites and solid support matrices such
as controlled pore glass) mean that synthetic DNAs are very high-value-
added products — purification yields must be even higher than those
required in protein purifications in order for the process to be cost effective.



106 HPLC: Practical and industrial applications

Purification steps prior to chromatography also raise problems with
using many of the chromatographic packings used for other biopharmaceu-
ticals. In solid-phase synthesis, the completed DNA chain must first be
cleaved from the solid support, and several blocking groups must be
removed. This is most often done by incubation in concentrated ammonium
hydroxide. Working with ammonium hydroxide in and of itself presents
major problems in purification with regard to corrosion and safety. Classi-
cally, reversed phase liquid chromatography (LC) on bonded silica phases
has been used to separate full-length oligonucleotides containing dimethox-
ytrityl (DMT), protecting groups from those lacking the trityl group (DMT-
off failure sequences), although reverse phase LC cannot separate from one
another the DMT-on sequences of varying lengths.”> DMT-on oligonucle-
otides are more hydrophobic than the DMT-off failure sequences and are
eluted in mobile phases with higher levels of organic solvent. In order to
use silica, however, the pH must first be reduced. Removal of ammonium
hydroxide prior to chromatography is often done by use of a nonchromato-
graphic method such as evaporation under reduced pressure, which is in
itself a difficult technique to scale. As soon as the pH of the unpurified
oligonucleotide mixture decreases, the DMT group begins to cleave from the
oligonucleotide, eliminating the “handle” used for the primary step in
upstream purification. The advent of polymer supports has simplified this
somewhat. The ammonium hydroxide solutions can be loaded directly onto
polymer-based reversed phase supports and washed away prior to elution
with organic solvent. Further purification after removal of the DMT group
is relatively straightforward in the case of the phosphodiester oligonucle-
otides. Nucleic acid separation can be achieved by ion exchange chromatog-
raphy, mainly due to electrostatic interactions between the phosphate groups
of the nucleic acid and the positively charged groups of the ion-exchange
medium.? Resolution of the n-mer from the (n — 1)-mer can be achieved
relatively easily on anion ion-exchange supports. Purification of the more
commonly used phosphorothioates, on the other hand, cannot be done as
easily. The phosphorothioates are highly charged and bind very tightly to
anion ion-exchange columns.?”?® High salt concentrations, in the range of 2
to 3 M salt, must be used for elution. There are greater similarities in the
charges of the n, n - 1, and oxygenated species of oligonucleotides than, for
example, between proteins of differing length or sequence. Metelev et al.
were able to separate oligoribonucleotides on ion-exchange HPLC, with
retention being directly related to length. These methods, however, were
primarily analytical methods done with HPLC and are not easily transferred
to a preparative or process scale.

More recently, it was shown that addition of dextran sulfate as a dis-
placer improved recovery of phosphorothioate oligonucleotides during ion
exchange chromatography.® Careful use of overload chromatographic con-
ditions, even in the absence of added displacers, can turn the potential
disadvantages of working with phosphorothiotes into very real advantages
at process scale, as will be seen in the case history at end of this chapter.
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3.1.3 Scale-up considerations

3.1.3.1 Development at small scale
This section will discuss some of the adjustable parameters in method devel-
opment that are critical to successful process development. As a general
approach these parameters are best examined on analytical scale before
increasing the scale to something approaching production size for several
reasons:

* One has the freedom to examine a multiplicity of variables without
sacrificing large amounts of expensive product.

* The process can be scaled relatively quickly in a few steps, e.g., five-
fold, tenfold, 100-fold.

¢ Even in the best designed systems, reoptimization is unavoidable, but
it is best to limit reoptimization to problems truly related to scale.

For example, during transfer to process scale, new equipment may be
required (e.g., a process chromatography skid with, for example, a different
pump design) and methodologies will evolve to compensate for limitations
at large scale (e.g., the method of pH adjustment during buffer preparation
will change as buffer lots go from 1 liter to several hundred liters). A solid
database at small scale provides a solid framework with which to separate
issues that more likely are a consequence of increasing scale (new equipment,
introduction of alternate suppliers of raw materials, new operators, problems
due to changes in mass transfer) from issues that are more closely related to
the science involved in process design (choice of optimum separation
medium and separation mode for the product, effect of variations in feed-
stock on purification, interrelationships between capacity/flow/column
configuration).

3.1.3.2 Choosing a packing material
The basic approach to choosing a packing for process scale is similar in some
respects to that for choosing a packing at an analytical or small preparative
scale. By the time one is faced with the project of designing a purification at
process scale, characterization of the sample to be purified and contaminants
to be removed will be far enough along to provide a good indication of
which mode(s) of chromatography to use, and the major contaminants will
have been identified. In the process of doing analytical workup and prepar-
ing small amounts of product for evaluation in in vitro cell culture work and
in vivo animal studies, potential chromatography supports will be identified
and even evaluated in an analytical particle and / or column size. While small-
scale analytical work can provide a good scientific basis for designing a process
purification system, significant optimization involving choice of particle size,
size distribution, and composition of the support remain to be done. Special
considerations must be given to the rigidity and chemical composition of the
support, including choice of functionalized or nonfunctionalized supports and
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the use of bonded or coated chemical supports. When purifying biopharma-
ceuticals, questions of leachables, resulting from both chemical degradation
and loss of particle integrity, are paramount. Cleanability and its relation to
the useful life of the resin are also crucial from a regulatory as well as an
economic perspective.

3.1.3.2.1 Particle size and size distribution. Until a few years ago, the
general approach in choosing a process-scale chromatography packing was
to use media with larger particles and relatively broad particle size distri-
butions. This approach was dictated in part by the packings that were com-
mercially available and was often limited to the rigid silica-based packings
of HPLC and relatively soft dextran-based packings of LC.3! From a theoret-
ical perspective, it is preferable to use a packing with smaller particles having
a relatively small size distribution range. The particle distribution range dp
for the particles should vary by no more than 1.5 from the smallest to largest
particles.®! While smaller particles increase efficiency, they are also respon-
sible for decreased permeability and increased pressure. The narrower the
particle size distribution, the less likely a packing is to give a significant
pressure drop due to the smaller particle components.
In a theoretical evaluation of the use of smaller sized particles (5 to 45 1)
for HPLC, Golshan-Shirazi and Guiochon® concluded that, in designing a
process and for any particular particle size, the correct combination of col-
umn length and run conditions produces similar percentage yields. Calcu-
lations indicated that the optimum particle size for maximum percentage
yield was approximately 20 p. Until relatively recently, however, it was not
possible to readily obtain smaller packings. Packings of >100 p1 were used,
as they had better permeability characteristics and in some cases improved
capacity, even though they also produce somewhat lower column efficien-
cies. Today, however, there are many excellent packing materials available
in sizes < 100 p. The more recent trend in preparative and process-scale
chromatography has been to use smaller particle sizes (20 to 30 p or 10 to
20 ) with relatively narrow size distribution ranges,* in contrast to the 100 p
and above sizes and relatively wider particle size distributions (e.g., 55 to
105 pn) once generally associated with preparative packings. Use of smaller
particles, however, has put new demands on column hardware design and
packing procedures (see below).

3.1.3.2.2  Chemical composition of packings. Today, a wider variety of
different support materials is available from which to choose. Silica is still
widely used, though preparative grades often possess a relatively wide
particle size distribution as compared to polymer-based supports. One seri-
ous limitation of silica-based supports is the low stability of silicas to alkaline
pH conditions, which limits use of caustic solutions in sanitization and
depyrogenation. Polymer-based supports, which include poly(styrene-divi-
nyl benzene)- or methacrylate-based materials, are widely available and have
gained increased acceptance and use. Nonfunctionalized poly(styrene-divinyl
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benzene) particles themselves serve as an excellent reversed phase packing.
These can be functionalized to yield ion-exchange, hydrophobic interaction,
and affinity packings. Polymer-based packings are rigid and base stable,
generally offer a fairly narrow particle-size distribution range, and often
have excellent flow properties. They can yield very good separations at
relatively high linear velocities as compared to silica packings or the softer
dextrans and agarose supports. It has been this author’s observation that in
many cases performance of a wide variety of these polymer-based supports
improves as flow increases. Dextran-based packings (e.g., Sephadex™ from
Pharmacia; Uppsala, Sweden) and agarose-based supports, while consider-
ably less rigid, are still used very often in biopharmaceutical purification.
Agarose-based packings have been improved considerably (e.g.,
Sepharose™ fast flow resins from Pharmacia) and offer improved rigidity
and flow properties over what was available several years ago. The cross-
linked dextrans and agaroses are also quite stable during treatment with
caustic cleaning solutions.

3.1.3.3 Column configuration and flow

Problems occur in translating a purification from an analytical or small
preparative scale to a process scale in choosing the correct column configu-
ration (dimensions). The simplest approach to scale-up involves increasing
column diameter while keeping column configuration (defined here as
dimensions in terms of ratio of height to column diameter) and linear veloc-
ity unchanged. This direct approach greatly increases chances of success. It
should be remembered that short, wide columns permit maximum flow and
are preferable to longer columns. Larger column diameters often result in
decreased stability of the packed bed. Columns that are longer rather than
wider generally show improved efficiency and may provide improved res-
olution. Obviously, a compromise between these considerations must be
reached, and this compromise is specific to a particular separation.

There is a limited variety of column hardware sizes available for process
applications with regard to column diameter. Small-scale experiments done
with a view towards predicting conditions at a large scale must be planned
with this in mind (see Table 1). For example, when a separation developed
on a 2.2-cm diameter x 4-cm height column bed is scaled tenfold with regard
to column load, the new bed volume required involves small changes in
configuration. These changes, while relatively minor, may have an impact
on a separation in some systems. Some changes are substantial and may
necessitate extensive re-optimization of the purification methodology. Opti-
mization experiments should be done at a relatively small scale. For example,
to evaluate the effect of the 3:1 configuration on the separation, it could be
run at small scale in a 5 X 15-cm column.

The linear velocity at which a separation is run is another critical param-
eter to be optimized in scaleup. When scaling up a process, many chromatog-
raphers feel it is advisable, at least initially, to keep linear velocity and
column height constant, since this will ensure that the feedstock has the same
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Table1 Changes in Configuration during Scale-Up

Column
Relative Bed Height Diameter Configuration
scale volume (cm) (cm) (height:diameter)
1 15.2 ml 4.0 2.2 1.8:1
10 152 ml 7.8 5.0 1.6:1
100 1520 ml 24.0 9.0 2.3:1
1000 15.21 21.5 30.0 0.7:1
10,000 1521 53.8 60.0 0.9:1
10,000 1521 239 90.0 0.3:1

residence time in the packing, with the same chance to interact with packing
materials, at both scales. It is this author’s observation that the configuration
of the column should be kept constant as well, at least until the point where
the relative importance of configuration has been studied and is thoroughly
understood.

In general, it is preferable to optimize a purification scheme such that it
uses the highest linear velocity possible. This increases throughput and, in
some cases (such as with polymer-based supports), improves performance.
As with other parameters, velocity can be optimized at some smaller scale.
It should be noted, however, that if other parameters, such as column con-
figuration or sample load change after scale-up, some optimization work
may have to be done for flow as well. From a theoretical perspective, high
flow is not an impediment to purification. A theoretical treatment of the
effect of flow rate on recovery in overload conditions demonstrated that
production rates pass through a maximum which is reached at relatively
very high flow.

A very serious problem in working with large column diameters is a
decrease in bed stability. Unstable regions are produced in the bed during
packing; these can be described as bridges, or arches, surrounded by air
spaces.® The bridges collapse due to shear forces resulting from solvent flow.
Particles can then redistribute themselves and eventually produce a void,
with accompanying loss in efficiency. In larger diameter columns, the wall
is farther away from most of the packing and the resulting loss of wall
support increases instability.

3.1.3.4 Column capacity
Specifications for chromatographic packings often describe maximum load-
ing in terms of the maximum capacity of a unit quantity of the packing to
bind some analyte, often a well characterized protein such as bovine serum
albumin. The static loading capacity® is very different from functional capac-
ity,2 which is the maximum amount of a particular feedstock that can be
loaded and still achieve acceptable purification and recovery. Functional
capacity is determined empirically for each type of load and associated set
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of equilibration and elution conditions and is the capacity definition that is
of most concern in developing a process separation.

Preparative-scale and process-scale columns are often described as being
run most efficiently in a state of column overload. This concept of overload
or nonlinear chromatography arose from a comparison of the optimal con-
ditions identified in analytical-scale HPLC. These conditions are referred to
as linear chromatography. There has been an increased emphasis over the
last few years on understanding the theory and practical applications of
overload chromatography. This activity has been fueled both by the explo-
sive growth of biopharmaceutical chromatography and the availability of
new packing materials and column hardware to address the specific needs
of this industry.

3.1.3.4.1 Linear vs. nonlinear isotherms. Analytical scale chromatog-
raphy relies primarily on linear isotherm retention, in which sufficiently
small sample sizes are loaded such that any increase in sample amount
results in increases in peak height only, with no alteration in peak retention
time.®! In analytical separations, loads are kept at <1 mg/g packing. As a
result of this, sample retention (k') and peak separation (o factor) are inde-
pendent of mobile phase velocity (u), while column efficiency (N) is affected
by u. One approach to preparative chromatographic separation, often used
in early stage development to prepare larger amounts of pure product,
involves use of larger diameter columns loaded at <1 mg/g and run essen-
tially like large analytical columns. Retention is determined by a linear
isotherm. This approach is impractical in process scale chromatography,
where the goal is to obtain the highest yield of pure compound with the
smallest outlay of time and cost. The approach used in process scale systems
involves application of loads of >1 mg/g in order to maximize throughput,
and these are defined as being overload conditions. Mazsaroff and Regnier®
define column overload as occurring when peak width increases more than
10% beyond that gotten for an analytical load. In overload conditions, k" and
the separation factor o decrease significantly, and the effect of u on N is also
reduced. Industrial columns are routinely run in such overloaded conditions.
The challenge of finding a suitable framework from which to predict
behavior of sample bands in nonlinear chromatography has received
increased attention as use of chromatography in the biopharmaceutical and
biotechnology industries increases. In overload conditions, peaks are highly
non-Gaussian, the usual definition of peak resolution is not particularly
useful, and columns exhibit low efficiencies as measured by conventional
methods.*” One can describe three kinds of band patterns with regard to
resolution.® When a small sample size is used, elution bands are completely
separate. In lightly overloaded situations, touching bands are obtained; in
heavily overloaded situations, overlapping bands are seen. Relatively empir-
ical approaches to predicting band behavior have been suggested in the
literature, in which the plate number is redefined and measured in a different
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manner from that done in analytical separations.® More theoretical treat-
ments were attempted by Golshan-Shirazi and Guiochon.#4! These authors
first derived equations that could be used to predict band profiles of large
sample loads based on experimental conditions using Langmuir isotherms.
The experimental system used was an extremely simple one when compared
to the complex systems used in preparative chromatography. The second
study involved a somewhat more complex system with binary mobile phase
separations of simple solutes in reverse phase and normal phase systems.
While predicted and experimental results agreed well, these systems were
also simple as compared to a real-life situation. In a computer simulation
study, an approach was proposed for designing preparative scale separa-
tions.*® Key experiments were outlined that would be done using small
sample loads under isocratic and gradient conditions. These could be used
to design optimum conditions for overload separations.

More recently, there have been attempts to study band patterns as they
are affected by shock layers in nonlinear chromatography.*? Shock layers are
steep boundaries that develop when the boundary front of an elution band
becomes very steep and self-sharpening at high concentrations. While com-
parison of predicted and experimental data was promising, this study, like
the others mentioned above, was done with single-component samples and
awaits further analysis with the kinds of multi-component feeds more fre-
quently encountered in process purifications.

3.1.3.4.2 Displacement chromatography. A form of chromatography
which holds great promise but has made relatively small inroads into actual
use at a process scale is displacement chromatography. Displacement chro-
matography is a form of overload chromatography in which a solution of a
substance called the “displacer” is loaded behind the feed. The displacer is
chosen such that it has a higher affinity for the stationary phase than any of
the feed components. Thus, the displacer competes for adsorption to the
column and in this manner drives the feed components through the column
while they mutually displace each other and separate into component bands.
Horvath® presented an excellent review of the history of displacement
chromatography and its potential use in process-scale separations. He
noted that while the displacement phenomenon had been noted as early
as 1906 and displacement chromatography used by Tiselius and others for
biochemicals, the method was eclipsed by linear elution chromatography
for many years, largely due to the lack of adequate chromatographic sup-
ports and instrumentation to support displacement and the rapid devel-
opment of linear chromatography, in both theory and practice. Since the
mid-1980s there have been increasing numbers of reports in the literature
of displacement chromatography being used successfully for peptides*#
and proteins. -4
Currently, one of the main roadblocks to utilizing this technique in purifi-
cation of biopharmaceuticals is a lack of commercially available displacers
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deemed safe for use in pharmaceutical purifications. A review of some of
displacers used in the literature** indicates why this is a problem: tetrabu-
tylammonium bromide for dipeptide separation, n-butanol in separation of
adenosine monophosphates from adenosine, octyldodecyldimethyl-
ammonium chloride for purification of polymyxin B. Though in theory the
displacer front and product front are separate, in reality there is always
potential for some contamination of product with a displacer, which itself
may be very difficult to separate from the product. More recently, proteins
have been displaced using less toxic, more easily separable and possibly
more pharmaceutically acceptable displacers including chondroitin sulfate,*
dextran sulfate,® carboxymethyl starches,® and protamines.’? Imidazole,
N-protected histidines, and tryptophan were also found to have utility as
displacers in metal affinity chromatography systems.*

An additional problem exists in which impurities in the displacer itself
complicate separation.>* Also, the displacer itself must be removed from the
column, which lengthens regeneration time and can adversely affect
throughput. Ironically, while the difficulties involved in identifying displac-
ers and in column regeneration have retarded use of displacement as a
preparative method, there has been renewed interest in using displacement
chromatography in analytical and semi-preparative applications for enrich-
ment of trace compounds.®

An associated phenomenon may also occur in overload chromatography
of some biomolecules which can be referred to as a displacement effect. In
a computer simulation study of overlapping bands in overload chromatog-
raphy, it was noted that gradient elution could result in high recovery of
very pure product, and the results were compared to previous reports in the
literature of similar success obtained with displacement chromatography.®
Golshan-Shirazi and Guiochon® discussed this phenomenon in some detail
as it relates to nonlinear elution. In unresolved bands, containing several
components, the proportion of each component in the stationary phase is
lower than for unmixed components, resulting in a larger velocity for each.
The first component band is less retained than when alone, and it is pushed,
or displaced, forward by the second component. This phenomenon can be
exploited very successfully at process scale to achieve good yields from very
difficult separations, as is described in the case history at the end of this
chapter.

3.1.4 Special packing material requirements

One factor of critical importance in choosing a packing for process-scale
purification of a biopharmaceutical is its cleanability. It must be periodically
determined that material is not carried over from cycle to cycle and that
there is adequate control of bioburden and endotoxin loads. Operating under
current good manufacturing practice (¢cGMP) involves developing and val-
idating suitable methodologies for cleaning the packing that may include



114 HPLC: Practical and industrial applications

sterilization, sanitization, and/or depyrogenation. The packing should also
be able to withstand a reasonable number of cleaning cycles. As mentioned
previously, silica-based packings are not stable to the caustic cleaning solu-
tions favored for removal of pyrogens, although they can be sanitized with
acidic alcohol solutions. Cleaning must be validated under cGMP require-
ments, and validation is usually best performed at process scale, e.g., by
taking measurements during an actual production run.!

The stability of the packing is also of prime importance with regard to
chemical leachables from the support. These should be at minimum amounts
under the normal operating conditions as well as the cleaning cycles to which
the packing is subjected. The time to determine this is during the early
process development stage, before significant expenditures of time and
money have been spent on a process that can never produce a safe product
or operate in a GMP environment. An excellent place to begin is with the
manufacturer. Suppliers who provide process-scale supports for the phar-
maceutical and biotechnology industries are increasingly aware of regulatory
requirements and often maintain Drug Master Files on their products which
are available for examination by the Food and Drug Administration (FDA).
In some circumstances, and under special arrangements with the vendor,
customers may have access to some of this information as well. The
Parenteral Drug Association has set up a model program for vendor certifi-
cation to help with this process.>®

Determination of the useful lifetime of a resin occupies much effort in
any process development program. In fact, because of validation consider-
ations, it is perhaps the major cost factor. A very useful model has been
presented for determining the number of cycles for which a given resin can
be used.” This program involves activities in six main areas:

¢ Resin evaluation of both new and used resins (titration of total binding
sites, total protein capacity, flow vs. pressure, particle size distribu-
tion, total organic carbon removed by cleaning procedures, and mi-
crobial and endotoxin analysis)

¢ Chemical challenge of the resin with the harshest conditions encoun-
tered during the process, including accelerated cycling studies

¢ Evaluation of production column resins (periodic sampling of resin
in process columns)

* Model cycling of the first column in the purification stream (this
usually is subjected to the harshest cleaning conditions and sees the
dirtiest feedstocks), process monitoring of production columns (yield
and purity of product, HETP measurements, pressure-vs.-flow tests)

* Demonstrations of resin cleaning (e.g., by sampling resin storage so-
lution)

¢ Demonstration of removal of leachates (review of manufacturer’s
regulatory support file, actual measurement of possible leachates in
the lab).
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3.1.5 Economic considerations

Mazsaroff and Regnier® reviewed the key parameters involved in designing
a preparative chromatographic process. They identified throughput as the
single most important variable in preparative chromatography. In a series
of equations, they set up an economic model for evaluating the cost-effec-
tiveness of a purification system, in which column efficiency is evaluated in
terms of feed, product purity, product yield, ability of the column to be
cleaned, and throughput and operating costs. They noted that even expen-
sive instrumentation and column hardware can be cost effective in the long
run, since they will last for many years. The overall conclusion of this
analysis was that even very expensive columns can be cost effective, if the
cycle time is sufficiently high to maximize throughput. This means that even
process-scale HPLC is an option for particular situations.

Colin? came to a similar conclusion in a review of this subject area. He
emphasizes that it is important to distinguish early on the difference between
purification costs (e.g., equipment, solvents, packing material) and produc-
tion costs (purification and cost of making the crude sample). He noted that
a crude sample resulting from a multistep synthesis can itself be very expen-
sive and will enable one to tolerate much higher purification costs. This is
indeed the case in purification of synthetic oligonucleotides, where even
very steep purification costs are a fraction of the costs of even the raw
materials required for synthesis, let alone the total cost of synthesis.

The different areas outlined above for scale-up considerations all provide
approaches to reducing cycle time and maximizing throughput:

* Being able to run columns in overload conditions

* Optimizing flow, load, and configuration to run shorter columns at
maximum flow and thereby minimize processing time

¢ Utilizing packings with smaller particle sizes and narrower size dis-
tributions to obtain the highest efficiencies

* Operating when possible in low pressure conditions to minimize
equipment and column hardware costs

¢ Choosing rigid, base-stable packings that can withstand the rigors of
sanitization/cleaning cycles and be turned around relatively quickly

One interesting concept mentioned in the literature to reduce cycle time
is that of backflushing.®® In this method, the column flow is reversed just
after the product of interest has eluted. After a delay time, the next injection
is made at the opposite end of the column from the first. This is designed
to minimize the time spent eluting strongly retained contaminants.

3.2 Special hardware requirements

Process scale columns generally are constructed essentially the same as analyt-
ical columns. With larger column diameters, however, this type of construction
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does not allow for adequate stabilization of the packing bed.? A somewhat
different column design that is particularly useful at process scale is the
compression column. Compression columns are increasingly popular for use
at the process scale. Compression can be static (applied only temporarily
during packing) or dynamic (applied continuously). Radial compression is
a system, primarily available at the semi-preparative scale, in which com-
pression is placed along the entire wall of the column by immersion of the
column in a pressurized fluid. An example of radial compression is the
Waters™ radial compression cartridges (Waters Corp; Milford, MA).6! In
dynamic axial compression (DAC), a piston is used to compress the column
bed, and this compression is maintained during use. This technique has
taken on particular importance with the increasing use of smaller particles
for process-scale work. Columns packed using DAC have very good reduced
plate heights, between two and three times the particle diameter, for smaller
sized silica packings with several particle size distributions, including 8 to
131, 10, 10 to 20, 12 to 25 p, and 12 to 30 p.%

Another column design that has received increased attention is one that
enables radial-flow chromatography. Columns typically use axial separation
of samples; i.e., components travel down the length of a vertical column. In
a radial flow column, sample is introduced into a central channel of the
column and elutes outward from that to an outer channel. Because of the
minimal bed depth involved and the large cross-sectional area in the outer
channel, pressures under 20 psi are encountered at relatively high flow
rates.®? Successful purifications with radial flow columns have been reported
for purification of recombinant proteins,%¢* with significant advantages
offered by radial flow technology in terms of speed, pressure drop, and
overall throughput.

Before releasing a process column for chromatography; it is advisable to
perform some test to measure efficiency, such as calculating height equiva-
lent theoretical plates (HETP), both to forestall any problems in the column
bed and to provide a benchmark by which to measure column reproducibil-
ity and predict degradation of the bed or material. Examples of compounds
that are relatively innocuous for use in pharmaceutical applications are 1%
NaCl (for gel filtration), concentrated buffer solutions (for ion exchange),
and benzyl alcohol and parabens for reverse phase LC.1°

The piping, valves, and fittings used in a biopharmaceutical process
chromatography skid also have unique requirements due to the need to be
able to validate their cleanability. Sanitary fittings are the preferred design
for use in pharmaceutical manufacturing today. These fittings are sold under
various trade names (e.g., Sanitech™ and Triclover™) and are designed to
eliminate use of glues and allow for easier and more direct hookups and
installation. Their primary advantage from a regulatory aspect, however, is
that this design eliminates dead spaces and thus potential areas that can
serve as traps for microbial contamination. Piping, particularly with regard
to the design and installation of joints, must also be planned in order to
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eliminate stagnant pools that trap microorganisms. The installation qualifi-
cation (IQ) phase of validation of a water-for-injection system, for example,
involves extensive documentation and inspection of all welds in the system.
Welding must be done by certified technicians using approved materials.
With regard to piping components, especially plastic components, stringent
requirements exist and must be adhered to when designing a purification
system.!

Use of organic solvents in elution buffers at a process scale involves
safety issues not normally encountered at analytical or semi-preparative
scales. A large-scale reverse phase system requires explosion-proof chroma-
tography skids. This adds considerably not only to the cost of the skid itself
(e.g., a nonexplosion-proof unit may cost $100,000 vs. $130,000 for the explo-
sion-proof version), but to many of the accessory costs, as well. For example,
the explosion-proof cabinet must be purged constantly by clean, water- and
oil-free instrument air. Supplying this air requires installation of a relatively
large, costly compressor system. If plastic piping is to be used with organic
solvents at high flow rates, static discharge can develop. This potential
hazard necessitates that the piping must be extensively grounded by wrap-
ping it with with copper mesh or copper wiring.

3.3 Validation considerations

Validation activity is the crucial end-stage in the process development of a
biopharmaceutical chromatographic purification and one which young com-
panies often underestimate. Regarding process validation, the FDA issued
a guideline in 1986 which states:

“Process validation is establishing documented evi-
dence which provides a high degree of assurance that
a specific process will consistently produce a product
meeting its predetermined specification and quality
attributes.”

“Validation” is not “optimization”, but rather a definition of the condi-
tions under which a process is reproducible. Optimization refers to both the
small-scale and process-scale experiments in which the methods and bound-
aries of operation are defined (e.g., packing, mobile phases, capacity, flow,
cleaning procedures, sample clearance). Even at process-scale, optimization
work may involve significant changes in each run. Validation, on the other
hand, is the end result of a good job at optimization. In chromatography,
validation runs are process-scale runs in which no deliberate changes are
introduced. Uncontrolled variation due to feedstocks and process method-
ology are often uncovered. These runs provide the benchmark by which a
manufacturer can ensure itself and the FDA that the chromatographic pro-
cess is fully under control. In drug manufacturing, changes from the validation
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conditions may mean the process is no longer in compliance; revalidation
of one or more parts of the process will be required. From both a regulatory
and business viewpoint, it is necessary to get validation underway as soon
as possible. In a recent review, Bala® outlined some of the steps required for
successful process validation. For a successful product launch, validation of
the purification process should be only part of a master validation plan. This
plan must be designed and implemented very early in the project to avoid
delays in time and keep the entire project on track.

Validation activities have occupied an increasingly large place in the
biopharmaceutical industry over the last 20 years. The history of validation
tracks the history of cGMP regulations. While the concept of validation had
been applied to analytical test methods prior to 1976, when the FDA intro-
duced its proposed new cGMPs in 1976, validation became a prime focus in
manufacturing as well. Chapman® reviewed the history of validation in the
U.S. and traced the development of validation since 1976 under cGMPs to
FDA concerns in five areas: sterilization, aseptic processing, water treatment
processing, nonaseptic processing, and computer-related systems. Problems
in the pharmaceutical industry were recognized by the FDA and triggered
issuance of regulatory guidelines by the FDA. These guidelines had wide-
ranging implications not only for the areas of original concern, but also for
all other phases of pharmaceutical manufacturing.

Validations fall into two types: prospective and retrospective. In pro-
spective validation (see flow chart in Figure 2) the validation is done in a
sequential manner, involving installation qualification and operational qual-
ification (IQ/0OQ) of equipment (e.g., chromatography instrumentation or
column hardware). Appropriate calibrations accompany the IQ/0OQ. Process
qualification, or PQ), involves formal review and approval of a PQ protocol,
execution of this protocol, and issuance of a formal PQ report which includes
data analysis and recommendations (i.e., approval/certification of the pro-
cess). If the process is not approved, the report may recommend a redesign
or redoing of the validation protocol and, in some cases, a return of the
process to process development for further optimization.

In 1992 the Parenteral Drug Association outlined guidelines for valida-
tion of column-based separations in which recommendations for the content
of the IQ, OQ, and PQ were given.!® The IQ provides documented evidence
that the equipment used was installed correctly and adheres to specification,
and it also includes a statement of system application, an equipment sum-
mary, description of utilities, list of standard operating procedures (SOPs)
and manuals, spare parts, operating logs, process instrumentation, and mate-
rials of construction. The OQ documents that the equipment will perform
its function and includes information on system integrity, flows and pres-
sures, gradient formation, detectors, and computer control. The PQ includes
extensive testing to document that the process will perform reproducibly
and includes detailed data on column performance, purity of feed and frac-
tions, cleaning, operation under SOPs and batch records. PQs are sometimes
done concurrently, with data from actual production batches being used.
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Figure 2 Flow chart for prospective validation.

The FDA generally insists on no less than triplicate runs to prove con-
sistency. Each critical parameter must have been defined previously as to an
acceptable range (i.e., upper and lower limits) and validation runs must be
done within these limits.¢” Of particular importance is documentation of the
clearance from each step of potential contaminants of the product of interest.
These can include heterologous contaminants of the process (e.g., DNA and
host cell proteins from a fermentation process, endotoxins, viruses, tritanol
from a synthetic oligonucleotide synthesis) as well as preservatives used for
column storage by the manufacturer (e.g., sodium azide, ethanol). One
approach to demonstrating clearance is by the use of spiking experiments.®10
In this method, each chromatographic step is challenged by a spike of the
contaminant of interest, given either as an addition at high concentration to
the feedstock or, if possible, as a radiolabeled tracer. With proteins expressed
in mammalian cultures, collections of model viruses are often employed in
clearance studies. Each step in the purification is challenged separately. These
experiments are best done at smaller scale to avoid contaminating expensive
process equipment and columns.!?
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Retrospective validation uses historical information gathered in actual
process runs to evaluate the process. For example, batch records can provide
extensive data on column performance and analytical data of fractions and
final product can provide valuable information on the efficiency of the chro-
matographic steps in removing contaminants. Chapman® cautions that
while retrospective validation is a valid and valuable approach, it is not
meant to be retroactive — validation must be done before product is released
to market.

The most recent area of validation development concerns computer sys-
tems. This area is in a state of flux. Process-scale chromatography instru-
mentation is largely automated today, and this automation relies extensively
on vendor-generated and vendor-validated software packages for process
control. Tetzlaff summarized FDA thinking on GMP requirements for auto-
mated systems in a series of articles in 1992.970 He pointed out that GMP
regulations place ultimate responsibility for verifying the validation of a
vendor’s software with the user, even though the user firm is not involved
in software development and testing. Proper validation documentation of
software by the user is an area that is receiving increased attention from the
FDA. New guidelines relating specifically to computer concerns are expected
to be issued in the near future.

Process validation is, at least to some extent, a moving target due to the
rapid pace of change seen in the pharmaceutical industry over the last 20
years. Up-to-date knowledge of industry trends and FDA guidelines must
be taken into consideration as early as possible when designing and validat-
ing new processes. Indeed, the many changes seen in the pharmaceutical
industry in this time period resulting from the use of recombinant DNA
technology, barrier technology, computer technology, and improved facility
designs recently prompted the PARMA (Pharmaceutical Regulatory Manu-
facturing Association) Quality Control Bulk Pharmaceuticals Work Group to
publish guidelines that reflect the industry’s understanding of current GMPs
in the manufacturing of drug substances.””

3.4 Case history

The methods in the literature for purification of oligonucleotide phospho-
rothioates are largely unsuitable for commercial scale use. Process-scale
industrial production of this class of biopharmaceuticals is in its infancy as
compared to, for example, recombinant proteins, with the first DNA thera-
peutics just beginning to enter clinical trials. It is very likely, however, that
oligonucleotide drug development and use are poised for explosive growth
in the next 5 to 10 years. There is already a pressing need, even at the
relatively small production scales currently used, for chromatographic puri-
fication techniques that are commercially scalable and suitable for use in
GMP processes.
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Puma et al.” have recently developed a method for large-scale purifica-
tion of oligonucleotides which employs many of the design characteristics
reviewed in the sections above. The purification process was designed from
the very start for use in large-scale processing of oligonucleotides, as
opposed to being adapted from a previously used analytical methodology.
Older purification schemes, which were adapted from successfully used
analytical and semi-preparative procedures, separated DMT-on sequences
from DMT-off failure sequences by use of reverse phase liquid chromatog-
raphy (RPLC). We have replaced RPLC with hydrophobic interaction chro-
matography (HIC). HIC was originally investigated as a relatively simple,
scalable technology for preparation of the crude ammoniacal solutions of
phosphorothioates for subsequent RPLC purification. This preparation step
was previously done using evaporation under reduced pressure to remove
ammonium hydroxide and concentrate the crude feedstock. It was desirable
from an economic and practical scale-up perspective to eliminate this tech-
nique, as it is relatively labor intensive and not easily scaled. While initial
results indicated HIC serves this purpose, we later found that proper manip-
ulation of load and elution conditions eliminates all need for subsequent
RPLC. This offers two very significant advantages to the process: (1) use of
packing materials which are stable at alkaline pH, and (2) elimination of
organic solvents from mobile phases in the downstream purification stream.
The HIC elution pool is detritylated and the oligonucleotide can be further
purified by passage over an anion ion-exchange chromatography column.
As mentioned previously, there are few published reports of successful and
scalable purification of phosphorothioates on ion-exchange supports. The
method developed here can give PS purities of 98 to 100%, with efficient
removal of shorter oligonucleotides and very good yields.

For the studies discussed below, a 25-mer phosphorothioate with the
sequence CTCTCGCACCCATCTCTCTCCTTCT was used. The HIC packing material
used was Phenyl Sepharose™ fast flow, high substitution (Pharmacia). The
anion IEC packing material was DEAE 5PW™ (TosoHaas; Philadelphia, PA).
The DEAE elution pool was desalted using ultrafiltration on tangential flow
filtration membrane cassettes (Pall Filtron; Northborough, MA). The entire
process took 2 days, as opposed to 4 days for a previously used RPLC
procedure.

The HIC column was equilibrated in ammonium acetate, pH 8.5 to 11.0,
and elution was achieved by washing in a solution of lowered salt concen-
tration. Preliminary experiments indicated that the salt concentration of the
crude ammoniacal solutions had to be increased by addition of ammonium
acetate to ensure binding of DMT-on product to the column. While elution
with low concentrations of ammonium acetate was tried, the most successful
procedures involved use of plain water (in this case, water for injection).
Flow-through and wash fractions contain the DMT-off failure sequences. The
water wash contains the DMT-on sequences. Table 2 contains a summary of
some of the key experiments used to develop the final HIC protocol.
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Table 2 Development of HIC Protocol

Load Recovery in
(mg oligonucleotide  Elution elution pool
Configuration loaded per ml purity DMT-on oligo Total oligo

pH (height:diameter) packing) (% DMT-on) (%) (%)
Low 2.5:1 8.7 77 63.9 79.7
Low 2.2:1 16.7 98 424 66.7
Low 2.5:1 8.7 91 57.9 76.6
High 1:1 13.0 99 48.5 73.5
High 1:1 8.7 96 64.0 89.0
High 11 8.7 96 56.6 83.5

Load and elution conditions for experiments in Table 2 were as follows:

Experiment #1: The load and column equilibration buffer were adjusted
to 2 M ammonium acetate. The DMT-on product was eluted in 0.5 M
ammonium acetate followed by a linear gradient of 0 to 0.5 M ammo-
nium acetate.

Experiment #2: The load and the column equilibration buffer were 1 M
ammonium acetate. The DMT-on product was eluted with water.
Experiment #3: The load and the column equilibration buffer were
0.75 M ammonium acetate. The DMT-on product was eluted in 0.01 N

NaOH.

Experiments #4,5,and 6: The load and column equilibration buffer were
0.75 M ammonium acetate. The DMT-on product was eluted in water.
The load for Experiment #4 was 69% DMT-on, 9.6% PO, 57.6% n, and
6.5% n —1; the load for Experiment. #6 was 63% DMT-on, 9.6% PO,
56.7% n, and 10.3% n - 1.

For linear velocities, the crude product in Experiment #2 was loaded at
75 cm/hr; wash and elution were done at 315 cm/hr. For all other experi-
ments the crude was loaded at 75 cm/hr; wash was done at 315 cm/hr;
elution was done at 158 cm/hr.

Lower pHs were used in equilibration and wash buffers in the first three
runs, and this is most likely responsible for the lowered DMT-on purities of
the elution pool in the first two and the lowered overall yield of DMT-on
product in the third. Equilibration and load conditions were adjusted in
subsequent experiments to effectively use a relatively short, wide column
with a height-to-diameter ratio of 1:1. This is important for a primary recov-
ery step in terms of throughput. Processing can proceed at relatively high
flow rates, reducing cost in terms of time and minimizing loss of the DMT
groups from the product during recovery. In the second experiment, we tried
to further diminish loss of DMT-on product by increasing the linear velocity
at which the column was eluted. While this improved purity of the elution
pool, yield suffered. The increased load may also have played a role in this;
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Table 3 1EC of Sodium Salt of Oligonucleotide

Elution pool
Product Total

Configuration Buffer recovery recovery  Purity by
(height:diameter)  (NaCl) (%) (%) [EC-HPLC
5:1 1.0M 93.4 83.5 98.4
1.2:1 1.0M 73.0 67.0 99.0
1.2:1 0.85 M 80.0 86.0 97.0

even though there was no loss of DMT-on product in the breakthrough
fractions, the functional capacity of the packing to resolve product may be
compromised at the higher loading level.

Differences in the quality of the crude ammoniacal solutions also play
a significant role in yield from HIC. The effect of the slightly lowered DMT-
on purity and significantly increased level of n—1 failure sequences in the
starting material of the fifth experiment as compared to the sixth are readily
apparent in the differing yields. While the percentages of DMT-on purities
in Experiments #5 and 6 were somewhat less than the target of 98% DMT-
on purity we originally wanted, subsequent experiments using fresher,
higher-quality crude materials more indicative of materials used in produc-
tion have given consistent purities in the elution pools of 298% DMT-on.

The IEC column used to obtain more highly purified 25-mer is equili-
brated in Tris-HCI (pH 7.2 to 8.0), containing 0 to 0.85 M NaCl, and elution
is achieved by use of Tris buffer containing 0.85 to 2 M NaCl. Initial exper-
iments to optimize run conditions on the DEAE 5PW™ column were done
using the sodium salt of the oligonucleotide and were extremely interesting
as an illustration of the sometimes drastic effect a change in column config-
uration can have during scale-up. There appeared to be a very critical rela-
tionship between configuration and concentration of NaCl in the equilibra-
tion buffer. The longer the column in relation to the diameter, the greater
the concentration of NaCl that was required to elute the product. Table 3
highlights some key experiments done to investigate this phenomenon. The
use of the ammonium salt of the oligonucleotide, which was explored sub-
sequently, indicated a reduced sensitivity to column configuration.

Contaminating PO and short oligonucleotides of n < 23 are separated in
the breakthrough and initial wash fractions. PS oligonucleotide eluted in the
latter wash fractions and with application of 2 M NaCl. The load level was
absolutely critical for this separation to succeed, with the optimum load level
at 6.5 mg/ml DEAE 5PW™. An increase in load caused poor product recov-
eries of <60%, although purity of the elution is very good; a decrease in load
significantly below 6.5 mg/ml packing produced even worse results — no
purification occurred, and in some experiments, purity in terms of IEC-HPLC
analysis actually decreased. We are currently exploring the mechanism
behind this phenomenon. Preliminary results suggested that a mixed-mode
displacement effect was responsible. At 6.5 mg/ml packing, the column was
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sufficiently overloaded that the PO front was pushed forward or displaced
by the PS front in a very sharp band. At higher levels, the bands were not
as sharp and mixing occurred. At lower levels, however, the column was
functionally underloaded and did not work in the displacement mode; sep-
aration of PO and PS species, with their essentially identical charges, must
rely at this load level on a purely ion-exchange mechanism, and the chro-
matographic packing was inadequate to accomplish this.

Preliminary cost analysis indicated that even though the packing mate-
rial and column hardware initially were more costly than those used in the
original RPLC purification process, the savings in cycle time and improved
purity of the product will make the HIC/IEC approach an economically
favorable one. Other phosphorothioates of differing size and sequence have
been successfully purified using this approach. Results with regard to both
yields and purities are equivalent to work with the 25-mer and suggest that
the combination of hydrophobic interaction chromatography/anion ion-
exchange chromatography/tangential flow filtration will provide a general-
ized scheme for economically purifying oligonucleotides at process scale.
While base-stable polymer RPLC packing materials such as 20-pn nonfunc-
tionalized poly(styrene-divinyl benzene) are commercially available and
should also work very well with regard to streamlining purification and
providing good cycle times, these polymers are significantly more costly
than the HIC support while offering degrees of purity and yield similar to
what we can achieve on HIC, as well as possessing the disadvantage of
having to use organic solvents in downstream purification.

3.5 Summary

The principal considerations involved in design of a process-scale chro-
matographic purification include scalability, reproducibility, safety, and
validatability. Cost factors, however, must by necessity enter into all indus-
trial decisions. Due to the high value-added nature of most biopharmaceu-
ticals, this cost factor is driven by throughput, rather than by capital invest-
ment cost.
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A3
Preparative chromatography:
update 2000

Joel K. Swadesh

A3.1 Quverview

Preparative chromatography continues to gain wider acceptance for the
production of high-value-added materials. The prices of chromatographic
media have fallen, and efficient techniques for industrial usage have been
developed, making chromatographic purification increasingly attractive.
The present update covers chromatographic modes that are used primarily
in preparative rather than analytical work, including displacement chroma-
tography, affinity chromatography, hydrophobic interaction chromatogra-
phy (HIC) and metal interaction chromatography (IMAC). The update also
presents recently reported applications. Electrophoretic techniques are show-
ing increasing promise for preparative chromatography, both as single mode
techniques and as coupled to chromatographic separation modes.

A3.2 Chromatographic technology, materials, and
operating conditions

A3.2.1 Theory

A model of blending aqueous salt buffers for chromatography has been
developed.! The model assumed full miscibility, low mixing enthalpy and
low volume change. It reproduced experimental S-curves of buffer strength
produced by a Pharmacia® P3500 dual piston system equipped with a model
24 V dynamic mixer with 0.6 mL internal volume as well as those produced
by a BioSepra® ProSys® 4-piston system equipped with two dynamic mixers
of 1.2 mL internal volume.

Separations in hydrophobic interaction chromatography have been mod-
eled as a function of the ionic strength of the buffer and of the hydrophobicity
of the column, and tested using the elution of lysozyme and ovalbumin from
octyl-, butyl- and phenyl-Sepharose® phases.? The theoretical framework
used preferential interaction analysis, a theory competitive to solvophobic theory.
Solvophobic theory views protein-surface interaction as a two-step process.
In this model, the protein appears in a cavity in the water formed above the
adsorption site and then adsorbs to the phase, with the free energy change
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broken into several distinct portions. Preferential interaction analysis pro-
poses that adsorption is favored because it reduces the wetted surface area
of the hydrophobic stationary phase.

The product of production rate by recovery yield was used as the objec-
tive function to be optimized in the separation of a binary mixture by iso-
cratic or gradient elution.> A competitive Langmuir adsorption model was
used. In the Langmuir model, molecules bind to lattice sites according to a
simple equilibrium constant. Since two analytes will necessarily compete —
both with one another and with themselves for adsorption sites — the
binding curve is nonlinear. An equilibrium-dispersive model was used to cal-
culate band profiles. In the equilibrium-dispersive model, the concentrations
of analyte in the mobile and stationary phase are related through the isotherm
(see 4.1.3 for a definition of isotherms) equation. Band dispersion is accounted
for with a coefficient dependent on plate height and velocity. It was con-
cluded that only the loading factor and the column efficiency were important
as factors in isocratic separation, while gradient steepness or displacer con-
centration was an additional factor in gradient separation.

An iterative procedure using the solid film linear driving force model has
been used with a steric mass action isotherm to model displacement chro-
matography on ion exchange materials and the procedure applied to the
separation of horse and bovine cytochrome ¢ using neomycin sulfate as the
displacer.* The solid film linear driving force model is a set of two differential
equations imposing mass transfer limitations.

In the update to Chapter 1, recent literature describing the visualization
of inhomogeneity in column packing was presented. The topic of bed con-
solidation in chromatographic packing has been reviewed.> The effects of
axial homogeneity in columns packed with either a large irregular silica or
a small spherical silica have been studied by systematic variation of the
column length.® A Prochrom® LC-50 dynamic axial compression column was
used, and high- and low-compression stress was used. Particularly for long
columns, the irregular material exhibited bed collapses at random intervals
through the packing process, perhaps due to the formation of metastable
arcs. Packing density decreased with column length for both spherical and
irregular particles. Column permeability increased with column length, par-
ticularly for irregular materials, especially if packed at low pressure. The
porosities (both total and external) of the irregular particles increased with
column length at low packing pressure, and were highest, but independent
of column length, at high packing pressure. The spherical particles exhibited
porosity independent of column length. These results were consistent with
a picture in which packing density varies axially, with the magnitude of the
variation from column center to column wall increasing with column length.
Irregular particles were far more likely to exhibit pressure-dependent and
length-dependent effects on performance.

The temperature with large columns may not be homogenous. A math-
ematical model of the effect of a radial temperature gradient has been devel-
oped and validated on octadecyl-packed columns of 11-15 cm diameter
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using the separation of uracil and acetophenone.” Both efficiency and asym-
metry were strongly affected by the difference between the temperature at
the column wall and the column inlet. For acetophenone chromatographed
in methanol-water, an eightfold decline in efficiency was observed if wall
and inlet differed by 8 °C. On the other hand, peak asymmetry may be
improved by small differences in wall-inlet temperatures.

The change in selectivity observed when ion exchange columns are
loaded with proteins has been examined, with the goal of understanding
column fouling.® Protein adsorption in ion exchange tends to be dominated
by one or a few residues, and isotherms are complex. Proteins were
covalently coupled to a weak ion exchange phase and variations in selectivity
were studied systematically. The Z-numbers (representing the number of
charged groups involved in binding) were generally increased by covalent
coupling, while effects on the I values (representing equilibrium constant
effects) were more complex (some errors are evident in the relevant text and
table of the reference). Coupling human serum albumin to the ion exchanger
strongly increased the I value for trypsinogen and lysozyme, but strongly
decreased the I value for o-chymotrypsinogen A and RNase A. A pH gra-
dient was applied to an ion exchange column operated in chromatofocusing
mode to separate fibrinogen.>! An additional application is described in
section A3.2.4, displacement chromatography.

Coping with on-column isomerization is an issue of considerable interest
in the case of separation of proline-containing compounds. A theoretical
study examined the effects of isomerization on displacement chromatogra-
phy.!! The dimensionless Déihmbkohler number, a measure of the relative speed
of isomerization and separation, is inapplicable in a non-linear process such
as displacement chromatography. Instead, simulations were directly calcu-
lated from a kinetic model. The effects of temperature, column length, flow
velocity, and displacer concentration were examined. Typically, low temper-
ature favored high yield and a correspondingly high production rate. Longer
columns and lower displacer concentrations also tended to favor high yields,
but, under some conditions, the highest production rates were obtained at
higher temperatures.

A3.2.2 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography has the advantage of simplicity
and high capacity. Removal of salt from the product stream and corrosive-
ness of the mobile phase can be concerns. Poly (acrylamide-co-butyl meth-
acrylate) crosslinked with N,N’-methylenebisacrylamide has been used as a
wide pore monolithic stationary phase for hydrophobic interaction chroma-
tography.’2 Long chain alcohols in dimethylsulfoxide served as the porogens.
Flow rates of 4 mL/min. were tolerated in a 50 x 8 mm i.d. column. Flow
rate-independent breakthrough curves were observed, with binding capac-
ities of about 5 g/mL gel. Hydrophobic interaction separation of proteins
from wastewater has been performed by adsorption onto cellulose acetate
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and cellulose triacetate fibrets.!® Denatured plasmids from pCF1-CFTR were
purified using butanediol diglycidyl ether on Sepharose® CL-6B.!* The per-
formance of a phenyl bonded phase was compared with the performance of
BAKERBOND® HI-Propyl, Toyo Pearl® phenyl 650 M, and two variants of
Phenyl Sepharose® in the separation of cytochrome ¢, myoglobin, lysozyme
and o-chymotrypsinogen A.1

A3.2.3 IMAC

Metal-interaction chromatography (IMAC) is a chromatography that typi-
cally exploits the interaction of weakly basic nitrogen with metals, but poten-
tially also uses interactions with sulfur-containing and phosphorus-contain-
ing groups. A cellulosic matrix was derivatized with iminodiacetic acid
(IDA) and treated with cupric ion to form the ligand exchange site on an
IMAC phase for the purification of human somatotropin.!® The nucleic acids
and membrane components were removed from crude E. coli paste with
polyethylene imine and an ammonium sulfate precipitation was performed.
Product purity of 90% or more was obtained on IMAC in a single step using
sodium acetate (pH 5.3-6.0) buffer and eluting with sodium chloride.

Ferric ion was immobilized on a Chelating Sepharose® Fast Flow column
preparatory to the separation of seven enkephalin-related phosphopep-
tides.l” Non-phosphorylated peptides flowed through the column, and the
bound fraction contained the product. The capacity of the column was found
to be 23 umol/mL by frontal elution analysis. Cupric ion was immobilized
on Chelating Superose® for the isolation of bovine serum albumin.!® Cupric
ion was immobilized on a Pharmacia® HiTrap® column for the separation of
Protein C from prothrombin, a separation that was used to model the sub-
sequent apparently successful separation of Factor IX from prothrombin;
Factor IX activity of the eluate was, however, not checked.!” Imidazole was
used as the displacement agent to recover B-galactosidase from unclarified
homogenates injected onto a nickel-loaded IMAC column.? Pretreatment
with nucleases and cleaning in place between injections were required pro-
cedures. A sixfold purification factor was observed.

A3.2.4 Displacement chromatography

Displacement chromatography is a high-capacity mode in which ion
exchange is often used as the stationary phase. Proteins were purified using
displacement chromatography on a Pharmacia® Biotech Source® 15S strong
cation exchange resin and the elution analyzed according to a steric mass
action mode.]?! The displacement agent was neomycin sulfate and proteins
included cytochrome ¢ and lysozyme. Brain-derived neurotrophic factor was
purified by displacement chromatography on 50 p Poros® HS50 in a 60 x 9
c¢m i.d. column using protamine as the displacement agent.?? Protamine was
removed by HIC. Poly(diallyldimethylammonium chloride) was used as the
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displacement agent for separation of proteins such as cytochrome ¢ and
lysozyme from a nonporous Bio-Rad UNO®-S1 cation exchange stationary
phase.? Remarkably, only the fraction of polymeric displacer with molecular
mass similar to the proteins was efficient as a displacement agent. The
isotherm for polymer with molecular weight 200 kDa was flatter than the
isotherms of the proteins, while the polymer with molecular weight 12 kDa
was steeper than the isotherms of either protein. In other words, the dis-
placement strength was 12 kDa displacer > proteins > 200 kDa displacer.
The A and B forms of B-lactoglobulin were separated on a chromatofo-
cusing column formed from TSK-Gel® Q-5PW, a strong anion exchanger.?*
A self-sharpening pH front was generated using a gradient of 3-(N-mor-
pholino)propanesulfonate (pH 7.5) or 2-(N-morpholino)ethanesulfonate (pH
6.5) vs. acetate (pH 4.5). At high levels of loading, the precipitated protein
effectively acted to sharpen the pH gradient by serving as a buffer that is
titrated by the lower eluent of lower pH. Although the A and B forms of -
lactoglobulin differ by only two amino acids, excellent separation was
obtained. Retention was strongly influenced by the buffer ionic strength.

A3.2.5 Chiral chromatography

Chiral chromatography has only rarely been used in preparative settings.
There are a number of reasons for this. Only recently has it been fully
recognized that optically pure compounds have potential benefits in lower
toxicity and greater efficacy. Also, chiral synthesis represents an opportunity
to reclaim what would be wasted if achiral synthesis were used in combi-
nation with chiral purification. The stationary phases used in chiral chroma-
tography also tend to be expensive, of low capacity, and less than highly
robust. The recent opportunity to regain patent life by re-patenting achiral
materials as chirally pure preparations has, however, drawn increased inter-
est in chiral purification.

Isotherms of 1,1"-binaphthol on a 3,5-(dinitrobenzoyl phenyl glycine)
column were measured by both elution on a plateau method and frontal
analysis.” In the elution on a plateau method, a small amount of the analyte
is injected into a mobile phase that contains the analyte, representing a small
perturbation to concentration. The isosteric heat of adsorption was calculated
to be about 2 kcal/mol. A 31 x 8 cm i.d. Prochrom® column packed with
Kromasil® CHI-DMB was used for the purification of growth hormone secre-
tagogue analogs LY426410 and LY430148 at the 10 gm scale.?

The design of simulated moving bed chromatography and its application
to the separation of cycloheptanone and cyclopentanone as test substances
to validate the system for subsequent chiral chromatography has been
described.” Briefly, eight silica-packed columns were hooked up in series to
form a cyclic flow path. On the first pair, preliminary separation of the
components was performed, with the less-retained raffinate being directed
to waste. Following the second pair of columns, eluent was added. After the
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third pair of columns, product was drawn off. The remainder returns through
a column pair to the inlet to be joined with feed. Separation was performed
on a Novasep Licosep® 10 x 50 apparatus.

Enantiomers of an unspecified pharmaceutical intermediate were sepa-
rated at up to the gram scale on chiral stationary phases such as the amylose-
based Chiralpak® AS column using conventional and simulated moving bed
techniques.?? Loads of 2 grams were separated in 20 minutes on a 53 x 8
cm id. column, and a kilogram of racemic material was purified in about
84 hours. It was noted that cost rather than productivity is the correct objec-
tive function in designing separations. A similar approach to separating
enantiomers has been developed using a steady state recycling approach.*

A3.2.6 Electrophoretic and Electrochromatographic Modes

Electrophoretic and electrochromatographic methods, until now limited by
capacity, are becoming practical for preparative separations. Combining the
high capacity of chromatography with the high resolution of electrophoresis
could make these modes the methods of choice in preparative separations.
Murine monoclonal antibodies of the immunoglobulin G subclass were puri-
fied from ascites fluid at the 5-20 mg level using preparative electrophoresis.’!
Recoveries in excess of 70% were observed. Isoelectric focusing (IEF) has been
applied to the separation of isoforms of a fusion protein formed from granu-
locyte-macrophage-colony stimulating factor and interleukin-3.** The Hoefer®
Isoprime® apparatus was used. Acrylamide solutions were prepared at the pH
values of interest and polymerized onto glass microfiber filters. The protein
was then allowed to electromigrate to the filter at its isoelectric point. Isoforms
corresponded to a deamidation product formed from Asnl76 as well as C-
terminal and N-terminal heterogeneity, phosphorylation of glycopeptides O-
linked to mannose and degree of glycosylation. It was speculated that glycan
structures reach threshold sizes below which they are found in one IEF isoform
band and above which they appear in another band.

The design of electrochromatographic columns has been improved by
the development of fittings containing membranes to exclude gases and
electrolytic products from the chromatographic system.*® The electrodes
were distributed axially around the compression insert, and the electrode
buffer was continuously renewed. A Sephadex® G-25 gel permeation column
was used to separate B-lactoglobulin and myoglobin. At low field strengths,
no separation was observed and B-lactoglobulin eluted earlier than myoglo-
bin. At 14.6 V/cm, due its high electrophoretic mobility, B-lactoglobulin
eluted after myoglobin with good resolution.

A3.2.7 Reversed-phase chromatography

Hexylene glycol has been proposed as a non-flammable substitute for ace-
tonitrile in preparative chromatography* It has low viscosity, does not
absorb in the aromatic region of the UV, and is powerfully eluotropic. Native
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insulin-like growth factor-I was separated from desGly!-Pro,? the Met* oxi-
dation form, a misfolded form, and carbamylated material using a 25 x 6 cm
Prochrom column operated at 50°C. Loading was 3g/L. The chemotactic
peptides N-formylated Met-Phe and N-formylated Met-Trp were separated
on a Cy4 reversed phase support.*® Loading was greatest from a metastable
state at a concentration capable of forming aggregates but prior to the
appearance of visible colloids. Non-linear isotherms derived from single-
component injection successfully predicted separations of the two peptides.
Retention time was less accurately predicted, perhaps due to inaccuracies in
calculating gradient formation, dwell time, or isotherm interaction.

A3.2.8 Conventional ion exchange

The lysozyme adsorption characteristics of cation exchange phases were exam-
ined, using Toyopearl® SP650C and SP550C, SP Sepharose® FF, Fractogel®
EMD SO;, Bakerbond® Carboxy-Sulfone and Spherodex M as the stationary
phases.? Batch adsorption analysis was used to compare the predictions of
the pore diffusion model and the homogeneous diffusion model of stationary phases.
The pore diffusion model describes the stationary phase as a pore in which
adsorption takes place at the pore walls, so the adsorption is explicitly depen-
dent on porosity, while the homogeneous diffusion model treats adsorption
as a gradient process, in which the greatest portion is adsorbed to the exterior
of the particle and the least to the interior. The adsorption process requires up
to three hours to reach equilibrium. Highly non-linear isotherms were
observed under most conditions. A fivefold variation in binding capacity was
observed, with SP650C having the lowest capacity and Carboxy-Sulfone hav-
ing the highest. As expected, capacity was primarily determined by effective
surface area. Proteins in wastewater can be recovered by flocculation with
carboxymethylcellulose, and floc growth can be strengthened by adding fibrets
of cellulose acetate and cellulose triacetate.’”

New designs for axial flow process chromatography columns have been
examined using ovalbumin separation on Whatman® Express-Ion®
Exchanger Q with a 16 L Side-Pack and a 24 L IsoPak® column.?® The Side-
Pak column is packed in the transverse direction, so radial inhomogeneity
is minimized.

Hepatitis B surface antigen, a protein capable of forming very high
molecular weight aggregates, was purified on a Cellulofine Sulfate sulfated
cellulose phase, but not on either sulfopropyl agarose or quaternary amine-
modified agarose.® It was proven that the pores of Cellulofine-Sulfate
exclude molecules even smaller than the surface antigen, so adsorption must
be on the surface (note that there is a misprint of the molecular weight of
ribonuclease A in the reference). The separation of food-grade enzymes by
ion exchange and other modes of chromatography has been reviewed.*

Q-Sepharose® was the separation medium chosen for preparative puri-
fication of plasmid pUC18.4! Cell proteins, fragments from RNase digestion
of RNA, open coil plasmid and a denatured form of the plasmid were
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separated from native supercoiled plasmid. Under some gradient conditions,
the plasmid denatured. Supercoiled plasmid partially eluted in flow-through
under all conditions, and cDNA was found in the column wash. The dena-
tured plasmid eluted before the open coil and supercoiled forms on a Poros®
20QE quaternized amine analytical column, but after them on Q-Sepharose®.
Plasmid pMA5-L was purified from E. coli lysates using anion exchange on
Q-Sepharose® Big Beads followed by size exclusion on Sephacryl® S1000.4?

Purification of double-stranded DNA on micropellicular anion exchange
and reversed-phase materials has been reviewed.** Micropellicular phases
adsorb only at the surface and have no internal pores. For this reason, the
surface area and hence the capacity of micropellicular phases tends to be
low. Using small particles (1-3 u in diameter) increases the surface area but
may be impractical for preparative work above the mg scale.

An ion exchange chromatograph was coupled to a hollow fiber ultrafil-
tration module to load permeate directly onto the column.* Proteins such
as myoglobin and lactalbumin were added to yeast cells, yeast medium
broth, yeast extract, malt extract, peptone, and glucose to create a simulated
fermentation broth. DEAE Sepharose® Fast Flow anion exchange beads were
loosely packed internal to the ultrafiltration apparatus. A portion of the
simulated fermentation broth was ultrafiltered, then eluted from the beads
with sodium chloride The transmembrane pressure necessary to obtain a
given flux was increased by the presence of the beads, but stabilized. Gel
fouling was reduced by cycling between ultrafiltration and elution.
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4.1 Introduction
4.1.1 Chromatographic modes

Of the various modes of high performance liquid chromatography (HPLC),
reversed phase (RPLC) is the most commonly used, with normal phase, ion
exchange, gel permeation, chromatofocusing, metal interaction, and affinity
chromatography being the principal alternative modes. Normal phase is a
phrase used to indicate that the stationary phase is more polar than the solvent,
and reversed phase indicates that the stationary phase is less polar than the
solvent. The development of aqueous-organic gradient generation, which
allows the polarity to be varied over a wide range during a single run, has
made the distinction between reversed and normal phase somewhat artificial,
although the distinction is still useful. In general, adsorption of a solute to a
reversed phase is driven by hydrophobic interactions, while adsorption to
normal phase is often driven by hydrogen bonding between the solute and
stationary phase. Normal phase and reversed phase HPLC predominate in
the analysis of small organic molecules. Reversed phase was extended long
ago to the analysis of macromolecules, such as proteins, while the extension
of normal phase to macromolecules has been slower. A considerable variety
of very efficient reversed phase columns is available. The present chapter will
examine the theory and practice of reversed phase chromatography, beginning
with an examination of the separation of small molecules.

4.1.2  Isocratic column performance

The mechanism of reversed phase chromatography can be understood by
contrast with normal phase chromatography. Normal phase liquid chroma-
tography (NPLC) is usually performed on a polar silica stationary phase
with a nonpolar mobile phase, while reversed phase chromatography is
performed on a nonpolar stationary phase with a polar mobile phase. In
RPLC, solute retention is mainly due to hydrophobic interactions between
the solutes and the nonpolar hydrocarbon stationary surface. The nonpolar
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components of a sample interact more with the relatively nonpolar hydro-
carbon column packing and thus elute later than polar components. In
NPLC, many types of interaction have been described, but hydrogen bond-
ing often predominates. The elution order of solutes in RPLC is in the order
of decreasing polarity, i.e., increasing hydrophobicity, while in NPLC the
least polar compound elutes first. Thus, NPLC and RPLC are complementary
in elution order. The general theory to describe separation is, however,
similar. The analyte is capable of adsorbing to and desorbing from the sta-
tionary phase, so it migrates through the column more slowly than the
solvent. The width of the analyte band is limited at a theoretical minimum
by the volume in which the analyte is injected and is increased by processes
that tend to disperse the band, such as diffusion of the analyte in the mobile
phase. All things being equal, the later that an analyte elutes, the broader
the band will be. Because on-line detectors are in such common use, chro-
matographic bands are generally referred to as peaks.

The isocratic reversed phase solvent system consists of water (polarity,
p’ = 10.2), the most polar solvent in RPLC, as a primary solvent to which
water-miscible organic solvents such as methanol (p” = 5.1), acetonitrile (p” =
5.8), or tetrahydrofuran (p” = 4.0) are added. In order to optimize the speed
of separation for an analyte pair, the proportions of water to nonpolar solvent
are chosen such that the capacity factor of the last-eluting analyte of interest
has a value of about 2.13

The capacity factor, k’, is defined as

K = (tr - to)/to/

where t, is the retention time and t, is the void time, i.e., the elution time of
a nonretained component. On a column with a void time of 2 minutes, the
retention time of an analyte would have to be three times the void volume
(6 minutes) to achieve a k’ of 2. If the mobile phase is made more polar, the
retention time, and therefore k’, would increase. The void time t, should be
measured with care, as the value of k” is dependent on proper measurement.
It has been shown that the first peak seen may not represent the actual void
volume.* The first peak may elute later than the void volume, due to adsorp-
tion, or may elute earlier than the void volume, perhaps due to an electro-
phoretic effect. Injection of a nanomolar solution of a simple anion has been
recommended for measurement of the void volume.* As t, and k’ increase,
peak width increases at the expense of peak height, an effect that is termed
the general elution problem.! The general elution problem is that early-
eluting peaks are poorly resolved, while late-eluting peaks are broad and
difficult to detect, with excessive elution times.

For a complex sample, it may not be possible to optimize the k’ values
only for maximum speed, since resolution is also a consideration. The reso-
lution of an analyte pair is defined as:'?

R=2(t, - t)/(w, + wy)
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where t, and t, are the retention times of the two analytes, and w, and w;
are the baseline widths, set by taking the tangent to the inflection points of
each peak. If the peaks are Gaussian, the baseline width is four times the
peak variance 6, which is measured as the peak width at half-height in units
of time.

If the peak widths are similar, the resolution can be written as

R=(t,-t)/4c

Therefore, a 40 separation (R = 1), in which peak retention times differ
by four times the width at half-height, corresponds to a 2% area overlap
between peaks.! The maximum number of peaks that could be separated in
a given time period assuming a given value of R, is defined as the peak
capacity.! The peak capacity must be greater — usually much greater — than
the number of components in the mixture for a separation to succeed. The
resolution of two compounds can also be written in terms of the number of
plates of a column, N, the selectivity, o, and the capacity factors, k and k’, as'?

R=(1/4) (0—-1) N2 [lg /(1+K3)].

The selectivity is calculated as the ratio o = k’,/Kk’.

The efficiency, or plate count of a column N is often calculated as 5.54
(t./0)?, where t, is the retention time of a standard and ¢ is the peak width
in time units at half-height.!2> This approach assumes that peaks are Gaus-
sian; a number of other methods of plate calculation are in common use.
Values measured for column efficiency depend on the standard used for
measurement, the method of calculation, and the sources of extra-column
band broadening in the test instrument. Therefore, efficiency measurements
are used principally to compare the performance of a column over time or
to compare the performance of different columns mounted on the same
HPLC system.

Because column efficiency is so central to obtaining resolution, a great
deal of study has gone into defining the dependence of peak broadening on
column parameters, such as particle size, flow rate, temperature, and other
fundamental operating parameters. To eliminate the column length as a
parameter, the efficiency of the column is generally expressed, not in plates,
but in plates per unit length. The inverse of plates per unit length is the
length of column required to generate one plate, and this is called the plate
height, H. The smaller the plate height, the better the column. The depen-
dence of plate height on operating parameters can be expressed as

H=c + ¢, f(T)/v + ¢; v/(T) + c,[v/{(T)]*® + V/g(T)

where ¢, through c, are positive constants dependent principally on the
particle size, v is the flow velocity, V = vk’/(1 + k’)?, and {(T) and g(T) are
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the temperature-dependent solute diffusivity and desorption rate constant,
respectively.® The interesting point about the temperature-dependent terms
is that the plate height can be reduced at higher temperatures by better
transfer from the adsorbed state to the stationary phase through g(T), even
though higher temperatures promote band-broadening by increased solute
diffusion through f(T). Often, increasing the temperature does not improve
column performance,” but (particularly with macromolecules) higher tem-
peratures may substantially improve column performance.

In simpler formulations,3!! the fourth and fifth terms are neglected, and
the temperature is taken to be constant, so the plate height equation is written as

H=q + /v + %y,

which is known as the van Deemter equation. The constants are related to
eddy diffusion (c,), longitudinal diffusion (c%), and the effects of mass transfer
(c3). The van Deemter equation emphasizes the dependence of the plate
height on flow. At low flow rates, the second term in the van Deemter
equation becomes large, so performance deteriorates. At high flow rates, the
third term in the van Deemter equation becomes large, so performance
deteriorates. There is a an optimum flow rate at intermediate flow rates.
Sometimes, longitudinal diffusion is not important, so the second term may
be neglected.! In such cases, the slower the flow, the better; however, often
column performance improves with increasing flow.” Therefore, in optimiz-
ing separations, slower is not necessarily better.

Peak dispersion does not come only from broadening on the column.
Among the factors that have been identified as important in the performance
of a chromatographic system are variances arising from the injector, connect-
ing tubes, and the detector.!? In evaluating a chromatographic system, it is
useful to compare the peak volume (i.e., the volume of mobile phase in the
eluted peak) with the injection volume, the internal volume of tubing, and
the internal volume of the detector cell.

Peak shape is also an important issue in column performance. Much of
chromatographic theory idealizes peaks as having a Gaussian shape,
although invariably there is some degree of asymmetry. The simplest method
of quantitating asymmetry is to draw a vertical perpendicular to the peak
maximum. At an arbitrary fraction of the peak height, the width from the
leading and trailing end of the peak to that perpendicular is measured. The
ratio of those two widths, taken such that it is greater than one, is called the
“asymmetry”.

A more sophisticated means of quantitating peak asymmetry is through
the theory of peak moments.!3!* Briefly, the zeroth moment is the peak area,
the first moment is the average retention time

7 th(t) dt/M,
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and the second moment is the peak variance. The third moment is the skew,
and the fourth moment is the excess. The higher moments are defined as

I (6= Myh(t) dt/M,,

where t is the time, M, is the average retention time, h(t) is the chromato-
graphic peak height at time t, and M, is the peak area. Peak distortion may
be studied by assuming that the peak shape is an exponentially modified
Gaussian form, in which model the peak moments may be solved to generate
two parameters, ¢ and t, which express the standard deviation of the Gaus-
sian components and the time constant of the exponential modifier, respec-
tively.!3* The co-elution of a second component may be another cause of
peak asymmetry. Multiwavelength detection has, as discussed in Chapter 1,
proved useful for differentiating peak distortion from the coelution of
another component.!®

Other parameters that have been used to characterize column perfor-
mance include the column pressure drop and the column flow resistance.6'
The column pressure drop is simply the difference in pressure observed
when the column is or is not in-line. The column flow resistance normalizes
for particle diameter, solvent viscosity, and column length. One may also
wish to compare issues of cost per analysis and column lifetime in evaluating
a column.’s

4.1.3 Isotherms

So far, it has been assumed that elution is independent of analyte load or
the presence of multiple components in a mixture. If this condition holds,
then the analyte concentration in the mobile phase is directly proportional
to the concentration in the stationary phase, no matter what the concentra-
tion is. Experimentally, this could be determined by incubating various con-
centrations of an analyte with a fixed amount of stationary phase and mea-
suring the amount adsorbed. A plot of the concentration of analyte in the
mobile phase on the x-axis vs. that in the stationary phase on the y-axis
would be linear, and such a plot is called a “linear isotherm”. A convex
isotherm implies that tailing would be expected, and a concave isotherm
implies that fronting is expected.

4.1.4 Isocratic separations of mixtures

For complex mixtures, the k” values should be distributed in the range of
0.5 to 20,% corresponding to retention times of about 3 to 45 minutes on a
column with a void time of 2 minutes. If the components of a sample are
neutral, i.e., nonionizable, the correct proportion of water and organic sol-
vent gives the optimum k’ value by which symmetrical, well -resolved peaks
are obtained. Figure 1 is a chromatogram of the separation of a neutral
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Figure 1 Chromatogram of a neutral compound (toluene) with water:acetonitrile

mobile phase. Chromatographic conditions — column: 30 cm x 3.9 mm p-Bondapak™
Cis (10-pm particle size); mobile phase: water:acetonitrile (50:50); flow rate:
1.5 ml/min; column temperature: ambient; detector wavelength: 254 nm.

molecule (toluene) using a water:acetonitrile (50:50) mobile phase system.
Very polar compounds, especially those which ionize in water such as ben-
zoic acid, may be poorly retained on the column (k” < 0.5) and therefore elute
almost coincident with the injection front. The peak symmetry of such ana-
lytes is poor, as shown in Figure 2A. To obtain a symmetrical peak of an
ionic compound, modifiers such as an acid, base, or counterion may be added
to the water:organic solvent system. Such modifiers can convert the ionized
compounds into nonionized or ion-paired species, which are retained longer
on the column and elute with a symmetrical peak shape. Figure 2B is a
chromatogram of benzoic acid where ammonium acetate was added to the
mobile-phase. The ammonium ion paired with the benzoate and the resultant
ion pair eluted with a sharp symmetrical peak at a k’ of about 1. Another
approach would be to adjust the pH. Since neutral molecules are unaffected
by pH, but ionizable compounds titrate, an ionizable compound can be
converted to neutral form by adjusting the pH. In general, the nonionized
form will be retained longer on the column. The control of ionization by the
addition of acid or base is called “ion suppression”, while the addition of a
counter-ion is called “ion-pairing”.” With benzoic acid, the following equi-
libria are important:

Ion suppression: RCOO™ + H,O*S RCOOH + H,0
Ton pairing: RCOO™ + NHj S RCOO -+ NH},

Silica-based columns are only stable in the range of pH 2 to 8, so ion
suppression is particularly useful for weak acids and bases. The advent of
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Figure 2 Chromatogram of a polar (benzoic acid) compound with water:acetoni-
trile mobile phase. Chromatographic conditions — column: 30 cm X

3.9 mm p-Bondapak™ C,¢ (10-um particle size); mobile phase: water:acetonitrile
(90:10); flow rate: 1.0 ml/min; column temperature: ambient; detector wavelength:
254 nm. (A) No ion pairing agent. (B) With ammonium acetate as an ion pairing agent.

alumina-based and polymer-based supports has greatly extended the pH
range (to pH 2 to 13) in which ion suppression may be performed. Retention
of compounds can be greatly increased by using a hydrophobic counterion
to form the ion pair. Since ion pairing is dependent on the pairing equilib-
rium, the concentration of the counterion can affect the separation.

Most small organic molecules are soluble in mixed organic-aqueous
solvents and can be easily analyzed using RPLC. However, there are some
polar compounds which are not soluble in typical RPLC solvent systems or
are unstable in an aqueous mobile phase system. These compounds can be
analyzed on an RPLC column with a nonaqueous solvent system. This tech-
nique is called “nonaqueous reversed phase chromatography” (NARP).202!
The NARP technique is primarily used for the separation of lipophilic com-
pounds having low to medium polarity and a molecular weight larger than
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250 to 300 (e.g., polystyrene, olefins, and fatty acids).® This technique is also
useful if a sample is unstable in aqueous media. In general, the NARP system
consists of a nonpolar stationary phase (C; or C;5) and a polar mobile phase.
The mobile phase employed in NARP consists of solvents such as methanol,
acetonitrile, tetrahydrofuran, methylene chloride, ethyl acetate, and hexane.
This technique is rarely used in the pharmaceutical industry since most drug
substances are soluble and stable in common reversed phase solvent systems.

4.1.5 Gradient chromatography

In an isocratic system, the separation of early-eluting compounds can be
increased by reducing the organic content of the mobile phase, but only at
the expense of greatly increasing the retention times of later-eluting compo-
nents. This is referred to as the general elution problem. By increasing the
organic component over the course of a separation, the late-eluting peaks
can be eluted more rapidly without affecting the separation of the early-
eluting peaks.

The conceptual basis for understanding the connection between isocratic
and gradient elution is well established and is called “linear solvent strength
theory”.?2?” Linear solvent strength theory proposes that, for a given solute,
mobile phase, and column, if one measures the retention time of an analyte at
two organic component concentrations, it will be possible to predict the reten-
tion time with any other mobile phase composition. The k’ value that would
be observed in pure water, k,, is related to the actual k’ by the relationship

log k' = log k,, — So,

where S is a constant, and @ is the volume fraction of organic solvent. The
parameter S is dependent on the identity of the solute, increasing with
hydrophobicity. S also depends on the column at mobile phase. By plotting
log k’ vs. the composition at elution, one may measure the slope, S, and the
intercept, log k.

For gradient chromatography, the mobile phase composition varies from
the starting to the final composition, covering a range Ag over a time period
ts. Assuming that the rate of change A@/t is constant, a parameter b can be
defined as

b =S Aot, /.

By varying the gradient rate or the flow rate, F, one may measure S using
the relationship

k = t.F/1.15V,, AgS

where V,, is the void volume. The slope of a plot of log k vs. ¢ is b. There
is one very important experimental implication from the discussion above.
The elution order of two components may invert as the organic composition
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of an isocratic separation or the gradient rate or the flow rate of a gradient
separation are changed. Therefore, if the components of a mixture are iden-
tified with standards at one composition, gradient rate, or flow rate, the
identification will need to be repeated if the conditions are changed.

There may be deviations from linear solvent strength theory due to
instrumental factors such as gradient dispersion between the mixer and the
column head or gradient misproportioning by the mixing system.?® Also, a
correction may have to be made if the analyte is large enough to be excluded
or partially excluded from the pores.?> Macromolecules may show significant
deviations from the retention predicted by linear solvent strength theory due
to conformational effects. However, in the absence of conformational effects,
macromolecular RPLC can be described according to linear solvent strength
theory, with the caveat that desorption tends to be more cooperative than
small molecules, exhibiting a steep slope on a graph of log(k’) vs. mobile
phase composition.?? Another source of deviation from linear solvent
strength theory may be the existence of nonlinear or multicomponent com-
petitive isotherms.03!

4.1.6  Prediction of retention time

It is possible to predict retention times with a reasonable degree of accuracy
based on a knowledge of the analyte structure. A number of schemes have
been proposed.3>* Usually, approaches to prediction of retention time
assume that the hydrophobicity of a complex molecule can be divided into
contributions of hydrophobicity or hydrophilicity of each functional group
comprising it. For example, the retention of a peptide may be estimated by
adding up the retention times of the amino acids comprising it and corrected
for the number of free polar groups. Although there are frequent and signif-
icant deviations from prediction, the values obtained from theory can be
extremely useful in selecting initial conditions for separation. Principal com-
ponent factor analysis* has demonstrated that, given the retention values
of a few test compounds, the retention times of other compounds, even
ionizable ones, can be predicted within 3%; only four eigenvectors, repre-
senting mutually independent factors, are required.*’ Temperature, of course,
influences retention. Inclusion of temperature in the factor analysis can allow
one to calculate the degree of polymerization of a polymer such as polyeth-
ylene glycol using appropriate standards.*!

4.1.7 Column packings

Although open tubular columns have been used for RPLC,*? most applica-
tions use packed columns. The most widely used column packings are
formed by chemically bonding butyl (C,), octyl (Cy), or octadecyl (C,;) chains
to a silica surface. Phenyl (Ph), cyano (CN), and amino (NH,) functionalities
are also used. Polymeric packings which are finding broad acceptance include
alkyl-grafted poly(methylmethacrylate) and alkyl-grafted or unmodified
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Table1 A Partial List of Types of RPLC Columns

Manufacturer Stationary phase
Alltech Absorphere® Cq, C,5, TMS, CN, NH,
Beckman Ultrasphere® Cq, Cg
Brownlee Labs Spheri® RP-8, RP-18, phenyl, CN, NH,
E. Merck Lichrosorb® RP-8, RP-18, diol, NH,, CN

Macherey-Nagel = Nucleosil™ Cg, Cig, phenyl, CN, NH,, nitrophenyl, diol
Phase Separation  Spherisorb® ODS1, ODS2, Cg, C,, phenyl, methyl, CN, NH,

Supelco Supelcosil™ C,, C,, Cq, Cyg

Waters™ Nova-Pak® C18, CN, phenyl, p-Bondapak™ C,5, CN, phenyl
Resolve™ C,, C;5, CN

Whatman Partisil® Cg, ODS-2, ODS-3, ODS, PAC

poly(styrene-divinyl benzene) polymeric columns. The polymer may be
coated onto the surface of other particles such as silica, coupling the solvent
resistance of the polymer to the incompressibility and good mechanical
properties of the rigid support.®® Derivatization, whether to silica or to a
polymeric surface, does not generally go to completion, leaving patches of
column material with adsorptive properties different than neighboring
patches. For this reason, grafted materials often exhibit some degree of tailing
and irreversible adsorption. A common example is the tailing exhibited by
amines on silica-based materials. In recent years, endcapping of silica-based
materials has improved column performance. The causes of poor perfor-
mance of silica-based materials in separation of basic compounds may be
the incorporation of heavy metal impurities into the surface through heat
treatment, thus increasing the acidity of surface silanols.*

Particle sizes of analytical columns typically are described as 3-, 5-, and
10-n packings, although the actual mean particle size often differs from the
label claim. In isocratic chromatography, resolution generally improves as
particle size decreases down to a limit of about 2 p, i.e., smaller particles
resolve better. For a given column length, however, columns packed with
small particles have greater back pressures and are more prone to clogging
than columns with larger particle sizes. Examples are given in Table 1. A
review of characterization of column packings by reflectance infrared spec-
troscopy, cross-polarization, magic angle nuclear magnetic resonance, and
other spectroscopic techniques is available.*® A study of column degradation
showed that small particles and debris accumulate principally at the outlet
of silica-based columns, while a poly(styrene-divinyl benzene) column
showed stress wrinkles but no apparent particle fracture *

4.1.8 Detectors

Many different detectors are used in RPLC, including ultraviolet-visible
spectrophotometers (UV-VIS), refractive index (RI) detectors, electrochemi-
cal (EC) detectors, evaporative light-scattering detectors, fluorimeters, and
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others. These are described elsewhere in this book. By far the most popular
is the UV-VIS, so a brief review of the points relevant to this detector are
reviewed here. The UV-VIS detects the difference in the amount of light
absorbed by an analyte transiting the detector relative to the amount of light
absorbed by the solvent. If the solvent absorbs light strongly at the wave-
length of detection, the spectrophotomer is unable to differentiate the small
additional amount of absorbance when the analyte transits the detector.
Anomalous results may be obtained. For RPLC, the most commonly used
organic solvents are methanol and acetonitrile, since these do not absorb
appreciably above 200 nm. Ethanol and propanol are also relatively trans-
parent to 200 nm. Unstabilized tetrahydrofuran may be useful above about
240 nm. Of the common ion suppression agents, only HCI is transparent to
200 nm. Phosphoric acid and alkali phosphates may be used in high dilution.
Very dilute (0.1%) trifluoroacetic acid may also be used. Many common
buffers absorb strongly below 220 nm and must therefore be used in very
high dilution. Acetates, carbonates, borates, and other buffers are difficult
to use below 240 nm, unless the dilution is sufficiently high.

4.2 Chromatographic practice in RPLC
4.2.1 Mobile phase preparation

The mobile phase should be free of particles and, especially in gradient
chromatography, free of UV-absorbing impurities. HPLC grade solvents and
buffers are required, and these are generally filtered through 0.45- or 0.2-n
filters. Since filtration may result in the evaporation of volatile components,
the organic phase is usually filtered separate from the aqueous phase prior
to blending. Also, volatile acids such as HCl and TFA may be added to the
mobile phase after the mobile phase has been filtered. For gradient separa-
tions, it is common to add equal amounts of any UV absorbing buffer to
both aqueous and organic components. In this way, the change in absorbance
during a run is not very much altered. In the name of cost savings, some
laboratories keep mobile phases on the shelf for months. This is often a false
economy, since aqueous mobile phases can grow bacteria, and both aqueous
and organic mobile phases can develop UV-positive components with time.
The latter is particularly troublesome in gradient chromatography. Even in
isocratic chromatography, in which a UV-positive component cannot form
a peak since it is being continuously eluted from the column, mobile phase
impurities can lead to shifts in retention times. Water is best generated on-
site, using an ion exchange system and a carbon filter. High resistivity water
is less prone to bacterial growth, and the carbon cartridge removes most UV
positive components. A simple way to identify whether a peak in gradient
chromatography is due to a mobile phase component is to run the mobile
through the column for a variable period of time before running the gradient.
If a peak grows with pre-gradient time, it is being concentrated from the
mobile phase onto the column and displaced by the gradient.
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4.2.2  Sample preparation

The solvent in which the sample is dissolved plays an important role in
terms of peak band broadening and retention time of the solute. A mismatch
between the injection solvent and the mobile phase can lead to artifacts in
the chromatogram or to variable retention times. If the sample solvent is
different than the mobile phase solvent, one or more distinct system peaks,
either positive or negative, may be obtained. The best chromatographic result
is obtained if the mobile phase is used to prepare the sample. If a mismatch
between mobile phase and sample is suspected, varying the injection volume
can help in troubleshooting. In some cases, because of the lack of solubility,
it is difficult to dissolve a sample in the mobile phase solvents. In such
situations, a stronger, i.e., less polar solvent may be needed to dissolve the
sample. The use of a less polar solvent can cause peak band broadening or
distortion and reduction in retention time. It is important to inject a blank
of the sample solvent alone to identify system peaks.

4.2.3 Sample concentration effects

The peak symmetry, resolution, and detector response are directly dependent
on the concentration of the sample. As the concentration of a sample
increases, the retention time, separation, and peak symmetry generally
decrease. These phenomena are due to isotherm nonlinearity. The detector
response may also be nonlinear above or below certain concentrations. In
some cases, small amounts of a dilute component are irreversibly adsorbed
to the column, leading to reduced recovery. Above some concentration, the
response of any detector will cease to be linear. The UV-VIS is one of the
most linear detectors, generally exhibiting at least three decades of linearity,
while RI, electrochemical, and fluorimetric detectors have a markedly nar-
rower range of linearity.

4.2.4 Anomalies

A very good series of reports on anomalies in HPLC has been published.*-#
Among the phenomena reported are analyte decomposition in the mobile
phase, concentration-dependent analyte dimerization, and analyte isomer-
ization. These phenomena are very frequently seen in protein HPLC. An
understanding of how to identify each of these phenomena is, however,
important in chromatography of any compound. Analyte decomposition in
the mobile phase is usually established by incubating the sample with mobile
phase for various times before injection. If the decomposition is rapid, it may
be necessary to modify the solution in which the sample is dissolved. Dimer-
ization and isomerization generally cause multiple peaks. Dimerization and
isomerization can sometimes be established by collecting fractions and rein-
jecting. In either case, each peak should convert into the other. If not, decom-
position may be the cause. If concentration dependence is seen in the formation
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of multiple peaks, dimerization or column overloading may be the cause. A
study of the wetting of C;5 column in methanol-water demonstrated that at
room temperature and low pressure, full solvation of a water-equilibrated
phase does not occur below 65% methanol content, leading to very long
equilibration times and retention artifacts.®® Below a 10% methanol content,
the ODS particles are not wetted.

4.2.5 Development of an RPLC method

Method development starts from an understanding of the physical and
chemical properties of the sample molecule and/or the impurities present
(i.e., the properties such as solubility, stability, polarity, dissociation constant,
molecular weight, electroactivity, and the UV absorption spectrum). If the
sample is of a low-molecular-weight (< 2000) and is soluble in the reversed
phase (water/organic) solvents, then RPLC is one of the methods of choice.
Preliminary estimates of retention may be made on structural bases alone.?>5!
If the sample is ionizable, with a pK, in the range of 3 to 8, ion-suppression
may be useful in reversed phase. If the sample components are of a very
polar nature (strong acid or strong base) ion-pairing may be helpful. Having
used molecular structure to determine the general outline of the method, it
is necessary to select an appropriate sample solvent, detector (e.g., UV, RI,
fluorescent, or EC), and sample concentration. If the sample is sufficiently
complex, the use of a gradient may be necessary. Gradient RPLC is far more
prone to artifacts than isocratic RPLC but is also far more versatile.

Assuming the components of a sample are unknown, a gradient run
should be employed to determine the polarity of the sample. By gradually
adjusting the starting composition, one can control the elution times of the
early components such that they are well resolved in a minimal time, and
by reducing the gradient rate, one may arrive at an isocratic solvent com-
position at which all components elute within reasonable time. One may
estimate the effect of solvent composition on retention by the approximate
rule that an increase of the aqueous component by 10% doubles k’.52 Further
adjustments in additives to the mobile phase, changes in the column type,
and changes in temperature may help to optimize the separation. The resolv-
ing characteristics of columns have been characterized.”> One surprising
observation is that the batch-to-batch differences in selectivity between one
brand of stationary phase may actually be greater than the differences
between Cg and Cyg.

A number of recommendations have been made in the development of
quantitative chromatographic methods. The American Society for Testing
Materials — using as a benchmark the reversed phase separation of benzyl
alcohol, acetophenone, benzaldehyde, benzene, and dimethylterephthalate —
discovered substantial laboratory-to-laboratory differences in quantitative
analysis.®® These compounds are routinely used to test column performance
or for system suitability testing. A followup study, using benzyl alcohol,
acetophenone, p-tolualdehyde, and anisole, showed that measurement of
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peak height was more accurate than peak area for poorly resolved peaks.>*
Because some columns exhibit interactions with amines, aniline has been
proposed as a test substance sensitive to column degradation.>? Uric acid,
tyrosine, hypoxanthine, xanthine, thymine, inosine, guanosine, adenosine,
theophylline, and caffeine also have been used as test substances.’® Flow
rate, temperature, and signal filtering have been shown to be significant
factors in accuracy of peak measurement,® as has the method of peak cut-
ting.% An important recent review described criteria required for validation
of bioanalytical methods.>”

The modern HPLC system is a very powerful analytical tool that can
provide very accurate and precise analytical results. The sample injection
volume tends to be a minor source of variation, although fixed-loop detectors
must be flushed with many times their volume in sample to attain high
precision. Assuming adequate peak resolution, fluorimetric, electrochemical,
and UV detectors make it possible to detect impurities to parts per billion
and to quantitate impurities to parts per thousand or, in favorable cases, to
parts per million. The major sources of error in quantitation are sample
collection and preparation. Detector response and details of the choice of
chromatographic method may also be sources of error.

Error in sampling and sample handling occur in several ways. First, solid
samples may be inhomogenous, so special precautions need to be taken in
sampling. In liquid samples, there 