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Preface

I had the pleasure of developing and exploiting the high-throughput techniques used for drug
analysis in the pharmaceutical industry at Abbott Laboratories. My major duties as project leader
involved bioanalytical method development and validation by liquid chromatography with tandem
mass spectrometry (LC/MS/MS). While organizing a symposium titled “High-Throughput Analyses
of Drugs and Metabolites in Biological Matrices Using Mass Spectrometry” for the 2006 Pittsburgh
Conference, it became my dream to edit a book called High-Throughput Analysis in the Pharma-
ceutical Industry.

It is well known that high-throughput, selective and sensitive analytical methods are essential
for reducing timelines in the course of drug discovery and development in the pharmaceutical
industry. Traditionally, an experienced organic chemist could synthesize and finalize approximately
50 compounds each year. However, since the introduction of combinatorial chemistry technology to
the pharmaceutical industry, more than 2000 compounds can be easily generated yearly with cer-
tain automation. Conventional analytical approaches can no longer keep pace with the new break-
throughs and they now constitute bottlenecks to drug discovery. In order to break the bottlenecks,
a revolutionary improvement of conventional methodology is needed. Therefore, new tools and
approaches for analysis combined with the technologies such as combinatorial chemistry, genomics,
and biomolecular screening must be developed. Fortunately, liquid chromatography/mass spectrom-
etry (LC/MS)-based techniques provide unique capabilities for the pharmaceutical industry. These
techniques have become very widely accepted at every stage from drug discovery to development.

This book discusses the most recent and significant advances of high-throughput analysis in the
pharmaceutical industry. It mainly focuses on automated sample preparation and high-throughput
analysis by high-performance liquid chromatography (HPLC) and mass spectrometry (MS). The
application of high-performance liquid chromatography combined with mass spectrometry (HPLC-
MS) and the use of tandem mass spectrometry (HPLC/MS-MS) have proven to be the most impor-
tant analytical techniques for both drug discovery and development. The strategies for optimizing
the application of these techniques for high-throughput analysis are also discussed. Microparallel
liquid chromatography, ADME/PK high-throughput assays, MS-based proteomics, and advances in
capillary and nano-HPLC technology are also introduced in this book.

I sincerely hope that readers—ranging from college students to professionals and academics in
the fields of pharmaceutics and biotechnology—will find the chapters in this book to be helpful and
valuable resources for their current projects and recommend this volume to their colleagues.

I would like to note my appreciation to all the contributors who found time in their busy
schedules to provide the chapters herein. Many thanks to my previous colleagues, Shimin Wei,
Min S. Chang, and Tawakol El-Shourbagy for their friendship and support. I would like to take this
opportunity to acknowledge and thank the late Dr. Raymond Wieboldt for his priceless mentoring,
without which I could not have been so successful in establishing my career in the pharmaceutical
industry. I would also like to thank Bing Yan, Lindsey Hofmeister, Pat Roberson, Marsha Hecht,
and Hilary Rowe for their much valued assistance throughout the preparation of this book. My
thanks and gratitude go also to my family, whose support and encouragement greatly assisted me
in editing this book.

Perry G. Wang
Wyomissing, Pennsylvania
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1.1 NEED FOR HIGH-THROUGHPUT SAMPLE PURIFICATION
AND CLEAN-UP IN DRUG DISCOVERY

The drug discovery process took a revolutionary turn in the early 1990s through the adaptation of
combinatorial chemistry for generating large volumes of small organic molecules (generally having
molecular weights below 750 Daltons) so that the products of all possible combinations of a given
set of starting materials (building blocks) can be obtained at once. The collection of these end prod-
ucts is called a combinatorial library.

Production of such libraries can be achieved through either solid phase synthesis or solution
chemistry. This newly acquired capability of synthetic chemists to produce a large number of
compounds with a wide range of structural diversity in a short time, when combined with high-
throughput screening, computational chemistry, and automation of laboratory procedures, led to a
significantly accelerated drug discovery process compared to the traditional one-compound-at-a-
time approach. During the high-throughput biological screening of combinatorial compounds, ini-
tial sample purification to remove assay-interfering components is required to ensure “true hits” and
prevent false positive responses. This created needs for rapid purification of combinatorial synthesis
products along with rapid evaluation of the purities of these large numbers of synthetic products.
In addition, screening biological activities of combinatorial libraries at the preclinical and clinical
(phases I through III) trial stages generates drug and metabolite samples in blood, plasma, and tis-
sue matrices. Because these biological matrices carry many other constituents (proteins, peptides,
charged inorganic and organic species) that can interfere with the quantitation of the analytes and
also damage the analytical instrumentation (especially mass spectrometers and liquid chromato-
graphic columns), rapid clean-up methods are required to render the samples amenable for analysis
by fast instrumental techniques. This chapter addresses the progress made during the past decade
in the areas of rapid purification of combinatorial libraries and sample preparation and clean-up for
high-throughput HPLC and/or LC/MS/MS analysis.

In addition to the large volume synthesis of small molecules, combinatorial approaches are also
used to generate catalysts, oligonucleotides, peptides, and oligosaccharides. High-throughput puri-
fication has also found applicability for the isolation and clean-up of natural products investigated
for biological activity. Several reviews and monographs are available on various topics related to
the synthetic and biological screening aspects of the drug discovery process. Since the focus of this
chapter is on the purification of combinatorial libraries and clean-up of drugs and their metabo-
lites in biological matrices, it is suggested that the readers refer to the latest literature available
on solid phase'~'? and solution phase!'!-'7 combinatorial synthesis, ADME studies,'$2 rapid instru-
mental analysis techniques,?’-** and high-throughput methods in natural products chemistry3+-“° for
more detailed insights into these areas of relevance to combinatorial synthesis and high-throughput
screening.
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1.2 RAPID PURIFICATION TECHNIQUES FOR DRUGS
AND METABOLITES IN BIOLOGICAL MATRICES

1.2.1  STATE-OF-ART SAMPLE PREPARATION PROTOCOLS

A number of advances have been made during the past decade to convert sample preparation tech-
niques used for about 30 years for the clean-up of drugs in biological matrices into formats that are
amenable for high volume processing with or without automation. Detailed accounts about the fun-
damentals of these techniques can be found in the literature.*'->° Therefore, only brief descriptions
of the principles of these methods are presented. For isolating drugs and metabolites from biological
matrices, several approaches have been reported, which consist of:

* Solid phase extraction (SPE)

* Liquid—Iiquid extraction (LLE)

* Protein precipitation (PPT)

 Affinity separations (MIP)

* Membrane separations

* Preparative high performance liquid chromatography (HPLC)
* Solid phase microextraction (SPME)

 Ultrafiltration and microdialysis

SPE, LLE, and PPT are the most commonly used sample preparation techniques and hence most of
the discussion will be devoted to them. The others will be dealt with briefly. All of these methods
have certain ultimate goals:

* Concentrate analyte(s) to improve limits of detection and/or quantitation

* Exchange analyte from a non-compatible environment into one that is compatible with
chromatography and mass spectrometric detection

* Remove unwanted matrix components that may interfere with the analysis of the desired
compound

* Perform selective separation of individual components from complex mixtures, if desired

* Detect toxins in human system or in environment (air, drinking water, soil)

* Identify stereochemical effects in drug activity and/or potency

 Follow drug binding to proteins

* Determine stability and/or absorption of drugs and follow their metabolism in human
body

1.2.2 MATRIX COMPONENTS AND ENDOGENOUS MATERIALS IN BIOLOGICAL MATRICES

Biological matrices include plasma, serum, cerebrospinal fluid, bile, urine, tissue homogenates,
saliva, seminal fluid, and frequently whole blood. Quantitative analysis of drugs and metabolites
containing abundant amounts of proteins and large numbers of endogenous compounds within these
matrices is very complicated. Direct injection of a drug sample in a biological matrix into a chro-
matographic column would result in the precipitation or absorption of proteins on the column pack-
ing material, resulting in an immediate loss of column performance (changes in retention times,
losses of efficiency and capacity). Similar damage can occur to different components of the ESI/MS/
MS system commonly utilized for analyzing drugs. Matrix components identified by different ana-
Iytical techniques are shown in Table 1.1. Major classes encountered in plasma consist of inorganic
ions, proteins and/or macromolecules, small organic molecules, and endogenous materials.>'-5¢
Mass spectrometry is the most preferred technique employed during high-throughput screening.
It provides specificity based on its capability to monitor selected mass ions, sensitivity because it
affords enhanced signal-to-noise ratio, and speed due to very short analysis times that allow analysis
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TABLE 1.1
Interferences Identified in Human Plasma

Concentration

Classification Components (mg/L) Reference
Inorganic ions Sodium [Na*] 3.2x10°t0 3.4 x 103 51

Potassium [K*] 148.6 to 199.4

Calcium [Ca*] 92.2t0112.2

Magnesium [Mg?] 19.5t0 31.6

Chloride [C]] 3.5x10%to 3.8 x 10°

Hydrogencarbonate [HCO,] 1.5x10%to 2.1 x 103

Inorganic phosphorus [P], total 21.7t041.6

Iron [Fe] in men 1.0to 1.4

Tron [Fe] in women 09t0 1.2

Todine [I], total 34.9 x 103 t0 79.9 x 1073

Copper [Cu] in men 0.7to0 1.4

Copper [Cu] in women 09to 1.5
Proteins/Macromolecules Prealbumin 0.1to 0.4 51

(g/L) Albumin 42.0

Acid-¢-glycoprotein 0.2t00.4

Apolipoproteins (globulins) 4.0t09.0

Haptoglobin (o,-globulin) 1.0

Hemopexin (;-globulin) 0.7

Transferin (f3,-globulin) 2.9

Ceruloplasmin (a,-globulin) 04

Transcortin (¢-globulin) 0.04

Transcobalamin 94.0 x 108

a,-Macroglobulin 2.5

o,-Antitrypsin 2.5

Protein-binding metal (¢;-globulin) 0.06

Antithrombin III (,-globulin) 0.2

Fibrinogen 4.0

Immunoglobulins ()~globulins) 15.0 to 16.0
Endogenous components Amino Acids 52
(small organic molecules) Alanine NA

Valine NA

Leucine NA

Serine NA

Threonine NA

Methionine 28.8 uM

Aspartate NA

Glutamate 43.5 uM

Phenyl alanine 55.8 uM

Glycine NA

Lysine 127.3 uM

Tyrosine NA

Proline 289.1 uM

Cystine NA

Tryptophan 55.7 uM
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TABLE 1.1 (CONTINUED)
Interferences Identified in Human Plasma

Concentration
Classification Components (mg/L) Reference

Fatty Acid Derivatives

2-Hydroxybutyrate NA
3-Hydroxybutyrate NA
3-Methyl-2-hydroxybutyrate NA
Palmitate 125.8 uM
Oleate NA
Stearate NA
Laurate NA
Linoleate NA

Other Small Organics

Urea NA
Glycerate NA
Creatinine 106.5 uM
Glycerol phosphate isomer NA
Citrate 318.6 uM
Ascorbic acid NA

Carbohydrate Derivatives

Glucose NA
Myoinositol 24.5 uM
Inositol phosphates NA
Purine Derivatives
Urate 331.5 uM
Nucleosides NA
Steroids
Cholesterol 2109.7 uM
Endogenous phospholipids Phosphatidylcholine NA 53

Lysophosphatidylcholines (18:2,
16:0 and 18:0)

Prostaglandins Prostaglandin D, and F, NA 54
Hormones Melatonin NA 55
Polysaccharides Glycosaminoglycans NA 56
Unseen endogenous matrix Hydroxypropyl-f-cyclodextrin NA
components (dosing excipients) Polyethyleneglycol 400 NA
Propyleneglycol NA
Tween 80 NA

of dozens of samples per hour. One important factor affecting the performance of a mass detec-
tor is ion suppression, with the sample matrix, coeluting compounds, and cross talk contributing
to this effect. Operating conditions and parameters also play a role in inducing matrix effects that
result in suppression of the signal, although enhancement is also observed occasionally. The main
cause is a change in the spray droplet solution properties caused by the presence of nonvolatile or
less volatile solutes. These nonvolatile materials (salts, ion-pairing agents, endogenous compounds,
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drugs, metabolites) change the efficiency of droplet formation or droplet evaporation, affecting the
concentrations of charged ions in the gas phase reaching the detector.

The literature clearly reviews how plasma constituents and endogenous materials adversely
affect the quantitation of drugs and their metabolites in these matrices.””7° It follows that when drugs
or metabolites in biological matrices are analyzed, a thorough purification step must be invoked to
eliminate (or at least minimize) these adverse effects. In the context of high-throughput screening of
ADME (or DMPK) samples, the following discussion elaborates on protocols popularly employed
for the high-throughput clean-up of biological matrix components and/or endogenous materials.

1.2.3 Souip PHAse ExTracTION (SPE)

Application of SPE to sample clean-up started in 1977 with the introduction of disposable cartridges
packed with silica-based bonded phase sorbents. The solid phase extraction term was devised in
1982. The most commonly cited advantages of SPE over liquid-liquid extraction (LLE) as practiced
on a macroscale include the reduced time and labor requirements, use of much lower volumes of
solvents, minimal risk of emulsion formation, selectivity achievable when desired, wide choices of
sorbents, and amenability to automation. The principle of operation consists of four steps: (1) condi-
tioning of the sorbent with a solvent and water or buffer, (2) loading of the sample in an aqueous or
aqueous low organic medium, (3) washing away unwanted components with a suitable combination
of solvents, and (4) elution of the desired compound with an appropriate organic solvent.

With increasing popularity of the SPE technique in the 1980s and early 1990s, polymeric
sorbents started to appear to offset the two major disadvantages of silica based sorbents, i.e., smaller
surface area resulting in lower capacities and instability to strongly acidic or basic media. Around
the mid-1990s, functionalized polymers were introduced to overcome the shortcomings of the first
generation polymers such as lower retention of polar compounds and loss of performance when
the solvent wetting them accidentally dried. Tables 1.2 and 1.3 list some of the popular polar func-
tionalized neutral and ion exchange polymeric SPE sorbents, respectively, along with structure and

TABLE 1.2
Functionalized Neutral Polymeric Sorbents

Examples from Literature

Source

Waters (see

Sorbent

Chemistry

Oasis HLB  Divinylbenzene-N-vinyl-

Mode of Interaction

Reversed phase with some

(Plasma Samples Only)

Rosuvastatin (71); NSAIDs

2006-2007 pyrrolidone copolymer hydrogen bond acceptor (72); fexofenadine (73);
Catalog, SPE and dipolar reactivity catechins (74);
products) valproic acid (75)
Phenomenex (see  Strata-X Polar functionalized Reversed phase with weakly Cetirizine (76); pyridoxine
2006 Catalog, styrene-divinylbenzene acidic, hydrogen bond (77); omeprazole (78);
SPE products) polymer donor, acceptor, and mycophenolic acid (79);
dipolar interactions 25-hydroxy-vitamin D; (80)
Varian (see Focus Polar functionalized Reversed phase with strong  Fluoxetine, verapamil,
Catalog, SPE styrene-divinylbenzene hydrogen bond donor, olanzapine, tramadol,
products) polymer acceptor, and dipolar loratidine, and sumatriptane
character (81); verdanafil (82)
Varian (see Bond Elut  Highly cross-linked Hydrophobic retention of See catalog
Catalog, SPE Plexa polymer with small molecules and

products)

hydroxylated surface

hydrophilic exclusion of
proteins
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TABLE 1.3

Functionalized lon Exchange Polymeric Sorbents

Examples from Literature

Source Sorbent Chemistry Mode of Interaction (Plasma Samples Only)
Waters Oasis Sulfonated divinylbenzene- Mixed mode with strong Alkaloids (83); illicit drugs
MCX N-vinylpyrrolidone cation exchange and reversed  (84); general screening of
phase activities therapeutic and
toxicological drugs (85)
Oasis Quarternary amine Mixed mode with strong anion NSAIDs (86); glutathione
MAX functionalized divinylbenzene- exchange and reversed phase (87)
N-vinylpyrrolidone activities
Oasis Carboxy functionalized Mixed mode with weak cation  Basic drugs (88)
WCX divinylbenzene- exchange and reversed phase
N-vinylpyrrolidone activities
Oasis Cyclic secondary/tertiary amine ~ Mixed mode with weak anion =~ NSAIDs (86)
WAX functionalized divinylbenzene- exchange and reversed phase
N-vinylpyrrolidone activities
Phenomenex  Strata- Sulfonated styrene- Mixed mode with both strong  Stanazolol (89);
X-C divinylbenzene polymer cation exchange and reversed ~ antidepressant drugs (90);
with polar surface modification  phase interactions sulfonamides (91);
acrylamide (92)
Strata- Carboxylated styrene- Mixed mode with weak cation ~ Phenothiazine drugs (93);
X-CW divinylbenzene polymer exchange, hydrogen bond basic drugs (94)
donor and acceptor, and
reversed phase activities
Strata- Primary and secondary amine- Weak anion exchange and Nucleotide phosphates (95)
X-AW functionalized styrene- reversed phase interactions

divinylbenzene polymer

manufacturer information, modes of interaction, and references on representative applications in sam-
ple preparation. Other known hydrophilic polymeric materials are summarized in a recent review.%

1.2.3.1

Interactions of Sorbent and Analyte in SPE and Selective

Extractions Based on Sorbent Chemistry

The interactions of a sorbent and an analyte fall into three classes: hydrophobic (also called disper-
sive or van der Waals interactions with associated energy of 1 to 5 kJ/mol), polar, and ionic. Polar
interactions are further divided into dipole-induced dipole (2 to 7 kJ/mol), dipole—dipole (5 to 10
kJ/mol), hydrogen bonding (10 to 25 kJ/mol), and ion—dipole (10 to 50 kJ/mol). Ionic interactions
are electrostatic with the highest associated energy levels of 50 to 500 kJ/mol. These energy values
reflect the fact that when analytes interact with neutral sorbents only through hydrophobic interac-
tions, a thorough organic wash (with 100% solvent) cannot be carried out and hence extracts may
contain some contaminants or interference. On the other hand, sorbents possessing ion exchange
functionalities can retain ionizable analytes via ionic mechanisms and are amenable to 100% organic
solvent washes, thereby furnishing much cleaner extracts.

Ion exchange resins based on poly(styrene-divinylbenzene) backbones display mixed mode
retention mechanisms. The ion exchange functionality (sulfonic acid or carboxylic acid for cation
exchangers and quarternary or primary, secondary, or tertiary amines for anion exchangers) contrib-
utes to the ionic mechanism and the backbone polymer to hydrophobic retention. This is exemplified
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COOH
o T %‘ ®
CsHyy C.H
511

H / (@]
CHs cHy ©
Tetrahydrocannabinol (THC) THC-COOH (main metabolite)

FIGURE 1.1 Structures of THC and THC-COOH, its main metabolite from urine.

by arecent report demonstrating the retention of a hydrophobic molecule like THC carboxylic acid (a
metabolite of THC, the major constituent of marijuana; see Figure 1.1) on a strong cation exchanger
like strata-X-C even when subjected to a 30 to 40% acetonitrile wash without breakthrough.®’

The mechanisms of retention of apparently basic analytes on either strong or weak cation
exchanger resins depend upon the structures of these analytes and the intra-molecular interactions
of the functional groups on these analytes. Thus, tetracycline and its analogs are not eluted from the
sulfonic acid-functionalized strata-X-C resin with methanol containing 5% ammonium hydroxide or
with acetonitrile containing 0.1M oxalic acid. However, these antibiotics are eluted from strata-X-C
with acetonitrile containing 1.0M oxalic acid. On the other hand, they could be easily eluted from the
carboxy functionalized weak cation exchanger strata-X-CW with methanol containing formic acid.

The differences in the elution patterns for the two sorbents have been explained®® by invoking
the zwitterionic structures for the antibiotics under the basic pH conditions employed for strata-X-C

H;C\ - CH,

Tetracycline (TC): R; =R,=H
Oxytetracycline (OTC): R; = OH,R,=H
Chlorotetracycline (CTC): R; = H, R, = Cl

Zwitter ionic form of tetracyclines Fully enolized form of tetracyclines

FIGURE 1.2 Neutral, zwitterionic, and fully enolic forms of tetracyclines.
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(see Figure 1.2). At acidic pH, the antibiotics exist in their non-ionized enol forms and can be eluted
from the weaker carboxylic resin with formic acid, which is stronger than the surface carboxylic
acid moieties. However, the sulfonic acid is a stronger acid than either formic or even 0.1M oxalic
acid (pH 2.0) and hence the basic dimethylamino moieties on the antibiotics preferentially stay with
the sulfonic acid; these antibiotics can be eluted with 1.0M oxalic acid (pH 0.8) from these strong
ion exchange resins. Neutral polar functionalized polymers like Oasis HLB or strata-X do not retain
the tetracyclines even when a 5% methanol wash is used.

Another interesting selectivity difference was observed® during the extraction of benzodiaz-
epine drugs from plasma employing different sorbents. With silica-based strata-C18E, the neutral
polymeric strata-X sorbent, or the strata-X-CW weak cation exchanger, diazepam, nordiazepam,
oxazepam, lorazepam, and temazepam could all be eluted in excellent yields (Table 1.4) with meth-
anol. On the other hand, with the strong strata-Screen C (silica-based sulfonic acid) and strata-X-C
cation exchangers, methanol eluted oxazepam, lorazepam, and temazepam, while methanol contain-
ing 5% ammonia was needed to elute diazepam and nordiazepam.

The differential elution with strong cation exchangers does not stem from differences in pH
(see Figure 1.3 for structures and pH values). On the contrary, oxazepam, lorazepam, and temaze-
pam possess a hydroxyl at the C-3 position of the diazepine ring system that can stabilize their enolic
forms while simultaneously promoting hydrogen bonding with the basic N-4 nitrogen, resulting in the

TABLE 1.4
Results of SPE of Benzodiazepines from Plasma

Main Mode of % Recovery with % Recovery with
Sorbent Interaction Benzodiazepine Methanol Methanol/5% Ammonia
strata-C18-E (silica Reversed phase Nordiazepam 104 Not applicable
based) Diazepam 101
Oxazepam 97
Lorazepam 95
Temazepam 95
strata-Screen C Cation exchange Nordiazepam 9 90
Diazepam 24 93
Oxazepam 63
Lorazepam 104
Temazepam 87
strata-X Reversed phase Nordiazepam 103 Not applicable
Diazepam 98
Oxazepam 94
Lorazepam 95
Temazepam 92
strata-X-CW Weak cation Nordiazepam 94 Not applicable
exchanger Diazepam 97
Oxazepam 96
Lorazepam 100
Temazepam 98
strata-X-C Strong cation Nordiazepam 14 96
exchanger Diazepam 18 95
Oxazepam 65
Lorazepam 88

Temazepam 87
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e

Oxazepam (R = H, pKa 1.7)
Diazepam (pKa 3.3) Nordiazepam (pKa 1.7) Lorazepam (R = Cl, pKa 1.3)

H3C
H OH

<7,

/N,'

Cl

Temazepam (pKa 1.6)

Lorazepam (enol form)

FIGURE 1.3 Structures and pKa values of benzodiazepines.

failure of this nitrogen to interact with the sulfonic acid moieties of strata-X-C and the silica-based
strata-Screen C through ionic mechanism. Consequently, these drugs are eluted off in methanol.

Selective extraction of the flavonoid components from the ginkgolide and bilabalide terpenoids
(see Figure 1.4) of health supplement extracts from Ginkgo biloba leaves has been demonstrated!'®
by solid phase extraction with the weak strata-X-CW cation exchanger. While the terpenoids could
be eluted with 60:40 methanol:water, the flavonoids required a strong organic (methanol:acetonitrile:
water, 40:40:20 or acetonitrile:dichloromethane, 50:50) for elution. In comparison, the silica-based
strata-C18E and the neutral strata-X polymer did not exhibit this kind of selectivity (see Table 1.5
for recovery data), the former eluting all components with 60:40 methanol:water, while the latter
eluted the terpenoid partially in this solvent and partially with the stronger organic.

This protocol was modified to enable automation. In a later publication,'?” 20 mg of plant mate-
rial (Arabidopsis thaliana) was extracted with 1 mL of methanol, water, and formic acid. The extract
was transferred to glass tubes in an Aspec XL4 robot. After an initial clean-up with a C18 car-
tridge, the extract was evaporated and the residue reconstituted in formic acid and transferred to the
robot. SPE purification was carried out with Oasis MCX. After buffering and methanol wash, the
cytokinins were eluted with methanol and aqueous ammonium hydroxide (see Figure 1.5). After
evaporation, the residue was derivatized with either propionic anhydride or benzoic anhydride. The
derivatives were analyzed by LC/MS/MS using a 10 X 1 mm BetaMax Neutral Guard cartridge
as the LC column. Lower detection limits in the femtomole to attomole range were obtained. The
protocol was also successfully applied to non-cytokinin compounds such as adenosine mono-,
di-, and tri-phosphates, adenosine, uridinophosphoglucose, and flavin mononucleotide with the same
limits of detection. The ESI sensitivity of the derivatives was found to be far superior compared to
underivatized cytokinins and nucleotides. The procedure can be applied to strongly hydrophilic
molecules from any biological matrix and serves as an example of high-throughput automated solid
phase extraction.

The propensity of mixed mode cation exchange resins to retain highly water-soluble compounds
like gamma-aminobutyric acid (GABA) was demonstrated in a recent publication.!®® Animal tissue
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Flavonoid aglycones (isolated by

acid hydrolysis of the corresponding Ginkgolides A (R; = OH; R, = Ry = H);
flavonoid glycosides) B (R;=Ry=OH; R3=OH); C
Kaempferol (R = H) (R; =Ry, =R3=OH)

Quercetin (R = OH)
Isorhamnetin (R = OCHj)
Bilabalide 0]

FIGURE 1.4 Structures of flavonoids and terpenoids from Gingko biloba.

TABLE 1.5
Selective Elution of Flavonoids from Terpenoids in Ginkgo biloba Leaf Extracts
Strata C18-E Strata-X Strata-X-CW
Analyte (MW) Elut 1 Elut 2 Elut 1 Elut 2 Elut 1 Elut 2
Quercetin (302) 83 8 0 89 25 76
Kaempferol (286) 84 13 0 85 0 90
Isorhamnetin (316) 90 13 0 80 0 103
Bilobalide (326) 113 9 102 86 2
Ginkgolide A (408) 82 0 51 45 78 0
NH-R,
CH,COOH
3 o e
Hs COO™
| Auxin (Indole-3-acetic acid) Abscisic Acid
Ry

Cytokinins and nucleosides
R, = -CH,CH = CHCH,OH
CH,CH = CHCH,O Ribofuranoside (or glucopyranoside)
-CH,CH,CH(CH,)CH,OH
-CH,Phenyl
Cytokinin nucleotides
R, = H or beta-D-ribofuranosyl-5'-monophosphate

FIGURE 1.5 Structures of auxin and abscisic acid derivatives of cytokinin.
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was extracted with simultaneous protein precipitation using 2% sodium dodecylsulfate in 0.1M
potassium dihydrogen phosphate buffer (pH 2). After centrifugation, the supernatant was loaded
onto an Oasis MCX cartridge. Washing with methanol and formic acid in acetonitrile (10:90) selec-
tively eluted gamma-hydroxybutyric acid and 1,4-butanediol. GABA was then eluted with water:
methanol:ammonia (94.5:5:05 v/v). All the analytes were derivatized with N-(t-butyldimethylsilyl)-
N-methyl trifluoroacetamide (MTBSTFA) and analyzed by GC/MS. This procedure is potentially
suitable for evaluating PMI (postmortem interval) in humans because the amount of GABA in blood
increases after death and the increase may be correlated to time of death.

Relative extraction efficiencies of polar polymeric neutral, cation, and anion exchange sorbents
(HLB, MCX, and MAX) for 11 beta antagonists and 6 beta agonists in human whole blood were
probed.!® Initial characterization of MCX and MAX for acidic and basic load conditions, respectively,
showed that both the agonists and antagonists were well retained on MCX, while they were recovered
from MAX in the wash with either methanol or 2% ammonia in methanol (see Table 1.6). Blood sam-
ples were treated with ethanol containing 10% zinc sulfate to precipitate proteins and the supernatants
loaded in 2% aqueous ammonium hydroxide onto the sorbents. After a 30% methanol and 2% aqueous
ammonia wash, the analytes were eluted with methanol (HLB), 2% ammonia in methanol (MCX),
or 2% formic acid in methanol (MAX). The best recoveries were observed with MCX under aque-
ous conditions or blood supernatant (after protein precipitation) spiked sample load conditions (see
Table 1.7). Ion suppression studies by post-column infusion showed no suppression for propranolol
and terbutaline with MCX, while HLB and MAX exhibited suppression (see Figure 1.6).

TABLE 1.6

Comparison of MCX and MAX for SPE of 3-Agonists and Antagonists

SPE Column

Equilibration MCX 2% HCOOH MAX 2% NH, OH

and Loading aq MeOH 2% HCOOH in aq MeOH 2% HCOOH in
Washing Elution 2% NH,OH in MeOH MeOH 2% NH,OH in MeOH MeOH

Collected Fractions Washing Elution Washing  Elution  Washing Elution Washing  Elution

p-Antagonists:

Atenolol 0 100 0 102 99 5 98 4
Sotalol 0 93 0 94 0 113 0 111
Carteolol 0 96 0 97 91 4 91 2
Pindolol Trace 58 0 76 86 15 87 16
Timolol Trace 90 0 85 99 4 97 3
Metoprolol Trace 92 0 88 91 17 91 16
Bisoprolol 0 93 0 90 90 18 86 18
Labetalol Trace 85 0 83 0 108 0 114
Betaxolol Trace 90 0 93 86 23 86 22
Propranolol Trace 84 0 91 73 28 70 29
Carvediol 1.5 83 0 82 65 23 63 22
p-Agonists:

Salbutamol 0 98 0 99 27 53 38 47
Terbutaline 0 101 Trace 95 0 80 0 77
Fenoterol 0 104 0 54 0 94 0 87
Formoterol* Trace 53 0 32 26 41 18 42
Clenbuterol Trace 94 Trace 93 84 6 77 5
Bambuterol 0 97 0 96 91 3 92

Source: From M. Joseffson and A. Sabanovic, J. Chromatogr. A, 2006, 1120, 1. With permission from Elsevier.
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Propranol 260/116 Terbutaline 226/152

Supernatant
0.5e5 cps EtOH/ZnSO, aq 2.5e41:-m_l’.‘----"-‘."‘w“‘qQ.ﬂ'\'v
1:1 (v/v) -
HLB
2% NH,OH aq
S—7 ~ ~~

MAX

H.‘._____"___,\fa"""h"‘\_30% MeOH in WM
2%NH,OH aq
MCX

r~\“_.___‘_.‘.’_,..“«Nf‘."‘.\__30% MeOH in M‘*‘.‘\.
29%NH,OH aq
MCX

M 2%NH,OH W‘M
MeOH (100%) [N

2 4 6 8 10 12 14 2 4 6 8 10 12 14

FIGURE 1.6 Comparison of ion suppression data for propranolol and terbutaline after solid phase extraction
with HLB, MAX, and MCX.!%” (Reproduced with permission from Elsevier.)

1.2.3.2 Elimination of Proteinaceous and Endogenous Contaminants from
Biological Matrices to Minimize lon Suppression during SPE:
Comparison of lon Exchange and Mixed Mode Sorbents

In a recent communication, Wille and coworkers!!? compared the efficacies of ion exchange sorbents
and mixed mode, neutral polymeric and silica-based reverse phase sorbents. The analytes consisted
of 13 new generation antidepressants with pKa values ranging from 6.7 to 10.5 and log P values
ranging from 0.04 to 7.10. The authors utilized derivatization with hexafluorobutyryl imidazole to
facilitate GC/MS quantitation of SPE recoveries and to assess the purity of the extracts. They also
utilized HPLC for optimizing SPE and for investigating the protein binding of these antidepressant
drugs to plasma proteins. Since water absorption and/or retention by the sorbents is not compat-
ible with derivatization and GC/MS analysis, although Oasis HLB and Focus sorbents retained all
the drugs well, they were excluded after initial screening because they are very hydrophilic. The
inability to withstand 100% methanol wash for all the drugs tested eliminated silica-based nonpolar
sorbents and neutral polymer strata-X and Certify.

Although Certify is a mixed mode sorbent with C8 and sulfonic acid moieties, the authors ratio-
nalized that the hydrophobic retention on this sorbent is more dominant and caused the nonretention
of certain drugs during methanol wash. The weak WCX ion exchanger was also excluded for similar
reasons. Both the mixed mode strata-X-C and the ion exchange sorbent SCX were found to be most
amenable for the derivatization-based GC/MS analysis and both yielded pure extracts. However, the
yields were consistently lower with strata-XC than SCX and the authors hypothesized that this was
due to the inability of the 5% ammonia/methanol eluent to completely disrupt the hydrophobic and
dipolar interactions between the analytes and XC.

Wille et al.!!® made interesting observations on the protein binding of the 13 antidepressant drugs
investigated. These drugs were divided into two groups—one consisting of desmethylmirtazapine,
O-desmethylvenlafaxine, desmethylcitalopram, didesmethylcitaloporam, reboxetine, paroxetine,
maprotiline, fluoxetine, norfluoxetine, and m-chlorophenylpiperazine. The other group included
mirtazapine, viloxazine, desmethylmianserin, citalopram, mianserin, fluvoxamine, desmethylser-
traline, sertraline, melitraen, venlafaxine, and trazodone. They tested protein precipitation by four
methods: dilution with (1) pH 2.5 or pH 6.5 phosphate buffer, (2) glycine hydrochloride, (3) 2%
phosphoric acid, and (4) organic solvents (methanol and acetonitrile). Since the sorbents used for
SPE were cation exchangers, Willie’s group did not investigate inorganic salts.
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After equilibration at 4°C overnight, the samples were vortexed and centrifuged and the super-
natants subjected to SPE on SCX and strata-X-C. HPLC analysis of eluates indicated that glycine
HCI and dilution with acidic phosphate buffer yielded 89 and 88% recoveries, which result was
interpreted on the basis of negligible drug binding by o~1-acid glycoprotein of the plasma (isoelec-
tric point 3.0) at pH 2.5 for both reagents. On the other hand, the lower recoveries for acetonitrile
(62%) and methanol (78%) were interpreted as arising from the hydrophobic binding of the drugs to
albumin and lower solubility of the drugs in acetonitrile. Phosphoric acid gave 73% recovery. The
importance of load pH and disruption of hydrophobic interactions while using ion exchange and
mixed mode sorbents is thus emphasized.

Of particular interest is the comparison of the performance of cation exchange and mixed mode
sorbents for their efficacy in cleaning up endogenous phospholipids. Unlike the protein-related
materials that are eluted in the very early stages of HPLC, these phospholipids elute in the hydro-
phobic region and interfere with drug peaks which also elute around the same time.

Shen and coworkers!!! compared SPEC SCX disks with SPEC MP1 disks and Oasis MCX. SPEC-
SCX is a phenylsulfonic acid, while MP1 is a mixed mode C8/sulfonic acid and MCX is a polymeric
sulfonic acid on a divinylbenzene—vinylpyrrolidone polymer backbone. The sorbents were conditioned
with methanol and then with 2% formic acid. The sample was loaded in 2% formic acid solution and
washing was done with 2% formic acid, followed by acetonitrile:methanol (70:30). Analytes were eluted
with two aliquots of methanol:acetonitrile:water:ammonia (45:45:10:4% v/v/v/v). The eluent was dried
under nitrogen and the residue reconstituted in the mobile phase (80% 10mM ammonium formate
containing 0.2% formic acid and 20% 10mM ammonium formate in methanol with 0.2% formic acid).
Their data on desloratadine and its 3-hydroxy analog (see Figure 1.7), along with data on phosphatidyl-
choline indicates that MCX retains about seven times as much phospholipids as SCX does and MP1
retains around 60 times more than SCX (see Figure 1.8). Post-column infusion experiments with blank
plasma extracts showed ion suppression in the hydrophobic region for MP1 and MCX, but not for SCX
(see Figures 1.9 through 1.11). The observations were rationalized through hydrophobic retention of the
phospholipids by the mixed mode sorbents; SCX did not exhibit such retention mechanisms.

1.2.3.3 Formats for Rapid and/or High-Throughput Solid Phase
Extraction of Drugs in Biological Matrices

With the advent of fast analytical techniques such as LC/MS/MS, 96-well plate formats gained pref-
erence around 1995 to cater to the high-throughput sample preparation needs of bioanalysis. The
historical development of these 96-well plate formats was well documented by Wells*> and will not
be detailed here. In this well format, the sorbent is packed at the bottom of the plate with popular
bed mass sizes ranging from 10 to 500 mg. Further refinements of this 96-well flow-through system
include miniaturization of the plate and well geometry to accommodate as little as 2 mg of sorbent
in a particle bed or disk (laminar, sintered, glass fiber, or particle-loaded membranes) that allows the
use of very small elution volumes (e.g., 25 uL). Other modifications consist of modular geometries

Q.O a Ho Q.O a

$

H H
Desloratadine 3-OH desloratadine

FIGURE 1.7 Structures of desloratadine and 3-hydroxydesloratadine."! (Reproduced with permission from
Elsevier.)
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FIGURE 1.8 Comparison of SCX, MCX, and MP1 for retention of phosphatidylcholine."! (Reproduced with
permission from Elsevier.)

Analyte Peak Area (counts)

with removable well plates containing 10 to 100 mg of sorbent. Increased well plate formats (384 to
1536) are also available for very high volume turnarounds in sample processing.

Liquid handling systems such as the Tomtec Quadra Model 320 or Packard Multiprobe II EX
(HT) are used to automate the solid phase extraction process. The former carries 96 pipette tips for
simultaneous delivery of liquid into all 96 wells, while the latter is designed with 8 tips. Process-
ing of a well plate using the Tomtec takes 10 min. Multiprobe processing requires 30 to 60 min to
complete SPE on a 96-well plate. This compares favorably in terms of time and labor to manual
SPE of a 96-well plate that requires more than 5 hr for completion of one extraction. Other popu-
lar liquid handling systems include the Sciclone Advanced Liquid Handler Workstation (Zymark),
Cyberlab (Gilson, Inc.), Multimek (Beckman Coulter), and Personal Pipettor (Apricot Designs), all
of which use 96-tip channel pipettors. Among the 4- to 8-channel pipettors, SPE 215 (Gilson), Gen-
esis (Tecan), Biomek 2000 (Beckman Coulter), and Microlab (Hamilton) are widely used. Wells*?
contains detailed accounts of these automated liquid stations; they are not discussed here due to
spatial considerations.

A few examples from the latest literature will be presented to illustrate the use of the 96- and
higher well formats and pipette tip formats for high-throughput sample preparation. An interest-
ing example of orthogonal extraction chromatography and ultra-pressure liquid chromatography
(UPLC) of plasma samples of desloratadine and 3-hydroxy-desloratadine (see Figure 1.7 for struc-
tures) was recently reported.''> Sample clean-up was achieved in a 96-well plate containing 10 mg
of the MCX mixed mode polymeric sorbent. After conditioning with 400 yL of methanol and then
400 uL of 2% formic acid, a sample solution of the analytes (250 uL of plasma spiked with the
metabolites diluted with 500 uL of 2% formic acid) was loaded. Washing was done with 400 uL of
2% formic acid and then 400 yL of methanol:acetonitrile (1:1 volume %). Elution with two 200 uL
aliquots of methanol:acetonitrile:water:ammonia (45:45:10:4% v/v/v/v%) solution followed. After
concentration under nitrogen, the eluate was reconstituted in the mobile phase (A = 10mM ammo-
nium formate/0.2% formic acid; B = 10mM ammonium formate in methanol with 0.2% formic acid,
A:B =80:20). Experiments to evaluate extraction efficiencies showed that 4% ammonium hydroxide
was optimal (5% ammonia reduced extraction yield by about 15%, while 2 or 3% ammonia showed
about 6% lower recoveries). It was hypothesized that higher concentration of ammonia in the eluent
co-eluted the phospholipids or the excess ammonium ions caused ion suppression.

The presence of 10% water in the eluent minimized variations. Two different LC modes were
used for the analysis of the extracts: a smaller (50 X 2.1 mm) Atlantis C18 column (5 yum particle
size) on a Shimadzu liquid chromatograph and a UPLC column (Acquity C18, 1.7 um particle size,
50 x 2.1 mm) on a Waters Acquity system. In the Shimadzu experiment, a gradient from 0.5 min
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(20% B) to 90% B in 3.80 min was used, then returned to 20% B at 3.81 min with equilibration
until 4.2 min. In the Acquity experiment, the gradient was from 0.25 min (20% B) to 90% B in
1.65 min, maintained at 90% B through 1.90 min, then returned to 20% at 1.91 min with equilibration
until 2.10 min. When an injection volume of 30 uL (from a reconstituted solution volume of
150 uL) was used, the Shimadzu experiment yielded a typical response for 0.955 pg of deslorata-
dine and 1.05 pg of its 3-hydroxy analog. In the Acquity experiment, 15 L of injection volume was
necessary to achieve significantly better signal-to-noise ratio compared to the Shimadzu experiment
representing an LLOQ of 0.478 pg for desloratadine and 0.525 pg for the 3-hydroxy metabolite.

In a control experiment, the peak widths with UPLC were found at 0.15 min and at 0.16 min for
desloratadine and its 3-hydroxy analog, respectively. The corresponding values from the Shimadzu
experiment were 0.37 min and 0.32 min, respectively. Nevertheless, only a marginal improvement
in sensitivity (peak height) was found under UPLC conditions. The accuracy and precision values
for the two drugs under the two sets of LC conditions were very similar.

In another application of the 96-well plate-based sample preparation, Qi Song et al.!'3 reported
the extraction of cetirizine (Zyrtec) on strata-X (a neutral surface hydrophilic functionalized
styrene—divinylbenzene polymer) using a combination of Packard MultiProbe II and Tomtec Quadra
96-320. Plasma samples (100 uL) were spiked with cetirizine and its d-8 labeled analog (50 uL in 1:1
acetonitrile:water) used as internal standard and diluted with 1% TFA (150 uL) in a 96-well collec-
tion plate. The solution was aspirated and dispensed 10 times for thorough mixing on a MultiProbe.
The plate was transferred to the Quadra manually and automated SPE was carried out. The strata-X
96-well plate (10 mg sorbent/well) was conditioned with 500 uL. of methanol, followed by 500 uL
of water, after which 300 yL of the sample solution was added to each well and eluted under gravity
over 10 min. Subsequently, low vacuum (0.5 scfh) was applied and washing was done with 2% formic
acid followed by 5% methanol in water. After application of low vacuum, the drug was eluted with
acetonitrile (200 uL) under gravity and another aliquot of acetonitrile (200 uL) was passed through
the plate under low vacuum. The eluate was evaporated under nitrogen (15 min) and reconstituted in
acetonitrile. The addition of TFA during sample dilution was aimed at keeping the carboxylic groups
of cetirizine in the protonated form and the piperazine ring nitrogens protonated. The reconstituted
eluates were analyzed in the HILIC mode on a Betasil silica column (50 X 3 mm, 5 um, Keystone
Scientific) using a mobile phase of acetonitrile:water: TFA:acetic acid (93:7.0:0.025:1 v/v/v/v) under
isocratic conditions and MRM detection on an API 3000 or 4000 mass spectrometer using a run time
of 2 min. The transitions monitored were 389 — 201 for cetirizine and 397 — 201 for the internal
standard. A minimum detection limit of 1.0 ng/mL was achieved. Matrix lot-to-lot reproducibility
tests revealed an RSD of 5%; the RSD for precision and accuracy was less than 3%. For LLOQ
(n = 6), the RSD of measured concentration was 7%. The authors recommend the HILIC mode of
LC for rapid analysis based on their analyses of several drugs and analyses by other laboratories.

An automated solid phase extraction method for human biomonitoring of urinary polycyclic
aromatic hydrocarbon (PAH) metabolites using the RapidTrace SPE workstation was recently
reported.''* PAHs are formed during incomplete combustion of organic materials such as coal, gas,
wood, and tobacco. Exposure is primarily through inhaling polluted air or tobacco smoke, and by
ingestion of contaminated and processed food and water. Dermal exposure may also be a major path-
way. Following absorption in the human body, PAHs are rapidly biotransformed into hydroxylated
metabolites by cytochrome P450 mono-oxygenases and these are further converted into glucuro-
nide or sulfate conjugates to enhance their polarity and consequently aid in their urinary excretion.
Romanoff and coworkers!''* compared four polymeric sorbents in their studies and found that Focus
(a Varian product) yielded the best results (recoveries of 69 to 93%).

The protocol consisted of preconditioning with methanol (1 mL) followed by water (1 mL).
Urine samples (3 mL) were deconjugated by treatment with B-glucuronidase and arylsulfatase
(10 pL and 200 pg/ul) in 0.1M sodium acetate (pH 5.5) and then loaded onto conditioned car-
tridges. After washing with water (1 mL) and methanol:sodium acetate (3 mL, 4:6, pH 5.5), the PAH
metabolites were eluted with dichloromethane (3 mL). The eluate was spiked with dodecane (used
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FIGURE 1.12 OMIX tips for Tomtec Quadra.'> (Reproduced with permission from Elsevier.)

for minimizing loss of volatile metabolites) and concentrated to about 5 uL. Toluene (20 uL) was
added and the metabolites were derivatized with MSTFA. The silyl derivatives were analyzed by
GC/MS using a DB-5 column. Appropriate C13 labeled metabolites were used as standards and the
molecular ions and their [M-15] fragment ions were monitored. Variations were within stipulated
limits for N >157 samples and ranged from 5 to 17%. The method was used to quantify 23 PAH
metabolites in the fiftth NHANES study, consisting of nearly 3000 samples.

A novel variation from the 96-well formats for high-throughput sample purification is the micro-
pipette design called the p-SPE tip. These devices are constructed from automated pipette tips. One
example is Varian's OMIX Tip for the Tomtec Quadra (see Figure 1.12), which is constructed by
inserting a plug of OMIX C18 SPE material into the tip section of a Tomtec 450-uL pipette. This
material is based on a monolithic glass fiber sorbent bed functionalized with the octadecyl chains
through silanization and provides superior flow characteristics in comparison with a packed bed.
No additional filters or frits are present in this prototype of the y-SPE tip. A mixed phase cation
exchange SPE sorbent (MP1) in this tip format is also available from Varian.

When these tips are used for extraction, a sample solution is aspirated and then dispensed using
an automated liquid handler like Tomtec Quadra and circulates across the solid phase media. The
use of a monolithic glass fiber results in a design that has less sorbent density than that used in a
traditional plate format and enables free flow of a liquid across the media without assistance from
a vacuum. A recent publication by Shen et al.!'> demonstrates an application of this tip format for
posaconazole, a potent selective inhibitor of the 14a-demethylase (CYP 51) enzyme, the structure
of which is shown in Figure 1.13. SCH 56984, a closely related compound, was used as an internal
standard. The extraction procedure was the same as in a typical SPE procedure: conditioning, appli-
cation of the sample solution, wash, and elution. The wash and elution solutions were pre-aliquoted
into individual wells of a 96-well block before placement on the Tomtec. Prior to aspiration, a 50- to
150-uL air gap was drawn into the y-SPE tips followed by an aliquot of the sample solution and
then another 5 to 10 uL of air gap. The entire tip contents were dispensed in a single step with the
top air gap acting as a pump to expel all liquid from the p-tip. After each dispense cycle, 25 uL of
air from the system air compressor was blown into the tips to dislodge remaining liquid. No vacuum
application or manual operator intervention was needed.

In a typical extraction, 50 uL of plasma was treated with 25 uL of internal standard solution and
then diluted with 200 yL of 3% ammonium hydroxide. The C18 u-SPE tips were conditioned with
150 uL of methanol and then 300 uL of 3% ammonium hydroxide. The sample was exhaustively
extracted by aspirating and dispensing the plasma samples seven times from the dilution tube. For
the wash, 90 uL. of 3% ammonium hydroxide followed by 100 uL of methanol:water (20:80 v/v)
was used. Elution was achieved with 50 uL of methanol:water (90:10 v/v). After evaporation of the
collected eluate in the 96-well block, the residues were reconstituted in 200 uL of mobile phase A:B
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FIGURE 1.13 Structures of posaconazole and SCH 56984.!"5 (Reproduced with permission from Elsevier.)

(1:1) and a 10-uL portion was injected into the LC/MS/MS system. A Varian Polaris-C18A column
(50 x 2 mm) was used; mobile phase A was water:methanol:formic acid (90:10:0.1 v/v/v); mobile
phase B was acetonitrile:methanol:formic acid (90:10:0.1 v/v/v) with a gradient from 10% A at 0.3
min to 75% in 1.3 min, held until 2.5 min, then to 100% B at 2.6 min and back to 10% at 3.6 min
and equilibrated until 4 min. Posaconazole and the internal standard had retention times of 2.0 and
2.1 min, respectively.

Wash—elution and aspiration—dispensing cycle optimization experimental results are shown in
Figures 1.14 and 1.15, respectively. A comparison of recovery yields between the tip experiment and
a 96-well plate containing 15 mg of Varian SPEC C18 under the same extraction conditions gave a
value of 70% for the latter, a figure obtained from three aspiration—dispensing cycles for the former.
For intra-run accuracy of calibration standards, a %CV range from —3.6% to 3.5% was recorded,
while for the QC samples, 7.7%, 1.3%, and 0% were obtained for QCL, QCM, and QCH (n = 18),
respectively. Run precisions were 1.1 to 9.2% and 5.1 to 5.7%, respectively, for calibration and QC
samples. An LLOQ of 10 ng/mL was established.

An analogous pipette tip-based solid phase extraction of ten antihistamine drugs from human
plasma was reported by Hasegawa and coworkers.!'® A MonoTip C18 tip (GL Sciences, 200-uL
pipette tip volume, C18-bonded monolithic silica gel with a diameter of 2.8 mm and thickness of
1 mm) was utilized. The monolithic silica with a continuous mesoporous (pore size ~20 nm) silica
skeleton ~10 um in size and ~10 to 20 yum through-pores was fixed in the point of the 200-uL
pipette tip and chemically modified with the C18 phase. The advantages of this sorbent include
ease of extraction coupled with rapidity compared to conventional SPE cartridges. The small bed
volume and the sorbent mass within the MonoTip C18 permit use of a small volume of solvent,
smaller elution volumes, and reduced evaporation times, leading to higher throughput. A plasma
sample containing ten antihistamines (100 uL) was diluted with 400 uL of water and 25 uL of a
1M potassium phosphate (pH 8.0) buffer. After centrifugation, the supernatant was decanted into
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FIGURE 1.14 Wash—elution optimization of posaconazole on C18 OMIX tips.'"> (Reproduced with permis-
sion from Elsevier.)

a sample tube and 200 L aspirated into the conditioned MonoTip C18. The same volume of sample
was then dispensed back into the sample tube. Twenty-five such cycles were performed. The tips
were washed with 200 uL of water, dried for 3 min by drawing air continuously and then the drugs
were eluted with 100 uL of methanol by five repeated aspirating—dispensing cycles. A 2-uL ali-
quot of eluate was subjected to GC/MS analysis. Quantitation was performed on the base peaks
of the respective antihistamines by SIM. The total time for extraction was 8 min, as opposed to
>20 min by cartridge extraction. Recoveries ranged from 73.8 to 105% and detection limits of
0.2 to 2.0 ng/0.1 mL plasma. Within-day and day-to-day CVs were less than 8.8 and 9.9%, respec-
tively. The method was applied successfully to dosed human plasma samples after oral administration
of diphenhydramine and chlorpheneramine to healthy volunteers. Their respective concentrations
immediately after administration were 18.0 and 15.1 ng/0.1 mL for diphenhydramine and 1.65 and
1.07 ng/0.1 mL for chlorpheneramine 3 and 4 hr after administration.

100

% Recovery

0 T T T
1 3 5 7

# of Aspirate and Dispense

FIGURE 1.15 Optimization of aspiration and dispensing cycles of posaconazole on C18 OMIX tips.!>
(Reproduced with permission from Elsevier.)
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1.2.3.4 Online Solid Phase Extraction as Tool for High-Throughput Applications

Features that make online SPE more attractive compared to off-line SPE consist of:

* Direct elution of analyte from extraction cartridge into LC system

* Elimination of time-consuming evaporation, reconstitution, and preparation for injection

* Achievement of maximum sensitivity for detection because the entire volume of eluate
is utilized for analysis

* Processing of samples and SPE cartridges in a completely enclosed system, allowing
protection for light- and air-sensitive compounds and preventing of exposure of operator
to solvents

* Less handling and manipulation; no loss of analyte

Examples of automated systems developed for online SPE include Prospekt and Prospekt-2 (Spark
Holland, The Netherlands) for cartridges and SPE Twin Pal (LEAP Technologies, Carrboro, North
Carolina) for traditional 96-well plates. Although several alternative formats for online sample clean
up such as dual and multiple columns, turbulent flow chromatography, restricted access media,
immuno-affinity and multiple column extraction with multiple column separation have been used,*
the most promising and viable mode is use of online SPE cartridges based on economic consider-
ations and the ability of the cartridges to withstand high pressures and pH extremes.

Generally, an online SPE LC/MS/MS system consists of three major hardware components: an
online SPE module, a separation (LC) module, and a detection (MS) module. A multicomponent LC
pumping assembly with two individual HPLC pumping units connected by one or two switching
valves (six- or ten-port type) is used in most of the online applications reported in the literature. One
pump is used for plasma sample loading and washing of the SPE cartridge; the other is used for ana-
Iytical separation of compounds eluted from the SPE cartridge after removal of plasma proteins.

In a recent publication by Zang and coworkers,!'” an online SPE LC/MS/MS assay was reported
for verapamil, indiplon, and six investigative drug compounds, using a strata-X online extraction
cartridge (2.1 X 20 mm) and a monolithic Chromolith Speed ROD RP-18e (4.6 X 50 mm) column as
the analytical column. This combination permits exploitation of the speed of the monolithic columns
and provides the advantages of polymeric online SPE that also include the ability to utilize hydro-
phobic and hydrophilic interactions simultaneously in addition to the favorable features cited above.
The flow rate for achieving optimal removal of proteins was established initially, by comparing 2, 3,
and 4 mL/min flow rates using 90:10 water:acetonitrile with 0.1% formic acid as the mobile phase;
4 mL/min was determined to yield the cleanest profile.

A single six-port switching valve was used in two settings. In position A, the autosampler (HTC
Pal, LEAP Technologies) loads the plasma sample onto the strata-X, followed by a 30-sec wash-
ing using the same mobile phase as above at 4 mL/min; in position B, the drugs are back-eluted off
strata-X (after the 30-sec wash, the six-port valve switches to connect the monolithic column) into
the monolithic column that effectively provides baseline separations for all eight drug compounds.
The autosampler syringe depth was adjusted such that the syringe needle only slightly penetrated
the top layer of the diluted plasma solution in the autosampler vial. This avoided clogging from the
diluted plasma sample. The linear range was validated from 1.95 to 1000 ng/mL of each drug and
greater than 0.997 correlation coefficient values were obtained. The set-up enabled the analysis of
300 samples on one strata-X cartridge without any noticeable changes in HPLC pump back pres-
sure, chromatographic retention time, baseline noise level, or peak shape for each analyte. The
method proved to be rugged and comparison of off-line LLE data with results from this online
method for pharmacokinetic screening samples for 0.25 to 12 hr time periods showed that the online
SPE method was as efficient as the LLE method.

Alnouti et al.!"® recently reported a novel method for online introduction of internal stan-
dard (IS) for quantitative analysis of drugs from biological matrices using LC/MS/MS. Using the
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FIGURE 1.16 Configuration and operational details of online introduction of internal standard for quantita-
tive analysis of drugs from biological matrices.'"® (Reproduced with permission from the American Chemical
Society and the authors.)

autosampler as a device to measure and introduce both sample (analyte) and IS, two off-line
(manual) sample preparation steps (measuring fixed amounts of samples and spiking with fixed
amount of IS) can be eliminated. The applicability of this method for propranolol and diclofenac
using ketoconazole and ibuprofen as ISs, respectively, was demonstrated on the Symbiosis system
(Spark Holland) with C18 HD cartridges (2 X 10 mm, Spark Holland) as online SPE columns and
a Luna C18 (2.1 x 50 mm, 5 um particles) as the analytical column. The operational details of
introduction of sample and IS are illustrated in Figure 1.16. The IS may be injected from a vial via
autosampler or directly into the injection loop (using one of the injection modes of the Symbiosis
autosampler), the latter avoiding cross contamination possible with the former. The variation (RSD)
in IS peak areas of samples spiked with IS off-line were 10.1% for ketoconazole and 2.1% for
ibuprofen. For online introduction, the values were 6.8 and 3.1% for ketoconazole and ibuprofen,
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respectively. Individual absolute recoveries for the two analytes and their respective ISs exceeded
90%. Precision ranged from 2 to 12% for off-line and 2 to 16% for online introductions.

1.2.3.5 Ultility of 384-Well Plates for High-Throughput Applications
and In-Process Monitoring of Cross Contamination

An application involving the use of monoclonal antibody fragments for selective extraction of the
d-enantiomer of an experimental drug belonging to the diarylalkyl triazole system was reported
recently.!"” The antibody fragment was immobilized on chelating Sepharose and dispensed as a 50%
suspension in PBS (pH 7.4, 25 uL) into a 384-well plate (Whatman). A plasma sample of a mixture
of the d- and a-enantiomers of the triazole drug was loaded in PBS after conditioning the sorbent in
the 384-well plate with 60 uL of 100mM imidazole-PBS, pH 7.4. After sample load, washing was
done with ammonium acetate (10mM, pH 5.0). The bound d-enantiomer was eluted with 25mM
ammonium acetate, pH 2.5 (3 x 60 uL).

Analysis was performed on an ES-Ovomucoid column for stereoselectivity assessment, and for
MS/MS, an X-Terra MS C18 column (2.1 x 100mm, 5 um) was used. Figure 1.17 shows the wash
and elution fractions from the SPE in a 384-well plate. The SPE conditions evaluated are listed in
the table below the figure. The binding of the drug to the affinity sorbent in a 96-well plate was less
efficient than the 384-well plate because the sorbent formed a disk on the former and a column on
the latter. The efficiency is reflected in the >95% recoveries achieved with the 384-well format.

Progress with the 384-well plate solid phase extraction has been slow since the first examples
of bioanalytical applications were published'?*!?! in 2001. Reasons for this observation include
increased cross contamination, lack of appropriate supplies and tools, lack of demand and interest,
presence of other upstream and downstream bottlenecks, and sample volume and sensitivity limits.
Min Chang and coworkers'?? evaluated the 384 technology by developing assays for lopinavir and
ritonavir, the active ingredients of the Kaletra anti-HIV drug. Samples in individual vials were
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FIGURE 1.17 Load-wash—elution profile of SPE extracts of d-enantiomer of a traizole drug studied on a 384-
well plate.!”” (Reproduced with permission from the American Chemical Society.)
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transferred to 96-well plates using MicroLab AT plus II and then to the 384-format by a multichannel
pipettor or MicroLab Starlet. Two procedures were used for SPE on these 384-formatted well plates
(Orochem, Lombard, Illinois): loading and washing using a vacuum box and use of a centrifuge
for loading, washing, and eluting. Eluates were analyzed by LC/MS/MS using a Luna C18 column
(Phenomenex, Torrance, California) with a run time of 2.2 min. The authors noted that the avail-
ability of a sufficient LC/MS/MS throughput is essential. The 384-well technology will not exert
a significant impact on the overall throughput unless shorter LC/MS methods such as UPLC, high
temperature LC, multiparallel micro-HPLC, and nanoelectrospray infusion are used. For example,
a run time of 2.2 min will allow handling of 570 samples in 21 hours, while a 1.5-min run time will
facilitate running of 840 samples in the same 21-hour period. With respect to availability of appa-
ratus and disposables, the authors note that SPE using a centrifuge minimizes cross-contamination,
but the technique is difficult to automate. On the other hand, one must be careful about cross con-
tamination while using a vacuum. Centrifugation minimizes this contamination. Suitable disposable
pipette tips for mixing samples in a deep-well 384-formatted microtiter plate are difficult to locate;
only recently was this problem addressed.

The concept of rectangular experimental designs for multiunit platforms (RED-MUPs) as a part of
statistical experimental design (also known as design of experiments or DOE) was explored in a recent
study'?® aimed at reducing manual preparation and enabling the use of pipetting robots and applied to
a reporter gene assay in the 96- and 384-well formats. Further work on this technique continues.

1.2.3.6 Utility of Multisorbent Extraction for SPE High-Throughput Method Development

Since the introduction of the 96-well plate format for SPE, method development for a particular drug
or combinations of drugs and/or drug metabolites, impurities, and degradation products from aque-
ous or biological matrices has normally involved a single sorbent packed in all the wells. A generic
method (universal set of extraction conditions, commonly recommended by a manufacturer) usually
serves as the starting point.

The complexity of the method in terms of number of steps and solvents needed depends on the
sorbent chemistry. The development in a simplified scenario involves running an analyte in several
concentrations in multiple replicates and assaying for recovery and performance. This procedure
is described in detail for several silica and polymeric sorbents by Wells.*> However, if a number of
sorbents are to be evaluated, the process becomes time-consuming if multiple 96-well plates (each
with one sorbent packed in all the wells) must be screened separately. This process may take a week
or more and consume an analyst’s precious time as well. The most plausible solution is to pack
different sorbents in the same well plate and use a universal procedure that applies to all of them.
An example of such a multisorbent method development plate is the four-sorbent plate recently
introduced by Phenomenex demonstrated!?* to require only 1 to 2 hr to determine optimal sorbent
and SPE conditions.

Four polymeric sorbents with different chemistries and interaction mechanisms are packed in a
96-well plate in a configuration wherein three vertical columns are dedicated to each sorbent (total
24 wells; see Figure 1.18). These sorbents consist of the strata-X neutral polar/non-polar balanced
functionalized styrene—divinylbenzene polymer, the strong strata-X-C cation exchanger with sulfonic
acid moieties located on the phenyl rings of the same base polymeric skeleton, the weak strata-X-CW
cation exchanger with a carboxyl-functionalized PSDVB, and a weak strata-X-AW anion exchanger
with primary and secondary amine groups on the PSDVB skeleton. The four sorbents cover all possi-
ble types of interactions any analyte can exhibit. The strata-X displayed strong hydrophobic and n—n
interactions, coupled with moderate hydrogen bonding and weakly acidic properties. The strata-X-C
yielded strong cation exchange and hydrophobic interactions, along with weak hydrogen bonding and
moderate n— interactions. At the same time, strata-X-CW showed weak cation exchange and strong
hydrogen bonding properties with much lower hydrophobicity; strata-X-AW exhibited strong anion
exchange activity along with moderate hydrophobicity and weak hydrogen bonding.
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FIGURE 1.18 Phenomenex four-sorbent SPE method development plate.

The method development process with the multisorbent plate consists of three steps. In step 1,
the sorbent chemistry and the pH for loading, washing, and elution are optimized. In step 2, opti-
mization of the percentage organic for wash and elution and the pH of the buffer needed is carried
out. Step 3 is validation; the method developed from the results of the previous two steps is tested
for linearity, limits of detection, quantitation of recovery, and matrix effects using a stable isotope-
labeled analyte as an IS.

Step 1 utilizes three sets of load and elution conditions: neutral (water) load with 100% methanol
elution (the NN condition), loading in acidic buffer (ammonium formate, 25mM, pH 2.5, with for-
mic acid) and elution in methanol containing 5% ammonia (the AB condition), and loading in basic
buffer (ammonium acetate, pH 5.5, 25mM, pH adjusted with acetic acid), designated the BA condi-
tion. The results for neutral, acidic, and basic drugs are shown in Figure 1.19. For carbamazepine,
any sorbent and any of the NN, AB, or BA conditions can be used for SPE. For procainamide, cation
exchange under the AB condition is best, and for indomethacin, strata-X-AW with AB is preferred.

The step 2 results for procainamide are shown in Figure 1.20. A single sorbent 96-well plate
(strata-X-C) was used and 20% increments of 0 to 100% methanol containing 5% formic acid or 5%
ammonia were investigated. Procainamide can be washed with 100% methanol under acidic condi-
tions without any breakthrough. Under basic conditions, the drug starts to elute at 40% or higher
methanol content. Thus, the former can be used for wash and the latter for elution with the desired
percentage of methanol (elution is 100% at 80% methanol content (Figure 1.20)).

With strata-X, procainamide elutes off under any conditions including >25% methanol in the
solvent. With strata-X-CW, the drug can be eluted off under both acidic and basic conditions with
>40% methanol content in the solvent. As with strata-X, the drug is eluted off under acidic or basic
conditions with >50% methanol using strata-X-AW. Overall, strata-X-C is the best option for pro-
cainamide from a biological matrix.

1.2.4 ReceNnT DeveLoPMENTS IN LiQuiD-LiQuip ExTRACTION (LLE) For CLEAN-UP
of BioLocicAL MATRICES: MINIATURIZATION AND HIGH-THROUGHPUT OPTIONS

Traditional LLE utilizes large volumes of solvents that are often hazardous from an environmental
perspective and the process is tedious and time consuming. During the past decade, this technique
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Step 1 Experiment: Recovery of Indomethacin under Three
Load Conditions on Four Sorbents
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FIGURE 1.19 (A) Load—elution study on moderately hydrophobic, neutral carbamazepine with a four-sorbent
method development plate. (B) Load—elution study of procainamide with multisorbent method development
plate. (C) Load—elution study of acidic indomethacin with multisorbent method development plate.
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FIGURE 1.20 Wash—elution profile of procainamide on strata-X-C.

has undergone a spectacular transformation in the context of high-throughput screening with the
introduction of miniaturized protocols along with revolutionary membrane-based and solid support-
based technologies. These advances were reviewed by several authors.!25-133

The simplest technique is the use of the 96-well collection plate format (analogous to the format
used in SPE) in conjunction with a liquid handling robotic system; it follows the same principle as
bulk scale LLE. However, immobilization of the aqueous plasma sample on an inert solid support
medium packed in a cartridge or in the individual wells of a 96-well plate and percolating a water-
immiscible organic solvent to extract the analyte from this medium evoked significant enthusiasm
from the pharmaceutical industry.

Several manufacturers introduced products amenable for this solid-supported LLE and for sup-
ported liquid extraction (SLE). The most common support material is high-purity diatomaceous
earth. Table 1.8 lists some commercial products and their suppliers. The most widely investigated
membrane-based format is the supported liquid membrane (SLM) on a polymeric (usually polypro-
pylene) porous hollow fiber. The tubular polypropylene fiber (short length, 5 to 10 cm) is dipped
into an organic solvent such as nitrophenyl octylether or 1-octanol so that the liquid diffuses into the
pores on the fiber wall. This liquid serves as the extraction solvent when the coated fiber is dipped

TABLE 1.8
Suppliers of Solid-Supported LLE Materials

Manufacturer Commercialized SLE Product

Varian, Inc., Lake Forest, CA, USA Chem Elut (96-well plate with 200 mg hydromatrix per well; cartridges of 0.3, 1.0,
3.0, 5.0, 10.0, 20.0, 50.0, 100.0, and 300.0 mL aqueous capacity)

Orochem, Lombard, IL, USA Aquamatrix (96-well plate with 1- or 2-mL capacity packed with calcined
diatomaceous earth)

Biotage, Uppsala, Sweden Isolute SLE* (96-well plate, 2 mL, packed with modified diatomaceous earth)

[International Sorbent Technology,

Ltd., Glamorgan, UK]
Merck, Darmstadt, Germany Extrelut 1.0, 3.0, and 20.0 mL glass or polyethylene columns
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FIGURE 1.21 Structures of omeprazole, its 5-hydroxy metabolite, and desoxyomeprazole (internal stan-
dard).*¢ (Reproduced with permission from Elsevier.)

into an aqueous buffered plasma solution. The analyte is back-extracted from the organic solvent
in the fiber pores into an aqueous extractant (acidic solution for bases and basic solution for acids),
which is withdrawn for analysis. For neutral analytes, a two-phase extraction is used. The solvent
serves as the membrane and as the extractant. The following section illustrates the underlying prin-
ciples and application of SLE and LPME (liquid phase microextraction with SLM) and includes
literature examples for each technique.

1.2.4.1 Automated Liquid-Liquid Extraction without Solid Support

A novel approach for the extraction and LC/MS/MS analysis of omeprazole (used to treat gastro-
esophageal reflux disease) and its 5-hydroxy metabolite (see Figure 1.21) through automated LLE
using the hydrophilic interaction chromatographic mode (HILIC) for HPLC was recently reported
by Song and Naidong.!*® Thawed and vortex-mixed plasma sample aliquots were transferred into a
96-deep well collection plate using a Packard Multiprobe II robotic liquid handler. Desoxyomepra-
zole (internal standard, 100 ng/mL in 1:1 methanol:water, 50 uL) was added to each sample, fol-
lowed by 10 uLL of ammonium hydroxide (2% in water). Ethyl acetate (0.5 mL) was added to each
sample and the plate covered with a dimpled sealing mat. The plate was vortex mixed for 10 min,
then centrifuged at 3000 rpm and at 4°C for 5 min.

Using the Tomtec Quadra 96 workstation, 0.1 mL of the ethyl acetate layer was transferred to
a 96-well collection plate containing 0.4 mL of acetonitrile in each sample well. The solution was
mixed 10 times by aspiration and dispersion on the Tomtec. The plate was then covered with a
sealing mat and stored at 2 to 8°C until LC/MS/MS analysis. The HILIC-MS/MS system consisted
of a Shimadzu 10ADVP HPLC system and Perkin Elmer Sciex API 3000 and 4000 tandem mass
spectrometers operating in the positive ESI mode. The analytical column was Betasil silica (5 um,
50 x 3 mm) and a mobile phase of acetonitrile:water:formic acid with a linear gradient elution from
95:5:0.1 to 73.5:26.5:0.1 was used for 2 min. The flow rate was 1.0 mL/min for the API 3000 and
1.5 mL/min for the API 4000 without any eluent split. The injection volume was 10 L and a run
time of 2.75 min was employed.

The multiple reaction monitoring (MRM) conditions for each analyte were optimized by infus-
ing 0.1 pg/mL of analyte in mobile phase. The Ionspray needle was maintained at 4.0 kV and the
turbo gas temperature was 650°C. Nebulizing gas, auxiliary gas, curtain gas, and collision gas flows
were set at 35, 35, 40, and 4, respectively. In the MRM mode, collision energies of 17, 16, and 15 eV
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TABLE 1.9
Precision and Accuracy of Quality Control Samples for Automated LLE of Omeprazole
and 5-OH Omeprazole Metabolite

Intra-day (n = 6) Inter-day (n=18)

2.50 7.50 180 1800 10000 7.50 180 1800

ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml
Omeprazole
Mean 2.36 7.64 177 1820 10100 7.81 179 1870
R.S.D. (%) 4.0 3.9 1.6 1.8 2.7 44 -0.6 +3.9
R.E. (%) -5.6 +1.9 -1.7 +1.1 +1.0 +4.1 -0.6 +3.9
5-OH omeprazole
Mean 2.73 7.81 179 1830 10100 7.92 177 1830
R.S.D. (%) 8.1 44 0.9 33 2.7 44 4.5 24
R.E. (%) 9.2 +4.1 -0.6 +1.7 +1.0 +5.6 -1.7 +1.7

@ Samples diluted 10-fold with blank plasma prior to analysis.

Source: Song, Q. and W. Naidong, J. Chromatogr. B, 2006, 830, 135. With permission from Elsevier.)

for omeprazole, its 5-OH metabolite, and the IS, respectively, were noted. Transitions monitored
were m/z 346 — 198 for omeprazole, 362 — 214 for 5-OH omeprazole, and 330 — 198 for
desoxyomeprazole.

The dwell time was 200 msec for the analytes and 100 msec for the IS. At least 500 extracted
samples were injected onto each column without any column regeneration. No solvent evapora-
tion and reconstitution steps were involved. Ethyl acetate was preferred over methyl t-butyl ether
(MTBE) because MTBE caused pulp-up of the mat. Six blank plasma lots were tested for matrix
interference and none was detected in the analyte or IS region. When 100 ng/mL of the analytes
were spiked into the blank plasma samples, the relative standard deviations were 1.0 and 1.5% for
omeprazole and its metabolite, respectively. Precision and accuracy figures are given in Table 1.9.

A similar automated LLE protocol for a novel ATP-competitive inhibitor for all the vascular
endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) receptor tyrosine
kinases (RTKs), named ABT-869 (Abbott Laboratories; see Figure 1.22) was reported during anti-
tumor efficacy studies.’®” A fully automated 96-well LLE was developed using a Hamilton liquid
handler for ABT-869 and its acid metabolite A-849529 (Figure 1.22).

Hexane:ethyl acetate (1:11) was used as the extraction solvent. The extracted organic layer
was transferred automatically into a 96-well injection plate and dried down with nitrogen at room
temperature. The residue was reconstituted with 200 yLL of 1:1 acetonitrile:water containing 0.1%
formic acid. A Symmetry Shield RP8 analytical column (150 X 2.1 mm) was used for LC/MS/MS
with an API 3000 mass spectrometer as the detector. The pH of the extraction mixture (diluted
plasma solution) was varied by adding 0.2% formic acid, 0.2% acetic acid, or 0.2% acetic acid in
ammonium acetate (100mM) or ammonium acetate (100mM) alone. The proportion of ethyl acetate
in the organic was varied from O to 100% to determine optimal concentration for extracting the drug
and its metabolite. The addition of formic or acetic acid in 100mM ammonium acetate buffer signifi-
cantly improved the extraction recovery of the acid metabolite (see Figure 1.23). The assay protocol
developed was applied to clinical samples and the results were satisfactory (see Figure 1.24).

Some additional examples for automated LLE consist of ondansetron in human plasma,'3?
muraglitazar in human plasma,'® boswellic acids in brain tissue and plasma,'*° dextromethorphan,
dextrorphan, and guaifenesin in human plasma'#!, and dextromethorphan and dextrorphan in human
plasma.'*? Details are not discussed due to space considerations.
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FIGURE 1.22 Structures of ABT-869, its acid metabolite, and deuterated analogs used as internal stan-
dards."¥” (Reproduced with permission from John Wiley & Sons.)

1.2.4.2 Solid-Supported Liquid-Liquid Extraction

Figure 1.25 illustrates the principle underlying LLE in the solid-supported LLE format. In order to
facilitate elution with a water-immiscible organic solvent, it is imperative that analytes are in their
neutral form during sample load. Thus, for basic analytes, loading should be done in a high pH (9 to
10) buffer and for acidic analytes, a low pH (2 to 3) buffer.

ABT-869 Extractability vs. pH A849529 Extractability vs. pH
—4— 0.2% Formic Acid —=— 0.2% Acetic Acid —4— 0.2% Formic Acid —=— 0.2% Acetic Acid
—&— 0.1% Acetic Acid —%— 100 mM NH4OAc —4a— 0.1% Acetic Acid —¢— 100 mM NH40OAc
8.E+5 6.E+5
$ 6E+5 g SE+5
< < 4.E+5
% 4.E+5 ﬁ 3.E+5
[ <
2 2E+5 2 i:g
0.E+0 T T 0.E+0
0 500 1000 0 500 1000
EtOAc (pL) EtOAc (pL)

FIGURE 1.23 Dependency of extraction recovery of ABT-869 and acid metabolite AB849529 on buffer pH
and proportion of ethyl acetate in organic solvent.'”” (Reproduced with permission from John Wiley & Sons.)
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FIGURE 1.24 Ion chromatograms of (A) clinical predose sample and (B) clinical postdose sample.'*” (Repro-
duced with permission from John Wiley & Sons.)

Wang and coworkers'#® described a rapid and sensitive LC/MS/MS method for the determina-
tion of a novel topoisomerase I inhibitor (an indolocarbazole derivative) in human plasma, follow-
ing SLE on 96-well diatomaceous earth plates. The structures of this inhibitor and the IS used are
shown in Figure 1.26. Clinical, QC, and standard plasma samples were thawed at room tempera-
ture, vortexed for 30 sec, centrifuged at 3000 g for 10 min; 250 uL aliquots were transferred to
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FIGURE 1.25 Principle of operation of solid-supported liquid—liquid extraction from aqueous or plasma
samples. (Reproduced with permission from Varian, Inc.)
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FIGURE 1.26 Structures of indolocarbazole compound I and internal standard.'** (Reproduced with permis-
sion from John Wiley & Sons.)

polypropylene tubes using a Packard MultiProbe II EX robot. The IS solution (25 yL) was added
and the mixture pipetted onto a 96-well diatomaceous earth plate using a Matrix Impact 8-channel
expandable electronic pipette. The diatomaceous earth was obtained from Varian in bulk and packed
into 96-well plates provided by Orochem Technologies.

After 5 min, the analyte and internal standard were eluted from the plate with 2 mL of 9%
isopropanol in MTBE under gravity and collected in a 96-well plate. The extracts were evaporated
on a SPE dry 96 evaporator (Jones Chromatography) under nitrogen at 50°C and reconstituted in
150 uL 50% methanol:water. A LEAP CTC PAL autosampler was used to inject 10 uL of this recon-
stituted solution into a Perkin-Elmer Series 200 LC interfaced with an API 3000 mass spectrometer.
A Waters XTerra RP18 column (3.5 ym, 50 X 2 mm) was used for the LC part with a mobile phase
of 70:30 methanol:6.7mM ammonium hydroxide in water. The negative molecular ion scan and the
product ion scan from this parent ion are shown in Figure 1.27 and the precision and accuracy in
Table 1.10. Stability and extraction recovery data are shown in Tables 1.11 and 1.12, respectively.
Further examples of the solid-supported LLE technique from the literature include toxicity studies
on 3-buten-1,2-diol (a major metabolite of 1,3-butadiene used in the synthetic rubber industry) in rat
tissue,'* plasma and urine'*® samples, and geometric isomers of acetyl-11-keto-c (or f§)-boswellic
acid.!46

1.2.4.3 Liquid Phase Microextraction (LPME)

In the past decade, several novel solvent-based microextraction techniques have been developed and
applied to environmental and biological analysis. Notable approaches are single-drop microextrac-
tion,'¥” small volume extraction in levitated drops,'*® flow injection extraction,!#4*-15° and microporous
membrane- or supported liquid membrane-based two- or three-phase microextraction.!?>!151-153 The
two- and three-phase microextraction techniques utilizing supported liquid membranes deposited in
the pores of hollow fiber membranes are the most explored for analytes of wide ranging polarities in
biomatrices. This discussion will be limited to these protocols.

The principle of a three-phase membrane extraction is illustrated in Figure 1.28. An organic
solvent is immobilized in the pores of a porous polymeric support consisting of a flat filter disc or
a hollow fiber-shaped material. This supported liquid membrane (SLM) is formed by treating the
support material with an organic solvent that diffuses into its pores. The SLM separates an aqueous
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FIGURE 1.27 Negative parent ion and product ion mass spectra of compound I and internal standard.'®3
(Reproduced with permission from John Wiley & Sons.)
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TABLE 1.10
Precision and Accuracy of Indolocarbazole
Compound I and Internal Standard

Nominal conc.  Mean conc. Precision  Accuracy
(ng/mL) (ng/mlL) CV (%) (%)
0.05 0.049 6.2 98.0
0.1 0.11 7.0 107.4
0.5 0.46 5.7 91.1
5.0 5.14 2.2 102.8
25 2542 7.1 101.7
100 98.07 6.5 98.1
200 201.41 43 100.7

Source: Wang, A.Q. et al., Rapid Commun. Mass Spectrom.,
2002, 16, 975. With permission from John Wiley & Sons.
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TABLE 1.11
Stability Data: Indolo

Nominal conc. Mean Found Precision CV? Accuracy©

(ng/mL) Conc.? (ng/mL) (%) (%)

0.2 0.21 3.7 104.3 0.22
20 20.9 3.7 104.7 20.6
150 147.3 10 98.2 152.7

carbazole Compound I

Found Conc.4 after 3
F/T Cycles (ng/mL)

Accuracy (5)

108.5
103.2
101.8

4 Mean concentrations calculated from weighted (1/x) linear last-squares regression curve after one freeze—thaw.

b Percent coefficient of variation (CV) of peak area ratios (n = 5).

¢ Expressed as (mean found ¢
4 F/T = freeze—thaw; freezing

oncentration/nominal concentration) x 100.
at —20°C (n=3).

Source: Wang, A.Q. et al., Rapid Commun. Mass Spectrom., 2002, 16, 975. With permission from John Wiley & Sons.

TABLE 1.12
Extraction Rec

overy of Compound I from Supported

Liquid-Liquid Extraction

Nominal Conc.
(ng/mL)

0.5

5

25
200

2 (IS)

Mean (n =5) Mean (n = 4) Spiked

Extracted Peak Area Peak Area?
4317 7089
47988 72866
218700 350636
1590718 2469997

25586 (n=50) 38286 (n =40)

2 Peak area of standard spiked in extract of plasma double blanks.

b Calculated as [(mean extracted peak area)/(mean spiked peak area) x 100] at each concentration.

Recoveryb

(%)

60.9
65.9
62.4
64.4
66.7

Source: Wang, A.Q. et al., Rapid Commun. Mass Spectrom., 2002, 16, 975. With permission from

John Wiley & Sons.
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FIGURE 1.28 Principle of extraction of ionizable organic analyte into SLM."3' (Reproduced with permission
from IUPAC.)

donor solution (containing the analyte to be extracted) and an acceptor solution (that may be the
same organic liquid as the SLM in the case of a two-phase system or can be aqueous for a three-
phase system). The analyte is partitioned into the organic membrane from the donor solution and is
then re-extracted into the aqueous acceptor solution inside the hollow fiber (or into the organic sol-
vent for a two-phase system). In order to carry out this kind of double partitioning, an analyte should
exist in a nonionic form to achieve its transfer into the organic membrane phase and in an ionic
form in the acceptor phase to prevent its back-migration into the organic liquid. These requirements
are achieved by pH adjustment of the two aqueous phases. Thus, for extracting a basic analyte, the
donor solution pH should be around or above the pKa of the analyte and the acceptor solution should
be strongly acidic. The opposite is true for an acidic analyte. The influence of the respective partition
coefficients (between the acceptor and donor, K, ; the organic and the donor, K,4; and the acceptor
and organic, K, ) in effecting a successful extraction is shown numerically in Table 1.13. It can be
easily seen that the larger the value of K, the better are the recovery and enrichment figures. '>*

The table also shows that a three-phase LLE (organic extraction followed by back-extraction
into aqueous phase) yields lower recoveries and enrichment compared to three-phase LPME, as
reflected in peak heights from the two techniques as shown in Figure 1.29. Furthermore, three-phase
LLE is sensitive to the magnitude of K, and LPME is not.

A simple manual experimental set-up for carrying out three-phase LPME is shown in
Figure 1.30. A conventional 2- or 4-mL glass vial fitted with a screw cap containing a silicone rubber
septum serves as the extraction apparatus.'> Two conventional 0.8-mm outer diameter medical
syringe needles are inserted through the septum and the two ends of a Q3/2 Accurel KM polypropyl-
ene hollow fiber (Membrana, Wuppertal, Germany), inner diameter of 600 ym, length of 8 cm, wall
thickness of 200 yum, and pore size of 0.2 um were inserted into each needle tip. For these dimen-
sions, the internal volume of the acceptor solution inside the fiber is 25 yLL and the organic phase
volume in the pores of the fiber is 23 yL. For extraction experiments, 1 mL of plasma was basified
with 250 uL of 2M sodium hydroxide and diluted with a combined volume of 2.75 mL (water and
sample solution together) so that the total volume of the donor solution is 4.0 mL.

The hollow fiber was dipped into dihexyl ether for 5 sec and excess adhering solvent was washed
away by ultrasonification in a water bath. Then, 25 uL of 10mM hydrochloric acid (aqueous, accep-
tor phase) was injected into the lumen of the hollow fiber with a microsyringe. This activated fiber
was placed in the vial containing the donor solution and the vial vibrated at 1500 rpm for 45 min.
The entire acceptor solution was flushed into a 200-uL micro insert and subjected to capillary
electrophoresis or HPLC detection. For 2 mL extractions, 250 uL of plasma sample treated with
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TABLE 1.13
Calculated Recovery and Enrichment in Three-Phase LPME and Simple LLE at Different
K,,q Values

Three-Phase LPME* Three-Phase LLE®
Kaua Korg/d Ko/org Recovery (%)  Enrichment Recovery (%) Enrichment
1 1 1 0.6 1.0 1.1 0.3
5 1 5 3.0 4.8 5.1 14
5 3.0 4.8 1.7 0.4
10 1 10 5.9 9.4 9.7 2.6
5 2 5.7 9.1 2.7 0.7
10 1 5.6 9.0 1.4 0.4
50 1 50 23.7 37.9 34.9 9.3
5 10 23.4 37.4 6.7 1.8
10 5 229 36.6 6.7 1.8
50 1 20.0 32.0 1.5 0.4
100 1 100 38.3 61.3 51.7 13.9
5 20 37.9 60.6 21.7 59
10 10 37.3 59.7 12.6 35
50 2 333 53.3 2.9 0.8
100 1 294 47.0 1.5 0.4
500 1 500 75.7 121.1 84.3 224
5 100 75.3 120.5 58.1 15.5
10 50 74.9 119.8 41.9 11.2
50 10 71.4 114.2 13.0 3.5
100 5 67.6 108.2 7.0 1.9
500 1 47.2 75.5 1.5 0.4
1000 1 1000 86.1 137.8 91.5 24.5
5 200 85.9 137.4 73.5 19.7
10 100 85.6 137.0 59.1 15.7
50 20 83.3 133.3 229 6.1
100 10 80.6 129.0 13.0 3.5
500 2 64.1 102.6 2.9 0.8
1000 1 51.0 81.6 1.5 0.4
4V, =25 l, V,, =20 uL, and V, = 4 mL.

vV, =150 ul, V,,,=5mL, and V; =2 mL.

g

Source: Ho, T.S. et al., J. Chromatogr. A, 2002, 963, 3. With permission from Elsevier.

200 uL of 2M sodium hydroxide was used and the total volume made up to 1 mL with water and
sample solution. Based on Figures 1.31 and 1.32, the equilibrium time (time for extracting 90% of
analyte into the acceptor phase) was attained after 18 to 25 min of extraction for five representative
drugs in water matrix; 21 to 40 min were needed for plasma samples.

The set-up was also amenable for protein binding studies, as demonstrated for the five repre-
sentative drugs that were evaluated with 0, 5, and 50% methanol content in the plasma samples.
Maximum recoveries were observed with 50% methanol for promethazine, methadone, and halo-
peridol, indicating significant protein binding for these drugs. For amphetamine and pethidine, on
the other hand, protein binding was significantly lower based on the better recoveries obtained with



40 High-Throughput Analysis in the Pharmaceutical Industry

—_

Spiked plasma sample /!| A LJ L\_I -

LPME
(LPME) I
1
Spiked plasma sample JL
(LLE)

3 4 5 6 7 8
Minutes

FIGURE 1.29 Three-phase LPME versus three-phase LLE of promethazine."* (Reproduced with permission
from Elsevier.)

donor sample solutions containing less or no methanol. Figure 1.33 shows the set-up of a flat disc
membrane format for a flow-through system.

To enhance automation capacity, a direct transfer of the acceptor phase to a HPLC system can be
arranged by setting up a pre-column that allows the injection of as much volume of analyte as pos-
sible (Figure 1.33). Pneumatically or electrically actuated valves controlled by a computer provide

Needle for
injection of
acceptor
Needle for
— collection of
acceptor
solution
Screw top
with silicone—
septum
Sample solution Porous hollow fiber
( dofl or phase) (impregnated with
organic phase)
Vial Acceptor

FIGURE 1.30 Simple experimental set-up for three-phase LPME.'5 (Reproduced with permission from the
Royal Society of Chemistry.)
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FIGURE 1.31 Extraction—time profiles for five model drugs in 1 mL (A) and 4 mL (B) aqueous solutions.'>
(Reproduced with permission from the Royal Society of Chemistry.)

control of the system. For small sample volumes of 1 mL or less, an analyst can apply membrane
extraction equipment based on robotic liquid handlers with syringe pumps, as shown in Figure 1.33.
A robotic needle connected to a syringe pump pipettes buffer to adjust the pH of the sample vials,
picks up an aliquot, and pumps it through a donor channel with an approximate volume of 10 mL.
The entire extract is then transferred from the acceptor channel to an injection loop connected to
the HPLC system (Figure 1.34). The entire extract from the 1-mL sample goes to a single chro-
matographic injection. During the chromatographic separation of one extract, the next sample is
extracted. The cycle time of the system is determined by the chromatographic time and the extrac-
tion time does not extend total analysis time.!>

A chiral liquid chromatographic determination of mirtazapine (Figure 1.35) in human plasma
through a two-phase LPME sample preparation was reported recently.'>® The manual vial set-up
reported (Figure 1.36) is similar to that described above for the three-phase extraction. The organic
membrane consisted of toluene coated onto the pores of a 7-cm polypropylene fiber (with the same
parameters as mentioned earlier) by dipping the fiber in toluene. The acceptor solution was 22 uL of
toluene. The extraction was carried out for 30 min under magnetic stirring at room temperature. The
acceptor solution was removed from the fiber with the second syringe, evaporated, and reconstituted
with 80 uL of a mobile phase comprised of 98:2 hexane:ethanol containing 0.1% diethylamine;
50 uL of this extract was injected onto a 250 x 4.6 mm Chiralpak AD column. Ultraviolet detection
was carried out at 292 nm. The quantitation limit was 6.25 ng/mL. The effect of extraction time and
fiber length variation on the two-phase process is shown in Figure 1.37 and the chromatographic
analysis in Figure 1.38.
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FIGURE 1.32 Extraction—time profiles for promethazine (A), methadone (B), amphetamine (C), pethidine
(D), and haloperidol (E) in 1 mL sample volume with 0, 5, and 50% methanol added to plasma sample.'>
(Reproduced with permission from the Royal Society of Chemistry.)
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FIGURE 1.33 Top left: membrane unit with 1 mL channel volume (A = inert material; B = membrane); Top
right: membrane unit with 10 yL channel volume. Bottom: hollow fiber membrane unit with 1.3 uL acceptor
channel (lumen) volume.! (Reproduced with permission from IUPAC.)
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FIGURE 1.34 Apparatus for liquid membrane extraction. (A) Manual off-line instrument based on peristaltic
pump. (B) Instrument with online connection to HPLC for environmental studies. (C) Experimental set-up for
supported liquid membrane HPLC determination of biomolecules in blood plasma or urine.'* (Reproduced
with permission from the authors.)
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FIGURE 1.35 Structures of mirtazapine stereoisomers and internal standard.””® (Reproduced with permis-
sion from Elsevier.)
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FIGURE 1.36 Experimental set up for two-phase LPME.® (Reproduced with permission from Elsevier.)

1.2.5 PROTEIN PRECIPITATION TECHNIQUES AND INSTRUMENTATION
FOR HIGH-THROUGHPUT SCREENING

Protein precipitation is a common protocol for rapid sample clean-up and extraction of pharma-
ceuticals from plasma samples during drug discovery. It also allows the disruption of drug binding
to proteins. Plasmas from various species such as dogs, rats, mice, and humans show variations in
their compositions, but often only a single bioanalytical method covers all these species. Protein
precipitation denatures the protein and destroys its drug binding ability, depending on the binding
mechanism. '’

100000 - 100000 - Vorg/ V4 = 0.00625
I Vel Vg = 0.00775
75000 - 75000 -
g g VgV = 0.00475
< <
% 50000 % 50000 -
() kol
~ -9
25000 4 ﬂ I 25000 -
0 0
15 30 45 6.0 8.0 10.0
Extraction Time (min) Hollow Fiber Length (cm)
(A) (B)

FIGURE 1.37 Effects of extraction time and fiber length on two-phase LPME of mirtazapine stereoisomers.!'>
Influence of extraction time (A) and acceptor-to-donor phases volume ratio (B) on the efficiency of LPME. Plots
for the (+)-(S)-mirtazapine (white bars) and (-)-(R)-mirtazapine (black bars) enantiomers (response in area
counts). Extraction conditions: (A) 1 mL plasma sample; 0.1 mL 10 M NaOH; 3.0 ml deionized water; 7.0 cm
fiber length; 22 yL toluene (B) 30 min of extraction; 1 mL plasma sample; 0.1 mL 10 M NaOH; 3.0 mL deion-
ized water; toluene. (Reproduced with permission from Elsevier.)
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FIGURE 1.38 Chromatograms of LPME-treated drug-free plasma, mirtazapine enantiomers, and mefloquine.!¢
Chromatograms refer to drug-free plasma (A); plasma spiked with 62.5 ng mL~" of (+)-(S)-mirtazapine (2) and
(5)-(R)-mirtazapine (3) and 500 ng mL~! of (R, S)-mefloquine (1,4) (B); plasma sample from a patient treated
with 15 mg/day of rac-mirtazapine (C). All samples were pre-treated by LPME. The analysis was performed
on a Chiralpak AD column using hexane:ethanol (98:2, v/v) plus 0.1% diethylamine at a flow rate of 1.5 mL
min~', A =292 nm. (+)-(S)-mirtazapine (2), (-)-(R)-mirtazapine (3) and (1, 4) internal standard. (Reproduced
with permission from Elsevier.)

An organic solvent, acid, salt, and metal have been used for effecting protein precipitation by
exerting specific interactive effects on the protein structure. An organic solvent lowers the dielectric
constant of the plasma protein solution and also displaces the ordered water molecules around the
hydrophobic regions on the protein surface, the former enhancing electrostatic attractions among
charged protein molecules and the latter minimizing hydrophobic interactions among the proteins.
Thus, the proteins aggregate and precipitate.

Acidic reagents form insoluble salts with the positively charged amino groups of the proteins
at pH values below their isoelectric points (pls). High salt concentrations deplete water molecules
from the hydrophobic protein surfaces and allows aggregation through hydrophobic interactions of
protein molecules. Binding of metal ions reduces protein solubility by changing its pl. A representa-
tive set of protein precipitation efficiency data from Polson et al.'3 is shown in Table 1.14. Variation
in ionization effects for different species of plasma using acetonitrile in 50:50 methanol:water is
shown in Table 1.15. The study produced interesting observations:

* The most efficient precipitants for protein removal were zinc sulfate, acetonitrile, and
trichloroacetic acid (at 2:1 volume of precipitant to plasma, the protein removal values
were, respectively, 96, 92, and 91% with <1% RSD for n =5).

* The chosen precipitants functioned universally for all plasmas.

» Using acidic components exerted significant effects on ionization efficiency.

* Pure mobile phases with organic precipitants produced the largest ionization effects
(Table 1.16).

More detailed data on protein precipitation agents and their efficacy has been included in a recent
review by Flanagan and coworkers'® and is presented in Table 1.17.

Protein precipitation by filtration in a 96-well format has been used as a high-throughput, easy-
to-automate alternative to the traditional centrifugation-based protocol. However, most filter plates
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TABLE 1.14
Comparison of Protein Precipitation Efficiencies of Precipitants upon Treatment with
Human Plasma

Percent Protein Precipitation Efficiency?

Precipitant Ratio of Precipitant to Plasma
0.5:1 1:1 1.5:1 2:1 2.5:1 3:1 4:1
Acids TCA 914 91.8 91.5 91.0 91.2 91.3 914
%RSD (n=3) 4.46 —b 3.46 0.20 2.18 5.98 3.96
m-Phosphoric acid 89.4 90.5 90.3 90.2 90.7 90.5 90.0
%RSD (n=3) 1.48 4.56 3.52 3.23 12.36 2.35 6.23
Metal ions Zinc sulfate 89.2 96.8 96.8 99.0 99.0 99.0 >99.9
%RSD (n=3) 14.73 7.16 14.58 1.70 8.04 3.42 —c
Organics ACN 3.6 88.7 91.6 92.1 93.2 93.5 94.9
%RSD (n=3) 3.62 2.50 3.63 3.13 5.29 5.91 1.82
EtOH 0.1 78.2 87.2 88.1 89.8 91.8 92.0
%RSD (n=3) 2.85 243 1.65 9.47 9.56 2.46 1.06
MeOH 134 63.8 88.2 89.7 90.0 91.1 91.5
%RSD (n=3) 0.95 3.09 3.54 3.50 2.84 5.09 2.46
Salts Ammonium sulfate 24.8 50.1 64.0 84.2 90.4 90.4 89.0
%RSD (n=3) 1.80 4.37 3.61 0.53 7.11 3.74 2.45

2% Protein precipitation efficiency = [(total plasma protein — protein remaining in supernatant)/total plasma protein] x 100.
®One value obtained; samples discarded in error prior to assay.
¢ Concentration of protein in supernatant below quantification limit.

Source: Polson, C. et al., J. Chromatogr. B, 2003, 785, 263. With permission from Elsevier.

require a plasma sample to be dispensed before the precipitating solvent is added (the so-called
plasma first method). A recent application note from the Argonaut laboratories'>® demonstrates that
a solvent-first methodology using its Isolute PPT+ protein precipitation plates avoids the problems
of leaking, cloudy filtrates and blocked wells. The Argonaut plates carry functionalized bottom frits
that can hold up organic solvents, permitting the dispensing of solvents first. The principle is

TABLE 1.15
Variation of lonization Effects of Acetonitrile in 50:50
Methanol/Water (2:1)

Plasma Type lonization Effect (%) Duration of lonization Effect (min)
Human 86.9 05t07.5
Dog 86.5 0.5t06.8
Mouse 92.6 0.5t08.6
Rat 92.9 0.5t09.9*

2 Jonization suppression evident throughout entire region of analysis. Steady state signal
achieved after 12.8 min (data not shown).

Source: Polson, C. et al., J. Chromatogr. B, 2003, 785, 263. With permission from Elsevier.
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TABLE 1.17
Relative Efficacies of Protein Precipitation Methods

Plasma Protein Precipitated (%)
Volume Precipitant Added/Volume Plasma

Supernatant

Precipitant pH? 0.2 0.4 0.6 0.8 1.0 1.5 20 3.0 4.0
10% (w/v) Trichloroacetic acid 1.4-2.0 99.7 993 996 995 995 99.7 99.8 99.8 99.8
6% (w/v) Perchloric acid <1.5 354 983 989 99.1 99.1 99.2  99.1 99.1 99.0
Sodium tungstate dihydrate 22-39 33 354 98,6 99.7 99.7 99.9 99.8 99.9 100
(10% w/v) in 0.3 mol L-!

sulfuric acid
5% (w/v) Metaphosphoric acid 1.6-2.7 39.8 957 981 983 983 98.5 984 982 98.1
Copper(II) sulfate pentahydrate 5.7-7.3 36.5 56.1  78.1 87.1 97.5 99.8 999 100 100
(5% w/v) + sodium tungstate
dihydrate (6% w/v)
Zinc sulfate heptahydrate 6.5-7.5 41.1 915 930 927 942 971 993 988 99.6
(10% w/v) in 0.5 mol L-!
sodium hydroxide
Zinc sulfate heptahydrate 6.6-8.3 456 80.7 935 892 933 97.0 993 99.6 99.8
(5% w/v) in 0.2 mol L!

barium hydroxide
Acetonitrile 8.5-9.5 134 148 458 88.1 972 994 99.7 99.8 99.8
Acetone 9-10 1.5 74 336 710 962 991 994 992 99.1
Ethanol 9-10 10.1 112 417 748 914 963 983 99.1 993
Methanol 8.5-9.5 176 174 322 493 734 979 987 989 99.2
Saturated ammonium sulfate 7.0-7.7 21.3 240 410 474 534 732 983 —° —b

20.4 volumes of precipitant and above.
®Too cloudy to assay.

Source: Flanagan, R.J. et al., Biomed. Chromatogr., 2006, 20, 530. With permission from John Wiley & Sons.
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NG Y Collect
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FIGURE 1.39 Solvent-first procedure using ISOLUTE PPT* Protein Precipitation Plates.!” (Reproduced
with permission from Biotage AB.)
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FIGURE 1.40 Comparison of results from plasma-first and solvent-first protocols.”® (Reproduced with per-
mission from Biotage AB.)

demonstrated in Figure 1.39 and the results obtained in Figure 1.40. Results similar to the above
were reported by Berna and coworkers'® using Captiva 20-um polypropylene 96-well plates with
top and bottom Duo-seals (see Figure 1.41).

These authors reported greatly improved sample transfer without pipette failure due to plugging
caused by thrombin clot formation when a LEAP HTS PAL autosampler was used for liquid transfer
automation.

Remedying the problem of clot formation and its detrimental effect on sample transfer has also
been addressed in a recent publication from the Johnson & Johnson Pharmaceutical Research and
Development Laboratories'®! where workers designed a novel 96-well screen filter plate consisting
of 96 stainless steel wire-mesh screen tubes (Figure 1.42).

The advantages of this screen filter, as cited by the authors, consist of its reusability, its standard
96-well format size, and its ability to be used whenever sample transfer or pipetting is needed. After
usage, the screen filter can be easily cleaned by rinsing with water and methanol and additionally,
by ultrasonication in water or methanol or other appropriate solution. The filter can be inserted
into a plasma storage plate before sample transfer by the Tomtec Quadra used by the authors for
automation.

FIGURE 1.41 Captiva 20-um polypropylene 96-well filter plate with top and bottom duo-seals.'®® (Repro-
duced with permission from the American Chemical Society.)
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FIGURE 1.42 Example of 96-well screen filter plate design.!®! (Reproduced with permission from the Ameri-
can Chemical Society.)

1.2.5.1 Use of Protein Precipitation in Tandem with Other
Sample Preparation Techniques

The principle of using protein precipitation in combination with solid phase extraction is best illus-
trated through sample pretreatment of a vitamin D metabolite, 25-hydroxyvitamin D, from plasma,
as reported recently by Lensmeyer and coworkers.!®? Analysis of vitamin D and its metabolites
presents a unique challenge because these highly lipophilic compounds strongly associate with
vitamin D binding protein (VDBP) that must be broken for releasing the metabolites for efficient
SPE or LLE. At the same time, endogenous lipids readily coextract with the metabolites and pro-
duce very dirty extracts that can foul analytical LC/MS instrumentation. For this reason, it is rather
difficult to employ LLE.

Furthermore, the compounds are light-sensitive and degrade rapidly. The IS is unstable to heat
and temperatures in excess of 35°C must be avoided to prevent evaporation and decomposition of
the analytes and the IS. The procedure employed by the authors consists of first precipitating the
proteins from serum (blood) samples in disposable glass tubes with acetonitrile (2 mL of precipi-
tant spiked with IS [400 ug/mL in acetonitrile] added to 1.0 mL of serum sample). The mixture is
vortex-mixed after 5 min of standing. The resulting mixture is centrifuged and the clean supernatant
transferred to a glass vial from which the test solution is transferred to a Gilson ASPEC XL4
autosampler. Four zones (sample, reagent, result, and disposable extraction column [DEC]) are
marked in the sample racks. The solvent evaporator (Turbo Vap LV) is set to 35°C, nitrogen flow
adjusted to 10 psi, and a typical drying time of 25 min is used. The conditions for automated extrac-
tion are shown in Table 1.18. Samples were detected by a UV 3000 integrated system set at 275 nm
and a stable bond cyano column (250 x 4.6 mm) was used for HPLC. Representative chromatograms
and a comparison of LC/UV and LC/MS are shown in Figures 1.43 and 1.44, respectively.

More information on the comparative evaluation of protein precipitation methods may be
obtained from Lei and coworkers.!%3 An interesting comparison of protein precipitation (PPT) and
solid phase extraction (SPE) methods was presented in a technical library publication from
Millipore!s* that describes use of its Multi-SPE-MPC extraction plate and MultiScreen deep well
Solvinert filter plate for SPE and PPT, respectively (Figure 1.45). A Biohit Proline multichannel
pipette was used to add 400 uL of acetonitrile to each well of the filter plate and then, using the
pipette’s double aspiration program, 100 yL of spiked serum was aspirated and 100 yL of acetoni-
trile from the filter plate was aspirated to initiate protein precipitation in the pipette tip. The mixture
was deposited back in the filter plate and shaken vigorously for 2 min.

Vacuum filtration at 18 to 20 in. Hg was performed on a MultiScreen HTS vacuum manifold with
a deep well collar. For the SPE, the extraction plate was conditioned first with 100 yL of methanol
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TABLE 1.18
Conditions for Automated Solid Phase Extraction of Vitamin D Metabolite from Plasma
after Protein Precipitation
Solvent Conditions
Volume Aspirate  Dispense Equilibrate
Program Command Solvent (mL) (mL/min)  (mL/min) (min)
1. Begin loop NA# NA NA NA NA
2. Rinse needle (inside/outside) CH,CN 3.0 20 120 0
3. Condition DEC CH,CN 2.0 30 5 0.05
4. Add to DEC CH,CN-H,0 (35:65 by volume) 2.0 40 5 0.1
5. Dispense into sample H,O 1.0 NA 60 0
6. Load DEC Diluted serum supernatant 35 40 2.5 0.4
7. Rinse needle H,0 4.0 NA 120 0
(inside and outside)
8. Add to DEC CH,;CN-H,0 (35:65 by volume) 2.0 40 10 0.1
9. Elute/collect CH,CN 2.0 6 3 0.1
10. Rinse needle Water 4.0 NA 120 0
11. End loop NA NA NA NA NA
2 NA = not applicable.
Retinol
(B) (Endogenous)
4 Int. Std.
Int. Std. Laurophenone
Late-Eluting Peaks 3 25(0OH)Dy
25(0OH)D, \ 68 pg/L
=} =}
% / 25(0H)D, 52 4 25(0OH)D,
! 63 pg/L
1
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4r 4
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FIGURE 1.43 Representative HPLC chromatograms of vitamin D metabolites.'®? (A) late-eluting peaks; (B)
calibrator in extracted serum; (C) sample from patient with low 25(OH)D3 treated with vitamin D2; (D) sample
from patient with high concentrations of 25(OH)D3. Int. Std. = internal standard; mAU = milliabsorbance units.
(Reproduced with permission from the American Association for Clinical Chemistry.)
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FIGURE 1.44 Comparison of LC/UV method developed with LC/MS/MS results.'®? (Reproduced with per-
mission from the American Association of Clinical Chemistry.)
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FIGURE 1.45 Recovery, LOQ, LOD, and precision and accuracy data from Millipore SPE versus PPT com-
parison experiments.!** (Reproduced with permission from Millipore.)




High-Throughput Sample Preparation Techniques 53

for 30 sec and then with 200 uL of water from a Milli-Q Gradient A-10 system. The plate was then
subjected to vacuum at 5 to 10 in. Hg. Formic acid (0.001%) in Milli-Q water (200 uL) was added
to each well and vacuum filtered to charge the mixed phase cation exchange resin in the well plate.
The solution (100 uL) of serum sample was diluted with 900 uL of 0.1% phosphoric acid in each
well and mixed by pipetting. After vacuuming at 5 in. Hg, three wash steps were completed with
500 uL of each solution: 0.1% phosphoric acid, 100% methanol, and methanol/ammonia (10%)
in water. Elution was performed with methanol containing 2% ammonium hydroxide (100 uL).
The elution step was repeated to reach a final elution volume of 200 uL. Analyses were performed
with a Sciex API 2000 mass spectrometer coupled to an Agilent 1100 HPLC instrument carrying a
Synergi Hydro-RP (4 um, 50 x 2 mm) with 100% aqueous formic acid (0.1%) for 2 min, then to
20% methanol/80% aqueous formic acid at 3 min, and back to 100% aqueous formic acid at 5 min.
The flow rate was 300 pL/min. Comparison of the recoveries, LOQ, LOD, precision, and accuracy
of SPE and PPT are shown in Figure 1.45.

The study concluded that: Once wash steps are optimized, samples prepared by solid phase
extraction are cleaner than those prepared by protein precipitation. Samples prepared by extraction
with a Multi-SPE plate resulted in lower LOQs than samples prepared by solvent precipitation. Drug
recoveries were acceptable (>80%) for both the SPE and the solvent precipitation methods. Well-to-well
reproducibility of samples was slightly better with extraction with a Multi-SPE plate. Evaporation
and reconstitution, while more time-consuming, yield better chromatographic performance, allow
analysis of lower concentration samples, and require optimization for good analyte recovery.

1.3 OTHER SAMPLE PREPARATION TECHNOLOGIES: LATEST TRENDS

Among the techniques listed in Section 1.2.1, the two most documented approaches in addition
to SPE, LLE, and PPT are solid phase microextraction (SPME) and affinity capture of analytes
based on molecularly imprinted polymers (MIPs). Recent developments in these areas are briefly
discussed below.

1.3.1 SoLib PHASE MICROEXTRACTION (SPME) As SAMPLE PREPARATION TECHNIQUE

SPME is a solvent-free extraction technique invented by Pawliszyn and coworkers!® in 1990. It
allows simultaneous extraction and preconcentration of analytes from gas, liquid, or solid samples.
It was originally called fiber SPME because it utilized a fused silica fiber coated with an appropri-
ate stationary phase. The device consists of a fiber holder and assembly with a needle that con-
tains the fiber and resembles a modified syringe. The fiber holder includes a plunger, stainless steel
barrel, and adjustable depth gauge with a needle. The fused silica fiber is coated with a thin film of
a polymeric stationary phase that acts like a sponge, concentrating organic analytes by absorption
or adsorption from a sample matrix. The two types of fiber SPME are headspace (HS-SPME) and
direct immersion (DI-SPME).

A newer addition is in-tube SPME that makes use of an open capillary device and can be coupled
online with GC, HPLC, or LC/MS. All these techniques and their utilization in pharmaceutical and
biomedical analysis were recently reviewed by Kataoka.* Available liquid stationary fiber coatings
for SPME include polydimethylsiloxane (PDMS) and polyacrylate (PA) for extracting nonpolar and
polar compounds, respectively. Also in use for semipolar compounds are the co-polymeric PDMS-
DVB, Carboxen (CB)-PDMS, Carbowax (CW)-DVB, and Carbowax-templated resin (CW-TPR).
A few examples of in-tube SPME extractions from biological matrices are shown in Table 1.19 and
drawn from Li and coworkers.!6

Additional examples may be found in Table 1.20, based on work of Queiraz and Lancas.'¢’ The
effects of fiber chemistry, ionic strength, matrix pH, extraction time, organic additives, temperature,
agitation, and derivatization along with the influence of plasma proteins on SPME were reported.'¢
Extraction time, pH, salt concentration in sample, and temperature data are presented in Figure 1.46.
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TABLE 1.19
In-Tube SPME Applications

Detection Limit

Analyte Sample Matrix Stationary Phase Technique (ng/mL)
Amphetamine Urine Omega wax LC-ESI-MS 038-0.82
Caffeine Tea Polypyrrole (PPY) LC-ESI-MS 0.01
Verapamil Plasma, urine Polypyrrole (PPY) LC-UV 52
LC-MS 5
Benzodiazepines Serum Alkyl-diol LC-UV 22.29
NSAID Urine B-cyclodextrin LC-UV 18-38
Ranitidine Urine Omega wax LC-ESI-MS 1.4
Ketamine Urine Poly(methacrylic acid-ethylene LC-UV 6.4

glycol dimethacrylate)

Source: Li, K.M. et al., Curr. Pharm. Anal., 2006, 2, 95. With permission from Bentham.

Plasma proteins decreased extraction recoveries from SPME by irreversible adsorption onto the
fiber. PPT prior to SPME by addition of acid or methanol was used to overcome this problem. SPME
sensitivity may also be improved by dilution of plasma samples with buffer or water.

Lord and coworkers'®® illustrated the application of SPME for in vivo monitoring of circulating
blood concentrations of benzodiazepines in three living male beagles. SPME probes were placed in
the cephalic veins of the lower front legs of the animals to accommodate catheters and SPME probes.
A polypyrrole-coated stainless steel wire of 0.005 in. thickness was used as the SPME fiber and the
coating was achieved by anodic oxidation of pyrrole in lithium perchlorate aqueous medium. In vitro
extractions of blood samples were performed under equilibrium conditions with static (unstirred)
samples and the extraction of benzodiazepines was found to be maximal at 30 min. It was presumed
that in vivo experiments with flowing intravenous blood should take much less time for extraction.

For optimization, initial in vitro experiments were performed on a commercial Carbowax templated
resin SPME assembly with samples in different volumes of PBS solution in 96-well microplates. No
differences were found between 3.0- and 1.5-mL samples. Concentrations of 10 to 500 ng/mL in PBS,
50 to 5000 ng/mL in dog plasma, and 1 to 1000 ng/mL in whole blood were used for calibration extrac-
tions. The LC interface design for probe desorption from the fiber is shown in Figure 1.47.

A six-port valve was used in both manual and semi-automated SPME interfaces and PEEK tub-
ing used to connect the HPLC system to the SPME probe. A Cohesive HTLC 2300 with dual pumps
along with a Sciex API 3000 mass spectrometer was used for LC/MS/MS and a Symmetry Shield
RP-18 (5 u, 50 x 2.1 mm) for HPLC. A quaternary pump with flow switching was used for desorp-
tion chamber flushing along with MS make-up flow and a binary pump for LC/MS/MS. Acetoni-
trile/0.1% acetic acid in water (90:10, solvent B) and 10:90 acetonitrile/0.1% aqueous acetic acid
(solvent A) were used, with 10% B for 0.5 min ramped to 90% B in 2 min and held at this concentra-
tion for 1.5 min before returning to 10% B for 1 min at a flow rate of 0.5 mL/min.

For plasma and blood experiments, LC effluent was directed to waste for the first 1 min. Con-
ventional blood analysis by drawing 1 mL samples from the saphenous catheter was used to validate
SPME results. These samples were subjected to PPT with acetonitrile and the supernatant from
centrifugation was analyzed. The SPME probes were also evaluated for pharmacokinetic analysis of
diazepam and its metabolites, oxazepam and nordiazepam. Good correlation was obtained for con-
ventional blood drawn from saphenous and cephalic sites of the animals, as shown in Figure 1.48.
Although the analytical parameters for the automated study need improvement, the authors cite the
study as a first demonstration of SPME technology for in vivo analysis.
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TABLE 1.20

Applications of SPME to Plasma Samples

Analyte

Valproic acid

Aniline, phenols,
nitrobenzenes

Antidepressants

Diazepam

Benzodiazepines

Clozapine

Lidocaine and 3

metabolites

Lidocaine

Anesthetics

GABA

Methadone and
main metabolite

Levomepromazine

Midazolam

Extraction Mode

Fiber Coating
(thickness, mm)

Direct immersion
PDMS (100)

Direct immersion
PA (85)

Direct immersion
PDMS (100)

Direct immersion
PA (85)
PDMS (7, 100)

Direct immersion
PA (85)

Direct immersion
PDMS (100)

Direct immersion
CW-DVB (65)
PA (85)

PDMS (100)

Direct immersion
PDMS (100)

Direct immersion
CW-DVB (65)
PA (85)

PDMS (100)

Derivatization
headspace

Direct immersion
PDMS (100)

Direct immersion
PDMS (100)

PA (85)

Analytical System

(LOQ or LOD)
GC-FID
(LOD:1 mg/mL)
GC-MS

GC-NPD,

GC-MS

(LOQ:90-200
ng/mL)

GC-FID

(LOQ:0.25 nmol/mL)

GC-FID
(LOQ: 0.01-0.48
mmol/mL)

GC-NPD
(LOD: 30 ng/mL)

GC-NPD

(LOQ: 8-21 ng/mL)

GC-FID
(LOD: 5 ng/mL)

GC-NPD

(LOQ:0.5 mmol/mL)

GC-PICI-MS
(LOQ: 1 mg/mL)

GC-MS
(LOD: 40 ng/mL)

GC-NPD
(LOQ: 5 ng/mL)

GC-MS (SIM)
(LOD: 1.0 ng/mL)

Remarks

Equilibrium
dialysis followed SPME

Protein binding study,
determination of free
concentrations

Theoretical model for
influence of proteins

1-Octanol-modified PA
fiber, pretreated plasma
(TCA)

1-Octanol-modified PA
fiber, pretreated plasma
(TCA)

Influence of proteins and
triglycerides

Effect of different fiber
coating

Analysis of free, protein-
bound, and total amount
of lidocaine in human
plasma

Study of protein-binding
ultra filtrate plasma

Conversion of gamma-
hydroxybutyric to
gamma-butyrolactone

Application to methadone
-treated patients

Application to therapeutic
drug monitoring

Application to therapeutic
drug monitoring

References

Krogh et al., 1995 (7)

Vaes et al., 1996 (8)

Ulrich and Martens,
1997 (9)

Krogh et al., 1997 (10)

Reubsa et al., 1998 (11)

Ulrich et al., 1999 (12)

Abdel-Rehim et al.,

2000 (13)

Koster et al., 2000 (14)

Abdel-Rehim et al., 2000
(15)

Frison et al., 2000 (16)

Bermejo et al., 2000 (17)

Kruggel and Ulrich,
2000 (18)

Frison et al., 2001 (19)

(Continued)
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TABLE 1.20 (CONTINUED)
Applications of SPME to Plasma Samples

Extraction Mode

Fiber Coating

Analytical System

Analyte (thickness, mm) (LOQ or LOD) Remarks References
Anticonvulsants Direct immersion LC-UV Off-line Queiroz et al., 2002 (20)
CW-TPR (50) (LOQ:0.05-1.0 desorption
mg/mL)
Anticonvulsants Direct immersion GC-TSD Application to Queiroz et al., 2002 (21)
CW-DVB (65) (LOQ:0.05-0.2 therapeutic monitoring
mg/mL)
Thymol Headspace GC-FDI Enzymatic cleavage of Kohlert et al., 2002 (22)
PDMS-DVB (65) (LOQ 8.1 ng/mL) thymol sulfate
Sulfentanil Direct immersion GC-MS Influence of pH and Paradis et al., 2002 (23)
PDMS-DVB (65) (LOQ: 6.0 ng/mL) ionic strength
Amitraz Direct immersion GC-TSD Application to toxicity Queiroz et al., 2003 (24)
PDMS (100) (LOQ: 20 ng/mL) studies in dogs
Busulphan Direct immersion GC-MS In-vial derivatization Abdel-Rehim et al., 2003
CW-DVB (65) (LOQ: 20 ng/mL) (25)

PDMS = polydimethylsiloxane. PA = polyacrylate. CW = Carbowax. DVB = divinylbenzene. FID = flame ionization detection.
NPD = nitrogen-phosphorus detection. TSD = thermionic-specific detection. LOQ = limit of quantitation. LOD = limit of
detection. TCA = trichloroacetic acid. PICI-MS = positive ion chemical mass spectrometry. SIM = selected ion monitoring.

Source: Queiroz, M.E.C. and EM. Lancas, LC-GC North America, 2004, 22, 970. With permission from the authors.

1.3.2 SampLE CLEAN-UP THROUGH AFFINITY PURIFICATION
EMPLOYING MOLECULARLY IMPRINTED POLYMERS

This technique adopts the molecular recognition principles of natural receptors such as antibodies
and enzymes. A molecularly imprinted polymer (MIP) carrying specific recognition sites on its
backbone through the use of templates or imprint molecules is utilized to trap an analyte of interest.
Molecular imprinting is achieved through co-polymerization of functional and cross linking mono-
mers in the presence of a target molecule that acts as a molecular template.

The functional monomers initially form a complex with the imprint molecule. After polymer-
ization, these functional groups are held in position by the highly cross linked polymeric structure.
Subsequent removal of the imprint molecule yields binding sites that are complementary in size
and shape to the desired target or analyte (see Figure 1.49). Thus, a molecular memory introduced
into the polymer can be used to selectively rebind the target molecule. The interactions of the target
molecule with the functionalized monomers may lead to a reversible covalent bond or may be held
by the monomers through polar interactions such as hydrogen or ionic bonds or hydrophobic inter-
actions (van der Waals forces).

A recent review by Pichon and Haupt!'®® summarizes the progress in the area of utilization of
MIPs for sample preparation purposes and cites several examples of solid phase extraction (MISPE)
from biological matrices. The requirements and applications of MIPs are reviewed in a recent
book!” and other literature.!7!-176

This section will illustrate the MIP technique for sample preparation by presenting examples
of diazepam and its metabolites in hair samples.!”” An anti-diazepam molecularly imprinted polymer
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FIGURE 1.46 Effects of major experimental variables: (A) extraction time, (B) pH, (C) sodium chloride
concentration, and (D) temperature on the efficiency of direct SPME of anticonvulsants in plasma sample.'¢’
(Reproduced with permission from the authors.)
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steel tee
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FIGURE 1.47 Interface used for SPME probe desorption and transfer of analytes to LC/MS/MS for quantifi-
cation.'®® (Reproduced with permission from the American Chemical Society and the authors.)
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FIGURE 1.49 Principle of molecular imprinting.'®® 1 = functional monomers; 2 = cross-linking monomer;
3 = molecule whose imprint is desired (molecular template). In (A), 1 and 2 form a complex with 3 and hold
it in position; in (B), polymerization involving 1 & 2 occurs and the template (imprint molecule) is held in the
polymeric structure; in (C) and (D) the imprint molecule is removed leaving a cavity complementary to its
size and shape into which a target analyte of similar dimensions can fit. (Reproduced with permission from
Taylor & Francis.)

(MIP) was synthesized by dissolving diazepam, inhibitor-free methacrylic acid, and ethylene glycol
dimethacrylate in ethanol-free chloroform and adding the initiator 2,2’-azobisisobutyronitrile,
sparging the solution with oxygen-free nitrogen while cooling in an ice bath. The container (tube)
was sealed and thermostatted at 4°C to facilitate template—monomer complex formation and then
irradiated with an ultraviolet lamp for 24 hr. The polymer monolith obtained was transferred to a
water bath set at 60°C for 24 hr to complete the cure of the polymer.

A nonimprinted polymer (NIP) was prepared in the same manner but without the diazepam
template molecule. The polymers were crushed, mechanically ground, and wet-sieved to generate an
MIP of 25- to 38-um particle size. The template was extracted by extensive washing with a mixture
of methanol and acetic acid (9:1) for 24 hr. The polymer particles were dried in vacuo at 60°C prior
to use. Cartridges (1 mL, polypropylene) were packed with these MIP and NIP polymeric materials
separately. Any bleeding of the template was checked by washing with 1 mL acetonitrile contain-
ing 5 to 25% acetic acid, starting with the lowest percentage. LC/MS/MS analysis showed that the
last traces of diazepam template were removed in the washing step using 10% acetic acid. In all
subsequent experiments, washing was done with 15% acetic acid containing acetonitrile to ensure
complete removal of the template.

The solvent used for binding diazepam to the templated MIP plays an important role in the
recognition step and hence three different solvents were investigated in this study.!”” The results are
presented in Table 1.21. Toluene showed the best binding for diazepam on the MIP.

A number of benzodiazepine derivatives were evaluated to probe the selective binding of diaz-
epam to the templated MIP. Samples of 20 and 50 ng of each drug were prepared in 1 mL of toluene.

TABLE 1.21
Role of Solvent in Binding Diazepam to Templated MIP

Percent Bound

Dielectric
Solvent Constant, £ MIP NIP
Toluene 24 94.0 22.0
Chloroform 4.8 72.8 29.5
Dichloromethane 9.1 70.6 48.0

Source: Ariffin, M.A. et al., Anal. Chem., 2007, 79, 256. With permission
from the American Chemical Society and the authors.
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TABLE 1.22
Recoveries of Benzodiazepines Bound to MIP, Limit of Detection
(LOD) and Limit of Quantitation (LOQ)

Mean Percent Recovery (n = 5; 50 ng Added)

Analyte MmiIp NIP
7-Aminoflunitrazepam 91.9 (1.5) 71.0 (7.5)
Oxazepam 73.4 (8.7) 41.4 (34.3)
Lorazepam 97.2 (17.0) 48.1 (22.0)
Chlordiazepoxide 61.6 (13.5) 32.0 (86.8)
Temazepam 89.6 (13.4) 54.3 (52.9)
Flunitrazepam 39.0 (5.1) 2.3 (67.8)
Nordiazepam 102.9 (9.8) 65.0 (14.3)
Nitrazepam 92.3(5.4) 60.6 (33.9)
Dazepam 93.0 (1.5) 16.3 (17.1)
Analyte LOD (ng/30 mg) LOQ (ng/30 mg)
7-Aminoflunitrazepam 0.03 0.06
Oxazepam 0.13 0.21
Lorazepam 0.66 1.11
Chlordiazepoxide 0.33 0.57
Temazepam 0.39 0.63
Flunitrazepam 0.78 1.32
Nordiazepam 0.21 0.33
Nitrazepam 0.06 0.11
Diazepam 0.09 0.14

Source: Ariffin, M.A. et al., Anal. Chem., 2007, 79, 256. With permission from the American
Chemical Society and the authors.

The cartridge was preconditioned with 0.5 mL toluene and each of the above benzodiazepine solu-
tions passed through it. Analytes retained on the MIP were eluted with 0.5 mL of 15% acetic acid in
acetonitrile. Internal standard (corresponding deuterated benzodiazepine) was added and subjected
to LC/MS/MS. The results obtained for recovery, limit of detection (LOD), and quantitation (LOQ)
are shown in Table 1.22. The binding capacity of diazepam to the templated MIP was found to be
110 ng/mg polymer. The same results were obtained for postmortem hair samples.

Diazepam and its nordiazepam, oxazepam, and temazepam metabolites are well retained by
the MIP, while they are much less retained on NIP, also exhibiting large RSD. Other benzodi-
azepines of similar structures (Figure 1.50) were well retained on the MIP, showing that this
template can be used for the general class of benzodiazepines. Two benzodiazepines studied,
chlordiazepoxide and flunitrazepam, were poorly retained, indicating poor fit of these structures
into the templated MIP.

1.4 PURIFICATION OF SYNTHETIC COMBINATORIAL LIBRARIES
Yan et al.!”® stated in a 2004 article:
One of the driving forces to apply combinatorial chemistry in drug discovery is to accelerate lead dis-

covery and preclinical research in order to find the next drug. It is important that these combinatorial
library compounds are as pure as possible when performing lead discovery screening. At this stage,
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FIGURE 1.50 Structures of benzodiazepines.'”” (Reproduced with permission from the American Chemical
Society and the authors.)

any impurities in samples may lead to false positive results. Even with the rapid advances in solid
phase and solution phase synthesis methods and intensive reaction optimization, excess reagents, start-
ing materials, synthetic intermediates and byproducts are often found along with the desired product.
Furthermore, strong solvents for swelling the resin bead used for solid-phase synthesis or scavenging
treatment in solution-phase reactions can often bring in additional impurities extracted from resins and
plastic plates. The requirement for the absolute purity of combinatorial library compounds demands
the development of high-throughput purification methods at a scale that matches combinatorial or par-
allel synthesis. An HTP method for purifying combinatorial libraries must possess three qualities: high
throughput, full automation and low cost.

1.4.1 HPLC-BAsep HIGH-THROUGHPUT SEPARATION AND
PURIFICATION OF COMBINATORIAL LIBRARIES

The two major approaches for HPLC purification are fast gradient separation and parallel purifica-
tion. Yan et al.!”® utilized the former (Figure 1.51). The purification lab received a 96-well plate
containing synthesized products at 0.1 to 0.2 mmol/well. A Hydra 96-probe liquid handler prepared
QC plates for all samples that were analyzed with a MUX-LCT eight-channel paralle]l LCMS instru-
ment at a throughput of 2000 samples/day. Only samples with purities above 10% were purified on a
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FIGURE 1.51 Preparative HPLC system.'” (Reproduced with permission from the American Chemical
Society.)

Gilson dual column preparative HPLC system. The retention time of each compound from the ana-
Iytical LC/MS was used to calculate the specific gradient segment targeted to elute the compound
about 2.3 min. A 1 min window was set around 2.3 min for fraction collection. The analytical peak
heights were used to calculate the thresholds for collection triggers on the basis of UV or ELSD.
All test tubes for fraction collection were preweighed automatically on Bohdan weighing stations.
Purification of 96 samples took about 7 hr.

Post-purification QC was carried out again on another MUX-LCT eight-channel parallel LC/
UV/MS system, after QC plates were made from collected tubes using a Tecan liquid handling
system. The final purities and identities of all fractions were determined at a throughput of 2000
samples/day. Test tubes containing purified compounds were dried in a lyophilizer or centrifugal
vacuum evaporation system and final tube weights were measured automatically on a Bohdan
weighing station. On the basis of the final identity, purity and weight measurements of the purified
compounds, equimolar solutions of purified compounds were made in the final plates. The whole
high-throughput purification (HTP) process is summarized in Figure 1.52.

An accelerated retention window (ARW) starting from a certain proportion of organic (¢A%
acetonitrile) as the start of the gradient mobile phase composition was used to calculate preparative
retention time on the basis of analytical retention time. The same procedure was used to adjust the
retention times of all compounds to facilitate collection at the same predetermined retention time.
This allowed set-up of a device for collecting any HPLC peaks that surpassed a certain threshold
defined by UV or ELSD.

The MUX-LCT eight-channel parallel LC/UV/MS system consists of an autosampler with eight
injection probes, two pumps for generating a binary gradient, eight UV detectors and an eight-way
MUX with a TOF mass spectrometer. The LC/UV instrumentation consists of a Gilson pump sys-
tem, autosampler, and eight UV detectors. The solvent delivered at 16 mL/min was split into eight
LC columns (4.6 x 50 mm) and eight samples were injected simultaneously into eight columns sepa-
rated by the same gradient and detected by individual UV detectors at 214 nm. Two mobile phases
(A: 99% water, 1% acetonitrile, 0.05% TFA; B: 99% acetonitrile, 0.05% TFA) with a gradient time
of 3 min (10 to 100% B) and a flow of 50 uL/min from each column post-UV was introduced into
an eight-channel multiplexed electrospray ion source (MUX), while the remaining flow was directed
to waste.

The mass spectrometer was a Micromass LCT orthogonal acceleration time-of-flight instrument
equipped with an eight-channel MUX. The interface consisted of eight electrospray probes and a
sampling aperture positioned co-axially to the sampling cone. Each of the probes within the MUX
source was indexed using an optical position sensor and selected using a programmable stepper
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FIGURE 1.52 (A) Initial phase of HTP process. (B) Final phase of HTP process.”® (Reproduced with permis-
sion from the American Chemical Society.)

motor controlled by MasLynx software. The position of the sampling aperture was controlled by
the stepper motor that allowed ions from only one probe at a time to enter the sampling cone of
the spectrometer. This arrangement made it possible to acquire discrete data files of electrospray
ion current sampled from each channel. The eight-channel MUX-LCT worked like eight individual
ESI-MS systems.

Preparative reversed-phase HPLC purification was carried out using Gilson liquid handlers
and HPLC equipment controlled by Unipoint Version 3.2 software. Initial and final HPLC gradient
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conditions and the threshold setting for the fraction collector were set according to analytical
LCMS data for each compound. Four pumps were used to control mobile phase flow through two
21.2 x 50 mm Hydro-RP columns (Phenomenex, Torrance, CA). Liquid streams were mixed in a
Gilson 811C dynamic mixer and pressure spikes were moderated using Gilson 806 manometer
modules. Sample injection and fraction collection were automated using two separate 215 lig-
uid handlers. HPLC purification and post-purification processing were facilitated by software that
tracked desired fractions and coordinated the consolidation, post-purification analysis, drying, and
final plating. Additional examples of automated HPLC purification can be found in References 179
through 182.

1.4.2 ScAVENGER-BASED PURIFICATION OF COMBINATORIAL LIBRARIES
GENERATED BY SOLUTION PHASE SYNTHESIS

Combinatorial libraries can be synthesized by solid phase organic synthesis (SPOS) or solution
phase reaction protocols. The advantages of SPOS include ease of purification (through simple
washing and/or filtration) and the ability to use excess reagents to push the reaction to completion.
However, SPOS also has certain disadvantages, such as additional steps to attach and then remove
the linker from the solid support at the end, difficulty in carrying out multistep syntheses due to non-
optimization of the chemistries employed, linker compatibility, points of substrate attachment of the
linker to the solid support, and achieving efficient and complete reaction conversions.!33-185

The major advantages of solution phase synthesis are the availability of a vast selection of well
documented reactions and the lack of extra steps needed for SPOS. On the other hand, the major
drawbacks are need for purification of the desired product from impurities, excess reagents, and
by-products and its isolation. A key approach to alleviate these issues is the use of solid-supported
reagents and scavengers that incorporate the advantages of SPOS, especially use of excess reagents
and easy work-up. Sorbents and formats designed for solid phase extraction (SPE) have been found
useful for purifications of crude products from parallel solution synthesis. On the other hand, a vari-
ety of specialty polymeric materials with specific functionalities, targeted for removal of specific
classes of organic molecules, are commercially available. Several reviews and publications detail
the preparation and applications of scavengers.'#-1% Table 1.23 lists examples of scavenging resins
and their application areas. Examples of purification of solution phase products using scavengers
and regular solid phase extraction sorbents are presented below.

Amino groups of amino acids and amino alcohols are typically protected as their tertiary
butoxycarbonyl (tboc) derivatives. After reaction involving the other functionality, the tboc group,
is cleaved with an excess of trifluoroacetic acid (Figure 1.53), the liberated free amine compound
must be separated from this strongly acidic reagent. A strong cation exchange SPE sorbent can be
employed to hold the amine on its surface while the trifluoroacetic acid is washed off. The amino
compound can be subsequently recovered from the cation exchanger by eluting with methanol con-
taining 5% ammonium hydroxide and evaporating off the eluting solvent (Figure 1.54).

Another example of the use of an SPE sorbent is for the purification of a quaternary amine from
its mixture with primary, secondary, and tertiary amines employing strata-X-CW, a weak cation
exchange polymeric sorbent with carboxylic functionalities. The principle of this clean-up consists
of adsorbing all the four amines on the sorbent surface and after washing off all other impurities with
methanol:water (1:1), selectively eluting the primary, secondary, and tertiary amines with methanol
containing 5% ammonium hydroxide—a compound basic enough to disrupt the ion exchange inter-
actions of these amines (that are neutralized) with the carboxylic acid moiety of the sorbent. The
quaternary amine is retained on the sorbent under these conditions. Elution with a strong organic
such as formic acid in methanol that protonates the carboxylic moieties and prevents ionization
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TABLE 1.23

Scavenger Resins

PS-Benzaldehyde

PS-DEAM

PS-Isocyanate

MP-Isocyanate

PS-NH2

PS-Thiophenol

MP-TMT

PS-Trisamine

Nucleophile

Metal

Nucleophile

NCO
scavenger
Nucleophile NCO
scavenger
Electrophile
scavenger
NH,
Electrophile

scavenger O/@/\ J\/\©/

Palladium
scavenger

Electrophile
scavenger

Source: Biotage AB. With permission.

Scavenges nucleophiles,

Scavenger including primary amines,
hydrazines, reducing agents

Scavenger for scavenger titanium (IV) chloride,
titanium (IV) isoproposide, boronic acids

Scavenging nucleophiles, including amines and
alkoxides

Scavenging nucleophiles, including amines and
alkoxides

Scavenging acid chlorides, sulfonyl chlorides,
isocyanates, and other electrophiles

Scavenging alkylating agents

Scavenger for palladium

Scavenging acid chlorides, sulfonyl chlorides,
isocyanates and other electrophiles

allows recovery of the quaternary amine. Figure 1.55 depicts the structures of the amines used.
Figure 1.56 contains chromatographic data, and Figure 1.57 illustrates the principle of scavenging.

Figure 1.58 shows scavenging of a catalyst via an organic synthetic reaction. The reductive ami-
nation of a ketone is catalyzed by titanium tetra-isopropoxide added in a molar excess. A scavenger,

o}
NH—C-OC(CH,),

F,C-COOH (TFA)

I
@CHz—CH— CH,OH - =

Tertiarybutoxycarbonyl (tboc) derivative

of 3-phenyl-2-amino-1-propanol

C]—[Z—ClH—CHZOH
NH,

3-phenyl-2-amino-1-propanol

FIGURE 1.53 Cleavage of t-BOC derivative with trifluoroacetic acid.
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Free amine after scavenging the excess TFA

100 4 TFA Free amine before scavenging

2 801
T 604
40 4
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O 3
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LC-UV Analysis Conditions:

Column: Gemini C18, 5u, 150 x 4.6 (150 x 2.0 for MS)

Mobile Phase: 20 mM KH,PO,, pH = 2.5 (0.1% formic acid/water, for LC-MS)/acetonitrile = 90/10
(hold for 1 min) to 40/60 in 5 mins, hold for 5 mins.

Flow rate: 1.0 ml/min (0.2 mL/min for MS), UV detection: 210 nm; Injection vol: 50 uL (1.0 uL for MS) for
reconstituted (from acidic synthesis ) solution.

Analyte Analyte conc. LogP %Recovery % Recovery % RSD
(ug/mL) (MeOH wash) (n=4)
2-amino-3-phenyl- 2.00. 0.37 None 79% 9.6%

1-propanol (m/z = 152)

FIGURE 1.54 HPLC chromatogram of 2-amino-3-phenyl-1-propanol generated by cleavage of its t-BOC
derivative with trifluoroacetic acid and clean-up on strata-X-C.

MP borohydride catches one equivalent of the titanium catalyst, while the polystyrene-bound
diethanolamine resin (PS-DEAM) can scavenge the remaining titanium catalyst. The borohydride
reagent also assists in the reductive amination reaction. Final purification of the crude amine product
is achieved with a polystyrene-bound toluene sulfonic acid resin scavenger that holds the amine
through an ion exchange reaction, while impurities are washed off. The pure amine can be recovered
with methanol containing 2M ammonium hydroxide.

H CH,CH, CH5CH CH,CH
NH, NN N TS
CH,

CH3\1\|I+/ CH3
CI—

FIGURE 1.55 Structures of primary, secondary, tertiary, and quaternary amines separated on strata-X-CW.
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FIGURE 1.56 HPLC chromatograms of basified methanol (top) and acidified methanol (bottom) elution frac-
tions from strata-X-CW.

Scavenger Resin
5
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Solution Phase Reaction

Capture of excess
Scavenging of reagent R by the
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is removed by filtration

R = Reagent (used in excess)
C = Core substrate
P = Product

FIGURE 1.57 Scavenging of excess reagent with scavenger resin. (Reproduced with permission from Biotage AB.)

OTi (O 'Pr);
0o
” Ti (O 'Pr), R3
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NH N 4
Rl/ \ + R3/C\ R4 D e \R
THE R, 2
60°C,5h

1. MP-BH,(2.5 equiv)
EtOH, room temp., 8 h

2. PS-DEAM Scavenger
(2.5 equiv), 12 h, RT

Q_\N/\/ OH
Tz N on

+ —
Q/\ NEt; BH3-O-Ti (O 'Pr), RI/N\< R,

+Ti (O 'Pr),
Ry

FIGURE 1.58 Scavenging of excess catalyst from crude synthetic reaction product. (Reproduced with per-
mission from Biotage AB.)
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1.5 CONCLUDING REMARKS

This chapter presented several sample preparation and purification techniques that may be used for
manual or automated high-throughput applications. Each technique has its own unique features,
advantages, and disadvantages. Overall, solid-phase extraction (SPE) appears to be the most popular
sample preparation technique owing to its universality for all analytes ranging from the most polar
to the most hydrophobic, the selectivity it offers, the wide choice of chemistries, and automatability
for high-throughput applications.

In real life, sample preparation techniques are utilized in tandem with HPLC/MS/MS. Due to
the high selectivity of LC/MS/MS in the SRM mode, small quantities of impurities or interferences
in the purified fractions from sample preparation protocols dealing with biological matrices can be
tolerated. This is especially true for protein precipitation, which is widely used because of simplic-
ity and rapidity, when high-throughput turn-around is required. High-throughput HPLC is discussed
elsewhere in this book.

1.6 ADDITIONAL READING

Recent articles about new sorbents and applications of high-throughput sample preparation methods
in conjunction with HPLC/MS/MS analysis of analytes from biological matrices are included at the
end of the reference list below. Spatial considerations prevented detailed discussions in this chapter.
The articles appear as References 197 through 212 on the list below.
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ABSTRACT

The coupling of high performance liquid chromatography (HPLC) with tandem mass spectrometry
(MS/MS) has revolutionized the process of quantitative bioanalysis. The continually shortening
timelines in drug discovery and development demand high-throughput methodologies to quantify
drugs, metabolites, and endogenous biomolecules in complex biological matrices. This chapter
reviews the most recent advances in mass spectrometry, liquid chromatography, and sample prepa-
ration techniques aimed at achieving high throughput and discusses online solid phase extraction
and multiplexed front end HPLC for quantitative bioanalysis in detail.
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Two case studies (regulated and conducted under good laboratory practices [GLP]) will be pre-
sented. Each was conducted with a flexible LC/MS front end designed to operate two HPLCs in
parallel by staggering injections and MS acquisition times. The system was configured to carry out
two types of tasks with great flexibility. It can perform regular paralleled LC/MS analysis with guard
column regeneration and also operate in online SPE mode, alternating sample extraction and LC/MS
analysis between the two paralleled systems. Switching between the operational modes requires
minimum re-plumbing and loading of corresponding macros. The system has been proven to be flex-
ible and reliable and provides high-throughput platforms for all our current bioanalytical needs.

2.1 INTRODUCTION

Quantitative bioanalysis in the pharmaceutical industry has been revolutionized by the use of liquid
chromatography coupled with tandem mass spectrometry (LC/MS/MS). The inherent high speci-
ficity and sensitivity of LC/MS/MS established this technique as the primary analytical tool for
determining the concentrations of drugs, metabolites, and endogenous biomolecules in biological
matrices (blood, plasma, serum, urine, etc.). Because quantitative bioanalysis plays a key role in
drug discovery and development, significant investments have been made to minimize bioanalysis
times. Over the past decade, sample throughput has become the focus of quantitative bioanalysis in
order to meet ever-shortening timelines.

Numerous efforts have focused on increasing sample throughput for the purposes of drug dis-
covery and drug development. Higher throughput during drug discovery has allowed development
of generic, quantitative assays for large libraries of compounds and provides vital pharmacokinetic
information at early stages of the drug candidate screening process. The method development phase
of drug development has been greatly shortened because of the superb sensitivity and specificity of
LC/MS/MS. Faster run cycle times have not only increased sample throughput, but also provided
rapid turnarounds for sample analysis. This is particularly important for clinical studies requiring
real-time analytical results. One major difference of bioanalysis for drug discovery and for devel-
opment is the regulation governing the respective processes. Drug development work is normally
regulated under GLPs. The data generated are included in submissions to regulatory agencies and
the assays must be validated according to international guidelines.

This chapter will review recent advances in mass spectrometry, liquid chromatography, and
sample preparation techniques that aim at achieving high throughput. In particular, online solid
phase extraction and multiplexed HPLC front ends for quantitative bioanalysis will be discussed in
detail.

2.1.1 MAss SPECTROMETRY

Recent innovations in ionization techniques have allowed the development of ambient mass spec-
trometry. Mass spectra can be determined for samples in their native environment without sample
preparation. Although the ambient mass spectrometry technique is still in its infancy, its potential for
serving as a tool of choice for high-throughput bioanalysis is very encouraging.

A new family of ionization techniques allows ions to be created under ambient conditions and
then collected and analyzed by MS. They can be divided into two major classes: desorption electro-
spray ionization (DESI) and direct analysis in real time (DART).

In DESI, a fine spray of charged droplets hits the surface of interest, from which it picks up
analytes, ionizes them, and then delivers them into a mass spectrometer. DESI is a novel ionization
method that allows use of MS to acquire spectra of condensed-phase samples under ambient condi-
tions. It can be used on solid samples including complex biological materials such as tissue slides.
It can also be applied to liquids, frozen solutions, and adsorbed gases. DESI has high sensitivity,
responds almost instantaneously, and is applicable to both small organic molecules and large bio-
molecules. DESI allows organic molecules present at sample surfaces to be analyzed by MS without
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requiring sample preparation in most cases. lonization is achieved through the impacts of charged
microdroplets, gas-phase solvent ions, and ionic clusters produced by an electrospray emitter onto
condensed-phase samples. The charged droplets dissolve sample molecules as they splash off the
surface, and the secondary charged droplets carrying sample molecules produce gaseous ions by a
well known ESI mechanism. Released ions are then vacuumed through the MS interface for detec-
tion. Detailed applications using DESI are discussed in recent reviews.'?

In DART, a stream of gas composed of excited-state atoms and ions is directed to the surface of
interest, from which it desorbs low molecular weight molecules. Rapid and noncontact analysis of
solids, liquids, and gases at ambient pressure and ground potential can be achieved. The most com-
monly used gases such as nitrogen and helium have high ionization potentials. When subjected to
high electrical potential, they form a plasma of electronic excited-state species (helium) or vibronic
excited-state species (nitrogen). The DART gas flow can be aimed directly to the MS orifice or it
may be reflected off a sample surface and into MS. Several ionization mechanisms have been pro-
posed including surface Penning in which ionization of the sample occurs by energy transfer from an
excited atom or molecule to the sample. Direct ionization was achieved without sample preparation.
Details of applications using DART can be found in a recent review.? Unlike DESI, DART exposes
a sample to a stream of excited gas and does not require electrosprayed liquid solvent. Comparisons
of DESI and DART were made using common drugs and samples of biological origin.* Although
the full potential of ambient mass spectrometry in high-throughput bioanalysis remains to be deter-
mined, a wide variety of applications and automations have already been explored.

Another MS-based approach used in high-throughput bioanalysis utilizes a mass spectrometer
equipped with several API spray probes. Each of the analytical columns in parallel is connected to a
separate spray probe and each spray is sampled in rapid successions for data acquisition by the MS.
A separate data file for each spray is recorded. Several samples can be analyzed simultaneously on
parallel columns>® in the course of a single chromatographic run.

2.1.2 LiQuiD CHROMATOGRAPHY

Because mass spectrometric detection time consumes such a small fraction of the overall LC/MS/
MS cycle time (chromatographic run time plus autosampler injection time), the focus on increasing
sample throughput has been given to chromatographic techniques. This section reviews the strate-
gies for developing fast HPLC methods and utilizing parallel HPLCs.

2.1.2.1 Fast HPLC

The use of high flow and fast gradient HPLC has gained a lot of popularity because of the ability to
reduce LC/MS/MS cycle times during bioanalysis. In the case of fast gradient HPLC, peak shapes
were improved and method development times were minimized, especially when multiple analytes
with diverse functionalities had to be separated. Flows as high as 1.5 to 2 mL/min were achieved on
a 2.1 x 30 mm Xterra C18 column.” Details are discussed in a recent review.

Another approach to increase HPLC speed is the use of higher temperatures. The viscosity
of a typical mobile phase used in reversed-phase separation decreases as the column temperature
is increased. This allows an HPLC system to operate at a higher flow rate without suffering too
much from increased back pressure. Zirconia-based packing materials provide excellent physical
and chemical stability. They have been used successfully for high-throughput bioanalysis at elevated
temperatures.’

Ultra-performance HPLC (UPLC) utilizes sub-2-um porous particles inside packed microbore
columns up to 150 mm long. Significant improvements in terms of resolution, analysis time, and
detection sensitivity have been reported. A side-by-side comparison of HPLC and UPLC was made
to determine concentrations of alprazolam in rat plasma.'® UPLC provided a four-fold reduction in
terms of LC/MS/MS cycle time that translated into higher sample throughput. Another important
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benefit of UPLC is production of narrow peaks that can provide better resolution from endogenous
compounds in a matrix. Less ion suppression and better sensitivity can be achieved with the same
extracts.

The utility of packed column supercritical and enhanced fluidity liquid chromatography
(pcSFC) for high-throughput applications has increased during the past few years.!! In contrast
to traditional reversed-phase liquid chromatography, the addition of a volatile component such
as CO, to the mobile phase produces a lower mobile phase viscosity and high diffusivity. This
allows the use of high flow rates that translate into faster analysis times. In addition, the resulting
mobile phase is considerably more volatile than the aqueous-based mobile phase typically used
with LC/MS/MS, allowing the entire effluent to be directed into the MS interface. An analysis
speed of approximately 10 min/96-well plate was achieved for determination of dextromethorphan
in human plasma.

Another important approach for achieving fast separation via high-throughput bioanalysis is
the utilization of a monolithic stationary phase. Monolithic columns are characterized as polymeric
interconnected skeletons with pores. The macropores (approximately 2 wm in diameter, also called
through pores) of a monolithic column provide channels for high permeability that allow higher flow
rates than conventional particle-based columns. The mesopores (approximately 13 nm in diameter)
provide an extended surface area comparable to traditional columns packed with 3-um particles.
Monolithic HPLC columns are silica- or organic polymer-based and both can operate at high flow
rates up to 10 mL/min. Many applications originally developed with packed columns can also utilize
monolithic columns while reducing analysis times by a factor of 5 to 10. Detailed applications can
be found in a recent review.!?

2.1.2.2 Parallel HPLC

In many cases, analyte separations may only occur within a very small fraction of total MS acquisi-
tion time. The paralleled (also known as multiplexed) LC/MS/MS systems take advantage of the
elution window by allowing numerous separations to occur simultaneously while staggering detec-
tion of the analytes. The goal is to maximize the MS time spent on detecting analytes by reducing
the time wasted on collecting the baselines between samples. Parallel HPLC can double or quadru-
ple sample throughput without compromising separation. Successful implementations of both com-
mercial (Aria LX4)"? and custom-built®> parallel HPLC systems have been reported. We developed
a staggered parallel HPLC system that provides great flexibility. Section 2.2 of this chapter details
case studies using this system for high-throughput bioanalysis in a GLP environment.

2.1.2.3 No HPLC

Tandem mass spectrometric methods have demonstrated superb specificity because of their ability to
isolate analytes selectively in the presence of endogenous interferences. Attempts to further increase
sample throughput led to the idea of using LC/MS/MS without the LC. Traditional chromatographic
separations were replaced with flow injection analysis (FIA) or nanoelectrospray infusion tech-
niques. The MS-based columnless methods attracted a lot of attention because of their inherent fast
cycle times and no need for LC method development.

Compared with LC/MS/MS methods, nanoelectrospray/MS/MS methods offer additional
benefits such as no sample carry-over and low sample and solvent consumptions. The major con-
cerns surrounding columnless analysis of biological samples are matrix ion suppression and direct
interference from endogenous components or metabolites of the dosed compound. Therefore, an
extensive sample clean-up process must be in place to ensure the accuracy and precision of the
assay. A nine-fold gain in terms of sample throughput was achieved with a nanoelectrospray/MS/
MS method that produced accuracy, precision, and detection limits comparable to those of a tradi-
tional LC/MS/MS method.!*
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2.1.3 SAMPLE PREPARATION

Automation using a robotic liquid handling system eliminated most of the tedious steps encountered
with traditional manual extraction procedures. Automated 96-well SPE and LLE techniques using
robotic liquid handlers have been successfully implemented to support high-throughput bioanalysis.’

Direct injection of pretreated biological samples (also called online sample cleanup) greatly
simplified sample preparation for LC/MS/MS analysis. The normal process involves sample aliquot
steps, internal standard addition, and centrifugation. Compared to traditional off-line LLE and SPE
sample preparation procedures, online methods are easier and faster. Two types of online SPE col-
umns are commercially available. One is the restricted access media (RAM) column. The other is
the turbulent flow chromatography (TFC) column.

A RAM column functions through a size exclusion mechanism. Large biomolecules such as
proteins are restricted from the adsorptive surfaces inside silica particles. Small analyte molecules
are able to penetrate into the inner surfaces of the particles. As a result, protein molecules pass
through the column rapidly and analytes of interest are retained on the adsorptive sites. Depend-
ing on the application, the analyte molecules are directed to MS for detection or transferred onto
an analytical column for separation prior to MS detection. Detailed applications are discussed in a
recent review.?

TFC is a high flow chromatographic technique that takes advantage of unique flow dynamics
occurring when relative high flow rates (2 to 4 mL/min) are applied to columns of small internal
diameters (1 mm or 0.18 pm) and packed with large particles (20 to 60 wm). When the mobile phase
flows through a TurboFlow column, high linear velocities 100 times greater than those typically seen
in HPLC columns are created. The large interstitial spaces between column particles and the high
linear mobile phase velocity create turbulence within the column. Because small molecular weight
molecules diffuse faster than large molecular weight molecules, the small compounds diffuse into
the particle pores. The turbulent flow of the mobile phase quickly flushes the large molecular weight
compounds such as proteins through the column to waste before they have an opportunity to diffuse
into the particle pores. Of the sample molecules that enter the pores, those that have an affinity to
the chemistry inside the pores bind to the internal surfaces of the column particles. The small mol-
ecules that have lower binding affinities quickly diffuse from the pores and are flushed to waste. TFC
columns with a variety of chemistries to accommodate different analyte types are available. A mobile
phase change elutes the small molecules bound by the TFC column to the mass spectrometer or to a
second analytical column for further separation.

Direct injections using RAM or TFC have simplified sample preparation and increased through-
put. Matrix ion suppression was greatly reduced or eliminated in several cases compared with tra-
ditional off-line sample cleanup procedures such as PPT, SPE, and LLE. Method development time
was minimized with generic methods' that suit most applications. Detailed applications can be
found in a recent review.?

2.2 CASE STUDIES

We developed a staggered parallel HPLC system with a CTC HTS PAL autosampler equipped with
trio valves. The system consists of four (six if gradient is needed) independent HPL.C pumps. Parallel
analysis is achieved by an offset dual-stream system with a time delay that allows efficient stagger-
ing of MS acquisition times.

The system is configured to carry out two types of tasks with great flexibility. It can perform
regular paralleled LC/MS analysis with guard column regeneration. In this mode, the guard column
can be switched off-line for regeneration after the sample is eluted from it. Guard column lifetime
can be extended; the risk of over-pressure due to buildups can be minimized; and the late elutors
that interfere with sample analysis can be eliminated. The system can also be operated in online
SPE mode in which samples are extracted in line with LC/MS analysis. The two streams alternate
between online SPE extraction and LC/MS analysis, making efficient use of MS acquisition time.



78 High-Throughput Analysis in the Pharmaceutical Industry

Timing and triggering of injections, analytical pumps, loading and washing pumps, and data col-
lection are controlled by Cycle Composer software. Switching between the two operational modes
requires minimum re-plumbing and the loading of corresponding macros in Cycle Composer. The
system can also run in single-stream mode for ease of method development. Two case studies con-
ducted with this flexible LC/MS/MS system are discussed.

2.2.1 Cask I: ANALysis OF ParicaLcitor UsiINg DuaL HPLC
FOR CLINICAL STuDY M04-693

2.2.1.1 Introduction

Zemplar® (paricalcitol) injection is a synthetically manufactured selective vitamin D receptor acti-
vator (SVDRA) indicated for the prevention and treatment of secondary hyperparathyroidism asso-
ciated with chronic kidney disease (CKD) stage 5. The U.S. Food & Drug Administration (FDA)
approved a capsule form of Zemplar for development to satisfy a need for an oral formulation. The
objective of study M04-693 was to assess the bioequivalencies of several dosage strengths of pari-
calcitol capsules under fasting conditions.

2.2.1.2  Analytical Method

Instrumentation — A parallel LC/MS/MS system was operated under dual HPLC with a guard
column regeneration mode. Figure 2.1 is a flow diagram for the dual stream. Figure 2.2 shows the
staggered timing scheme. Because of the interference from endogenous components, the LC run
time had to be relatively long (approximately 11 min). The guard wash was also essential for elimi-
nating late elutors. Taking advantage of the paralleled injections, a throughput of approximately
6 min/sample was achieved. Figure 2.3 shows the autosampler setup in action.

LCVLV1 ? LCVLV
Waste C\D Waste
A é Analytical
Analytical Pump A
Pump B
LCVLV2
[ Guard Column A
Anglytical
Colpmn A
MS ; Wash Pump A

Diverter
Valve

[ Guard Column B

Analytical .
Column B

Wash Pump B

FIGURE 2.1 Flow diagram for dual-stream HPLC with guard column regeneration.
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Sysl tl

A

Inject on Sys1 ~ MS starts for Sys1
Guard switched offline for regeneration

sy vl [

Inject on Sys1 ~ MS starts for Sys1
Guard switched offline for regeneration

A

Sysl Wait (t2t1)

MS starts for Sysl
Guard switched offline for regeneration

\ 4

Sys2  Wait (t2-t1)

t1 = Guard Column Loading Time
t2 = MS Acquisition Time

FIGURE 2.2 Timing scheme for dual-stream HPLC with guard column regeneration.

HPLC condition — A reversed-phase HPLC column (Synergi Max RP C12, 4 um, 80 A, 2.0 x
150 mm) from Phenomenex was used in conjunction with its matching guard column (Synergi Max
RP Security Guard C12, 2.0 x4 mm). An 0.3 mL/min isocratic flow of 40/40/20 v/v/v methanol/
acetonitrile/0.5mM ammonium acetate was used as the mobile phase. Approximately 1 min after
each injection, the guard column was switched off-line for regeneration and 1 mL/min of 40/40/
20 v/v/v THF/methanol/water was used to wash the column. The mobile phase was used to re-equili-
brate the guard column prior to the next injection.

MS condition — An API 4000 equipped with a Turbo Ionspray from Applied Biosystems was
used as the mass detector and [M + NH,]* was chosen as the precursor ion for multiple reaction
monitoring (MRM) due to the lack of protonated molecular ions. A transition of m/z 434.4 — 273.2
was chosen for paricalcitol and m/z 450.5 — 379.2 was selected for the structure analog internal
standard.

Sample preparation — Analytes of interest were extracted from human plasma using the LLE
technique. The following steps were followed:

1. Accurately pipette 600 UL plasma into clean borosilicate glass 12 X 75 mm extraction
tubes.

2. Supplement the plasma with 100 puL internal standard solution (approximately 1000 ng/mL
in 50/50 v/v methanol/water) and mix well.

3. Add extraction solvent (1000 UL of 50/50 v/v hexane/ethyl acetate) to each tube.

4. Cap the individual tubes; mix on a reciprocating shaker for a few minutes.

5. Separate the phases by centrifugation.

6. Remove the caps; transfer most of the upper organic layer to a clean 96-well polypropylene
injection plate.

7. Evaporate the organic solvent in the injection plate under a stream of heated nitrogen in a
96-well format evaporator.

8. Reconstitute the extracted residues with 120 UL of 70/30 v/v methanol/ImM ammonium
acetate (pH adjusted to 5.5).

9. Vortex the injection plate to thoroughly dissolve the extracted samples.

10. Centrifuge the plate and inject 50 puL. for LC/MS/MS analysis.
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®)

FIGURE 2.3 Autosampler set-up for performing dual-stream HPLC with guard column regeneration: (A)
overall view, (B) zoomed view of the valving configuration.

2.2.1.3 Validation Results

Accuracy, precision, and linearity of standards — The linear dynamic range was established as
10.22 pg/mL to 2.037 ng/mL with coefficient of determination (r?) below 0.996190 when using 1/x2
weighing for three consecutive accuracy and precision runs. The lower limit of quantitation (LLOQ)
was accurate (inter-run mean bias = 1.1%) and precise (inter-run mean CV = 14.1%). Three levels
of QCs were prepared. The inter-run mean bias varied from —4.3 to 1.0% and the inter-run mean CV
varied from 4.6 to 6.6% for all QC levels.

Selectivity — Assay selectivity was extensively tested during method development due to
endogenous interferences. During validation, 12 individual lots of human plasma were screened.
Additionally, three pre-dose (0 hour) samples from a previous study in which no results were
reportable due to the lack of chromatographic selectivity were tested. No substantial peaks were
observed at the MRM retention time for paricalcitol in any individual plasma lots tested. Figure 2.4
is a representative chromatogram. Interferences from metabolites, drug-related, and drug-induced
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FIGURE 2.4 Representative chromatograms of reference and blank: (A) reference solution, (B) double blank
sample.
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Paricalcitol Calcitriol

FIGURE 2.5 Chemical structures of paricalcitol and calcitriol.

materials were also tested. Endogenous calcitriol (see Figure 2.5 for chemical structure) and (R)
24-OH paricalcitol and (S) 24-OH paricalcitol metabolites were evaluated by injecting neat solu-
tions. No peaks were observed at the MRM retention time for paricalcitol.

Matrix effect — To demonstrate that the assay performance was independent from the sample
matrix, QC samples were prepared using two different lots of matrix. The QC samples were evalu-
ated using the same calibration curve. With regard to analytical recovery, no significant difference
was observed for the QCs prepared in two lots of plasma.

Recovery — Overall procedural recovery was evaluated. The results from spiked plasma QC
(evaluation) samples that went through the analytical procedure were compared to the results from
neat spiking (control) solution samples. The neat spiking solutions used to prepare the plasma evalu-
ation samples were evaporated and reconstituted at the same volumes as the extracted samples. The
analyte was tested at three concentration levels and the internal standard was tested at one. Mean
recovery for the analyte was approximately 122.9%; the level was 55.2% for the internal standard.

Stability — Samples remain stable for at least 468 days when frozen at —20°C. They are stable
for at least five simulated freeze-and-thaw cycles and approximately 28 hr at room temperature. The
analyte is viable for at least 6 days in a reconstitution solution stored in the autosampler (temperature
set point at 10°C). A dried-down batch (sample process stopped at dry-down step) was stable at least
5 days in a refrigerator (temperature varied from 4 to 8°C). A stock solution of paricalcitol is stable for
at least 11 months. Stock solution of internal standard is stable about 4.5 months under refrigeration.

2.2.1.4 Assay Performance

Sample throughput — Sample analysis (including analytical repeats and reassays for pharmaco-
kinetic purposes) was performed between 25 August 2004 and 26 October 2004. Analytical results
from 6875 samples were finalized during this period.

Standards performance — The assay performed well. Mean bias at LLOQ was —0.2% and
for other standards varied from —1.2 to 1.0%. Coefficient of determination (r?) was greater than
0.989372 for all batches run.

QC performance — The mean bias for three levels of QCs varied from —0.7 to 0.8%. Repre-
sentative diagrams of QC performance are shown in Figure 2.6.

2.2.2 Cast ll: ANALysis oF FENoriBric Acip UsING DuaL ONLINE SPE
For CLiINIcAL STuby M06-830

2.2.2.1 Introduction

A variety of clinical studies have demonstrated that elevated levels of total cholesterol (total-C),
low-density lipoprotein cholesterol (LDL-C), and apolipoprotein B (apo B) are associated with
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FIGURE 2.6 Plot of QC performance for Study M04-693: (A) lowQC (0.03 ng/mL), (B) mid QC (0.11 ng/mL),
(C) high QC (0.8 ng/mL).
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human atherosclerosis. Epidemiologic investigations established that cardiovascular morbidity and
mortality vary directly with the levels of total-C, LDL-C, and triglycerides and inversely with the
level of HDL-C.

Several clinical studies revealed that administration of fenofibrate produces reductions in
total-C, LDL-C, apo B, total triglycerides, and triglyceride-rich (very low density) lipoprotein
(VLDL) in treated patients. In addition, treatment with fenofibrate results in increases in HDL-C,
apo Al, and apo AIL. However, since fenofibrate is rapidly converted to fenofibric acid during absorp-
tion and fenofibric acid, but not fenofibrate, is found circulating in plasma, the effects of fenofibric
acid have been extensively evaluated in these studies.

The objective of study M06-830 is to evaluate the bioavailability of fenofibric acid from the
fenofibric acid choline salt formulation manufactured at full production scale at Abbott Labora-
tories’ Puerto Rico facility relative to the bioavailability of (1) the fenofibric acid choline salt for-
mulation used in Phase 3 trials and manufactured at the Abbott Park facility, and (2) the 200 mg
micronized fenofibrate capsule.

2.2.2.2 Analytical Method

Instrumentation — The parallel LC/MS/MS system for this application was operated under the
dual online SPE mode. Figure 2.7 is a flow diagram for the dual stream and Figure 2.8 depicts the
staggered timing scheme. Figure 2.9 shows the autosampler setup in action.

HPLC condition — A Waters reversed-phase HPLC column (Symmetry Shield RP C18, 5
um, 2.1 x 50 mm) was used in conjunction with a Regis SPS guard column (ODS, 5 pm, 100 A,

LCVLV1

- LCVLV
l,\o Waste C\D Waste
A Loading
Loading Pump A
Pump B
LCVLV2
[ Extraction Column A
Analytical
Column A
MS Analytical
l Pump A
Diverter
Valve

¥ LCVLV3

[ Extraction Column B

Analytical |
Column B

Analytical
Pump B

Analytical Pump Goes in 3 = Forward Elution
Analytical Pump Goes in 4 = Backward Elution

FIGURE 2.7 Flow diagram for dual-stream online SPE.
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FIGURE 2.8 Timing scheme for dual-stream online SPE.

10 x 3 mm). An 0.3 mL/min isocratic flow of 1/2 v/v acetonitrile/buffer (4.7mM ammonium and
6 mM acetate in H,0O) was used as the mobile phase. Cohesive Technologies” Turbo HTLC (C18,
1.0 X 50 mm) column was selected to perform online solid phase extraction of fenofibric acid from
human plasma.

Online SPE — One HPLC system was used to perform both SPE and HPLC separation. A
column switching valve was used to direct the flow from the extraction column to waste (off-line) or
the analytical column (online). A second column switching valve directed flow from the analytical
column to the mass spectrometer or to waste.

For one stream, the loading solution (2mM acetic acid) initially flowed at 4.0 mL/min through
the extraction column to waste for approximately 1 min. The column switching valve then switched
so that the mobile phase eluted analytes from the extraction column onto the analytical column.
During the elution step, the loading pump transmitted the wash solution directly to waste. After
elution, the column switching valve returned to its original position to wash (weak base solution
followed by 100% MeOH) and re-equilibrate (2mM acetic acid) the extraction column with a
4.0 mL/min flow rate. At the mean time, the analytical pump continued to elute analytes from the
analytical column. With approximately 2.0 min remaining in the run, the mass spectrometer began to
acquire data and the second column switching valve directed the analytical column flow from waste
into the mass spectrometer. At the end of acquisition, the system was ready for the next injection.

During method development, different elution modes (forward and backward) were investi-
gated. During backward elution (Figure 2.7), peak shapes were generally sharper and the carryover
caused by the residue analyte trapped in the extraction column was smaller. However, the guard
column tended to over-pressure or started channeling by showing split peaks after approximately
200 injections. It was speculated that matrix residue in the extraction column was transferred more
easily to the analytical column during backward elution and the decision was made to adopt forward
elution for this assay.

MS condition — An API 3000 equipped with a Turbo Ionspray from Applied Biosystems was
used as the mass detector. [M — H]~ was chosen as the precursor ion for multiple reaction monitoring
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FIGURE 2.9 Autosampler set-up for performing dual-stream online SPE: (A) overall view, (B) zoomed view
of the valving configuration.

(MRM). A transition of m/z 317.0 — 231.0 was chosen for fenofibric acid and m/z 267.0 — 195.0
was selected for the Pestanal structure analog internal standard.

Sample preparation — Analytes of interest were extracted from human plasma using the online
solid phase extraction technique. The steps required are noted below:

1. Add 150 uL of internal standard (1 pg/mL Pestanal in ACN) solution to each appropriate
well of a 96-well plate. Manually add 150 puL of ACN to the double blank.

2. Add 50 pL of standards, QCs, blank plasma, and unknowns (if applicable) to appropriate

wells of a clean 96-well plate.

Add 50 uL of diluent (2mM acetic acid) to appropriate wells of a 96-well plate.

Cover the plate and vortex on low/medium speed for approximately 2 min.

Centrifuge for approximately 10 min at approximately 3400 rpm.

Inject 30 UL, extract, and analyze by SPE/HPLC/MS/MS.

AN
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2.2.2.3 Validation Results

Accuracy, precision, and linearity of standards — The linear dynamic range was established
as 0.017 to 5.472 ug/mL with a coefficient of determination (r?) below 0.993860 when using 1/x?
weighing for three consecutive accuracy and precision runs. The lower limit of quantitation (LLOQ)
was accurate (inter-run mean bias = —0.6%) and precise (inter-run mean CV = 5.9%). Four levels of
QCs were prepared. The inter-run mean bias varied from —3.5 to 9.9% and the inter-run mean CVs
were less than 5.7% for all QC levels.

Selectivity — To demonstrate selectivity, six lots of matrix with and without IS were screened
for interference from endogenous matrix components. No interference was observed for fenofibric
acid. Figure 2.10 is a representative chromatogram.

Matrix effect — To demonstrate that the assay performance was independent from the sample
matrix, low QC samples were prepared using six different lots of matrices. The QC samples were
evaluated using the same calibration curve. With regard to analytical recovery, no significant differ-
ences were observed for the QCs prepared in six lots of plasma.

Recovery — Recovery control (RC) solutions were prepared in 10/90 v/v ACN/water. Recovery
evaluation (RE) samples were prepared in human plasma. Aliquot of RC solutions into assay plates
followed sample preparation procedure steps 1 and 2. Instead of adding 50 pL of diluent, wells con-
taining RC solutions were dried down under a steady stream of room temperature N,. The dried wells
were then reconstituted with 250 UL of diluent. Reconstituted RC solutions were directly injected
onto an HPLC analytical column, bypassing the extraction column. RE samples were aliquoted
into an assay plate following normal sample preparation. RE samples were analyzed using the full
extraction procedure (with extraction column). The analyte was tested at three concentration levels
and the internal standard was tested at one. Mean extraction recovery for fenofibric acid varied from
93.2 to 111.1%, and mean extraction recovery for the Pestanal internal standard was 105.2%.

Stability — Samples remained stable for at least 220 days when frozen at —20°C. They were stable
for 7 simulated freeze-and-thaw cycles and approximately 44 hr at room temperature. The analyte
was viable at least 2 days in the autosampler (temperature set point at 10°C). The batch was stable for
5 days in a refrigerator (temperature varied from 4 to 8§°C). A stock solution of fenofibric acid is stable
at least 50 days; the stock solution for internal standard is stable at least 10 days under refrigeration.

System carryover — Because a lot more valving and plumbing are involved with online SPE
compared to regular LC/MS/MS analysis, wash solvents and wash sequences were extensively
screened during method development to minimize system carryover. Table 2.1 shows the chronol-
ogy of a validated wash program. The autosampler flush was also optimized to minimize carryover.
Two organic washes (with MeOH) and two aqueous (water) washes were used on the injection ports.
One aqueous wash of the injection port was put in place prior to sample aspiration to minimize the
risk of sample precipitation in the injection port. System carryover was evaluated during validation
by comparing the peak area of the single blank injected immediately after the ULOQ to that of the
LLOQ. The peak area of the single blank was less than 30% of the area of the LLOQ. The system
carryover was deemed acceptable.

2.2.2.4 Assay Performance

Sample throughput — Sample analysis (including analytical repeats and 5% repeats of samples
required to determine method reproducibility) was performed between 18 October 2006 and 16
November 2006. Analytical results from 3293 samples were finalized.

Standard performance — The assay performed well during study M06-830. Mean bias at
LLOQ was —1.9%, and mean bias for other standards varied from —1.9 to 1.3%. Coefficient of deter-
mination (r?) exceeded 0.995917 for all batches run.

QC performance — The mean bias for four levels of QCs varied from —0.7 to 1.0%. The mean
bias for dilution QCs was 2.9%. Figure 2.11 plots QC performance.
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FIGURE 2.10 Representative chromatograms of reference and blank: (A) reference solution, (B) double blank
sample.
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TABLE 2.1
Example Wash Program

Time Parameter Setting Description

0.00 Flow 4.0 mL/min Ramp flow up to 4.0 mL/min

0.05 %8B, %C, %D Off, Off, 0% Load extraction column with 2mM acetic acid

1.10 %8B, %C, %D Off, Off, 0%

1.20 %B, %C, %D 100%, Off, Off ‘Wash extraction column with weak base solution

2.10 %8B, %C, %D 100%, Oft, Oft

2.20 %8B, %C, %D Off, Off, 100% Wash extraction column with MeOH

3.10 %8B, %C, %D Off, Off, 100%

3.20 %B, %C, %D Off, Off, 0% Re-equilibrate extraction column with loading solution
4.20 %8B, %C, %D Off, Off, 0%

A = Loading solution, 2mM acetic acid

B = Weak base solution, 7.7 g NH,OAc + 5 L H,0 + 1 mL NH,OH
C=NA

D = MeOH
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FIGURE 2.11 Plot of QC performance for Study M06-830: (A) QC1 (4.869 ug/mL), (B) QC2 (1.169 ug/mL),
(C) QC3 (0.234 ug/mL), (D) QC4 (0.047 ug/mL), (E) Dil QC (8.115 ug/mL).
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TABLE 2.2
Reassay Statistics for Study M06-830

Subject Percent Bias Range Mean Percent Bias Overall Mean Percent Bias
101 —6.31016.7 6.4 2.0

123 -11.1t05.8 -3.0

145 —8.4108.6 0.1

166 —4.21t018.7 4.4

Percent bias = (second analysis value — first analysis value)/first analysis value x 100.

Method reproducibility — Individual incurred samples from four subjects (approximately 5%
of all samples) were re-assayed individually to evaluate reproducibility. The four samples set for
reanalysis and evenly spaced throughout the study were designated 101, 123, 145, and 166. The
values generated from the reassays were used only to assess reproducibility and were not used in
pharmacokinetic calculations. Table 2.2 summarizes the method reproducibility results. The analyti-
cal method used in study M06-830 was accurate, precise, and reproducible.
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3.1 INTRODUCTION

It is a well accepted fact that the pharmaceutical industry faces a productivity problem in delivering
new efficient drugs.!? Although spending for research and development has increased continuously,
the numbers of new drug submissions continue to decrease. Optimizing the overall process is a
major initiative for all large pharmaceutical companies—both in a global sense and in relation to
the details.

Participants in the drug discovery arena responded to the hype surrounding the brute force
approach known as combinatorial synthesis by enlarging the sizes of compound libraries for high-
throughput screening aimed at finding promising new drug motifs. This led to compound repositories
containing more than 10° compounds, each. Enormous endeavors were undertaken to industrialize
chemical synthesis to generate these numbers of compounds. Parallel pipetting robots and fully
automated sample workup and preparation systems found theirs way into chemical synthesis labs.

In recent years, a new trend toward smaller compounds—drug fragments—is taking shape,?
but all these undertakings still require analyses of the compounds produced. Furthermore, at each
downstream step, we see analyses of small chemical compounds starting with in vitro assays, in vivo
assays during drug optimization, and finally in clinical trials. Each analysis serves as a filtering step
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FIGURE 3.1 Comparison of atmospheric pressure ionization mass spectrometry and other widely used ana-
lytical methods for analysis of small organic molecules.
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on the road to finding a suitable drug candidate. Of all known analytical methods, the most com-
monly performed are liquid chromatography/mass spectrometry (LC/MS) analyses, usually reverse
phase liquid chromatography coupled with atmospheric pressure ionization mass spectrometry.
Why is this so? Because LC/MS represents a good balance of achievable data quality and required
effort (Figure 3.1).

If we look to light absorption-based methods like ultraviolet or visible light absorption spec-
troscopy (UV/Vis), the specificity of MS is much greater. MS can determine for a given compound
the nominal mass of the molecular ion. Certain types of mass spectrometers even reveal its accurate
mass, thus narrowing the number of possible total formulas significantly. In cases where tandem mass
spectrometry (MS/MS) is used, unique fragmentation patterns may be obtained. The specificity is
comparable to that of nuclear magnetic resonance spectroscopy (NMR) but data evaluation is usually
significantly easier. Specificity is greater only with x-ray crystallography that delivers exact molecu-
lar structures but requires must more analytical effort in instrumentation and sample preparation.

The introduction of atmospheric pressure ionization (API) interfaces such as the electrospray
interface (ESI) or atmospheric pressure chemical ionization interface (APCI) in combination with
liquid chromatography as reliable and reproducible means of separating mixtures into individual
compounds exploded the usage of MS. In contrast, combining NMR analysis with liquid chroma-
tography for separation may be troublesome because solvent suppression is required and sensitiv-
ity may become an issue. Another big advantage of LC/MS is the ability to quantify very precise
amounts of a specific compound. Despite the advantages noted, LC/MS never reached the through-
put achievements of light absorption and fluorescence spectroscopy.

Certain plate readers require less than a minute to analyze a complete 384-well microtiter plate
through the use of fast moving optical mechanics for scanning microtiter plates and relatively simple
detection electronics. Some readers even image a complete microtiter plate in one operation. Not
even MALDI/MS—probably the fastest MS technique available now—can reach this throughput.
A speed of approximately 20 to 30 min for a 384-well microtiter plate is a reasonable rate for opti-
mized high-throughput conditions.* The fastest flow injection analysis (FIA) MS systems without
chromatographic separation and parallel sampling achieve cycle times in the range of seconds per
sample. This translates to a throughput of a 384-well microtiter plate in about 1 hr.> Finally, LC/MS
systems allowing chromatographic separations of samples operate at rates of a minute to several
hours—the latter is certainly not a high-throughput application.

LC/MS covers a broad application area in the pharmaceutical development field. Table 3.1.
provides a brief overview of such application areas. It should be emphasized that a negative
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TABLE 3.1
Typical Applications of LC/MS in Pharmaceutical Industry
Development Matrix
Stage Task Focus HT Complexity
Drug Discovery Chemical library synthesis Purity and identity determination ~ Yes Low
Natural product identification Identification Yes Medium to high
Medicinal chemistry drug optimization Purity and identity determination ~No Low
ADME properties Quantitation Yes Medium
Metabolite identification Identification No Medium to high
Drug Development Metabolite identification Identification and quantitation No Medium to high
Impurity and degradant identification ~ Identification and quantitation No Low
Pharmacokinetic profiling Quantitation Yes Medium
Clinical Trials Human PK and metabolite Identification and quantitation Yes Medium to high
identification
Manufacturing Impurity and degradant identification Identification and quantitation No Low

HT = high throughput.

high-throughput indication does not necessarily mean that high speed analysis is not favored. For
example, a medicinal chemist would be very happy to receive analytical results of a synthesis opti-
mization promptly in order to proceed with his work. In this case, turnaround time is more important
than numbers of samples run.

The complexity of a sample matrix increases if the sample is derived from a biological sys-
tem. Note that the number of analyses per compound dramatically increases as the complexity of
determining compound properties increases, while the number of individual compounds decreases
by filtering out unsuitable structures. At the end of a clinical trial phase, perhaps 100,000 LC/MS
analyses may have been performed for one compound (Figure 3.2).

These issues have implications for the use of LC/MS. During drug discovery and the early stages
of drug development, generic LC/MS methods for separation and identification are used along with
continuously changing methods for quantitative applications with single ion or multi-reaction monitor-
ing. Later in the process, highly specialized and fully validated methods are used thousands of times for
only a few compounds.

The issue is how LC/MS analysis—by nature a serial procedure—can meet the demands of par-
allelized sample generation and preparation. This can be achieved by speeding up the serial LC/MS,
parallelizing parts of the analysis, or both. Several aspects of optimization should be considered:

* How good is the data quality; what are the consequences of incorrect answers?
* What overall speed/throughput covering the total workflow can be achieved?

. Number of Number of Samples
10 Compounds per Compound /
/II
108 et
102 __________________________ -

» Time

Drug Discovery Drug Development  Clinical Trials

FIGURE 3.2 Development of compounds and samples per compound.
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¢ How complex are the hardware and software systems?

¢ Are the hardware and software system components robust?

e What is the cost of the solution including training, maintenance, and other issues?
* Is the final methodology easy to use, to operate, and to maintain?

Finally, optimization means dealing with time and other improvements spanning the overall
process. Optimizing the speed of the analysis is obvious, but optimizing resolution can improve the
process as well (as we will see later). An economic optimization of individual analyses will result in
time improvements throughout the process because it will liberate resources for other tasks.

3.2 OPTIMIZING SERIAL LC/MS OPERATIONS

When we talk about optimization of serial LC/MS operations, we consider the genuinely serial
sequences of actions necessary to perform such analyses including equilibration of columns, sample
aspiration, sample injection, isocratic or solvent gradient sample separation, detection, and column
washout.

3.2.1 Peak Caracity

Obviously, the most time consuming subtask is the separation although subsequent subtasks may
compete with separation in that regard. What determines the chromatographic separation time? A
useful concept is the use of chromatographic peak capacity n. to determine required separation
times. Peak capacity is a measure of how many peaks can be separated during a chromatographic
run time. Equation 3.1 defines peak capacity for a gradient separation. Equation 3.2 calculates peak
capacity under isocratic conditions. Peak capacity depends on the available time for separation and
the widths of detected peaks.

t . . .
n,=1+-%;  t,=gradient time, w, = peak width (3.1
w

n =1+-—4 t, = retention time of the last peak, 7, = column dead time 3.2)

The peak capacity approach is very similar to the use of the column efficiency to determine
the expected quality of a chromatographic separation, but it conveys the advantage of being easily
combinable with the peak capacities of orthogonal methods, for example mass spectrometry, to
determine total peak capacity (1., = Repc * Peps * Hey - ---)- We can define the total peak capacity
for LC/MS analysis as the product of individual peak capacities of all compound separating means.
This covers both the separation in the time domain by chromatography and also separation in the
mass domain by the mass spectrometer. Because peak capacity in the mass domain is usually tightly
bound to the type of spectrometer and a significant increase usually requires a change in MS instru-
mentation, this section focuses only on optimization in the chromatographic domain.

A reduced peak capacity in one domain may be counterbalanced by an increased peak capacity
in another domain. If we know the average peak width of a chromatographic separation and the gra-
dient duration, we can calculate the maximum number of peaks that can be separated. (Note: peak
capacity does not mean that this number of compounds in a sample will be separated; they may still
co-elute). That means we can operate between two limits: (1) a peak capacity of zero representing
a flow injection analysis and (2) a minimal required peak capacity that defines the peak capacity
to separate all compounds in a given mixture. Unfortunately, especially in the early stages of drug
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discovery when new compounds must be handled, this number is usually unknown. Because the
main reason for this process is to filter out many compounds, no major effort such as LC method
optimization will be undertaken to determine the required peak capacity for each separation problem.
Researchers in this environment usually select an arbitrary number for the available peak capacity
of their chromatographic systems—usually determined by other factors like maximum acceptable
run time. This means that a specific column (often one preferred for historical reasons) is used along
with a generic gradient covering a wide range, for example going from 5 to 95% organic in a given
gradient time or (even worse) with a set of standardized isocratic conditions. The resulting peak
capacity is then accepted as is, but slight changes can make the analysis much more efficient, reduce
potential for co-eluting peaks, and improve data quality.

Some LC/MS users adhere to isocratic separation because of the myths around gradient elution
(it is complex to develop and transfer between instruments and laboratories, it is inherently slower
than isocratic methods because of re-equilibration, and other reasons summarized by Carr and
Schelling®). A researcher may have a very good reason to use an isocratic method, for example, for
a well defined mixture containing only a few compounds. The isocratic method would certainly not
be useful in an open access LC/MS system processing varying samples from injection to injection.

Carr and Schelling® state in detail how the reservations many chromatographers still have toward
gradient elution no longer hold true: “...gradient elution provides an overall faster analysis, nar-
rower peaks and similar resolution of the critical pair compared to isocratic elution without loss in
repeatability of retention time, peak area, peak height, or linearity of the calibration curve.”

If a chromatographer decides to use gradient separation, optimization can achieve better peak
capacity. Neue’? clearly summarized all factors related to optimization of peak capacity. Neue takes
the known relations of peak width to column efficiency and capacity factors, the relation of the capac-
ity factor in gradient separation to gradient time, flow rate, and gradient steepness, and finally the
dependence of column efficiency (N = L/H where N = efficiency, L = column length, and H = theo-
retical plate height) as described in the well known van Deemter curve to reach Equation 3.3.8

-1 1 L B-Ac
"= +Z. d +2Put G L B-Ac-+1
a-a,*—p—*+op; 1 e

(3.3)

Where a, b, and ¢ = van Deemter coefficients, dp = particle size of column, L = column length,
D,, = diffusion coefficients of analytes, #,= column dead time (depends on flow rate F), z,= gradient
time (determines analysis time via t, = f, + #;), Ac = difference in concentrations of the organic
modifier at the end and the beginning of the gradient (a continuous linear gradient is assumed), and
B = slope of the linear relationship between the logarithm of the retention factor and the solvent
composition.

This complex-looking equation now contains all the variables we need to optimize the chro-
matographic separation by improving peak capacity without changing the run time (improving
resolution), by reducing the run time and maintaining peak capacity (improving speed), or a combi-
nation of both approaches.

3.2.2 Opr1miMiZING SPEED OF CHROMATOGRAPHIC SEPARATION

One problem is how to optimize throughput (analysis time) without losing peak capacity. Different
approaches have been suggested and led to different developments by instrument and column manu-
facturers. This section will concentrate on the usage of totally porous particle columns for chromato-
graphic separation only. Alternatives are monolithic columns® and shell packing materials such as
Halo or Poroshell.!%-!3

A van Deemter plot for a given particle size d, and diffusion coefficient D,, shows the relation
of the theoretical peak height H to the linear velocity u that can be expressed as column length L
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FIGURE 3.3 Van Deemter plot of columns with different particle sizes. (Courtesy of Agilent Technologies, Inc.)

divided by column dead time #, (u = L/t,). We see that plate height decreases with smaller particles
that exhibit lower H,,, levels at a higher optimal linear velocity and that the slope of the van Deemter
curve is flatter than for larger particle sizes (Figure 3.3). Simply stated, by using smaller particles to
pack a chromatographic column we improve efficiency.

We can reduce column length to maintain constant efficiency and save analysis time because
compounds will elute earlier. For example, if we consider a 4.6 X 50 mm column with 5 um particles
and change to modern sub-2-micron (e.g., 1.8 yum) particles, we should achieve the same efficiency
with a column only 18 mm long because N ~ L/d,. With the same flow rate, the compounds should
elute 2.8 times earlier (5 um/1.8 yum).

This simplified view neglects the fact that smaller particles reach their maximum plate counts
at higher linear velocities than larger particles. The full scope of optimizing chromatography can
be deduced from Equation 3.3. In Figure 3.4, the peak capacities of a 4.6 X 50 mm column with a
conventional 5 um particle size stationary phase are calculated for different flow rates and gradient
times. With the conventional column, a rather long gradient time of ~60 min is required to achieve
the maximum peak capacity of ~190 (consistent with the intuitive maxim that a longer gradient time
will always result in a better separation). The flow rate is ~0.6 mL/min.

But what happens after a switch to a stationary phase with 1.8 um particle sizes, if we first
consider the same column length as a conventional column and then an 18 mm column length?
Generally, with 1.8 pum particles, the achievable peak capacity is much higher, as expected. Cal-
culating the peak capacity for a 50 mm length sub-2-micron column shows for the maximal peak
capacity of the conventional column (., = 190) a curve with a minimal gradient time of only
~5 min at a flow rate of ~2.5 mL/min. This means in theory a 12-fold gradient time reduction and
about a 3-fold reduction in solvent consumption (conventional = 36 mL, sub-2-micron = 12.5 mL).
For a 18 mm length column with the same length-to-particle-size ratio as a conventional column,
we find the same peak capacity at that flow rate (0.6 mL/min) with a gradient time of ~13 min.
This is 4.6 times faster than conventional techniques and saves even more solvent: only 7.8 mL
would be consumed.

At a first glance, a very promising procedure for speeding up LC/MS analysis without compro-
mising peak capacity of the separation would involve (1) reduction of particle size, (2) reduction of
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FIGURE 3.4 Calculated peak capacities dependent on flow rate and gradient time. Left: conventional column
using 5-um particles. Middle: same column dimension with sub-2-micron particles (1.8 um). Right: sub-2-
micron particles in column with same L/d, ratio as conventional column on left. Parameters for typical appli-
cations have been estimated. Note: logarithmic scale of flow rate and time axis.

column length, and (3) increasing the flow rate. Figure 3.4 reveals one problem: the pressure drop
of sub-2-micron columns is much higher than with larger particles. The pressure drop of a column
follows an inverse proportionality to the square of the particle size:

u-n-L-®
:T

p

Ap (3.4)

where u = linear velocity, 11 = viscosity, L = column length, @ = flow resistance factor, and
d, = particle size.

Several commercial HPLC manufacturers addressed this issue by increasing the operation ranges
of their equipment either by increasing the maximum allowed backpressure and/or increasing the

TABLE 3.2
Commercially Available LC Instrumentation Optimized for Sub-2-Micron Particle
Column Use

Maximum Maximum

Pressure Temperature  Maximum Flow
Manufacturer Brand Year Introduced (bar/psi) ©C) Rate (mL/min)
Agilent 1200 Series Rapid 2006 600/8700 100 5

Resolution LC

Dionex Ultimat 3000 2006 500/7250 85 10
Jasco X-LC 2005 1000/15000 65 2
Thermo-Fisher Accela 2006 1000/15000 95 1
‘Waters Acquity UPLC 2004 1000/15000 90 12

2 2 mL/min below 600 bar
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temperature range of the column oven to reduce the viscosity of the solvent. Table 3.2 provides
an overview of HPLC instruments optimized for sub-2-micron particle sizes (specifications as of
the time of writing). For an overview of the Agilent 1200 Series Rapid Resolution LC system, the
Thermo-Fisher Accela system, and the Waters Acquity system, see Cunliffe et al.'* Researchers
often refuse to increase temperatures in LC separations, even though this produces several benefi-
cial effects such as reducing backpressure, producing narrower peaks (better signal-to-noise ratio),
requiring less organic modifier to achieve the same retention (“green chemistry”), and reducing
the retention times (faster analysis). This is due to concerns about possible decomposition of the
column and/or the analyte. If columns are used under the specified conditions, especially at low
pH, their stability is usually sufficient to allow continuous operation.!> On the other hand, it is dif-
ficult to generalize about analyte stability. Note that conditions inside a chromatographic column
are different from those when high temperatures are applied to a sample under “normal” condi-
tions, that is, in a solution or a solid state. Decomposition often is related to oxidative processes or
dehydration. During LC analysis, the analytes are maintained in an aqueous solution under strictly
anaerobic conditions and the exposure time of a sample to elevated temperatures is decreased by the
resulting higher speed of analysis. See Smith!¢ for a recent review on using only water as mobile
phase at very high temperatures.

Both LC modules and columns must withstand higher generated backpressures. Table 3.3 pres-
ents an overview of commercially available columns for use with particle sizes below 2.0 um. Wu'!”
cites additional manufacturers and the numbers increase continuously. According to Kofmann et al.,'

TABLE 3.3
Commercially Available Columns Packed with Sub-2-Micron Particles

Maximum Maximum
Particle Size  Pressure ~ Temperature Available
Manufacturer (um) (bar/psi) °C) Available Phases Dimensions
Agilent Zorbax 1.8 600/8700 90 (Stable Eclipse Plus C8, C18, PAH; 1.0,2.1,3.0,4.6
RRHT Bond) StableBond C8, C18, CN, mm ID;
60 (all Phenyl, AQ; Extend C18, 30, 50, 100, 150
others) Eclipse XDB C8, C18; Rx-Sil mm length
(HILIC)
Grace Alltech 1.5 N/A N/A Platinum C18, C18-EPS; HP N/A
Vydac HILIC, HiLoad, C18-AQ;
ProZap C18
Macherey-Nagel 1.8 N/A N/A Gravity C8, C18; ISIS C18, 2,3,4,4.6 mm ID;
Nucleodur Pyramid C18, Sphinx RP 50 mm length
Restek Pinnacle 1.9 N/A 80 C18, PFP-Propyl, Biphenyl, 2.1 mm ID; 30, 50,
Ag-C18, Silica 100 mm length
Thermo-Fisher 1.9 1000/15000 N/A C18, PFP, AQ 1.0, 2.1, 3.0 mm
Hypersil 1D; 20, 30, 50,
100 mm length
Waters Acquity 1.7 (BEH) 1000/15000 N/A BEH C8, C18, Shield RP-18, 1.0, 2.1 mm ID;
1.8 (HSS-T3) Phenyl, HILIC; Atlantis T3 30, 50, 100, 150
mm length

Note: not all combinations of stationary phase, column internal diameter, and column length are available. For analytical
comparisons, see References 36 and 37. Names of columns and/or stationary phases may be trademark protected. N/A = not
available. ID = inner diameter.
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sub-2-micron columns do not achieve their theoretically expected efficiencies even under optimized
instrument conditions. This may be due to failure to fully optimize packing conditions since this
technology is relatively new and column manufacturers are still learning. Nevertheless, sub-2-
micron columns are still far better than 3.5 or 5 um particle columns of the same length.

Based on Table 3.2, we can deduce from the available flow rates that some manufacturers clearly
optimized their systems for 2.1 mm inner diameter (ID) columns, namely the Jasco X-LC, the
Thermo Accela, and the Waters Acquity. By sacrificing flexibility in column ID, these systems have
been completely optimized to these 2.1 mm columns. Achieving that will be explained below. The
instruments of Agilent and Dionex mentioned in Table 3.2 involve a more flexible approach. The
higher flow rate limits of their systems allow the use of columns with larger Ids. Users benefit from
the better efficiency obtained with 4.6 or 3.0 mm ID columns instead of 2.1 mm ID columns of simi-
lar length; and their systems are fully compatible with existing conventional methods.

3.2.3 ExtrRA-CoLUMN BAND BROADENING

While the foregoing information may appear straightforward, note that Equations 3.3 and 3.4 are
valid only for the column bed and do not apply to the LC instrument. The LC hardware around the
column may be responsible for sometimes dramatic reductions of calculated column efficiency or
peak capacity by extra-column dispersion (Note: dispersion occurs inside a column as well and
is covered by the van Deemter relation). Dispersion is the sample band spreading or dilution that
occurs in connecting tubing, injection valves, flow cells, and in column hardware such as frits and
end fittings. It begins with the injector and ends at the last detector in the system. Dispersion reduces
measurable column efficiency and degrades resolution.

Obviously, extra-column dispersion exerts its most adverse effect on peaks with very small vol-
umes. Very low volume peaks appear under the following conditions:

* Small column volume (internal diameter and length)
» Low retention factor k” (k* in gradient separations)

* Use of small particles (highest N)

* Low mobile phase viscosity (highest N)

* Optimized linear velocity (highest N)

Several of these points are met by applying the optimization steps discussed above, e.g., using
smaller particles, shortening column lengths, and reducing solvent viscosity to reduce backpressure.
When we consider a virtual column—a packed bed in a purely theoretical sense— we commonly
accept that reducing particle size proportional to column length results in columns with at least the
same theoretical efficiency. This is true, but only in the theoretical world.

After a column is installed in a HPLC instrument, and depending on the amount of dispersion
caused by the many connecting capillaries and fittings, a reduction in achieved efficiency will gener-
ally occur after column volume and/or particle size are reduced. The greater efficiency of a column
can be realized only if system dispersion does not substantially degrade column performance. The
small particle size columns used in low volume configurations are most difficult to use and require
the greatest attention with respect to plumbing of the LC system. Estimating the possible efficiency
of a column non-empirically is easily accomplished via a simple equation. Column length divided
by particle size multiplied by the reduced plate height (a constant of typically 2 to 2.3) results in a
value for efficiency [N,,,,= L/(h - d,)]. This does not consider viscosity, particle size distributions,
imperfections in packed bed density, or other inherent design factors, but provides a benchmark of
expectation for column dimension and particle size. In practical use, the empirical result will always
be lower. Equation 3.5 can be used to estimate the peak volume of a given column and a compound
with a given capacity factor. Table 3.4 shows resulting values for the peak volumes for different
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TABLE 3.4

Calculated Peak Volumes, Theoretical Column Efficiencies without Dispersion,

and Column Efficiencies with Assumed Dispersion of 20 nL for Different Dimensions
and Particle Sizes

Column Dimension Peak Volume without Theoretical Efficiency with 20 ulL
and Particle Size Dispersion (uL) Efficiency Dispersion

4.6 x 150 mm, 5 um 229 13000 11000 (85%)

4.6 x 50 mm, 1.8 ym 79 12100 7700 (64%)

3.0 x 50 mm, 1.8 um 34 12100 4800 (40%)

2.1 x50 mm, 1.8 um 17 12100 2500 (20%)

k’ =2.5. Reduced plate height = 2.3.

column dimensions along with their theoretical (isocratic) efficiencies and effective efficiencies by
system dispersion as calculated using Equation 3.6.

Vm- (k" +1)
V=7 3.5
, 2
Ng#- =05 M (3.6)
peak

where V,, = column void volume, k" = capacity factor, N = theoretic efficiency, N4, and o = disper-
sion. Simply by replacing the conventional column in a conventional HPLC system with a new sub-2-
micron column would produce disappointing results. The shorter and narrower the column, the worse
the outcome as shown in Figure 3.5 with calculated values for several different column dimensions
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FIGURE 3.5 Calculated efficiency yields (fraction of efficiency with and without dispersion) for different
column dimensions, always assuming sub-2-micron particles. Solid lines: assumed 36-uL dispersion. Broken
lines: 8-uL dispersion. (Courtesy of Michael Woodman, Agilent Technologies, Inc.)
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using sub-2-micron particles with a poorly designed system having 36 yL dispersion (a decent design
for a conventional system) and an optimized system of 8 yLL dispersion. This means additional care
must be taken in setting up an LC/MS system if we wish to obtain results close to the theoretical pre-
dictions. Even more effort is required when small ID columns are used. Extra-column dispersion must
be kept at a minimum. Unfortunately, a typical LC/MS system has many sources of dispersion:

Component Dispersion Source

Sampler Injection volume variation
Sample aspirating needle and loading/transfer port
Contact between sampler switching valve and sample

General set-up Interconnecting tubing (ID, length, internal surface)
Connectors (unions, tees, bulkhead fittings)
Switching valves for automated sample treatment
or alternating column regeneration
Pre-column filter
Column frits (inlet and outlet)

Detection Inlet heat exchangers
Flow cell volume and geometry
MS ion sources
Sprayers (e.g., in evaporative light scattering detectors)
Data filtering effects in high speed applications

Much system dispersion originates from poor choices of tubing and connections. Tubing may be
longer than necessary and have too large an internal diameter (typically 0.17 mm ID, color coded
green). It is advisable to shorten tubing length to the minimum needed to connect the components
and if possible narrower tubing (0.12 mm ID, color coded red) should be used. Precut and polished
tubing should be chosen because self-cutting will usually result in jagged and non-planar ends, cre-
ating additional dead volume. Utmost care should be taken when attaching capillaries. Absolutely
no gaps must be inside fittings and each capillary must strictly abut against its counterpart.

Because a flow cell acts as very good mixer, care also should be taken for proper selection.
Achieving minimum dispersion may not be possible due to analytical issues. For example, if very
high sensitivity is required, it may be necessary to use a larger than optimal flow cell with a long
path length and higher internal volume. When setting up a system to fit sub-2-micron columns,
every part should be carefully considered to determine any contributions to extra column dispersion.
Figure 3.6 shows the steps required to optimize a conventional LC system with a large dispersion
to obtain improved results for accommodating sub-2-micron columns. On such systems, 3.0 or 4.6
mm ID columns would produce results approaching the theoretical maximum (Figure 3.5) even
though the full power of sub-2-micron columns would probably not be fully exploited due to system
backpressure limitations.

It is usually easy to rearrange the modules of modular LC systems to achieve a short distance
from the column to the detectors. For example, a DAD/MS system might be arranged so that the
DAD detector sits right next to the MS interface and the column oven right next to the DAD.
Figure 3.7 shows how even a very complex system may be optimized for short flow paths. In this
case, a diode array detector, evaporative light scattering detector, chemical luminescence nitrogen
detector, and single quadrupole MS are linked. As another example, Waters designed its Acquity LC
system to include a swing-out column compartment. This allows placement of the column outlet
right next to the MS interface, minimizing the amount of connection tubing required. This system
also includes length-optimized and very narrow capillaries to minimize dispersion. Agilent’s 1200
Series Rapid Resolution LC system includes specially designed low volume heat exchangers in its
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FIGURE 3.6 Decreasing peak dispersion of a conventional Agilent 1100 Series HPLC instrument by step-
wise optimization of components. System dispersion determined by injecting low volumes of acetone without
a column. (Courtesy of Michael Woodman, Agilent Technologies, Inc.)

column ovens to minimize tubing lengths and offers specially manufactured capillary sets to accom-
modate every possible module arrangement with the shortest possible capillary lengths. Agilent also
abandoned the use of all so-called zero dead volume unions in its Rapid Resolution LC system and
replaced them with special female—male connectors in which the capillaries abut each other.

LC-System

Evaporative Light
Scattering Detector

Diode Array Detector

Chemical Luminescence

Single-Quad MS Nitrogen Detector

FIGURE 3.7 Optimizing arrangement of LC modules for very complex systems. Four-detector (DAD, ELSD,
CLND, and SQ-MS) LCMS system. The capillary connections from the diode array detector have been high-
lighted for better visibility. (Courtesy of Kenneth Lewis, OpAns Plc.)
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A big impact on extra-column band broadening can originate from the injection volume. In
gradient separations, a focusing of the compounds at the column head will occur for highly retained
compounds and the injection volume is not that important for band spreading. For weakly retained
compounds and isocratic separations, the injected volume of sample will exert significant influence
on extra-column dispersion. The smaller the column ID and length, the lower the highest accept-
able injection volume. For sub-2 micron particle columns of 50 to 100 mm in length with internal
diameters of 2.1 to 3.0 mm, the injection volumes should be in the range of 1 to 5 uL.."”

Following these principles to minimize extra-column band broadening and using a suitable
detector will produce good results by utilizing sub-2-micron columns with a 400 bar/6000 psi HPLC
system. It is possible to upgrade an existing system by (1) using a sub-2-micron column and low
dispersion optimization, (2) upgrading the detector, and finally (3) upgrading the pump and autos-
ampler to higher pressure ranges to achieve higher gradient speeds.

3.2.4 SySTEM BACKPRESSURE

As with the peak capacity calculation (Equation 3.3), the backpressure calculation in Equation 3.4 also
applies only to the column. The flow through LC instrument components will generate additional back-
pressure by friction. The interconnecting capillaries also add significant backpressure to a system. The
backpressure of a capillary under the flow rates used in HPLC is inversely proportional to the fourth
power of the capillary diameter (Ap ~ 1/d,,,*). Thus, as column diameter is narrowed, narrower capil-
lary diameters should be chosen to minimize dispersion, but system-generated backpressure grows
over-proportionally compared to the column-generated backpressure. In some commercially available
LC systems optimized for the use of 2.1 mm ID sub-2-micron columns, the low dispersion values are

achieved by the use of very narrow capillaries that unfortunately generate significant backpressure.

By replacing conventional 3.5 or 5 ym columns with sub-2-micron columns, gradient time can
be reduced dramatically. The flow rate must be increased for optimal conditions as well but solvent
consumption will be less than the amount used by the original method. To use the full power of these
columns, an LC instrument must be thoroughly optimized toward lowest extra-column dispersion.
The smaller the column (small ID and short length), the more sensitive the performance is to disper-
sion. With smaller internal diameter columns, the injection volumes and internal diameters of the
capillaries should be reduced.

3.3 OPTIMIZING DETECTORS

Our optimized LC/MS system includes detection devices. The most common types are ultraviolet
(UV) detectors and mass spectrometers, but additional devices such as evaporative light scattering
detectors (ELSDs), charged aerosol detectors (CADs), chemical luminescence nitrogen detectors
(CLND:s), fluorescence detectors, radioactivity detectors, and others are available. Especially in
early stages of drug discovery, complex instruments including several different types of orthogonal
detectors (see Figure 3.7) may be set up as generically as possible and aim to detect everything.

Separation is only as good as the detection of the separated compounds. It is nowadays possible
to achieve better separation of compounds than many detectors employed can measure. This means
that a close examination of the detection device is required to truly optimize LC/MS. To check the
utility of a detector for inclusion in a fast LC system, the following points may help:

¢ Does the detector induce significant band broadening by its design?
* What are the flow rate limits of the detector?

¢ What is the highest data acquisition rate?

* What is the signal-to-noise ratio under fast LC conditions?

* What is the data quality under fast LC conditions?

¢ Is the detector robust enough for the increased samples load?
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3.3.1 CONNECTING DETECTORS

When a fast LC system is connected to a detector, care must be taken to ensure that the detector
is well suited for the expected flow ranges and peak widths. Most manufacturers, especially those
offering dedicated systems for sub-2-micron particle columns, offer efficient UV detectors. Flow
rate is usually not an issue for UV and other flow-through cell-based detection systems. However,
flow rate can become limiting for dead-end detectors that alter the column effluent, mainly by
eliminating mobile phases such as ELSD, CAD, CLND, and mass spectrometers.

Determine that a detector does not cause significant band spreading by its design. For example
an ELSD detector may have a relatively large spray chamber. Check on its influence on peak widths.
Some manufacturers offer only one spray chamber for all applications; others present choices for
low to high-flow applications. The same principle applies to CLND detectors. Most MS interfaces
available today and especially the most commonly used ESI sources are specified for a flow range of
1 mL/min or less. Those that offer higher flow rates include Agilent’s Multimode Source (simultane-
ous ESI and APCI ion generation up to 2 mL/min), Applied Biosystems’/Sciex Turbo-V ion source
with the TurbolonSpray (up to 3 mL/min), and the Thermo Ion Max Source for APCI (2 mL/min
reduced to 1 mL/min for ESI). The dedicated source of the Thermo Surveyor MSQplus MS can
handle 2 mL/min in ESI as well as can Waters’ [onSABRE APCI source.

Staying within ion source specifications by direct connection without splitting the column efflu-
ent is possible only with short 2.1 and 3.0 mm ID columns or long 4.6 mm ID columns if sub-
2-micron columns are used and their advantage of reducing gradient time is to be exploited. In
fact, 3.0 mm ID columns represent good compromises for achieving unsplit MS connections while
avoiding the problems encountered with narrower diameters (particularly sensitivity to extra-col-
umn volume). Splitting should be always avoided because of the extra-column volume introduced
by an active or passive splitter, the peak shape disturbance that often occurs, and possible blocking
issues with a sprayer probe—in case an alternative flow path is available, precipitants at the sprayer
needle will not be washed away. Furthermore, when mass-sensitive probes like the APCI are used
for quantitative measurement, the split ratio must be precisely controlled.

3.3.2 DAT1A AcQuisiTION CONSIDERATIONS

If the LC part is optimized to deliver peaks in a shorter time or more peaks in the same time when
compared to a conventional method, we must consider the system’s ability to handle data. Because
the speed optimization described above will produce much narrower peaks, widths below 1 sec can
be achieved easily. However, the data acquisition rate and data filtering steps must be considered.

To identify a compound, five data points per peak may be sufficient. Quantitation may require at
least 10 data points across a peak. Many of today’s laboratories still house standard detectors (UV,
ELSD, fluorescence, etc.) with maximum data acquisition rates at or below 20 Hz. Many conven-
tional LC/MS methods acquire data at rates of 5 Hz or less. As shown in Figure 3.8, this is not suffi-
cient for modern speed optimized chromatography. Obviously, selecting the wrong data acquisition
rate will nullify all attempts to optimize chromatography.

Single quadrupole mass spectrometers in scanning mode achieve scan rates around 5000 to
10000 m/z/sec. A scan range of 1000 m/z results in a data acquisition rate of 5 to 10 Hz (actually
below 5 to 10 Hz because interscan delays must be considered). Probably the fastest single quad
mass spectrometers at the time of writing are the Agilent 6140 MSD (10000 m/z/sec), the Thermo
Fisher Surveyor MSQPlus (12000 m/z/sec), and Waters’ Acquity SQD (10000 m/z/sec). Even with
these fast scanning single quad MS systems, data acquisition rates may be too low to properly cap-
ture narrow peaks.

Careful setting of the scan range is recommended. The narrower the scan range, the higher the
number of data points per peak. This is not necessarily a linear relation; it can depend on the MS.
If a large mass range and fast data acquisition rate are required, a time-of-flight (ToF) MS would be
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FIGURE 3.8 Comparison of different data acquisition rates under fast LC conditions for (A) single-quad MS
varying from 1.4 to 22 scans/sec; (B) diode-array detector varying from 5 to 80 Hz; and (C) time-of-flight MS,
varying from 5 to 40 cycles/sec. (Courtesy of Agilent Technologies, Inc.)

the best choice. ToF mass spectrometers do not scan but acquire per transient the entire ion mass
range almost instantaneously. An Agilent publication'® discusses the principles of operation. These
devices are the fastest acquiring mass spectrometers with acquisition rates of up to 40 Hz at broad
mass ranges exceeding 1000 m/z.

Even if high data rates are supported by instruments, data quality must be carefully evaluated.
For example, based on physics principles, ToF mass spectrometers lose sensitivity at very high
data acquisition rates because fewer transients can be accumulated per data point. Orbital trapping
instruments are not so sensitive but they lose one of their great advantages, mass resolution, because
the shorter orbiting times mean fewer harmonic oscillations can take place. Resolution can drop
from 100,000 at a 1.9-sec scan cycle time down to 7500 at scan cycle times of 0.25 to 0.3 sec.?’ ToF
instruments do not show this dependency of resolution and data acquisition rate. Despite the fact
that they cannot reach the extreme resolutions as effectively as orbital trapping instruments, they
will outperform them at fast acquisition rates. Resolving powers of 14,000 for mass values ~200 m/z
are achievable even at a 20 Hz acquisition rate. Typically, no loss in mass accuracy (a key value) is
observed. For triple quad and other MS instruments with collision cells, the cells must be cleared
quickly enough to prevent cross-talk at high data acquisition rates. Fast scanning single quad mass
spectrometers should be able to deliver comparable data quality at high scan speeds, for example,
correct isotope ratios.

Another data acquisition consideration is data file size. A high speed LC/MS data file can eas-
ily reach dimensions of 20 MB/min if maximal information is required and the detectors are set to
broadest scan ranges and highest sampling rates without data reduction. LC/MS systems capable
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of acquiring MS/MS or even MS" will produce even larger data files. This will stress an acquisition
computer especially if other tasks are performed in parallel. Depending on the instrument connec-
tion, an installed virus scanner might examine each incoming data package from the detector. Net-
work traffic will increase if data files are stored centrally on a server.

Some optimization may involve storing UV spectra only in regions where a peak is detected or
centroiding of mass peaks, preferably done on a firmware level inside a mass spectrometer as an
option to high data volume profile spectra. Look for optimization possibilities in your acquisition
software or check whether such options are supported if you decide to buy a new instrument. Always
consider what data acquisition rate is really required. For example, it makes no sense to use an 80 Hz
data acquisition rate with a 150 mm length column even if it is packed with sub-2-micron particles
because peak widths will never drop below several seconds even with a perfectly optimized system
and at flow and pressure capabilities no commercially available instrument could achieve. Also,
attention should be paid to parameters like scan ranges (wavelength range or mass range) and depths
of MS levels for data-dependent MS/MS acquisitions.

A detector plays an important part in achieving overall performance when optimizing for very
short run times with reasonable peak capacities. The detector should match the optimized LC condi-
tions in terms of flow rate and dispersion. The electronics must accurately capture the peak form pro-
duced by the column; this is most important for quantitative analyses. The data quality may be limited
by the laws of physics at high speed. The amount of data produced over time can become an issue.

3.4 CYCLETIME OPTIMIZATION

We have discussed individual analyses and the demands to achieve optimization of instrumentation.
However, an analytical laboratory must deal with series of samples and we must consider another
factor if we want to optimize complete workflows: cycle time optimization. Cycle time is defined
as the time from finishing the analysis of one sample to the time the next sample is finished. This
can be easily determined on Microsoft Windows®-based operating systems by examining the data
file creation time stamps of two consecutive samples. A better way is calculating the average of a
reasonable number of samples.

Cycle time consists of several individual components. One is the separation time of a sample.
Another component is instrument overhead time that may be subdivided into conditioning, sample
preparation, and post-separation phases. The final component is system overhead time that covers
delays caused outside the LC modules (Figure 3.9). These times do not necessarily have to follow
the fixed order shown in the figure. In particular, the position of the instrument conditioning may
vary and the tasks do not have to be arranged linearly. Cycle times in early chromatographic systems

Cycle Time

Time for Generating System Overhead Time

Relevant Data \
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Conditioning Sampl'e Clean-up
Preparation Detection

e ———

Instrument Overhead Time

FIGURE 3.9 Breaking down cycle time in serial LCMS analysis.



Optimizing LC/MS Equipment to Increase Throughput in Pharmaceutical Analysis 109

were strictly serial processes. Refinements allow parallelization of many subtasks as will be dis-
cussed in the next section. This section focuses on optimizing the individual parts.

Conditioning relates mainly to the equilibration of the column but also includes balancing of
detectors (usually very fast) and resetting temperatures if temperature gradients are used. A classic
rule is that columns should be conditioned with at least 10 to 15 column volumes. For a 2.1 x 50
mm column, this means at least 1.0 mL (approximately 100 uL column void volume). Assuming a
reasonably fast analysis with a flow rate of 0.8 mL/min we would have to wait 1.25 min just for the
conditioning. For some fast LC applications the wait would be longer than the gradient time.

Full column conditioning may be very important if a method transfer is planned (for example, a
transfer from method development to a quality assurance or quality control laboratory). For analytical
laboratories using generic methods to analyze many samples per day, fewer column volumes may be
used and still yield excellent run-to-run repeatability and retention time precision. A single column
volume may be sufficient to establish a highly reproducible state of equilibration on a column, as
examined in detail by Carr et al.?! Series of analyses with methods using few column volumes for
equilibration should always start with two or three blank runs to ensure that the column is in a steady-
state before the first sample run starts. The equilibration state can be effectively monitored on the pres-
sure read-back of the instrument as illustrated in Figure 3.10. Using only two column volumes for a
2.1 x 50 mm column would require only 200 uL for equilibration and only 0.25 min equilibration time
at 0.8 mL/min instead of 1.25 min—a significant time saving.

Although detector balancing takes only a few seconds on typical instruments, the need to do so
should be assessed. The time and numbers of samples lost over time to balance a detector may be
considerable. Perhaps only a detector balance between sample plates will do. This can be accom-
plished by so-called pre-run macros or scripts that can be executed between individual sample lists
by many acquisition software packages.

The sample preparation step in Figure 3.9 in the simplest case would include only the aspira-
tion, but often steps like dilution, pre-concentration, and other treatments will be performed before
injection of the sample onto the separation column. This is easily performed on modern instruments
that allow injector programming and the use of additional valves. This will be discussed further in
the next section about parallelizing steps. If parallelizing is not possible and a purely serial analysis
is required, the required treatment should be abandoned or performed off-line.

Initial top pressure

[

Continuous top
pressure

Pressure

% organic

1. run 2. run 3. run 4. run 5. run
(blank) (blank) (blank) (sample) (sample)

Sample list started
Pump turned on

FIGURE 3.10 Development of column backpressure when a series of incompletely equilibrating methods
are applied (illustration). After an initial phase of blank runs, the pressure curve shows a continuous pattern
(illustration).
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The clean-up step mainly consists of washing the column and the process is sample-dependent. If sam-
ples are known to contain highly retained impurities, a thorough wash-out is required, usually by applying
several column volumes of a very high organic content mobile phase (usually 95 to 98% organic). If the
samples are known to be relatively pure (for example, samples coming from preparative purification for a
final quality check), a thorough column cleaning only after a certain number of samples may be sufficient.
Again, this can be accomplished by special wash methods or macros within a sample list.

The final issue is system overhead time. This is a complex matter that depends on many factors
and often requires improvement. System overhead time derives mainly from communication of the
acquisition software with the instrument modules (for example, downloading methods to the indi-
vidual modules), electronic handshaking among modules, data processing and file handling (writing
data to a disk drive, locally or via intranet). A key point for optimizing this contribution to the cycle
time is not to perform data processing directly after data acquisition. At a minimum, a chromato-
graphic data system should be capable of processing data off-line.

Good chromatographic data systems allow users to perform data processing online but asyn-
chronously. This means that data acquisition for the next sample on the list starts directly and the
processing of the prior sample starts as soon as computer resources are available.

Another feature of the control software should be the ability not to download the method at
the beginning of every run unless the method changes. Each time the control software downloads
method parameters, typically 2 to 5 sec are consumed in a situation where every second counts. The
more complex the instrument is (second pump, switching valves, additional detectors), the longer
the initialization phase will be before a run starts.

Two other critical issues related to system overhead time are the amount of data that must be
saved and the way the system stores data on the disk drive. Table 3.5 shows the cycle times measured
for an ultra-high-throughput DAD/ToF-LC/MS system using the same chromatographic method for
individual tests and acquiring different data amounts during individual runs. The run time of the
high-throughput method was 39 sec plus a 2-sec pre-run balance of the diode array detector, theo-
retically resulting in a shortest cycle time of 41 sec. The DAD was used in spectral acquisition mode
(with bandwidths of 1 and 2 nm and two different wavelength ranges) and in signal acquisition mode
acquiring one or two wavelengths. All runs were done at a data acquisition rate of 80 Hz. The ToF

TABLE 3.5
Comparison of Cycle Times and Achievable Daily Sample Throughput of DAD/ToF/LC/MS
System at Different Detector Settings

DAD ToF
Wavelength Data Rate Cycle Time Throughput
Type (Bandwidth) Centroid Profile (Hz) (sec) (samples/day)
Spectral 190 to 900 (1) X 20 62 1394
Spectral 190 to 900 (1) X 20 62 1394
Spectral 190 to 400 (2) X 20 59 1464
Spectral 190 to 400 (2) X 40 59 1464
Spectral 190 to 400 (2) X 30 58 1490
Signal 210/254 X 20 50 1728
Signal 210 X 30 49 1763

Method: 5 to 90% B in 0.5 min, water/ACN, flow 1.8 mL/min, 80°C, alternating column regeneration with 2 X 2.1 X 50 mm,
Zorbax SB C18, 1.8 um, stop time = 0.65 min = 39 sec, pre-run balance of DAD, 80 Hz data acquisition rate on DAD, mass
range 100 to 1000 amu.
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MS operated at 20 to 40 Hz data acquisition rates in centroid or profile mode and at a mass range of
900 amu. The resulting cycle times varied from 49 to 62.22 The longest system overhead time was
21 sec and the shortest was 8 sec—a difference of 260 percent! Translated into throughput, the dif-
ference equals almost 400 samples per day!

Interestingly, little difference occurs if a switch is made between profile or centroid data acquisi-
tion of a ToF instrument (rows 1 and 2) even though the data file size in profile mode is much larger.
As soon as DAD acquisition parameters are changed to produce less data by switching from full
spectral acquisition with a narrow bandwidth to lower ranges and finally to single wavelength data
acquisition, a significant drop in overhead time occurs. The reason is that with the here used system,
ToF data are continuously written to the disk drive during acquisition, and DAD data are buffered
to be added to the file at the end of the run. This is done during system overhead time. The larger
the DAD data, the longer the system overhead time. Such system details may exert big impacts on
throughput if very high sample numbers per day must be processed.

The throughput of fast LC analyses may be significantly improved if cycle times are optimized.
The cycle time involves different instrument-dependent and -independent parts. Optimizing the
equilibration time and data processing may produce the greatest influence but small additions (sec-
onds) to the cycle time should not be overlooked because optimization of cycle time can increase
throughput significantly.

3.5 PARALLELIZING LC/MS WORKFLOW STEPS

After discussing many points on optimizing serial LC/MS analysis, we will now consider the pos-
sibilities of parallelizing steps. Parallelization makes the biggest impact on sample throughput by
dramatically reducing cycle time, but almost any kind of parallelization comes with a corresponding
disadvantage. This section is about balancing the advantages and disadvantages of parallelization.
Figure 3.11 shows a review of Figure 3.9 with tasks parallel to the separation and multiplied tasks
to increase throughput. Already in Figure 3.9, the detection is parallel to the separation in what has
become the standard method of performing LC/MS today. This was not the case in the past when
mixtures were separated and fractions were analyzed off-line.

It is common in high-throughput analyses to perform sample preparation (Figure 3.11-1), which
in its simplest form is aspiration of a sample by an autosampler parallel to analysis of the prior
sample. Most commercial autosamplers support so-called overlapped injection or inject-ahead func-
tions and can significantly reduce instrument overhead time. Some autosamplers can handle more
operations. For example, a sample dilution can certainly be performed off-line by a pipetting robot,
but it may also be done online using injector programming, utilizing solvent troughs or large volume
vials to aspirate solvent, ejecting the solvent into sample vials, mixing by aspirating and ejecting,
and finally injecting the resulting diluted sample into the injector valve.

In our laboratories, a cycle time of 90 sec can be achieved with a dilution factor of 1:25 for a
given sample concentration, allowing the purity and identity control of two and a half 384-well
microtiter plates per day. The online dilution eliminated an external step in the workflow and
reduced the risks of decomposition of samples in the solvent mixture (weakly acidic aqueous sol-
vent) required for analysis. Mao et al.?* described an example in which parallel sample preparation
reduced steps in the workflow. They described a 2-min cycle time for the analysis of nefazodone
and its metabolites for pharmacokinetic studies. The cycle time included complete solid phase
extraction of neat samples, chromatographic separation, and LC/MS/MS analysis. The method was
fully validated and proved rugged for high-throughput analysis of more than 5000 human plasma
samples. Many papers published about this topic describe different methods of sample preparation.
Hy®6tyldinen?* has written a recent review.

Even for analyses that do not require high throughputs, online sample preparation will
reduce the risk of mixing up samples (which is a throughput reduction in a much wider sense).
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FIGURE 3.11 Different cycle time optimization possibilities achieved by parallelizing individual steps of
LCMS-analysis.

Typical instrument set-ups for online sample preparation, for example, solid phase extraction and
sample pre-concentration, require the control of a six-port valve with an additional special column
and a second pump. Ideally, this system will be fully controlled by the data acquisition software
(Figure 3.12 (A)).

A technically simpler approach to increase throughput is the use of a ten-port two-position
valve, an identical second column, and a second pump for alternating column regeneration (ACR;
see Figure 3.11-2 and 3.11-3). The idea is to parallelize column conditioning and possibly column
clean-up and it is supported by certain instrument manufacturers including Agilent, Dionex, and
Shimadzu (Figure 3.12). With short equilibration times involving only one or two column volumes
(see above), parallel equilibration will save even more time. The minimal requirement is an addi-
tional isocratic pump. If a gradient pump is used, it is also possible to perform column wash-out in
parallel. In the complete procedure, analysis is performed on one column while the second column
is rinsed in parallel, first with high organic content and then under gradient starting conditions. At
the end of the gradient on the first column the ten-port valve switches and the second column is
used to separate the components of the next sample. When combined with parallel sampling, this
technique allows dramatic reductions in cycle time. However one drawback in addition to operating
a more complex system must be accepted. The retention time precision is usually reduced because
two different columns are used alternately during analyses.
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FIGURE 3.12 Examples of valve solutions for optimizing cycle time by (A) online pre-concentration of sam-
ples using a six-port, two-position valve and (B) alternating column regeneration using a ten-port, two-posi-
tion valve. (Courtesy of Agilent Technologies, Inc.)

With alternating column regeneration, the cycle time can be reduced to 50 to 60% of single-
column fast LC operations. Obviously, the longer the gradient time is, the smaller the time saving
will be. The extent of time saving will ultimately be determined by the sample preparation step
and/or the time required for clean-up and conditioning. Commercially available serial autosamplers
still require 10 to 30 sec for aspiration, injection, and cleaning of the autosampler. Shorter gradients
would not achieve shorter cycle times. Care must be taken with optimizations involving an autosam-
pler. Carry-over may become an issue and should be monitored.

The highest throughput can be achieved when the whole separation step is parallelized
(Figure 3.11-4). Commercially available dedicated parallel HPLC systems are the Eksigent Express
800, the Sepiatec Sepmatic, and the Nanostream Veloce 24; see Welch et al.? for a comparison.
These systems use several standard or capillary columns (typically 8 but up to 24) and several indi-
vidual pumps or flow splitting after a single pump (typically a binary one). Autosamplers used for
parallel sampling are typically the 8-channel Gilson 215, CTC Analytics’ Dual-HTSPAL, or special
devices. Unfortunately, very few truly parallel detectors are available. Waters offers 4- or 8-channel
fully parallel UV detector. Sedere offers a 4 channel ELSD detector. The dedicated parallel HPLC
systems mentioned above use parallel UV or diode array detection.

On the LC/MS side, the offerings are limited. Other than certain prototype instrumentation®®
only Waters offered with its MUX technology a type of parallel mass spectrometer ion interface. The
Waters MUX technology does not truly operate in parallel, but multiplexes among combinations of
four or eight liquid streams. Combined with Waters’ LockSpray technology even an additional fifth
or ninth channel to introduce a reference mass was used.

The MUX interface uses a dedicated ESI sprayer for each liquid stream. The sprayers are
arranged perpendicular to the MS orifice. A sampling rotor within the source cuts parts of the spray
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out and allows entrance into the MS for analysis. The operation may be considered parallel for the
chromatographic time scale if the peaks do not become too narrow. Since one detector must split the
available duty time to several LC streams, data quality will be reduced accordingly when compared
to single stream LC/MS.

One disadvantage of all types of ultra-high-throughput instruments with multiple separation
channels is their linearly increasing complexity. A user may encounter problems like blocking chan-
nels or unevenly distributed solvent flows, resulting in varying retention times of a given compound
per LC stream (where only one pump is used with a flow splitter). Other types of channel dropouts
may occur and the problem of performing re-analysis of missing samples will have to be solved.
Perhaps the most important issue for ultra-high-throughput systems is how to analyze a backlog of
samples after a system breaks down. Using more systems that are less complex means the break-
down of one instrument just limits a lab in its throughput but does not stop its operation. The most
recent fast LC systems can almost the achieve same throughput as parallel detecting systems if
comparable data quality is assumed.

Most manufacturers of MSs offer another kind of parallelization of the workflow: instead of
repeated analyses of samples with different detection techniques, the analyses are combined into one
run. Fast positive and negative switching is now a common capability for many MS devices and dif-
ferent types of ionization techniques can be applied to reduce the number of repeats if a sample does
not ionize with a given technique. Agilent for example offers a simultaneously operating ESI-APCI
ion source that contains a zone in which ESI-type ions are generated; in a spatially separated area,
molecules not ionized by ESI may be ionized by APCI. Waters took a similar approach with its
ESCi source that switches electronically between ESI and APCI. Applied Bioscience/Sciex has a
DuoSpray source that switches between ESI and APCI ionization mechanically. Thermo and Waters
claim to achieve parallel ionization by APCI and atmospheric pressure photo-ionization (APPI) by
combining their APCI sources with Syagen PhotoMate APPI technology to increase the chances of
ionizing all compounds in a single analytical run.

For non-simultaneously operating multi-sources it is necessary to check whether the data quality
achieved is sufficient, especially for fast LC systems with very narrow peaks. A switching source
splits the available acquisition time for the offered ionization types and therefore reduces the true
acquisition rate of the mass spectrometer. However, simultaneously operating sources do not explic-
itly show which compound ionized with what technique. If this information is really necessary, two
separate runs must be performed.

Finally, parallelization can be achieved before LC/MS analysis when multiple samples are
pooled. This can be done directly before the analysis or even earlier in the workflow. Dunn-Meynell?’
et al. determined pharmacokinetic properties by dosing rats simultaneously with six new chemi-
cal entities (NCEs). Their LC/MS/MS analysis was done with a fast LC (85-sec cycle time) even
though columns with large particles were used. The data quality and reliability were discussed in the
literature and concerns were expressed about drug—drug interactions?® and ion suppression effects
for pooled and co-eluting compounds. (Note: Korfmacher et al. described the workflow as a cas-
sette-accelerated rapid rat screen (CARRS). See Korfmacher, W.A. et al., Rapid Commun. Mass
Spectr, 15,2001, 335.)

3.6 OPTIMIZING THROUGHPUT OF HIGH RESOLUTION LC/MS

The previous chapters have dealt mainly with LC/MS analysis involving short run times, many
samples, and relatively small numbers of compounds in samples. What about samples containing
very complex compound mixtures, for example, natural products, samples from biomarker discov-
ery, protein digests, and QA/QC method development or metabolite identification samples requiring
detection of every component? Such workflows often require several analysis steps with different
columns and different mobile phases and pH values to increase the separation probability by chang-
ing the selectivities of individual runs.



Optimizing LC/MS Equipment to Increase Throughput in Pharmaceutical Analysis 115

Resolution
)
jox)

FIGURE 3.13 Dependence on the resolution of two adjacent peaks from the separation selectivity, column
efficiency, and capacity factors of peaks. Curves were calculated by keeping values of two parameters con-
stant at the starting value and varying the third parameter.

As can be seen from Equation 3.7 and in Figure 3.13 describing the relation of the resolution of
two neighboring peaks to selectivity ¢, column efficiency N, and capacity factor k’, modifying the
selectivity exerts the biggest impact on resolution. Modifying k" helps only for very low values of
k', but the efficiency N greatly impacts resolution even though its influence grows only by its square
root. In contrast to selectivity, the influence on resolution of changing the efficiency of the column
is absolutely predictable.

R-O-LIN K (3.7)
a4 k+l
where o = selectivity, N = efficiency, and k,” = capacity factor of second peak.

The greater the efficiency, the better the separation probability. With very high efficiencies we
might reduce or even avoid the time-consuming changes of selectivity—time-consuming because
additional runs with other columns and/or other solvents must be done (even if automated and/or
performed in parallel). We have learned above that sub-2-micron particles increase the efficiency of
a column of the same length when compared to a conventional column with larger particles. Can we
save overall analysis time by avoiding selectivity changes by implementing sub-2-micron columns?
Yes, but only to a certain degree if we take experimental conditions, mainly the available backpres-
sure of the LC equipment and the acceptable run time, into account.

Using very small particles in long columns will indeed improve the efficiency (N ~ 1/d,) but it
will also over-proportionally generate higher backpressure (Ap~1/d,?). As a result, lower flow rates
must be used to meet the limits of the LC equipment and efficiency will be lost as soon as we reach
the left side of the minimum of the van Deemter curve in the diffusion-controlled region. On the other
hand, larger particles can be packed in extremely long columns to compensate for their lower resolv-
ing power—at the cost of long run times. This can be seen in kinetic Poppe plots that show time per
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FIGURE 3.14 (A) Isocratic Poppe plot for packed bed columns with different particle sizes. AP = 400 bar;
T =40°C; ¢ =500; n=0.69 cP; Dm = 1 x 10~ cm?/sec. Coefficients in reduced van Deemter equation were
measured on a 2.1 x 50 mm 3.5 um Zorbax SB-C18 column using heptanophenone in 40% acetonitrile v/v at
40°C (k' =20): A = 1.04; B =15.98; C = 0.033. Open triangles represent points where column length is 10 mm.
Open circles represent points where flow rate is at 5.0 mL/min. Dotted lines represent constant column dead
times. (B) Gradient conditional peak capacity Poppe plot for mixture of 11 peptides on packed bed columns
with different particle sizes. Same conditions as in (a) except that the diffusion coefficients of peptides were
estimated using the Wilke-Chang equation. Dotted lines represent constant gradient times. (Reprinted from
Wang, X. et al., J. Chromatogr. A, 1125, 2006, 177. With permission from Elsevier.)

plate—that is actually a measure of the speed of an analysis—versus the required efficiency. Carr
et al.” modified these plots for gradient elution and to a more intuitive representation in which gradient
time per peak capacity (again, a measure for speed) is plotted against peak capacity (Figure 3.14).

It can be clearly seen in the original Poppe plot and in the modified version for gradient separa-
tions (right) that for low resolutions (low efficiencies and peak capacities), small particles have a
clear advantage in time but high resolutions (more than 100,000 plates, peak capacities above 1000)
require extremely long analysis times—up to 10 days! The solution is to use very long columns
with larger particles. This theory was proven by Sandra et al. who coupled up to eight columns of
2.1 x 250 mm and 4.6 x 250 mm packed with 5-um particles together, achieving an overall column
length of 2 m. This approach enabled them to achieve 200,000 plates and peak capacities of 1000 to
separate tryptic digests® for analyzing PCB mixtures and drugs for impurities.!

Although the tryptic digestion analysis took 500 min, the overall time saving becomes obvious
upon reviewing the chromatograms. It is not difficult to imagine how many conventional separations
under different method conditions would be required to separate the same number of peaks. These
analyses were performed with commercial HPLC equipment. Even higher peak capacities were
reported in the literature. They involved the use of experimental instruments to deliver extremely
high pressures, for example, using capillary columns packed with 1-um particles and operated at
pressures of 6800 bars/100000 psi.*?

In addition to increasing the separation power in the chromatographic time domain, processing
can be expanded into the mass domain by using better resolving MS equipment. The highest resolv-
ing powers can now be achieved by the Fourier transform ion cyclotron resonance mass spectrometer
(FT/ICR/MS) that reaches total peak capacities exceeding 107 when combined with LC separation
because of its very high resolving power in the range of 10 full width at half mass (FWHM). The
resolution of a mass spectrometer is mass-dependent. Care must be taken when comparing instru-
ment specifications. Mass resolution can also depend on data acquisition rate, which is not very
important for high resolution LC applications but may become important for fast LC separations.
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Orbital trapping mass spectrometers achieve resolutions of up to 10° and would be the next
choice after ToF mass spectrometers if resolving powers above 10* are required. In addition to mass
resolution, the selectivity of an MS can be critical to distinguish between co-eluting and not mass-
resolved compounds. For example, typical triple-quad mass spectrometers usually cannot achieve
better than unit-mass resolution. However, special operation modes like neutral loss scans and pre-
cursor ion scans can filter out compounds of interest even if neither LC separations nor MS scans
would be sufficient to resolve these compounds (note that this is a filtering step).

Increasing the dimensions in LC/MS separations is another option to reduce time in the work-
flow by enhanced separation power, but it also increases the complexity of the instrumentation.
The use of comprehensive two-dimensional LC (2DLC)—using orthogonal separation methods like
normal- and reversed-phase LC together—allows extremes in chromatographic separation power to
be achieved. Ideally, the column used for the second LC dimension is operated under fast LC condi-
tions to attain good peak capacity in a short time. At the time of writing, only a few instruments and
appropriate software for 2DLC data acquisition and data processing were commercially available.

One problem with 2DLC is the need to match the two orthogonal separation mechanisms. To
date, the technique has not found a broad distribution but is a promising technology and “opens new
perspectives for the separation of complex mixtures.”*3 2DLC combined with MS and LC combined
with ion mobility spectrometry mass spectrometry (IMS/MS) are examples of expanding separa-
tions into three dimensions (two in the time domain, one in the mass domain). Ion mobility spec-
trometry allows separation of ions based on their drift times in a gas-filled electrostatic potential.3*
The time scale is much shorter (microsecond to millisecond range) than the chromatographic time
scale and fits ideally as an additional separation dimension. Because of its time range, it is usually
equipped with fast analyzing ToF MS. Besides offering additional separation power IMS/MS also
offers additional selectivity like separation based on molecule conformation. However, the disad-
vantages of IMS are poor sensitivity and a somewhat limited peak capacity.*

3.7 SUMMARY

Modern technologies provide many techniques for expanding the throughput of an analytical labora-
tory. The task that needs to be accomplished and the possible drawbacks should be carefully con-
sidered. Optimized LC equipment can utilize columns packed with much smaller stationary phase
particles to achieve significant reductions in gradient time while still achieving the same or even
better peak capacities than conventional methods.

Such columns are excellent “filters” and require more sample preparation to ensure the removal
of all solids. To benefit from the full power of LC optimization, the detectors must be optimized
as well. Data rates and duty times must match the narrower peaks in very fast (and well resolving)
separations. Careful consideration and optimization of all instrument components and software can
produce significant cycle time improvements of fast LC separations and further increase through-
put. An important aspect of cycle time improvement is parallelization of components of individual
analyses.

LC/MS analyses requiring high resolving power to separate all compounds present in a sample
may be optimized as well to increase throughput. Optimizing in the LC dimension utilizes smaller
particles as well; more radical approaches may involve a change in workflow toward extremely high
column efficiencies and peak capacities in contrast to the present common work flow of many indi-
vidual runs with modified selectivities.

In general, LC peak capacity can be reduced if it is counter-balanced by an increased MS peak
capacity in the orthogonal mass domain. Increasing the dimensions in LC/MS separations is another
option to increase overall peak capacity in a given time, but comes at a cost of increased complexity
of instruments and data evaluation. In the mass domain, highly resolving mass spectrometers round
out the choices. Nevertheless, every throughput optimization step should be viewed in relation to
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data quality, instrument complexity, robustness, ease of use (including training and maintenance),
and price—and always related to the complete workflow that may start or end outside the analytical
laboratory.
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4.1 INTRODUCTION

Like any businesses, bioanalytical laboratories perform operations that transform starting materials
(samples and supplies) into products of higher value (quality reports continuing accurate sample
concentration data). To maximize productivity and stay ahead of competition, bioanalytical scientists
continuously invent, reinvent, and implement processes and techniques that generate more accurate
and better quality reports with fewer resources (labor, time, capital, energy, and consumable goods).
These continuous optimizations of laboratory operations drove the bioanalytical laboratories to begin
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FIGURE 4.1 Gas Chromatogram of a 3 yL injection of a solution containing 10 ug each of DMSO, DMSO2,
and their deuterated analogues. The chromatogram was obtained using a 2 mm x 3 ft glass column packed
with Porapak R at 210°C. Helium was used as the carrier gas.

using high performance liquid chromatography (HPLC) in the 1970s. They automated sample prepa-
ration in the 1980s. In the 1990s and early 2000s, advances included replacing absorbance detectors
with mass spectrometers (MSs), using LIMS systems for data management, preparing samples in
SBS 96-well formats, and multiplexing LC/MS systems. This chapter describes the approaches to
increase MS throughput and provides fundamental information about the processes.

4.1.1 DEevELOPMENT OF MASS SPECTROMETRY AS LIQUID CHROMATOGRAPHIC DETECTOR

The mass spectrometer has been successfully used as a detection device for gas chromatography
(GC) for a long time. It is suitable to quantify analytes in complex matrices because the mass-to-
charge ratio (mm/e)-based MS technique provides sufficient selectivity in the presence of potentially
interfering background compounds. The ability of MS to distinguish an analyte from an isotopically
labeled analog has also been recognized. Isotope analogs have been used to compensate for varia-
tions in sample preparation and ensure specificity (Figure 4.1).! Because most early MS devices
provided only limited vacuum pumping capability, most GC/MS interfaces reduced the amounts of
carrier gases entering the MS. For traditional packed GC columns, the task was accomplished via
differential pumping (jet separator) or a membrane separator.

The lack of sufficient vacuuming capability made interfacing LC with MS an even greater chal-
lenge. Instead of 3 to 5 mL/min of helium from a typical GC, 2 mL/min of mobile phase from a
LC is equivalent to 1.1 L (CH,CN) to 2.5 L (water) vapor at atmospheric pressure. The flight path
of the ions in a MS requires a high vacuum to avoid collision. Therefore, early LC/MS interfaces
such as the moving belt interface which removes the HPLC solvent outside the vacuum chamber,?
and direct capillary interface limited the liquid volume and removed the bulk of the solvent with
cryogenic “fingers” around ion sources.® These approaches were successfully applied but were not
user friendly.

After the development of larger and more efficient vacuum pumps, more user-friendly LC/MS
interfaces of thermospray,*> and atmosphere pressure ionization,®” LC/MS earned its place in bio-
analytical laboratories. The resulting device was a powerful instrument that required significantly
more capital investment than HPLC/UV, GC, or GC/MS.
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Mass spectrometry detection gained the acceptance of bioanalytical scientists primarily based
on its higher selectivity compared to detection that relies on UV/visible absorbance. Absorption
spectra of aqueous solutions usually appear as broad absorbance bands. The selectivity provided
by UV/visible absorbance for a colorless analyte is usually very low. To detect a colorless analyte,
a wavelength setting below 210 nm is usually used. UV absorbance in this region is not specific
because most compounds containing hetero-atoms and multiple bonds absorb UV below 200 to
210 nm.

To achieve adequate specificity, a highly selective and efficient chromatographic separation is
required to ensure the observed peak is the intended analyte. On the other hand, MS detection is very
selective. MS detection is based on m/e and can achieve a unit mass resolution from several hundred
in the MS mode to tens of thousands in the MS/MS mode if a tandem mass spectrometer is used.
Therefore, the mass chromatogram of a sample extract usually contains only the intended analytes
and a simple chromatographic separation provides sufficient selectivity. In addition, LC/MS with its
structural related selectivity gives scientists confidence that the chromatographic peak detected is
from the intended analyte. The absence of background interference also allows a shorter separation
and sometimes a simpler sample preparation method. Figure 4.2 presents typical chromatograms of
plasma extracts for an Abbott compound from HPLC/UV and LC/MS assays.

Lengthy chromatographic separations are required for some assays such as assays for com-
pounds that generate steroidal isomeric metabolites, assays that require gradient elution, online
solid phase extraction, and assays for analytes that have different chemical and physical properties.
Even for these difficult assays, however, the chromatographic peaks from the analytes occupy only
a small fraction of total run time. Most mass chromatograms require a solvent front and time for the
autosampler to prepare for the next injection (Figure 4.3). These slots of time before and after the
chromatographic peak is eluted can be utilized by sharing a detector with other HPLC systems or,
in the absence of ion suppression, the next sample.

4.2 APPROACHES FOR IMPROVING THROUGHPUT
OF MASS SPECTROMETER

A mass spectrometer is usually the most costly detector in a bioanalytical laboratory. In the 1990s,
most bioanalytical laboratories did not have a sufficient number of MSs to meet the needs of every
project and scientist. Therefore, the optimum use of this type of equipment was a goal for many bio-
analytical laboratories and bioanalytical scientists adopted many approaches intended to improve
MS productivity. Two are described below.

4.2.1 DEeveLoPMENT OF FAST CHROMATOGRAPHY

Figure 4.4 depicts a LC/MS assay utilizing fast chromatography.® The throughput of the assay,
which used a 4 X 20 mm C4 column, was limited only by the cycle time of the autosampler. Heart-
cut column switching was not required because of the little background interference above m/e 300
in a thermospray mass chromatogram.

Unlike thermospray, most of the common ionization techniques for LC/MS do not proceed in
a vacuum (where ion densities are low). Compared to thermospray, the ionization efficiencies of the
modern techniques are greater and more molecules are ionized. The omnipotent ability to create
ions increased the chances of unseen interferences from the background peaks, commonly known
as effect of matrix or ionization suppression. Shortening the length of LC run time for modern
LC/MS is limited by the need to keep the analyte peaks away from potential interferences, seen and
unseen and the cycle time of the autosampler. Developing a short chromatograph is the first step
for a high-throughput LC/MS or LC/MS/MS assay. Timeshare MS is a scheme to obtain greater
efficiency beyond that obtained from optimized methods.
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FIGURE 4.2 (A) Chromatographic profile from extracts for an Abbott compound. The detection was UV at
205 nm. The identity of tracings (from bottom) are a reference standard, a blank plasma extract, a low limit of
quantitation sample, and a dosed sample (12 hour) from a study subject. A run time of 13 minutes and a liquid-
liquid extraction with back extraction is required for a rugged assay. (B) LC/MS tracing of a dosed sample (not
the same sample). A 2.5 minute run time is sufficient for the assay.

4.2.2 DEeTecTOR TIMESHARING

The first reported case of timesharing for a mass spectrometer? involved the design of an Ionspray®
interface with multiple sprayers to support the analysis of effluents from multiple columns. This
approach led to the development of a multiplexed electrospray interface (MUX)'® using an LC/MS
interface and multiple (identical) sprayers linked to a HPLC system and a spinning screen to allow
the output of only a single sprayer to enter the MS (Figure 4.5). The injections of the HPLC systems
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FIGURE 4.4 Arrow indicates chromatograms from three injections of SC-50267 and an internal standard
[D2]SC-50267. The last injection appears near the end of the display. A VG Trio-2 mass spectrometer equipped
with a thermospray LC interface was used. Samples were injected every 1.85 min—the cycle time of the
autosampler (Waters WISP). (Source: Chang, M. and G. Schoenhard, presentation at Pittsburgh Conference
and Exposition, 1993. With permission).
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FIGURE 4.5 Graphic presentation of MUX (not to scale). (Source: Sage, A.B. et al., Curr. Trends Develop.
Drug Dis., 2000, 15, S20. With permission.)

were synchronized. LC/MS with MUX allowed the collection of data from each HPLC system in
sequence into individual designated files and folders.

Using this technology, two or more complete mass chromatograms could be generated at the
same time although the dwell time for each data point and the sampling rate (number of data points
in time) are reduced as shown in Table 4.1. MUX and other multiple sprayer approaches require new
interfaces and MS software. The multiple sprayer approach is only available in limited models of
LC/MS instruments.

TABLE 4.1
Effects of Monitoring More lons and Channels on Data Points and S/N

Set Dwell Time to 200 msec #  Monitor 16 Data Points per Peak
of Data Points across the Peak Dwell Time (msec) for Each Channel Relative S/N

2 3 4 2 3 4 2 3 4
Analytes Analytes Analytes Analytes Analytes Analytes  Analytes Analytes Analytes

1 Channel 73 48 36 933 620 464 100 82 71
2 Channels 32 22 17 416 260 182 67 53 44
3 Channels 21 15 11 261 157 105 53 41 33
4 Channels 16 11 8 183 105 66 44 34 27
5 Channels 13 9 6 137 74 43 38 28 21
6 Channels 10 7 5 105 53 27 34 24 17
7 Channels 9 6 4 83 39 16 30 20 13
8 Channels 8 5 4 67 28 8 27 17 9

Estimated results for 30-sec wide peak with interion time of 5 msec and interchannel time of 50 msec. S/N calculated using
assumption that it is proportional to square root of dwell times.
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Most other techniques to enhance MS throughput such as cassette dosing!! and pooling of sam-
ples (sample extracts)'? do not require the modification of the spectrometer or specific spectrometry
software. These indirect approaches timeshare the MS by requiring it to monitor extra channels
for all the analytes. The data parcel size is measured in milliseconds and similar to MUX except
that the inter-channel time is shorter. Unlike MUX that stores chromatograms from each sprayer in
different files, all data from cassette dosing are kept in the same file. Therefore, the cassette dosing
and the sample mixing approaches are only applicable for analytes that do not interfere with each
other. Cassette dosing and sample pooling techniques are frequently used to improve bioanalytical
throughput in drug discovery and early development.

Another approach for increasing the throughput from an MS that does not require purchasing a
new MS or a new interface is LC,MS or staggered parallel chromatography. Unlike cassette dosing
and sample pooling, the approach does not require the mixing of samples. Therefore, each sample
maintains the integrity and data from each LC is stored in different files and folders. The data parcel
size is in minutes and the entire usable region of the LC/MS chromatogram is generally collected
in a single continuous file.

4.3 IDENTIFYING APPLICABLE ASSAYS

Certain assays may benefit from staggered parallel chromatography, for example, when (1) the same
assay must be performed for a large number of samples in a short time and (2) if the analytes of
interest that elute in a narrow window account for only a fraction of a chromatogram.

The LC/MS throughput enhancement approach developed in our laboratory in 1997 and 1998 used
multiple HPLC systems, each of which had dedicated HPLC pumps, autosamplers, and columns.

The effluent from each column was linked to a column switching valve as presented in
Figure 4.6. The valve was used to select effluent from multiple HPLC systems that fed into a
single sprayer. The injection of samples was staggered to allow sequential monitoring of the
data-rich window of the LC/MS chromatogram of each system. The data window was deter-
mined from a chromatogram of the reference mixture and peak drifting information obtained
previously or experimentally. Section 4.6.1 discusses determination of the column switching
window. Retention time stabilization techniques such as guard column regeneration are very
useful in maintaining the switching window without impacting the overall scheme. Guard col-
umn regeneration is described in Section 4.7. The following sections describe staggered parallel
chromatography in detail.

- LC-MS
HPLC System 2 Analytical Column 2 Detector
*@)°) (T
@)
To Waste
HPLC System 1
Y —| Analytical Column 1

FIGURE 4.6 Quantification of effluent from System 1. Effluent from System 2 is diverted to waste.
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4.4 THEORY

Figure 4.7 presents a chromatogram that hastens implementation of the LC,MS program. The LC
separation took about 13.5 min to separate metabolites that were structural isomers. The implemen-
tation of LC,MS made it possible to use a single MS to support a large clinical study.

The general LC/MS chromatogram contains four regions: (1) a data region that includes suf-
ficient baseline for appropriate integration, (2) a pre-data region from sample injection (S;..,) to
the start of data (Dy,,,), (3) a post-data region from the end of the data region (D,,,) to the end of
the HPLC run (HPLC,,,), and (4) a MS data process region (M) that allows the MS to finalize the
current data file and prepare for the next file. Figure 4.8 shows the LC,MS approach including
the controlling events. It is possible to arrange the packing differently (Figure 4.8a) to gain more
efficiency. However, the approach of interlacing chromatographic peaks requires absolutely stable
retention times, is difficult to program, and is not widely applicable. The sequence of events for best
data packing depends on a combination of factors. Figure 4.9 illustrates the variations that lead to
the following formulas.

For MS linked to a single LC, Equation 4.1 represents the cycle-time of HPLC:

Cycle time, ;s = HPLC,,, + @.1)
and the MS run length is
MS

= cycle time; ¢ s “4.2)

runtime
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FIGURE 4.7 Typical mass chromatogram.
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FIGURE 4.8 (B) Injections from HPLC system 1 and system 2 are packed according to the LC, MS approach.
(C) Injections from HPLC system 1 and system 2 are packed in an interlaced fashion. Although interlaced
packing of chromatographic peaks is more efficient, the packing pattern is difficult to apply.

(LC), MS: for LC run length greater than D1, + D1jepgp, + M + D2jpgpn

LC1 Inj #1 LC1 Inj #2
[ S1_inj [ DI start D1_end M LC_run end [ S1_inj [ D1_start D1_end |
[ S2_inj | D2_start D2_end M LC_run end [ S2_inj |
LC2 Inj #1 <— LC2Inj #2
S2ipj = Dleng + M — D2y Cycle time = LC run time

(LC), MS: for LC run length shorter than D1, + D1jepgen + M + D2jepgen

<— LClInj#l LC1Inj#2 ——m—>
[ Si_inj | DI_start D1_end end| [ Slinj | DI_start D1_end end |
[ S2_inj | D2_start D2_end end | [ Sl.inj | D1_start
<«<— LC2Inj#1 LC2 Inj #2
S2ipj=Dlepg + M = D2 Cycle time = D1, q + 2*M + D24 — D2¢¢

FIGURE 4.9 Graphic depiction of timing schedule.
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To save time, a bioanalytical scientist may end the MS data collection early such that M is included in
the post-data region. If this approach is used, Equation 4.1 is replaced by Equations 4.1A and 4.2A:

Cycle time, ;s = HPLC 4.1A)

end

MS = cycle time; - s — M 4.2A)

runtime

For an MS linked to two LC systems to perform staggered parallel chromatography, the MS data
processing region is at the end of data region for LC Systems 1 and 2. The events are presented in
Figure 4.9 and represented by the following equations:

Injection time; ¢ gygem 1 =0 4.3)

Cycle time; ¢,y = maximal of [(data region; ¢ (yem 1 + data region; ¢ g em » +2*M) +

HPLC, .4 1c sysiem 1 + HPLCong 1¢ sysiem 2] @4

MS starting timeLCisymmil = Dytare LC_system_1 .5)

Injection timey ¢ yyyem » = CYcle time; cyyg — Cycle-time; ey 1. system 2 4.6)
MS start time; ¢ _gygem 2 = injection time; ¢ gyem_ 2 T Dytar_Lc_system_2 @.7)

Since the eluent selection valve must direct the data-rich effluent from the LC system to the MS and
divert the effluent from the other LC system to waste, the timing of the valve control must follow
Equations 4.8 through 4.10.

Initial valve direction: MS receives effluent from system 2 4.8)

(Dytare_1c_system_1 —M) < switching time to receive effluent from system 1 < (Dyyr ¢ system 1) 49)

(MS start time; ¢_ggem o — M) < switching time to receive effluent from system 2
< (MS start time; ¢ yygem o) 4.10)

Note that the parameters for LC Systems 1 and 2 do not have to be equal and that LC System 1 may
perform a different assay from System 2 (column, mobile phase, assay run time, and data window
may be different). The batches performed on both systems may also contain different numbers of
samples.

4.5 BASIC CONSTRUCTION

4.5.1 FLuib DIAGRAM

Figure 4.10 presents fluid path diagrams for LC,MS. Figure 4.6 illustrates the LC,MS system con-
cept and Figure 4.11 depicts the actual fluid path for LC,MS. Based on Figure 4.6, the simplest
LC,MS system consists of two independent HPLC systems and a detector. Each HPLC system con-
tains a pump, an autosampler, and a column. However, instead of installing individual MS devices
for each HPLC system, the two HPLC systems share the same MS. The effluents from the HPLC
systems are linked to a three-way column switching valve that may stand alone or be the diverting
valve attached to the MS. The valve is used to collect the effluent from one of the HPLC systems for
detection. The fluidic system is similar to other HPLC column switching operations.
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FIGURE 4.10 Switching valve for four HPLC systems.
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FIGURE 4.11 Timeshare of MS without MS modification. Flow diagram also shows guard column regen-
eration set-up. (Source: Chang, M. et al., presentation at Pittsburgh Conference and Exposition, 2000. With
permission.)
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Injector 2

FIGURE 4.12 Control diagram for Scheme A1 showing use of MS bypass valve.

4.5.2 ELecTRONIC DIAGRAM

For an LC,MS system to function, the components must be synchronized and started according to
the parameters obtained from Equations 4.1 through 4.10. It is also critical to ensure that the HPLC
performance does not drift outside the set window. Many schemes for synchronizing LC, MS com-
ponents can be used. The scheme for LC,MS serves as an example.

4.5.2.1 Schemes for System Control

4.5.2.1.1  Use of Individual Autosamplers to Trigger MS
The time events are synchronized by one autosampler, and the diverting valve of the MS is used to
select column effluent to monitor. Figure 4.12 shows an electronic diagram for this scheme.

Hardware requirements — The system controller responsible for synchronizing the events
is defined as LC System 1. It requires at least two time event outputs to trigger the injection of
LC System 2 and start MS data collection. If MS fails, the injection of LC System 1 should be
inhibited. Autosampler with “ready-in,” “alarm-in,” and “stop” inputs indicate capability to be
stopped remotely. The autosampler of LC System 2 must be able to prepare a sample before the run
from LC System 1 is finished and hold the sample in the injector loop until an injection signal is
received. A manual injection input devices indicates that the autosampler can perform the required
function.

Programming — The LC systems are programmed normally except that LC System 1 run time
should be the run time of LC,MS as computed by Equation 4.4. The time events for LC System 2
injections and triggers to start MS data collection for both systems should also be programmed in
LC System 1. The MS sequence should collect the data from each batch in different folders and
use appropriate acquisition MS methods (run time = data region; ¢ ¢, | OF data region; ¢ ¢ gem 2)-
The methods should also position the diverting valve on the MS appropriately. The run time of LC
System 2 can be the HPLC run time of System 2 or an arbitrary entry (< HPLC run time of System
2 but after the content of the injection loop is loaded to the analytical column). LC System 2 should
be programmed to prepare the samples prior to the end of the run and the remote injection mode
should be selected.

Behavior — The LC,MS set up presented in Figure 4.12 will continue to trigger the MS to
collect the data files designated for LC System 2 even if System 2 fails. However, the files after the
point of failure contain only baseline information and are easily distinguished. The data files for
LC System 1 are not impacted by the failure of System 2. If stopping the injection for both systems
is the preferred action for the failure of LC System 2, System 2 must be able to communicate the
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FIGURE 4.13 Control diagram for Scheme A2 showing use of MS bypass valve.

error state to System 1 and stop the run as presented in Figure 4.13. If LC System 1 fails, System
2 will not be triggered. Thus, if the batch sizes for both systems are not equal, we recommend that
the larger batch be placed on LC System 1. The user may choose to collect extra empty files for LC
System 2 for ease of programming.

Alternative set-up — A dedicated column switching (column selecting) valve may be used in
place of the MS diverting valve or for MS systems lacking built-in diverting valves. The column
switching valve is controlled by an additional event or events. Thus, LC System 1 must have at least
three time event outputs instead two. If guard column regeneration is desired, additional time event
output is needed. Figure 4.14 shows that both LC systems may be operated as a single entity without
rewiring or re-plumbing. However, LC System 1 must be interrupted to prevent collection of data in
an incorrect folder if LC System 2 fails.

4.5.2.1.2  Use of Separate Timing Device to Synchronize MS and HPLC Systems
Figure 4.15 presents a diagram for this scheme that was developed based on a lack of sufficient time
event output from older equipment, leading to loss of data.

Event 1
. SCL#1 Inject SCL#2

Event 1(error

Stop/Alarm in

4,
¢
L )

Column
Selecting

<
&
g Valve

MS
1

MS Error (if available) MS Divert
Stop/Alarm in Valve

FIGURE 4.14 Control diagram for Scheme A3 showing valve not linked to MS.
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FIGURE 4.15 Control diagram showing use of third controller.

Hardware requirements — This approach relocates the synchronization of components to
a third controller, initially a HPLC system controller and later a National Instrument DAQ card
inserted in a PC or Macintosh computer to control the MS. A simple program written in Labview®
was used to schedule the output events. The third controller must have at least three I/O chan-
nels if the MS is equipped with a diverting valve, and at least four I/O channels if an external
column switching valve is used. Additional I/O channels may be used as back-up channels and
for monitoring LC,MS components. The output of the DAQ card is TTL high or low. A device
may be required to convert the TTL signal to contact closure if the LC,MS components require
such closures.

Programming — The third controller is programmed to trigger both LC systems, the start of
MS data acquisition, and the direction of the column selecting valve.

Behavior — Behavior issues follow the previous scheme except that the failure of LC System 1
will no longer automatically interrupt the batch. The user may decide to allow the batch to continue
for LC System 2.

Function verification of user program written in Labview® — We designed a simple device
that uses a chart recorder, a battery, and four resistors to verify that the program performs as
intended. Each arm of the programming tree was tested using different parameter entries. Figure 4.16
presents the raw data from one of the experiments.

4.5.2.1.3  Building Intelligence in Third Controller
This function is an extension of the Labview® program. The equations used to calculate controlling
parameters may be used within the Labview® environment. Instrument monitoring, positioning of
the system for data window determination, appropriate handling of user decisions such as pausing
a batch, efficient handling of different batch sizes, handling component failures, and running log
generation may also be pre-programmed. Figure 4.17 depicts a control screen.

Behavior — This scheme is similar to the previous one except that all control parameters are
calculated within the program.

4.5.2.1.4  Building Program Shell to Control (Download Operating Parameters to)

MS and HPLCs and Monitor Component Performance
This level of control requires a controlling script from the instrument vendor and is for more
serious programmers. Direct HPLC control by the MS and multiple staggered LC capabilities
provided by several autosampler and instrument vendors fulfill the function but may limit the hard-
ware used or require purchase of software/hardware.
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'3 03 13

FIGURE 4.16 Function verification of programmable interfaces. The top chart recorder tracing presents resis-
tor value equivalent to contact closure setting. The bottom tracing shows results of a verification experiment
and indicates that the program performs as designed. Entry with five runs for LC System 1 and three runs for
LC System 2. Event O (momentary) triggers the injection of System 1. Event 1 (momentary) triggers the start
of System 2. Event 2 (momentary) triggers MS acquisition. Event 3 (on/off) sets column-selecting valve.

4.5.2.1.5 Building Toaster System or Black Box
This hypothetical system requires minimal user inputs to determine a data window automatically
from reference injections or prior history of the method and coordinate the LC and MS components
as well as the LIMS system. This scheme is achievable with a small set of components but requires
an industry-wide standard for component flexibility.

FIGURE 4.17 Control screen of a program written in Labview®.
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FIGURE 4.18 Determination of data window. Final data window should span (include) data windows of new
and old columns. It should also include a region on each end of the data window to establish a chromato-
graphic baseline. The illustrations were created with Microsoft Excel®.

4.6 OPERATION

4.6.1 WINDOW DETERMINATION

The most important task for successful implementation of LC,MS is defining the correct data
window. It was recognized in the early phases of development that a narrow data window set-
ting risked chopping the peaks and invalidating the results. Conversely, an excessively wide
window setting resulted in a loss of efficiency. To set a data window appropriately, a bioana-
lytical scientist must determine windows using a new column and an “aged” column. The data
window is then set to encamp the two data windows plus margins for setting baseline and
random drift.

Figure 4.18 presents a hypothetical chromatogram to illustrate the importance of window
setting. The figure also illustrates the importance of maintaining good chromatography. Placement
of a separate in-line frit before guard columns, frequently changing guard columns, and use of
column switching to regenerate a guard column between runs are approaches that maintain chro-
matographic performance. They are discussed in Section 4.7.

4.6.2 ARRANGING MASS SPECTROMETER SEQUENCE

An LC MS batch consists of several runs of samples. Each run is prepared separately and
injected on a separate HPLC system. Each run contains a set of calibration standards, at
least two sets of quality control samples and unknowns. Most LIMS systems are designed
to generate sequence files for single runs. Because an LC ,MS approach injects alternatively
from multiple sequences, the direct output or exported files from the LIMS system must be
interleafed to create sequence files for the LC MS batch. Sequence files ensure that the MS
data from different HPLCs are stored in appropriate files or folders. Using a spreadsheet or
validated program as an intermediate to interleave individual run sequences to form the final
sequence is recommended. LC,MS supports HPLC systems that run different assays as long
as the source and the interface temperature remain the same. We used this approach to assay
a compound and metabolite in the same LC,MS batch using HPLC systems running two dif-
ferent LC methods.
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FIGURE 4.19 Setting the switching time using a chromatogram of analytes with only a guard column. Ana-
lytes eluted before switching time is loaded to the analytical column. Compounds eluted after switching time
are diverted to waste.

4.7 GUARD COLUMN REGENERATION

Guard column regeneration was used to maintain the performance of analytical column.!® The
technique was developed independently in our laboratory to maintain backpressure and the perfor-
mance of an HPLC assay using online SPE.* We applied the technique to LC/MS assays when SPE
or PPT was used for sample preparation.’> When the approach was applied to an LC/MS method,
it provided the added benefit of eliminating ion suppression from late-eluting background peaks.
Figure 4.11 is the fluid diagram.

The early elution compounds off the guard column are loaded onto the analytical column. If the
retention mechanisms of the guard column and the analytical column are the same, the compounds
eluted before the analyte from the guard column will elute before the analyte from the analytical
column and does not affect quantitation. The compounds that elute significantly later than the last
analyte are not loaded to the analytical column and are washed off the guard column to waste
in the reverse direction. Therefore, the analytical column is not exposed to phospholipids, lipids,
lipoproteins, and other late-eluting compounds that cause ionic suppression and deterioration of
column performance. The switching time of guard column regeneration is determined by using
analyte injections with a guard column only. Figure 4.19 presents an example for setting switching
parameters.

4.8 SELECTION OF HIGH-THROUGHPUT SCHEMES FOR LC/MS

Bioanalytical scientists responsible for method development should attempt to develop an efficient
and rugged method with short run times. In addition to higher throughput and less mobile phase
consumption, a method with a shorter run time usually yields greater response and better sensitivity.
Use of staggered parallel chromatography should be considered if sample numbers are large and
peaks of interest account for only a small portion of the entire chromatogram. We suggest that
laboratories setting up staggered parallel chromatography for the first time consult this chapter and
select an appropriate route. The Figure 4.20 flow diagram may serve as a guide.

4.8.1 SYSTEM VARIATIONS

This section discusses the development of custom-built systems of varying complexities. If a
scientists decides to set up an in-house staggered parallel chromatography system, it is beneficial to
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FIGURE 4.20 Process selection flow chart.

determine the complexity required. Figure 4.21 compares costs and returns for typical LC,MS and
LC,MS systems. The figures indicate that the additional benefit of adding an LC unit decreases as
the number of LC units increases. For example, if used at capacity, the addition of the first LC unit
to a LC/MS unit decreases the assay cost attributed to the LC/MS by 40%. The additions of second
and third LC units decrease the costs by 22 and 14%, respectively. If the LC,MS system was used
as LC,MS part of the time, the benefit of the LC,MS decreases rapidly. For the LC,MS set-up, the
benefit from an additional LC unit reaches 20% if the unit operates as LC,MS 50% of the time.

Relative Cost per Unit Productivity

0 T T T T T
1 2 3 4 5 6 7 8

Number of LC Units Linked to the MS

—&—At Capacity ——50% -=A=--30% = = X = =20% —6—10%

FIGURE 4.21 Each line represents a decrease of cost attributed to purchasing, depreciating, and operating an
LC,MS system at the utilization rate. The system is assumed to operate as an LC,MS system at other times.
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FIGURE 4.22 Maximal packing of chromatographic data.

Figure 4.22 presents the maximum number of LCs that may be used as a function of the width of
data window and might be helpful for determining the number of LC units needed.

4.9 USER FRIENDLINESS

It was noted during the early stages of implementation that the LC,MS system did not always
operate as LC,MS. The unit was used in a staggered parallel chromatography mode operated
only 20 to 30% of the time. Although operating at that capacity was still profitable (Figure 4.21),
using components of the LC MS to meet the specific requirements of other assays in between
LC,MS operations can be costly. It was often necessary to alter plumbing, electronic connections,
and function verification prior to use in LC,MS mode after use for other assays. An approach to
reducing the need to re-plumb is to design different levels of simpler instruments within a compli-
cated system. An example is to add a few manual switches or controller programs to allow LC,MS
to operate as LC/MS with or without guard column regeneration.

410 IMPLEMENTATION OF LCMS SYSTEM

It is sometimes necessary to describe the best scenario to initiate a process change. However,
improvements in capability or capacity (that may be predicted accurately) should be combined with
the predicted utilization rate of a multiplex system to provide realistic expectations to management.
A project may be judged a failure if the benefit produced falls short of the expected improvement
even if the process produced a net improvement over an old process. This is frequently the “missing
link” of an improvement initiative. This topic was addressed recently by Bremer.'® A user must eval-
uate the potential risks and benefits of implementing an LC MS scheme in his or her own circum-
stances. Setting realistic goals, obtaining management understanding and support, and providing
sufficient training for analysts to ensure the project is beneficial are the main steps in implementing
a successful system.

411 COMPARISON OF TIME SHARING MODES

MUX, cassette dosing, and sample pooling (parallel chromatography) approaches time-share MS
by reducing dwell windows or reducing the number of data points across a chromatographic peak.
These approaches in which the data parcels in milliseconds can monitor multiple channels rapidly
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for injections performed simultaneously. Entire chromatograms including portions that do not con-
tain usable information are monitored. The retention time presented on mass chromatograms is
correct for these approaches.

LC,MS approaches (staggered parallel chromatography) parse the work by assigning the MS
to an HPLC that is expected to generate useful data (at or near the retention time windows of the
analytes), resulting in minute-sized data packages. LC,MS approaches do not monitor portions of
chromatograms that do not contain analyte information. The retention times displayed are offset
(delayed) by the values from the sample injection until the start of data collection. Solvent front and
effluents after the analyte of interest may be diverted to waste and the MS data in the regions are
not collected. Both parallel and staggered parallel approaches are reliable and are used to determine
analytes in biological fluids. Unlike MUX in which several HPLCs may be operated simultane-
ously, the staggered parallel approach relies on a predetermined data window and synchronization
of the HPLC, valve, and MS. Table 4.2 presents the different modes of time sharing and the char-
acteristics of each scheme.

4.12 CONCLUSIONS

Staggered parallel chromatography is an efficient and capable tool for linking multiple HPLC
systems to a serial detection device, the mass spectrometer. The LC,MS version of the LC,MS
approach has been in continuous use since 1998 in our laboratory and has supported hundreds of
studies. The LC,MS scheme is now available from many commercial venders. However, for users
who want to utilize existing equipment and not purchase additional equipment, it is beneficial to
configure an ad hoc system from standard HPLC equipment as presented in this chapter.
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5.1 INTRODUCTION

The drug discovery and development processes are time consuming and costly endeavors. It has
been reported that on average it takes 10 to 15 years and costs more than $800 million to bring a
molecule from discovery to market.!> Compounds fail for various reasons. One that accounts for a
reported 40% of failures in clinical trials is poor pharmacokinetics.? In an effort to improve the num-
ber of compounds that exhibit optimal absorption, distribution, metabolism, elimination (ADME),
and pharmacokinetic (PK) properties and reach development, drug metabolism and pharmacoki-
netic scientists continually implement new technologies and compound screening approaches.

In a typical small molecule drug discovery paradigm, thousands of compounds are screened for
activity using high-throughput techniques to identify chemical hits. When hits are found, lead series
of compounds that are identified undergo hit-to-lead screening to determine selectivity, in vitro effi-
cacy, physicochemical characteristics, and ADME properties. As part of ADME screening, in vitro
assays are performed to determine stability in the presence of common metabolizing enzymes like
cytochrome P450, uridine 5’-diphosphate glucuronosyltransferase, and sulfotansferase. Metabolic
screens involve incubations with hepatic microsomal, S9, or hepatocytes and are highly automated
using 96-, 384-, or 1536-well plates. It becomes important to identify the structures of metabolites
formed in these assays so that the sites of metabolism (“metabolic soft spots”) on candidate mol-
ecules can be identified. Once identified, such structures can be modified by a medicinal chemist to
produce molecules with more desirable metabolic properties.*

141
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In vivo PK studies are performed in the course of drug discovery to assess parameters such as
clearance and bioavailability. In vivo metabolites of drug candidates are identified for a number
of reasons including identification of metabolic labile sites on the molecules and determination
of in vivo—in vitro correlations. Another reason for performing in vivo metabolite identification
studies is to determine whether any abundant circulating metabolites must be synthesized and
subsequently quantitated during toxicology and clinical studies. Any information about the bio-
transformation of molecules formed in vitro or in vivo will aid in the elucidation of metabolite
structures in radiolabeled mass balance studies and help select the proper toxicology species
for drug development submissions. Screening for potential reactive metabolite formation is con-
ducted during the discovery stage.>® Hence, metabolite identification plays a large role in the
overall drug discovery process.

In terms of throughput, metabolite identification techniques have not kept pace with other ADME
screening procedures. In DMPK, liquid chromatography/tandem mass spectrometry (LC/MS/MS)
is used for the quantitation of drug candidates from in vitro and in vivo studies. These quantitative
experiments have reached a level that could be described as high throughput in that sample process-
ing is automated and the analysis is performed with triple quadrupole mass spectrometers in the
multiple reaction monitoring (MRM) mode with fast run times (shorter than 5 min). Identification of
the biotransformation pathways of drug candidates usually involves a separate group of experiments
that require longer LC gradients and run times. Recent developments in MS instrumentation coupled
with software improvements paved the way for dramatic increases in the speed by which metabolite
identification can be accomplished in complex biological matrices.

It is not the goal of this chapter to provide complete coverage of all the aspects of metabolite
identification using LC/MS/MS in drug discovery and development. Rather, we wish to summarize
the instrumentation and software advancements that led to and enabled a high-throughput approach
to metabolite identification in support of drug discovery. The interested reader is referred to several
excellent literature sources for more comprehensive coverages of metabolite identification in drug
discovery and development.®-1?

5.2 TRADITIONAL APPROACH TO METABOLITE IDENTIFICATION

The metabolism of xenobiotic compounds is generally divided into two broad categories: Phase
I and Phase II. Phase I pathways of metabolism (or biotransformation) include oxidation, reduc-
tion, hydration, isomerization, and other miscellaneous reactions. Phase II reactions, also known
as conjugation reactions, include glucuronidation, sulfation, methylation, acetylation, amino acid
conjugation, glutathione conjugation, and others. Phase I biotransformations often serve to intro-
duce a polar functional group into a molecule that may act as a site for Phase II conjugation with a
suitable endogenous moiety, for example, glucuronic acid. In the 1960s and early 1970s, structural
elucidation of metabolites involved extensive sample clean-up and metabolite isolation followed by
analysis using physicochemical techniques such as MS and nuclear magnetic resonance (NMR).
The introduction of the triple quadrupole mass spectrometer by Yost and Enke in 1978 for mixture
analysis'? paved the way for metabolite identification to be performed in a relatively rapid manner
in drug metabolism laboratories.

Perchalski, Yost, and Wilder first described the use of triple stage quadrupole mass spectrom-
eters for primary drug metabolite analysis by first obtaining a product ion scan of the parent drug
molecule and subsequently using precursor or parent ion scans to search for metabolites in biologi-
cal matrices containing common substructural features.!* The technique was limited to the analysis
of primary drug metabolites since chemical ionization with direct probe insertion and gas chroma-
tography/mass spectometry (GC/MS) sample introduction were employed. Rudewicz and Straub
reported the use of LC/MS/MS on a triple quadrupole for drug conjugate analysis.!®> They described
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the use of a neutral loss scan of 176 amu for glucuronide conjugates and a neutral loss of 80 amu
for the detection of aryl sulfate esters in biological matrices. The added separation power of LC
with the specificity of the triple quadrupole scanning functions greatly facilitated the identification
of drug metabolites including thermally labile drug conjugates such as sulfates, glucuronides, and
glutathione conjugates.'!7

The introduction of pneumatically assisted electrospray (ionspray) and the combination of this
technology with triple quadrupole MS greatly increased the applicability of this methodology for
the detection and identification of thermally labile drug conjugates.'® Although drug conjugates
could be detected with thermospray ionization, the sensitivity was poor: thermally labile conjugates
degraded during the ionization process. For example, with ionspray, the sensitivity for glucuronide
and sulfate conjugates of the androgen receptor antagonist, zanoterone, was approximately two
orders of magnitude greater than when thermospray was used.!® The combination of electrospray
ionization with triple quadrupole mass spectrometry has been used successfully since the early
1990s for metabolite identification in DMPK. Since then, significant developments in both hardware
and software have increased the speed of metabolite identification and the quantities of information
acquired in LC/MS/MS experiments.

5.3 LC/MS INSTRUMENTATION DEVELOPMENTS:
ION TRAP TECHNOLOGIES

A major advancement that exerted a large impact on metabolite identification is the commercial
development of ion trap mass spectrometers. A triple quadrupole MS selects ions by changing
the ratio of RF/DC voltages applied to quadrupole rods. Only ions of a particular m/z are stable
at any one time and able to traverse the lengths of the quadrupoles. All other ions with unstable
trajectories are lost and therefore wasted. A three-dimensional (3-D) ion trap contains two end cap
electrodes and a ring electrode and can serve as an ion storage device as well as a scanning MS.
Consequently, the sensitivity of an ion trap in full scan and product ion mode is better than that
obtained via a triple quadrupole mass spectrometer. A 3-D ion trap provides sensitive full scan
spectra as well as MS/MS and MS" fragmentation. There is, however, a low mass cut-off of 30%
for obtaining product ion spectra. Another limitation of ion traps is space charging effects created
when the ion density becomes too large inside the trap. Three-dimensional ion traps are especially
susceptible to space charging because of their geometry. Although space charging can be miti-
gated by software developments like Automatic Gain Control, ion traps are not used routinely for
robust quantitative analysis in the pharmaceutical industry. In addition, ion traps do not scan in the
neutral loss or precursor ion mode in a conventional fashion. For a thorough description of 3-D
ion trap mass spectrometers and their scanning modes, the reader is referred to a review article by
March.?

The development of a two-dimensional (2-D) linear ion trap based upon a triple quadrupole ion
path rail as first describe by Hagger?! significantly impacted metabolite identification capabilities.??
This instrument has a QqQ rail design; the third quadrupole works as either a normal quadrupole
mass filter or a 2-D ion trap capable of axial ion extraction (Figure 5.1). This type of linear ion
trap design, commercially known as the QTRAP, is capable of performing scan functions normally
associated with a triple quadrupole MS such as precursor or constant neutral loss scans. In addi-
tion, sensitive enhanced product ion (EPI) spectra may be acquired using the ion trapping capability
of Q3, without the usual 30% low mass cut-off of a 3-D ion trap. Sequential MS? data can also be
obtained with a QTRAP. For metabolite identification purposes, the QTRAP combines attractive
features of both triple quadrupole and ion trap MS. Since the QTRAP can also serve as a normal
triple quadrupole, it can be used for routine quantitation and consequently offers DMPK scientists
more flexibility.
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FIGURE 5.1 Ion path for 4000 QTRAP, showing linear ion trap design in Q3. (Courtesy of Applied Biosystems,
Foster City, California.)

5.4 LC/MS INSTRUMENTATION DEVELOPMENTS: HIGH RESOLUTION

During the 1960s and 1970s, high resolution sector mass spectrometers were used to obtain accurate
data for metabolite identification purposes. Often, the metabolites of interest had to be isolated and
purified with the aid of a radiolabel. Due to the nature of the electron and chemical ionization tech-
niques employed, this approach was mostly limited to the analysis of primary drug metabolites. For
the analysis of thermally labile drug conjugates, enzymatic or chemical hydrolysis followed by the
analysis of the primary metabolite or parent drug was performed. Derivatization for certain types of
drug conjugates was also done to enhance volatility. With the introduction of fast atom bombard-
ment (FAB) in the 1980s, it became possible to directly obtain accurate mass measurements for
glucuronide and sulfate drug conjugates using magnetic sector MS. Routine LC/MS high resolution
experiments using sector instruments were somewhat difficult to carry out because of the high voltage
potential of the ion source and the susceptibility of the mass spectrometer to contamination.

With the advent of hybrid orthogonal quadrupole time-of-flight instruments (qToF), more drug
metabolism laboratories could perform high resolution experiments using electrospray LC/MS and
MS/MS.?? The reflectron ToF mass analyzer allowed routine mass resolution of 10,000 full width at
half maximum (FWHM) peak height to be achieved in the full scan and product ion mode. Accurate
mass data expedites assignment of correct elemental compositions to molecular ions and product
ions of metabolites. Hence metabolite structures can be assigned with greater confidence and in
many instances differentiation of isobaric ions becomes possible. Indeed, using a qToF MS at a
resolution of 10,000 full with half maximum (FWHM) means accurate masses and elemental com-
positions can be assigned within 5 parts per million.

A recent development in high resolution mass spectrometry that has the potential to make a
large impact on metabolite identification is the introduction of the LTQ-Orbitrap mass spectrom-
eter.”*> As the name implies, this MS is actually a combination of two mass spectrometers, an LTQ,
and a new type of mass analyzer design (the Orbitrap component; see Figure 5.2). An Orbitrap mass
analyzer consists of two electrodes, an inner spindle electrode and an outer, coaxial, barrel electrode.
Ions are trapped and oscillate with characteristic frequencies using electrostatic fields within the
Orbitrap. The radial frequency is used to measure mass-to-charge ratio using a fast Fourier trans-
form. The LTQ-Orbitrap possesses all the properties of a linear ion trap with high sensitivity MS and
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FIGURE 5.2 Ion path for LTQ-Orbitrap. (Courtesy of Thermo Fisher Scientific, Waltham, Massachusetts.)

MSr" capabilities. However, ions may then subsequently be detected at unit resolution using an elec-
tron multiplier or, alternatively, focused in a C-Trap (Figure 5.2) and then transferred and detected at
high resolution using the Orbitrap. In our experience with the LTQ-Orbitrap, ions may be measured
with a resolution of approximately 60,000 with online LC/MS in the full scan mode.

5.5 SOFTWARE IMPROVEMENTS FOR METABOLITE IDENTIFICATION

To meet the demands of high-throughput metabolite identification in drug discovery, not only have
new liquid chromatography and mass analyzers been introduced but also software programs for the
automation of metabolite detection, acquisition of MS/MS spectra, and interpretation of MS/MS
data have greatly improved. More than a decade ago, Cole et al. developed a rapid automated bio-
transformation identification (RABID) procedure that represented a breakthrough in the develop-
ment of automated LC/MS/MS methodology for the identification of drug metabolites.?6 RABID
detects any component whose molecular ion’s mass-to-charge ratio differs from that of the parent
drug by a common biotransformation modification and records the molecular ions of these putative
metabolites with their retention times. This information is then utilized in a second analysis that
constitutes a retention time-dependent automated LC/MS/MS procedure that allows LC/MS/MS
data on predicted metabolites of a drug in a complex mixture to be obtained in two chromatographic
analyses.

In a subsequent development, a novel, real-time peak detection algorithm known as intelligent
automated LC/MS/MS (INTAMS) was developed for the analysis of samples generated by in vitro
systems.?’” INTAMS also requires two separate chromatographic runs for each sample. It allows the
user to detect the two most abundant ions of all components and also any predetermined metabolite
precursor ions. In the second chromatographic run, INTAMS conducts automatic product ion scan-
ning of molecular ions of metabolites detected in the first full scan analysis.

As the demand for metabolite screening in drug discovery has increased, MS vendors have
developed metabolite identification software packages such as MetaboLynx (Waters Corporation),
Xcalibur/Metabolite ID (Thermo Finnigan), and Analyst/Metabolite ID (Applied Biosystems) to
facilitate metabolite detection and LC/MS/MS acquisition automation. These software packages
contain lists of editable common biotransformation reactions for the rapid detection of drug metabo-
lites through comparison of reconstructed ion chromatograms of test and control samples. Sam-
ples are screened for expected metabolites according to predicted gains and losses in molecular
masses relative to the molecular mass of the parent drug. After metabolites are detected, the software
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automatically constructs retention time-based product scan methods with which one can acquire
MS/MS data with additional injections. Due to scan speed limitations, usually only three analytes with
a triple quadrupole or eight analytes with ToF MS can be analyzed simultaneously in each period.

Data-dependent acquisition ability has been developed and incorporated into most software
packages [MetaboLynx, Xcalibur, and Analyst Information Dependent Acquisition (IDA)]. In data-
dependent acquisition mode, a mass spectrometer decides “on the fly” whether to collect MS/MS
or MS" data, remain in full scan MS mode, or conduct other survey scans based upon user-defined
criteria. Product ion spectra of potential metabolites can be automatically acquired in a single LC/
MS run. However, false positives may be generated due to highly intense matrix ion signals that may
inadvertently trigger MS/MS or MS" scan functions.

As an alternative, a targeted analysis based on a list of the m/z values for potential metabolites
(list-dependent data acquisition) can provide product ion spectra for many metabolites within a
single LC run. The list of potential metabolites can be predicted based on experience or by utilizing
cheminformatic-based data mining and substructural similarity search software packages, such as
MDL Metabolite, Accelrys Metabolism, MetabolExpert, METEOR, and META. The integration of
knowledge-based predictions of drug metabolites with data-dependent LC/MS/MS allows one to
rapidly identify major metabolic pathways of a given drug.?$?

More advanced automated software algorithms, such as Waters’ MetaboLynx™, Applied Bio-
systems’ Lightsight,™ and Thermo’s MetWorks™ have recently become available to detect bio-
transformations for metabolites. Essentially, these software algorithms are designed to compare and
contrast each sample with a control sample. Nevertheless, searching for unexpected metabolites
can be performed in the absence of a suitable control using multi-dimensional data searches. For
example, MetWorks contains options such as component search, isotope pattern, chromatogram
search, and biotransformation search. Both Lightsight™ and MetWorks have integrated mass frag-
ment functions capable of predicting CID fragmentation patterns for organic compounds. Lightsight
incorporates MS manager developed by Advanced Chemistry Development (ACD) Laboratories.
MetWorks uses Mass Frontier developed by Thermo to accomplish this task. Ideally, these software
packages may eventually provide the opportunity to automate the entire identification process from
metabolite detection, to MS/MS or MS" acquisition, spectrum interpretation, and report generation.

Also in the area of software development, a complementary data processing method called mass
defect filtering (MDF) introduced by Zhang et al. takes advantage of the high resolution accurate
mass measurements of drug metabolites.’* MDF is based on the premise that under high resolution/
accurate mass conditions, most predicted Phase I and II metabolites with molecular weights in the
200- to 1000-Da range have mass defects below 50 mDa when they are compared to the value of
the parent compound. (One notable exception is the formation of a glutathione adduct that results
in a mass defect of +68 mDa.) MDF is useful in simplifying ion chromatograms, thereby making it
easier to locate metabolites. Several MDF applications for high-throughput metabolite identification
have been published.3!-33

5.6 RECENT DEVELOPMENTS IN DRUG DISCOVERY
METABOLITE IDENTIFICATION

One obvious starting point for enhancing throughput for metabolite identification is to shorten the
chromatographic run times. This must be accomplished, however, without a loss of chromatographic
integrity that is so often a crucial aspect of identifying metabolites in biomatrices. Good chromato-
graphic separation is often needed to reduce matrix ion suppression effects** and obtain adequate
separation of metabolites, especially isobaric or isomeric metabolites.’> As an example, Dear et al.
reported using monolithic columns for the identification of the metabolites of desdebrisoquine.3¢
Monolithic columns contain silica rods instead of silica particles and allow much higher flow rates
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with lower HPLC backpressures relative to normal 2.1- or 4.6-mm internal diameter HPLC col-
umns. The authors reported the separation of seven hydroxylated metabolites with a run time of
1 min. In another study, fast gradient elution using short (2 cm) HPLC columns with a triple quadru-
pole or qToF mass spectrometer was employed to increase the throughput of in vitro drug discovery
metabolite identification.?’

Castro-Perez et al. described the use of ultra-performance liquid chromatography (UPLC)
coupled to a quadrupole ToF MS.*® UPLC columns are packed with sub-2 pm particles, allowing
greater separation efficiency at higher HPLC flow rates. The authors compared results obtained
for the separation and detection of N- and O-dealkylated metabolites of dextromethorphan and the
hydroxylated metabolites of prochlorpemazine using HPLC/MS and UPLC/MS. With UPLC, better
chromatographic separation was achieved with faster run times and better sensitivity. Several manu-
facturers now sell versions of UPLCs, including Thermo (Accela), Waters (Acquity), and Agilent
(1200 Rapid Resolution).

Castro-Perez and co-workers also described the use of a five-channel MUX interface to a qToF
mass spectrometer for parallel LC/MS high resolution analysis for in vitro and in vivo metabolite
identification.® They reported a four-fold throughput increase. However, inter-channel cross-talk
and a three-fold reduction in sensitivity relative to a single sprayer system were comparable to
results reported by Yang et al. in quantitative bioanalytical applications.*® In general, implementing
this technology in a metabolite identification laboratory for routine support of drug discovery is
challenging. Nagele and Fandino reported the use of a conventional single electrospray qToF mass
spectrometer combined with column switching using a two-position ten-port valve for the simul-
taneous determination of the metabolic stability and metabolite identification for buspirone.*' The
metabolic stability determinations were performed with a short (2.1 x 50 mm, 1.8 pm particle size)
C18 column. Metabolite identification experiments were performed with a longer (2.1 x 150 mm,
1.8 um particle size) C18 column with a 17-min gradient elution. Herman reported the use of turbu-
lent flow chromatography for the identification of in vivo metabolites in rat plasma and bile.*> The
samples were diluted and the metabolites of interest were focused on an analytical column using a
Cohesive system.

5.7 SIMULTANEOUS QUANTITATION OF PARENT DRUG
AND METABOLITE IDENTIFICATION

The introduction of new MS instrumentation led to a paradigm shift allowing the quantitation
of new chemical entities and the simultaneous structural characterizations of their metabolites.
These operations can often be performed in the same timeframe as a high-throughput quantita-
tive LC/MS/MS experiment. The generated data are then used to characterize the biotransforma-
tions of new chemical entities, enhancing the overall speed of the drug discovery process within
DMPK. Cai et al. carried out this approach using LC/MS/MS with a 3-D ion trap mass spectrom-
eter for the in vitro analysis of dog microsomal incubations of o-la receptor antagonists.*> The
samples were pooled after incubation into four cassette groups. A computer program was used to
generate the pooled groups to avoid isobaric metabolite interference. The metabolic stability for
each compound was determined by comparing the peak intensity of the molecular ion for each
compound at the 0- and 60-min incubation time points. Since full scan data were acquired, ion
chromatograms for putative metabolites for each compound were reconstructed from the 60-min
incubation run. After metabolites were detected from the full scan data, MS/MS and MS? analy-
ses were used to confirm their identities in a subsequent run. A similar approach was used for
quantitation of drugs and metabolite identification in pooled plasma samples from in vivo
discovery pharmacokinetic studies.** Kantharaj et al. also used a 3-D ion trap for the simul-
taneous determination of the metabolic stability of drugs in microsomal incubations and
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metabolite identification.*> Zhang et al. used ToF MS to perform rapid quantification and simul-
taneous metabolite biotransformation elucidation for compounds dosed to rats via cassette.*¢
The accurate mass capability of the ToF analyzer was utilized to identify metabolites. Quantitation
of a parent drug with a ToF instrument is possible but suffers from a low dynamic range when com-
pared to a triple quadrupole MS.

Newer hybrid instrumentation including the MDS Sciex 4000 QTRAP and the Thermo Electron
LTQ-Orbitrap allows quantitation of drug candidates with simultaneous structural characterization
of their metabolites within the timeframe of a single high-throughput quantitative LC/MS/MS
experiment. For example, with the 4000 QTRAP, during the quantitative analysis of a drug candi-
date, MRM transitions derived from the parent compound are automatically compiled and scanned
from mass shifts of common biotransformations. When putative metabolites are found, the linear
ion trap is used to obtain enhanced sensitivity product ion spectra during the same chromatographic
run. These data are then used to characterize the biotransformations of new chemical entities. This
methodology using an API 4000 QTRAP for drug discovery PK studies*’ and an LTQ-Orbitrap for
in vitro samples*® has been presented and several other studies have also been published.*->! The
next section describes an application of this protocol in a drug discovery pharmacokinetic study
in rats.

5.8 QUANTITATION OF DRUG CANDIDATE WITH SIMULTANEOUS
METABOLITE IDENTIFICATION: APPLICATION

The hybrid triple quadrupole linear ion trap, 4000 QTRAP, may be used for the simultaneous quan-
titation of a parent compound and characterization of metabolites by combining MRM-triggered
information-dependent acquisitions (IDAs) using ion trap product ion scans in an iterative looped
experiment. As a first step, the parent compound to be administered in vivo is infused into the 4000
QTRAP and a product ion spectrum is obtained. Using fragment ions that represent major sub-
structures of the compound and common neutral loss masses for secondary drug conjugates, a pre-
formed list of potentially formed MRM transitions is designed. If any transition is detected above
a pre-defined peak intensity threshold, enhanced product ion (EPI) spectra are obtained using the
linear ion trap on the two most abundant ions in each scan.

In a typical protocol, the sequence of experiments would be as follows: (1) MRM for the parent
compound; (2) a search for hits using the MRMs included in the biotransformation table; and (3)
performance of EPI scans on the two most abundant ions found in the MRM scans from the biotrans-
formation tables. An exclusion list is incorporated for those transitions that one wants to eliminate
from enhanced product scan data acquisition.

Experimental — Compound A was administered orally by gavage to rats at a dose of 5 mg/kg.
Samples were collected at 0, 2, 5, 15, 30, 60, 120, 240, and 480 min. Aliquots of 25 uL of plasma
were processed using protein precipitation with 100 pL of acetonitrile. A Phenomenex Gemini,
2 x 50 mm, C18 column was used along with a 5-min gradient. The mobile phases were 0.1% formic
acid in water as A and 0.1% formic acid in acetonitrile as B. The flow rate was 0.2 mL/min. The
mass spectrometer was an Applied Biosystems, 4000 QTRAP hybrid MS with a Turbo ionspray
source. The acquisition methods were MRM/IDA/EPI and MRM quantitation. The MRM channels
were based upon a biotransformation table constructed from the product ion spectrum of the parent
drug and common as well as predicted Phase I and Phase II metabolic pathways. The IDA threshold
was set at 500 cps, above which EPI spectra of the two most intense ions were collected. For quan-
titation of the parent compound A, a weighted 1/x (x = concentration) quadratic regression was used
to construct a calibration curve containing ten standards ranging from 5 to 10,000 nM. Structural
information was obtained using EPI scans of metabolites with ion counts greater than 500 cps in
MRM survey scans.
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FIGURE 5.3 MRM chromatograms of compound A and its metabolites.

Results and discussion — The top panel of Figure 5.3 is the ion chromatogram corresponding
to the MRM transition for the parent compound. The individual ion chromatograms for the MRM
channels of three major metabolites detected with this method are also shown. They correspond to
a glucuronide of the parent compound, a hydrolysis product, and the glucuronide of the hydrolysis
product. Structural data for these three metabolites were also acquired using MRM/IDA/EPI. These
enhanced product ion spectra acquired using the linear ion trap mode were similar to those obtained
with a triple quadrupole, with better sensitivity. The EPI spectra for the parent compound and three
metabolites are shown in Figure 5.4.

The calibration curve for the parent compound obtained using normal MRM only is shown
in Figure 5.5; it is very similar to that obtained using MRM/IDA/EPI (Figure 5.6). Moreover, the
quantitative results for the parent compound from this pharmacokinetic study are very similar to
those obtained using the normal MRM-only measurement. In Figure 5.7, the plasma level concen-
trations using both approaches are compared by plotting MRM (x axis) versus MRM/IDA/EPI (y
axis). The line has a slope of 0.99 and an r> of 0.98 indicating that the two methods produced very
similar results. This is further demonstrated in Figure 5.8 plotting the pharmacokinetic profiles of
the parent compound using both the MRM and the MRM/IDA/EPI measurements. They are in
agreement and are acceptable for drug discovery pharmacokinetic support. The MRM/IDA experiment
allows identification of biotransformation pathways and plotting of the time profiles of their abundances
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FIGURE 5.7 Correlation of concentrations of compound A in rat plasma generated by MRM and MRM-IDA.
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FIGURE 5.8 Comparison of PK profiles using MRM and MRM-IDA after PO administration in rats.

(Figure 5.9). The responses for the three metabolites are plotted as a ratio of the metabolite to the
internal standard used to quantitate the parent compound as shown in the figure. This is a relative
response, not an absolute quantitative measurement. Nevertheless, for a drug discovery application,
it is useful to gain as much information as possible about major pathways of biotransformation.
For high clearance compounds, metabolic soft spots may quickly be elucidated and addressed by
blocking or modifying sites of metabolism. Moreover, the propensity to form reactive or potentially
toxic metabolites may also be discerned. Hence, as demonstrated by this example, it is possible to
both quantitate a parent compound and also identify and characterize metabolites within a single
experiment.

—e— Glucuronidation
—=— Hydrolysis
Hydrolysis + Glucuronidation

Area Ratio (Analyte/IS)

~—

0 . . E— ,
0 50 100 150 200 250 300
Time (min)

FIGURE 5.9 Time course profile of metabolites of compound A after PO administration in rats.
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5.9 CONCLUSIONS

Since the original outline of the general methodology for metabolite identification in the 1980s, the
application of LC/MS/MS for metabolite identification has followed the paths of both software and
LC/MS hardware developments. Along the way, the speed, throughput, and information content for
drug discovery support have markedly improved. Nevertheless, some of the same difficulties and
limitations from the 1980s still exist.

To obtain absolute quantitative metabolite levels, one needs either a radiolabeled parent com-
pound or a synthetic metabolite standard—often not available in early drug discovery. Hence, the
metabolite abundances are estimates based upon their relative electrospray ionization efficiencies
that may vary greatly with structure. Ion suppression may also greatly reduce or totally mask the ion
intensity for a given metabolite. Another limitation of these techniques is the possibility of missing
a major biotransformation pathway. The biotransformation tables used to search for metabolites
are based either upon (1) the substructures of the parent compound and theoretical changes that
can occur to these substructures or (2) the difference in mass that would result from a conjugation
reaction. Unusual changes like a ring cleavage may be difficult to predict and consequently missed
entirely.

As is often the case, further collaboration between LC/MS/MS instrumentation vendors and
DMPK scientists will undoubtedly help to reduce these disadvantages in the future. For example,
nanoelectrospray ionization has been shown to reduce ion suppression and also yield more uni-
form responses with compounds that have widely varied structures.’>33 In addition, software that
more accurately predicts putative metabolites and works in conjunction with extensive libraries of
metabolic pathways for existing compounds will help reduce uncertainties in search algorithms.
Technology advancements in mass analyzer design and the introduction of hybrid instruments with
high resolution capabilities along with further software development will pave the way for a greater
realization of high-throughput metabolite identification of new chemical entities in support of drug
discovery.
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6.1 INTRODUCTION

High-throughput techniques for qualitative and quantitative analysis are currently in great demand
due to requirements for increased productivity in the pharmaceutical industry. Researchers employ
these techniques to eliminate bottlenecks in drug discovery, subsequently enabling them to make
informed decisions about drug candidates earlier in the discovery process. Early drug discovery
has notoriously been a source of bottlenecks and frustration for the industry. Analytical chemistry,
which constitutes a significant component of the drug discovery process, is an area where progress
was limited by available techniques and no significant improvements occurred for decades.

The advent of combinatorial chemistry produced compound libraries that significantly increased
in size and diversity. Consequently, the expansion and diversification of compound libraries gener-
ated greater demand for technology that increased analytical throughput.! In addition, early determi-
nation of solubility, purity, log P, and other physiochemical properties limited downstream attrition
of compounds due to poor ADME properties,? thus leading analytical chemists to evaluate technolo-
gies that provide higher quality data along with increased throughput.

Assay development and high-throughput screening (HTS) are also critical processes utilized
early in the discovery phase. These processes have suffered from data uncertainty resulting from
traditional methods of developing biochemical assays. The ensuing high frequency of false positives
generated from HTS exposed the importance of gathering information about every compound in a
library to improve confidence in screening results. Advances and developments in early discovery,
in particular those involving high-throughput techniques, aid in the optimization of the processes
described above.

Additional technologies for high-throughput screening and combinatorial chemistry have failed
to deliver on the promise to increase productivity and left many skeptical about their future uses.?
Drug discovery companies that employ HTS have come to realize that these technologies created
bottlenecks in compound management and lead optimization. Questions about the time involved
in developing an assay appropriate for a high-throughput screen and the reliability of information
obtained from screening campaigns led to a trend to explore separation-based assays. Therefore,
high-throughput separation techniques are emerging as new ways to reliably and reproducibly iden-
tify active compounds.

One technique often referred to as the workhorse of analytical chemistry and providing many
advantages for assay development is high performance liquid chromatography (HPLC).* Improve-
ments made to conventional HPLC systems allow greater accuracy and precision. To increase
throughput for many analytical applications, conventional HPLC systems can be employed in a
serial fashion with shorter columns and faster cycle times. However, these systems suffer from
their intrinsic low-throughput natures when used in serial mode in addition to resulting in applica-
tions that are time-consuming. Further, conventional HPLC instrumentation presents a significant
bottleneck in profiling large sets of samples and analyzing data. In recent years, ultra-throughput
LC systems have significantly reduced analysis time. These changes have only been incremental to
a linear process for sample analysis that eventually faces a finite limit.

Recent technological developments in automation combined with advances in microfluidics led
to the development of a novel microparallel liquid chromatography (#PLC) system (Nanostream,
Inc.) that enables high-throughput chemical analysis and a separation-based approach to biochemi-
cal assays. The advantage of microfluidic technology is that it enables complex chemical and bio-
logical reactions to be executed and analyzed with microliters (and submicroliters) of samples.
This technology is especially applicable to drug discovery, where the manipulation of complex
and expensive biological fluids is required. Furthermore, pharmaceutical companies desire to con-
serve expensive samples and seek technologies that allow minimum use of valuable resources. With
microfluidic technology at its core, yPLC miniaturizes HPLC analysis by enabling 24 simultaneous
separations and real-time UV and fluorescence detection. In this way, and operating in a truly paral-
lel fashion, yPLC systems allow for the analysis of more samples in less time.
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FIGURE 6.1 Tradeoff between throughput and selectivity in evaluating analytical technologies.

This microparallel analysis provides the ability to analyze a large number of compounds,
increase the number of replicates or conditions used in a study, and reduce solvent consumption and
mixed waste generation. Nanostream, Inc. has developed instrumentation for yPLC with different
capabilities suited for diverse applications (e.g., the Nanostream CL system for high-throughput LC,
the Nanostream LD for assay detection, and the Nanostream CX for sample preparation).

When evaluating available techniques, scientists have had to determine trade-offs between data
selectivity and analytical throughput as exemplified in Figure 6.1. When these parameters (selectiv-
ity versus throughput) are considered, it is clear that HPLC and LC/MS deliver highly selective
information, but yield lower throughput when used in a serial format. Plate readers, the traditional
tools of biochemistry assays, produce uncertain results because they are not sensitive to compound
purity and identity. However, this uncertainty in data quality is a trade-off for throughput. To maxi-
mize speed, biochemists design homogeneous assay formats, but this approach increases the num-
ber of potential false positive results. uPLC affords researchers increased sample analysis capacity
without compromising data quality.

Chemical analysis applications such as characterization of ADMET, physiochemical property
profiling, compound library purity, and routine analyte quantitation are ideal uses for yPLC. For
example, Wielgos and Havel* validated the use of 4PLC for routine measurement of lactic acid and
demonstrated an increase in throughput without a data quality compromise. yPLC offers the advan-
tages of a separation-based approach while enabling high-throughput chemical analysis and reduc-
ing sample consumption, solvent usage, and waste generation. Typically, analytical chemists in both
compound library management and in discovery analytical laboratories have utilized yPLC with UV
absorbance detection and, in cases where greater sensitivity was desired, fluorescence detection.

For biochemical assays, yPLC allows direct quantification of substrates and products using a
much-valued separation-based approach that allows development and optimization of challenging
enzymatic assays faster and with fewer false positives. The separation-based approach employed
by uPLC dramatically reduces assay development time from months to a few days. Since substrate
and enzymatic products are separated prior to detection, UPLC enables development of difficult
assays, such as analyzing enzymes with low kinetic activities and enzymes that cannot be analyzed
on existing platforms.

Separations allow quantitation of each component, yielding greater degrees of certainty in
results. This approach is less prone to interference because the signals due to substrates and products
are followed and other components present in the samples can be separated from those of interest
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(i.e., substrates and products). This produces more reliable data. In addition, the separation-based
approach offers greater flexibility in attaching a tag anywhere on a substrate, which in turn, speeds
development time.

UPLC also yields advantages for secondary screening applications because it allows the iden-
tification of false positives by repeating analysis of hits from primary screens. For example, if an
inhibitor appears fluorescent, the assay results could potentially be distorted. By using uPLC for a
secondary screen, the technology detects the inhibitor because it is quantitated separately. In ther-
apeutic areas where high-throughput processes are typically unnecessary, biologists can employ
UPLC to develop assays for hard-to-target substrates. As an example of this type of application, the
NIH Chemical Genomics Center reported data from secondary screening results for active verifica-
tion employing Nanostream’s yPLC system coupled with HTS,’ and determined that the combina-
tion of concentration-response screening and chromatographic follow-up via yPLC dramatically
reduced the number of false positives. Jezequel-Sur et al.b described the results of successful evalu-
ations of a Nanostream UPLC system as a platform for secondary screening on kinase drug targets.
As with the results presented by Yasgar et al., 4PLC in this case permitted the identification of false
positive hits previously obtained by FP and TR-FRET.

In addition, yPLC with time-triggered fraction collection is used for chromatographic sample
preparation in bioanalytical applications, i.e., drug metabolism and pharmacokinetic profiling. For
the clean-up of complex samples, PLC allows LC fractionation prior to MS analysis. Sample
preparation is followed by analysis using MS/MS. The increased analytical throughput offered by
UPLC allows users to significantly increase productivity of their existing MS/MS equipment. The
use of the yPLC could potentially yield up to a ten-fold increase in MS/MS productivity compared
to online LC/MS/MS. For example, Mehl et al.” demonstrated the rapid sample clean-up of complex
biological mixtures employing yPLC with fraction collection capabilities coupled to MS. When
compared to other methods such as SPE, LLE, and PPT, only the yPLC method did not produce a
level of ion suppression, therefore providing a “more effective sample clean-up method.” Lloyd et
al.® demonstrated that this approach improved MS efficiency and allowed the delivery of samples
on MS time scales.

The next section describes the utilization of yPLC for different applications of interest in the
pharmaceutical industry. The part discusses the instrumentation employed for these applications,
followed by the results of detailed characterization studies. The next part focuses on particular
applications, highlighting results from the high-throughput characterization of ADMET and physi-
cochemical properties (e.g., solubility, purity, log P, drug release, etc.), separation-based assays
(assay development and optimization, real-time enzyme kinetics, evaluation of substrate specificity,
etc.), and sample preparation (e.g., high-throughput clean-up of complex samples prior to MS (FIA)
analysis).

6.2 INSTRUMENTATION OVERVIEW

6.2.1 GENERAL OVERVIEW

The pPLC system described in this chapter is equipped with 24 parallel columns for liquid chro-
matography, each with its own sample introduction port and exit port for connection to detectors of
choice (UV absorbance and/ or fluorescence). Flow from a binary solvent delivery system is divided
evenly across 24 channels and results in 1/24 of the programmed pump flow rate through each column
(i.e., total flow of 300 uL/ min will produce a flow of 12.5 uL/ min in each column). Samples are
introduced to the columns by a multichannel autosampler configured to sample from either 96-
or 384-well SBS standard plates. Figure 6.2 depicts a general view of the system.

The truly parallel approach of this technology permits many different samples to be separated
simultaneously using a minimum number of common system components such as pumps and pulse
dampers. To increase the automation of the system, a plate loader and exchanger that accommodate
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FIGURE 6.2 uPLC system.

SBS standard microplates may be integrated as shown in
Figure 6.3.

6.2.2 SOLVENT DELIVERY

Mobile phases employed for the separations are housed in
a cartridge and delivered to the LC columns through a set
of binary HPLC pumps (Shimadzu Corporation), as shown
in Figure 6.2. The pumps provide a flow rate accuracy of
12% or 2 uL. (whichever is greater) in constant flow pump-
ing mode, with a flow rate precision of £0.3%. A degasser
(two channels; internal volume of 195 uL/channel) is also
housed in the pump module employed to minimize the
occurrence of air bubbles.

Mobile phase programming (for isocratic or gradient
modes) is accomplished through the software that provides
full control of the modules and components of the uPLC
system. The total flow for the runs (that may be variable) is
set via the system software. The total flow from the binary
pumps is split evenly into 24 streams; this delivers 1/24 of

Detector Detector

UV Lamp
Filter Wheel FD Lamp

AN

Flow Cells | <"  —mmmm

Optical
Detector

FIGURE 6.3 yPLC system with auto-
matic plate exchanging mechanism.

the total programmed flow to each column within the cartridge (see Section 6.2.3 below). If the total

flow (combined flow from both pumps) is set at 240 uL/

min for a particular run, the actual flow

received in each column will be 10 yuL/min. As shown by the preceding example, the per-column flow

rates employed in this system are significantly smaller than

those commonly employed in traditional

HPLC and LC/MS instrumentation. This difference in flow rate results in a significant saving of

mobile phases needed for the analysis.

6.2.3 BRIO CARTRIDGES

At the heart of the system is a cartridge that houses 24 liquid chromatography columns. This cartridge
enables multiple samples to be analyzed in parallel. The 24 incorporated columns may be packed with
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many different standard stationary phase materials.
Each parallel column has its own sample introduc-
tion port and exit port for connection to detectors of
choice. Mixing and distribution of the mobile phase
to each of the 24 columns is precisely controlled
in each cartridge. The cartridges are made of poly-
meric materials and subjected to very rigorous and
controlled manufacturing processes in which many
different layers of material are bonded to generate
the desired solvent and packing channels, as shown
in Figure 6.4.

This construction method yields chemically
resistant cartridges with high bond strengths. These
properties allow the cartridges to withstand col-
umn packing processes and subsequent operation
after insertion into the yPLC system. Figure 6.5 is
a composite diagram of a cartridge. As shown, dif-
ferent channels are created in a single cartridge to
house the packing material to be employed in the ) )
separations and transfer the mobile phase to the LC HGU.R E.4 leferf?nt layers of poly merte

L. . . material employed in the manufacturing of
co}umns. The packing inlet prfasent in the cartridge Brio cartridges employed in tPLC systems.
(Figure 6.5) is employed to distribute the packing
material into the 24 columns during a slurry pack-
ing process. After the device is packed, all the packing structures are filled with packing material
with the exception of the channel leading from the waste frit to the waste outlet. The samples to be
analyzed are placed onto the columns (by an autosampler; see Section 6.2.4) at the injector frits and
transported downward to the outlet frits.

The frits in the cartridges are intended to retain stationary phase material in the separation chan-
nels (columns) while permitting the passage of the mobile phase during separations. Each frit is
constructed from a permeable polypropylene membrane with an average pore size smaller than the

AN

it /l Waste Frit |
R R R R R R R R R R R R R R

Injector Pit
njector Pits = | Solvent Inlet

EE SR A S AR ESE R EEEREESEEERSGIEIT

FIGURE 6.5 Packing and solvent channels present in Brio cartridges employed in uPLC systems.
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FIGURE 6.6 Brio cartridges with different designs employed in uPLC systems.

average particle size of the particulate to be packed within the cartridge, to ensure that the packing
material is successfully retained within the cartridge. When separation takes place, the mobile phase
is transferred from the pump module into the solvent inlet present in the cartridge (Figure 6.5). The
mobile phase pushes through the splitter network, through the first set of frits, through the injector
pits, and then through the injection frits and onto the columns.

The columns present in the cartridges have specific dimensions, depending on the type of design
employed. For example, in some of the most common cartridges, the columns are 80 mm long, with
rectangular cross sections of 1 mm width and 0.2 mm height, resulting in a equivalent circular cross
section of ca. 0.5 mm. Other designs accommodate columns with equivalent circular cross sections
of 1.0 mm. These cartridges allow for housing of more packing material on a per-column basis, lead-
ing to increased practical resolution during applications.

Another type of cartridge design employs shorter 30-mm columns with equivalent cross sec-
tions of 0.5 mm, ideal for faster separations. The volume of sample that can be injected into these
cartridges also varies with design and depends on the application sought. Some designs allow a
maximum injection volume of 1.0 uL; other designs increase this range to accommodate up to
5.0 uL of sample. Figure 6.6 shows the most common Brio cartridges. The cartridges are packed
with many different stationary phases, such as C18, modified C18 for hydrophilic compounds, C8,
C4, phenyl, etc. The ultimate choice of cartridge design and packing material depends on the desired
performance for specific experimental protocols and throughput requirements.

6.2.4 AUTOSAMPLER

After the cartridge is inserted into the system, samples are introduced to the columns housed in
a cartridge by a multichannel autosampler configured to sample from 96- or 384-well SBS stan-
dard plates. When 96-well plates are employed, the autosampler is configured with six needles. For
384-well plates, the autosampler is designed for eight needles. The autosampler is coupled to an
8-channel (or 6-channel for sampling from 96-well plates) syringe pump module.

Figure 6.7 depicts an autosampler employed in a yPLC system. Figure 6.8 details the
autosampler component. Samples are transferred from the desired well in the microtiter plate into
the columns of the Brio cartridge. If a 384-well plate is employed, the autosampler will carry out
3 sets of 8 injections into the columns, for a total of 24 columns. The solvent (mobile phase) does
not circulate in the cartridge but is diverted into a backpressure regulator located in the waste line
(Figure 6.2). This process of injection is known as stop-flow injection. After all samples are placed
into the injection pits of the 24 columns in the cartridge (Figure 6.5), a clamp containing a seal
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Autosampler

Syringe Pump Assembly

FIGURE 6.7 Autosampler employed in uPLC system.

gasket is displaced down to seal the cartridge, after which the mobile phase starts to circulate through
the cartridge, evenly split through the solvent tree within the cartridge, as represented in Figure 6.5.
After the mobile phase reaches the injection pits where the samples are, it pushes the samples into
the columns where separation takes place.

The automation process is controlled by a user-friendly software application, with an intui-
tive graphical advanced user mode for tuning and set-up. The depth of the autosampler needles
used for sample transfer into the analytical columns can be carefully controlled to sample the
solution at the desired height from a microtiter plate (e.g., to sample supernatant solution with-
out disturbing precipitate if present). As with any liquid handler, the autosampler allows control
of desired top-off volumes, volumes employed for rinsing (aspiration and dispensing), number
of iterations employed during washing, and other factors. The system is designed with a total of
three rinsing stations that can accommodate different compositions of washing solutions required
to minimize sample carry-over. The selection of washing solution depends on the composition
of the samples used.

FIGURE 6.8 Autosampler employed in uPLC system. Note eight-head autosampler above the rinsing station.
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FIGURE 6.9 Individual flow cell employed for UV absorbance detection in yPLC systems. The shaded chan-
nels represent fluid (sample + mobile phase) pathways; the clear channels represent the light pathways. The
flow cell counts with a U-shape design since liquid is transported in a U-shape within the flow cell.

6.2.5 DEetecTION: ULTRAVIOLET ABSORBANCE AND FLUORESCENCE

While separation takes place in the cartridge housed in the instrument, samples elute from each
column through 24 individual exit ports as shown in Figure 6.5. The ports are connected to a bank of
24 flow cells employed for UV absorbance detection. Figure 6.9 depicts one of the individual cells
employed. Figure 6.10 shows an overall view of the UV absorbance detection mechanism.

The light source employed for UV absorbance detection is a deuterium lamp that provides a
usable range of 200 to 350 nm. Filters are housed in a wheel that allows automatic filter selection
(controlled by the system software) for single wavelength determinations. A total of five filters can
be accommodated in the filter wheel; the most common filters for several applications are 214,
254, and 280 nm. As shown in Figure 6.10, light from a deuterium lamp passes through the filter of
choice and is coupled through optical fibers to the individual flow cells. Light from the optical fibers
reaches the sample present in the U-shaped flow cell and the amount of light that passes through
after absorption in the sample (also transferred by individual optical fibers) is determined by pho-
tomultiplier tubes.

Some yPLC systems are equipped with UV absorbance detection, and other systems allow for
both UV absorbance and fluorescence detection. Fluorescence detection increases the sensitivity
and selectivity of certain applications and is the method of choice in many separation-based assays.
The liquid (mobile phase + sample) leaving the individual flow cells designated for UV detection
is transferred through capillaries to a bank of 24 flow cells designated for fluorescence detection.

—
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FIGURE 6.10 Ultraviolet absorbance detection.
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FIGURE 6.11 uPLC system with time trigger fraction collection capabilities.

The light source is a 75 W xenon arc lamp. Excitation and emission filters are chosen according
to the particular application and based on the fluorescent properties of the analytes of interest. For
example, for tetramethylrhodamine (TAMRA) labeled compounds, it is common to use an excita-
tion filter of 525 nm (40 nm bandwidth) and an excitation filter of 585 nm (40 nm bandwidth). Light
from the xenon arc lamp is transferred to the flow cells employing a liquid light guide. Light emitted
by the fluorescent species after relaxation to the ground state passes through the emission filter prior
to reaching a back-illuminated CCD used for detection.

6.2.6 TiME TRIGGER FRACTION COLLECTION

For certain bioanalytical applications such as those described in the previous section, it is desirable
to collect analytes of interest while separation in the yPLC system takes place (e.g., for follow-up
by MS). To collect the analytes, the yPLC system may be equipped with a time-triggered fraction
collection mechanism. This system allows the selection of time intervals in which samples will be
diverted (after passing through the detectors) to the selected wells of microtiter plates. Figure 6.11
shows an overall view of a system with time-triggered fraction collection capabilities. Figure 6.12
depicts the system along with a detailed view of the collection sampler employed.

As shown, the system incorporates an integrated plate changer that accommodates plates for
analysis as well as plates for collecting fractions of interest. Plates can be of different formats for
sampling and collection, for example, a 384-well plate could be used for samples and a 96-well
plate for collection (of course, the same plate type may be used for both sampling and collection).
The system also incorporates a dedicated rinse station at the fraction collection end. The number of
fractions and the time intervals for collection are defined by the user and automatically controlled
by the software. In this way, analytes can be isolated and collected using yPLC. Collected fractions
can, for example, be injected onto MS instrumentation with minimal cycle time by employing a flow
injection analysis approach.

6.2.7 SOFTWARE

The two main software applications are used with a yPLC system. One controls the instrument and
acquisition of data and the other processes the acquired data (chromatograms). The system software
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FIGURE 6.12 uPLC system with time trigger fraction collection capabilities.

enables fully integrated control of sample entry, sample sequences, autosampler parameters, chro-
matography parameters, data acquisition, and chromatogram visualization. The software used for
data analysis offers immediate peak integration results with the possibility of applying batch analy-
sis to rapidly process large amounts of data and report results.

Since the system described in this chapter operates in a truly parallel fashion, with every run
(a run is a composite run employing a cartridge and 24 columns), 24 separations occur simultane-
ously. Twenty-four chromatograms are generated in each run when UV absorbance detection is
employed and a total of 48 chromatograms when both UV absorbance and fluorescence detections
are employed (24 chromatograms with UV signals and 24 chromatograms with fluorescence sig-
nals). Since the number of chromatograms generated per unit of time increases significantly with
UPLC (in comparison with traditional HPLC in which only a single chromatogram is generated per
run), it is critical for the analysis software to provide a user-friendly and effective way to carry out
data analysis and reduction for each application.

Users can also select assay-specific advanced analysis software modules, depending on their
needs. The analysis software modules support a range of applications including compound library
purity assessment, log P, log D, solubility and permeability assessments, and ratiometric assay anal-
yses. For example, the solubility module automatically extracts peak areas from both standards and
unknowns, calculates standard curves, and outputs the final solubility result along with statistics.
The ratiometric assay analysis software module enables researchers to process large amounts of data
and rapidly determine percent conversion and/or percent inhibition for compounds using separation-
based assay data from the yPLC system, as exemplified in Figure 6.13. The software was developed
in an open architecture format. Thus, if desired, exporting raw data from the system into any existing
software platforms may be accomplished in a seamless manner.

6.3 PERFORMANCE CHARACTERIZATION

As with any analytical instrumentation, processes that involve both operation qualification and
performance qualification are implemented during manufacture of the instrumentation for uPLC
described in this chapter to ensure that the instrument will perform according to specifications.
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During operation qualification, all components of the instrument are tested individually along with
integral parts of the overall instrumentation. In this section, results of some of the most common
performance parameters are presented with a brief description of the methods used for evaluation.

6.3.1 FrLow ReproDUCIBILITY AND DELAY VOLUME

In order to evaluate pump flow rate reproducibility and pulsation, one method is commonly used to
assess gradient formation capability. A certain amount of an analyte with adequate molar absorptiv-
ity at the wavelength employed for detection is introduced into one of the mobile phases employed
to create the gradient. In the case described, 5% acetone was introduced into the mobile phase,
distributed to the system by pump B. No UV-absorbing analyte was introduced into mobile phase A.
The fractional flow rate of pump B relative to the total flow rate of the system (mandated by the sum
of the flow rates of pumps A and B) was increased in individual steps to account for 0, 3, 6, 12.5, 25,
50, and 100% fractional rates. The total flow for the system was maintained at 300 yL/ min (for 24
columns), resulting in a per column flow rate of 12.5 uL/min/column.

Figure 6.14 shows the results obtained from flow rate reproducibility studies. Results obtained
for a randomly selected column over a total of three consecutive runs are presented. The inset
highlights results obtained for pump B during these evaluations. As shown, the pump pulsation
observed was consistently lower than 10 nL/min for each column.
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FIGURE 6.14 Results of flow reproducibility evaluations showing the overlay of three consecutive runs on a
single column (chosen randomly). The flow rate employed during these evaluations was 12.5 pyL/min/column.
Inset: magnified view of an overlay of three consecutive runs for a single detector at 400 mAU. Absorbance
values were converted to flow rate values to highlight the results obtained.
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7 pL Inlet Tubing
(0.29 pL/column)

150 pL Mixer
(6.25 puL/column)

30 pL Microfluidic Flow
Divider (shared across
24 columns)

20 uL Microfluidic
Mixer (0.83 pL/column)

FIGURE 6.15 Evaluation of delay volume in a yPLC system equipped with a cartridge with a per-column
internal cross section of 0.5 mm.

The delay volume, defined as the volume between the mixer and the top of the column, may
be evaluated from the design of the cartridge and the components present in the instrumentation
that deliver the solvent (mobile phase) to the cartridge (Figure 6.15). As shown in the figure, sev-
eral components contribute to the total delay volume present in the yPLC system equipped with a
cartridge, i.e., inlet tubing, mixer, microfluidic mixer, and microfluidic flow divider. As with any
LC instrumentation, it is desirable to keep the delay volume to a minimum. Multiple columns
share portions of the total delay volume of the system. When the evaluation is conducted on a per-
column basis, the resulting delay volume is 5.0 yL/column.

6.3.2 RETENTION TIME AND PEAK AREA REPRODUCIBILITY

The ability of a yPLC system to produce the “‘same” values of retention time and peak areas for analytes
of interest is determined by evaluating the precision obtained under standardized conditions and analyti-
cal methods. The precision (reproducibility) values obtained are functions of the autosampler, cartridge,
and detectors employed. Due to the parallel design of the 4PLC system described in this chapter, repro-
ducibility evaluations of retention time and peak area involved comparisons of results obtained for these
parameters for consecutive runs performed in the same column and across different columns.

A total of 24 composite runs (each consisting of runs across the 24 columns, i.e., 24 equivalent
HPLC runs) were performed. The analytes used were methyl paraben (0.10 mg/mL), propyl para-
ben (0.10 mg/mL), and rhodamine 110 chloride (100 nM). To conduct the evaluations, consecutive
1 pL injections of a test mixture containing the analytes described above were executed utilizing a
cartridge packed with a C18 stationary phase and per-column dimensions of 0.5 mm circular cross
section and 80 mm length. Signals for methyl paraben and propyl paraben were monitored by UV
detection at 254 nm while the signal for rhodamine 110 chloride was monitored via fluorescence
detection with an excitation filter of 482 nm (35 nm bandwidth) and emission filter of 535 nm
(40 nm bandwidth). A gradient method (Figure 6.16) was used for these evaluations. Compositions
of mobile phases A and B were 5:95 H,0:CH,CN with 0.1 HCOOH, and CH,CN with 0.085%
HCOOH, respectively, with a total flow rate of 300 ul/ min (corresponding to 12.5 yL/min for each
of 24 columns).

Figure 6.17 is an example overlay of the chromatograms obtained for 24 consecutive runs within
a single column (chosen at random). The average retention time reproducibility and peak area repro-
ducibility values obtained for all 24 columns for evaluating these parameters within a single column
are presented in Table 6.1 (run to run within column). Reproducibility values are expressed as per-
centages relative standard deviations [%RSD = (standard deviation/average) x 100].
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FIGURE 6.16 Gradient method employed for evaluation of retention time and peak area reproducibility. Sol-
vent A: 5:95 H,0:CH,CN with 0.1 HCOOH. Solvent B: CH,CN with 0.085% HCOOH.

Figure 6.18 presents example chromatograms obtained during the evaluation of retention time
and peak area reproducibility across the 24 columns (within a single composite run). Table 6.1
lists the average retention time reproducibility and peak area reproducibility values obtained across
24 columns for a total of 24 composite runs (column to column within run). Reproducibility values
are expressed as percentage relative standard deviation (%RSD).
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FIGURE 6.17 Chromatogram overlay for 24 consecutive runs performed on a single column. (A) results of
overlay for the chromatograms obtained with UV absorbance detection. Peaks are identified as (with increas-
ing retention time) uracil (dead volume marker), methyl paraben, and propyl paraben. (B) results of overlay for
chromatograms obtained from fluorescence detection (peak identified as rhodamine 110 chloride).
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TABLE 6.1
Results of yPLC Evaluations of Retention Time and Peak
Area Reproducibility

%RSD Peak Area %RSD Retention Time

Methyl Paraben

All runs, all columns 2.4 0.6
Column to column within run 2.3 0.6
Run to run within column 1.4 0.3

Propyl Paraben

All runs, all columns 2.4 0.4
Column to column within run 2.4 0.4
Run to run within column 1.4 0.2

Rhodamine 110 Chloride

All runs, all columns 1.5 0.9
Column to column within run 1.5 0.9
Run to run within column 1.1 0.2

Total of 24 x 24 = 576 runs were performed.

An additional parameter may be considered when evaluating performance of instrumentation
regarding retention time and peak area reproducibility, i.e., overall reproducibility obtained for all
columns during all composite runs (all runs, all columns). A total of 24 x 24 = 576 runs were per-
formed after 24 consecutive composite runs were carried out (24 columns used in each run). Results
are presented graphically in Figure 6.19 and numerically in Table 6.1.

As demonstrated by the results summarized in the table, retention time reproducibility values
below 1.0% were consistently obtained during all evaluations. Peak area reproducibility values
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FIGURE 6.18 Overlay of 24 chromatograms obtained simultaneously during a single run employing uPLC.
(A) results of overlay for chromatograms obtained with UV absorbance detection. Peaks are identified as (with
increasing retention time) uracil (dead volume marker), methyl paraben, and propyl paraben. (B) results of over-
lay for chromatograms obtained with fluorescence detection (peak identified as rhodamine 110 chloride).
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FIGURE 6.19 Magnified view of overlay of two chromatograms obtained during consecutive injections of a
propyl paraben solution followed by injection of CH;CN:H,O (50:50) solution.

below 2.5% were obtained in each case. As expected, the peak area reproducibility values improved
when results from consecutive runs were evaluated on a per-column basis, yielding results
consistently below 1.5%. This is very evident if it is perceived that results obtained for peak areas
for consecutive runs on a column are compared for this evaluation (similar to the way evaluations are
carried out with traditional HPLC). In the other evaluations, all 24 columns are considered (similar
to comparing results obtained with 24 HPLC instruments). Of course, relative peak area values
can also be evaluated (i.e., evaluating the area ratios of an analyte of interest and of a compound
employed as an internal standard), and corresponding reproducibility parameters may be calculated.
When such a calculation is executed for the peak area ratio between methyl paraben and propyl para-
ben, the peak area reproducibility values are consistently less significant, as expected (e.g., 0.4% for
run-to-run within-column evaluations).

Also, evaluations of peak area reproducibility have been conducted by users of the instrumen-
tation in the pharmaceutical industry for other analytes and methods employed in assays. Wielgos
and Havel* reported the results of their evaluations for the determination of lactic acid (utilizing
hydroxyisobutyric acid as an internal standard) employing the Nanostream yPLC system, with aver-
age peak area %RSD for two cartridges tested (for a total of 2 x 120 = 240 equivalent HPLC runs)
of 1.55% (run-to-run within-column reproducibility). Similarly Liu et al.® evaluated peak area repro-
ducibility for the evaluation of drug release profiles in OROS® tablets employing uPLC, reporting
consistent RSD% values below 3%.

6.3.3 CARRYOVER

As with any analytical instrumentation that incorporates an autosampler, it is essential to evaluate
the percent carryover obtained for a particular analyte under particular rinsing conditions. For these
evaluations, a cartridge packed with a C18 stationary phase (80 x 0.5 mm/column) was employed.
Gradient and detection conditions were the same as those described for the evaluation of retention
time and peak area reproducibility (see Section 6.3.2).

The autosampler was set to rinse the needles with a mixture 50:50 CH,CN:H,O for three con-
secutive times between injections, with an aspiration volume of washing solution of 5.0 uL. and a
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FIGURE 6.20 Chromatogram obtained during the injection of a CREBtide/Kemptide mixture (dashed line)
compared to subsequent chromatograms obtained for injections of blank buffer. Solid line shows carryover
resulting from rinsing needles with water between injections. Dotted line shows results when using 0.1% ace-
tic acid to rinse needles between injections.

dispensing volume of 7.5 uL. After obtaining a stable baseline, three consecutive 0.5 yL injections
(with a top-off-volume of 2.0 uL) of 2 mg/mL propyl paraben solution were run on a single col-
umn in three consecutive runs. After these three runs, a single blank injection of 0.5 uL of mobile
phase was analyzed to determine percent carryover. Sample carryover, measured as the average over
24 columns, was consistently greater than 0.07%. Figure 6.19 is an example overlay of chromato-
grams obtained.

As expected, sample carryover can be significantly affected by the solvent used while rinsing
the autosampler needles and the parameters employed for needle rinsing (i.e., number of iterations
and aspirating and dispensing volumes). Figure 6.20 shows the results of a comparison study of car-
ryover under different needle rinsing conditions. The dashed line demonstrates the initial injection
of a CREBtide/Kemptide mixture. The needles were then rinsed before a blank buffer was injected
in a subsequent set of injections (solid and dotted lines). The solid line exhibits the carryover gener-
ated when needles were rinsed with water only, while the dotted line shows the results of rinsing
with 0.1% acetic acid + 0.01% Brij. As exemplified by the results, the carryover for CREBtide can
be reduced from 15.4% for the water rinse to 2.2% for the acetic acid rinse, while the Kemptide
carryover can be reduced from 4.4% to 0.9%. The residual acid remaining on the needles did not
affect the assay. If acidity level is a potential problem, the needles can be programmed to rinse in
pure water during a secondary rinse. Based on the results, proper choice of solvent use for washing
autosampler needles will help minimize potential carryover. For example, with certain lipids, the
recommendation is to employ methanol.

6.3.4 AUTOSAMPLER ACCURACY

To evaluate autosampler accuracy, an experiment involves injection of increasing volumes of a stan-
dard mixture containing an analyte into a cartridge. A solution containing methyl paraben (0.10
mg/mL) was employed and consecutive injections of increasing volume (0.5, 1.0, 1.5, 2.0, 3.0, 3.5,
4.0, 4.5, and 5.0 uL) of the test mixture containing the analytes described above were carried out
employing a cartridge packed with a C18 stationary phase and per-column dimensions of 0.5 mm cir-
cular cross section and 80 mm length. The signal for methyl paraben was monitored via UV detection
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FIGURE 6.21 Results of evaluation of autosampler accuracy. Peak area values for methyl paraben are plotted
against corresponding volume of injection. Values represent average peak areas obtained after triplicate injec-
tions. Error bars represent * one standard deviation.

at 254 nm. The same gradient method as that depicted in Figure 6.16 was used. The compositions
of mobile phases A and B were 5:95 H,0:CH,;CN with 0.1 HCOOH, and CH,CN with 0.085%
HCOOH, respectively, with a total flow rate of 300 uL/min (corresponding to 12.5 uL/min for each
column). Triplicate injections of test mixture at each volume of injection were carried out and the
results were evaluated as the linear regression obtained from the curve of peak area (for methyl
paraben) versus the volume of injection.

As shown in Figure 6.21, excellent linearity was obtained, as represented by the high coef-
ficient of correlation obtained for the least square linear regression. Similar results were obtained
for the evaluation of autosampler accuracy when other analytes (propyl paraben and rhodamine 110
chloride) were employed in the determinations. Liu et al.® conducted similar evaluations for the
samples employed in the evaluation of the drug release rate profile of OROS with similar results to
those discussed above.

6.3.5 LINEARITY, LIMIT OF DETECTION, LIMIT OF QUANTITATION, AND SENSITIVITY

To evaluate linearity, limits of detection (LOD), limits of quantitation (LOQ), and sensitivity, an
experiment assessed the responses for different concentrations of two analytes of interest. The ana-
lytes employed were methyl paraben and rhodamine 110 chloride. Consecutive 5.0 yL injections of
a series of serial dilutions (four replicates) of this standard mixture containing the analytes described
were carried out via a cartridge packed with C18 stationary phase and per-column dimensions of
0.5 mm circular cross section and 80 mm length.

Signals for methyl paraben were monitored with UV detection at 254 nm. The signal for rho-
damine 110 chloride was monitored via fluorescence detection with an excitation filter of 482 nm
(35 nm bandwidth) and emission filter of 535 nm (40 nm bandwidth). A gradient method (same
as the one in Figure 6.16) was used. The compositions of mobile phases A and B were 5:95 H,O:
CH,CN with 0.1 HCOOH and CH,CN with 0.085% HCOOH, respectively, with a total flow rate of
300 uL/ min (corresponding to 12.5 yL/min for each column).
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TABLE 6.2
LOD and LOQ Values for Methyl Paraben and Rhodamine
110 Chloride

LOD (S/N =3) LOQ (S/N=10)
Methyl Paraben 0.2 uM 0.9 uM
Rhodamine 110 Chrloride 50 pM 300 pM

LOD is defined as the lowest concentration of an analyte that produces a signal above the
background signal. LOQ is defined as the minimum amount of analyte that can be reported through
quantitation. For these evaluations, a 3 X signal-to-noise ratio (S/N) value was employed for the
LOD and a 10 X S/N was used to evaluate LOQ. The %RSD for the LOD had to be less than 20%
and for LOQ had to be less than 10%. Table 6.2 lists the parameters for the LOD and LOQ for
methyl paraben and rhodamine 110 chloride under the conditions employed. It is important to note
that the LOD and LOQ values were dependent upon the physicochemical properties of the analytes
(molar absorptivity, quantum yield, etc.), methods employed (wavelengths employed for detec-
tion, mobile phases, etc.), and instrumental parameters. For example, the molar absorptivity of
methyl paraben at 254 nm was determined to be approximately 9000 mol/L/cm and a similar result
could be expected for analytes with similar molar absorptivity values when the exact methods and
instrumental parameters were used. In the case of fluorescence detection, for most applications in
which the analytes of interest have been tagged with tetramethylrhodamine (TAMRA), the LOD is
usually about 1 nM.

To evaluate linearity, calibration curves were generated for the values of peak areas obtained
for analytes of interest against their concentrations in solutions prepared from serial dilutions of a
standard mixture. In the case of methyl paraben, solutions with concentrations varying from 0.3 to

600

y = 1.5745x + 05155
R2 = 0.9994

500

400
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100 150 200 250
Methyl Paraben Concentration (uM)

FIGURE 6.22 Standard calibration curve obtained for methyl paraben. Peak area values represent average
value for four replicates. Error bars represent + one standard deviation (%RSD is very small; error bars may
not be visible at all concentration values).
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FIGURE 6.23 Standard calibration curve obtained for rhodamine 110 chloride. Peak area values represent
average value for four replicates. Error bars represent  one standard deviation (%RSD is very small; error
bars may not be visible at all concentration values).

329 uM were employed. In the case of rhodamine 110 chloride, solutions with concentrations vary-
ing from 0.3 to 50 nM were employed. The results for methyl paraben are shown in Figure 6.22;
those for rhodamine 110 chloride appear in Figure 6.23. Linearity was assessed by taking into con-
sideration the value of the coefficient of regression encountered after least square linear regression
analysis of the corresponding calibration curves. Values of R? greater than 0.99 were obtained in
both cases. It is important to observe that these excellent values of R? were obtained even when
different concentrations of analytes were injected in different columns, i.e., the evaluations were
carried out across multiple columns (24 concentrations evaluated in a single run), again demonstrat-
ing the robustness of the analytical methodology.

The calibration sensitivity of the analytical method employed is simply determined as the
slope of the calibration curve. For example, in the case of methyl paraben, the value of calibration
sensitivity obtained was 1.6 mAU/min/uM (Figure 6.22). Analytical sensitivity is defined as the
ratio between calibration sensitivity and the value of the standard deviation obtained at each
concentration.'® The value of the standard deviation encountered for a concentration of 0.6 uM
was 0.1, resulting in an analytical sensitivity for methyl paraben at 0.6 uM of 16 mAU/min/uM. As
indicated for LOD and LOQ, the values obtained for linearity and sensitivity depend on the ana-
lytes employed and the corresponding method and instrumental parameters. For example, Liu et al.’
evaluated the LOD and LOQ for Drug A (released from OROS) for a particular analytical method
employing UPLC to be 0.5 pg/mL and 2.0 ug/mL, respectively.

6.3.6 ANALyYsIS TIME AND SOLVENT USAGE

The truly parallel approach employed in the design of the yPLC system described in this chap-
ter produces a clear reduction in analysis time when compared with traditional HPLC techniques.
For example, a separation method of 5 min duration in a yPLC system would allow simultaneous
evaluation of 24 samples within that time—an average analysis time of 12.5 sec/sample. Similarly,
the dimensions of the columns housed in the cartridge require smaller amounts amount of solvent
(mobile phases) for the analysis.

Figure 6.24 compares the amounts of solvent required to analyze 24 compounds for solubility
determination employing a four-point calibration and duplicate analysis when traditional HPLC and
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FIGURE 6.24 Amount of solvent needed for solubility determinations employing HPLC and uPLC (24 com-
pounds, 4-point calibration curve, duplicate analysis).

UPLC approaches are employed. As illustrated, almost two orders of magnitude in solvent savings
result with yPLC. These advantages—including reduced solvent consumption and reduced analysis
time per sample—are clearly demonstrated for several applications.'*%11:12

6.4 APPLICATIONS

This section describes examples of recent applications employing yPLC to evaluate relevant assays
in the pharmaceutical industry. It covers three main types of applications: (1) those involving evalu-
ations of ADMET and physicochemical properties; (2) those in which yPLC is used to evaluate
separation-based enzymatic assays; and (3) those in which yPLC is coupled with time trigger frac-
tion collection capabilities for the clean-up of complex samples prior to MS analysis. Depending
on the specific application, instrumental capabilities, such as type of detection (UV, fluorescence,
or both), plate exchanging ability, fraction collection capability, and other factors may be deemed
necessary or advantageous.

6.4.1 HiIGH-THROUGHPUT CHARACTERIZATION OF ADMET
AND PHYSICOCHEMICAL PROPERTIES

The number of candidate drugs has increased drastically since the introduction of combinatorial
chemistry.!3 One drawback is that the compounds generated often do not have favorable biopharma-
ceutical and pharmacokinetic properties.'>!* For example, drug candidates may be poorly soluble
in water, leading to low drug concentrations in GI fluids.!*!* Forty percent of late stage failures are
linked to poor pharmacokinetic properties.'>

This is a significant failure rate, particularly if we consider that development, production, and
marketing of a compound with low solubility are more expensive and time consuming than develop-
ing, producing, and selling one with more desirable properties.'¢ It becomes obvious that physico-
chemical profiling at the early discovery stage is a very attractive proposition in the pharmaceutical
industry.!”18

Solubility is one of the most important properties to be considered in selecting drugs to absorbed
effectively after oral dosage.'®!® Furthermore, these analytical determinations are often considered



Utilizing Microparallel Liquid Chromatography 177

bottlenecks in the discovery process.!?2! The following sections discuss gPLC evaluations of some
of these properties..

6.4.1.1  Solubility and Purity

Compound solubility (at the usual pH range present in the GI tract) should be determined during
drug lead optimization to aid in the selection of promising candidates prior to biological testing to
ensure that screening results will be meaningful.?>2* Aqueous solubility data can then be used to
estimate dissolution, absorption, and bioavailability.'®

The evaluations of compound solubility employing conventional approaches (such as the shake
flask method) are often inadequate in modern high-throughput screening environments because they
require large amounts of samples in solid form, time, and manpower in addition to samples at
10mM in DMSO. During early drug discovery, large numbers of compounds are generated in 1- to
5-mg quantities, making the testing of solubility challenging, especially when compound supplies
is limited while many other properties such as potency, metabolism, toxicology, and permeability
must also be evaluated. Furthermore, compound stability issues can often compromise the results of
methods that require solutions to stand for several hours.

Because samples are routinely supplied at 10mM in DMSO solution for activity screening, the
use of these same solutions for physicochemical property screening may save labor and time. Thus,
it is highly desirable to establish methodologies that can adapt to these constraints and be integrated
within the activities of a screening laboratory.'®?* Some techniques used for solubility evaluations
such as nephelometry and flow cytometry provide adequate throughput, but are not sensitive to
compound purity and identity. Conventional HPLC and LC/MS methods overcome these drawbacks
but suffer from their intrinsic low throughput when used in serial mode. High-throughput uPLC
offers the advantages of a separation-based approach (such as HPLC and LC/MS) and allows 10
times more throughput than conventional HPLC while reducing sample consumption, solvent use,
and waste generation.

Figure 6.25 is a diagram (similar to Figure 6.1) showing throughput and sensitivity for some of
the common techniques used for solubility evaluations. As shown, UPLC systems can be employed
to increase the throughput of thermodynamic and kinetic solubility evaluations without compro-
mising sensitivity. Thermodynamic (equilibrium) solubility is usually determined by shaking the
compound of interest with the buffer of choice for at least 24 hr or until the remaining solid does not
dissolve. The solution is then filtered, and the concentration of the dissolved compound determined
by a suitable analytical method. Of course, alternative methods can also determine thermodynamic

A Sensitivity to Impurities

Shake Flask HPLC No Filtration-uPLC
—l
Shake Flask uPLC Micro Plate Filtration-puPLC

Micro Plate Filtration/HPLC

>
Throughput
. - ‘hJV Plate Readers/
+ Thermodynamic Solubility Nephelometry/
+ Kinetic Solubility Flow Cytometry

FIGURE 6.25 Comparison of techniques employed for solubility determination.



178 High-Throughput Analysis in the Pharmaceutical Industry

50 pL Standard Solutions
(50:50 ACN:H,O Solvent)
500, 250, 125, and 62.5 uM

Heat Seal Foil

—

Transfer to
CL System

FIGURE 6.26 Overall view of processes involved in preparation and analysis of standard for solubility evalu-
ations employing a yPLC system.

solubility, such as following the same approach but reducing the amount of sample needed by min-
iaturizing the device used.?>*

Other methods employ a microplate format followed by fast HPLC. Some researchers approach
the determination from a different perspective. For example, an alternative method for ionizable
substances is the pSol determination based on an acid-base titration.>?® Kinetic solubility deter-
minations involve determining the concentration of the compound in the buffer of interest when an
induced precipitate first appears.

To evaluate compound solubility, a yPLC system equipped with a cartridge containing
24 parallel columns (80 x 0.5 mm (inner diameter equivalent)) was employed. Sets of calibration
standards were prepared for 24 compounds at different concentrations (in a 50:50 CH;CN:H,O
solvent). A maximum standard concentration of 500 uM was selected to maintain the amount
of DMSO co-solvent in all samples and standards below 5% v/v to minimize possible solubility
enhancements due to the presence of DMSO when working with stock solutions provided at 10 mM
in DMSO. Standards were added to the appropriate wells of a 384-well plate. The plate was covered
with a heat seal foil and transferred to the yPLC system for analysis. Figure 6.26 depicts the process
for preparation of standards; 95 yL of a buffer of desired pH were added to the appropriate wells.
An additional 5 uL of each compound at a concentration of 10mM (in DMSO) was added to the
corresponding wells. The plate was shaken for 90 min and centrifuged at 4000 rpm for 3 min.

Figure 6.27 presents the sample preparation process. Accurate and reproducible control of
the depth of the autosampler needles permitted the sampling of the supernatant solution without
perturbing the precipitate, thus avoiding the need for sample filtration, as shown in Figure 6.28. Of
course, a step could be added to sample preparation to filter the solutions prior to analysis.

95 uL Buffer
Uul 5 puL Stock Solution (10mM DMSO)

lull Transfer to

CL System

Heat Seal Foil

Shake for 90

Minutes (RT) Centrifuge

FIGURE 6.27 Overall view of processes involved in preparation and analysis of samples for solubility evalu-
ations employing a yPLC system.
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FIGURE 6.28 Precise control of depth of sampling can be achieved with an autosampler employed in a uPLC
system. The dimensions indicated correspond to those used during the evaluations described.

Compound solubility values were evaluated from interpolation of the corresponding compound
peak area obtained from a solution prepared with appropriate buffer within the corresponding exter-
nal standard calibration curves of compound standards (peak area versus concentration). Sample
purity was assessed by two methods: (1) evaluating area percentage at 254 nm, and (2) evaluating
area percentage at 214 nm (without considering the DMSO peak). Figure 6.29 shows sample chro-
matograms obtained simultaneously for the 24 samples.
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FIGURE 6.29 Example chromatograms (24) obtained simultaneously during evaluation of compound solu-
bility employing a uPLC system.



180 High-Throughput Analysis in the Pharmaceutical Industry

TABLE 6.3
Coefficient of Correlation Values for Least
Squares Regression of Standard Curves

Standard Compound Standard Curve (R?)
Amiodarone HCI 1
Benzanthrone 0.997
Buspirone 0.998
Caffeine 0.999
Chlorpheniramine 0.999
Clozapine 0.998
Colchicine 0.999
4,5 Diphenylimidazole 0.999
Haloperidol 1
Hydrocortisone 0.997
Indomethacin 0.995
Ketoprofen 1
2-Naphthoic acid 0.993
Naproxen 0.999
Nifedipine 0.989
Nortriptyline HC1 0.998
Phenazopyridene HC1 0.999
Piroxicam 0.992
Prednisone 0.999
Probenecid 0.998
Quinine HCI 0.995
Reserpine 0.983
Thioridazine HCI 0.999
Warfarin 1

Data analysis was performed using Nanostream’s advanced software to automate the analysis
of samples and generation of calibration curves. Linear regressions were evaluated for all stan-
dard curves yielding R? values between 0.98 and 1.0, as shown in Table 6.3. Figure 6.30 shows an
example of a calibration curve obtained for one analyte (clozapine). Linear regression analysis by
the least squares method yielded a high value for the corresponding coefficient of correlation.

Aqueous solubility values for the samples analyzed compared favorably with results obtained
by traditional methods. The solubility values for amiodarone HCI, reserpine, and benzanthrone
were lower than the LOQ of the yPLC system used for the evaluation. Results of the evaluation
of compound solubility employing no-filtration yPLC were compared with those obtained by two
traditional methods: (1) multiscreen filtration followed by a UV plate reader, and (2) the shake flask
method followed by a UV plate reader. As shown in Figure 6.31, the solubility values determined by
the different methods are comparable for most compounds examined. Figure 6.32 shows the results
of evaluations of aqueous solubility at four different pH levels for phenazopyridine and piroxicam
samples.

Compound impurities can lead to biased results when plate readers are used for detection since
the total absorbance at a particular wavelength is employed for the determinations. The yuPLC
system employed in these determinations can easily compensate for this problem since only the
value for the peak area due to the compound (at the corresponding retention time) is considered
for the calculations. For example, in the case of a nifedipine sample, purity was determined to be
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FIGURE 6.30 External standard calibration curve for clozapine obtained with a yPLC system. Error bars
represent * one standard deviation.
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FIGURE 6.31 Comparison of solubility results obtained by no-filtration method followed by PLC detection
and those obtained by two traditional methods: multiscreen filtration followed by UV plate reader, and shake
flask method followed by UV plate reader. (Data provided by Steven Hobbs, Courtney Coyne, and Gregory
Kazan.)
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FIGURE 6.32 Solubility values at different pH values for phenazopyridine and piroxicam samples obtained
with a Nanostream PLC system (error bars represent + one standard deviation). Values are compared with
reported values. Literature values adapted from cited manuscripts.

significantly lower. As presented in Figure 6.33, the chromatogram obtained for the nifedipine
sample demonstrated three small peaks due most likely to impurities in the sample. Purity evalua-
tions carried out by yPLC were compared with those obtained by traditional HPLC; results of the
comparison studies are presented in Figure 6.34. As shown in the figure, results obtained by both
techniques compared favorably.

The results clearly demonstrate the utility of yPLC for high-throughput determinations of com-
pound solubility. uPLC required significantly lower volumes of mobile phase than traditional HPLC
methods. For example, to evaluate 24 compounds using a four-point external standard calibration
curve and duplicate analysis, a total of 33 mL of mobile phase was consumed by yPLC. A tradi-
tional HPLC system required 2.6 L for the same determinations. The high-throughput capabilities
of uPLC allowed the generation of calibration curves for 24 compounds (four-point calibration
curve, duplicate analysis) and duplicate solubility measurements for each sample (240 separations)
in approximately 2 hr (not including incubation time). Employing similar conditions, approximately
1900 samples could be evaluated weekly (four-point calibration curve, singlet, 1152 separations

Sample D: S114c  Chriomatogram #: 14 |[UVAD| Wavelength: 254 nm
150 ~
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FIGURE 6.33 Impurities may be taken into consideration when evaluating solubility with a uPLC system.
For solubility calculations, only the peak area of the analyte of interest is used for interpolation within the
corresponding external standard calibration curve.
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FIGURE 6.34 Comparison of primary peak area results for 24 samples analyzed using PLC and HPLC. The
primary peak purity (%) obtained using conventional HPLC and PLC differed by an average of 2%.

per day). Minimal sample quantities (5 ul of 10mM solutions in DMSO) were required for all these
determinations.

Another approach can be used for purity and solubility determinations when compound confir-
mation is sought; it involves connecting the system to an existing MS system. For example, a uPLC
system’s UV detectors were employed for all columns and the 24th column was also connected to a
mass spectrometer (Agilent 1100 API-ES) for mass confirmation (employing 90 cm of a 100 ym inner
diameter fused silica capillary tube to minimize extra-column broadening). Figure 6.34 depicts the
general instrumental set-up. In all experiments, the last column of the 384-well plate was dedicated
to sample identity, mass confirmation, and purity determination by MS (i.e., the last column in the
plate contained individual samples for mass confirmation). The configurations employed allowed
for solubility determination at 254 nm and purity determinations at 214 and 254 nm. In addition,
compound purity and identity were also assessed by MS.

With the yPLC system connected to a MS, sample identity could easily be confirmed. If
the sample chromatograms shown in Figure 6.29 were to be considered, MS spectra for all com-
pounds could be obtained after all runs were completed, as shown in Figure 6.36. The MS capability

FIGURE 6.35 Configuration of a microparallel liquid chromatography (PLC ) system with MS capability.
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FIGURE 6.37 Chromatogram and mass spectra acquired from a yPLC/MS system for a sample containing
nifedipine. Impurities present in the sample displayed differences in their corresponding mass spectra, clearly
indicating different chemical compositions for each compound present in the sample.

of the system allowed the mass spectra of all compounds suspected of being impurities to be
obtained. As shown in Figure 6.37, in the case of nifedipine, the mass spectra of the impurities
present in the sample could be easily determined. Comparison with an appropriate MS library or
detailed study of the mass spectra acquired could lead to the proper identification of these impu-
rities, if desired. This example demonstrates the utility of yPLC MS for purity evaluation and
identity confirmation.

6.4.1.2 Dissolution and Drug Release Rate Profile

Dissolution indicates the rate-limiting step for compound absorption when drugs are administered
orally. The solubility of a pharmaceutical compound represents its maximum concentration in an
aqueous buffer. Additional compound will not dissolve above this concentration. The solubility value
is often heavily dependent upon pH and temperature and is typically measured at physiologically
important pH levels and body temperature. The standards for dissolution testing are determined by
the United States Pharmacopoeia (USP). Testing typically requires sampling of a solution at 15, 30,
45, and 60 min for immediate-release products. yPLC is ideally suited for use in conjunction with
USP apparatus types I or II and can rapidly analyze multiple time points or replicate samples.

The approach used for the evaluation of dissolution via yPLC is very similar to the one described
for evaluating solubility (see Section 6.4.1.1). External standard calibration curves are generated for
each compound to be analyzed. Figure 6.38 shows an example of a calibration curve obtained for
acetaminophen. As was the case during the evaluation of compound solubility, linear regressions
were evaluated for all standard curves generated for the compounds to be characterized, yielding R?
values higher than 0.9995 in all cases studied. Peak areas attained from the sample runs at regular
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FIGURE 6.38 External standard calibration curve for acetaminophen (error bars represent * one standard
deviation).

time intervals were used to evaluate compound concentrations by interpolation within the corre-
sponding external standard calibration curve. Results are commonly reported as percentages of drug
released at each time period used for sampling. Figure 6.39 presents results acquired for dissolution
for acetaminophen. Figure 6.40 compares results obtained for six different vessels from one USP
apparatus type II system employed for the determination of dissolution. It shows excellent agree-
ment among the replicates used.

A similar approach to the one described here for the evaluation of dissolution can be applied to
the characterization of drug release rate profile. For example, Liu et al.® demonstrated the applica-
tion of UPLC to characterize an OROS drug release rate profile. They used a USP type VII apparatus
to monitor drug released at specific time intervals (2-hr intervals for 24 hr) in modified artificial
gastric fluid at pH 1.0 and 37°C, with analysis performed both by traditional HPLC and uPLC.
Figure 6.41 illustrates the results of a comparison of HPLC and by yPLC. Excellent agreement of
results obtained by HPLC and yPLC was found, with the added advantages for the yPLC system of
analysis time reduction and solvent savings.
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FIGURE 6.39 Dissolution profile of acetaminophen obtained from the Nanostream CL System.
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FIGURE 6.40 Dissolution profile of acetaminophen obtained from the Nanostream CL System.

6.4.1.3 Log P and Log D Determinations

Lipophilicity is an important property of molecules in relation to their biological activities. It is
one of the key physiochemical parameters that determine the distribution and transport of drugs
into the body and target organs. Measurements of lipophilicity, expressed as the logarithm of the
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FIGURE 6.41 Comparison of drug release profiles obtained by HPLC and by uPLC, as reported by Liu
et al., 2007.°
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octanol-water partition ratio (log P) of a neutral molecule, are indicative of the tendency of a com-
pound to associate with a lipid-like environment. This value correlates with biological transport
processes.?” The traditional shake flask method used to obtain partition data is not suitable for mod-
ern drug discovery environments; it is time-consuming, labor-intensive, and suffers from inaccu-
racies from several sources. Among recent advances in column technology, reverse-phase HPLC
has become one of the most popular techniques for indirect estimations of Log P.2-30 Most HPLC
methods utilize extrapolation of retention indices such as k” (retention factor) to 100% water (0%
organic) conditions.

The logarithm for the capacity factor correlates well with known log P values obtained by the
shake flask method. In practice, the k" values are determined isocratically from 70 to 30% organic
mobile phase and then extrapolated to 0%. Prior to determining the log P for an unknown com-
pound, a set of structurally related molecules (standards) are analyzed to construct a correlation
model between the logarithm of the retention factor and known log P values. The process is then
repeated for the test compounds and their log P values determined from the mathematical relation-
ship established for the standard compounds.

One drawback of this approach is the relatively low sample throughput of traditional HPLC sys-
tems. The primary reason for this low throughput is that each standard and sample must be assayed
under a minimum of three different isocratic conditions. Assuming a run time (injection to injection)
of 10 min, it would take 50 hr to analyze 4 standards and 96 unknowns. yPLC is ideally suited for
determination of log P since it facilitates parallel analysis of a large number of compounds under
identical chromatographic conditions (Table 6.4).

To exemplify the determination of log P employing yPLC, a single cartridge was used to gen-
erate a standard curve for four known compounds and analyze a fifth (unknown) compound.’!
Retention times were determined for the four known compounds (acetanilide, benzophenone, naph-
thalene, and diphenylamine) and standard (uracil) at five different isocratic mobile phase composi-
tions (Table 6.5).

Ten columns of the 24 available in a cartridge were employed to analyze all compounds
in duplicate. Uracil, was employed as a dead volume marker (t0) needed for the evaluation of
retention factor [k’ = (tr — t0)/t0]. Two additional columns were used for simultaneous analysis
of the unknown. Values for the log of the capacity factor k” were calculated for every compound
at each percent organic content of the mobile phase: log k” = log [(tr — t0)/t0. For each com-
pound, a plot of log k” versus percent acetonitrile was used to calculate log k’w (log k" at 0%
acetonitrile).

A standard curve was then generated by plotting the log k’w data against log P values obtained
for all compounds cited in the literature. The standard curve was then used to determine log P for the
unknown compound. For comparison, the procedure was repeated using HPLC instrumentation with

TABLE 6.4
Mobile Phase Compositions Employed
for uPLC Determination of Log P

Acetonitrile (%) Run Time (min)
40 10
50 6
60 3
70 3
80 3
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TABLE 6.5
Average Retention Times from Isocratic Separations at Five Mobile Phase Concentrations

Retention Time, t; (min)

Compound 80% ACN 70% ACN 60% ACN 50% ACN 40% ACN
Uracil 0.509 0.493 0.532 0.525 0.525
Acetanilide 0.627 0.660 0.742 0.824 0.988
Benzophenone 0.958 1.239 1.768 2.969 6.268
Naphthalene 1.128 1.525 2.253 3.978 8.787
Diphenylamine 0.989 1.340 2.069 3.877 9.408
Unknown 0.671 0.756 0.883 1.154 1.754

a 50 x 4.6 mm (inner diameter) column packed with 5 um C18 stationary phase. Table 6.5 shows the
average retention times (tR) for each compound at various mobile phase compositions. Figure 6.42
shows an example of the determination of log k'w for benzophenone. Data were extrapolated to
determine the y intercept corresponding to a value of log ki, = 2.05 for this compound. Log Kk,
values for the four compounds based on data obtained from the yPLC system were comparable to
results from the same study performed with HPLC, as shown in Table 6.6.

These values were plotted against known log P values to generate standard curves such as
those shown in Figure 6.43. The standard curves were then used to predict log P of the unknown
compound. Results appear in Table 6.7. The slight variation (2%) between the values predicted by
the two methods is reasonable within experimental error limits.

Using a yPLC system, log P for one unknown compound was determined in less than 1 hr. It
is important to note that the excess capacity provided by the system (24 columns are available for
simultaneous analysis) allows simultaneous determination of log P for six additional compounds.
The same study required 5 hr using conventional HPLC, and consumed 300 mL of solvent, equiva-
lent to 15 times the volume of solvent used for the evaluations via yPLC. A similar approach can
be used to evaluate log D, the octanol-water distribution coefficient—a measure of the distribution
ratios of all combinations (ionized and unionized) of octanol and pH-buffered water.

Logk'

35 45 55 65 75 85

% Acetonitrile

FIGURE 6.42 Log Kk’ versus percent acetonitrile for benzophenone. Linear regression was used to determine
the y-intercept corresponding to log k7, i.e., log k” at 0% acetonitrile.
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TABLE 6.6
Log k'\, Values for Compound Analyzed via uPLC and HPLC

Compound Log k'y, CL System Log k'yy HPLC
Acetanilide 0.48 0.47
Benzophenone 2.05 2.11
Naphthalene 2.22 2.30
Diphenylamine 2.30 2.48

y = 1.21x + 0.56
R” = 0.9964

Log P

Logk,,

FIGURE 6.43 Standard curves obtained for log P versus log k, employing 4PLC and HPLC systems.

TABLE 6.7

Comparison of Log P Values of Unknown
Compound Determined by yPLC and
Traditional HPLC

Log kv, Log P, Predicted

CL System 1.15 1.97
HPLC 1.14 1.94
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6.4.2 SEPARATION-BASED ENZYMATIC ASSAYS

Target characterization and assay development are commonly considered bottlenecks during drug
discovery. These areas often involve many “pain points” such as working with challenging enzymes,
dealing with assay feasibility, developing multiple assays in a short time, and facing concerns about
the robustness of the screening assays to be implemented. Work in screening areas often involves
issues related to hit identification and lead optimization, which become challenging in the presence
of assay artifacts, false positives, false negatives, and concerns about true activators.

Separation-based assays are preferred in many applications because they allow discrimination of
signals due to substrate, product, and interference. When assays that involve fluorescence detection are
developed, they are typically carried out by employing plate readers. When separation-based methods
are employed for these applications, the influences of interferences (quenchers and other fluorescent
compounds) on the final results are minimized because both substrate and product are quantified. With
a separation-based approach, the label employed does not need to be placed in close proximity to the
site of action of the enzyme, therefore minimizing the effect of the label on the mode of action of the
enzyme. Of course, it is often desirable to develop assays that employ substrates free of labels.

Figure 6.44 presents an example highlighting the separation-based assay approach—results of
a kinase assay. A substrate is incubated with kinase and ATP for a specific time. The formation of
product and the consumption of substrate are followed by their corresponding fluorescence sig-
nals obtained after separation by liquid chromatography in which the non-phosphorylated substrate
peptide is separated from the phosphorylated product. Enzyme activity is determined by measuring
product formation. Since the separation via liquid chromatography allows the isolation of interfer-
ences, the numbers of artifacts and false positives decrease significantly.

As was the case for the applications described for the characterization of ADMET and physi-
cochemical properties (see Section 6.4.1), the throughput limitations imposed by traditional HPLC
often result in the adoption of a different technology for certain biochemical assays although the
advantages of a separation-based technique are well understood. The ability of yPLC to allow parallel
simultaneous analyses of samples also allows a non-compromise approach to assays because it
provides all the advantages of separation-based techniques along with the very desirable advantage
of more than adequate throughputs for many applications. Other advantages resulting from use of
UPLC for assay design include carrying out assays at low enzyme conversion, separation and detec-
tion of multiple phosphorylations, and the use of label-free substrates.

This section describes recent applications of yPLC methodologies for separation-based enzy-
matic assays. It covers the most common applications: (1) those involving the development and
optimization of assays; (2) those in which yPLC is use to evaluate real-time enzyme kinetics; and
(3) those in which yPLC is used to determine substrate specificity.
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FIGURE 6.44 Separation of substrate and product employing a uPLC system.
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6.4.2.1 Streamlined Assay Development and Optimization

When assays are first developed and when optimization is sought, four key parameters must usually
be considered: enzyme concentration, substrate concentration, ATP concentration, and time needed
for running the assay. The ability of yPLC to analyze 24 samples simultaneously easily translates
into the possibility of evaluating 24 assay conditions in a single matrix experiment, making this
approach very attractive because of the significant time saving benefits.

To demonstrate the ability of the system to perform a matrix experiment as described above,
concentrations of enzyme, substrate, and ATP were varied across the 24 wells in a row of an SBS
384-well microtiter plate. Results of these types of evaluations for the optimization of an assay for
a protein kinase A and Kemptide system were presented by Wu et al.!?> All the reactions were car-
ried out in 100mM HEPES, pH 7.4, 10mM MgCl,, 10mM DTT, and 0.015% Brij-35. No quenching
agent was used. A sample from each of the 24 wells was analyzed in parallel every 6.5 min as the
24 enzymatic reactions progressed.

The first data point was taken 3 min after the enzyme was added. For each analysis, a 1-uL
sample of each reaction was injected via an integrated 8-channel autosampler onto a uPLC car-
tridge loaded with 24 parallel columns (30 mm x 0.5 mm) containing C18 stationary phase. Product
and substrate peaks were monitored simultaneously by fluorescence detection (Aex = 525 nm and
Aem = 585 nm). The mobile phase flow rate was 600 yL/min, equivalent to 25 pyL/min for each
column. Mobile phase A was 50mM NH,OH:HCl, pH 9.0; mobile phase B was acetonitrile. The
substrate and product peaks were separated using a 4-min gradient method starting with 26% B and
held steady for 2.5 min, ramped from 26 to 28% B from 2.5 to 3.0 min, and re-equilibrated at 26%
B from 3.0 to 4.0 min.

Figure 6.45 presents results. The percentage conversion [product/(substrate + product) X 100]
obtained under different assay conditions is plotted against the corresponding values for the
parameters varied during the evaluations. Other types of matrix experiments can also be designed
based on the initial results from a first set of experiments such as those described above to
optimize for a desired level of substrate conversion in a desired time. Figure 6.46 presents an
example of the results acquired from such an experiment. Overlays of multiple chromatograms
obtained during these evaluations are presented in Figure 6.47. The concentration of the sub-
strate (Kemptide) was kept constant (1.32 uM). As shown in the figure, some assay conditions
resulted in low product formation, suggesting insufficient enzyme or non-optimal conditions for
the enzyme.

Other overlays demonstrate a very fast rate of conversion indicated by the onset of a predomi-
nant product peak in a very short time. Some assay conditions were deemed optimal for a particular
application because they provided the desired interchange of decreasing substrate concentration and
increasing product concentration in a desired time. Once conditions are optimized, an assay can be
easily adapted for screening via a yPLC system.

Jezequel-Sur et al.® described successful evaluations using uPLC as a platform for small mol-
ecule secondary screening on kinase drug targets. Their results with yPLC permitted the identifica-
tion of false positive hits previously obtained with FP and TR-FRET. As described by Wu et al.,'? by
employing a yPLC system to screen compound inhibitors against the target of a protein A kinase, a
total of 4400 compounds could be easily screened in only 20 hr.

6.4.2.2 Real-Time Enzyme Kinetics

The evaluation of results of assay optimization experiments such as those described above (see Sec-
tion 6.4.2.1) also provides valuable information about enzymatic kinetic behavior. For example, the
results shown in Figures 6.45 and 6.46 already provide information on enzymatic activity at each
time point. In general, when evaluating enzyme kinetics, assays are designed to yield a measured
conversion close to initial velocity.*?
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FIGURE 6.45 Profiles of percentage conversion obtained from matrix experiments described in text.

The problem is that substrate conversions are frequently lower than 10% and thus difficult to
detect in most traditional formats. As previously discussed in this chapter, yPLC allows optimal
operation even when working with low substrate conversion (e.g., as low as 1% as described by
Wau et al.’?). Data obtained allow the calculation of the Michaelis-Menten constant (K,,) for ATP. An
example of such an evaluation is presented in Figure 6.48 in which the obtained reaction velocities
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FIGURE 6.46 Profiles of percentage conversion for follow-up matrix experiments described in text.
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FIGURE 6.47 Chromatogram overlays obtained for 19 time points during evaluations described in text.
S denotes substrate. P denotes product. Observed levels of enzymatic conversion are indicated as slow, medium
fast, and optimal for a particular application.

are plotted against the ATP concentration. The value of K, can be calculated by carrying out a non-
linear regression to the equation proposed by Michelis-Menten and by a least squares linear regres-
sion to a double reciprocal plot such as the one proposed by Lineweaver-Burk. For the example in
Figure 6.48, the calculated K|, (for the protein kinase A and Kemptide system) was 28.6 uM. Results
of time course studies can also be obtained by evaluating changes in peak area values for a peak of
interest (e.g., a product peak) with respect to time. Figure 6.49 presents an example of this evalu-
ation for the formation of product during a study performed for the protein kinase A (PKA) and
Kemptide system (ATP=0.01 nM, PKA = 0.67 nM, Kemptide = 1.32 uM).

Another important kinetic parameter usually determined is the value of ICy,, defined as the half
maximal inhibitory concentration that provides an indication of the potency of an inhibitor under
certain the specific conditions of an evaluation. This parameter is typically determined from dose—
response plots in which the percentage conversation or inhibition is plotted against the logarithmic
concentration of inhibitor employed in each evaluation. The parallel nature of the yPLC system
described in this chapter is ideal for the evaluation of this parameter.

Figure 6.50 shows the results obtained for a dose-response curve for H-89 inhibitor at a substrate
conversion of 1%. The ICs, value for this inhibitor under the conditions employed was determined
to be 19 nM. Jezequel-Sur et al.b also showed the application of UPLC to generate dose-response
curves for a reference compound.
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FIGURE 6.48 Plots of reaction velocity versus ATP concentration. (Adapted from Wu, J. et al., Assay Drug
Dev. Technol., 4, 653, 2006.)

In many cases, it is desirable, after an enzymatic inhibitor is identified, to understand the mech-
anism by which the inhibitor interacts with the enzyme of interest. For example, the inhibitor may
interact with the primary substrate binding pocket, which is usually preferred, or it may interact
with a secondary site on the enzyme such as the binding pocket for a secondary substrate (e.g., ATP
for kinases). For example, the mode of enzyme inhibition of H-89 (described for the evaluation of
IC,, above) may be investigated easily with yPLC. Matrix experiments similar to those described
in Section 6.4.2.1 are performed with varying concentrations of ATP and H-89 inhibitor. V,,,. and
K,, values obtained under different conditions help explain the mode of inhibition. For example,
when competitive inhibition is present, the addition of inhibitor will increase the apparent value
of K,,, leaving the value of V,,, unchanged as shown in Figure 6.51 for H-89 and ATP. Figure 6.52
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FIGURE 6.49 Time course obtained for evaluation of product formation in a protein A kinase and Kemptide

system. Values of peak areas obtained for product are plotted against corresponding time points used during
evaluation.
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FIGURE 6.50 Dose-response plots obtained for H-89 inhibitor. (Adapted from Wu, J. et al., Assay Drug Dev.
Technol., 4, 653, 2006.)
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FIGURE 6.51 Determination of V,, and K for ATP. A Michaelis-Menten plot of PKA phosphorylation of
labeled peptide substrate was used to determine V,,,, and K,, in the presence and absence of three concentra-
tions of inhibitor H-89.
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FIGURE 6.52 H-89 mode of enzyme inhibition.

represents the mode of enzyme inhibition expected for H-89 based on the results obtained by
UPLC.

Another advantage of employing a separation-based approach for these studies is the possi-
bility of simultaneously monitoring several related substrate—enzyme systems—multiplex assays.
Figure 6.53 shows the results obtained from a multiplex P450 substrate assay. Since P450 enzymes
contribute to the metabolism of more than 90% of marketed drugs,? this type of study is very
relevant. Four different substrates for each CYP450 were incubated in the absence or presence of
human liver microsome at room temperature for 20 min. The reactions were quenched and the sam-
ples analyzed using a uPLC system with UV detection, thus eliminating the need for fluorescence
tags. Label-free substrates were used. The results presented in Figure 6.53 clearly demonstrate the
ability of uPLC to separate all the substrates and product of interest monitored. This approach also
demonstrates the feasibility of using yPLC to study potential drug—drug interactions.
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FIGURE 6.53 Multiplexing P450 substrate analysis. Four substrates for each CYP450 were incubated in the
absence (A) or presence (B) of human liver microsomes at room temperature for 20 min. The reactions were
then quenched and samples were analyzed using yPLC. The principle of this experiment is shown in the top
panel.
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FIGURE 6.54 Velocity versus substrate concentration for Kemptide and CREBtide (substrates co-located in
same assay buffer).

6.4.2.3 Evaluation of Substrate Specificity

Understanding the complex interconnectivity between the interactions of enzymes with their pri-
mary and secondary substrates is critical. Additionally, understanding enzyme selectivity is essential
for novel assay development in drug discovery, especially if targeted inhibitors are desired. For
example, the specificity of PKA against two different substrate targets (Kemptide and CREBtide)
was evaluated with a yPLC system.?* Relevant kinetic parameters for both the substrate binding and
ATP binding were simultaneously determined. yPLC allowed simultaneous monitoring of multiple
reaction conditions to ensure that differences in reaction rates truly arose from the natures of the
substrates and not from minor changes in reaction conditions.?*

The phosphorylation of each substrate was monitored via a one- or two-substrate reaction in real
time and the kinetic parameters (V... K,,, k.- and k., /K,,) were determined. Figure 6.54 shows the
results of the evaluations of velocity with respect to substrate (Kemptide and CREBtide) concentra-
tions. The data were fitted using the Michaelis-Menten equation to determine the kinetic parameters
shown in Table 6.8. The V, . of phosphor-Kemptide (105.57 pM/min) was approximately 4.3-fold

larger than the V,,,, for CREBtide (24.33 pM/min) although both peptide substrates had similar

TABLE 6.8
Kinetic Constants of Kemptide and CREBtide

Parameter Kemptide CREBtide
V,ox (PM-min") 105.57 24.33
K,, (M) 2.05 0.59
Koy (7D 0.0065 0.0015
KooKy (aM7-S7) 3.17 254

Substrates monitored in same assay buffer; ATP concentration
held constant.
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FIGURE 6.55 Preferential phosphorylation of Kemptide by PKA. The binding efficiency of Kemptide and
CREBtide substrates to PKA is relatively equal while the binding of the ATP to subsequent PK A—substrate
complexes is substantially greater for Kemptide, resulting in higher overall phosphorylation.

substrate specificity values (k,,/K,,). These results suggest that both substrates had relatively similar
affinities and substrate specificities for PKA. The obtained K, value for CREBtide (0.59 uM) was
much lower than the K,, value of Kemptide (2.05 uM)—a 3.5-fold difference—suggesting that the
preferential phosphorylation of Kemptide in a competitive situation with CREBtide was not the
result of preferential affinity. Figure 6.55 represents the mechanism of preferential phosphorylation
of Kemptide by PKA.

Employing this approach, yPLC allows the evaluation of multiple peptide substrates of simi-
lar length in one reaction in real time with significant analysis time optimization. Several kinetic
parameters including V, ., k... K,,, and k., /K, can be calculated from a single experiment in which
all the products can be simultaneously analyzed and quantified. This approach has broad relevance
for enzyme substrate specificity studies, target characterization, and enzyme kinetic studies for novel
therapeutics. Table 6.9 highlights the main advantages of yPLC when compared with other common
techniques such as radioassays and HPLC.

TABLE 6.9
Comparison of Common Evaluation Techniques

Radioassay HPLC MS or ESI-MS HPLC System

Workflow Multistep Step by step Step by step Real-time monitoring
Detection Radioisotope UV/fluorescent MS UV/fluorescent
Throughput Low Low Low High
Monitor matrix experiment Hard Not practical Not practical Easy

in real time
Real-time kinetic analysis Hard Hard Hard Easy
Data analysis for multiple Slow Slow Slow Fast

samples
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FIGURE 6.56 Example chromatograms obtained with long gradient method employed for the isolation of
analytes of interest from indigenous plasma components.

6.4.3 SAMPLE PREPARATION
6.4.3.1 High-Throughput Clean-Up of Complex Samples

Analysis of complex mixtures is often carried out via traditional LC/MS. Although this approach
is widely accepted and effective, rapid gradients commonly employed to improve throughput
often result in suboptimal separations of analytes of interest from compounds that can influ-
ence ionization, therefore affecting sensitivity. The use of yPLC with automatic time triggered
fraction collection (as described in Section 6.2.6) for the clean-up of complex samples prior to
MS analysis provides a significant increase in overall throughput. This increase can be achieved
without sacrificing separations since longer gradient methods can be employed, as shown by
Lloyd et al.®

Figure 6.56 depicts an example of yPLC separation obtained with a generic gradient method
utilized in the experiments described by Lloyd et al. The endogenous plasma peaks were sep-
arated from the active compounds present in the samples. Stock solutions and blank plasma
solutions were used to define the windows for fraction collection for each sample analyzed (indi-
vidual drugs and seven compound cocktail samples). Figure 6.57 shows the overlaid chromato-
grams (24) obtained for a sample containing midazolam, a positive mode internal standard, and
plasma, with the selected time window employed for fraction collection highlighted. Collected
fractions were then analyzed by MS, thus carrying out flow injection analysis (FIA). In all cases
evaluated, excellent reproducibility and linearity values were obtained after FIA of collected
fractions.?

Figure 6.58 presents results obtained from these evaluations. Average peak areas obtained after
FIA analysis employing an Agilent 1100 (API-ES) MS are shown. When relative peak area values
(peak area due to analyte and internal standard) were used for reproducibility evaluation, percentage
CV values ranged from 2.7 to 4.0% for the two lowest concentrations analyzed.
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FIGURE 6.57 Overlaid chromatograms (24) obtained for blank plasma spiked with midazolam and positive
mode internal standard.

Peak area data were employed to generate the external standard calibration curve shown in the
figure. A least squares method was used for linear regression, yielding an r? value of 0.995, demon-
strating that the dilution series remained linear after purification on the yPLC system. Overall, the
utilization of HPLC to isolate active compounds from ion-suppressing interferences resulted in a sig-
nificant increase in signal compared with no-separation, fast gradient methods that do not allow com-
plete separation of ion suppression compounds, and solid phase extraction methods. These results
demonstrate the utility of a fully automated platform with fraction collection to maximize the effi-
ciency and throughput of complex 