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Abstract

Development, Evaluation, And Application of Chromatographic Resolution Enhancement Strategies

Garrett Hellinghausen, PhD

The University of Texas at Arlington, 2019

Supervising Professor: Daniel W. Armstrong

With the emergence of advanced separation technologies, like high-efficiency stationary phases bonded
with superficially porous particles, or sub-2 um fully porous particles, faster and more effective
methodologies are possible for liquid chromatographic analyses. Such advanced approaches can be easily
applied to achiral separations but require more extensive optimization for chiral separations. Chiral
molecules are subjected to extensive characterization of their enantiomeric pharmacological properties
due to requirements of the Food and Drug Administration. Herein, fundamental chiral method
development strategies are thoroughly discussed for hundreds of small molecules using conventional and
newly synthesized chiral selectors bonded to high-efficiency supports. In these strategies the principle of
complementary behavior is utilized, in which a separation can be obtained just by switching the chiral
selector. These methodologies were developed with cyclofructans, cyclodextrins, and macrocyclic
glycopeptides as chiral selectors. A variety of organic modifiers and additives were investigated for each
selector to determine the best screening protocol, which is often the optimal separation condition.
Solvents compatible with mass spectrometry were primarily used to promote sensitive biological
enantiomeric analysis. Utilizing these strategies led to the development of modified selectors to target
separations of specific analytes, like nicotine. Applications were reported, including the determination of

high levels of an unnatural nicotine enantiomer in commercial products that has not been deemed safe.

Despite the increased efficiency from small, superficially porous particles and high selectivity from novel
selectors, chromatographic peak overlap can still be observed in some cases. Quantitation becomes more

inaccurate as chromatographic resolution decreases, especially with asymmetric peaks because peak



integration becomes ambiguous. Conventional strategies to increase chromatographic resolution focus on
the use of high efficiency supports bonded to novel selectors analyzed with high resolution instruments.
Instead, mathematical approaches were applied after data collection or post-signal acquisition. Signal
processing is well established in optical and nuclear magnetic resonance spectroscopy. Herein, these
principles have been applied to chromatography data. While there is a focus of using these techniques for
fast ultra-high-pressure liquid chromatographic analysis, they can be applied to any chromatographic data
(i.e., gas, liquid, supercritical fluid, capillary electrophoresis, etc.). Mathematical approaches using
derivatives or power law can enhance resolution of overlapping peaks, usually by reducing peak widths
and reduce background noise. These techniques maintain the retention time and area of each peak that is
needed for accurate quantitation. It has been shown that there is minimal error (< 1 %) in processed peak
areas when the overlapping pair is separated enough to distinguish the peaks’ maximum (a resolution =
~0.8). Derivatives and power law are also useful for impurity and peak purity analysis. Once automated
and integrated within chromatography data software, these techniques will revolutionize the
chromatography field in a way that is similar to previous spectroscopy advancements. The advantages and
limitations of each technique have been determined to facilitate the appropriate use of post-acquisition

signal processing resolution enhancement strategies.
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Chapter 1
Introduction
1.1 Resolution and the focus on selectivity in chiral separations

Recently, advances in chromatography technologies and instrumentation, like the use of sub-2 um
particles and ultra-high-pressure liquid chromatographs (UHPLCs), have provided a platform for
extremely high-efficiency separations [1]. Even so, there are cases where one or two critical pairs of
chromatographic peaks overlap and are not easily and accurately quantitated. Often, this is the case in
chiral separations, where enantiomers require specific simultaneous interactions to separate. Chiral
separations are typically done with a chiral stationary phase (CSP) that consists of a chiral selector
bonded to a chromatographic support. Often, chiral separations are used to differentiate enantiomers and
study their pharmacological properties. The FDA states that “the pharmacology and toxicology of the
enantiomer should be characterized for the principal effects and any other pharmacological effect, with
respect to potency, specificity, maximum effect, etc.” [2]. In some racemic mixtures, one of the
enantiomers is inactive or contributes very little pharmacologically or in opposition compared to the other
enantiomer [2]. Therefore, there is a need to analyze enantiomeric levels in new and untested drugs, food
substances, natural products, etc. Generally, the main objective of analytical chromatographic analysis is
to identify and quantitate an analyte or analytes subjected to a separation that is represented by their

chromatographic peaks (retention time, peak area, etc.).

The fundamental resolution equation 1 provides three terms that represent chromatographic separations

[3].

= () () 0

Resolution, (Rs), is dependent on efficiency (N), selectivity (a), and the retention factor (k) of the

analyte(s) subjected to separation. The goal of any chromatographic separation is to get baseline

separation, Rs = 1.5, so each peak is clear to integrate. Usually, the integrated peak is then compared to a



calibration curve to quantity the components’ concentration. With advanced chromatographic
technologies, N may be high, but Rs only scales by v/N. Also, fast separations are desired, which often
results in low retention factors. Typically, chromatographers target o, which scales proportionally in
relation to resolution. Selectivity is defined in equation 2.

k2

a= - 2

Selectivity is the ratio of the retention factors for two chromatographic peaks (k2 and ki). Another
common definition is the “peak to peak” separation between adjacent chromatographic peaks. In chiral
separations, the enantiomers are usually differentiated by their interactions with a CSP [4]. The analytes’
enantiomers have different geometries that provide potential differences in interaction with the stationary
phase, which results in enantiomeric separation. Common chiral selectors include cyclofructans,
cyclodextrins, macrocyclic glycopeptides, polysaccharides, crown ethers, etc. [4]. Efforts are ongoing to
discover/develop new classes of effective chiral selectors. Often, unique selectivity can be achieved by
modifying the original selector. For example, native cyclofructans have very limited selectivity for any
chiral molecule, but isopropy! derivatized cyclofructan-6 stationary phase is known to separate > 90% of

all enantiomers that have a primary amine group [5].
1.2 Updating screening methodologies with new technologies

Derivatized chiral selectors, or selectors of the same class (i.e., vancomycin and teicoplanin of the
macrocyclic glycopeptides) often show complementary effects. A separation not achieved with one
selector may be obtained, even if the separation conditions are the same, just by switching from one chiral
selector to the other [6]. Thus, these chiral selectors are complementary to one another. Chromatographic
screening protocols often employ this principle [7]. Then, excessive time is spent in method development
to choose optimal conditions for a specific separation (i.e., stationary phase type, length, and inner
diameter, mobile phase additives and modifiers, temperature, etc.). Unfortunately, most industrial
methodologies aren’t updated to reflect the gains in resolution provided with advanced column and
instrument technologies. Significant gains pertaining to the reduction of analytes time with similar

2



resolution (due to gains in N) have been reported with the use of chiral selectors bonded to smaller, 2.7

um superficially porous particles (SPPs) as compared to conventional 5 pm fully porous particles (FPPs)

[8].

In this work, screening protocols for 150 chiral amine-functionalized compounds, 100 pesticides, and 40
nicotine related compounds were developed using recently commercialized CSPs (using 2.7 um SPPS)
including the macrocyclic glycopeptides; vancomycin and teicoplanin, the derivatized cyclodextrin;
hydroxypropyl beta cyclodextrin, and the derivatized cyclofructan; isopropyl cyclofructan-6 [9-10].

Representative structures of these chiral selectors are shown in Figure 1.

Cyclodextrins Cyclofructans Macrocyclic glycopeptides

Chapter 1 Figure 1. Structures of chiral selectors (original work).

One key advantage of these chiral selectors compared to others are they have high chromatographic
enantioselectivity when using electrospray ionization mass spectrometry compatible solvents. This is
important for sensitive applications, including biological analysis, environmental testing, trace
pharmaceutical impurity analysis, etc. One example is the use of teicoplanin to separation amino acid
enantiomers in cancer cells to identify and quantitate trace levels of D-amino acids [11]. Recent efforts
have focused on derivatizing and evaluating cyclofructan-based phases [12]. In this work, the efforts

made to modify and evaluate macrocyclic glycopeptides for their selectivity differences are reported (see



Chapters 2-6) [9-10, 13-14]. Additional applications using these chiral selectors have been used to assign

the absolute configuration of newly synthesized compounds [15].

1.3 Post-acquisition signal processing

Peak overlap can be commonly observed in many situations, despite advanced separation techniques.
Baseline peak resolution is desired because peak integration becomes more challenging as
chromatographic resolution decreases, especially with asymmetric peaks. Conventional practices as
discussed in section 1.2, rely on method development to optimize chromatographic separations, which
usually requires extensive time and cost. Also, since screening methods have become faster, even in under
a second, other parameters like extra-column band broadening, noise, and frequency (response rate) have
become increasingly important factors in chromatographic analysis and method development [1,8,16-17].
A recent direction to enhance chromatographic resolution is the use of post-acquisition signal processing,
that is judicious treating of the data after collection. Post-acquisition signal processing is well established
in optical and nuclear magnetic resonance spectroscopy. Recently, chromatographers have applied
mathematical operations on raw chromatographic data to either extract peaks areas of overlapping peaks
or directly enhance the resolution of overlapping peaks, usually by reducing peak widths and enhancing
the signal to noise [18-21]. Overlapped peaks (Rs < 1.5) can be baseline separated and accurately
guantitated using simple mathematics [18-21]. This notion has the potential to increase throughput in
screening or can be applied to difficult chiral separations in 2D-LC and many more applications. These
principles have been explored using liquid chromatography but can be applied to all chromatographic and
capillary electrophoresis analyses. A brief introduction to these principles is provided in this section and

more details follow in Chapters 6-10.

Indirect methods, like curve fitting, estimate the position and shape of chromatographic peaks [18]. The
estimation of peak position and shape is based on a model (i.e., iterative curve fitting uses least squares
approximation and can be modeled using bidirectional exponentially modified Gaussians, exponentially

modified Gaussians, etc.) [18]. Some curve fitting techniques are more complicated than others and

4



require multidimensional data (i.e., multivariate curve resolution) [22]. These indirect methods have been
reported as useful for quick approximations of overlapping peak areas but can be inaccurate if an

inappropriate model is utilized to estimate the peak position and shape [18].

Direct resolution enhancement methods typically focus on sharpening peaks to increase their resolution,
and typically change peak shape and height. However, critical peak information like retention time and
peak area can be maintained for compound identification and quantitation with the addition of some
modifications. Operations like Fourier transform, and derivatives have been adapted from spectroscopy to
directly enhance resolution in chromatography [17, 20, 23]. In chromatography, Fourier transform can be
used to remove extra-column band broadening (i.e., from the volume of the injector, connecting tubing,
and detector) [23]. The principle of even-derivatives has been shown to reduce peak widths, which results
in resolution enhancement. After using the even-derivative peak sharpening protocol (discussed in
Chapter 7), retention times are constant and peak areas can be recovered to within <1 % error if the
chromatographic resolution before processing is > 0.7 [20]. Another principle has been adapted from
optical digital filtering, which is the use of power transforms to exponentially raise the signal intensity
relative to background noise (power law) [24-25]. The fundamental principle of the recently purposed
power law is that raising a given number to a power, n (where n is an integer > 1) increases the signal
magnitude if it is >1 or decreases the signal magnitude if it is < 1 [24-25]. The power law reduces tailing,
noise, maintains retention time, and increase resolution between overlapping chromatographic peaks, but
the relative and absolute peak areas are not maintained [16, 24-25]. A modified power law approach
normalizes the peak of interest for quantitation to a height value of 1 (and the rest of the chromatogram
accordingly) before raising the chromatographic signal to a power (see Chapter 8) [19, 21]. Using a back-
calculation, the peak area information is recovered with similar accuracy as the even-derivative
sharpening method [19, 21]. The latest work in this field has focused on pushing the resolution limits of

power law to accurately determine peak areas of overlapping peaks [26].

1.4 Organization of dissertation



This dissertation primarily focuses on how to increase chromatographic resolution by fundamental
methodologies and novel signal processing protocols. Chapter 2 addresses methodology updates using
superficially porous particle based chiral stationary phases. Chapters 3 and 4 describe the synthesis,
development, and evaluation of two new chiral stationary phases. Chapter 4 also examines the use of a
new chiral stationary phase for the enantiomeric nicotine in natural products like nicotine e-liquids and
other tobacco products. Chapter 5 further examines the stationary phase described in Chapter 4 to other
nicotine-related compounds. Chapter 6 begins the investigation of using signal processing techniques,
specifically iterative curve fitting, to recover areas of overlapping pesticides, which is extremely useful
for chiral pesticides that have up to 8 stereoisomers. Chapter 7 continues the investigation of signal
processing techniques with the introduction of a derivative sharpening method that can recover areas of
overlapping peaks with high accuracy. In Chapter 8, a second new processing technique called modified
power law is described. Fundamental studies are described, and applications provided. Chapter 9 reviews
and compares the derivative and power-based protocols to curve fitting and Fourier transform signal
processing methods. Chapter 10 shows the applicability of these signal processing methods in
combination with high-efficiency instrumentation, separating and accurately quantitating 101
compounds/peaks in under a minute. Chapter 11 concludes the manuscript with a summary and future

outlook.
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Chapter 2

Effective methodologies for enantiomeric separations of 150 pharmacology and toxicology related

1°, 2° and 3° amines with core-shell chiral stationary phases

2.1 Abstract

Core-shell particles (superficially porous particles, SPPs) have been proven to provide high-throughput
and effective separations of a variety of chiral molecules. However, due to their limited
commercialization, many separations have not been reported with these stationary phases. In this study,
four SPP chiral stationary phases (CSPs) were utilized for the enantiomeric separation of 150 chiral
amines. These amines encompass a variety of structural and drug classes, which are particularly important
to the pharmaceutical industry and in forensics. This comprehensive evaluation demonstrates the power of
these CSPs and the ease of method development and optimization. The CSPs used in this study included
the macro-cyclic glycopeptide-based CSPs (VancoShell and NicoShell), the cyclodextrin-based CSP
(CDShell-RSP), and the cyclofructan-based CSP (LarihcShell-P). These CSPs offered versatility for a
variety of applications and worked in a complementary fashion to baseline separate all 150 amines. The
LarihcShell-P was highly effective for separating primary amines. VancoShell, NicoShell, and CDShell-
RSP were useful for separating all types of amines. These CSPs are multi-modal and can be utilized with
mass spectrometry compatible solvents. Eighteen racemic controlled substances were simultaneously
baseline separated in a single liquid chromatography—mass spectrometry (LC—MS) analysis. Details in
high-performance liquid chromatography (HPLC) parameters will be discussed as well as the improved

chromatographic performance afforded by the SPP CSPs.

2.2 Introduction

In 2017, the Food and Drug Administration (FDA) approved 22 small molecules as new molecular
entities. In comparison to the last five years (2012-2016), the percentage of amines approved increased

from 70% to 77%, and the percentage of chiral compounds and chiral amines remained constant at 59%



and 40%, respectively [1]. Since enantiomers may possess different biological activity, chiral separation
methods of amines have become routine and important for chiral pharmaceutical analysis. The FDA states
that “the pharmacology and toxicology of the enantiomer should be characterized for the principal effects
and any other pharmacological effect, with respect to potency, specificity, maximum effect, etc.” In some
racemic mixtures, one of the enantiomers is inactive or contributes very little pharmacologically or in
opposition compared to the other enantiomer [2]. In the pharmaceutical industry from 1994 to 2011, 15
“chiral switches” were made due to the inactivity of one enantiomer [2]. Additionally, some compounds
have more than one set of enantiomers, which further complicates their therapeutic use. One example is
ephedrine, which has two chiral centers and is used as a vasopressor. However, its diastereomer,
pseudoephedrine, acts oppositely and is used as a vasoconstrictor. Also, ephedrine and pseudoephedrine
are both precursors to methamphetamine [3]. Depending on which diastereomer is used, different
enantiomeric compositions of methamphetamine are obtained, which is used in forensics to trace the
origin of the substance if it is under investigation for illicit use [3]. Of course, the isomeric ratio of
ephedrine and pseudoephedrine cannot be determined by mass spectrometry (MS) unless they are

chromatographically separated because they have the same m/z [3,4].

According to the 2017 DEA Orangebook, over 70% of scheduled controlled substances are amines,
including catecholamines, cathinones, and substituted amphetamines [5]. Also, over 50% and 40% are
chiral compounds and chiral amines, respectively [5]. According to the DEA Orangebook list I regulated
chemicals, ~40% of the precursors to controlled substances are amines [5]. Also, 37% are chiral, and only
one of the chiral chemicals is not an amine [5]. In addition, there are new designer drugs that have been
derived from regulated substances to avert detection [3]. One of the most common techniques used by
forensics is MS because it accurately provides sensitive identification and quantitation of target
compounds in complex samples. Most reported analyses for designer drugs rely on gas chromatography
(GC), which is not suited for biological analysis of nonvolatile or thermally liable samples. Liquid

chromatography (LC) would be preferable for metabolic, pharmacokinetic, and pharmacodynamic



studies. Also, LC can be performed at preparative scales to obtain large amounts of individual
enantiomers and assess their pharmacological properties. This approach might be particularly useful for

the investigation of new chiral controlled substances and designer drugs and their metabolites.

Some commercial CSPs have solvent limitations, where the optimized mobile phase is not MS
compatible. Recently, isopropyl cyclofructan-6 bonded to superficially porous particles (SPPs) was
shown to provide faster and higher efficiency separations, while maintaining selectively (o) at much
higher flow rates in comparison to its analogous fully porous particles (FPPs) CSP [6]. The speed of
chromatographic separation with SPP CSPs compared to FPP CSPs has advanced from minutes to
seconds [7-8]. Merck researchers have demonstrated the power of a SPP teicoplanin CSP with high-
throughput screening, estimating that over 1000 samples could be tested for enantiomeric excess within a

single workday [9].

Macrocyclic glycopeptides, cyclodextrins, and cyclofructans have been investigated to achieve higher
selectivities for difficult and important chiral separations [10-18]. However, few comprehensive studies,
especially for controlled substances, have been performed using these chiral selectors bonded to SPPs
[19-26]. The results of this study highlight new and highly improved separations of 150 chiral primary
(1°), secondary (2°), and tertiary (3°) amines with three SPP-bonded derivatized chiral selectors
(hydroxypropyl B-cyclodextrin, isopropyl cyclofructan-6-P, and a modified macrocyclic glycopeptide)
and one native SPP-bonded chiral selector (vancomycin). Focus was paid to the “principle of
complementary separations,” which states that a partial separation with one chiral selector can be brought
to baseline with one of the other related selectors [27-28]. This characteristic provides a high likelihood of
baseline separating any structure within a given class of compounds. In this study, the focus is on
pharmaceuticals, stimulants, and related compounds. These chiral selectors are multi-modal, so they offer
ease of optimization and perform well in MS compatible solvents, which would be useful for biological

and forensic analyses.

2.3 Experimental
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2.3.1 Chemicals and materials

Native vancomycin (VancoShell, VS), modified macrocyclic glycopeptide (NicoShell, NS),
hydroxypropyl-p-cyclodextrin (CDShell-RSP, RSP), and isopropyl-cyclofructan (LarihcShell-P, LS-P)
chiral selectors were bonded to 2.7 um SPP and obtained from AZYP, LLC. (Arlington, TX, USA) [18-
20]. Analytes were purchased as racemic standards or individual enantiomer standards (then mixed to
form racemates) from Cerilliant Corporation (Round Rock, TX, USA), Sigma-Aldrich (St. Louis, MO,
USA), and LKT Laboratories Inc (Minneapolis, MN, USA). Racemic standards were prepared in
methanol (MeOH) at 1 mg/mL for analysis. Solvents and additives including HPLC grade acetonitrile
(ACN), ethanol (EtOH), MeOH, hexane (Hex), heptane (Hep), trifluoroacetic acid (TFA), acetic acid
(AA), ammonium hydroxide (NH4OH), trimethylamine (TEA), formic acid (FA), ammonium acetate
(NH4CH3CO2), ammonium formate (NH4HCO_), and ammonium trifluoroacetate (NH4sTFA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Water was purified by a Milli-Q water purification

system (Millipore, Billerica, MA, USA).

2.3.2 Chromatographic conditions

An Agilent 1260 (Agilent Technologies, Palo Alto, CA, USA) HPLC was used. It consisted of a 1200
diode array detector, autosampler, and quaternary pump. The mass spectrometer used in this study was a
Shimadzu triple quadrupole LC-MS instrument, LCMS-8040, (Shimadzu, Tokyo, Japan). All MS was
operated in positive ion mode with an electron spray ionization source. The parameters were set as
follows: nebulizer gas flow, 3 L/min; drying gas flow, 15 L/min; desolvation line temperature, 250 °C;
heat block temperature, 400 °C. Multiple UV wavelengths of 220, 230, and 254 nm were utilized for
detection and identification of enantiomers. All separations were carried out at room temperature, unless
otherwise noted, using an isocratic method. Mobile phases were degassed by ultrasonication under

vacuum for 5 minutes. Each analyte was screened and optimized as described in section 3.1.
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When distinguishing the following mobile phases, the letters in parenthesis refer to the ratio changes in
parenthesis. For example, 1(a,b): MeOH-NH,TFA (100:(0.1,0.025), v/iw) means 1a corresponds to
MeOH-NH,TFA (100:0.1, v/w) while 1b is MeOH-NH4TFA (100:0.025, v/w). If the pH is given, it is the
pH of the aqueous buffer prior to mixing with organic modifier. The optimized mobile phase conditions
referring to Tables 1-3 were as follows: 1(a,b): MeOH-NH4TFA (100:(0.1,0.025), v/iw), 2(a,b,c): MeOH-
NH;HCO, (100:(0.2,0.5,0.1), v/w), 3(a,b): MeOH-AA-TEA (100:(0.2:0.1,0.1:0.05), v/v/v), 3(c,d.e):
MeOH-AA-NH,OH (100:(0.2:0.05,0.1:0.02,0.3:0.05), v/v/v), 4(a,b,c,d,e,f,g): ACN-MeOH-AA-TEA
((60:40,50:50,30:70,10:90,70:30,80:20,95:5):0.3:0.2, v/v/v/v), 4(g): ACN-MeOH-TFA-TEA
(90:10:0.3:0.2, viviviv), 5(a,b,c,d,e,f): ACN-NHsHCO; (pH 3.6; 16 mM)
((30:70,25:75,20:80,15:85,10:90,5:95), V/v), 5(g,h,i,j): ACN-NHsHCO; (pH 3.6; 48 mM)
((20:80,15:85,10:90,5:95), v/v), 5(k): ACN-NH4HCO: (pH 3.6; 80 mM) (5:95, v/v), 6(a,b,c): MeOH-
NH;HCO: (pH 3.6; 16 mM) ((90:10,80:20,30:70), v/v), 6(d,e): MeOH-NH4HCO: (pH 3.6; 48 mM)
((90:10,30:70), v/v), 6(f): MeOH-NH4HCO; (pH 6.0; 16 mM) (35:65, v/v), 6(g): MeOH-NH;HCO, (pH
5.0; 16 mM) (30:70, v/v), 7(a,b): EtOH-NHsHCO- (pH 3.6; 16 mM) ((95:5,90:10), v/v), 8(a,b): Hex-
EtOH-TFA-TEA ((70:30,80:20):0.3:0.2, v/V/v/v), 9(a,b): Hep-EtOH-TFA-TEA ((95:5,90:10):0.3:0.2,

VIVIVIV).

2.3.3 Sample categorization

In Tables 1-3, the 150 amines are classified by their type; 1°, 2°, or 3°, then categorized into one of the
following classes: pharmaceuticals, stimulants, reagents, or amino acids and derivatives (listed
alphabetically). Pharmaceuticals were distinguished based on their pharmacological effects. Stimulants
were defined as any amine that increases the functional activity of an organism, such as a- and f3-
adrenergic agonists (AAA, BAA), analgesics (ANA), antidepressants (AD), antiparasitics (AP),
catecholamines (CAT), and tobacco-related compounds (TOB). Additionally, if stimulants were classified
in the DEA Orangebook by a class scheduling action number (CSA #) or regulated chemical list number

(RC #), they were labeled as such [5]. One non-stimulant (NS) was included with the stimulants due to its
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similarity in structure to amphetamine. Pharmaceuticals included a-, -, calcium channel, and sodium
channel blockers (AB, BB, CCB, SCB), anesthetics (ANE), antibiotics (ABIO), antimuscarinics (AM),

antipsychotics (APC), diuretics (DIU), and hormones (HOR).

Chapter 2 Table 1. Optimized chiral separations of primary (1°) amines.

a) Pharmaceuticals
Name!? Class? | CSP® MP* F(M® | k% | a%® | R
LS-P 49 0.7 27 | 1.09| 19
. NS 3c 1.0 7.7 | 1.09 | 1.7
Amlodipine CCB "Rspr | se 10 | 31 |110] 15
VS 4a 1.0 76 | 1.11 | 2.0
. LS-P 49 1.0 75 | 1.08 | 15
Mexitilane SCB Vg 3c 05 | 1.1 | 1.10 | 20
Thyroxine HOR LS-P 49 1.0 23 | 121 | 2.8

b) Stimulants

Name! Class? | CSP? MP* F(T)® | k% | af® | R
LS-P** 49 1.0 31 | 106 | 1.7
3,4-methylenedioxyamphetamine (MDA) | CSA | RSP* 5e 0.5 22 | 107 | 16
VS** 7a 0.4 51 | 1.08 | 15
LS-p*** 49 0.3 55 | 105 | 15
. NS**** 3c 0.3 29 | 105 | 15
Amphetamine CSAN —Rspr | 5 |05(a5) | 2.4 | 1.08 | 1.5
VS la 1.0 1.1 | 1.18 | 25
NS 3c 0.5 46 | 106 | 15
Aminorex CSA | RSP* 5d 1.0 1.7 | 1.10 | 2.2
VS 3c 0.7 26 | 1.10| 2.0
LS-P** 4e 0.5 37 | 106 | 15
. NS 4a 1.0 7.0 | 1.12 | 2.2
Methoxamine AAA RSP 5e 10 | 09 | 142 36
VS 4a 0.5 3.2 | 110 | 15
. . LS-P* 49 0.5 7.7 | 1.07 | 15
Midodrine AAA NS 3c 10 | 52 | 123 29
Norepinephrine (Arterenol) CAT LS-P 49 1.045) | 3.7 | 113 | 24
. LS-P 4a 1.0 35 114 | 29
Normetanephrine CAT NS 3c 10 20 1110 [ 20
. . LS-P 4a 1.0 33 | 1.14 | 2.8
Norphenylephrine (3-octopamine) CAT VS 8a 05 1151105 15
. LS-P 4a 1.0 32 | 113 | 21
Octopamine CAT s 3c 10 | 58 | 1.08 | 1.8
LS-P 49 0.3 26 | 105 | 15
p-methoxyamphetamine (PMA) CSA| RSP* 5d 0.5(45) | 22 |1.06 | 15
VS la 0.6 1.0 | 1.17 | 2.5
. LS-p*** 49 0.3 27 | 105 | 15
p-chloroamphetamine (PCA) NS RSP 5 05 53 1106 | 15
. . LS-P 4a 0.8 24 | 1.10 | 2.0
Phenylpropanolamine (Norephedrine) RC I NS 12 07 36 110815
. LS-P** 49 1.0 55 | 1.06 | 15
Tranylcypromine AD NS 3e | 1.0(10) | 5.0 | 1.12 | 2.0
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RSP* 5e 1.0 16 [ 113 | 2.8
VS 6a 0.5@30) | 15 | 115 ] 25
. LS-P da 0.5 24 1109]| 1.9
4-hydroxynorephedrine CAT NS 8a 10 53 125 15
LS-P 8b 1.0 6.0 | 112 | 2.3
. . NS 2b 20(45) | 14 | 144 | 45
B-keto-amphetamine (Cathinone) CSA RSP Sk 0.7 52 1110 24
VS la 1.015) | 1.0 | 122 | 2.6

c) Reagents
Name! Ccsp? MP* F(T)® | k% | a® | R
LS-P 4q 1.0 24 1114 | 2.6
1-(1,1-biphenyl-4-yl) ethanamine NS* da 1.0 74 1112 | 25
VS la 1.0 08 | 124 | 2.6
LS-P 4a 1.0 1.6 [1.18 | 3.3
1-(1-naphthyl) ethylamine NS 2a 1.0 19 [ 121 ] 3.2
VS la 1.0 11 [ 121 238
1-(2-naphthyl) ethylamine LS-P 4da 1.0 23 | 114 | 2.9
. LS-P 4q 1.0 29 | 113 | 2.6
1-(4-chlorophenyl) ethylamine VS 3c 05 51 1109 18
LS-P da 1.0 21 1113 | 23
1-(4-methylphenyl)ethylamine NS* 4da 1.0 58 | 1.08 | 25
VS 3c 1.0 14 [ 115 | 24
. . LS-P 4q 1.0 08 | 114 | 2.0
1,1-diphenyl-2-amino-propane VS 1a 10 09 1130 33
LS-P** 9% 0.5 51 | 106 | 18
1,1-diphenyl-fluoro-2-aminopropane RSP 5a 1.0 15 | 114 | 21
VS la 1.0 05 | 139 3.2
LS-P 4q 1.0 06 | 125 | 2.8
1,2,2-triphenylethylamine NS*** 3c 0.3 1.3 | 107 | 15
VS la 1.0 06 | 145 | 3.9
LS-P da 1.0 1.8 [ 117 | 2.8
. NS* 3c 0.5 29 1108 19
1,2,3,4-tetrahydro-1-naphthylamine RSP 5f 03(5) | 1.1 | 1.05 | 15
VS la 1.0 0.8 | 150 | 45
LS-P 49 1.0 1.2 | 125 | 3.9
1,2-methoxyphenylethanamine NS 3c 1.0 19 | 113 ] 23
VS 3c 1.0 1.1 | 115 | 2.2
LS-P 9b 0.7 42 107 | 18
1-benzyl-2,2-diphenylethylamine RSP* 5a 1.0 05 |1.25] 35
VS la 1.0 1.0 | 219 ] 95
LS-P 49 1.0 22 | 125 | 4.2
. . . NS 2a 1.045) | 2.2 | 126 | 3.9
2-amino-1-(4-nitrophenyl)-1,3-propanediol RSP 5o 05 07 1115 18
VS* 8a 1.0 104 | 1.13 | 1.5
RSP* 5e 1.0 27 | 114 | 3.0
2-amino-1,1,3-triphenyl-1-propanol NS* 4f 0.5 06 | 117 ] 15
VS la 1.0 02 | 191 | 4.7
. . NS 4a 1.0 32 111 ] 20
2-amino-1,1-diphenyl-1-propanol VS b6a 10 08 (123 | 27
LS-P 4da 1.0 1.0 | 1.23 | 2.8
2-amino-1,2-diphenylethanol NS 3c 1.0 34 114 ] 25
VS 3c 0.5 1.3 [ 1.13] 2.0
2-amino-1-phenyl-1,3-propanediol LS-P 4q 1.0 23 114 ] 25
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RSP 5f 1.0 0.9 | 160 | 6.0
NS 2a 1.0 14 | 1.27 | 3.7
. LS-P 49 1.0 38 | 120 | 4.0
2-amino-1-phenylethanol RSP 5o 10 33 1108 | 17
LS-P 4a 1.0 23 | 113 | 23
2-amino-3-phenyl-1-propanol NS*** 3c 0.3 29 |105] 15
VS 6a 1.0 13 [ 115 20
LS-P** 9a 05(5) | 91 [ 107 ]| 15
2-amino-4-methyl-1,1-diphenylpentane NS*** 3c 0.3 1.2 | 107 | 1.7
VS la 2.0 04 |194 | 45
. . LS-P 4q 2.0 20 |160 | 7.2
2-chloro-indan-1-ylamine VS 6a 0.6 08 1122 | 28
4-chlorobenzylhydrylamine LS-P 49 0.5 23 108 ] 15
4-fluoro-a-methylbenzylamine LS-P 4g 1.0 26 11.12 | 2.2
NS** 4a 1.0 71 1111 | 2.0
LS-P 4q 1.0 23 | 111 | 2.0
4-methoxy-a-methylbenzylamine NS** 4a 1.0 66 | 107 ] 16
VS la 1.0 08 | 152 | 56
LS-P da 1.0 20 | 123 | 44
: NS 3c 0.5 35 107 | 15
6-methoxy-1,2,3,4-tetrahydro-1-napthalenylamine RSP e 10 11 (111 2.1
VS la 2.3 0.7 |170 | 5.2
LS-P 4g 1.0 21 1119 | 31
cis-1-amino-2-indanol NS 3c 1.0 38 | 111 ] 2.0
VS la 1.0 06 | 128 | 2.8
LS-P 4g 1.0 09 |115| 2.0
N-p-tosyl-1,2-diphenylethylene diamine NS 3c 1.0 21 118 ]| 2.6
VS 8a 1.0 44 1183 | 3.9
trans-1-amino-2-indanol LS-P 42 1.0 1.9 1128 44
VS la 1.0 08 | 134 | 37
LS-P 49 1.0 40 [ 110 2.0
a-methyl-4-nitrobenzylamine NS 3c 1.0 71 1108 | 1.7
VS** 3c 0.5 31 107 | 15
LS-P 49 1.0 23 | 115 | 2.7
a-methylbenzylamine NS* 4a 2.0(45) | 48 | 1.13 | 15
VS 6a 0.5 09 |115] 2.0

d) Amino acids & derivatives
Name! CSP? MP* F(M° | k% | a® | R
3,4-dihydroxyphenylalanine LS-P 49 1.0 27 | 137 | 3.7
LS-P da 1.0 23 | 112 | 23
4-chlorophenylalaninol NS 4c 1.0 56 | 1.13 | 2.6
RSP* 5c 0.5 1.0 {108 | 15
4-nitrophenylalanine LS-P 49 1.0 27 1123 ] 3.2
Homocysteine thiolactone LS-P 49 1.0 42 1113 | 2.2
NS 3a 1.0 29 | 114 | 21
p-chlorophenylalanine LS-P 49 1.0 23 | 116 | 2.2
p-fluorophenylalanine LS-P 49 1.0 22 118 ] 25
Phenylalanine LS-P 49 1.0 22 120 ] 2.6
Tryptophan LS-P 49 1.0 20 | 125] 31
Tryptophanamide LS-P 4q 1.0 32 | 118 | 2.7
VS 6a 1.0 12 | 122 | 27
Tryptophanol LS-P 4a 1.0 24 1115] 29
Tyrosine methyl ester LS-P ** 4q 0.7 21 1108 | 17
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NS 3c 03 | 19 [110] 1.7
Tvrosinol LS-P 4a 10 | 24 | 113 ] 25
y NS 4a 10 | 69 | 114 20

! See section 2.1 for all sample information.
2 See section 2.3 for classification information.

3 All chiral stationary phases (CSP) were 100 x 4.6 mm (i.d.), unless indicated: *150 x 4.6 mm (i.d.), **200 x 4.6 mm (i.d.), ***250 x
4.6 mm (i.d.), ***300 x 4.6 mm (i.d.). See section 2.1 for more information.

4 See section 2.2 for mobile phase (MP) information.

5 All flow rates (F) are given in mL/min. All temperature (T) is 25 °C unless otherwise indicated (in °C).
6abe Chromatographic calculations: ki = (tre - to) / (to); @ = K2/ Ky; Rs = 2(trz - tre) / (Wos1+ Woss.2). See Supplemental data for

abbreviations and more information.

Chapter 2 Table 2. Optimized chiral separations of secondary (2°) amines.

a) Pharmaceuticals

Name! Class? | CSP? MP* F(T)® | k% | af® | R
LS-P 49 0.7 27 | 1.09| 19
. NS 3c 1.0 7.7 | 1.09 | 1.7
Amlodipine CCB "Rspr | se 10 | 31 | 110 15
VS 4a 1.0 76 | 1.11 | 2.0
. LS-P 49 1.0 75 | 1.08 | 15
Mexitilane SCB Vg 3c 05 | 1.1 | 1.10 | 20
Thyroxine HOR LS-P 49 1.0 23 | 121 | 2.8
b) Stimulants
Name! Class? | CSP? MP* F(T)® | k% | af® | Rs®
LS-P** 49 1.0 31 | 106 | 1.7
3,4-methylenedioxyamphetamine (MDA) | CSA RSP* 5e 0.5 22 | 107 | 16
VS** 7a 0.4 51 | 1.08 | 15
LS-p*** 49 0.3 55 | 1.05| 15
. NS**** 3c 0.3 29 | 105 | 15
Amphetamine CSAI T Rsp* | 5t | 05(45) | 24 | 1.08 | 15
VS la 1.0 1.1 | 1.18 | 25
NS 3c 0.5 46 | 106 | 15
Aminorex CSA | RSP* 5d 1.0 1.7 | 1.10 | 2.2
VS 3c 0.7 26 | 1.10| 2.0
LS-P** 4e 0.5 37 |1.06 | 15
. NS 4a 1.0 7.0 | 1.12 | 2.2
Methoxamine AAA RSP 5e 10 | 09 | 142 36
VS 4a 0.5 3.2 | 110 | 15
. . LS-P* 49 0.5 7.7 | 1.07 | 15
Midodrine AAA NS 3c 10 | 52 | 123 29
Norepinephrine (Arterenol) CAT LS-P 49 1.045) | 3.7 | 113 | 24
. LS-P 4a 1.0 35 | 114 | 29
Normetanephrine CAT NS 3C 10 20 1110 [ 20
. . LS-P 4a 1.0 33 | 1.14 | 2.8
Norphenylephrine (3-octopamine) CAT VS 8a 05 115 1105 | 15
. LS-P 4a 1.0 32 | 113 | 21
Octopamine CAT s 3c 10 | 58 | 1.08 | 1.8
LS-P 49 0.3 26 | 105 | 15
p-methoxyamphetamine (PMA) CSA| RSP* 5d 0.5(45) | 22 |1.06 | 15
VS la 0.6 1.0 | 1.17 | 25
p-chloroamphetamine (PCA) NS LS-pP*** 49 0.3 27 1105] 15
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RSP* 5d 0.5 23 |106 | 15
. . LS-P da 0.8 24 1110 ] 2.0
Phenylpropanolamine (Norephedrine) RC I NS 42 0.7 36 1108 15
LS-pP** 49 1.0 55 106 ]| 15
. NS 3e 1.0(10) | 5.0 | 112 | 2.0
Tranylcypromine AD mRsp+ | e 10 | 16 |1.13] 238
VS 6a 0.5@30) | 15 | 115 ] 25
. LS-P da 0.5 24 1109]| 1.9
4-hydroxynorephedrine CAT NS 8a 10 53 125 15
LS-P 8b 1.0 6.0 | 112 | 2.3
. . NS 2b 20(45) | 14 | 144 | 45
B-keto-amphetamine (Cathinone) CSA RSP Sk 0.7 52 1110 24
VS la 1.015) | 1.0 | 122 | 2.6

c) Reagents
Name! Csp? MP* F(T)® | k% | a® | R
LS-P 4q 1.0 24 1114 | 2.6
1-(1,1-biphenyl-4-yl) ethanamine NS* 4da 1.0 74 | 112 | 25
VS la 1.0 08 | 124 | 2.6
LS-P da 1.0 16 [1.18 | 3.3
1-(1-naphthyl) ethylamine NS 2a 1.0 19 | 121 ] 3.2
VS la 1.0 11 [ 121 238
1-(2-naphthyl) ethylamine LS-P 4da 1.0 23 | 114 | 2.9
. LS-P 4q 1.0 29 | 113 | 2.6
1-(4-chlorophenyl) ethylamine VS 3c 05 51 1109 18
LS-P da 1.0 21 1113 | 23
1-(4-methylphenyl)ethylamine NS* 4da 1.0 58 | 1.08 | 25
VS 3c 1.0 14 [ 115 | 24
. . LS-P 4q 1.0 08 | 114 | 2.0
1,1-diphenyl-2-amino-propane VS 1a 10 09 1130 33
LS-P** 9%b 0.5 51 | 106 | 1.8
1,1-diphenyl-fluoro-2-aminopropane RSP 5a 1.0 15 | 114 | 21
VS la 1.0 05 139 32
LS-P 4q 1.0 06 |1.25] 2.8
1,2,2-triphenylethylamine NS*** 3c 0.3 13 | 107 ] 15
VS la 1.0 0.6 | 145 | 3.9
LS-P 4a 1.0 1.8 | 117 | 2.8
. NS* 3c 0.5 29 1108 19
1,2,3,4-tetrahydro-1-naphthylamine RSP 5f 03(5) | 1.1 | 1.05 | 15
VS la 1.0 0.8 | 150 | 45
LS-P 49 1.0 1.2 | 125 | 3.9
1,2-methoxyphenylethanamine NS 3c 1.0 19 | 113 ] 23
VS 3c 1.0 1.1 | 115 | 2.2
LS-P 9b 0.7 42 107 | 18
1-benzyl-2,2-diphenylethylamine RSP* 5a 1.0 05 | 1.25] 35
VS la 1.0 1.0 | 219 ] 95
LS-P 49 1.0 22 | 125 | 4.2
. . . NS 2a 1.0(45) | 2.2 | 126 | 3.9
2-amino-1-(4-nitrophenyl)-1,3-propanediol RSP 5o 05 07 1115 18
VS* 8a 1.0 104 | 1.13 | 1.5
RSP* 5e 1.0 27 | 114 | 3.0
2-amino-1,1,3-triphenyl-1-propanol NS* 4f 0.5 06 | 117 ] 15
VS la 1.0 0.2 | 191 | 4.7
2-amino-1,1-diphenyl-1-propanol NS 4a 1.0 32 111 ] 20
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VS 6a 1.0 08 | 123 | 27
LS-P 4da 1.0 1.0 | 123 | 2.8
2-amino-1,2-diphenylethanol NS 3c 1.0 34 | 114 | 25
VS 3c 0.5 1.3 | 113 ] 2.0
LS-P 49 1.0 23 114 ] 25
2-amino-1-phenyl-1,3-propanediol RSP 5f 1.0 09 160 ]| 6.0
NS 2a 1.0 14 | 1.27 | 3.7
. LS-P 49 1.0 38 | 120 | 4.0
2-amino-1-phenylethanol RSP* | Be 10 | 33 | 1.08]| 17
LS-P 4da 1.0 23 113 ] 23
2-amino-3-phenyl-1-propanol NS*** 3c 0.3 29 1105]| 15
VS 6a 1.0 1.3 | 1.15] 2.0
LS-P** 9a 05(5) | 91 [ 107 ]| 15
2-amino-4-methyl-1,1-diphenylpentane NS*** 3c 0.3 1.2 [ 107 | 1.7
VS la 2.0 04 194 ] 45
. . LS-P 49 2.0 20 160 ] 7.2
2-chloro-indan-1-ylamine VS 6a 06 08 122 | 28
4-chlorobenzylhydrylamine LS-P 49 0.5 23 1108 | 15
4-fluoro-a-methylbenzylamine LS-P 4g 1.0 26 | 112 22
NS** 4a 1.0 7.1 | 111 ] 2.0
LS-P 49 1.0 23 | 111 ] 2.0
4-methoxy-a-methylbenzylamine NS** 4a 1.0 6.6 |1.07 | 16
VS la 1.0 0.8 | 152 | 5.6
LS-P 4a 1.0 20 | 123 | 44
. NS 3c 0.5 35 1107 | 15
6-methoxy-1,2,3,4-tetrahydro-1-napthalenylamine RSP e 10 11 1111 21
VS la 2.3 0.7 1170 ]| 5.2
LS-P 49 1.0 21 | 119 3.1
cis-1-amino-2-indanol NS 3c 1.0 38 | 111 | 2.0
VS la 1.0 06 |1.28] 2.8
LS-P 49 1.0 09 |115| 2.0
N-p-tosyl-1,2-diphenylethylene diamine NS 3c 1.0 21 | 118 | 2.6
VS 8a 1.0 44 1183 | 3.9
trans-1-amino-2-indanol LS-P 42 1.0 1.9 1 1.28 | 4.4
VS la 1.0 08 | 134 ] 3.7
LS-P 49 1.0 40 [ 110 2.0
a-methyl-4-nitrobenzylamine NS 3c 1.0 71 1108 | 1.7
VS** 3c 0.5 31 |107 | 15
LS-P 49 1.0 23 | 115 | 2.7
a-methylbenzylamine NS* 4a 2.0(45) | 48 | 1.13 | 15
VS 6a 0.5 09 |115] 2.0

d) Amino acids & derivatives
Name! cspd MP# F(T)® | ki% | a® | R
3,4-dihydroxyphenylalanine LS-P 49 1.0 27 | 137 | 3.7
LS-P 4da 1.0 23 112 ] 23
4-chlorophenylalaninol NS 4c 1.0 56 | 1.13 | 2.6
RSP* 5c 0.5 1.0 {108 | 15
4-nitrophenylalanine LS-P 49 1.0 27 1123 | 3.2
Homocysteine thiolactone LS-P 4g 1.0 42 1113 | 2.2
NS 3a 1.0 29 114 ] 21
p-chlorophenylalanine LS-P 49 1.0 23 | 116 | 2.2
p-fluorophenylalanine LS-P 49 1.0 22 1118 | 25
Phenylalanine LS-P 4q 1.0 22 1120 ] 2.6
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Tryptophan LS-P 49 1.0 20 1 1.25] 3.1
Tryptophanamide LS-P 4q 1.0 32 | 118 | 2.7
VS 6a 1.0 12 122 | 2.7

Tryptophanol LS-P 4a 1.0 24 1115] 29

. LS-P ** 4q 0.7 21 1108 | 17
Tyrosine methyl ester NS 3¢ 03 19 1110 | 1.7
Tyrosinol LS-P 4a 1.0 24 1113 | 25

NS 4a 1.0 69 |114 | 20

! See section 2.1 for all sample information.

2 See section 2.3 for classification information.

3 All chiral stationary phases (CSP) were 100 x 4.6 mm (i.d.), unless indicated: *150 x 4.6 mm (i.d.), **200 x 4.6 mm (i.d.), ***250 x
4.6 mm (i.d.), ****300 x 4.6 mm (i.d.). See section 2.1 for more information.

4 See section 2.2 for mobile phase (MP) information.

5 All flow rates (F) are given in mL/min. All temperature (T) is 25 °C unless otherwise indicated (in °C).

abe Chromatographic calculations: ki = (trs - to) / (to); & = K2/ k1; Rs = 2(tr2 - tr1) / (Wos1+ Wo52). See Supplemental data for
abbreviations and more information.

Chapter 2 Table 3. Optimized chiral separations of tertiary (3°) amines.

a) Pharmaceuticals

Name! Class® | CSP® | MP* | F(T)° | ki% | a® | Rs®
Atropine AM NS 2a 0.5 56 [1.09] 1.7
Brompheniramine AH VS 6a 0.7 25 113 ] 2.0

NS 3c 1.0 19 1121 | 25

Bupivacaine ANE VS 1a 1.0 06 | 1471 3.7

NS* 4f 0.5 22 108 | 15

Carbinoxamine AH VS 3c 05 33 110 19

Cetirizine AH VS** 6a 0.3 1.3 [ 1.08| 15

. RSP* | 5c | 10 | L7 | 108 | 15
Chiophedianol AH VS | 6a | 06 | 16 |114] 25

Chlorpheniramine AH VS 6a 0.7 23 [112] 2.0

. NS | 3c | 1.0 | 58 | 113 1.7
Diperodon ABIO Vs T 3¢ 05 | 31 | 111 15

NS*** | 3c 0.3 17 107 | 1.8

Disopyramide SCB Vs T 4a 10 | 29 |113] 21

NS | 2b [1.0(45) | 24 [119] 31

Homatropine AM RSP* 5i 1.0 16 | 117 ] 2.2

VS 9% 0.5 46 |1.09 | 15

NS* 6C 0.3 11.0 [ 1.13 ]| 1.5

Indapamine DIV "Rsp [ 5h [0.3(10) | 26 | 1.10 | 15

— NS | 4a | 10 | 18 | 120 18
Mepivacaine ANE Vs | ea [05(30) | 1.4 | 114 | 2.2
Methoxyverapamil CCB NS 8a 0.5 36 11081 15

VS** 3c 0.5 30 |110] 15

Naftopidil AB NS 3c 0.5 32 112 ] 15

NS 3c 0.5 1.7 1114 | 18

Nicardipine CCB Vs [ 1a [20@5) | 04 | 151 2.8
NS 3c 1.0 7.0 |1.13| 2.6

Octoclothepin APC RSP 5a 1.0 28 [135] 5.0
vs* | 6d [0.7(45) | 0.8 [1.17 | 2.2

Orphenadrine AH VS 6a 1.0 1.1 123 29
Piperoxan AH NS 3a 15 6.3 [1.18 ] 2.3
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VS 3a 0.7 23 [ 112 | 2.2
. NS 2a 1.0 20 114 | 16
Promethazine AH VS | 1a | 20 |30 |1.72] 75
Sulpiride APC NS 2b | 1.045 | 27 130 4.3
Thioridazine APC NS 2a | 2.0(45) | 28 |138] 5.0
Tolperisone AM NS 3c 0.5 52 [ 107 ]| 15
VS la 1.0 0.7 {133 ] 3.0
. . NS 3c 1.0 32 [ 113 ]| 24
Trinexylphenidy! AM VS | 1a | 10 | 07 [1.29] 27
. . NS 3c 0.5 15 | 113 | 17
Trimebutine AM™Vs [ 1a | 1.0 | 05 |136] 3.0
: NS*** | 8a 0.5 41 |11.09]| 15
Verapami CCB Vs | 6a | 03 | 19 [1.08] 15

b) Stimulants
Name! Class® | CSP® | MP* | F(M)° | ki% | a®® | Rs®
. NS*** | 3¢ 0.3 48 |1.05]| 1.6
Citalopram AD VS | 3c | 07 | 42 |113] 21
NS 3c 0.5 19 | 111 ]| 2.0
Methadone CSAIl [ RSP*| 5g |0.7(45) | 0.9 [1.14 [ 2.2
VS 7b 0.5 25 112 21
NS 2b | 0.7(45) | 3.6 | 109 1.6
Methorphan CSAIll | RSP* | 5b 1.0 3.7 |110] 1.8
VS 6b 1.0 12 127 33
NS 3c 1.0 45 116 | 25
Mianserin AD RSP 5c 1.0 16 | 118 ] 2.7
VS la | 2045 | 14 |213]| 9.8
NS 2b | 1.045 | 2.0 | 119 2.6
Nefopam ANA RSP 5e 1.0 1.7 1123 | 35
VS la [0.7(45) | 15 [112] 21
Nicotine TOB NS 2b 1545 ] 05 |1.60] 3.0
. RSP* 5k 0.7 32 (108 | 1.7
N-Methylephedrine RC I VS 3b 10 57 1110 1.9
Tetramisole AP NS 3c 0.7 35 [112] 25
Tramadol CSAIV | VSs* 6e 0345 | 05 |121| 15
Trimipramine AD VS la 1.0 10 |1.33| 34
. NS*** | 3c 0.3 20 | 106 | 1.6
Venlafaxine AD VS | 3a | 10 | 47 [1.10] 21
NS 4a 0.5 1.2 | 1.15| 1.8
a-pyrrolidinopentiophenone (a-pvp) CSAl |RSP*| 6d |0.3(10) | 1.8 |1.10| 15
VS la 1.0 0.6 | 144 | 4.3

¢) Reagents

Name! CSP® | MP* | F(M)° | ki | a® | RS
. . NS 3c 1.0 47 1111 | 2.3
N,N-dimethyl-1-(1-naphthylethylamine) VS 8a 10 22 (1231 20
N,N-dimethyl-1-phenylethylamine NS 3c 1.0 52 | 111 ] 2.2
a-N,N-dimethylaminopheny! acetonitrile RSP ba 0.5 09 [112] 15

1 See section 2.1 for all sample information.
2 See section 2.3 for classification information.

3 All chiral stationary phases (CSP) were 100 x 4.6 mm (i.d.), unless indicated: *150 x 4.6 mm (i.d.), **200 x 4.6 mm (i.d.), ***250 x

4.6 mm (i.d.). See section 2.1 for more information.
4 See section 2.2 for mobile phase (MP) information.

5 All flow rates (F) are given in mL/min. All temperature (T) is 25 °C unless otherwise indicated (in °C).
6abe Chromatographic calculations: ki = (tre - to) / (to); @ = ka/ K1, Rs = 2(trz - tr1) / (Wos 1+ Wos,2). See Supplemental data for

abbreviations and more information.
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2.4 Results and discussion

The following sections will discuss the method development of each CSP from screening to optimization

for the chiral separation of amines (Fig. 1).

A) Reversed phase (RP) B) Polar organic mode (POM)
RSP, 100 x 4.6 mm (i.d.) RSP, LS-P, NS, & VS, 100 x 4.6 mm (i.d.)
ACN-NH Formate (pH 3.6, 16 mM) (30:70, v/v), 1 mL/min ACN-MeOH-AA-TEA (60:40:0.3:0.2, v/v/v/v), 1 mL/min
NS & VS, 100 x 4.6 mm (i.d.) |
MeOH-NH,Formate (pH 3.6, 16 mM) (30:70, v/v), 0.5 mL/min l IZH l
l V] l | R,> 2.5 & tg, > 5 min | 15<R,<25 | | R,<15
‘ R.>2.5 &ty > 5 min | | 1.5<R, <25 | | R, < 1.5 |
Y
l l | ACN-MeOH-TFA-TEA (90:10:0.3:0.2, v/v/v/v) |
M flow (90:10, v/v) (NS & VS) |zl
T temp. (10:90, v/v) (RSP) APIM (NS & VS)
{ flow T flow ‘ 1.5<R <25 | | R < 1.5 |
1 [salt] (for broad peaks) M temp.
i [zu 4 ACN-MeOH (v/v)
l | J flow
| R,>2.5 & tg, > 5 min | 15<R,<25 | 7l l [le 4 ACN-MeOH (v/v)
l | L5<R.<25 H R.<15 H R,>2 & tg; > 5 min | 15<R,<25 |
J column length
[ coamn engn | ! | ! )
IZI‘, T pH J column length | 15<R;<25 | ‘ Ry<15 |

 column length
15<R,<25 & temp. vl i
1.5<R, <25 A NP (LS-P, NS & VS)*
4 column length

J temp.

Chapter 2 Figure 1. Method development of chiral amines. Method development of chiral amines using
SPP CSPs: CDShell-RSP (RSP), LarihcShell-P (LS-P), NicoShell (NS), and VancoShell (VS) in (A)
reversed phase (RP) and (B) polar organic mode (POM). See Supplemental data for polar ionic mode
(PIM) and normal phase (NP) method development and chromatographic parameter abbreviations (Rs,
trz2), and section 2.1 for all solvent abbreviations (ACN, MeOH, AA, TEA, NH4HCO,). Other
abbreviations include temperature (temp.) and A, which represents “switch to.” See Fig. S1 and section
S1 in Supplemental data for more information.

The goals for all separations were to result in a “hit” (o> 1.05) from screening and get to baseline
separation (Rs >1.5) while operating at moderate pressure (<300 bar) and room temperature (25 °C). The
optimized results of the 150 tested amines are tabulated in Tables 1-3. The number of baseline separations
achieved with each CSP compared to the total possible separations according to the type of amine: 1°, 2°,

or 3° is shown in Fig. 2A. All 150 amines were baseline separated by at least one CSP and often with
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multiple CSPs. Fig. 2B illustrates, non-proportionally, the overlap of baseline separations between each

CSP, and reports the total number of baseline separations for each CSP in parenthesis.

w2 (8)
- S LarihcShell-P CDShell-RSP
8§ £ 3 (56) (53)
18 & _ 3 3%

g § 3 E 2 § ‘E = =

tEINEEE No 2 2 32

;40 E § Q. g g § g.é N -“’=’ 8

] m z > = % g c

B = E g =2

iz E 2

Nl . E

2 20 - §\ O \ § 2

£71\ \ \ &

< \ \ \ ©
§ § § VancoShell NicoShell

(113) (110)

1° Amines 2° Amines 3° Amines

Chapter 2 Figure 2. Baseline separations results of 150 chiral 1°, 2°, and 3° amines with four superficially
porous particle (SPP) chiral stationary phases (CSPs). (A) Number of baseline separations by each CSP
compared to the total amines tested. (B) Number of amines baseline separation by each or more than one
CSP. See Results and Discussion for further explanation.

The results show that 81% were baseline separated by two or more CSPs, 35% were baseline separated by
three or more CSPs, and 5% were baseline separated by all four CSPs. These separations will be
addressed according to the principle of complementary separations with the addition of the term,
“unique,” which applies to complementary separations where the amine had no separation with any of the

other CSPs (Fig. 3).

A) Complementary separation B) Unique complementary separation
CDShell-RSP l\,\ LarihcShell-P K
VancoShell [U\ J CDShell-RSP
NicoShell
NicoShell k
VancoShell ’\ {\
o 1 a2 sy 0 2 4 6 8 10
Time (min) Time (min)
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Chapter 2 Figure 3. The principle of complementary separations. (A, B). The principle of complementary
separations: the difference between (A) complementary and (B) unique complementary separations using
(A) alprenolol and (B) tramadol. See Tables 1-3 for all chromatographic results. See Section
Experimental for all chromatographic parameters and other information.

The numbers represented with just one CSP in Fig. 2B do not indicate “unique” complementary
separations because a different CSP might have had Rs < 1.5 for that amine. Also, if the amine was
separated by three CSPs, such as RSP, VS, and NS, it was not included in the overlap of two CSPs, like
VS and NS (Fig. 2B).

Overall, LS-P (i.e., the isopropyl cyclofructan-6) was the most powerful CSP for separating 1° amines.
LS-P achieved six “unique” complementary separations including phenylalanine, p-chlorophenylalanine,
p-fluorophenylalanine, tryptophan, tryptophanol, and norepinephrine. Also, LS-P performed five other
baseline separations that other CSPs could not, which included thyroxine, 1-(2-naphthylethylamine), 3,4-
dihydroxyphenylalanine (DOPA), 4-chlorobenzylhydrylamine, and 4-nitrophenylalanine.

Most stimulants were best separated by RSP (i.e., hydroxypropyl B-cyclodextrin), which is shown in Fig.
4 with the baseline separation of 18 racemic controlled substances in a single LC-MS analysis. RSP had
one “unique” complementary separation, 3,4-methylenedioxymethamphetamine (MDMA). Also, RSP

baseline separated one other amine that was not by other CSPs: a-N,N-dimethylaminophenyl acetonitrile.
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Chapter 2 Figure 4. Chromatographic enantioseparation of 18 racemic controlled substance stimulant
amines using liquid chromatography electrospray-mass spectrometry (LC-ESI-MS). Total ion
chromatogram (TIC) and extracted ion chromatograms (EIC) are shown. Conditions: CDShell-RSP, 150
X 4.6 mm (i.d.), ACN-NH4HCO; (pH 3.6, 16 mM) (10:90), 0.4 mL/min, 25 °C. 1. rac-cathinone, 2. rac-3-
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FMC, 3. rac-pentedrone, 4. rac-amphetamine, 5. rac-aminorex, 6. rac-methamphetamine, 7. rac-PMA, 8.
rac-mephedrone, 9. rac-methylone, 10. rac-a-PVP, 11. rac-ethylone, 12. rac-4-MEC, 13. rac-MDA, 14.
rac-pentylone, 15. rac-MDMA, 16. rac-3,4-DMMC, 17. rac-MDEA, 18. rac-4-EMC. See sections
Experimental and Tables 1-3 for other acronyms and information.

NS and VS (i.e., both macrocyclic glycopeptides) dominated the separation of pharmaceuticals and
demonstrated the most complementary behavior of any two CSPs. NS had two “unique” complementary
separations: atropine and epinephrine, and eight other baseline separations not performed by other CSPs:
ephedrine, fenfluramine, naftopidil, nicotine, N,N-dimethyl-1-phenylethylamine, sulpiride, tetramisole,
and thioridazine. VS had four “unique” complementary separations including brompheniramine,
cetirizine, chlorpheniramine, and tramadol. Also, VS baseline separated two amines, orphenadrine and

trimipramine, that other CSPs could not.

2.4.1 Screening and optimization

Screening was performed with all 150 amines with reversed phase (RP) and polar organic mode (POM)
(Fig. 1) The POM screening mobile phase comprised of ACN-MeOH-AA-TEA (60:40:0.3:0.2, v/ivIviv).
LS-P utilized POM, and all other CSPs utilized both RP and POM. The RP screening mobile phase for
NS and VS was MeOH-NH4HCO; (pH 3.6, 16 mM) (30:70, v/v), while ACN-NHsHCO; (pH 3.6, 16
mM) (30:70, v/v) was used for RSP. These screening solvents offered the best chance for a “hit” based on
a thorough investigation of mobile phase additives, which are discussed in the Supplemental data (Section
S1, Figs. S1-S6, Table 1). An optimized separation was targeted at a Rs between 1.5 and 2.5 with an
analysis time < 5 min. For “hits,” optimizations were made according to each CSP. LS-P required the
least optimization with most optimized separations performed using the screening mobile phase or ACN-
MeOH-TFA-TEA (90:10:0.3:0.2, v/viviv) (Table 1, Fig. 1B). However, if Rs> 1.5 was not achieved
sometimes a normal phase (NP) solvent, Hep-EtOH-TFA-TEA (60:40:0.3:0.2, v/iv/vIv), was used. Since
the back pressure was ~60-110 bar using a 100 x 4.6 mm (i.d.) column at 1.0 mL/min with these mobile
phases, analysis time was often reduced by increasing the flow rate. RSP had the most separations in the
reversed phase mode. If Rs> 1.5 was not achieved, the mobile phase was adjusted to ACN-NH4sHCO- (pH

3.6, 16 mM) (10:90, v/v) (Fig. 1A). For NS and VS optimization in the reversed phase mode, often
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MeOH-NH4HCO: (pH 3.6, 16 mM) (90:10, v/v) was used (Fig. 1A). However, most amines were best
separated by NS and VS when using the polar organic mode. Frequently, the use of a polar ionic mode
(PIM) solvent, MeOH-NH4HCO, (100:1, v/w), was used for the amines that had enantiomeric selectivity
in POM (Section S1.3, Figs. S1, S5). A variety of other optimization factors were investigated to improve
Rs, especially for the non-optimal separations (a < 1.05), which are not included in Tables 1-3 (Section

S1, Figs.S1-S6, Table 1).

2.4.2 Cyclofructan-6-P (LS-P)

The derivatized cyclofructan, LS-P, baseline separated 95% of racemic chiral 1° amines, of which many
were reagents used for organic synthesis (Fig. 2A, Table 1). Since LS-P had such high selectivites for
almost all the racemates, it is best-suited to identify and quantify trace impurities of enantiomeric reagents
in a synthetic therapeutic product. For example, rasagiline is used as a therapeutic for Parkinson’s disease,
and one of its chemical precursor, 2-chloro-indan-1-ylamine had a Rs of 7.2 with an analysis time under 2
min with LS-P (Table 1c). This large a also indicates a facile application for preparatory separations to
isolate a single enantiomer in large quantities, especially since most analytes are soluble in these solvents
used for LS-P [11]. Also, solvents used with the LS-P column are highly MS compatible compared to
other CSPs, like crown ethers, which are commonly used to separate of 1° amines [11]. When a chiral 1°
amine also had additional hydrogen bonding functionalities adjacent or connected to the chiral center, Rs
increased - which was expected [11,16,29]. Difficult 1° amine separations included amphetamines and
sterically hindered 1° amines, like 2-amino-1,1,3-triphenyl-1-propanol, 2-amino-1,1-diphenyl-1-propanol,
and aminorex. It should also be noted that most amino acids and derivatives have 1° amine functionalities
but have been shown to separate easily using other CSPs not included in this study, like TeicoShell

[12,17].

2.4.3 Hydroxypropyl-$-cyclodextrin (RSP)

26



The RSP B-cyclodextrin CSP baseline separated 35% out of the 150 amines, 30% of the 1° amines, 48%
of the 2° amines, and 27% of the 3° amines (Fig. 2A). It was best utilized for the stimulants, which
included several controlled substances like amphetamines and cathinones, as well as alkaloids, opioids,
and antidepressants (see Tables 1-3). Fig. 4 highlights the use of LC-MS with the baseline separation of
18 racemic controlled substances. Since the RSP primarily was used in the reversed phase mode, these
methods had very high MS sensitivity, which enhances its applicability to forensic and toxicology studies.
Separations included MDMA, and several synthetic cathinones, especially those that could interact
through hydrogen bonding. Analytes that had two hydrogen bonding functionalities, such as
pseudoephedrine, had larger Rs compared than those with only one, like methamphetamine, and those
with none, like fenfluramine, which enantiomers coeluted, as expected (Table 2b) [30]. Interestingly, 4-
fluoromethcathinone (4-FMC) could not be baseline separated by RSP, but 3-fluoromethcathinone (3-
FMC) was. However, 4-FMC and all other stimulants not baseline separated by RSP were separated by a

different CSP, which indicates the complementary behavior between all these macrocyclic CSPs.

2.4.4 Macrocyclic glycopeptides (VS & NS)

The native macrocyclic glycopeptide, VS, baseline separated 75% of all the amines: 59% of the 1°
amines, 94% of the 2° amines, and 76% of the 3° amines (Fig. 2A). Overall, VS had the best
performance, baseline separating more amines than the other tested CSPs. VS separated the most
pharmaceutical amines, baseline separating all antihistamines, anesthetics, antidepressants, analgesics,
antiarrhythmics, decongestants/bronchodilators, and antianginals. The modified macrocyclic
glycopeptide, NS, baseline separated 73% of all the amines, 59% of the 1° amines, 88% of the 2° amines,
and 76% of the 3° amines (Fig. 2A). NS has previously been shown to separate nicotine-related
compounds, which was further demonstrated in this work [18-19]. Additionally, NS had higher Rs for all
B-blockers compared to VS. Carbinoxamine, an antihistamine with a structure similar to
chlorpheniramine, was baseline separated using NS, while chlorpheniramine was not. In general,

antihistamines were better separated by VS than NS. One example was promethazine, an antihistamine
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with a phenothiazine structure, which had an extremely high Rs of 7.5 within 3 min using VS (Table 2).
However, another phenothiazine that is used as an antipsychotic, thioridazine, had low Rs using VS, but
was baseline separated by NS. Thioridazine is currently under investigation as a treatment for
schizophrenia, as is sulpiride and both were only baseline separated by NS. Another class of amines that
NS dominantly separated were the catecholamines, except norepinephrine and N-methylephedrine. Since
macrocyclic glycopeptides have complex separation mechanisms, it is difficult to predict why certain
amines were or weren’t separated. Thus, their highly complementary separation behavior contributes

greatly to their ease of use and optimization.
2.5 Conclusions

Herein the broadest and most comprehensive separation strategies for chiral amine containing compounds
is demonstrated. All 150 chiral amines were easily optimized to a R between 1.5 and 2.5, most within 5
min with at least one CSP, and several with more than one CSP. LS-P was shown to be best for 1°
amines, while RSP, NS, and VS separated a variety of 1°, 2°, and 3° amines. RSP separated most chiral
stimulants, which would provide sensitive forensic drug screening and testing. NS and VS best separated
pharmaceuticals and provided the most complementary separations. Further investigation of these CSPs

will lead to more information about their separation mechanisms and other novel applications.
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Chapter 3

Evaluation of the Edman degradation product of vancomycin bonded to core-shell particles as a

new HPLC chiral stationary phase
3.1 Abstract

A modified macrocyclic glycopeptide-based chiral stationary phase (CSP), prepared via Edman
degradation of vancomycin, was evaluated as a chiral selector for the first time. Its’ applicability was
compared to other macrocyclic glycopeptide-based CSPs: TeicoShell and VancoShell. In addition,
another modified macrocyclic glycopeptide-based CSP, NicoShell, was further examined. Initial
evaluation was focused on the complementary behavior with these glycopeptides. A screening procedure
was utilized based on previous work for the enantiomeric separation of 50 chiral compounds including
amino-acids, pesticides, stimulants, and a variety of pharmaceuticals. Fast and efficient chiral separations
resulted by using superficially porous (core-shell) particle supports. Overall, the vancomycin edman
degradation product (EDP) resembled TeicoShell with high enantioselectivity for acidic compounds in the
polar ionic mode. The simultaneous enantiomeric separation of 5 racemic profens using liquid
chromatography-mass spectrometry (LC-MS) with EDP was performed in ~3 min. Other highlights
include simultaneous LC separations of rac-amphetamine and rac-methamphetamine with VancoShell,
rac-pseudoephedrine and rac-ephedrine with NicoShell, and rac-dichlorprop and rac-haloxyfop with

TeicoShell.
3.2 Introduction

Macrocyclic glycopeptide antibiotics were first introduced as chiral selectors for liquid chromatography
by Armstrong in the early 1990s.! These natural products are produced by bacterial fermentation. Purified
and bonded to silica particles, they make useful chiral stationary phases (CSPs) with a broad spectrum of
interactions and therefore applicability.? The macrocyclic glycopeptide-based CSPs are multimodal,

meaning they are stable and efficient in normal phase (NP), reversed phase (RP), polar organic mode
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(POM), and polar ionic mode (PIM).3* The most distinctive feature of macrocyclic glycopeptides as
chiral selectors is their ionic character. All macrocyclic glycopeptides are ionizable, bearing primary or
secondary amines rendering them positively charged at neutral and acidic pH values.>”’ They also have a
carboxylic acid bearing a negative charge at neutral and high pH values so that the net charge is
adjustable according to the mobile phase pH. This is the foundation of PIM, which utilizes 100%
methanol containing trace amounts of acid and base or a non-volatile salt to tune the charges on the chiral
selector to effect ionizable enantiomers’ retention and separation.® Many ionizable compounds can be
separated in PIM, but sometimes it is beneficial to adjust the hydrogen bonding interactions by switching
to POM, which contains a mixture of acetonitrile and methanol with acid and base.? Others favour RP, in
which methanol is generally mixed with an ammonium salt with pH adjustment to enhance ionic
interactions. In RP, a low pH is generally preferred for amines, which higher pH is favoured for acids. All
these modes are compatible with mass spectrometry, and usually NP is not necessary for enantiomeric
separations with macrocyclic glycopeptides, while other CSPs depend on it. This is especially important
to biological analysis, which depends on mass spectrometry sensitivity for thermally liable and complex

samples.

Another feature of the macrocyclic glycopeptide class of chiral selectors is their complementary
behavior.>® If a separation of an enantiomeric pair is observed on a macrocyclic selector, say teicoplanin,
chances are that a baseline separation of this pair will be observed on a different selector, say
vancomyecin. The large number of possible interactions and structural similarities between the different
macrocyclic glycopeptides explain the observed complementary behaviour, which provides an ease of
method development. A plethora of native macrocyclic glycopeptides have been explored for their use as
chiral selectors, not only in liquid chromatography (LC), but also capillary electrophoresis and super
critical fluid chromatography.14>719 Of these, vancomycin, teicoplanin, and ristocetin A were
commercialized as the CHIROBIOTICs as well as teicoplanin’s aglycone.?’ Since the recent development

of superficially porous particles or core-shell particles, which offer high-throughput and more effective

32



separations, several studies have been explored using core-shell macrocyclic glycopeptide-based CSPs
(TeicoShell, VancoShell).2*% This has been particularly useful to ultrafast chiral separations needed in
second dimension (2D) LC.?*?° However, many glycopeptides are costly, and have limited availability,
which has led to a need to understand the applicability and limitations of more available glycopeptides so

further exploration can be made concerning useful modifications.

Comprehensive studies have indicated that vancomycin is most useful for the separation of basic amines,
while teicoplanin is most useful for the separation of acids, specifically amino acids."2%2* When
exploring the structural interactions driving these separations, it is difficult to assess their separation
mechanisms due to the diverse and complex interactions of each macrocyclic glycopeptide.® However, it
is thought that the carboxylic acid located in the vancomycin structure might play an important role for
the interaction with amines, while the primary amine in teicoplanin might be important to chiral
recognition for acids.® Some studies have been done with modified macrocyclic glycopeptides, such as
the crystalline degradation of vancomycin, which incorporates a second carboxylic acid moiety in the
structure.®®%2 Recently, a modified macrocyclic glycopeptide-based CSP, NicoShell, was used for the
novel LC enantiomeric separation of nicotine from tobacco e-liquids and several nicotine related
compounds, including carcinogenic tobacco-specific nitrosamines.?*-?2 NicoShell was further utilized for
the separation of several chiral amines.? An effective methodology was proposed for core-shell CSPs,
and was used in this study to evaluate a new selector, the vancomycin Edman degradation product
(EDP).Z The EDP differs from native vancomycin by the loss the N-terminus leucine residue, leaving a
primary amine (Fig.1).>* A set of 50 biologically active chiral compounds including stimulants, non-
steroidal anti-inflammatory drugs, pesticides, and a variety of acidic and basic pharmaceuticals were
subjected to LC enantiomeric separation. EDP results were then compared to three other macrocyclic

glycopeptide-based core-shell CSPs: TeicoShell, VVancoShell, and NicoShell.

3.3 Materials and methods
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Macrocyclic glycopeptide-based core-shell CSPs (100 x 4.6 mm (i.d.)): vancomycin (VancoShell, VS),
teicoplanin (TeicoShell, TS), NicoShell (NS), and the vancomycin Edman degradation product (EDP)
were obtained from AZYP, LLC. (Arlington, TX, USA). The EDP selector was synthesized by reacting
vancomycin with phenyl isothiocyanate in pyridine/water (50/50, v/v) followed by treatment with
trifluoroacetic acid to selectively remove the N-terminal residue highlighted in red in Fig.1.% Thus, the
hexapeptide derivative with a free primary amine (red arrow, Fig. 1) was produced. The hexapeptide

selector was then bonded to 2.7 um core-shell particles, like the other CSPs.

HO
Ho. N\ ,CH,OH
0 0]
HO 0 °
NH,» o o cl
HO Cl OH
(0] H o] H
X 0 N N \ NH,
HN 0] o
HO NH>
—OH
o SA>sC
HO

Vancomycin Edman
Degradation Product

Vancomycin

Chapter 3 Figure 1. Structures of vancomycin and the vancomycin Edman degradation product. The five-
aromatic ring association in the peptidic aglycone “basket” is labeled 1-5. The red arrow indicates the
structural modification leading to the vancomycin edman degradation product. See Materials and methods
for information concerning preparation of macrocyclic glycopeptide-based chiral stationary phases.

Analytes were purchased as racemic standards or individual enantiomer standards (then mixed to form
racemates) from Cerilliant Corporation (Round Rock, TX, USA), Sigma-Aldrich (St. Louis, MO, USA),
and LKT Laboratories Inc (Minneapolis, MN, USA). Racemic standards were prepared with methanol at

1 mg/mL for analysis. In the set of 50 selected analytes, 48 were ionizable compounds, mostly bases,
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since only 10 acidic compounds did not contain a nitrogen atom. 26 analytes were amines or have an
amine group in their structure. The remaining 14 nitrogen containing compounds were mostly amides (9

analytes) and a pyrrolizidine, pyran, benzoxazole, and two pyridine containing compounds.

Solvents and additives including HPLC grade acetonitrile (ACN), methanol (MeOH), ethanol (EtOH),
hexane (Hex), acetic acid (AA), trifluoroacetic acid (TFA), trimethylamine (TEA), formic acid (FA),
ammonium formate (NH4sHCO>), and ammonium trifluoroacetate (NH.TFA) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Water was purified by a Milli-Q water purification system (Millipore,

Billerica, MA, USA).

An Agilent 1260 (Agilent Technologies, Palo Alto, CA, USA) HPLC was used. It consisted of a 1200
diode array detector, autosampler, and quaternary pump. The mass spectrometer used in this study was a
Shimadzu triple quadrupole liquid chromatography-mass spectrometry (LC-MS) instrument, LCMS-8040
(Shimadzu, Tokyo, Japan). All MS was operated in positive ion mode with an electron spray ionization
source. The parameters were set as follows: nebulizer gas flow, 3 L/min; dryer gas flow, 15 L/min;
desolvation line temperature, 250 °C; heat block temperature, 400 °C. Multiple UV wavelengths, 220,
230, and 254 nm were utilized for detection and identification of enantiomers. All separations were
carried out at room temperature, unless otherwise noted, using an isocratic method. Mobile phases were
degassed by ultrasonication under vacuum for 5 minutes. Each analyte was screened in PIM, POM, RP,
and NP. The screening mobile phase conditions referring to Table 1 were as follows: PIM: MeOH-
NHsFormate (100:0.1, v/iw), POM: ACN-MeOH-AA-TEA (60:40:0.3:0.2, v/v/viv), RP: MeOH-

NH.Formate (pH 3.6; 16 mM) (30:70, v/v), NP: Hex-EtOH-TFA-TEA (70:30:0.3:0.2, VIV/V/v).

The dead time, to, was determined by the peak of the refractive index change due to the unretained sample
solvent. Retention factors (k) were calculated using k = (tr - to) / (to), where tr is the retention time of the
first peak and to, the dead time of the column. Selectivity (a) was calculated using a = K2 / ki, where k; and

k. are retention factors of the first and second peaks, respectively. Resolution (Rs) was calculated using
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the peak width at half peak height, Rs = 2(tr2 - try) / (W1+ W2). Two EDP columns were produced and had

a relative standard deviation (%RSD) within 5.0% for all R factors obtained.
3.4 Results and discussion
3.4.1 Screening Results

Preliminary screening with all 4 CSPs using 50 chiral compounds in each compatible chromatographic
mode (PIM, POM, RP, and NP) was performed, making 200 analyses per CSP. When a partial separation
of the enantiomers was obtained, this separation could be significantly improved by modulating the mobile
phase as shown in previous studies but it should be noted that this was not the aim of this study.? The
best screening result (in terms of Rs) by each CSP are tabulated according to each compound in Table 1. In
46 cases (184 analyses), the compounds could not be separated on a CSP by all 4 mobile phases assayed.
These are reported in Table 1 with a = 1.00 and Rs = 0.0 in the Table 1. No k; was listed since 4 different

values were obtained in the 4 modes tested, all four producing a single peak for the enantiomeric pair.

Chapter 3 Table 1. Chiral separation comparisons using core-shell macrocyclic glycopeptide-based CSPs.
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a) Chemical amines

Name?! Structure?! CSP? | MP® | k* at | Rs*
NH, vS | PIM | 09 |107]0.8
a-methylbenzylamine (j/\ NS | POM | 58 |1.17 2.4
EDP PIM 0.4 | 1.05]| 0.3
TS - - 1.00 | 0.0
NH, VS POM| 30 (112 |14
a,4-dimethylbenzylamine /Ej/K NS | POM | 28 | 1.09 1 1.0
’ EDP | POM | 1.0 | 1.08 | 0.6
TS - - 1.00 | 0.0
NH, VS PIM 1.5 | 1.07 | 0.9
. . NS PIM 43 | 106 | 1.2
a-methyl-4-nitrobenzylamine /@2\ =55 TP T o6 T10a os
OyN TS NP 7.0 [1.02 | 04
NH, VS PIM 1.0 [ 145 | 5.1
. NS PIM 2.2 1108 | 1.6
4-methoxymethylbenzylamine /(j/K Eop T PIM | 04 1140 24
o TS NP | 46 |1.03|05
VS RP 03 |1.23]| 1.3
N,N-a-trimethylbenzylamine @ “ll/ ENDSP M 2T iéé é:g
TS NP 55 | 1.03 | 0.6
b) Stimulants

Name? Structure?! CSP?2 | MP® | ki* at | Rs*
vs | Pm [ 10 [117]17

NH,
Amphetamine W NS _ - 1.00 1 0.0
EDP NP 20 | 112 ] 1.6
TS - - 1.00 | 0.0
H VS PIM 1.3 [1.11 | 1.6
. N NS PIM 40 |1.02]0.4
Methamphetamine W =op T~ T 18 111418
TS - - 1.00 | 0.0
o] VS PIM 09 (118 ] 1.6
. . NH, NS PIM 2.3 1180 ] 8.3
B-ketoamphetamine (cathinone) ©)K( EDP 1 PM 102 1112 106
TS NP 54 [111]1.1
OH H VS POM | 25 (1.02|04
. N NS POM | 6.2 |1.13| 2.0
(1 RS; 2 SR)-Ephedrine ©/K( ~ o5 T e 10 1101102
TS POM | 48 |1.03]0.6
OH H VS POM | 25 (108 1.4
. N NS POM | 47 |1.38 5.0
(1 RS; 2 RS)-Pseudoephedrine ©)\( ~ =55 T np 25 11556
TS POM | 54 (10914
OH VS NP 3.2 [1.03]04
Norephedrine ©)\(NH2 NS | PIM | 2.4 |1.07 13
EDP NP 2.3 | 1.04] 0.6
TS PIM 2 1.02 1 0.4
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oH |, vs | - - | 1.00] 0.0
Epinephrine HOD)\/N\ NS [POM| 1.7 [106] 10
EDP | - ~ 10000
HO TS |POM | 8.7 | 1.04 | 05
NS VS | PIM | 1.8 | 1.13 | 14
, G0 N NS | PIM | 3.4 [1.05]0.9
Citalopram EDP | NP | 42 | 1.13 | 2.0
; TS | - ~ | 10000
_F VS | PIM | 1.2 | 1.26 | 25
Fluoxetine Fj@% NS |POM | 33 |105]11
. - EDP | RP | 2.0 | 1.32 | 18
N TS | - ~ [1.00] 0.0
0O~ VS | PIM | 09 | 1.48 | 33
. H NS |POM | 2.6 | 1.10 | 16
Methylphenidate ©I© EDP | PIM | 04 | 136 | 1.7
TS | PIM | 25 | 112 | 1.7
) VS | PIM | 0.6 | 2.07 | 3.6
o NS | PIM | 0.9 |1.21 |18
Mianserin O N EDP | PIM | 0.4 | 1.38 | 1.6
LN TS | PIM | 1.7 | 1.09 | 1.0
H{ VS | RP | 11.1 | 1.03| 05
Lorazepam . Lo NS | - ~ [1.00] 0.0
o EDP | PIM | 0.3 | 1.10| 06
J TS | PIM | 0.4 | 3.60 | 6.3
P VS | RP | 7.4 |1.12 | 10
O o NS | RP | 6.7 [1.04] 05
Temazepam o EDP | PIM | 0.3 | 1.13| 0.6
g s | NP | 28 [1.12 | 1.0

¢) Pharmaceuticals
Name? Structure?! CSP? | MP® | k;* at | RS
a ~ vS | PiM | 1.3 [1.08] 0.8
_ _ N NS | PIM | 2.3 | 1.06 | 1.0
Carbinoxamine IS EDP | NP | 50 | 1.14 | 2.1
o TS - - | 10000
‘ VS |POM | 2.2 |1.13 |17
ropranolol O NS | POM | 5.3 | 1.59 | 5.0
oMNJ\ EDP | POM | 1.2 | 1.07 | 06
o H TS |PoM | 31 [1.15 2.3
o VS | RP | 1.3 | 111 |14
Phensuximide NS | RP | 1.2 | 1.05 | 06
>E EDP | NP | 05 | 1.10 | 0.9
TS | RP | 1.3 | 1.16 | 1.9
mo_ VS | RP | 41 | 2.10 |35
. NS | RP | 3.9 | 2.10 | 3.9
Proglumide @_g“é;# EDP | PIM | 04 | 1.16 | 0.7
0 TS | RP | 29 [1.16[ 1.9
N R S BETRET R
Hexobarbital O/T\WNH EDP | RP | 25 [1.14 12
o TS | RP | 13 | 1.14 | 1.4




‘ 0.0 O VS RP 85 [110] 15
Warfarin = NS RP 95 (104 |14
OH EDP NP 0.8 |1 1.05| 0.5
o) TS RP 3.0 | 132 |35
d) Amino acids and derivatives

Name? Structure?! CSP? | MP® | kq* at | Rs*
(0] VS NP 5.1 11.08 | 0.6
Phenylalanine OH NS . - (100100
EDP PIM 0.5 [1.20] 0.8
NH; TS | RP | 0.7 | 1.40 | 2.3
vs | RP [ 09 [107]05
. AN 0 NS - - 1.00 | 0.0
FMOC Phenylalanine o EoP 1 PM | 10 1127 [ 17
420 TS | PIM | 0.2 | 233 | 25
0] VS RP 06 [111]1.0
. . NS RP 1.0 | 1.07 | 0.6
4-nitrophenylalanine T, OH op | RP 08 1113107
OyN TS RP 1.3 [1.19| 14
0 VS RP 0.8 [198] 3.2
Kynurenine % NS . -_11.00100
OH EDP | RP | 1.3 [1.40] 1.9
NH, O NH, 7S | RP | 1.0 | 36785
(0] VS - - 1.00 | 0.0
HO NS - - 1.00 | 0.0
DOPA MOH EDP RP 04 |150] 1.7
HO TS RP 05 [1.75]| 24
o VS RP 0.3 | 114 ] 0.7
. . . OH NS POM| 1.6 |1.12] 0.6
2-amino-2-phenylbutyric acid 6<:2 EDP | PIM | 05 1157 |27
TS RP 0.7 | 212 ] 3.6

e) Non-steroidal anti-inflammatory drugs (NSAIDs)
Name? Structure?! CSP?2 | MP® | ki* at | Rs*
o) VS - - 1.00 | 0.0
Benoxaprofen N/>_QC| NS - 1100100
EDP PIM 09 [135] 20
0~ “OH TS - - 1.00 | 0.0
Q on VS - - 1.00 | 0.0
H NS - - 1.00 | 0.0
Etodolac bﬁg\ EDP | PIM | 0.7 [147[11
TS RP 0.8 11.08 | 0.9
oH VS - - 1.00 | 0.0
Flurbiprofen NS . -_[100]100
EDP PIM 09 [137]21
TS RP 33 (11214
VS - - 1.00 | 0.0
Ibuprofen mOH = ; - AR
o EDP PIM 06 [1.26]|14
TS RP 32 115|114
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0 VS - - | 1.00] 0.0
NS - - 1.00 | 0.0
Ketoprofen i OH EDP | PIM | 09 [131]18
! TS | RP | 1.7 [1.06 [ 0.7
(o] VS - - 1.00 | 0.0
N NS - - |1.00]0.0
Ketorolac | ) °%" [Epp | PM | 11 [£.10] 09
0 TS | PIM | 0.4 [2.40[35
o VS - - | 1.00]0.0
Loxoprofen %OH NS - - 11.00/0.0
EDP | PIM | 05 [1.17 [ 15
o TS | RP | 2.6 [1.19] 1.8
f) Pesticides

Name! Structure? CSP? | MP® | ki* | o | R
VS - - 1.00 | 0.0
o o) NS | NP [ 03 [108]05
2-(4-chlorophenoxy)propionic acid /©/ \HkOH o5 TP oo 1136 21
cl TS | PIM | 0.1 | 3.64 35
VS - - 1.00 | 0.0
2-phenylpropionic acid OH NS . - 1100100
d EDP | PIM | 0.8 [1.18 [ 1.2
TS | RP | 0.8 [111] 1.1
N VS | RP | 29 [1.14] 16
Bromacil fﬁ NS | RP | 2.7 [1.04 [ 06
o N o EDP | RP | 1.7 [1.05] 056
TS | RP | 2.2 [118] 2.1
VS - - 1.00 | 0.0
. NS - - 1.00 | 0.0
Dichlorprop %OH EDP | PIM | 0.9 | 1.37 | 2.1
TS | PIM | 0.1 [1.70 [ 3.5
vs | RP [ 96 [1.05]0.7
Haloxyfop >KQ\ /@/ %OH NS - - 1.00 | 0.0
EDP | PIM [ 05 [1.26 [ 14
TS | PiM | 0.1 [1.70] 3.6
VS - - - 0.0
0 NS - - - Jo.0
Mecoprop /@[ %OH EDP | PIM | 0.7 | 1.36 | 2.1
cl TS | PIM | 0.1 [1.70] 2.9
o) VS | RP | 66 |1.10] 1.4
0 P NS | RP | 6.8 [1.17 [ 2.0
Mecoprop methy! ester /©/\ \Hj\o o T - 50
Cl TS - - - 0.0

g) Nicotine and metabolites
Name! Structure?! CSP? | MP® | ki* | o | R
vs | NP [15.1]1.06]0.6
o N NS | PIM | 0.8 [1.81]35
Nicotine D EDP | NP_| 40 [1.05] 06
N TS | PIM | 1.6 | 1.04 | 0.4
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VS PIM 26 1108 (1.1
L NS PIM | 10.7 ] 1.19 | 3.1
Nornicotine @@ EDP : : 100100
N TS - - 1.00 | 0.0
VS PIM 0.3 [1.11]0.6
. (0] NS - - 1.00 | 0.0
Cotinine (j/qx EDP | NP | 24 |1.02]03
N TS PIM 0.8 |112 (1.1
o VS NP |122]11.13]|14
. NS NP 71 1114 |15

5-(3- -2 X O
(3-pyridyl)tetrahydrofuran-2-one & EDP | NP | 3.0 |1.01]0.2
N TS RP 34 1110 | 1.6
0 VS PIM 1.0 | 1.12] 0.9
Rac-(*,*)-4-trans-cotinine carboxylic HO o NS | NP | 59 |]133]138
acid | X l\{ EDP PIM 1.3 1139 2.1
N” TS RP 1.0 1.2 1.4

h) Oxazolidinone

Name? Structure! CSP?2 | MP? | ki* | o* | Rs*
0 VS NP 2.3 | 1.26 | 2.5
_— NS - - 1.00 | 0.0
4-phenyl-2-oxazolidinone %O =op T NP 11 T2 14
H TS | RP | 3.2 | 1.79 [ 4.2

1See Materials and methods for sample information.

2Core-shell chiral stationary phases (CSPs) were all 100 x 4.6 mm (i.d.); VancoShell (VS), NicoShell

(NS), Vancomycin edman degradation product (EDP), and TeicoShell (TS). See Materials and methods

for more information.

3See Materials and methods for mobile phase (MP) conditions: polar ionic mode (PIM), polar organic

mode (POM), reversed phase (RP), and normal phase (NP).

4See Materials and methods for chromatographic calculations of retention factor of the first peak (ku),

selectivity (a), and resolution (Rs).

Overall, the screening procedure resulted in 40 racemic compounds (80%) baseline separated (Rs > 1.5)

(Table 1). Several had Rs > 1.5 with more than one CSP; one compound (methylphenidate) separated on all

four CSPs, five compounds on three of the CSPs, 17 compounds with two CSPs, and 17 compounds with

only one CSP (Table 1). Of the remaining 10 compounds, all had a partial separation (Rs > 0.0) with at least

one CSP (Table 1). The data from Table 1 is illustrated in Fig. 2A. Fig. 2A depicts the number of separations

in terms of Rs > 0.0 (bar 1, red), 0.0 > Rs > 1.5 (bar 2, blue), and Rs > 1.5 (bar 3, green) for each CSP. Each

macrocyclic glycopeptide-based core-shell CSP was able to separate (Rs > 0.0) at least 60% of the 50 chiral

compounds (Fig. 2A). EDP had the highest efficacy of the 4 CSPs, separating 46 out of 50 (92%) of the set

(Rs > 0.0) with only 4 chiral compounds with Rs = 0.0; the 3 basic amines: trimethylbenzylamine,

epinephrine, and nornicotine as well as the non-ionizable methyl ester of mecoprop (Fig. 2A, Table 1). In
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Fig. 2B, the number of separations with Rs > 0.0 (bar 1, red) were distinguished by which chromatographic
mode was utilized. PIM was the most successful chromatographic mode, utilized overall to perform 40%
the best separations and for each respective CSP: EDP, TeicoShell, VancoShell, and NicoShell, 54%, 30%,
38%, and 35% (Table 1, Fig. 2B). RP was the next most efficient mode, utilized for 31% of the best
separations, dominantly for VVancoShell and TeicoShell, 38% and 48%. RP was less useful for NicoShell
and EDP, 26% and 13%, respectively (Table 1, Fig. 2B). NP and POM were less utilized as the best mobile

phases, only used for 17% and 12% of all the best separations obtained by the 4 CSPs (Table 1, Fig. 2B).
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o
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S 10% - © 10% -

5 0 0N N N
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1. % Compounds with R, > 0.0 SPIM aPOM B8RP aNP

2. % Compounds with 0.0 < R; < 1.5
3. % Compounds with

Chapter 3 Figure 2. Percentage of racemic compounds separated by each macrocyclic glycopeptide-based
chiral stationary phase (CSP): VancoShell (VS), Vancomycin edman degradation product (EDP),
TeicoShell (TS), and NicoShell (NS). (A) The highest resolution (Rs) for all 50 compounds obtained
during screening (from Table 1) by each CSP is indicated by each bar. Bar 1 (red) represents the number
of racemic compounds with Rs > 0.0, while bar 2 (blue) indicates the number of racemic compounds with
0.0 <Rs < 1.5, and bar 3 (green) shows the number of baseline separations obtained (Rs > 1.5). (B) Bar 1
(Rs > 0.0 during screening from Table 1) from Fig. 2A for each CSP is distinguished into the
chromatographic modes utilized. From the bottom to the top of each bar, it is divided into polar ionic
mode (diagonal lines), polar organic mode (crisscross), reversed phase (horizontal lines), and normal
phase (grid), respectively. See Materials and methods for chromatographic parameters and information.

3.4.2 Complementary behavior and best applications
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As expected, VancoShell and NicoShell were highly effective for separating basic amines, while TeicoShell
was more effective for separating acidic compounds, which highlights their complementary behavior. EDP
was most like the teicoplanin chiral selector as it separated most chiral acids, like the amino acids,
herbicides, non-steroidal anti-inflammatory drugs, etc. (Table 1). To illustrate this, Fig. 3 compares the Rs
obtained from a selection of 10 chiral compounds between each CSP. EDP was able to differentiate all 10

compounds, exhibiting the broadest spectrum of the 4 CSPs.
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Chapter 3 Figure 3. Comparison of resolution obtained for macrocylic glycopeptide-based selectors:
VancoShell (VS, purple and vertical lines), the vancomycin edman degradation product (EDP, green and
crisscross), TeicoShell (TS, light blue and horizontal lines), and NicoShell (NS, orange and diagonal
lines) to emphasize the broad-spectrum recognition of VS and EDP compared to the high chiral
selectivity obtained from TS and NS for 10 selected chiral compounds (full data in Table 1). See
Materials and methods for chromatographic parameters and information.
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However, the most effective selector was not EDP for each of the 10 compounds. TeicoShell was more

selective than EDP and had the highest R, for 19 of the 50 compounds (Table 1). As shown in Fig. 3, the

Rs was 3-10 times higher for TeicoShell compared to the other CSPs for the neutral lorazepam, and the two

acids, kyurenine and ketorolac. Clearly, the acidic enantiomers are most easily recognized by TeicoShell.

Similarly, when examining the results of VancoShell, it was clearly the most applicable CSP for basic

enantiomers. However, certain compounds were more selective to NicoShell and EDP. For example, EDP

was the only CSP to separate the non-steroidal anti-inflammatory benoxaprofen (Table 1). Also, NicoShell

was by far the best CSP for cathinone, pseudoephedrine, propranolol, and nicotine with R factors 3-10

higher than the other CSPs (Fig. 3). Overall, the screening procedure showed that 19, 13, 10, and 8

compounds were best separated by TeicoShell, NicoShell, EDP, and VVancoShell, respectively (Table 1).

Specific applications of these CSPs based on their complementary behavior are shown in Fig. 4.

A) VancoShell

| 1/2: (+/-)-Amphetamine
{ 3/4: (+/-)-Methamphetamine

D) Vancomycin Edman Degradation Product

Wl
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0 1
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F342

T T 1
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Chapter 3 Figure 4 Highlighted applications of core-shell macrocyclic glycopeptide-based chiral
stationary phases. A) Separation of rac-Amphetamine and rac-Methamphetamine using VancoShell (100
X 4.6 mm (i.d.)) with MeOH-AA-TEA (100:0.2:0.1, v/v/v) at 0.5 mL/min, 25 °C, UV 254 nm. [1]: (+)-
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Amphetamine, [2]: (-)-Amphetamine, [3]: (+)-Methamphetamine, [4]: (-)-Methamphetamine. B)
Separation of rac-Pseudoephedrine and rac-Ephedrine using NicoShell (100 x 4.6 mm (i.d.)) with MeOH-
AA-NH4OH (100:0.2:0.05, v/v/v) at 0.5 mL/min, 25 °C, UV 220 nm. [1]: (+)-Pseudoephedrine, [2]: (-)-
Pseudoephedrine, [3]: (+)-Ephedrine, [4]: (-)-Ephedrine. C) Separation of rac-Dichlorprop and rac-
Haloxyfop using TeicoShell (100 x 4.6 mm (i.d.)) with MeOH-NH4Formate (pH 3.6; 16 mM) (30:70, v/v)
at 0.8 mL/min, 45 °C, UV 230 nm. D) Simultaneous LC-MS separation of rac-lbuprofen (red), rac-
Flurbiprofen (green), rac-Ketoprofen (blue), rac-Benoxaprofen (brown), and rac-Indoprofen (pink) using
the vancomycin edman degradation product (100 x 4.6 mm (i.d.)) with MeOH-NH.Formate (100:0.1,
viw) at 1.0 mL/min, 25 °C, UV 230 nm. The total ion chromatogram (TIC) is shown in black, and each
profen is shown according to their m/z in the extracted ion chromatograms (EICs). See Materials and
methods for more information.

The simultaneous separations of rac-amphetamine and rac-methamphetamine in 5 min, rac-
pseudoephedrine and rac-ephedrine in 10 min, and rac- dichlorprop and rac-haloxyfop in 5 min, are
shown using VancoShell, NicoShell, and TeicoShell, respectively (Fig. 4A, 4B, 4C). EDP was the most
effective CSP for the separation of racemic profens (non-steroidal anti-inflammatory drugs) with fast
analysis times using PIM, which is shown in Fig. 4D. The simultaneous LC-MS separation of 5 profens
was performed within ~3 minutes, which is shown in the total ion chromatogram (TIC), then each
profen’s m/z extracted in the subsequent extracted ion chromatograms (EICs) (Fig. 4D). This instrument
was not optimized for its extra column band broadening, explaining the lower efficiency observed

compared to the screening results, such as for rac-ibuprofen.

3.5 Conclusions

The screening procedure used to evaluate the new vancomycin edman degradation product as a chiral
selector demonstrated its ability to discriminate the enantiomers of 46 chiral compounds out of a set of 50.
The other recent modified macrocyclic glycopeptide-based core-shell CSP, NicoShell, was shown to
separate some non-ionizable and acidic compounds, but was most useful for amines, like beta blockers
and stimulants. These modified macrocyclic glycopeptides provide examples of complementary behavior
with their native analogs, indicating the value and need for investigation of new macrocyclic glycopeptide

chiral selectors.
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Chapter 4

Evaluation of Nicotine in Tobacco Free Nicotine Commercial Products: Nicotine Enantiomers in

Tobacco Free Nicotine
4.1 Abstract

Recently, a variety of new tobacco free nicotine, TFN, products were commercialized as e-liquids.
Tobacco derived nicotine contains predominantly (S)-(-)-nicotine, whereas TFN products may not. The
TFN products are said to be cleaner, purer substances, devoid of toxic components that come from the
tobacco extraction process. A variety of commercial tobacco and TFN products were analyzed to identify
the presence and composition of each nicotine enantiomer. A rapid and effective enantiomeric separation
of nicotine has been developed using a modified macrocyclic glycopeptide bonded to superficially porous
particles. The enantiomeric assay can be completed in < 2 minutes with high resolution and accuracy
using high performance liquid chromatography with electrospray ionization mass spectrometry. The
results of this study suggest the need for pharmacological studies of (R)-(+)-nicotine, which is present in
much greater quantities in commercial TFN products compared to commercial tobacco-derived products.

Such studies are required by the FDA for new enantiomeric pharmacological products.
4.2 Introduction

Nicotine has been extensively studied due to its presence in tobacco products. Nicotine makes up about
95% of all the alkaloids in tobacco, while minor alkaloids, such as nornicotine, anatabine, and anabasine
individually make up about 0.3 to 3% of the alkaloids in tobacco.™ Nicotine is chiral and the tobacco
plant produces predominantly the (S)-(-) enantiomer. This characteristic of nicotine is not surprising as
enantioselectivity is a common trait for biological systems.!? The percent (R)-(+)-nicotine in tobacco, and
medicinal products derived from tobacco was reported to be in the 0.1 to 1.2% range.!*! Therefore,
tobacco derived nicotine, TDN, mainly consists of (S)-(-)-nicotine. The LDso for (R)-(+)-nicotine was

reported as 2.75 mg/kg, while (S)-(-)-nicotine was measured at 0.38 mg/kg.®! Armstrong and coworkers
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reported that (R)-(+)-nicotine produced different levels of oxidative stress than (S)-(-)-nicotine.[! Pogocki
et al. reviewed studies done on the effects and potency of (R)-(+)-nicotine versus S-(-)-nicotine,
concluding that (R)-(+)-nicotine had potential as a therapeutic target for neurodegenerative disease and
tobacco smoking addiction.® Therefore, both enantiomers could be therapeutic agents for smoking
cessation.®! During nicotine metabolism nicotine enantiomers reorient their structure forming
carcinogenic metabolites.! Jones et al. measured the rate of metabolism of both nicotine enantiomers in
cytochrome P450cam. The metabolic rate was found to be 1.4 times faster for (R)-(+)-nicotine than (S)-
(-)-nicotine.[® Zhang et al. indicated that (R)-(+)-nicotine did not affect body weight in rats, as did (S)-(-)-
nicotine, which caused a loss of body weight.[ Ikushima et al. investigated the sympathomimetic effects
of each nicotine enantiomer, discovering (R)-(+)-nicotine did not release norepinephrine as did (S)-(-)-
nicotine.® Because of the different binding mechanisms of the nicotine enantiomers to nicotinic
acetylcholine receptors, it has been suggested that there is a need to further investigate the desensitization
of these receptors, specifically in the dopaminergic system.®# However, (R)-(+)-nicotine is not absent of
risk, being similar to (S)-(-)-nicotine in that it might increase the risk of cardiovascular diseases due to its

inhibitory effect on thromboxane.[

Clearly the effects of (R)-(+)-nicotine differ from the dominant (S)-(-) enantiomer and have not been
adequately studied. The pharmacology of (R)-(+)-nicotine has not been extensively studied due the lack
of an effective purification procedure for the (R)-(+)-antipode, which is time extensive and not sufficient
to collect enough (R)-(+)-nicotine for an extensive pharmacology study. Also there is no effective
asymmetric synthesis for this enantiomer.! This has not been an area of great concern, most likely
because human exposure and intake of (R)-(+)-nicotine is minimal. (S)-(-)-nicotine is commonly found in
commercial tobacco-derived products, including nicotine gum, lozenges, and the transdermal patches that
are used as nicotine therapy replacements to reduce the withdrawal symptoms of smoking cessation. !
Also, vaporizing “e-liquids” may be used as a nicotine therapy replacement, which also mimics the act of

smoking.[t
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Tobacco free nicotine, TEN, which is trademarked by Pharmanic, is synthesized by Next Generations
Labs, and commercialized in electronic cigarette liquid products (commonly called e-liquids) by several
companies.™ It is uncertain if TFN will be subjected to the Tobacco Control Act, which is regulated by
the Food and Drug Administration, FDA.!2 This is due to the fact that TFN is not derived from the
tobacco plant.'] The Tobacco Control Act (August 8, 2016) warrants FDA regulation over commercial
affiliated tobacco products such as e-cigarettes, and e-liquids.*?After this date the FDA will not allow
affiliated tobacco-derived products to be commercialized without regulation.*? Currently it is not clear
whether TFN products will be considered affiliated tobacco products since totally synthetic nicotine is not

derived from tobacco and had not been commercialized until recently.

TFN is the first synthetic nicotine process that is considered economically feasible compared to the
readily available tobacco extraction processes for TDN products.[*Y] A stated feature of TFN products is
the lack of “impurities” associated with the tobacco extraction processes of TDN products.* The total
nicotine content in the commercial TFN e-liquids ranges from 0 to 6 mg per 30 mL.*3 TEN products are
not predominantly (S)-(-)-nicotine and may contain substantial amounts of the (R)-(+) enantiomer, which
is not indicated by the container label. TFN products may be subject to an earlier FDA policy statement
that was established for the development of new stereoisomeric drugs. Because of the possibility of
different physiological effects, the FDA stated: ...“the pharmacology and toxicology of the enantiomer
should be characterized for the principal pharmacological effect and any other important pharmacological
effect, with respect to potency, specificity, maximum effect, etc.”.[*! Currently it is unclear if the FDA

will or can regulate TFN products.

The enantiomeric separation of nicotine has been reported, but not with an effective method.[*>617 Early
methods have long retention times and are not mass spectrometry compatible.*>!6171 To perform a more
rapid and effective enantiomeric separation of nicotine a synthetically modified macrocyclic glycopeptide

was bonded to superficially porous particles.l*®! Nicotine enantiomers were separated in approximately
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two minutes using solvent systems that are compatible with electrospray ionization mass spectrometry,

which is beneficial for the sensitive identification of nicotine.
4.3 Experimental
4.3.1 Materials

A modified macrocyclic glycopeptide chiral stationary phase was bonded to superficially porous particles
(100 x 4.6 mm i.d.), which were produced by AZYP, LLC. (Arlington, TX, USA).!8 Analytic standards
were purchased as racemates from Cerilliant Corporation (Round Rock, TX, USA) and Sigma-Aldrich
(St. Louis, MO, USA). TFN e-liquids were selected from different manufacturers to evaluate a variety of
TFN products. TFN e-liquids were labeled similarly with 0.6% by volume nicotine (6 mg/mL in 30 mL
bottle), <75% vegetable glycerin, <25% propylene glycol, and <10% natural and artificial flavors. The 4
TFN e-liquid products used in this study were NKTR Guava and Melt by SQN (Cerritos, CA, USA),
Coastline Stinson by Spotlight Vapors, LLC (Camarillo, CA, USA), and Peel Apple by CRFT INC
(Irvine, CA, USA). A variety of tobacco derived nicotine products were selected for this study to
highlight the differences between TFN and TDN products. A tobacco-derived-nicotine e-liquid included
in this study was 24 mg/mL nicotine vanilla french e-liquid (Smokefree Vapor, Oklahoma, OK, USA).
Four other TDN products used in this study were 4 mg/piece nicotine gum (Walgreen Co., Deerfield, IL,
USA), 21 mg nicotine/day NicoDerm transdermal nicotine patch (GlaxoSmithKline Consumer
Healthcare, L.P., Zebulon, NC, USA), 4 mg/piece nicotine lozenges (CVS Pharmacy Inc., Woonsocket,
RI, USA), and 1.5 mg nicotine/piece dissolvable smokeless tobacco tablets. (Rock Creek Pharmaceuticals
Inc., Sarasota, FL, USA). High performance liquid chromatography grade methanol was obtained from
Sigma-Aldrich (St. Louis, MO, USA) as well as triethylamine, and ammonium trifluoroacetate. Water
was purified by a Milli-Q water purification system (Millipore, Billerica, MA, USA). DSC-18 solid phase
extraction tubes with 10 grams C18 were obtained for the extraction of solid TDN products (SUPELCO,

Bellefonte, PA, USA).
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4.3.2 Sample preparation

TFN and TDN e-liquids were diluted, filtered and injected directly into the HPLC. They were quantitated
using liquid chromatography with ultraviolet detection (LC-UV) by comparing their peak areas to the
racemic nicotine standard. The solid TDN products, which included the gum, lozenge, patch and
smokeless tobacco tablet, were crushed and or placed in 50 mL of Milli-Q water containing 0.1% (v/v)
triethylamine. Solid phase extraction was used with DSC-18 cartridges, which were conditioned with
methanol then water. Cartridges were flushed with 25 mL of methanol and then sonicated for 2 hours, and
the methanol was evaporated at 35° C under gentle air. The remaining sample was diluted in methanol
and then filtered for LC-UV analysis. To ensure that the level of racemization was insignificant during the
extraction procedure, a standard of (S)-(-)-nicotine was subjected to the extraction procedure then

compared to a neat standard with LC-UV (see Table 1).

4.3.3 Chromatographic conditions

An Agilent 1200 high performance liquid chromatography instrument (Agilent Technologies, Palo Alto,
CA, USA) was used in this study. It consisted of a 1200 diode array detector, autosampler, and quaternary
pump. A Jasco CD-2095 (JASCO, Easton, MD, USA) circular dichroism chiral detector was also utilized
with manual injection through a Rheodyne Model 7225 injector and a Shimadzu LC-6A pump. Extra
column band broadening was not optimized for the Jasco CD-2095, which resulted in slightly longer
retention times. A Shimadzu LCMS-8040 (Shimadzu Scientific Instruments, Inc., Columbia, MD) that
had a triple quadrupole was used with electrospray ionization. All separations were carried out at room
temperature using an isocratic method. The mobile phase used was 100/0.1 wt%: methanol/ammonium
trifluoroacetate with a flow rate of 1 mL/min. The mobile phase was degassed by ultrasonication under
vacuum for 5 minutes. The UV wavelength 263 nm was employed for detection. All analytes were
dissolved in methanol. All the TFN e-liquids, tobacco-nicotine e-liquid and TDN products were compared
to the pure racemic nicotine standard using CD and MS-MS with the LCMS-8040 at a m/z of 163.00 (see

Figure 3 and Supplemental Figure 1S). A m/z of 163.00 was chosen for selective ion monitoring of
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nicotine because this is the molecular weight of protonated nicotine. Also, to distinguish nicotine from the
complex matrices of the samples, multiple reaction monitoring was utilized to monitor major fragments at

117.00 and 129.95 m/z (see Figure 2S in Supplemental).

The dead time, to, was determined by the peak of the refractive index change due to the unretained sample
solvent. Retention factors (k) were calculated using k = (t — to)/to, where t; is the retention time of the first
peak and to the dead time of the column. Selectivity was calculated using a = ko/ki, where k; and k; are
retention factors of the first and second peaks, respectively. Resolution was calculated using the peak
width at half peak height, Rs = (trz — tr1)/(0.5*(Wo 51 + Wo52)). Each sample was analyzed in triplicate.
Peak areas were determined both instrumentally (Chem Station) and manually (expand chromatograph,
cut and weigh). Both approaches produced identical results within experimental error. The enantiomeric
ratio was then determined by dividing the peak area of each enantiomer by the total peak area of both
enantiomers (see Table 1). The nicotine content was determined by comparing the average peak area of
each sample to the nicotine standard (see Table 1). The confidence limit using a confidence level of 95%
was determined to be within £0.05 mg for the nicotine content for all samples. The relative standard

deviation (%RSD) was determined to be within +0.2% for the enantiomeric ratios for all samples.

A calibration curve was established using the nicotine standard to determine the LOD and LOQ of each
nicotine enantiomer. A series of 5 pL injections of the nicotine standard at enantiomeric concentrations of
0.15, 0.75, 1.25, 2, 3.25 and 6.5 ng/mL were performed in triplicate. The average integrated peak area of
each enantiomer was plotted against the enantiomeric concentration. The LOD was calculated using LOD

= 3.3(Sy/S) and the LOQ was calculated using LOQ = 10(Sy/S), where Sy is the standard deviation of the

intensity response, and S is the slope of the calibration plot. Nicotine was found to have a LOD of 0.7
ng/mL and LOQ of 2.2 ng/mL (see Fig. 3S in Supplemental). The sensitivity of this analysis compares

well to the reported LOD and LOQ of below 3 ng/mL and from 0.4 to 8.5 ng/mL.1

4.4 Results and discussion
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There are few reports on the analysis of nicotine in personal vaporizers or e-cigarettes. In one case the
total nicotine was measured and found to vary widely from the labeled amounts.?? However the
enantiomeric composition of this nicotine was not considered. Apparently, the enantiomeric content of
nicotine has been determined only in tobacco derived products including smokeless tobacco and

medicinal products.[!

A rapid enantiomeric separation of nicotine in under two minutes with a resolution (Rs) of 3.0 was
achieved and utilized to determine the presence and composition of nicotine in TFN and TDN products

(see Fig.1).

S-(-)-nicotine

R-(+)-nicotine

0 0.5 1 15 2 2.5 3

Time (min)

Chapter 4 Figure 1 Optimized enantiomeric separation of nicotine standard. See Experimental for method
parameters. Results: ki = 0.586, o.= 1.63, Rs = 3.0.

The racemic nicotine analogue, nornicotine, also was baseline separated indicating that this method might

be useful for further analysis of other nicotine analogues (see Fig.2).[?!
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Nornicotine Nornicotine
enantiomer 1 enantiomer 2

Time (min)

Chapter 4 Figure 2. Enantiomeric separation of nornicotine standard. See Experimental for method
parameters. Results: ki =3.090, o.=1.18, Rs = 1.8.

Another advantage of this method was that it is electrospray ionization mass spectrometry compatible.
The enantioseparation of (S)-(-)-nicotine and (R)-(+)-nicotine was confirmed utilizing circular dichroism

(CD) and mass spectrometry (see Fig. 3 and Figures 1S and 2S in Supplemental). (2%

A) f 5 R
0o
0 s T

Time (min)

Figure 4.3 The enantiomeric separation of a nicotine standard and a TFN product, Coastline Stinston. The
nicotine standard was analyzed as a pure standard, while the TFN product was diluted and directly
injected as described in the Experimental section. Circular dichroism detection was utilized coupled with
UV absorption at 263 nm. See Experimental for method parameters. A) Chiral detection of Coastline
Stinson extraction. B) UV detection of Coastline Stinson extraction. C) Chiral detection of (+/-) nicotine
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standard. D) UV detection of (+/-) nicotine standard. At to (dead volume) impurities in B and D can be
seen (S: (S)-(-)-nicotine; R: (R)-(+)-nicotine).

The first eluted peak was confirmed with the standard (S)-(-)-nicotine. To confirm the presence of both
enantiomers of nicotine in the standard, selective ion monitoring and multiple reaction monitoring were
utilized, which is shown in Fig. 1S and 2S in the Supplemental. The racemic nicotine standard was
compared to the TFN product, Coastline Stinson, which confirms the presence of each nicotine

enantiomer in equal amounts (see Fig. 3).

All the TFN e-liquids and tobacco-derived nicotine e-liquids showed the presence of other components
coming out near the dead volume, which are possibly impurities, excipients and/or flavor additives (see
Fig. 3). The extraction procedure for TFN and TDN e-liquids was not necessary because these samples
could be diluted and injected directly, while solid TDN products required extraction. The TDN products
gum and lozenge were not effectively extracted using the same process as other solid TDN products like
the patch and tablet. Perhaps there is a matrix effect with nicotine polacrilex that might require an ion
exchange with acid/base to perform complete extraction. As the focus of this study was to evaluate TFN
products, the TDN extraction procedure was not further optimized. The level of racemization of the (S)-
(-)-nicotine standard before and after each extraction was compared and the enantiomeric ratio of the (S)-
(-)-nicotine standard remained constant (see Table 1 and Experimental). The ratio of each nicotine
enantiomer found in all the TFN e-liquids, tobacco-nicotine e-liquids, and TDN products is also shown in
Table 1. The ratio of (R)-(+)-nicotine in tobacco commercial products was determined to be 0.4% to 1.1%
of the total enantiomeric nicotine content. The amount of each enantiomer in TFN products was
determined to be equal, therefore they are racemic. This evaluation shows that the enantiomer excess of
TFN products is much lower than that of TDN products.®! The amount of (R)-(+)-nicotine in TFN

compared to commercial tobacco products is much greater.

Evaluation of the nicotine content was performed to determine whether the nicotine determined

experimentally matched the labeled amount (see Table 1).
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Chapter 4 Table 1. Evaluation of enantiomeric ratio of nicotine in commercial tobacco products and TFN
products.

Sample? Typed Nicotine Experimental Nicotine Enantio_meric
Content® Content® Ratio®

(+/-)-Nicotine Std. TDN 1 mg/mL 1.00 mg/mL 50.0/50.0
(S)-(-)-Nicotine Std. TDN Img/mL 1.00 mg/mL 99.6/0.4
(S)-(-)-Nicotine Extraction Std. TDN 1 mg/mL 1.00 mg/mL 99.6/0.4
Transdermal Nicotine Patch TDN 21 mg/day 26.78 mg/piece 99.2/0.8
Dissolvable Smokeless Tobacco TDN 1.5 mg/piece 1.48 mg/piece 99.2/0.8
Nicotine Gum TDN 4 mg/piece 2.41 mg/piecef 98.9/1.1
Nicotine Lozenge TDN 4 mg/piece 1.43 mg/piecef 98.9/1.1
Vanilla e-liquid TDN 24 mg/mL 24.04 mg/mL 99.6/0.4
Coastline e-liquid TFEN 6 mg/mL 6.04 mg/mL 50.0/50.0
Peel e-liquid TFEN 6 mg/mL 5.97 mg/mL 50.0/50.0
NKTR e-liquid TFEN 6 mg/mL 12.04 mg/mL 50.0/50.0
Melt e-liquid TFEN 6 mg/mL 6.04 mg/mL 50.0/50.0

@ See Experimental section for sample preparation and information. Std.: standard

® TFN: tobacco free nicotine; TDN: tobacco derived nicotine

¢ Nicotine content as indicated on the label by individual manufacturers.

dExperimental nicotine content determined by LC-UV, all with a confidence limit within £0.05 mg (see
Experimental).

¢ The enantiomeric ratio = [average peak area of (S)-(-)-nicotine/average peak area of (R)-(+)-nicotine]. All samples
were determined to have a %RSD within +0.2% (see Experimental).

f Extraction was not optimized, see Experimental.

In the TFN product, NKTR, the amount of total nicotine (the sum of both enantiomers) determined by
LC-UV was twice that of the labeled amount (i.e. 6 mg nicotine on label, but 12 mg total present). This
was interesting as the other TFN products contained 6 mg of total nicotine. Since all of these TFN
products were racemic, only half of the “total nicotine” was the natural (S)-(-) enantiomer. Therefore, the
NKTR e-liquid contained 6 mg (S)-(-)-nicotine and the other e-liquids contained 3 mg (S)-(-)-nicotine
(Table 1). Clearly their potency is different even though the stated amount of their “active ingredient” is
the same. It is not clear what the term “nicotine” on the label refers to in terms of stereochemistry or

amounts of total vs. active stereoisomers.

4.5 Conclusions

An effective method for the fast enantioseparation of nicotine and the nicotine analogue, nornicotine, was
developed. This method is electrospray ionization mass spectrometry compatible. The approach could be
used in preparative scale chromatography for the purification of individual nicotine enantiomers for

pharmacological studies and possibly for other nicotine metabolites. Using this method was it was shown
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that all TFEN products contain racemic nicotine while TDN products contain only small amounts of (R)-
(+)-nicotine. The labeled amount of nicotine on TFN e-liquid products was found to not always
correspond to the total nicotine amount, or the amount of the natural (S)-(-)-nicotine enantiomer. All TEN
products contain much greater amounts of the (R)-(+)-nicotine than commercial tobacco-derived (TDN)
products. Due to the likely differences in pharmacological effects of nicotine enantiomers and given
current FDA guidelines for development of new stereoisomeric drugs, it is suggested that further
pharmacological studies of (R)-(+)-nicotine are undertaken to assess the properties and safety of TFN

products.
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Chapter 5

A comprehensive methodology for the chiral separation of 40 tobacco alkaloids and their

carcinogenic E/Z-(R,S)-tobacco-specific nitrosamine metabolites

5.1 Abstract

The predominant enantiomer of nicotine found in nature is (S)-nicotine and its pharmacology has been
widely established. However, pharmacologic information concerning individual enantiomers of nicotine-
related compounds is limited. Recently, a modified macrocyclic glycopeptide chiral selector was found to
be highly stereoselective for most tobacco alkaloids and metabolites. This study examines the semi-
synthetic and native known macrocyclic glycopeptides for chiral recognition, separation, and
characterization of the largest group of nicotine-related compounds ever reported (tobacco alkaloids,
nicotine metabolites and derivatives, and tobacco-specific nitrosamines). The enantioseparation of
nicotine is accomplished in less than 20 seconds for example. All liquid chromatography separations are
mass spectrometry compatible for the tobacco alkaloids, as well as their metabolites. Ring-closed,
cyclized structures were identified and separated from their ring-open, straight chain equilibrium
structures. Also, E/Z-tobacco-specific nitrosamines and their enantiomers were directly separated. E/Z
isomers also are known to have different physical and chemical properties and biological activity. This
study provides optimal separation conditions for the analysis of nicotine-related isomers, which in the
past have been reported to be ineffectively separated which can result in inaccurate results. The
methodology of this study could be applied to cancer studies, and lead to more information about the role

of these isomers in other diseases and as treatment for diseases.

5.2 Introduction

Tobacco smoke has been reported to contain at least 60 carcinogens and several have been directly related
to cancer [1]. Tobacco and its derived products constitute a leading preventable cause of death in the

United States (US) [2]. The Food and Drug Administration (FDA) regulates all commercial tobacco
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products via the Family Smoking Prevention and Tobacco Control Act and the extension, the Deeming
Rule [3-4]. Recently, the FDA also announced a comprehensive plan for lowering the nicotine (NIC)
content in cigarettes to make them less or non-addictive [5]. To facilitate dependence, the reduced amount
has been estimated to be 0.05 mg NIC compared to the current range of 0.5-1.5 mg NIC yield in one
cigarette [1,6]. One challenge might be that smokers turn to other tobacco products for the higher NIC
content compared to reduced NIC content cigarettes, such as smokeless tobacco products, which are
connected to oral and esophageal cancers [7]. Smokeless tobacco products, like moist snuff, have been
determined to contain tobacco-specific nitrosamines (TSNASs), which have been shown to be responsible
for oral cavity cancer from smokeless tobacco [7]. The most prevalent and toxic TSNAS have been
reported as N’-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) [1].
The other main TSNAs, N’-nitrosoanatabine (NAT) and N’-nitrosoanabasine (NAB), haven’t shown as
potent carcinogenicity in laboratory animals [7-8]. In one study, 12 rats were treated with racemic NNN
and 96 oral cavity tumors and 153 esophageal tumors were observed [8]. Also, the (S)-NNN enantiomer
was determined to be more tumorigenic than (R)-NNN indicating that the stereochemistry of this

compound is highly important [8].

In 2017, the FDA proposed, “The mean level of N’-nitrosonornicotine in any batch of finished smokeless
tobacco product not exceed 1 microgram per gram (Jg/g) of tobacco (on a dry weight basis) at any time
through the product’s labelled expiration date as determined by specified product testing.” [9]. Current
commercial US smokeless tobacco products contain NNN levels ranging from 1 to 10 pg/g dry weight
[10]. NNN is formed by the nitrosation of NIC and nornicotine (NNIC), which is a tobacco alkaloid
native to tobacco, as well as a nicotine metabolite [7]. The level of NNIC is dependent on the leaf
senescence and curing process [7,11]. Tobacco strains with less (S)-NNIC have been reported to contain
less (S)-NNN [11]. Therefore, genetic engineering efforts have been focused on reducing the inherent
amount of NNIC [11]. Also, NNN can be formed endogenously, which was shown when NNN was found

in saliva after using NIC replacement therapies [12]. Furthermore, NNN metabolizes to another TSNA,
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N’-nitrosonornicotine-1-N-oxide (NNNO), which has been shown to be less carcinogenic than NNN in

F344 rats and Syrian golden hamsters [13].

The other major carcinogen found in unburnt tobacco and tobacco smoke is NNK, an achiral TSNA,
which is formed from NIC during the curing and processing of tobacco [7]. NNK was found to be the
only potent lung carcinogen that formed tumors in rats, mice, and hamsters [14]. Metabolites of NNK and
other TSNAs are known to bind to DNA once activated, forming adducts that can cause oncogene
activation leading to tumor development if they persist [7]. Long-term exposure to these mutation events
can lead to cancer and death [7]. NNK is known to metabolize mainly to 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol, NNAL, and its glucuronides [15]. Since NNK and NNAL are only found in tobacco
and not from any other source, they can be used as highly specific biomarkers of carcinogen exposure,
especially second-hand smoke exposure [16]. Also, the ratio of NNAL-glucuronide to NNAL has been

used as a biomarker of susceptibility to lung cancer [16].

NNAL has been reported to have similar toxicity as NNK, with a higher tumorgenicity of the R-NNAL
enantiomer than (S)-NNAL, due to preferential metabolic activation [17]. NNK, NNAL, and NNN were
reported to form E/Z isomers [18-20]. The relative level of E isomers was higher than Z isomers [18-20].
Some previous reports have shown the separation of a few TSNAs, but most do not report the separation
of both their enantiomers and E/Z isomers [20-23]. Thus, some researchers have expressed confusion
because the tops of their TSNA chromatographic peaks show splitting [24]. However, TSNAs are known
to interconvert between E/Z isomers [18-20]. Chiral capillary electrophoresis has been used to separate
E/Z-NNK and (R,S)-(E/Z)-NNAL [20]. Also, achiral nitrosamines, other than TSNAs, have been
separated by LC into their E/Z isomers. For example, fish toxicants like 6°,7’-acetylenic nitrosamines
were efficiently resolved with an achiral LC method [25]. Using a similar LC method, but with the
addition of chiral derivatizing agents, the indirect separation of (R)-(E/Z) and (S)-(E/Z)-TSNA isomers
were performed [18-19]. The approach described in this work provides a direct and efficient separation of

both E/Z isomers and their enantiomers as well as indicating if isomeric interconversions occur under
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“ordinary” conditions. In jaundice phototherapy, toxic, unconjugated bilirubin is isomerized to several
E/Z configurations [26]. This isomerization makes bilirubin become more soluble in plasma so it can be
excreted by the liver [26]. Therefore, E/Z isomers have different physical and biological properties and

should be further studied with TSNAs.

TSNA s are nitrosated metabolites of chiral tobacco alkaloids, which have similar structures as NIC [7].
NIC is predominantly found as the (S)-(-) enantiomer in tobacco plants [27]. The percent (R)-(+)-NIC in
tobacco, and medicinal products derived from tobacco was reported to be in the 0.1 to 1.2% range [27].
The pharmacology of (R)-(+)-NIC has not been an area of great concern, most likely because human
exposure and intake of (R)-(+)-NIC is minimal. However, the individual enantiomers have been examined
for their use as therapies for neurodegenerative diseases. These studies have reported that NIC
enantiomers have different pharmacological effects, such as oxidative stress, weight loss, and binding
mechanisms [28-30]. (R)-NIC has been reported as eighty times less cytotoxic than (S)-NIC, when
considering their metabolites [30]. A recent study determined new smoking products (e-liquids), which
have synthetic NIC (tobacco-free nicotine, TFN), contained 50% of (R)-(+)-NIC [31]. Since new products
contain higher (R)-NIC levels than in tobacco-derived products, it was suggested that the pharmacology
of (R)-NIC should be more extensively studied [31]. The binding affinity of (R)-NIC to nicotine
acetylcholine receptors was estimated to be 10 times lower than (S)-NIC, which might result with a less
stimulating dopaminergic response [30]. New TFN products with higher (R)-NIC might be analogous to

commercial products with less addictive NIC levels.

While (S)-NIC is the main alkaloid in tobacco products, minor chiral alkaloids also are present including
NNIC, anatabine (AT), and anabasine (AB) [32]. The R-enantiomers of minor tobacco alkaloids have
been reported to be present at higher relative levels than (R)-(+)-NIC [32]. Most biomarker strategies
utilize tobacco alkaloids or their metabolites, such as the major chiral metabolite, cotinine (COT). COT is
used to measure NIC uptake, due to its long half-life, such as in smoking cessation trials and tobacco

exposure tests [33]. However, tobacco alkaloids are useful to differentiate the use of tobacco while using
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NIC replacement therapies [34]. Also, chiral alkaloids have been reported to be useful as therapies for
neurodegenerative diseases by mimicking NIC’s neuropharmalogical and neuroprotective effects [30,35].
Enantiomers are well known to have different pharmacological effects, e.g. (R)-AB was reported to be
more toxic and cause more birth defects than (S)-AB [36]. So, if these alkaloids were developed into
medicinal products, the FDA would require, in their words, “the pharmacology and toxicology of the
enantiomer should be characterized for the principal effects and any other pharmacological effect, with
respect to potency, specificity, maximum effect, etc.” [37]. However, most analytical methods do not
have the capability to analyze the individual enantiomers of these alkaloids and metabolites, so new more
effective methods are needed. To quantitate and perform biological studies, it would be useful if such

“chiral methods” were compatible with mass spectrometry (MS).

Some separation approaches for chiral nicotine-related compounds, more importantly the carcinogenic
compounds, have been reported, but most have disadvantages that limit the analysis. Most analyses are
similar to those of achiral nitrosamine analysis and do not have the capability of separating enantiomers,
such as a study which determined the amount of TSNAs in replacement liquids for electronic cigarettes
[38]. One chiral approach reported the separation of NIC and several alkaloids using a packed liquid
chromatography (LC) microcolumn with a -cyclodextrin mobile phase, but required three hours [39].
Other previous approaches mainly utilized chiral gas chromatography (GC) or chiral derivatization LC
[18,23,32]. GC isn’t best suited for the biological analysis of these compounds due to the thermal liability
of the sample. Chiral derivatization LC methods increase cost and analysis times and rely on the purity of
the chiral derivatization agent. The best approach for chiral separations of nicotine-related compounds is
using LC chiral stationary phases (CSPs). Enantioseparations of three tobacco alkaloids using LC CSPs
have been reported, but they used normal phase solvents, which are not compatible with MS [36,40].
These alkaloids might be possible targets for neurodegenerative therapies, but these methods won’t be

compatible for biological analysis [30].
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Recently, a fast, high efficiency, mass spectrometry compatible, chiral LC approach was developed to
analyze NIC in TFN commercial e-liquids [31]. Herein we examine this approach for applicability for the
sensitive identification and enantiomeric quantification of most nicotine-related compounds and
metabolites in commercial tobacco products and biological samples. Focus is paid to the LC separation of
carcinogenic compounds, like NNN or NNK, and other complex isomeric mixtures that have not been
reported to separate previously. This study examines the effectiveness of new and known macrocyclic
glycopeptide chiral selectors in resolving the most comprehensive set of chiral nicotine-related
compounds yet investigated, including minor tobacco alkaloids, metabolites, synthetic related

compounds, and E/Z-TSNAs [31,41-44]. Further, only LC-MS compatible formats were considered.

5.3 Materials and methods

Native vancomycin (VancoShell, V, 100 x 4.6 mm inner diameter (i.d.)) and teicoplanin (TeicoShell, T,
100 x 4.6 mm i.d.), hydroxypropyl-B-cyclodextrin (CDShell-RSP, 100 x 4.6 mm i.d.), quinine (Q-Shell,
100 x 4.6 mm i.d.) and modified macrocyclic glycopeptide (NicoShell, N, 100 x 4.6 mm i.d.) CSPs were
bonded to superficially porous particles (SPP), and obtained from AZYP, LLC. (Arlington, TX, USA).
An Eclipse XDB-C18 (C18), 5 um, 150 x 4.6 mm i.d. column was obtained from Agilent Technologies
(Palo Alto, CA, USA). A broad set of nicotine-related compounds were selected (see Table 1 for
structures drawn as manufacturer label and acronyms, * denotes chiral compounds) and all chiral
compounds were obtained as racemic analytical standards from Toronto Research Chemicals (Toronto,
Canada) exceptcotinine-N-oxide (CNO) and trans-3’-hydroxycotinine (T3HC). Also, individual
enantiomers of AT, AB, NIC, NNIC, COT, NNN, NAT, and NAB were obtained. An achiral compound,
metanicotine (MET) was obtained as an E isomer. TSNAs were obtained as racemates, but these
compounds are also known to exist as a mix of E/Z isomers and were not labelled accordingly. The
standards were diluted with methanol to concentrations of 1 mg/mL and stored 24 hours before analysis.

Chapter 5 Table 1. Structures of nicotine-related compounds (all chiral compounds denoted by *).

a) Tobacco alkaloids
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High performance LC grade methanol (MeOH) was obtained from Sigma-Aldrich (St. Louis, MO, USA)
as well as acetonitrile (ACN), acetic acid (HOAC), ethanol (EtOH), triethylamine (TEA), ammonium
hydroxide (NH4OH), ammonium formate (NHsFormate), and ammonium trifluoroacetate (NHATFA).

Water was purified by a Milli-Q water purification system (Millipore, Billerica, MA, USA).

A 1260 high performance LC instrument (Agilent Technologies, Palo Alto, CA, USA) was used in this
study. It consisted of a 1200 diode array detector, autosampler, column oven, and quaternary pump. Also,
a Shimadzu triple quadrupole LC-MS instrument, LCMS-8040, (Shimadzu, Tokoyo, Japan) was used. All
MS was operated in positive ion mode with an electron spray ionization source. The parameters were set
as follows: nebulizer gas flow, 3 L/min; drying gas flow, 15 L/min; desolvation line temperature, 250 °C;
heat block temperature, 400 °C. All separations were carried out at room temperature, unless otherwise
noted, using an isocratic method. All analytes were screened, then optimized using a variety of mobile
phases in the polar ionic mode (P1M), polar organic mode (POM), and reversed phase (RP) with all
stationary phases. The mobile phases were degassed by ultrasonication under vacuum for 5 minutes. The
UV wavelengths 220 and 263 nm were utilized for detection. Chiral separations were optimized (as
shown in Table 2) with the following mobile phases: PIM1: 100/0.1wt%: MeOH/NH,TFA; PIM2:

100/0.025wt%: MeOH/NH4Formate; PIM3: 100/0.5wt%: MeOH/NHsFormate; PIM4: 100/0.2wt%:
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MeOH/NHsFormate; PIM5: 100/0.2/0.05: MeOH/HOAC/NH4OH; POM1: 60/40/0.3/0.2:

ACN/MeOH/HOAC/NH4OH; POM2: 50/50/0.3/0.2: ACN/MeOH/HOAC/NH4,OH; POM3: 100: MeOH;
RP1: 90/10: MeOH/16 mM NHJFormate pH 3.6; RP2: 90/10: EtOH/16 mM NHa4Formate pH 3.6; RP3:
30/70: MeOH/16 mM NHaFormate pH 3.6; RP4: 30/70: ACN/16 mM NHa4Formate pH 3.6; RP5: 10/90:

ACN/16 mM NHsFormate pH 3.6.

The dead time, to, was determined by the peak of the refractive index change due to the unretained sample
solvent. Retention factors (k) were calculated using k = (tr - to) / (to), where tr is the retention time of the
first peak. Selectivity (o) was calculated using o = K2/ k1, where ki and ko are retention factors of the first
and second peaks, respectively. Resolution (Rs) was calculated using the peak width at half peak height,
Rs = 2(tr2 - tr1) / (Wo.s1+ Wos2). Each sample was analyzed in triplicate. The relative standard deviation
(%RSD) was determined to be within £1.0% for the resolution of all analytes. Peak area calculations were
determined by peak deconvolution according to a previous report [45]. The relative standard deviation

(%RSD) was determined to be within £3.0% for the area ratios reported.

5.4 Results

The enantioseparation of NIC can be obtained in 18 seconds with a Rs =2.6 (Fig. 1).

T T T T T T T T T T 1

0 10 20 30
Time (s)

Chapter 5 Figure 1. Ultra-fast LC enantioseparation of nicotine (NIC) using NicoShell, 50 x 4.6 mm
(i.d.), PIM4 at 4 mL/min. S: S-NIC; R: R-NIC; to: impurities at dead time. See Materials and methods for
other acronyms and calculations (k; = 0.7, o = 1.64, Rs = 2.6).
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Table 1 provides the structures and names of 40 nicotine-related compounds analyzed in this study. The
optimized, baseline separation conditions for all chiral nicotine-related compounds using macrocyclic
glycopeptides are given in Table 2.

Chapter 5 Table 2. Optimized enantiomeric separations of nicotine-related compounds using macrocyclic
glycopeptides.

Class!2 Name® | CSP? MP3 | T4 | F° | ki | af® | RsB¢
NIC N PIM4 45 (15| 05 | 1.60 3.0

AB \Y POM1 | 45| 10| 3.2 | 1.21 2.6

N PIM4 45 (1.0 | 3.0 | 1.16 2.8

Tobacco AT \ RP1 25110 20 | 1.18 2.9
alkaloids N PIM3 45 (1.0 | 1.1 | 1.45 5.2
NNIC \ PIM2 45 | 0.7 | 4.1 | 1.10 1.5

N PIM3 45 | 1.0 | 2.7 1.14 2.3

MAB V PIM4 251 05| 1.3 1.38 3.2

N PIM5 251 10| 1.9 1.24 2.5

1M3NP N PIM3 45 | 1.0 | 1.7 1.17 2.6

2CN V** RP2 251 05| 34 | 1.08 1.5

N PIM5 45 | 1.0 | 0.6 1.55 54

2HN N PIM3 30 (10| 2.0 | 1.30 3.5

2MN \ RP1 30 |0.7] 23 | 111 1.7

N PIM4 45 (15| 1.1 | 1.17 2.2

BMN V/** PIM5 25103 | 23 | 1.09 1.5

N PIM4 45 | 15| 0.6 | 1.42 3.1

. 6MNN V PIM1 25110 | 23 1.20 2.7
Synthetic N PIM4 | 45 | 20| 3.7 | 1.26 | 3.6
derivatives NENN \% PIM5 | 25 |10 | 23 | 119 | 25
N PIM4 45 | 20| 05 1.76 4.6

V** PIM2 25105 1.3 | 1.06 1.5

T3ATMN N RP1 45 (1.0 | 0.8 | 1.58 5.7

\ RP1 45 | 05| 5.0 | 1.15 1.5

T3AMN N PIM4 45 | 0.5 4 1.21 1.5

\Y RP2 25105 39 | 114 1.9

T3HMN N PIM4 25110 | 05 1.42 2.7

V RP2 25 |1 05| 2.7 1.15 1.7

T3TMN N PIM4 251 10| 04 1.72 3.5

COT T** POM3 | 25 | 0.5 | 0.7 1.12 1.5

NCOT T POM3 | 25| 10| 09 | 2.64 9.3

4TCCA T* RP3 45 | 0.5 | 0.9 1.18 2.0

Nicotine 5THF T POM3 | 25 |1 03| 0.7 | 1.15 1.5
metabolites NNO N POM2 | 25 |1 0.7 | 14 | 1.21 2.2
NO \ RP1 45 | 05| 14 | 1.12 1.6

N PIM3 45 (1.0 | 04 | 2.18 3.0

NAL N PIM4 25105 | 59 | 1.09 1.8

5HCOT V POM1 | 25 | 10| 0.4 1.58 3.5
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1ab See Table 1 and Materials and methods.

2 Refer to Materials and methods for information concerning chiral stationary phases (CSP). * denotes
150 x 4.6 mm (i.d.), ** denotes 2 columns coupled, 200 x 4.6 mm (i.d.).

3 Refer to Materials and methods for information concerning mobile phase conditions.

4 T: column temperature (° C)

5 F: flow rate (mL/min)

6a.bc Chromatographic parameters calculated according to Materials and methods.

NicoShell separated 19 compounds, VVancoShell separated 15 compounds, and TeicoShell separated 4
compounds. Racemic AT, AB, and NNIC had higher resolution with NicoShell compared to VVancoShell,
but were baseline separated with VVancoShell. NIC could not be baseline separated with VVancoShell and
TeicoShell. Addition of methyl groups to either adjacent carbons of the pyridine nitrogen, 2-
methylInicotine (2MN) and 6-methylnicotine (6MN), increased resolution with VancoShell in comparison
to NicoShell. 2MN and 6MN, in comparison to NIC, decreased selectivity with NicoShell, but increased
selectivity with VancoShell. Addition of chlorine groups to NIC, 2-chloronicotine (2CN), increased
resolution using NicoShell and VVancoShell. Addition of oxygen functionalities to the pyridinium
nitrogen, nicotine-1-oxide (NO), compared to NIC, increased selectivity with NicoShell and VancoShell.
However, oxygen functionalities added to the pyrrolidinium group, nicotine-1’-oxide (NNO), resulted in
less than a baseline separation with VancoShell. Also, NNO had decreased selectivity and longer
retention than NIC and NO with NicoShell. Addition of alkyl groups to AB or NNIC, N-methylanabasine
(MAB) or N-ethyl-nornicotine (NENN), had different effects depending on the CSP. In comparison to
AB, MAB had increased resolution using NicoShell, but similar resolution with VancoShell. When
comparing to NNIC, NENN had increased resolution for both NicoShell and VancoShell. Synthetic rac-
trans nicotine-related compounds were also compared, which differed by peripheral functional groups.
All rac-trans enantiomers were baseline separated by NicoShell and VVancoShell. COT, norcotinine
(NCOT), 4-trans-cotinine-carboxylic acid (4TCCA), and 5-(3-pyridyl)-tetrahydro-2-furanone (5THF)
were only baseline separated by TeicoShell, while 1-methyl-3-nicotinoylpyrrolidine (1M3NP), 2-
hydroxynicotine (2HN), 4-(methylamino)-1-(3-pyridyl)-1-butanol (NAL), NIC, and NNO were only

baseline separated by NicoShell.
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The only macrocyclic glycopeptide that separated 5’-hydroxycotinine, SHCOT, was VancoShell, but

5HCOT was also separated by CDShell-RSP, which is shown in Fig. 2A.

A B) - 5
) ) | TIC
1 TIC _
. 4
7 0 1 2 3
| J\ J U \ SiM 4
S 1 miz: 179.2
0
i 5
| sim 0 1 3
| m/z:193.2 | sim
. | m/z: 161.2
0 _
Time (min) 0 1 2 3
Time (min)
N-methyl-y-oxo-pyridinebutanamine (OPBN) 4-(methylamino)-1-(3-pyridyl)-1-butanone
to 5’-hydroxycotinine (5SHCOT) (NAN) to N'-methylmyosmine (MMYS)
O
X H\ iO N © -H20 N
| P (0] | = \ H0 | = © N\('B
N N -HX N/ X
Product ions of peak 1 (OPBN) Product ions of peak 4 (NAN)
1(10 106.2 134.2 1622 130 106.2 148.2
o ‘ 116.2 ‘ o 78.2
0 e T LAY 7 0 T ““I""\ LA LRRRN RRRL RRR Y RN LY LARRN AR LARRN AN
50 100 150 m/z 50 100 150 m/z
Product ions of peaks 2&3 (rac-5HCOT) Product ions of peak 5 (MMYS)
100 -
- 193.2 P | . 144.2 161.2
« 1621 175.2 DRt i A
| I L L R L L AL LA AL LARRRERRN AL RARRRRALL L
0% 00 150 o 50 100 150 miz

72



Chapter 5 Figure 2. Separation of ring-closed and ring-open equilibrating tobacco alkaloids. (A) OPBN
(peak 1) to 5SHCOT (peaks 2,3) (TIC scan from 110 to 220 m/z and product ion scan from 50 — 200 m/z)
(B) NAN (peak 4) to MMYS (peak 5) (TIC scan from 150 — 220 m/z and product ion scan from 50 - 200
m/z) Conditions: CDShell-RSP, 100 x 4.6 mm (i.d.), RP5, 1.0 mL/min, 25 °C. R.1.: Relative intensity,
TIC: total ion chromatogram, SIM: selective ion monitoring. See Materials and methods for other
acronyms and information.

Fig. 2A also depicts a third component in the total ion chromatogram and selective ion monitoring
chromatogram, which was identified as N-methyl-y-oxo-pyridinebutanamine, OPBN, based on the
manufacturer label and mass spectra obtained. The manufacturer label marks SHCOT and OPBN as
equilibrating structures with the same mass, forming ring-open and ring-closed structures. The product
ion scans for the two compounds were similar for peaks 2 and 3, but different for peak 1. Peaks 2 and 3
were identified as the chiral compound, 5SHCOT, and peak 1 was identified as OPBN. The ratio of
racemic HCOT to OPBN was 85:15 at 263 nm. 4-(methylamino)-1-(3-pyridyl)-1-butanone (NAN) was
analyzed using CDShell-RSP, but wasn’t expected to result in multiple peaks because it isn’t chiral (Fig.
2B). There were two chromatographic peaks (peaks 4 and 5) at a ratio of 90:10 at 263 nm, and a raised
baseline between the two peaks. A raised baseline between two related peaks indicates that there is an
interconversion on the chromatographic time scale (see Discussion). The additional peak was identified as
N’-methylmyosmine (MMYS) based on the mass spectra obtained. The product ion scans had different
fragmentation patterns for each peak. The raised baseline was present in the selective ion monitoring of

each peak. Fig. 3 shows the separation of 10 tobacco alkaloids and 7 nicotine metabolites.
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Chapter 5 Figure 3. Chromatographic separation and detection of 10 tobacco alkaloids (A) and 7 nicotine
metabolites (B). Total ion chromatograms (TIC) and extracted ion chromatograms (EIC) are shown. (A)
Conditions: NicoShell,100 x 4.6 mm (i.d.), PIM4, 1 mL/min. Tobacco alkaloids: 1. B-NNT, 2. MYS, 3.
BPY, 4. B-NT, 5. (S,R)-NIC, 6. MANB, 7. (S,R)-ANT, 8. (S,R)-ANB, 9. MET, 10. (R,S)-NNIC. (B)
Conditions: TeicoShell,150 x 4.6 mm (i.d.), POM3, 0.5 mL/min. Nicotine metabolites: 11. OPBA, 12.
LAC, 13. rac-5THF, 14. (S,R)-COT, 15. T3HC, 16. rac-NCOT, 17. (S)-CNO.

NicoShell enantioseparated 5 chiral tobacco alkaloids in 10 minutes (Fig. 3A). Also, 3 enantioseparations
of chiral nicotine metabolites were obtained with TeicoShell in 14 minutes (Fig. 3B). For identification,
the appropriate m/z value was selected, and the ion chromatogram of interest extracted. The components

that had the same m/z were identified by spiking the sample with a standard.
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The separation of NNAL is shown in Fig. 4A, and resulted in two pairs of chromatographic peaks that

had similar areas.
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Chapter 5 Figure 4. The direct separation of tobacco-specific nitrosamines. R = R-NNN, S = S-NNN, E =
E isomer, Z = Z isomer based on previous reports (see Discussion), see Materials and methods and Table
1 for other acronyms used. (A) rac-NNAL, TeicoShell, 100 x 4.6 mm (i.d.), RP3, 0.3 mL/min, 25 °C. (B)
NNK, CDShell-RSP, 100 x 4.6 mm (i.d.), RP4, 1.0 mL/min, 25 °C. (C) rac-NNN, Q-Shell, 250 x 4.6 mm
(i.d.), RP3, 0.3 mL/min, 25 °C. (D) R-NNN, Q-Shell, 250 x 4.6 mm (i.d.), RP3, 0.3 mL/min, 25 °C.

The ratio of each pair was 75:25 at 263 nm. The separation of NNK is shown in Fig. 4B, with two

chromatographic peaks at a ratio of 75:25 at 263 nm. Fig. 4C shows 4 distinct peaks from the separation

of racemic NNN with the Q-Shell column. When pure enantiomers were injected, (R)-NNN in Fig. 4D,
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each enantiomer showed two peaks at a ratio of 65:35 at 263 nm with a raised baseline between them
(Fig. 4C and 4D). Single enantiomers were spiked into the original sample to identify each enantiomeric
peak. An enantiomeric impurity was observed in the (R)-NNN sample, and identified as (S)-NNN (Fig.
4D). The elution order of NNN and NNIC enantiomers were different than the other tobacco alkaloids
and metabolites (Fig. 3A, 3B, and 4D). Additionally, a reversal of elution for AB was observed when
switching between PIM and POM solvents (Fig. S1A and S1B). Racemic NAB was separated into 2
peaks of equal area, while (S)-NAB was separated into 2 peaks at a ratio of 80:20 at 263 nm (Fig. S2A
and S2B). NAT was separated into 2 peaks that each had a peak shoulder at a ratio of 80:20 at 263 nm
(Fig. S2C). NNNO was separated into 4 peaks with similar ratios at 263 nm with a raised baseline using
NicoShell coupled to TeicoShell (Fig. S2D). The separation of each TSNA resulted with similar MS

fragmentation patterns for each respective peak.

5.5 Discussion

The chiral selectors examined in this study were shown to have both broader and higher selectivity for
tobacco alkaloids and their metabolites than other approaches (Table 2) [27,39-40]. Higher selectivities
and efficiencies allows the use of shorter columns and higher flow rates, which produces faster analysis
times, and often sharper peaks, and better detection (Fig. 1) [32,39-40]. In turn, this can be useful in high
throughput screening, and studying biotransformations and the biokinetics and dynamics of low levels of
tobacco alkaloid metabolites [46]. For such studies, it is essential for the stereoselective separation
methods to be compatible with ESI-MS detection as were all methods herein (Table 2). Separations that
didn’t work well for one macrocyclic glycopeptide separated with a different related one, which is known
as complementary behaviour (Table 2). The “principle of complementary separations” states that a partial
separation with one chiral selector can be brought to baseline with one of the other related selectors [47].
Complementary separations were seen with NIC and several derivatives (2HN, IM3NP, NNO), which
had poor resolution using VancoShell, but worked well with NicoShell. Also, TeicoShell baseline

separated the metabolites that VancoShell and NicoShell didn’t. Usually within a class of structures
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several functionalities differ, which might enhance the separation using one macrocyclic glycopeptide,
but inhibit another. It is unclear why some compounds had poor resolution using NicoShell and
VancoShell due to the complex interaction mechanisms of macrocyclic glycopeptides. However,
complementary separations offer an effective solution for difficult separations, which has been exploited
for high-throughput screening [46]. This significant characteristic provides a high likelihood of baseline
separating any structure within a certain class, as in the case of the tobacco alkaloids and their metabolites
(Fig. 3A and 3B). Utilizing multiple chiral selectors and chromatographic solvents also gave rise to a
reversal of elution order. So, this method could also be applied to situations that require a certain elution

profile of enantiomers, such as in determining enantiomeric purity or in preparative separations.

Additional chromatographic peaks were observed in the separation of some tobacco alkaloids (Fig. 2 and
4). Fig. 2 shows the separation of SHCOT, which has been reported as the chiral cyclized, ring-closed
form of the straight-chain structure, OPBN [33,48-49]. 5SHCOT was previously reported to be quickly and
favourably formed in water, which agrees with our results [49]. Some chromatographic separations have
been challenging as indicated in previous reports [50]. The separation approach of this study provides two
methods (Table 2 and Fig. 2A). A raised baseline was not observed, but in the separation of NAN a raised
baseline was seen between the NAN chromatographic peak and the additional peak, MMYS, indicating
interconversions on the chromatographic time scale (Fig. 2B). NAN was previously reported to
equilibrate with MMY'S by a dehydration/hydration reaction, but little was found in the literature about
their roles in metabolism [33,48-49,51]. NAN and MMY'S might have faster interconversion rates than
the other ring-closed and straight-chain equilibrating structures, in Fig. 2A, due to the observed raised
baseline at ordinary conditions. The reproducibility of a separation was highly dependent on the time
between sample preparation and analysis. It was observed that differences in this time and temperature
would change the ratio between the chromatographic peaks. Also, if another solvent was used to dissolve

the analyte for analysis, the equilibration time was much different. Furthermore, other equilibrating
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structures have been reported to exist between these structures [48]. Detection and separation of these

components has not been reported in the literature, but with this procedure, it is now possible.

A single enantiomer of NNN was separated into 2 chromatographic peaks at ratio of 70/30, which agrees
with a previous report of NNN’s E and Z isomeric ratio in tobacco and were labelled accordingly (Fig.
4D) [19]. E/Z isomers in TSNASs have not been extensively studied. Reports of some have been
performed, such as NNN, NNK, and NNAL, concluding there is generally a higher concentration of the E
isomer than the Z isomer [18-20]. Our results indicate that this also is true for NAB and NAT (Fig. 4B,
and S2). Upon further inspection, a raised baseline was observed between the peaks. This indicates the
diastereomeric interconversion of E and Z isomers on the chromatographic time scale (Fig. 4D). In
general, decreasing the temperature of the column lowered the baseline between the converting peaks. On
the other hand, higher column temperatures increased the rate of conversion, such that no peak separation
was observed. Perhaps, this explains why previous reports that use GC at high temperatures didn’t
observe E/Z isomers during TSNA analysis [23]. The interconversion rate between E/Z isomers was
different because some TSNAs had distinct raised baselines, like NNN, while others like NNK didn’t
(Fig. 4B and 4D). However, a raised baseline was observed at higher temperatures for NNK, so it does
interconvert, but slowly at ordinary conditions. Previous reports of some pharmacokinetics of racemic
TSNAs have been investigated, such as their half-lives. An observed trend was that a short half-life
correlated to the carcinogenicity of the TSNA, so more potent TSNAs were eliminated faster [52].
However, the half-lives and interconversion rates of single enantiomers have not been reported, which
may be different, especially since they contain equilibrating isomers. This equilibration was observed to
be stable under room temperature conditions as shown in previous literature, but due to the raised
chromatographic baseline, there is difficulty in isolating pure E or Z isomer [18-19]. Since E/Z isomers
were observed for all TSNAs, further investigation of the enantiomers and their respective isomers as well
as other TSNA metabolites, such as their half-lives, might be useful to determine their stereoselective

roles and routes in metabolism.
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Since the FDA has issued the mandatory regulation of NNN levels in smokeless tobacco products,
manufacturers will have to quantify the amount of NNN in their finished products [9]. This may lead to
confusion, as some manufacturers might use achiral LC methods, which might broaden or split their
chromatographic peaks [24]. Since these splits are most likely E/Z isomers of the TSNAs, it is important
that they be included in the quantification required by the FDA. However, E/Z isomers are known to have
different physical and biological properties, so studies might be needed to evaluate whether these E/Z
isomers contribute differently to cancer and other diseases [26]. The methodology of this study can be
applied, as the results of this study clearly demonstrate a comprehensive approach for the analysis and
enantioseparation of these nicotine-related compounds. Further investigation is ongoing, but with the
methods presented in this study, more pharmacological information concerning individual enantiomers
and other isomers of nicotine-related compounds can effectively and quickly be obtained. These studies
would lead to a more complete knowledge about tobacco alkaloids and their metabolites and their roles or

therapeutic use for cancer and other diseases.
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Chapter 6

Mass Spectrometry-Compatible Enantiomeric Separations of 100 Pesticides Using Core-Shell

Chiral Stationary Phases and Evaluation of Iterative Curve Fitting Models for Overlapping Peaks

6.1 Abstract

Pesticides are often chiral, and their isomers have different activity, toxicity, metabolism, and degradation
properties. Perhaps, the most complex pesticides are the synthetic pyrethroid insecticides that have up to 8
stereoisomers, but not all are active. Pyrethroids are toxic to aquatic invertebrates and non-targeted
species like honey bees since they persist in the environment. Extensive biological studies of the
pyrethroid enantiomers are limited. Possibly, this is because liquid chromatography enantiomeric methods
for these studies often have limitations with mass spectrometry (MS) compatibility. In this study, an
effective methodology was developed with MS compatible solvents to evaluate several core-shell
(superficially porous particle, SPP) chiral stationary phases (CSPs) for the enantiomeric separation of
several classes of chiral pesticides. The CSP with the broadest selectivity or spectrum amongst all
pesticide classes was the B-hydroxypropyl cyclodextrin (CDShell-RSP). The other CSPs (LarihcShell-P,
NicoShell, Q-Shell, and TeicoShell) had more selective applications including separations of the
pesticides with amine or acid functionalities. Overall, 74 of 100 pesticides were baseline separated. Most
of the remaining, partially had multiple stereogenic centers and had only one overlapping pair. Several
were evaluated with a convenient new peak area extraction protocol by iterative curve fitting. Most likely,
this approach will lead to more significant enantiomeric analysis where MS is needed to overcome

complex matrices and reduce extensive method optimization.

6.2 Introduction

Pesticides are substances used for controlling, preventing, or destroying animal, microbiological or plant
pests [1]. Most commercial pesticides are synthetic and can be categorized by their activity as

insecticides, rodenticides, fungicides, herbicides, etc. They are also commonly categorized by their
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structures, including pyrethroids, organophosphates, acylanilides, triazole-related fungicides,
imidazolidinones, and phenoxypropionic acid herbicides. Many are chiral and commercialized as racemic
mixtures. However, their isomers have differences in terms of metabolism, toxicity, carcinogenicity,
activity, etc. In the 1950s, R enantiomers of phenoxypropionic herbicides like dichlorprop and mecoprop
were found to be more active than their respective S antipodes [2]. Their enantiomers also biodegrade
differently [3]. One of the four isomers of the fungicide, triadimenol, was found to be 1000-fold more
active than the other three [4]. These enantiomeric studies have led to more effective commercial
pesticides with selected active isomers, a procedure analogous to a “chiral switch” in the pharmaceutical
industry [5]. Also, it limits unnecessary pollution found in foods, beverages, and the environment [6-7].
While metabolism and risk to the environment have sometimes been assessed for individual pesticide

enantiomers, less is known those with multiple chiral centers [8-10].

Perhaps, the most complex chiral pesticides are the pyrethroid insecticides, which commonly have two to
eight stereoisomers [11]. Pyrethroids are popular due to their high specificity, activity, low toxicity to
mammals, and UV-resistance compared to other insecticides such as organophosphates and natural
pyrethrins (from Chrysanthemum cinerariaefolium) [11]. However, they persist, polluting the
environment, specifically crops and small aquatic reservoirs [11]. Most are deadly to aquatic species,
especially bottom-feeder scavenger fish and other non-target organisms like honey bees and butterflies
[12-15]. Their enantiomers are likely to have different effects on non-target organisms. In general, the cis-
isomers of pyrethroids are more toxic than the trans-isomers [11]. However, trends are not as general for
the pyrethroid’s various S and R configurations. For example, 1 R-cis-permethrin and 1S-cis-fenvalerate
have the highest acute toxicity compared to their other three respective stereoisomers [12-13]. These
studies might be important to the continual prevention of insecticidal diseases, like malaria [16].
Recently, pyrethroid resistance has increased, which has led to new pyrethroid-based interventions [16].
Therefore, with adequate enantiomeric analysis new pyrethroid stereochemical properties could be

thoroughly understood so the applications could be more effective and environmentally friendly.
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Enantiomeric pesticide analysis is commonly performed by LC for high sensitivity and GC, but GC might
not be best to study enantiomeric properties since pesticide enantiomers are susceptible to isomerization
and epimerization at elevated temperatures [17-18]. With LC, the most commonly reported enantiomeric
pesticide separations utilized m-complex-type, cellulose and/or amylose-based chiral stationary phases
(CSPs), while some are performed by cyclodextrin-based CSPs [19-26]. Some approaches used reversed
phase solvents, which has led to enantiomeric studies of some triazole fungicides with two to four
stereoisomers [23-24]. However, for other pesticides (up to 8 stereocisomers) normal phase solvents and
multiple CSPs coupled in tandem usually were required [19-22]. Recently, improved methodologies
utilize core-shell or superficially porous particle (SPP) CSPs to increase efficiency and shorten analysis
times [27-32]. Also, they are compatible with mass spectrometry (MS) detection, which is especially
significant when sensitive pesticide analysis is needed, using new MS techniques like paired-ion
electrospray ionization (PIESI) [33]. We effectively utilized screening and optimization methodologies
for 100 chiral pesticides with 6 SPP CSPs; hydroxypropyl-p-cyclodextrin (CDShell-RSP), isopropyl-
cyclofructan 6 (LarihcShell-P), a quinine-based CSP (Q-Shell), and three macrocyclic glycopeptides

(NicoShell, TeicoShell, and VancoShell) [27-32, 34-36].

Since some complex chiral pesticides required extensive method optimization for baseline separation of
all isomers, and usually just had one overlapped pair, iterative curve fitting was found to recover the
overlapping peak areas. Deconvolution techniques are usually utilized to remove band broadening and
other distortions but can be used to determine areas of overlapped peaks with errors less than or
comparable to other peak integration methods [37-40]. Commercial software is available for curve fitting,
but it can now be performed using ubiquitous Excel [41]. Often, these methods are used for separations
from complex matrices, as in omics-related fields [40-41]. More recently, they have been utilized in ultra-
fast chiral chromatography and highly accurate enantiomeric fraction analysis of pesticides [42-44]. The

protocol utilized in this study is thoroughly described.

6.3 Experimental
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6.3.1 Chemicals and materials

(R,S)-hydroxypropyl-p-cyclodextrin (CDShell-RSP, RSP), teicoplanin (TeicoShell, TS), modified
macrocyclic glycopeptide (NicoShell, NS), vancomycin (VancoShell, VS), quinine-based (Q-Shell, QS),
isopropyl-cyclofructan 6 (LarihcShell-P, LSP) were obtained as 2.7 um core-shell (superficially porous
particles) 100 x 4.6 mm (i.d.) and 150 x 4.6 mm (i.d.) columns from AZYP, LLC. (Arlington, TX, USA).
The packing procedure of the 150 x 4.6 mm (i.d.) CDShell-RSP column was slightly modified, especially
for the pyrethroids with multiple stereogenic centers. Analytes were purchased as racemic standards from
Sigma-Aldrich (St. Louis, MO, USA), Toronto Research Chemicals (Toronto, CN), and LKT
Laboratories Inc (Minneapolis, MN, USA). Racemic standards were prepared with methanol at 1 mg/mL
for analysis. Solvents and additives including HPLC grade acetonitrile (ACN), methanol (MeOH),
ethanol (EtOH), isopropyl alcohol (IPA), tetrahydrofuran (THF), hexane (Hex), tert-butyl methyl ether
(MTBE), acetic acid (HOAC), trifluoroacetic acid (TFA), trimethylamine (TEA), formic acid (FA), and
ammonium formate (NH4sHCO_) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Water was
purified by a Milli-Q water purification system (Millipore, Billerica, MA, USA).

6.3.2 Chromatographic conditions

An Agilent 1260 (Agilent Technologies, Palo Alto, CA, USA) HPLC was used for all studies. It consisted
of a 1200 diode array detector, autosampler, and quaternary pump. The mass spectrometer used in this
study was a Shimadzu triple quadrupole liquid chromatography-mass spectrometry (LC-MS) instrument,
LCMS-8040, (Shimadzu, Tokyo, Japan). All MS was operated in positive ion mode with an electron
spray ionization source. The parameters were set as follows: nebulizer gas flow, 3 L/min; drying gas flow,
15 L/min; desolvation line temperature, 250 °C; heat block temperature, 400 °C. Multiple UV
wavelengths, 220, 230, and 254 nm were utilized for detection and identification of enantiomers. Most
separations were carried out at 25 °C, unless otherwise noted, using an isocratic method. Mobile phases
were degassed by ultrasonication under vacuum for 5 minutes. Each analyte was screened in polar ionic

mode (PIM), polar organic mode (POM), reversed phase (RP), and normal phase (NP) following previous
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protocols [26-30,32-34]. The optimized conditions as labeled in Table 1 were: PIM1(a,b,c,d):
100:(0.5,0.2,0.1,0.025) MeOH:NH4HCO; (v/w), PIM2: 100:0.2:0.05, MeOH:HOAC:NH4OH (v/viv),
POM1: 60:40:0.3:0.2, ACN:MeOH:HOAC:TEA (v/viviv), RP1(a,b,c,d): (90:10,60:40,40:60,30:70),
MeOH:16 mM NH4sHCO; pH 3.6 (v/v), RP1(e): 30:70, MeOH:48 mM NH4HCO; pH 3.6 (V/v),
RP2(a,b,c,d,e,f): (30:70,25:75,20:80,15:85,10:90,5:95), ACN:16 mM NHsHCO- pH 3.6 (v/v), RP2(qg):
20:80, ACN:48 mM NH4HCO, pH 3.6 (v/v), RP2(h): 20:80:0.005, ACN:16 mM NH4HCO, pH 3.6:
MTBE (v/v/v), RP2(i): 15:85, ACN:48 mM NHsHCO; pH 3.6 (v/v), RP3(a,b,c): (40:60,35:65,20:80),
EtOH:16 mM NH4HCO, pH 3.6 (v/v), RP4(a,b): (30:70,20:80) IPA:16 mM NHsHCO, pH 3.6 (V/v),
RP5: 10:90, THF:16 mM NHsHCO; pH 3.6 (v/v), NP1: 95:5, Hex:IPA (v/v), NP2: 90:10, Hep:EtOH
(v/v), NP3: 90:10:0.3:0.2, Hep:IPA:TFA:TEA (v/viviv), NP4: 70:30:0.3:0.2, Hex:EtOH: TFA:TEA
(VIvIVIv).

6.3.3 Data processing

The dead time, t,, was determined by the peak of the refractive index change due to the unretained
sample solvent. Retention factors (k) were calculated using k = (tr - to) / (to), where tr is the retention time
of the first peak and to, the dead time of the column. Selectivity (o) was calculated using o. = k2 / k1, where
ki and k are retention factors of the first and second peaks, respectively. Resolution (Rs) was calculated
using the peak width at half peak height, Rs = 2(trz2 - tr1) / (W1t+ W2). Iterative curve fitting was performed
with PeakFit version 4.12 (SeaSolv Software Inc. 1999-2003). See Results and Discussion and

Supplemental material for the curve fitting protocol.

6.4 Results and discussion

Core-shell CSPs were clearly applicable for the enantiomeric separation of chiral pesticides, as shown

with all isomers of 74 pesticides baseline separated (Rs > 1.5) with at least one CSP (Table 1).
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Chapter 6 Table 1. Optimized enantiomeric separations 100 chiral pesticides.

Name* # Isomers* CSP? Mobile Phase® F,T* k> | a® | R™

- . Qs PIM2 0.5, 25 2.1 1.15 | 24
2-(2-Chlorophenoxy)propionic acid 2 TS0 PIM1b 1.0.25 02 249 [ 22
Qs PIM2 0.5, 25 15 [ 115 | 21

2-(3-Chlorophenoxy)propionic acid 2 TS PIM1b 1.0,25 | 0.2 | 1.76 | 1.8
RSP RP2e 0.5, 25 2.2 1.09 | 15

Qs PIM2 0.5, 25 1.6 1.13 | 1.9

2-(4-Chlorophenoxy)propionic acid 2 TS PIM1b 1.0, 25 02 [ 313 | 25
RSP'® RP2f 0.8, 25 9.6 1.06 | 1.5

- . Qs PIM2 0.5, 25 1.6 1.13 | 2.0
2-Phenoxypropionic acid 2 TS® PIM1b 1.0,25 | 0.2 | 2.39 | 2.1
1.9 1.04 | 0.7

. s 22 | 116 | 238

Allethrin 8 RSP RP2a 0.8,25 58 (118 [ 30

4.4 152 | 9.0

Anabasine 2 NS PIM1b 1.0, 45 30 [ 116 | 2.8
VS0 POM1 1.0, 45 3.2 1.21 | 2.6

Anatabine 2 NS PIMla 1.0, 45 1.1 1.45 | 5.2
VS0 RP1 1.0, 25 2.0 1.18 | 2.9

Ancymidol 2 RSP RP2b 0.5, 25 21 | 112 ] 15
Benalaxy! 2 RSP RP2a 1.0, 25 06 | 136 | 2.4
Benoxacor 2 RSP® RP2a 0.8, 25 06 | 131 ] 2.8
Bifonazole 2 RSP RP1b 0.5, 25 71 | 108 | 14

. - 22 | 117 | 25
Brodifacoum 4 Qs PIM2 0.5,25 22 1178 [ 90
Bromacil 5 VS0 RP1d 0.5, 25 2.8 1.15 ] 1.9

TS RP1d 0.5, 25 2.0 1.20 | 2.5

s 2.1 | 1.65 ] 9.0

Bromuconazole 4 RSP RP2a 0.8, 25 28 | 1.07 | 15
Butoconazole 2 RSP RP2c 0.5, 25 8.6 | 1.06 | 15
Carfentrazone 2 Qs PIM2 0.5, 25 23 | 115 ] 25
Qs RP1d 0.5, 25 14 | 133 | 2.0

Carfentrazone-ethy| 2 RSPT RP2a 08,25 | 05 | 1.16 | 15
Chlorfenprop-methyl 2 RSP® RP2a 0.8, 25 16 [1.05] 1.0
Chlorflurenol-methyl 2 RSP® RP3c 05,25 | 25 [ 131 | 4.0
Cloquintocet-mexyl 2 RSP® RP2 0.5, 25 09 [121] 2.0
Closantel 2 LSpP NP3 0.8, 25 21 | 118 ] 2.0
Coumachlor 5 NS NP4 1.0, 25 0.8 142 | 1.8
TS RP2a 1.0, 25 1.5 1.32 | 24

Coumatetralyl 2 Qs PIM1c 1.0,25 | 0.8 | 1.28 | 2.3

. s 1.7 [ 107 | 14

Cycloprothrin 4 RSP RP1b 0.8, 25 51 1113 | 20
15 | 1.05 | 0.9

. 15 1.5 1.14 | 2.4

Cyfluthrin 8 RSP RP1b 0.5,25 19 (112 | 33

2.0 1.04 ] 1.0

3.2 1.02 | 0.3

. " 32 [129] 1.9

Cypermethrin 8 RSP RP1b 0.5, 25 36 1107 | 07
4.2 1.07 | 0.9

" 34 | 1.19 | 3.0

Cyproconazole 4 RSP RP2c 0.5, 10 38 | 146 | 6.7
Dichlorprop 5 Qs PIM1c 1.0, 25 0.3 1.35 | 2.3
TS PIM1b 1.0, 25 0.2 | 317 | 33

Diclofop 5 Qs PIM2 0.5, 25 2.0 1.18 | 2.8

TS PIM1b 1.0, 25 0.2 293 | 4.0

Diclofop-methyl 2 RSP0 RP2a 0.7,25 | 26 [1.09 | 15
Diniconazole 5 Qs RP1d 0.5, 25 2.5 114 | 15
RSP RP2b 0.5, 25 2.8 1.09 | 15

Dinoseb 2 RSP RP2d 0.8, 25 5.3 1.07 | 15
Dinotefuran 2 TS PIMi1c 1.0, 25 06 | 113 ] 1.0
Dyfonate 2 RSP® RP2a 0.8,25 | 2.7 [1.04| 0.9
Econazole 2 RSP RP2a 0.7, 25 0.9 1.17 | 1.6
Enilconazole 2 RSP RP2a 1.0, 25 05 | 126] 1.9
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EPN 2 RSP RP2a 1.0, 25 3.6 1.09 | 2.1
cis-Epoxiconazole 2 RSP0 RP2a 1.0,25 | 09 | 119 | 1.8
s 16 | 121 47

Etaconazole 4 RSP RP1b 0.5,25 50 1115 [ 2.8
Ethofumesate 2 RSP RP2e 1.0,25 | 116|107 | 15
Etoxazole 2 RSP RP1b 0.5, 25 64 [ 131 ] 15
Famoxadone 5 LSP?° NP1 1.0, 25 7.0 1.39 | 45
RSP RP2a 1.0, 25 2.6 1.10 | 1.9

Fenamiphos 2 TS NP2 0.8, 25 1.7 1.14 | 2.0
Fenarimol 2 RSP*® RP2a 0.8, 25 2.5 1.04 | 0.9
Fenbuconazole 2 RSP RP4b 0.5, 25 6.9 | 1.04 | 0.8
Fenobucarb 2 RSP*® RP2d 0.8, 25 6.5 1.07 | 1.5
Fenoprop 2 TS RP1d 0.5, 45 1.0 [ 129 | 1.9

. s 29 [108] 13

Fenoxanil 4 RSP RP3c 0.8, 25 32 1104 07
Fenoxaprop 2 Qs PIM2 0.5, 25 20 [ 112 | 2.0
TS PIM1b 1.0, 25 0.2 3.16 | 2.9

Fenoxaprop ethyl 2 RSP RP1b 0.5, 25 16 [1.03 | 05
Fenpropathrin 2 RSP®® RP4a 0.5, 25 1.2 | 108 | 1.0
s 2.0 | 1.04 | 0.9

Fenvalerate 4 RSP RP1b 0.5,25 52 [112 [ 25
Fipronil 2 LSP° NP1 1.0, 25 5.3 1.24 | 3.7

. s 1.7 [1.07 [ 13
Flucythrinate 4 RSP RP1b 0.5,25 19 110 [ 15
Fluroxypyr-1-methylheptyl ester 2 RSP RP2b 0.5, 25 16 [ 115] 15
Flurprimidol 2 RSP RP2a 1.0, 25 16 [ 110 15
Flutriafol 2 RSP RP2a 0.5, 25 0.7 1.17 | 15
Furalaxyl 2 VS RP1d 0.5, 25 5.1 | 1.08 | 0.8
Haloxyfop 2 TS PIM1b 1.0, 25 0.1 403 | 24
Haloxyfop-methyl 2 RSP RP1b 0.5, 25 1.3 [ 1.06 | 0.7
Hexaconazole 2 RSP0 RP2a 1.0, 25 1.1 [ 134 | 23
Imazaquin 2 TSY RP1le 05,25 | 3.7 | 1.07 | 0.7
Isocarbophos 2 RSP RP3c 0.5, 25 19 [111] 16
Isofenphos-methyl 2 RSP RP2f 05,25 | 39 |1.06 | 0.9
cis-Ketoconazole 2 RSP RP2h 0.8, 25 25 [ 111 ] 15
Mandipropamid 2 TS RPle 0.5, 45 28 | 110 ] 1.7
Mecoprop 2 Qs PIM2 0.5, 25 14 | 120 | 2.8
TS PIM1b 1.0, 25 0.1 288 | 2.4

Mecoprop methyl ester 2 NS?O RP1d 0.5, 25 6.8 1.17 | 2.2
VS RPle 0.5, 45 3.2 1.07 | 1.5

" 33 [ 109 1.9

Metconazole 4 RSP RP2h 0.8,25 38 1116 | 35
Miconazole 2 RSP RP2a 0.7, 25 0.9 1.17 | 1.7
Mitotane 2 RSP RP2a 0.8, 25 2.1 1.04 | 0.6
Myclobutanil 2 RSP® RP1c 05,25 | 22 [1.06 | 1.2
Napropamide 5 VS0 RPla 0.3, 25 0.1 1.86 | 1.5
TS RPle 1.0, 45 2.4 1.14 | 1.8

Nicotine 2 NSO PIM1b 1.5, 45 05 [ 160 | 3.0
N-methylanabasine 2 NS PIM2 1.0, 25 1.9 1.24 | 2.5
VS0 PIM1b 0.5, 25 1.3 1.38 | 3.2

Nornicotine 2 NSO PIMla 1.0, 45 2.7 1.14 | 2.3
VS0 PIM1d 0.7, 45 4.1 1.10 | 1.5

rac-(2R,3R)-Paclobutrazol 2 RSP®*® RP2g 10,25 | 32 | 109 | 18
Penconazole 2 RSP RP2b 0.8, 25 26 | 107 ] 15
Pentanochlor 2 RSP RP3c 0.5, 25 8.1 | 104 ]| 0.6
Penthiopyrad 2 RSP RP3c 0.5, 25 4.4 113 | 2.1

. s 42 [114] 20

Permethrin 4 RSP RP3a 0.4, 25 56 | 1.02 1 05
d-Phenothrin 2 RSP RP2a 0.8, 25 47 | 153 | 5.6
Phenthoate 2 RSP RP2b 0.5, 25 1.5 114 | 1.7
(1R;cis/trans;S)-Prallethrin 2 RSP RP2a 0.8, 25 22 | 157 ] 9.0
Praziquantel 5 RSP*® RP2g 0.7, 45 2.3 1.11 | 15
TS RP5 0.8, 25 12.3 |1 1.15 | 2.0

. s 1.8 | 1.19 | 2.0
Propiconazole RSP RP3b 0.5, 25 56 [ 113 [ 15
Prothioconazole RSP RP2a 1.0, 25 15 [ 118 | 2.2
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Quizalofop ethyl 2 RSP RP2i 1.0, 25 7.4 | 105 0.9

. 5 24 | 1.04] 07

Resmethrin 4 RSP RP4a 0.5, 25 31 1131 45
Ruelene (Crufomate) 2 NS RP2b 1.0, 25 36 | 109 ]| 1.6
rac-(2R)-Spiroxamine 2 Qs NP1 1.0,25 | 03 | 154 | 15
Sulprofos 2 RSP RP1b 0.5, 25 23 [ 108 | 1.8
Tebuconazole 2 RSP% RP5 0.5, 25 44 | 1.07 | 15

. 15 0.9 [1.08 | 0.8

Tetramethrin 4 RSP RP4a 0.5,25 18 1133 30
Tetramisole 2 NS PIM2 0.7, 25 3.5 1.13 | 2.1
Triadimefon 2 RSP RP2a 0.8, 25 14 |1.09 ]| 15

L s 15 | 144 [ 57
Triadimenol 4 RSP RP2c 0.5, 25 53 1106 | 16
Triticonazole 2 RSP RP2b 0.8, 25 43 | 1.09 | 15
E-Uniconazole 2 RSP RP2a 1.0, 25 22 | 108 ]| 15
NS RP2a 1.0, 25 44 | 111 | 1.7

Warfarin 2 TS RP2a 1.0, 25 1.1 129 | 2.3

Vst RP2a 1.0, 25 43 | 119 ] 20

1 Pesticide name and number of isomers, see Experimental for more information.

2 Chiral stationary phase (CSP) with length in cm denoted in superscript (all 0.46 cm (i.d.)), 1% 10 cm x 0.46 cm (id),
15: 15 cm x 0.46 cm (id), 25: 10 x 0.46 cm (id) coupled to 15 x 0.46 cm (id). These include CDShell-RSP (RSP),
NicoShell (NS), TeicoShell (TS), VancoShell (VS), LarihcShell-P (LSP) and Q-Shell (QS). See Experimental for more
information.

3 See experimental for optimized mobile phases and acronyms.

4Flow (F) in mL/min / Temperature (T) in ° C.

5abc Calculated chromatographic parameters of retention factor of the first peak (ki), selectivity (a), and resolution
(Rs). See Experimental for more information.

Further, 18 compounds were baseline separated with two or more CSPs, and three compounds with 3
CSPs. Most pesticides required little optimization to provide Rs > 1.5, but different alcohols and salt
concentrations were used to improve efficiency and/or selectivity. Most separations were performed in
under ten minutes, and many compounds contained more than two sterecisomers. In Table 1, the
selectivity and resolution are reported for each enantiomeric pair. The partial separations that could not be
optimized to baseline without extensive optimization are not shown in Table 1. However, a partial
separation with one chiral selector was often brought to baseline with one of the other related selectors,
demonstrating the principle of complementary separations [31]. If there were one or more critical pairs
that could not be baseline separated without extensive optimization the iterative curve fitting procedure
was utilized. Overall, 69 pesticides were separated by CDShell-RSP, 19 by TeicoShell, 14 by Q-Shell, ten
by NicoShell, nine by VVancoShell, and three by LarihcShell-P. Representative chromatograms of each
pesticide class separated by different CSPs are shown in Fig. 1, which will be discussed in subsequent

sections.
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Chapter 6 Figure 1. Optimized enantiomeric separations of pesticides from Table 1 indicative of their
class. Enantiomeric separations of A) cycloprothrin, B) triadimenol, C) EPN, D) benalaxyl, E) haloxyfop,
F) brodifacoum by A-D) CDShell-RSP, E) TeicoShell, F) Q-Shell. All conditions are listed in Table 1.

6.4.1 Broad spectrum of enantioselectivity by CDShell-RSP
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CDShell-RSP had the broadest selectivity, enough to achieve Rs > 1.5, for all pesticide classes and in the
reversed phase mode. A representative chromatogram of the pyrethroid class of compounds is shown in
Fig. 1A for cycloprothrin, which has four stereoisomers. Most pyrethroids, including permethrin,
resmethrin, and tetramethrin produced similar results. Allethrin, which has eight stereoisomers, provided
the best example of a critical overlapping pair, in which all other 6 isomers were easily baseline
separated. In the past, f-cyclodextrin has been used for the separation of allethrin but had much less
resolution, which shows the power of the current core-shell CSPs [24]. Other pyrethroids with eight
stereoisomers, like cyfluthrin and cypermethrin, were less resolved than allethrin, with more than one
overlapping pair. The area extraction of these overlapped peaks will be discussed in a subsequent section

and reported in Table 2.

The most powerful application of CDShell-RSP was for chiral fungicides (Fig. 1B). In Figure 2, the
universal nature of the CDShell-RSP for chiral fungicides was highlighted with the simultaneous LC-MS

enantiomeric separation of 14 chiral fungicides in 20 minutes.
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Chapter 6 Figure 2. Simultaneous enantiomeric separation of 14 racemic fungicides using liquid
chromatography electrospray ionization mass spectrometry (LC-ESI-MS). Total ion chromatogram (TIC)
and extracted ion chromatograms (EICs) are shown. Conditions: CDShell-RSP, 150 x 4.6 mm (i.d.),
ACN-NH4HCO; (pH 3.6, 16 mM) (25:75), 0.8 mL/min, 25 °C. See Experimental for more information.
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This LC-MS approach would allow the simultaneous investigation of 32 fungicide enantiomers in foods,
beverages, and any number of biological systems. Many of these are triazole fungicides that have up to 4
isomers, including bromuconazole and propiconazole (Fig. 2). Others with four sterecisomers which
required different mobile phase compositions included cyproconazole and triadimenol (Table 1).
Etaconazole and metconazole were baseline separated, except for one overlapping pair, which will be
discussed in sec. 3.3 (Table 2). CDShell-RSP also had high selectivity for the topical anti-fungal
pesticides like miconazole and econazole (Fig. 2 and Table 1). Other baseline separated fungicides
included the recently commercialized carboxamide, penthiopyrad, and the dicarboximide, famoxadone

(Table 1).

CDShell-RSP also had selectivity for most organophosphates that had phosphorous stereogenic centers as
shown in Fig. 1C. Some partially resolved organophosphates were ruelene (crufomate) and fenamiphos,
which were baseline separated by other core-shell CSPs (Table 1). Also, the acylanilide, benalaxyl was
easily baseline separated by CDShell-RSP (Fig. 1D), but others like mandipropamid and napropamide
were best separated by other core-shell CSPs. An acaricide, etoxazole, and an imidazolidinone,
bifonazole, were separated by CDShell-RSP (Table 1). Herbicides and their associated safeners [45], as
well as other plant growth regulators without acidic functionalities, such as benoxacor, chlorfenprop-
methyl, chlorflurenol-methyl, cloquintocet-mexyl, diclofop-methyl, and flupiridimol were baseline
separated by CDShell-RSP. Herbicide metabolites, like the phenoxypropionic acid herbicides, were better
separated by other core-shell CSPs, like TeicoShell and Q-Shell. Overall, these results indicate that
CDShell-RSP had the broadest selectivity amongst the tested pesticide classes. Complementary
separations of a chiral herbicide and a rodenticide with two stereogenic centers by other core-shell CSPs

are shown in Figs. 1E and 1F.

6.4.2 Specific enantioselectivity by other core—shell CSPs

Some SPP CSPs had more specific enantioselectivity amongst the pesticide classes compared to CDShell-

RSP. TeicoShell and Q-Shell had the highest selectivity for the phenoxypropionic acid herbicides, like
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haloxyfop (Fig. 1E). This is not surprising as teicoplanin and quinine have amine groups, which can

interact with acidic moieties of the analytes [32,34]. Usually, these separations were performed in polar

ionic mode, with methanol and a volatile salt. Phenoxypropionic acid herbicides were almost always

separated with 1.5 < Rs < 4.0 within 1-2 min using TeicoShell. Under environmental conditions, these

herbicides are formed as metabolites via hydrolysis from phenoxypropionate herbicide derivatives [10].

The phenoxypropionate herbicides, like mecoprop methyl ester and carfentrazone-ethyl, were found to

separate better by other CSPs, including NicoShell and CDShell-RSP (Fig. 3).
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Chapter 6 Figure 3. Enantiomeric separation trends of phenoxypropionate herbicides and their
phenoxypropionic acid metabolites A) Enantiomeric separations of mecoprop, a phenoxypropionic
metabolite of B) mecoprop methyl ester using TeicoShell and NicoShell. C) Enantiomeric separations of
carfentrazone, a triazolone herbicide metabolite of D) carfentrazone-ethyl, using Q-Shell and CDShell-

RSP. See Table 1 for conditions.
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Another class of pesticides with high selectivity using TeicoShell or Q-Shell were the rodenticides (Fig.
1E). First-generation anticoagulants, coumachlor and warfarin, were best separated using macrocyclic
glycopeptide-based CSPs like TeicoShell, as expected (Table 1) [23,34-35]. Brodifacoum, a newer
anticoagulant meant for larger rodents is a much larger molecule than older generation rodenticides and
has 4 stereoisomers. Brodifacoum had no selectivity with TeicoShell and was partially separated by
CDShell-RSP. It was best separated by Q-Shell as shown in Fig. 1E. Q-Shell was also the only CSP to
baseline separate coumatetralyl (Table 1). However, Q-Shell had no selectivity for coumachlor and
warfarin. Extensive enantiomeric methods have not been published with Q-Shell, but it seems that it has
high selectivity for phenoxypropionic acids, and complementary behavior with TeicoShell for larger

rodenticides.

The other macrocyclic glycopeptide-based CSPs, VancoShell and NicoShell, were most useful to separate
chiral pesticides with amine functionalities, like the tobacco-based insecticides (Table 1). NicoShell was
the only CSP that baseline separated the anti-fungal tetramisole and the organophosphate ruelene
(crufomate) (Table 1). VancoShell was the only CSP that had selectivity for the acylanilide furalaxyl. A
partial separation, which was only achieved by TeicoShell, was the neonicotinoid dinotefuran (Table 1).
Since neonicotinoids have extreme toxicity towards honey bees, perhaps TeicoShell should be further
evaluated for other chiral neonicotinoid separations, especially those with undetermined enantiomeric

properties [14].

Perhaps, the most interesting pesticide separations were those by the isopropyl-cyclofructan 6,
LarihcShell-P. This derivatized cyclofructan is best known for separating primary amines, which explains
the separation of fipronil [31,36]. However, it has also been reported to separate other non-primary
amines, like Troger’s base [36]. Further evidence of non-primary amine enantiomeric selectivity was
observed with the separations of closantel and famoxadone (Table 1). These separations were only

achieved in normal phase solvents, but no other CSP could baseline separate closantel (Table 1). This
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shows that this chiral selector has broader enantioselectivity, not just for primary amines but also for
neutral compounds.

6.4.3 Area extraction of overlapped peaks using iterative curve fitting

Out of the 100 pesticides, 26 were partially resolved, but many like cycloprothrin (Fig. 2A) had multiple
enantiomers that were all baseline separated except for one pair of overlapping peaks. Instead of spending
extensive time working on method development, iterative curve fitting was used to determine their
overlapped peak areas (see Table 2). The subsequent protocol was followed and is illustrated with two
examples, then used for 11 other pesticides to evaluate its applicability (see Fig. 4 and Table 2).

Chapter 6 Table 2. Area extraction of overlapped peaks using iterative curve fitting of 13 compounds.

Name # Stereo. # Overlap; Model;a % Areayp Std. Errorac R22q
. Peaki1=5.8
Alleth 2 EM 174 .
ethrin 8 G Poaka= 5.6 0 0.9983
Peaki1=11.4
Peak>=18.2
Peaks=10.7
Peaks=17.9
Cyfluthri 8 8 EMG 1.913 0.9933
yiuthnn Peaks=9.8
Peaks=10.9
Peak7=11.6
Peaks=9.5
Peak:=7.8
Peak>=18.3
Peaks=9.0
. Peaks=12.1
h EM 474 .
Cypermethrin 8 8 G Peake= 14.4 0 8 0.9996
Peaks=18.0
Peak7=9.4
Peaks=10.9
Peak:=25.8
Cycl thri 4 2 EMG 0.122 0.9995
ycloprothrin Peak>=26.0
Peak>=21.6
Etaconazole 4 2 GMG Peaks=28.5 0.276 0.9985
Peak:=26.3
. Peak>=26.1
F lil 4 4 EM .024 .
enoxali G Peaks= 25.0 0.0 0.9993
Peaks=22.6
. Peak:=49.6
F h 2 2 EM A . 4
enpropathrin G Peaks = 50.4 0.108 0.999
Peak:=26.1
Fenvalerate 4 3 EMG Peak>=23.2 0.338 0.9986

Peaks=25.7
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Peak:=26.1

Flucythrinate 4 3 GMG Peakz=24.8 1.514 0.9996
Peaks=25.4

Metconazole 4 2 GMG Peakz = 41.9 0.069 0.9992
Peaks=9.1

Permethrin 4 2 GMG Peaks = 19.2 0.351 0.9980
Peaks=19.5

Resmethrin 4 2 GMG Peaki = 15.0 0.295 0.9967
Peak.=14.3
. Peak:i=11.1

Tetramethrin 4 2 EMG Poake= 11.3 0.250 0.9991

1 Number of overlapped pairs from the chromatographic conditions in Table 1.

2abcd See Results and Discussion and Supplemental Material for protocol using iterative curve fitting with the
exponentially modified Gaussian model (EMG), Gaussian modified Gaussian (GMG) and a linear background using
PeakFit software (2a). Extracted area percentages of overlapped peaks were determined from this protocol and
numbered by their elution order in original chromatograms (see Table 1 for data) (2b). The standard error (Std. Error)
and coefficient of determination (R?) of the fit were also obtained from PeakFit and reported (2c,2d).

First, the raw data of the best separation possible was obtained. The data was then imported to PeakFit
software and smoothed with a Savitsky-Golay weighted filter. Next, the model was chosen to fit the
number of peaks involved with the chromatogram. Last, the curve fitting program simulated the fit and

provided the areas of each peak.

Using this simple four-step protocol, worked examples are shown for a simple case of one overlapping

pair, and a more complex case with several overlapping peaks (Fig. 4, Fig. S1 in supplemental material).
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Chapter 6 Figure 4. Iterative curve fitting of two pyrethroids. A) Enantiomeric separation of allethrin with
CDShell-RSP resulting in one overlapped enantiomeric pair. B) Enantiomeric separation of cyfluthrin
with CDShell-RSP resulting in several overlapping peaks. Areas of the overlapped peaks were extracted
according to the protocol discussed in the Results and Discussion and Supplemental material. See Table 1
for chromatographic information, and Table 2 for extracted areas and other results.

The eight isomers of the pyrethroid, allethrin, were all baseline separated by CDShell-RSP except the first
two peaks, which was representative of most pyrethroid enantiomeric separations (Fig. 4A). After using
the protocol above, the extracted area percentages of peak 1 and peak 2 were determined after 68
iterations as 5.77% and 5.61%, respectively (Fig. 4A and Table 2). The number of peaks is chosen by the
user, which might be erroneous with complex samples and complete overlap (Rs = 0.0), but with the MS-
compatible methods reported in this study, quick MS peak purity checks can be performed. Hidden peaks
with the same m/z values, like enantiomers, must be separated or their retention times determined
separately as they cannot be differentiated by MS [46]. However, all enantiomers were visible for the
standard compounds used in this study. Overall, this approach provided a better estimation of the two
allethrin peak areas compared to simple integration methods, which reported the incorrect area

percentages as 4.87% and 6.43%.
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More difficult situations, as in the case of cyfluthrin, which had seven out of eight overlapping isomers on
the CDShell-RSP, were also assessed by the iterative curve fitting protocol (Fig. 4B and Tables 1 and 2).
Since all the peaks were less resolved in comparison to allethrin, the curve fitting was more challenging,
but with the exponentially modified Gaussian (EMG) model and seven iterations, the recovered areas
were estimated (following elution order of peak 1 to peak 8) as 11.4%, 18.2%, 10.7%, 17.9%, 9.8%,
10.9%, 11.6%, and 9.5%. With ideal peak shapes and in the absence of noise, iterative curve fitting error
has been reported as < 1% error [42]. The extensive overlap between these peaks makes simple
integration very difficult, especially to determine which peaks are racemic, enantiomeric pairs. However,
from this approach, the enantiomeric pairs can be better estimated as peaks 1 and 3, 2 and 4, 5 and 8, and
6 and 7. Further confirmation was provided with the separation of B-cyfluthrin, which only contains 4 of
the 8 stereoisomers of cyfluthrin. These 2 enantiomeric pairs were aligned with peaks 1 and 3, and 5 and

8.

As seen in Figs. 4A and 4B, the area ratios between all the peaks were not equal, which might lead to
errors if the peaks overlap when using conventional integration methods [37]. Iterative curve fitting is
very flexible as even asymmetric peak shapes can also be modeled with high accuracy [40]. However, it
is subjective to the user and which model is chosen. In the 12 separations assessed, the best models with
least error seemed to be the exponentially modified Gaussian (EMG) and the Gaussian modified Gaussian
(GMG) (Table 2). Overall, the peak areas were conveniently extracted from partially resolved
chromatograms, even the pyrethroids with up to 8 stereoisomers. Undoubtedly, this procedure applies to
all complex enantiomeric separations that require extensive chromatographic method development. It
could provide guantitative information from overlapping signals, which might be useful for complex

biological enantiomeric studies, especially those of pesticides.

6.5 Concluding remarks

Effective methods with core-shell (superficially porous particles) CSPs and mass spectrometry-

compatible mobile phases were established for 100 chiral pesticides, many with more than one chiral
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center. In past studies, cyclodextrins have had success in separating pesticides, but never has such a
comprehensive study, with the evaluation of several chiral selectors towards chiral pesticides been
reported. The hydroxypropyl-p-cyclodextrin CSP (CDShell-RSP) provided the broadest enantiomeric
selectivity for chiral pesticide separations. High enantiomeric selectivity for pesticides with acidic
functionalities were dominantly provided by the macrocyclic glycopeptide and quinine-based CSPs
(TeicoShell and Q-Shell). Pesticides with amine functionalities and a few unique cases were better suited
towards the other macrocyclic glycopeptides and derivatized cyclofructan (NicoShell, VancoShell, and
LarihcShell-P). A convenient protocol using iterative curve fitting was developed and can be applied to
any partially separated pesticides, which would provide the necessary information needed for biological

and/or environmental enantiomeric studies.
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Chapter 7

Increasing chromatographic resolution of analytical signals using derivative enhancement

approach

7.1 Abstract

A few decades ago, Giddings made a bleak statistical prediction stating that when using a
chromatographic column with a peak capacity of n, one “has no real hope” of separating n compounds
because of peak overlap. This statement holds true for today’s far more complex separations including
chiral, achiral or isotopic separations. Co-eluting chiral and isotopically labeled positional isomers pose a
mass spectrometric challenge as isobaric analytes. Several advanced mathematical approaches exist to
resolve and extract areas from overlapping data, such as Fourier self-deconvolution, wavelets,
multivariate curve resolution, and iterative curve fitting. In this work, we develop a very straightforward
approach to mathematically enhance signal resolution using the properties of even-derivative while
conserving peak area and its position. This technique is based on the fact that the area under an even-
derivative of a distribution is equal to zero. Consequently, by alternately subtracting and adding multiples
of even-derivatives (second, fourth, sixth, and so on) from the original peak, the area under a peak is
conserved, and the bandwidth is reduced. Unlike multivariate curve resolution and iterative curve fitting
approaches, this approach does not require prior knowledge of the number of peaks. The concept is
theoretically discussed for Gaussian and Lorentzian peaks. Several challenging chromatographic
applications using deuterated benzenes, chiral separations, and biological applications are shown using
twin-column recycling and conventional chromatography. The proposed protocol for a pair of
overlapping peaks is currently limited to a Rs of 0.7 or greater with error <1 % under ideal conditions.
Furthermore, tuning of peak shape by the first derivative is also described which can remove the

exponential convolution of tailing peaks.

7.2 Introduction
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The maximum number of peaks separable by a given column, at a fixed resolution, is given by its
peak capacity [1, 2]. Gidding’s theory predicts for a case where the number of components in a
mixture is equal to the peak capacity of a separation column, only 18% of the analytes will be
single component peaks in a randomly spaced chromatogram; the rest will appear as partially or
entirely overlapped peaks [3]. In experimental separations, the picture may not be that dismal
because the columns are rarely operated above their peak capacity [4]. However, critical pairs
invariably exist throughout in a given separation time-window. The problem becomes worse when
the analytes are enantiomers, isotopic positional isomers, or similar-shaped molecules. Even
liguid chromatography-mass spectrometry fails under such scenarios. Today, peak overlap in
separation science and spectroscopy is one of the significant challenges faced by analytical

chemists [5-7].

Several sophisticated solutions exist to solve these problems, e.g., two-dimensional (2D)
chromatography such as 2D gas or liquid chromatography (2D-GC or 2D-LC) [8-10], where
columns of orthogonal selectivity are chosen, and an “impure” peak is resolved in the second
dimension. For instance, a challenging chiral mixture of eight diastereomers/enantiomers of a
hepatitis-C protease inhibitor was separated using 2D-LC using two chiral columns, but the
separation required 2.16 h. The potential of twin-column recycling HPLC has been shown as a
powerful approach to achieve ultrahigh resolution separations, which are not possible under
ordinary circumstances [11-13]. Recently, we demonstrated baseline sub-second liquid
chromatography separations of multiple analytes using short, 0.5 or 1 cm, columns [14, 15]. The
sensor-like speed of short columns is the future direction in separation sciences. The
chromatographic-sensor technology is generally limited by the relatively low efficiency of short
columns (~2500 plates/cm) even with sub-2 pum core-shell particles under optimum conditions.
Peak overlap is commonly observed with fast separations [14, 15]. Consequently, simple

mathematical techniques are desirable to accurately recover information from partially resolved
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signals. However, many resolution enhancing approaches, such as wavelet transform and Fourier
self-deconvolution are quite challenging to implement for routine analysis, similarly multivariate
curve resolution needs multidimensional data [16-18]. In this work, we report a simple resolution
enhancing protocol by utilizing the fundamental properties of even-derivatives of a distribution,
which can be easily carried out in Excel or MATLAB. The fundamental property is that the area
under the even-derivatives of a symmetric distribution is equal to zero. Real peaks are rarely
symmetric, but it can be readily shown that the area under the derivatives of tailing/fronting peaks
also is practically negligible (on the order of 10-*! units). In the following section, we briefly

outline the theory followed by some challenging cases and applications.
7.3 Theory

Consider an area normalized Gaussian peak as a function of time t, which is centered at zero, i.e., tz = 0,

1 —t? Q)
ex
oV2m P22

It can be shown that the general n" derivative of Gaussian is a polynomial multiplied by the original

G (t,o) =

Gaussian function. Considering Equation (2), it can be shown that the n'" derivative of Gaussian is a
polynomial multiplied by the original Gaussian function,

d"G(a,t) .1 )
Qg = -1 (0\/_) ( )G(U t)

where H,, is a Hermite polynomial consisting of various powers t and standard deviation ¢ [19]. If we
subtract a multiple of the second derivative and add a multiple of the fourth derivative, the “width” of the

peak G is reduced, and the area is maintained (Fig. 1).
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Chapter 7 Figure 1. Demonstration of the steps involved in the resolution enhancement process using
even-derivative: A) shows a Gaussian function with a unit area B) the second derivative of the peak C)
fourth derivative of the peak and (D) the sixth derivative, and E) resolution enhanced peak obtained by
subtracting the second and adding the fourth derivative and subtracting the sixth derivative from the
original peak with appropriate K, , K, and K4 values as shown in part E. The area after numerical
integration is conserved.

We describe the resolution enhanced peak (R.E.P) as:

(—1)? (-D*1 " (—1)61H (3)
— 4= — gy —Reg=———¢lg T
(0v2) (o) (0v2)

Here the constants, K;, (i =2,4,6...) are “adjustable” numerical multipliers of the second, fourth

REP=G(1-K,

and sixth derivatives to ensure consistent dimensions and decrease the peak width. The area of the
original peak G is maintained because the second, fourth, sixth, etc. derivatives are symmetric at
zero (even functions) and the net area under these even functions is given by the difference of
their primitives (odd functions) at t=+oo and t=-oo, which are both zero. Thus, subtracting and
adding constant multiples of even-numbered derivatives from the original function does not alter
the peak area because any function will remain unaltered by + 0. This concept is illustrated in Fig.
1. The values of K, , K, and K in Fig. 1, were empirically set to 0.22, 0.04 and 0.003
respectively, to enhance the resolution. A criterion for choosing the K;values is given in Table 1.
The same idea can be extended to a Lorentzian distribution which is the natural line shape of
spectroscopic peaks. The equations (1) to (3) were analytical versions. Since most instruments use
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analog-to-digital convertors, the even derivatives can be calculated from the first principles as a
numerical finite difference approximation of analytical derivatives [20]. In general, if the n®"

derivative is to be calculated from digitized data, then:

d"G 6p[G](t) (4)
dtn = hv

where the approximation sign shows that there will be a small truncation error, and &;'[G](t) is

the general central finite difference given in Eq (5) [21].

(5)

n
SPGI(E) = Z(—ni (e + (g ~ i)
i=0
and h is the equal spacing of the data points, and i is the index of the data point being considered.
Any higher order derivative can be directly calculated from the raw data using Equation (5). The
advantages of equations (4) and (5) is that no prior analytical expression for the peak function is
required for differentiation. This can be contrasted with iterative curve method [22]. Another
useful property of derivatives is that the n'" order derivative of an m" derivative is equivalent to an
(n+m)™ order derivative. This property is utilized in the Microsoft Excel Template i.e. first a
second derivative is calculated and the second derivative of the second derivative gives the fourth

derivative. The template also smooths the derivative before subtraction.
7.4 Materials and methods
7.4.1 Software for data processing

All the resolution enhancing procedures were carried out in Microsoft Excel 2016 template
(available in the Supporting Information). MATLAB R2017b (Windows 64 bit) was used for
simulations of Gaussians or Lorentzians using the following functions. For Gaussian curves, the
“normpdf” function of MATLAB with various multipliers to alter peak areas whereas the
Lorentzian was modelled as follows, where y is the signal, A represents the area, w is the width

parameter and a, is the center of the Lorentzian peak.
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A (6)

e+ ()

y:

The iterative curve resolution method was done on PeakFit version 4.12 (SeaSolv Software Inc.
1999-2003) moreover, OriginPro 2015 (OriginLab Corporation, MA, USA) was employed for
numerical integration. This peak fitting method is based on the minimization of residuals on curve
fitting. A moment-based expression for the 4o resolution factor is then proposed as a general case.
The resolution equation can be written in terms of second moments for any peak shape i.e., any
distribution.

trer — ta (7)

R, =
2(\/Mapes ++/M24)

where, tg. is the retention time of the reference peak, t, is the retention time of the analyte of interest

(from the first moment), and the m, is the second moment which is the variance of the distribution of the
reference peak and the analyte. Note that equation (7) may deliver a resolution factor < 1.0 when the first
peak is fronting and the second peak is tailing, even though the valley touches the baseline. This
calculation is offered by Chromeleon in Vanquish UHPLC (Thermo Fisher Scientific 2009-2016)

whereas PeakFit version 4.12 employs a base-width resolution formula.

7.4.2 Chromatographic conditions and hardware

All HPLC grade solvents, reagents, and analytes were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Distilled deionized water (18.2 MQ.cm) was produced by the Milli-Q purification system (EMD
Millipore, Billerica, MA, U.S.A.). The 2.7 um superficially porous particles (SPP) were received from
Agilent Technologies (Santa Clara, CA, U.S.A.). The SPP particles were modified with (R, S)-
hydroxypropyl modified B-cyclodextrin (Cyclodextrin-RSP), and macrocyclic glycopeptides (NicoShell
or TeicoShell) by AZYP LLC (TX, USA). The columns were slurry packed using a non-aggregating
solvent into stainless steel columns (5 or 10x0.46 cm i.d.). The detailed packing hardware design to

produce high-efficiency columns is already described in our previous work [23, 24]. Vanquish UHPLC
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instrument (Thermo Fisher Scientific, Waltham, MA) was used for collecting chromatograms. The
column oven was by-passed, and the column was connected to the injector and the 2.5 pL UV-Vis
detector. The data was sampled at 250 or 200 Hz on the UHPLC. The UHPLC is controlled using

Chromeleon 7.2 SR4 software (Thermo Fisher Scientific 2009-2016).

7.4.3 Recycling HPLC experiments and LC isotopic separations

The experimental design of the custom-made recycling HPLC system by Waters has been given along
with photographs [11, 12]. Deuterated isotopes of benzene, 1,3,5-benzene-ds, and benzene-ds were
separated on an HPLC in recycling mode. One isotope mixture was analyzed consisting of
benzene/1,3,5-benzene-ds/benzene-ds. The mobile phase was a mixture of acetonitrile and water
(55/45, viv). The sample was prepared by dissolving 10 puL of each compound in 2.0 mL of
eluent. The sample concentration was close to 4.4 g/L. 2.0 pL was injected into the 15x0.3 cm
columns packed with 2.7 um Cortecs-C-18 particles. The flow rate was set at 0.4 mL/min. The
detection wavelength was 210 nm for a sampling rate fixed at 20 Hz. The identification of
benzene, 1,3,5-benzene-d3, and benzene-d6 was achieved by injecting each compound separately.
Similarly, the analytes benzo[a]anthracene and chrysene (> 97% purity) purchased from Sigma—
Aldrich. The twin column recycling HPLC of these two compounds was performed on XBridge

BEH-C18 columns (3.0 mm x 150 mm, 3.5 um particles).

7.5 Results and discussion

Table 1 summarizes the five steps outlined in the Theory section to mathematically enhance the

experimental resolution using even derivatives.

Chapter 7 Table 1. Resolution enhancement using even-derivatives or first-second

derivative combination.

a. Choose a critical pair with low-resolution on the order of Rs > 0.7 using a data
acquisition software. Export the time vs. instrument signal data.

b. Calculate the second derivative and the fourth derivative. The sixth derivative
is rarely needed.
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¢. Remove noise from derivatives by using a centered moving average. Apply any
centered moving average until the second, the fourth and the sixth derivatives
have low noise levels.

d. Subtract the second and add the fourth derivative with appropriate coefficients
K2 and K4 from the raw data. Approximately, Ks=K2/F with F > 0 (10-10000).

e. Calculate resolved peak areas by numerical integration.

Later we show how a combination of odd-even can applied for deconvolution purposes. This approach is
generic, and it can be applied to chromatograms or non-Gaussian peak models. Fig. 2 shows the
generality of the even-derivative method on three simulated overlapping Lorentzians (sum of three

Lorentzians, Equation 6).

1
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Chapter 7 Figure 2. Resolution of three pure overlapping Lorentzian peaks using the peak sharpening
principle based on even-derivatives. The K; factors for the second, fourth and sixth derivatives are 0.8,
0.0008, and 0.0008 respectively.
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This method can then be used for detecting hidden spectroscopic peaks and their position for qualitative
purposes. In the following experimental chromatographic examples, we examine various difficult
situations, which can pose significant challenges to chromatographers. In the provided template
(Supporting Information) we have to choose K; values. Empirically, the values of K;are chosen in such a
way that a resolution > 1.5 is obtained. To begin, K;>>K4>>Ks is a good starting point. In fact, the sixth
derivative is not needed, in general. The second derivative multiplier is Ks=K/F; the third one is
Ks=K4/F, and so on. The value of F can be chosen from 10-10000 as a starting point. See additional
details for starting in Table 1. A good place to start for Gaussian peaks is 6%/30 for the second derivative
and (5*)/200 for the fourth derivative factor, where sigma is the standard deviation of the Gaussian. One
can adjust these factors give the narrowest peaks without significant negative dips. Adjust these factors
give the narrowest peaks without significant negative dips.The best-optimized value of K is that which
enhances the resolution to baseline without degrading the signal to noise ratio along with small negative

dips (to be discussed later).

7.5.1 Even-derivative method for single critical pairs

When the column selectivity, i.e., the ratio of retention factors is very close to unity, the given
critical pair appears as a set of partially overlapping peaks with an Rs < 1.5. This situation is often
seen in enantiomeric separations which are often complicated by asymmetric peak shapes of
enantiomers [25]. Other powerful mathematical techniques such as Fourier transform self-
deconvolution [16] can change peak positions while reducing their width and power-transforms
change areas and heights while the peak position remains constant [26]. Fig. 3 shows an
interesting application of the even-derivative method on partially resolved racemic peaks of

salbutamol.
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Chapter 7 Figure 3. Recovery of peak areas of chiral separations in case of symmetrical and highly tailing
peaks using the even-derivative method. A) salbutamol isomers, Chromatographic conditions: NicoShell,
10 cm x 0.46 cmi.d, 2.7 um SPP, 100% MeOH with 0.2 wt % ammonium formate at 3.00 mL/min,
detection using UV: 220 nm 250 Hz 0.00 s. B) p-nitro-DL-phenylalanine isomers, Chromatographic
conditions, TeicoShell, 10x0.46cm, 2.7 um SPP, 1.0 mL/min, 93% HO containing 0.05% formic acid
and 7% acetonitrile.

Both peaks tail very slightly with an asymmetry of ~ 1.21 and 1.23 at 10% height, as is typical of
any compound with slow mass-transfer kinetics of adsorption and desorption. The Gaussian
efficiency is moderate (~6000 plates) for both peaks. In the chiral analysis, the area ratio of
enantiomers is also of prime importance. Before applying the protocol, the resolution was
determined as 0.89 (full base-width resolution). In Fig. 3A, the salbutamol separation was
resolved using the derivative method. The second and fourth derivative were subtracted and added
from the raw data as per equation 3. The value of coefficients K, and K4 were varied empirically
until a baseline separation was obtained. The value of K, = 2.7x10° units and K, = 0 was
sufficient to make the separation baseline. The area of the peaks was calculated by numerical
integration, which assumes no peak shape beforehand. The comparative areas of the first and
second enantiomer are shown in Fig. 3A are 1.79 and 1.81 mAU.min with a % RSD (n=3) of 0.17
and 0.35 respectively. This gives an area ratio of 49.6% to 50.4%. As a benchmark, iterative curve

using exponentially modified peaks gave an area of 1.78 and 1.79 for the first and the second peak
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with nine iterations. The same salbutamol enantiomers when chromatographically resolved gives
an area ratio of 49.6+0.09% and 50.4+0.09%. Therefore, the even-derivative methodology is a

straightforward resolution enhancing tool with good precision.

Chiral separations are often afflicted with tailing or “Eiffel tower” peaks [27]. Such peaks appear
to have concurrent fronting and tailing element. We show a separation of p-nitro-DL-
phenylalanine on a superficially porous teicoplanin column (TeicoShell, 2.7 um, 10 x0.46 cm) in
Fig. 3B. The mobile phase of ACN and H>O (containing formic acid) is chosen so that it shows a
partial resolution with significant tailing of the second peak. The Gaussian efficiency of the first
peak is very high with 10,600 plates and a 10% asymmetry of 1.50; however, the second peak has
an efficiency of 6900 with a 10% asymmetry factor of 1.94. However the moment analysis shows
a plate count of 7200 and 3560 for the first and the second peak respectively, confirming that the
peaks are no longer Gaussian. In general, an asymmetry of 2.0 is recommended as an upper limit
for quantification purposes [28]. Using the same procedure as described above, the areas of both
can be recovered successfully with the derivative sharpening method as 2.52 and 2.63 mAU.min
units with K; = 2.10x10* and K4 = 1.50 x10°° units. These numerically calculated areas match
very well with the numerical area under exponentially modified Gaussian as 2.55 and 2.59
mAU.min units. It should be noted that the derivative sharpening may produce small disturbances
dips near the baseline. The peaks should be numerically integrated as shown by including the dip.
Note as in this case, the classical perpendicular drop method systematically produces a larger area
for the second peak 2.73+0.04 mAU.min (n=4) because of tailing problems. In Table 2 we show

the slight systematic error in the area of recovery as a function of resolution.

Chapter 7 Table 2. Comparison of errors in area recovery as a function of initial resolution of
Gaussian peaks of equal area.

Initial % Errorin % Errorin
Resolution Peak 1 Peak 2 Peak 1 Peak 2
1.26 250.130 250.031 0.05 0.01
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1.15 250.134 249.915 0.05 -0.03
0.97 250.362 249.648 0.14 -0.14
0.84 250.761 249.309 0.30 -0.28
0.74 251.037 248.957 0.41 -0.42
Significant peak distortion in the
<0.6 .
baseline

3Calculated resolution (R) of the simulated chromatogram (area ratio of 50:50) using the PeakFit software. Different K value were applied to make

separation baseline. % error = 100[area (recovered) — area (true)] / [area (true)]. The area of both peaks was set to 250.0000 units, and the standard
deviation was varied to alter resolution while retention times were held constant.

Table 2 shows that with simulated peaks with a resolution of less than Rs than 0.6 will lead to a
significant baseline distortion. Therefore, we recommend this method for critical pairs with a Rs >
0.7. In Table 3, we will compare the extracted areas from real data.

If the resolution is lower than 0.7, one can still resolve the peaks for qualitative purposes. Under
such experimental situations, the chromatographer should continue to improve the separation by
adjusting the mobile phase or temperature until a resolution of 0.7 to 0.8 can be obtained with the
same column. Additionally, it is not necessary that the peaks be of equal height or area for this

even-derivative sharpening method.

7.5.2 Twin-column recycling HPLC for ultrahigh resolution separations

Twin-column recycling chromatography has recently emerged as a potent approach to deal with
complex mixtures [11, 12, 29]. Fig. 4 shows a challenging liquid chromatographic separation of

isotopes under analytical conditions.
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Chapter 7 Figure 4. Extraction of peak areas in the selected region using the even-derivatives. Separation
of the benzene/1,3,5-benzene-d3/benzene-d6 isotope mixture. 2.7 um Cortecs-C-18 stationary phase. The
average retention factor is = 1.6. The selectivity factors of for ba and cb are both 1.02. The average
incremental system efficiency is= 7000 for the three isotopes. See the experimental section for more
details. The recovered areas are shown for the selected set from 1V to VI in Table 3.

Traditional LC is unable to separate such deuterated homologs in routine run times. For the sake
of comparison, it took as much as 10 h to obtain a low resolution of ~ 1 with these three
compounds using with two 25 cm long columns packed with 5 um silica C18 particles or with
two 45 cm x 0.10 mm i.d. monolith silica-C-18 capillary columns. Recycling HPLC can provide
the power needed to separate three deuterated benzenes. Indeed, for isolation or preparative
purposes, full physical separation of all three peak is desirable. However, for semi- or fully
guantitative information, the area can be easily extracted using higher order even-derivatives. In
the recycling HPLC mode, it takes about 1.5 h to separate deuterated benzenes completely.
However, even in the fourth “recycle” the resolution ~ 0.78 (peaks b and c). From this point
onwards, one can conveniently apply the derivative sharpening method to get an accurate estimate
of the area of each peak even before the physical separation begins. In each cycle, one can choose
an independent set of coefficients K, and K4 to bring peaks to the baseline. For instance, the (Ka,
K,) pairs for the 1V, V and VI chromatograms are (2.55, 4x10%), (2.70, 1x10?), and (2.80, 1x10%)
respectively. The values of these coefficients were chosen empirically. This sectional approach
for derivative sharpening is far more convenient than the conventional power transforms which
are available in one commercial instrument’s software (Chromeleon) [14]. In such cases, area
information is easily lost until additional steps of area recovery are applied. The comparison of
numerically integrated data of resolution enhanced peak is also shown in Table 3, where it can be
seen that iterative curve fitting areas match very well the results obtained by derivative sharpening

method.

Chapter 7 Table 3. Comparison of extracted areas by the proposed derivative method for the separation of
deuterated benzenes.

115



Valve Resolution in Critical Area by Even-Derivative Area by lIterative Curve
switch Pairs Method Fitting Method
4 Peaks Peak Peak Peak ¢ Peak Peak | Peak
(a,b), (b,c) a b a b c
Vv 0.79,0.78 3.08 3.28 3.83 3.10 3.16 3.85
v 0.86, 0.86 3.24 3.48 4.01 3.25 3.47 4.04
Vi 0.94, 0.94 341 | 365 | 418 | 344 | 363 | 420

The bidirectional exponentially modified Gaussian model was chosen as a model (see equation
the Supplementary Material), but the model fit shows a correlation coefficient of R? of 0.998 with
a progressive linear background. Note that the recovered areas match quite well with the equal
volumes of the three benzenes added to the injected sample (within experimental error of
pipetting 10 pL benzenes and assuming the the molar absorptivities of benzene and deuterated

benzene are comparable).

7.5.3 Detection of hidden peaks and shoulders by even derivatives

The previous sections dealt with resolving a critical pair for area recovery. Often, the analyst is
concerned with peak purity. The established methods of peak purity usually include mass
spectrometry or photodiode array detection, using a column of orthogonal selectivity and two-
dimensional liquid chromatography [30, 31]. These approaches can be expensive and suffer from
some limitations. For example, the mass spectrometer is not a universal detector, since it only
measures m/z values, it cannot "differentiate™ isobaric impurities such as enantiomers. More
importantly, closely related m/z analytes may not be differentiated by more economical, low-
resolution mass spectrometers. Secondly, many analytes do not ionize well [32]. Area extraction
approaches such as iterative curve fitting [22] or multivariate curve resolution will be ambiguous
because we do not know the number of components contributing to the peak if there is a complete

overlap [33].
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The first and the second derivatives have been utilized to assess the peak structure, especially in
spectroscopy often with a severe compromise on the signal to noise ratio. An entire spectroscopic
field (derivative spectroscopy) is devoted to the application of derivatives [34, 35]. However, in
the following examples, we utilize the digital version of equation (3) for qualitative resolution
enhancement of the chromatograms and to assess the number of components. Although
derivatives also are being used here for chromatographic data, the approach is visually more
powerful. Peak pairs with Rs > 0.2 can be easily detected by using equation (3). Similarly, for
detecting peak shoulders by the method of even-derivative, very low resolution or even complete
overlapping peaks may be detectable. To test these limiting cases, three exponentially modified
Gaussians (see Supplementary Material for the equaton) were simulated with a width of 0.95, 1.2,
and 1.6 s and a retention time difference of 2 s between the first two peaks and a 2.5 s difference
between the second and third peaks (Fig. 5A). The overall envelope is deceptively a single peak
(Fig. 5A). The individual simulated peaks contributing to the peak profile are shown (Fig. 5A).
After applying equation (3) with appropriate K; values of 3 and 1.5 respectively; the even-
derivative method detects three hidden peaks under this envelope (Fig. 5B). This is precisely
where the power law and the iterative curve fitting method will not be successful. The power law
would merely reduce the width of the entire envelope, and the iterative curve fitting method has a
fundamental requirement of knowing the number of peaks along with a choice of model. One can
fit as many peaks as desired under this peak in Fig. 5A. The same approach is applied to detect the
presence of shoulders in a separation of steroids, prednisone, cortisone, prednisolone, and

hydrocortisone (Figs. 5C and 5D).

117



A) Overlapped tailing peaks B) Detection of overlapping peaks

0.49 1 0.49 - - 3
0.44 0.44 -
0.39 0.39 - _2
0.34 0.34 -
= 0.29 = 029 - o
& 0.24 @ 0.24 - L 1w
“ 019 Y 019 - o
0.14 0.14 - |,
0.09 0.09 -
0.04 0.04 4
'0.01 T T .I T 1 '001 T T T T '2
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
C) Overlapping steroids D) Shoulder detection
490 - 142
3 750 - n
4 3
390 - 650 1 4
550 -
S 290 -
O o 450 -
c i
£ 160 o 990
5 T 2
§ 250 A
< 90 i 150 i
J 50 -
-10 T T 1 -50 T T 1
0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8
Time (min) Time (min)

Chapter 7 Figure 5. (A) Simulation of highly overlapping peaks under a single envelope, (B) applying the
derivative sharpening method reveals three hidden peaks (C) Detection of shoulders in real data of
steroids. Peaks 1. prednisone, 2. cortisone, 3. prednisolone and 4. hydrocortisone. Column: RSP, 10 x
0.46 cm (i.d.), SPP 2.7 um Mobile Phase: 60/40: ACN/16 mM ammonium formate pH 3.6, Flow: 2.0
mL/min, sample concentrations ~ 1.25 mg/mL of prednisone, prednisolone and hydrocortisone each, and
~ 0.25 mg/mL of cortisone, UV detection at 230 nm, injection volume: 0.5 pL (D) Detection of hidden
shoulder in peak of cortisone.

The molar masses of the co-eluting peak of prednisone and cortisone (358.428 g/mol and 360.45
g/mol) are very close. Herein very small K; values were employed (Kz =9.9x10°%, and K,=1x101%),

The shoulder detection methods will alert the chromatographer to further improve the method in
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such a way that either the peaks are fully resolved or partially resolved to the extent where the

derivative method can be applied with confidence.

7.5.4 Qualitative resolution enhancements of highly asymmetric peaks with the odd-even derivative

method

As alluded to earlier, depending on the fluid mechanics of the bed and detector settings real peaks
can have concurrent fronting and tailing, or excessive tailing or fronting [24, 27, 36]. Columns
which produce visually fronting or tailing peaks are discarded by the manufacturers, whereas
slight fronting or tailing is generally acceptable in C18 columns (tailing at 5% ranges from 0.98-
1.2) whereas acceptable chiral columns have a larger tailing window (USP tailing of 1.7). The
previous example showed resolution enhancement of wholly overlapped peaks. In this section, we
show how peak tailing or fronting can be reduced by adding or subtracting the first derivative
term in Equation (3).

R.E.P = Signal — (K,)first derivative — (K,)second derivative 8)

where K3 is another non-zero constant factor like the even derivative method. The value of K; is
positive for a tailing peak and negative if the peak is fronting. Three low-efficiency tailing peaks

neatly demonstrate this idea in Fig. 6.
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Chapter 7 Figure 6. Resolution and peak shape improvement of three severely tailing peaks using the first
and the second derivative. See text for details.

The peaks have the following efficiency by moment analysis and 10% asymmetry: (225, 1.54),
(218, 1.60) and (242, 1.51). These figures of merit are typical of very short columns such as 0.5-1
cm and narrow bore diameters under ultrafast conditions. Applying the equation (8) with a K; and
Kz value of 1.78 and 0.65 separates the peaks to the baseline. Note that Equation (8) behaves
similarly to deconvolution of exponentially modified Gaussians, i.e., the tailing effect is removed.
This approach is practically shown in the Supplementary Data Figure S1 on fully resolved but
tailing peaks. Using 5-methyl-5-phenylhydantoin as an example, the equation (8) can be used to
deconvolve the response time of the detector. The first and second derivative combination can
also be used to make tailing peaks into Gaussian peaks while conserving the area (Figure S1).
This approach is a powerful tool for qualitative resolution enhancement and determining the

number of components in a given chromatogram when the peaks tail or front severely, mainly due
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to chemical reasons. The actual areas of the three peaks are precisely 5.00, 8.00 and 2.00 units.
After the sharpening protocol, the recovered areas were 5.97, 7.80 and 1.19 units respectively.
Since the resolution of the small peak is very poor, the error in area recovery is large. As
suggested earlier, this resolution enhancement tool should be applied with a resolution larger than
0.7. However, the first derivative also works very well for qualitative resolution enhancement or

to determine any hidden peaks or shoulders very well.

7.6 Conclusions

A straightforward but powerful approach is proposed with the theoretical basis to resolve overlapping
peaks which may be experimentally difficult to separate. The peak areas, retention time and hence
selectivity remain the same. These approaches will be helpful when a critical pair is present in an
otherwise fully resolved chromatogram. The proposed derivative sharpening protocol for a pair of
overlapping peaks is limited to a Rs of 0.7 or greater with error < 1% when the peaks purely Gaussian.
The even-derivative method does not depend on the peak model or prior knowledge of the number of
peaks which is needed in iterative curve fitting approach and multivariate curve resolution method.
Additionally, the first derivative method is beneficial for tailing or fronting peaks, with the power of
resolving shoulders to the baseline. Its effect is similar to deconvolution. These simple approaches will be
helpful in multidimensional chromatography, spectroscopy and other analytical sciences where signals are

acquired as peaks, and there is a chance of peak overlap.
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Chapter 8

Improving visualization of trace components for quantification using a power law based integration

approach

8.1 Abstract

In some cases, trace component analysis only requires a sensitive and high-resolution mass spectrometer.
However, enantiomers must be completely separated to be differentiated with a mass spectrometer, which
is highly dependent on the stationary-mobile phase composition. In case of a challenging chiral
separation, instead of trying new columns for screening purpose, resolution enhancement techniques
could be used to resolve partially overlapping peaks. A well-known enhancement method is the power
law, which increases the linear dynamic range of each analyte and reduces excessive noise. In many
cases, the peak noise can decrease significantly by applying the power law. However, the main drawback
is that this approach changes relative peak areas and heights of each peak in a non-linear fashion which
limits its use for quantitative purposes. In this study, a normalized power law was utilized for extracting
correct area information. It is a simple (5 step) protocol that only required Microsoft Excel, and results in
enhanced visualization of trace components, especially in low signal/noise environments, and makes
integration convenient and reproducible. Several difficult chiral trace component analyses were
investigated, including applications pertaining to ultrafast high-throughput chromatography,
enantiopurity, and peak purity analysis. For complicated cases with multiple overlapped peaks of different
resolutions, a segmented normalized power law was utilized. A trace component coeluting near a dead
volume peak and a trace enantiomeric component in the tail of the corresponding enantiomeric peak were
virtually enhanced. As an additional tool, first and second derivatives were utilized to identify if an
enantiomeric impurity is coeluting with the dominant enantiomer under overload conditions.
Idiosyncrasies of the derivative test are discussed. This study shows how these simple approaches can be

used for accurate quantitation, specifically for trace enantiomeric components.
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8.2 Introduction

A trace component typically ranges in the concentration of parts per million to parts per trillion [1]. Liquid
chromatography (LC) tandem mass spectrometry (MS), LC-MS, often is utilized to provide selectivity and
sensitivity for trace components, including pesticides, pharmaceuticals, and other pollutants [2]. Often,
chromatographic peaks of these analytes are overlapping, especially with high-throughput methods, and/or
near the dead time of a column which can make visualization and quantification difficult and/or inaccurate.
Also, there can be problems in peak purity analysis, especially when MS cannot differentiate components
like enantiomers or epimers [3-8]. Further, purity analyses might be performed under overload conditions,
where peaks are distorted, and retention times can shift due to displacement or tag-along effects [8-10].
Typically, resolution enhancement of overlapping peaks in chiral LC involves changing the stationary-
mobile phase composition, which requires extensive time and testing [11-12]. Sometimes an efficiency
increase is enough to separate overlapping peaks by using smaller particle sizes, longer columns, and
superficially porous particles [13-17]. However, under ultrafast or high-throughput conditions, shorter
columns are needed, which usually results in less efficient chromatographic peaks [14-17]. Also, the

presence of noise and nearby eluting system peaks make visualization difficult [18-19].

Resolution enhancement techniques, developed or utilized for ultrafast chromatography, have become
popular, including power law, curve fitting by non-linear regression, deconvolution, and derivative based
methods [14, 17, 20-21]. Some of these approaches are available with modern instrument software to
directly modify the collected chromatographic data, but most require additional sophisticated software and
several idiosyncrasies exist, making them only appropriate for specific applications. For example, the power
law approach is useful to remove excessive noise, and increase the linear dynamic range, but is not the best
for accurate quantitation because it results in a change of chromatographic peak areas and heights [14, 20-
21]. Other ways to reduce noise include the use of a smoothing digital filter, which some instruments
intrinsically use, and can result in severe peak distortion [18-19]. The Gaussian weighted centered moving

average filter might be most favorable because it maintains the retention time of the peak [19].

125



Deconvolution techniques are appropriate when a known distortion is present, such as with Fourier
transform deconvolution, which has been used to detect and remove instrument system peaks [17, 19].
Fourier transform deconvolution coupled with a derivative-based method led to the resolution of 10
unresolved chromatographic peaks in a second [17]. Derivatives have also been used to identify underlying
compounds in overlapped peaks and the presence of asymmetry on peak shape [22-26]. Iterative curve
fitting was utilized to model peak asymmetry for sub-second separations [16]. In this study, we will use
first and the second derivatives to visualize hidden trace components under overload conditions, which
could then be quantitated by a new normalized power law protocol. This approach enhances visualization
of trace components while maintaining essential peak characteristics. It provides a route for accurate
guantification and only requires use of ubiquitous Microsoft Excel. The protocols for each method are

thoroughly outlined with an illustrative stepwise simulation of the new normalized power law.

8.2.1 Derivative test

The derivative test was utilized only to qualitatively detect the presence of hidden peaks in the
chromatogram before using the resolution enhancement by normalized power law (see Section 1.2). The
first step was taking the derivative of the raw chromatographic data, i.e., the first derivative means taking
the difference between two consecutive signal values and dividing it by the time interval [22]. The result
of this first derivative, if the peak is purely Gaussian, is the numerically equal values of the maximum and
minimum [23]. Therefore, if a hidden trace component were present, then these values would not be equal,
and a shoulder would be viewable along the slope rise or fall. If necessary, a second step could be taken to
further enhance the changes seen in the first derivative by taking the second derivative, i.e., the second
derivative means taking the derivative of the first derivative [22, 27-28]. The derivatives should be
smoothed using standard digital filtering techniques such as using centered moving average procedure. The

idiosyncrasies of the derivative test will be discussed in the Results and Discussion.

8.2.2 Normalized power law
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The normalized power law was utilized for resolution enhancement and area recovery of trace components.
This protocol works for one peak at a time and must be repeated for each peak of interest in the original

chromatogram (i.e., 2 trace components requires that the protocol be followed twice). The following steps

describe the protocol and were simulated in Fig.1.

A) Original Peak B) Normalized Peak C) Normalized Peak Raised to Power 3
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Chapter 8 Figure 1. Simulation of the normalized power law technique, proving peak area remains constant
when following the protocol described in Section 1.2. A) The original simulated peak was set to have an
original area of 1.000 and had a corresponding height of 0.2659. B) The original height of 0.2659 was
normalized to 1. C) The normalized peak was then raised to a power (n = 3), and the peak area was found
to be 2.1708. When using the equation from Section 1.2, the area of the original peak can be back-
calculated, resulting in the original area of 1.000.

The first step is to smooth the raw data via a Gaussian-weighted centered moving average to minimize the
peak noise (Fig. 1A). Then, if necessary, baseline correction was performed based on previous literature
(see Results and Discussion) [29]. Next, the trace peak of interest for integration was identified, and the
peak height was normalized to equal one (Fig.1B). The peak height normalization is the critical step, which
allows area recovery. After normalization, the discrete time series data was raised to a power, n (n > 1 and
an integer) [16,20-21]. The power law is based on the simple mathematical fact that (1)" equals 1 and is
unchanged with any value of n. If the signal, S, is < 1, it will decrease when raised to the power, n. If S>1
it will be magnified after applying the power, n. Additionally, since the background noise is usually small,
the noise is also decreased by the power law. Note that the change in area will be different in subsequent
cases (depending on the original peak area) even if the power, n is the same. A suitable power was chosen

until the peak became an easily integrable peak (Fig.1C). The peak area could be determined by simple
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numerical integration or other curve fitting methods depending on the separation environment (see Results

and Discussion). The last step is to recover the area using the equation: Original Area = Height (original

peak) x Area (normalized powered peak) x vn. In Fig.1, the expected original area calculated would be
1.000 after multiplying the height of the original peak (1.00) by the area of the normalized powered peak
(2.1708) then multiplied by the sqrt (3). Thus, this protocol overcame the loss of peak area and height due
to the normalization step. Also, for accurate peak area recovery a resolution on the order of 1.0, depending
on the peak area ratios, should be acquired before enhancement (see Table 1).

Chapter 8 Table 1. Simulated Rs limitations for trace component analysis of peaks with an area ratio of
<1:99.

Trace component R¢! Power n for baseline separation? | % Error in trace peak area®
1.5% 2 -0.19
1.4 3 -0.15
1.3 4 +0.12
1.2 8 +1.3
1.08 19 +11.8
0.88% 400 +66.7

! Calculated resolution (Rs) of the trace component and the adjacent larger peak (with a simulated % area ratio of
0.756: 99.244) using PeakFit software. The actual areas were set at 0.02255 units and 2.96211 units.

1aThe Rs of 1.5 usually means a baseline resolution, but when the peak heights are not equal, this Rs does not
represent a baseline separation.

b When Rs < 0.88, the peaks merged, so the trace peak’s maximum was barely visible.

2 See protocol in Section 1.2.

39 error = 100[Area (recovered) — Area (true)] / [Area(true)].

At resolution < 0.88, a trace component commonly merges with adjacent peaks, making the trace peak

maximum ambiguous to recognize.

8.3 Materials and methods

8.3.1 Chromatographic conditions

The macrocyclic glycopeptide, teicoplanin, and hydroxypropyl-B-cyclodextrin were bonded to 2.7 pm
superficially porous particles as 100 x 4.6 mm (i.d.) columns (TeicoShell and CDShell-RSP), and obtained
from AZYP, LLC (Arlington, TX, USA). CHIROBIOTIC T (100 x 4.6 mm (i.d.), 5 um fully porous

particles) was obtained from Supelco (Bellefonte, PA, USA). The analyte, 5-methyl-5-phenylhydantoin,

128



was obtained as a racemate, while individual enantiomers of 4-phenyl-2-oxazolidinone were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All hormone analytes (17a-ethynylestradiol, estrone, estriol,
estradiol, androstadienone (androsta-4,16-dien-3-one), progesterone, and testosterone) were also obtained
from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade methanol and acetonitrile, formic acid, and
ammonium formate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Water was purified by a
Milli-Q water purification system (Millipore, Billerica, MA, USA). The Vanquish UHPLC instrument
(Thermo Fisher Scientific, Waltham, MA) was utilized for all HPLC experiments. This instrument is
custom configured to by-pass column oven to minimize extra-column effects. The column was connected

to the injector and the 2.5 uL UV-Vis detector.

8.3.2 Theory/calculation

The data was sampled at 250 Hz with a response time of 0.00 s (instrument setting) and collected at 220
nm. Chromeleon 7.2 ST4 software (Thermo Fisher Scientific 2009-2016) controlled the Vanquish system.
Smoothing was performed in Chromeleon with a Gaussian filter using a centered moving average value of
101 points. The smoothed data was then subjected to a resolution enhancement protocol (the normalized
power law or the derivative test, see Section 1.1 and 1.2). The peak areas were either recovered with PeakFit
version 4.12 (SeaSolv Software Inc. 1999-2003) and OriginPro 2018 (OriginLab Corporation, MA, USA).
The former requires a peak model, and the latter can integrate peak areas by numerical integration.
Preliminary results showed no significant difference between the areas calculated by the two different

softwares. Each area calculation was performed with triplicate injections and had a %RSD < 3.5%.

8.4 Results and discussion

8.4.1 Recovering peak areas from noisy and drifting baselines

Using the protocol outlined in Section 1.2 and illustrated in Fig. 1, several instances of difficult integration
for trace components were investigated. The first case, shown in Fig. 2, was the enantiomeric separation of

rac-5-methyl-5-phenylhydantoin using a Chirobiotic-T HPLC column.
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Chapter 8 Figure 2. Visualization and integration of trace enantiomers (peaks 1 and 2: rac-5-methyl-5-
phenylhydantoin) near injection disturbance peak. A) Raw chromatographic data of 5-methyl-5-
phenylhydantoin. B) Traditional power law (n=3) of raw data without smoothing, with rac-5-methyl-5-
phenylhydantoin peaks, expanded. C) Peak 1 for area recovery after normalization power law procedure.
D) Peak 2 for area recovery after normalization power law procedure. Chromatographic conditions:
Chirobiotic-T, 5 um particle size, 100 x 4.6 mm (i.d.), 100% methanol, 2.0 mL/min. Sample conditions:
0.05 mg/mL (R/S)-5-methyl-5-phenylhydantoin, injection volume: 0.2 pL. See Section 1.2 for normalized
power law protocol.

Known from previous work, these enantiomers are baseline separated in 100% methanol but elute near the
dead time [30]. Therefore, the goal was to improve their visualization, specifically the enantiomer (peak 1)

that eluted near the dead volume peak (Fig. 2A). The concentration of rac-5-methyl-5-phenylhydantoin was
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intentionally prepared at low levels and the flow pumped at 2.0 mL/min to produce an ultrafast enantiomeric
separation, which increased the noise to 0.27 mAU (E1657-98 ASTM standard). Also, a dip in the baseline
was observed between peak 1 and peak 2 (enantiomers of 5-methyl-5-phenylhydantoin) (Fig. 2A) probably
from valve switching at high pressure. Such injection-related baselines disturbances in ultrafast LC have
been documented in our previous works [15-16]. Considering the noise and a sloping baseline (drift value
of 0.047 mAU/min) as shown in Fig. 2A, consistent and unambiguous integration can be difficult. The
noise was still significant when a simple power law (n = 3) was used, especially in the apices of the
chromatographic signals (Fig. 2B). As expected, the power law also changed the areas and heights of each
peak making accurate quantitation impossible. According to the protocol outlined in Section 1.2, Gaussian
smoothing and baseline subtraction was performed on the raw data. The baseline data was collected by
injecting the sample solvent. After these operations, peak 1 of 5-methyl-5-phenylhydantoin was first
selected for the normalized power law and produced an area of 0.01720 maU-min (Fig. 2C). Similarly, this
was performed for peak 2 of 5-methyl-5-phenylhydantoin, providing an area of 0.02533 mauU-min (Fig.
2D). When using the equation outlined in the protocol of Section 1.2, the original areas were determined
for peak 1 and peak 2 as 0.02083 maU-min and 0.01996 maU-min, respectively. As noted in the protocol,
even though n = 3, as in Fig. 1, the percent area change is different based on the original peak area. From
several runs, the average enantiomeric percentage was determined as 50.9:49.1 with an error £0.2%. Note
that it was difficult to correctly integrate the raw data (Fig. 2A) in Chromeleon as well by iterative curve
fitting because of the noisy and drifting baseline. These results were compared with an enantiomeric
separation of rac-5-methyl-5-phenylhydantoin at high signal to noise ratio using a 1.0 mg/mL concentration
and 1.0 mL/min flow rate. By simple numerical integration an enantiomeric percentage of 50.0:50.0 was
determined. Compared to the power law approach, a 1.8% error was observed. Overall, the normalized
power law protocol enhanced visualization which provided accurate quantitation under ultrafast and noisy

conditions.

8.4.2 Derivative testing of overload peaks to visualize hidden peaks
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In the second case, the derivative test outlined in Section 1.1 was used to identify a hidden, trace
enantiomeric component (S enantiomer) in its corresponding enantiomeric peak (R enantiomer) (Fig. 3).
Figs. 3A and 3B show the enantiomeric separations of (S,R)-4-phenyl-2-oxazolidinone at a enantiomeric
ratio of 1.00/99.00 in the analytical (Fig. 3A) and overload (Fig. 3B) conditions by the superficially porous

particle bonded teicoplanin column.
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Chapter 8 Figure 3. Visualization of the trace enantiomeric impurity, peak 1: (S)-4-phenyl-2-
oxazolidinone, eluting before the other enantiomer, peak 2: (R)-4-phenyl-2-oxazolidinone. A)
Enantiomeric separation of 1:99 (S/R)-4-phenyl-2-oxazolidinone under analytical conditions. B)
Enantiomeric separation of 1:99 (S/R)-4-phenyl-2-oxazolidinone under overload conditions with retention
shift. C) Identification of (S)-4-phenyl-2-oxazolidinone of the overload signal using the first derivative
test. D) ldentification of (S)-4-phenyl-2-oxazolidinone of the overload signal using the second derivative
test. A third structure was visualized with the second derivative labeled peak 3. Chromatographic
conditions: TeicoShell, 2.7 um particle size, 100 x 4.6 mm (i.d.), 90:10, methanol:16 mm ammonium
formate pH 3.6, 1.0 mL/min. Sample conditions: 0.1 mg/mL (S)-4-phenyl-2-oxazolidinone mixed with 10
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mg/mL (R)-4-phenyl-2-oxazolidinone, injection volume: A) 0.3 uL, B) 10 uL. The derivatives were
calculated manually with Microsoft Excel. See Section 1.1 for derivative test protocol.

(S)-4-phenyl-2-oxazolidinone (peak 1) eluted before (R)-4-phenyl-2-oxazolidinone (peak 2). The retention
time of peak 2, compared to the analytical conditions, dramatically shifted in the overload conditions,
overlapping peak 1. This displacement behavior has been reported with high-concentration bands due to
non-linear adsorption isotherms [9-10]. If integration of the trace peak 1 component was needed, then the
analytical separation would suffice (Fig. 3A). However, a peak purity check of the overloaded condition
might be needed to discern that a trace component was present, thus necessary to integrate (Fig. 3B). By
taking the derivative of the overload signal, the peak purity could be determined (Fig. 3C). If the peak were
pure Gaussian, with no asymmetry, then the maximum and minimum would have the same magnitude [22].
Usually, smoothing is necessary after taking the derivative so that the noise will not hinder the curvature
visualization [25]. As seen in Fig. 3C, the peak was asymmetric with a dip that was indicative of the peak
tail. Other asymmetries, peak 1 and peak 2, were identified with the first derivative. Also, a shoulder was
determined to be characteristic of a largely overloaded peak and was not seen with lower concentration
bands. To further enhance the peak 1 shoulder, the second derivative was taken (Fig. 3D). Another shoulder
was identified, which was also determined to be from the overloaded conditions and not an impurity (Fig.
3D). Therefore, there were idiosyncrasies observed when using the derivative test for this experiment. When
overloading to the point of retention time shift, the derivative test can show splits, resulting in false positive
results (Fig. 3C and 3D). Overloaded peaks are commonly described to make splits and other structures,
which further explains this result [9, 31-32]. Therefore, assigning shoulders as detected by the first and the
second derivatives as impurities or other components should be done carefully, especially under overload
conditions. It should also be noted that Chromeleon software offers the first and second derivatives during
data analysis along with smoothing options. In the Supplementary Material, the first and second derivatives
of the data from Fig. 3B were compared between the numerical approach (based on the definitions of the
first and second derivatives) reported in Figs. 3C and 3D to the output of the Chromeleon software [27-28].

The magnitudes of the y-axes were different indicating that the Chromeleon software does not take the time
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interval into account. Additionally, there is an embedded smoothing procedure in the derivative taken by
Chromeleon, which showed differences in noise levels. It should be remarked, since the derivative test was
only used for qualitative purposes, this did not hinder the results of the approach since only the shape was

of interest.
8.4.3 Quantitation of embedded peaks in nearby signals with the normalized power law

Like case 2, rac-4-phenyl-2-oxazolidinone was separated with the superficially porous particle TeicoShell
column. However, in this investigation, the normalized power law was utilized to enhance the visualization

as well as accurately quantitate a trace impurity (Fig. 4).

135



A) Raw Data 250 Hz B) Polynomial Baseline of Degree 5

980 - 1.80 -
880 A 0.9 1 1.60 -
780 - 4
o 0.7 | 1.40
1 1.20 -
580 - 0.5 -
= 460 2 1.00 -
E 031V | ~ £ 0.0 -
380 A /
280 - 0.1 +——-" 0.60 -
1.20 1.60 2.00
180 - 0.40 A
80 1 0.20 A
-20 — . 0.00 . . .
0.00 2.00 4.00 1.80 1.90 2.00 2.10
Time (min) Time (min)
C) Baseline Correction D) Normalized Power Law, n=3
0.25 - 1.15 -
0.20 - 0.95 -
®
0.15 S 0.75 |
7]
) ] 2 1
2 0.10 3 0.55
= 4
0.05 - 8 0.35 -
a
0.00 “ 0.15 -
-0.05 T T ] -0.05 T T ,
1.80 1.90 2.00 210 1.80 1.90 2.00 2.10
Time (min) Time (min)

Chapter 8 Figure 4. Visualization and quantitation of the trace enantiomeric component hidden in the
other enantiomer’s tail. A) Enantiomeric separation of 99.99:0.01 (S/R)-4-phenyl-2-oxazolidinone under
overload conditions. B) A polynomial baseline of degree 5 was developed using iterative curve fitting to
subtract the baseline. C) The remaining smoothened trace component data once subtracted. D) Use of
normalized power law to enhance peak shape for visualization and quantification. Chromatographic
conditions: Same as Fig. 2. Sample conditions: 5 mg/mL (S)-4-phenyl-2-oxazolidinone and 0.0005
mg/mL (R)-4-phenyl-2-oxazolidinone, injection volume: 2.5 pL. See Section 1.2 for normalized power
law protocol.

A mixture of 99.99:0.01 of (S/R)-4-phenyl-2-oxazolidinone was made and enantiomerically separated (Fig.

4A). The trace component (R enantiomer) was only visible when increasing the injection volume to the
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point of overload conditions. Simple integration was difficult since the component was embedded in the
tail of the larger peak (S enantiomer) with large noise. However, iterative curve fitting with PeakFit was
used to estimate the peak area of the trace component. The limitations of PeakFit include that the number
of peaks present, and a model must be selected by the user. Also, it cannot model complex overload peaks
with concurrent fronting/tailing. Since the choice of models and number of peaks was subjective, it might
not be the best choice for an unknown sample but was a good benchmark for comparison of the normalized
power law. Using the protocol outlined in Section 1.2, the raw data was smoothed then baseline corrected
using a polynomial baseline of degree 5 (Fig. 4B). The key point behind choosing a certain function as a
baseline is that it should fit the “local” baseline very well. Many instruments offer only an exponential
skim, which can have high error in some situations [33]. As we have seen here, under overload conditions
peak shapes can acquire various shapes. Overall, the trace component was now more viewable, but noise
was still apparent since it was at a low concentration (Fig. 4C). Using the normalized power law, the peak
was visually enhanced to ease integration (Fig. 4D). The recovered area was 0.00993 maU-min, compared
to the PeakFit iterative curve fitting, which estimated an area of 0.00959 maU-min with an R? value of
0.9942. It took nine iterations in fitting an exponentially modified Gaussian model to the peaks after using
an inbuilt (undisclosed) baseline function of the selected region as shown in Fig. 4B. As seen, by applying
a normalized power law it is far more convenient to integrate after using a polynomial baseline in the region

of interest.
8.4.4 Segmented normalized power law for multiple overlapped critical pairs

In a complex chromatogram, the number of critical pairs will increase, and have less chromatographic
resolution than the previously discussed cases. Herein, we introduce the concept of segmented normalized
power law, which is useful for complicated cases. As an illustrative example we have investigated a mixture
of 7 hormones, including 17a-ethynylestradiol, estrone, estriol, estradiol, androstadienone (androsta-4,16-
dien-3-one), progesterone, and testosterone. Different than previous enantiomeric analyses, this mix

contained closely related compounds with similar masses hence m/z values of parent ions. Such components
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can still pose problems for MS differentiation, like epimers and enantiomers. Androstadienone and estrone
have the same mass, but in this case, CDShell-RSP easily separated them, like other estrogen epimers with

a B-cyclodextrin column (Fig. 5A) [34].
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Chapter 8 Figure 5. Utilizing a “segmented” normalized power law approach with trace and overlapping
components. A) Raw separation data of 7 hormones (in order of elution): 17a-ethynylestradiol, estrone,
estriol, estradiol, androstadienone (androsta-4,16-dien-3-one), progesterone, and testosterone. CDShell-
RSP, 2.7 um particle size, 100 x 4.6 mm (i.d.), 50:50, acetonitrile:water, 2.0 mL/min. Sample conditions:
1.0 mg/mL of each component except peaks 2 and 4, which were 0.1 mg/mL, injection volume 0.3 pL. B)
Segment 1 with n = 21 of peak 2. C) Segment 2 with n = 18 of peak 4. See Results and Discussion for
more information about the “segmented” normalized power law approach compared to the normalized
power law protocol described in Section 1.2.
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In this separation, there were two overlapping pairs, estrone and estriol (peaks 2 and 3, segment 1: 0.50 —
0.75 min) and estradiol and androstadienone (peaks 4 and 5, segment 2: 0.80 — 1.00 min) (Fig. 5A). One of
the components of each pair were mixed at significantly lower concentrations compared to the other
components. Additionally, significant peak to peak noise, +0.18 mAU (E1657-98 ASTM standard), was
present and representative of high-throughput and high-efficiency conditions. Compared to the previous
protocol where the same power is used for each peak area recovery, different powers are applied in various
segments of a given chromatogram. A power of 21 was needed to baseline separate estrone and estriol
(peaks 2 and 3, segment 1), which had a Rs of 0.74 (Fig. 5B). The recovered area was 0.01402 maU-min,
which was comparable to the result from iterative curve fitting (using the exponentially modified Gaussian
model), which was 0.01431 maU-min. Therefore, the difference between the two values was £2.0%. Again,
this approach was applied to the second critical pair (estradiol and androstadienone, peaks 4 and 5, segment
2), which had a R, of 0.88 (Fig. 5C). A lower power of 18 was needed, compared to segment 1, due to
slightly higher Rs. The recovered area was 0.02186 maU-min, which was compared to the result from
iterative curve fitting, which was 0.02152 maU-min. The difference was +1.6%, which was lower than the
first overlapped pair due to the higher initial resolution. These results correlate very well with the simulated
data shown in Table 1. It is important to note that the data from Table 1 corresponds to a peak to peak area
ratio on the order of 1 to 99. The R, of an overlapping pair with this peak ratio must be > 0.9 to perform
accurate quantitation. However, as seen in the case of Fig. 5, accuracy can be maintained with a Rs < 0.9
when the peak areas are less disproportionate. Since peak overlap can be different between critical pairs, it
was appropriate to utilize the normalized power in segments (segmented normalized power law). It
provided enhanced visualization of the trace components an accurate quantification comparable to or better
than other conventional integration methods in the presence of high noise [33] without requiring any

sophisticated software or mathematical tools.

8.5 Conclusions
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Conventional power law offers advantages such as peak sharpening and noise reduction, so it has become
a common resolution enhancement technique in chromatography, especially ultrafast chromatography
where high noise is present. However, it is limited by quantitative applications of unknown species since
the areas and heights of chromatographic peaks change in a complex fashion. The normalized power law
approach utilized in this study overcame the limitations of the simple power law, providing a route to
determine original peak characteristics. This was shown in chromatographic environments where the
resolution was typically substantial, but trace enantiomeric components were present in noisy and “difficult
to integrate” environments. With several overlapped peaks or critical pairs, it might be more appropriate to
utilize the segmented power law approach. If necessary, the derivative test was utilized in this study to
determine the presence of overlapping trace peaks before quantification. Further error analysis, especially
in low signal to noise environments are needed. Undoubtedly other uses of these protocols exist, but this
application was critical in the sense that differentiation of barely visible and overlapping trace enantiomeric

components is difficult and requires much more effort than a simple mathematical procedure.
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Chapter 9

Progress in Peak Processing

9.1 Abstract

Despite advanced separation technologies and extensive method development knowledge, peak overlap is
still commonly observed. Peak integration becomes more challenging as chromatographic resolution
decreases, especially with asymmetric peaks. Post-acquisition signal processing, well established in
optical spectroscopy and NMR, is now being utilized in liquid chromatography. Mathematical operations
can be applied on raw chromatographic data to enhance resolution of overlapping peaks and reduce peak
widths. These techniques can maintain original area information needed for quantitation after some
modifications. This article gives a brief overview of recently introduced mathematical procedures such as
the Fourier deconvolution of extra-column effects, iterative curve fitting, multivariate curve resolution,
modified power law, and use of first and second derivatives in enhancing resolution. Advantages and
limitations of each technique are presented. Many of these tools only require ubiquitous Microsoft Excel,
but some techniques require more advanced software. Implementation of these techniques in
chromatography data software would undoubtedly be feasible in the future. Surely, high-throughput
analyses in gas, liquid, and supercritical fluid chromatography, will benefit from these simple and

effective approaches in many challenging separations.

9.2 Introduction

Some analytical chemists often wonder, what is the future direction of separation science? One school of
thought holds that this field is mature and not much remains to be done. Spectroscopy went through a
similar phase a few decades ago, but the introduction of digital signal processing revolutionized the whole
field of molecular spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. It is impossible to
imagine any modern infrared or NMR spectrum that has not undergone a Fourier transform and other

mathematical manipulations. Separation scientists have been quite hesitant to adapt mathematical
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techniques to enhance peak resolution but perhaps we can extract more from less, even if the physical
separation is not fully developed. The purpose of analytical separations (e.g., chromatography,
electrophoresis) is to obtain useful information. This can be qualitative and/or quantitative in nature.

Things that enhance the speed of the process and the accuracy of the information are highly desirable.

Advancements in chromatography have led to highly efficient separations and we are finally beginning to
grasp the science behind high efficiency columns (1-3). At best, randomly packed beds consisting of non-
porous, superficially porous, and fully porous particles can produce reduced plate heights h (equal to the
theoretical plate height divided by the particle diameter, H/d,) as low as 0.5, 0.7, and 0.9, respectively (4),
whereas in practice we are currently half-way there. Davis and Giddings, on the basis of statistical theory
of overlap, predicted that a multicomponent chromatogram should be roughly 95% empty in order to
provide a 90% probability that a given analyte of interest will appear as an isolated peak (5). Even with
modern high efficiency separations, there are cases where one or two critical pairs have resolution
problems e.g., deuterated vs. non-deuterated molecules, enantiomeric or cases where there are large
number of peaks. More often, in enantiomeric separations the entire separation window is empty and yet
the enantiomers have poor resolution. Usually, there is an ambiguity in the integration of overlapped
chromatographic peaks when using routine drop perpendicular, skimming methods. Thus, the
development and use of a method that suitably separates all the components necessary for quantitation
(usually with the aim of a baseline separation, resolution = 1.5) commonly becomes the bottleneck of
chromatographic analysis in research work as well as in the pharmaceutical industry. What if, with a click
of a button, resolution was instantaneously improved, and there was no need to go through the arduous

process of method development (switching stationary phases, mobile phases, etc.)?

The primary concern is: can we mathematically improve chromatographic resolution while maintaining
critical peak information necessary for quantitation? Also, it would be preferred if the protocol was simple

and straightforward. Herein, we provide the fundamental ideas that govern new signal processing protocols
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including deconvolution e.g., via Fourier transformation (6,7), iterative curve fitting and multivariate curve

resolution (8-10), power laws (11,12) and derivatives (13). These are shown in Table 1.

Chapter 9 Table 1. Overview of advanced signal processing techniques.

Technique

Requirements

Advantages

deconvolution

Fourier transform

Data with & w/o column

Advanced software
(MATLAB)

Remove extra-column
band broadening
Corrects time delay from
system volume

Increases resolution

Iterative curve

Known number of
components
Single channel data

Area extraction of partial
overlapped peaks

law

resolution ~ 0.8 for error

< ~1% (proportionate
peaks)

fitting Advanced software (quantitation subjective to
(PeakFit, OriginPro) user*)
Computationally heavy
Known number of
components Area extraction of
Multivariate Multidimensional data complgtely overlapped_
. curve resolution Advanced software peaks in complex matrices
(MATLAB) (quantitation subjective to
Computationally heavy user*)
Smoothed single channel Directly increases
data resolution by reducing
q Modified power Repeat for each peak, peak width and tailing

Improves S/N
Simple software
(Microsoft Excel)
Quick procedure

Even derivative
peak sharpening

Smoothed single channel

data

Resolution ~ 0.7 for
error <~1%
(proportionate peaks)

Directly increases
resolution by reducing
peak width

Simple software
(Microsoft Excel)
Quick procedure

* User must choose model/constraints used for this operation.
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They fall under three general categories: 1) elimination of extra-column band broadening 2) extracting peak
areas by curve fitting 3) directly enhancing resolution by reducing peak widths. The following sections
describe these strategies with their advantages and limitations as per the maxim when we gain something,
in turn we can lose something else. These resolution enhancement strategies mostly only require ubiquitous
software (e.g. Microsoft Excel), single channel data, and surely will be implemented into chromatography
data software in future. Once fully automated, their true power will be most apparent in ultrafast (< 1 min),

hyperfast (< 1 sec) liquid chromatography and high peak capacity separations.

9.3 Discussion

9.3.1 Deconvolution of extracolumn effects by Fourier transformation (FT)

A chromatograph that does not contribute to band broadening has yet to be invented. Thus, the recorded
signal from the instrument is convoluted with broadening by the injector, connection tubings and the
detector design. Deconvoluting this effect would remove these extra-column effects from the
chromatogram. Resolution would also increase if the separation was compromised by the hardware and
software. FT deconvolution was first described chromatography in the early 1980s (7). Recent work
evaluated the band broadening elimination by FT deconvolution on modern UHPLCs and narrow bore

columns as shown in Figure 1 (6).
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Chapter 9 Figure 1. Removal of extra-column band broadening effects by Fourier transform
deconvolution (6). Panel A shows the collection of a chromatogram with and without the column. Then,
each dataset is converted to the frequency domain as shown in panel B. Next, they are divided, with the
result shown as “column-only”. This is converted back to the time domain as shown in panel C. The
retention time of the chromatographic peak has also shifted accounting for the system volume. (Figures in
MATLAB provided by Y. Vanderheyden).
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The protocol for FT deconvolution is a three-step process. First, a chromatogram must be collected with
and without the column (panel A). Then, both chromatograms are converted to the frequency domain by
Fourier transformation (panel B). Next, the frequency transformed data from the chromatogram with the
column is divided by the frequency transformed data collected without the column. The resulting quotient
is converted back to the time domain by inverse Fourier transform (6). This yields a chromatogram which
is free of extra-column band broadening effects (panel C). Note, that there is a shift in peak retention time
resulting from the time needed for the injected analyte to reach the detector without the column i.e.,
system volume effect is also corrected. Baseline noise increases as a result of division in frequency
domain because division by very small numbers as well as oscillations are seen, which can easily be
decreased by digital smoothing or cutting off all high frequency noise (w,). Fourier transform
deconvolution has also been applied while working with 1 cm columns at extremely high flow rates (14).

9.3.2 Peak area extraction by iterative curve fitting

Iterative curve fitting is a versatile approach for extracting peak areas from partially overlapping peaks,
especially when multiple components are overlapping to some extent. The chromatogram containing time
and single channel signal is exported into a curve fitting software e.g., or OriginPro, PeakFit™, which
considers the entire chromatogram as a sum of exponentially modified peaks. It is assumed that a single
peak represents a pure component. The number of components (peaks) are proposed by the user, then the
chromatogram is fitted according to the chosen peak model by method of minimization of residuals.
There are several peak functions, but for liquid chromatography, usually an exponentially decaying tail is
observed. Thus, the most useful model for these purposes has been determined as the bi-directional
exponentially modified Gaussian (BI-EMG), which is a Gaussian function with a one-sided exponentially
decaying tail or front as a function of time (15). For simple chromatograms, one can conveniently obtain a
fit with a coefficient of determination (R?) close to 1 (if R? = 1, then it is a perfect fit). This is a trial and
error approach where the user continues to adjust the initial parameters of the model iteratively improving

the fit until they find it acceptable. Caution should be exercised that an iterative curve fitting procedure
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may yield several mathematically correct answers. Similarly, it is ambiguous to fit several peaks under a

single peak, which is mathematically possible, but it will not reflect the reality.

Once a suitable fit is determined for the separation, a baseline must be established to extract each
underlying peak area. In most cases, a simple linear baseline is sufficient. However, in gradient elution or
multidimensional separations, a non-linear baseline could be utilized by choosing it from the software.

The use of iterative curve fitting to extract peak areas from overlapping peaks is illustrated in Figure 2.

A) Raw Chromatogram B) Fitted Chromatogram
- 7 -
7 6
1
5 1 . 1 4 /
Iterative Curve 3
3, Fitting - 2
5 > 5 5
v 75}
] - * Extract peak areas 14
* Fit any peak shape
-1 . . . . . . -1 T T T T T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (s) Time (s)

Chapter 9 Figure 2. Iterative curve fitting of 7 simulated peaks with different peak heights, areas, and
shapes. Panel A shows the raw chromatogram obtained from the simulation. After fitting, using a
bidirectional exponentially modified Gaussian model, and a linear baseline, each peak area can be
extracted. Customization can be made to the constraints, which improves the fit and allows the user to fit
any peak shape.

A simulated separation of 7 peaks in under a minute is shown (Figure 2). There are two sets of
overlapping segments with differing degree of tailing and efficiencies. Since it was simulated, their true
area of each peak was known. The exact peak areas of peaks 1 to 7 were 4, 3, 6, 8, 5, 10, 9 area units in
the absence of noise, respectively. Using the BI-EMG model, this separation was fitted with an R? of
0.9996. After this mathematical fitting, we can extract peak areas, as well as other peak information
including efficiency, tailing factors, peak height, zeroth, first, second, and statistical moments. In this
case, the extracted areas are in order of peaks 1-7, 3.99, 2.99, 5.99, 7.99, 5.01, 9.98, and 9.02 respectively,
with an excellent match of theoretical areas in the presence of random noise. Overall, curve fitting

procedures are powerful for extracting peak areas when it is clear that there are no hidden peak under the
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peak of interest. One aspect should be kept in mind that choosing a Gaussian peak is only a limiting case
as real peaks are rarely pure Gaussians.

9.3.3 Model-free approaches for peak information extraction

Various powerful methods exist besides iterative curve fitting for extracting peak information even when
the peak overlap completely, where an iterative curve fitting method mentioned above will fail (16).
Unlike iterative curve fitting, these methods require multidimensional data, i.e. various signals are
acquired at the same time. Secondly, these signals must be specific to the molecule of interest. For
example, a photodiode array generates an entire spectrum of a given component, similarly mass
spectrometry generates analyte specific signal. Thirdly, in order to identify multiple peaks in a
completely coeluting peak envelope the key requirements are that the compounds that are coeluting must
be known and their pure spectra must be present in the software library. A latest example is that of the
vacuum UV (VUV) GC detector. The mathematical technique is termed as “linear combination of
weighted reference spectra.” The VUV software can extract complete peak information of coeluting
compounds if the spectra of co-eluting compounds are known and they are sufficiently distinct. The
observed spectrum at each data point is treated as the sum of pure spectra for the coeluting compounds
following Equation (1):

Observed spectrum at a given data point = f1A; + f,bA, + ... EQ[1]

A, and A, are the pure absorbance spectra of each components, and f; and f; are corresponding scaling
factors. These scaling factors are determined by linear regression by minimization of residuals. The fit
coefficients f1 and f. plotted over the time region of a coelution event represent chromatographic signals
for each of the coeluting compounds. Measured VUV absorbance spectra can be converted into

chromatographic signals using spectral filters (16).

Multivariate curve resolution (MCR-ALS) is another tool that can estimate underlying elution and
spectral profiles for a chromatogram even in the case of completely overlap of peaks (Rs = 0). The main

requirement from a chromatographic point of view is to collect data from multiple channels with time like
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the case of VUV. The availability of photodiode array detectors in HPLCs has made this procedure
convenient as it allows the construction of a two-dimensional data matrix. The goal of MCR-ALS is to
decompose the observed data matrix (D) of a chromatogram into elution (C) and pure spectral profiles
(ST that optimally fit the data matrix as shown in Equation 2. E is the experimental error in the estimated
convergence.

Data matrix (D) = Elution profile (C) = Spectral profile (ST) + Error (E) [Eq 2]
MCR-ALS requires an initial estimation of pure spectral profiles (S7). Perhaps, the fastest way to get the
initial estimate is if the components are known and a pure spectrum is available for each component. If
the components and their pure spectral profiles are not available, then the most common way is to
estimate the concentration profiles using evolving factor analysis (EFA) (17). The details on EFA can be
found in the seminal work by Maeder (17), and examples in previous LCGC reviews on MCR-ALS (18)
for peak purity analysis. Since MCR-ALS and the linear combination of weighted reference spectra
approach used in VUV requires an initial estimate of concentration or spectral profile, enantiomers might
be more difficult to differentiate, especially if there is no separation because their UV-Vis absorbance and
their MS spectra would be identical. Similarly, universal response detectors cannot be used with MCR-
ALS, which essentially eliminates all data from flame ionization detectors (FID), thermal conductivity
detectors (TCD), barrier discharge ionization detectors (BID), conductivity detectors and refractive index
(R1) detectors. However, MCR-ALS technique is not limited UV-Vis or mass spectrometry. Also, this
procedure is subjective to the user because the constraints can be inappropriately chosen and lead to
unrealistic peak shapes. Most MCR methods utilize non-negativity and unimodality, but other various
constraints like closure, trilinearity, selectivity, and other shape constraints make MCR the most
sophisticated technique among all described herein. When multiple peaks are determined under a similar
curve, computation is more difficult and can increase post-processing time. Commercial spectroscopy
software has already implemented MCR-ALS, but most chromatography data software has not except for
Shimadzu Lab Solutions (patented under i-PDEA). For research work, MCR can be also be accomplished
with MATLAB software.
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9.3.4 Direct resolution enhancement by power law

Unlike MCR-ALS, the power law approach is a single channel approach and it can be applied on any
detectors which are not amenable to MCR-ALS. The power law directly increases chromatographic
resolution (Rs) of overlapping peaks to baseline separation (Rs = 1.5) so they are easier and more
accurately visualized and integrated (11,12). The fundamental principle of a recently purposed power law
is that raising a given number to a power, n (where n is an integer > 1) increases the signal magnitude if it
is >1 or decreases the signal magnitude if it is <1 (11). The power law (a.k.a. as power transform)
reduces tailing, noise, maintains retention time, and increase resolution between overlapping
chromatographic peaks. Already, a simpler version of power law is integrated in some software, i.e.,
Chromeleon, where collected chromatographic signal data can be raised to a power (max of n = 3) then
integrated normally. However the simple law is not suitable for quantitation because the area of a
exponentially enhanced peaks have changed after the mathematical operations relative to the original
peaks (12). As a result modified power law approach was introduced in 2019, which maintained peak area

integrity and offers all the benefits of a simple power law (11).

The modified power law relies on this fundamental characteristic by normalizing the peak of interest’s
maximum to a value of 1 (and the rest of the chromatogram accordingly) before raising the
chromatographic signal to a power that provides the desired resolution. The chromatographic data can
exported to Excel and the peak area quantitated with an external method either in Excel in our template or
by numerical integration in OriginPro/MATLAB. It is desirable to smooth the raw data and correcting the
baseline if needed from a drifting baseline resulting from a gradient method. Each peak in a critical pair is
first normalized to unit height followed by raising the chosen peak signal to a desired power. It is

recommended to have Rs > 0.8. The area recovery is described below in equation (3).

To visualize this method, an example from one of our recent works is shown where 2 critical overlapping

pairs are present, which we identify as segment 1 and segment 2 (Figure 3) (19).
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Chapter 9 Figure 3. Directly increasing resolution of two overlapping pairs by modified power law. Panel
A shows the original separation data of hormones (in order of elution): 17a-ethynylestadiol, estrone,
estriol, estradiol, androstadienone (androsta-4,16-dien-3-one), progesterone, and testosterone. See
reference (4)for chromatographic information. Panels B and C show each overlapping pair baseline
separated of each segment; segment 1 with a power (n) of 21 and segment 2 with a power (n) of 18. The
area of peaks 2 and 4 can be recovered using Equation 3. Reprinted from reference (19), with permission
from Elsevier.

Noise is high, and all chromatographic peaks are tailing, making integration difficult (panel A). After
applying powers in each segment (panels B and C) peak widths are reduced, and signal-to-noise is
significantly increased. After raising these segments to powers, it is much easier to integrate, and the
original peak area can be back-calculated using the equation (3) below where n = the power used to get

baseline resolution.
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Original Area = Height (original peak) * Area(normalized powered peak) *\n [Eq. 3]
Questions that remain are: how is the correct power chosen, and how much error is there?

Originally, each pair had different magnitudes of overlap (more or less resolution) so different powers
were needed to get a baseline resolution (Rs = 1.5). Choosing what power of n to use is somewhat
arbitrary, i.e., two overlapping peaks might be baseline separated by using a power of 3, but if you used a
power of 10, one would still get higher resolution. Where do we stop? Since the chosen n is limitless
(limit towards infinity), very large powers could be chosen. However, if such large powers are needed to
get Rs = 1.5, then error might be very large. To determine the constraints of this method, errors have been
reported according to changing resolution when quantitating proportionate as well as disproportionate
overlapping chromatographic peaks (11,19). Peak area quantification was accurate within 1% error when
Rs was >0.8 for 2 overlapping proportionate peaks (50:50 area ratio) (19). With overlapping peaks of area
in proportion of 1:99, error was much higher at similar resolution (19). Depending on the case, some
method development might be necessary to obtain a resolution around 0.8 before applying power
transformation.

9.3.5 Direct resolution enhancement by even derivative peak sharpening

Using even derivatives to enhance chromatographic resolution is another example of directly increasing
the resolution of chromatographic peaks post-data acquisition. The fundamental property of sharpening
peaks is that for a symmetric peak function, the area under a derivative is zero (13). Real chromatographic
peaks are rarely symmetric, but the area under a derivative for a tailing or fronting peak is negligible (on
the order of 10). Therefore, if we add or subtract even time-derivatives of peaks from the raw
chromatographic data, the peaks areas should not change. The result is a sharper peak, which increases
the chromatographic resolution between adjacent peaks. It is important to smooth the data, so the noise is
minimal before subtraction or addition. The idea can be expressed mathematically as shown in equation 4.

Sharp Peak = Signal — K, (second derivative) + K,(fourth derivative) [Eq. 4]
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K and K4 are constant multipliers with consistent units to make the derivatives dimensionless. The user
can empirically tune these values until the desired peak widths are obtained. Commonly, small dips are
observed at the front and back of the chromatographic envelope, but do not change the peak area or
interfere with integration if properly included in integration (13). An Excel template was created to
automate this process, such that a chromatogram could be exported and then resolved (13).

To visualize this technique, a simulated Gaussian peak with an area of 1 is shown in panel A of

Figure 4.
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Chapter 9 Figure 4. Sharpening peaks with even derivatives. Panel A shows a simulated Gaussian peak
(in blue). Panel B then shows the effect of sharpening the simulated peak (in blue) by reducing the peak
width (in red). This is done by subtracting the second and adding the fourth derivatives with their
appropriate multipliers. The area of the peak is conserved. Panels C and D show the separation of an
isotope mixture containing benzene (), 1,3,5-benzene-d3 (b), and benzene-d6 (c). See reference (13) for
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chromatographic information. The separation takes up to 1.5 hours to get baseline resolution needed for
quantitation. However, using even derivative peak sharpening (in Panel C), section IV (in black) can be
baseline resolved (in red) increasing throughput by ~1 hour. Reprinted from reference (13), with
permission from Elsevier.

The result of subtracting the second derivative and adding the fourth derivative (each with an appropriate
multiplier) is shown in panel B of Figure 4. The sixth derivative was also added but its effect is
negligible. The peak width is reduced, and the peak height increased while the area remains unity. Thus,
the even derivative method is a peak shaping protocol to make the peaks narrow. This method can operate
on all components of a chromatogram simultaneously unlike the modified power law where each peak has
to be treated individually (19). In panel C of Figure 4, a twin-column recycling HPLC chromatogram
separating ds; and ds-benzenes from ordinary benzene is shown (13). In recycling HPLC, the analytes are
continuously injected and detected i.e., recycled in the chromatograph until the desired resolution is
obtained. For this separation, it takes about 1.5 h to separate deuterated benzenes completely (panel D of
Figure 4). Instead of waiting for 1.5 h for baseline resolution, a faster approach would be to determine
each peak area by equation 3. Panel C of Figure 4 shows the peak sharpening of the fourth recycled
chromatogram (segment IV from Panel D of Figure 4). From this point onwards, accurate peak area
estimation (< ~1% error) can be obtained even before the physical separation is complete. Error for peak
area determination of 2 overlapping proportionate peaks was determined to be within 1% if the
chromatographic resolution was > 0.7 (13).

9.3.6 A quick comparison of peak resolution methods

Figure 5 illustrates a quick overview of four new methods discussed above when multidimensional data is

not available or when it is not applicable.
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Chapter 9 Figure 5. Overview of each signal processing technique. Original data simulated of 6
components partially separated in a under a minute. a) Fourier Transform Deconvolution: dead volume of
an Agilent 1290 UHPLC was determined at 3 mL/min and used to remove the extra-column band
broadening. b). Iterative Curve Fitting: the chromatogram was fitted using a bidirectional exponentially
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modified Gaussian model providing the extracted areas of each peak under the curve. ¢) Simple power
law: the data was raised to power = 3 then scaled down to fit in the same signal window as other methods.
The modified power law could be used to quantitate the individual peak areas one at a time. d) Derivative
peak sharpening: adding the first and subtracting the second derivatives with constants K; and K; of
0.0051, and 0.000005 respectively.

These techniques can be applied on any single channel data in any mode of chromatography
(GC/LC/SFC) and capillary electrophoresis with any detector. The original data (Figure 5A) consists of
six overlapping peaks with noise. The instrumental band broadening can be removed by FT
deconvolution. As is evident Figure 5A increases the resolution by removing the tailing caused by
instrument itself. The iterative curve fitting procedure can resolve the six peaks baseline with accurate
areas as exponentially modified peaks (Figure 5C). MCR-ALS provides similar results of iterative curve
fitting however it is more powerful and does not need a peak model In order to easily visualize all the six
peak, one can apply a positive integer power by raising the signal to power 3 (12) on Figure 5B. Finally,
the first and second derivative sharpening method (13) can be applied be on Figure 5B to make the peaks

baseline for convenient integration. Further studies are underway to improve these resolution enhancing

procedures.

9.4 Conclusions

Resolution enhancement strategies seem to be the next step to improving chromatographic separations,
not only to determine peak areas of overlapping peaks, but to deconvolute system effects, reduce noise,
and fix asymmetry. These strategies aim to increase throughput and offer cost-effective solutions
compared to traditional method development. Surely, their automation will make them extremely useful
to the chromatography community-hence this intelligent peak processing is the future of chromatography.
In general, the techniques described in this review either remove extra-column band broadening (Fourier
transform deconvolution), extract peak area from under a curve (iterative curve fitting and multivariate
curve resolution), or directly enhance chromatographic resolution (modified power law and even

derivative peak sharpening). There are benefits and limitations of each technique so one might be more
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favorable than another for a specific application and the users have to apply their own judgement on the

choice of resolution enhancing methods.
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Chapter 10

Separating 101 Compounds in Less than 60 Seconds: Operating Above Normal Peak Capacity Limits

with Signal Processing

10.1 Abstract

A primary focus in liquid chromatography analysis of complex samples is high peak capacity separations.
Using advanced instrumentation and optimal small, high-efficiency columns, complex multicomponent
mixtures can now be analyzed in relatively short times. Despite these advances, chromatographic peak
overlap is still observed. Recently, attention has shifted from improvements in chromatographic
efficiency and selectivity to enhancing data processing after collection. Many processing methods have
been adapted from those used in spectroscopy, like Fourier transform deconvolution. Curve fitting
methods can be used to trace underlying peaks, but do not directly enhance chromatographic resolution.
Methods based on the properties of derivatives and power transform were recently shown to enhance
chromatographic peak resolution while maintaining critical peak information (peak areas and retention
times). These methods offer other benefits important to fast liquid chromatography such as improving
signal-to-noise ratios and peak asymmetry. These protocols have been extensively investigated for their
fundamental properties, advantages, and limitations, but they have not been evaluated with complex
chromatograms. Herein, we evaluate the use of deconvolution via Fourier transform, even-derivative peak
sharpening, and power law with the fast separation (< 60 seconds) of a 101-component mixture using
ultra-high-pressure liquid chromatography. High noise and peak overlap are present in this gradient
separation, which is representative of fast chromatography. Chromatographic resolution enhancement is
demonstrated and described. Further, accurate quantitation is maintained and shown with representative

examples. Enhancements in peak capacity and peak-to-peak resolutions are discussed as well.

10.2 Introduction
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State-of-the-art instrumentation and high-efficiency columns have provided the infrastructure for
extremely fast liquid chromatographic (LC) separations [1-5]. Typically, these columns are short, 0.5 -5
cm, and are packed with sub-2 pum fully porous particles (FPPs) or < 2.7 um superficially porous particles
(SPPs). Several SPP chiral stationary phases (CSPs) have been reported to have over 200,000 plate m-1
[6,7]. These high-efficiency columns are particularly useful for enantiomeric separations because
enantiomers usually require physical or chemical separation to be effectively identified and efficiently
guantitated. Often, this requires extensive method development [8]. Patel, et al. reported the separation of
10 components in under a second [9]. The speed of chromatography is now comparable to that of sensors
and offers high selectivity and accurate quantitation. High-throughput screening also benefits from faster
chromatography. Other applications, like 2D-LC, profit from fast chiral separations in the 2nd dimension
[10]. However, these fast separations require advanced high efficiency instrumentation and

chromatographic overlap is still observed.

Recently, parameters important to fast separations like detector response times and sampling frequencies,
extra-column band broadening, and noise have been investigated [11-12]. Instead of focusing on the
separation occurring in the column, subsequent studies investigated how the signal data is collected and
processed [13-17]. Extra-column variance (band broadening) can be removed using Fourier transform
deconvolution, resulting in a retention time change and increased chromatographic resolution by
removing the peak broadening caused by the extra-column hardware [17-18]. Higher sampling
frequencies provide more accurate representations of the signal, but potentially decrease the signal to
noise ratio. This noise can be removed using various filtering (smoothing) techniques [19]. However, with
most modern instrumentation, these parameters do not substantially increase chromatographic resolution.
Thus, other approaches like curve fitting have been used to estimate underlying peak profiles of
overlapping chromatographic peaks [13,20]. These approaches benefit analyses where advanced
chromatography instrumentation is not ubiquitous and when separations cannot be optimized easily. For

example, iterative curve fitting was used to estimate underlying peak areas for the enantiomeric
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separation of pyrethroids with 8 stereoisomers [13]. Further, it was noted that curve fitting techniques
require a model and a known number of components in the chromatogram [13]. Therefore, it is subjective
to the user and requires time to get accurate information. A more problematic aspect of curve fitting is

that there can be several “mathematically” correct solutions, and this can provide misleading results.

More recent work has explored the use of derivatives and power transform to reduce chromatographic
peak widths, and directly enhance resolution [14-16]. The fundamentals and requirements of these
mathematical treatments have been thoroughly evaluated elsewhere [14-16]. It was clear from those
studies that a moderate resolution (~0.7 — 1.0) is needed to get accurate (< 1% error in peak area) peak
area information [14-16]. A recent report focused on decreasing the required resolution and correcting
potential errors arising of severe peak overlaps [21]. Power transform increases signal-to-noise and
improves peak shapes by exponentially raising the signal data to a certain power [22-23]. The
fundamental principle is that raising a given output signal to a power, n, (where n is an integer > 1)
increases the signal magnitude if it is >1 or decreases the signal magnitude if it is < 1 [22-23]. However,
the power law used in these reports requires a back-calculation of the area because the original
chromatographic peak areas will change after being raised to a power [5,14,16]. Derivatives, well-known
for their use in optical spectroscopy, have been reported to enhance resolution of overlapping peaks while
maintaining all critical peak information (peak areas and retention times), clarify shoulders for peak
purity analysis, and are useful for peak shape analysis [14,15]. Even-derivative peak sharpening operates
by adding a fraction of the signal’s 2nd derivative and subtracting a fraction of the signal’s 4th derivative

from the original collected data [15].

These signal processing methods have been introduced with liquid chromatography but can be applied to
any chromatography technique (gas, liquid, supercritical fluid, and capillary electrophoresis). Signal
processing methods have been extensively investigated for their fundamental use with simple examples
[13-17]. In this work, we evaluate the use of Fourier transform deconvolution, derivatives, and power law

with a complex case: a 101-component mixture separated in less than 60 seconds. Peak capacity is
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generally influenced by column length, particle size, flow rate, etc. [24]. Herein, we also consider the gain
in peak capacity using signal processing. Additionally, quantitation for representative peaks is shown and

discussed as a function of resolution.

10.3 Materials and methods

10.3.1 Chromatographic conditions

The CORTECS T3 C18 column (50 x 3.0 mm i.d., 2.7 um SPP) was obtained from Waters (Milford, MA,
USA). The Vanquish UHPLC instrument (Thermo Fisher Scientific, Waltham, MA) was utilized for all
HPLC experiments. This instrument is custom configured to by-pass the column oven to minimize extra-
column effects. The column was connected to the injector and the 2.5 pL UV-Vis detector with 100 um
diameter nanoviper tubing. HPLC grade acetonitrile and formic acid were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Water was purified by a Milli-Q water purification system (Millipore, Billerica,
MA, USA). The following mobile phases A and B (MPA and MPB) were utilized in gradient elution:
MPA — acetonitrile, MPB — 0.1% formic acid in water. The following step gradient was utilized: 1) t=0
min, MPA = 30%, MPB = 70%, 2) t = 0.6 min, MPA = 70%, MPB = 30%, 3) t = 0.8 min, MPA = 100%,

MPB = 0%, 4) t = 1.45 min, MPA = 100%, MPB = 0%, 5) t = 1.50 min, MPA = 30%, MPB = 70%.

10.3.2 Analytes and sample preparation

All analytes were obtained from Sigma-Aldrich (St. Louis, MO, USA). Each analyte was dissolved in
acetonitrile at a concentration ~1 mg/mL and shot individually. Each analyte was diluted by height to the
lowest observed peak height. 50 uL of each diluted sample was was mixed, resulting in a mixture of 101
compounds in 5050 pL. Representative standards were made by distributing 50 uL of the sample into
5050 uL using diluent (acetonitrile). The standards were injected three times each, at the same volume as
the mix to provide a true peak area for quantitation. The mixture was injected 6 times and the total peak

area of the chromatogram had a % RSD < 0.1.
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The following analytes were used in the 101 component mixture (in order of their elution): 1) nicotine-1-
oxide, 2) nicotinic acid, 3) 5-nitrouracil, 4) 1,3-dimethyluracil, 5) mandelamide, 6) 5-hydroxyindole-3-
acetic acid, 7) hippuric acid, 8) clopyralid, 9) catechol, 10) N-acetylphenylalanine, 11) trans-4-hydroxy-3-
methoxy cinnamic acid, 12) vanillin, 13) phenyl succinic anhydride, 14) 4-phenyl-2-oxalidinone, 15)
acetyl salicylic acid, 16) phenol, 17) benzoic acid, 18) 4-benzyl-2-oxalidinone, 19) chloramphenicol, 20)
4-(1H-indol-3-ylmethyl)-2-oxazolidinone, 21) a-methyl-a-phenyl succinimide, 22) 4-nitrophenol, 23) 1-
benzoylcyclobutene carboxylic acid, 24) hydrocortisone, 25) m-cresol, 26) cis-2-methoxycinnamic acid,
27) 4-benzyl-2-oxalidinone-thione, 28) 2-nitroaniline, 29) ethyl-4-hydroxybenzoate, 30) hydrobenzoin,
31) 3-chlorophenoxy benzoic acid, 32) 5,5-diphenylhydantoin, 33) indole 3-butyric acid, 34) N-pthaloyl-
methionine, 35) a-methylhydrocinnamic acid, 36) 2,2-chlorophenoxypropionic acid, 37) indole, 38) 2-
naphthol, 39) 2-naphthoyl chloride, 40) glycosyl tosylate, 41) sulindac, 42) 7-chloro-4-nitrobenz-2-oxa-
1,3-diazole, 43) N-3,5-dinitrobenzoyl phenylglycine, 44) bisphenol A, 45) 5-phenylvaleric acid, 46)
4,5,6,7,8-hexahydronaphthalene, 47) 2,2-diphenylethanol, 48) 4-nitrotoluene, 49) benzo(b)furan, 50) 3-
phenylphenol, 51) phenetole, 52) 4-tert butyl phenol, 53) 4-nitrobenzyl bromide, 54) 4-(2,4-
dichlorophenoxy)butyric acid, 55) furalaxyl, 56) dimethenamid, 57) benoxacor, 58) fenamidophos, 59)
benzophenone, 60) 3-methylbenzofuran, 61) FMOC-methionine, 62) napropamid, 63) flavanone, 64)
valerophenone, 65) 3-chlorotoluene, 66) haloxyfop, 67) 2,5-dichlorothiophene, 68) 3-
methylbenzothiophene, 69) 2-methylthianaplene, 70) mecoprop methyl ester, 71) 2,2,2-trifluoro-1-anthryl
ethanol, 72) 4,5-diphenyl-1,3-dioxaln-2-one, 73) chlormadinone, 74) dinoseb, 75) hexanophenone, 76)
acenapthene, 77) 11Hbenzo(a)carbazole, 78) 1-bromonaphthalene, 79) benzyl cinnamate, 80)
phenanthrene, 81) 1,4-dimethylnaphthalene, 82) 1,3-dimethylnaphthalene, 83) 2,6-dimethylnapthalene,
84) cloguintocet mexyl, 85) 3,3-dibromo-1-naphthol, 86) 2,2-dimethoxy-1,1-binapthyl, 87) 6,6-dibromo-
1,1-bi-2-napthol, 88) pyrene, 89) diclofop methyl, 90) benzo(b)napth(1,2,d)furan, 91) FMOC-beta-alanine
O-pfp, 92) triphenylene, 93) benz(c)phenanthrene, 94) etoxazole, 95) VANOL, 96) 2,6-ditert butyl-4-
methylphenol, 97) fenpropathrin, 98) benzo(k)fluoranthrene, 99) benzo(a)pyrene, 100) fenvalerate, and
101) closantel.
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10.3.3 Data processing

All data was collected at 254 nm and sampled at 100 Hz with a response time of 0.05 s. A blank injection
was used to correct the baseline drift observed from the gradient. Chromeleon 7.2 ST4 software (Thermo
Fisher Scientific 2009-2016) controlled the Vanquish system. MATLAB version R2018b (MathWorks
Inc, 1984 — 2018) was used to perform all signal processing protocols (Fourier transform deconvolution,
even-derivative peak sharpening, and normalized power law), which are discussed in Table 1. An
injection delay of 20 seconds was used to collect the no-column data for deconvolution by Fourier
transform. The chromatographic resolutions of each chromatogram (original and processed data) and peak

areas were determined using PeakFit version 4.12 (SeaSolv Software Inc. 1999 — 2003).

Chapter 10 Table 1. Signal processing protocols.

A) Deconvolution by Fourier Transform

1) Collect chromatogram with and without the column using the same method then export data
into external software (i.e., MATLAB).

2) Convert both chromatograms to the frequency domain using Fourier transform.

3) Divide the transformed column data (FT¢) by the transformed no-column data (FTnc) (shown in
equation 1). The number of data-points should be identical.

4) Convert the resulting data back into the time domain using inverse Fourier transform (IFT).

5) Multiply all the IFT data points by the peak area obtained without the column.

6) If needed, remove noise with a centered moving average.

Cc

D luted data = IFT
econvoluted data [FTnc

] X Ape Equation 1

B) Even-Derivative Peak Sharpening

1) Calculate the second and fourth derivatives of the signal data.

2) Remove noise from the calculated derivatives with a centered moving average.

3) Subtract the second and add the fourth derivative with appropriate K, and K4 values according
to equation 2. These values should be appropriately chosen to avoid significant negative dips in
the baseline.

4) Determine resolved peak areas of the sharpened chromatogram using numerical integration.
Include any dips in the baseline as part of the peak.

Sharpened Peak = Signal — K,(2nd Derivative) + K,(4th Derivative) Equation 2

C) Normalized Power Law
1) Measure all peak heights (H;) (i.e., i = 1-101) of the signal data.
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2) Locate the shortest peak of the chromatogram (peak 5 for our case) and normalize its original
peak height (H¢) to unity. If the resolution is low (Rs < 0.7) for the shortest peak other height
corrections can be done according to ref. 21.

3) Apply the same division in step 2 to the rest of the chromatogram.

4) Raise the entire chromatogram’s signal data to a power, where n is an integer >1 and continue
increasing n until desired R; (i.e., Rs = 1.5) is achieved.

5) Measure all peak areas of the powered chromatogram, A}, with numerical integration (4% is
the shortest peak’s area of the powered chromatogram).

6) For the shortest peak, calculate the original area (A2) using Equation 3.

7) Calculate the original areas (A7) of the remaining peaks in the chromatogram using Equation 4.

A% = HIA™/n Equation 3

Hs, n-—1
A% = ATH\/n i
i Equation 4

Peak capacity (P¢) was calculated according to Equation 5 [25]. This expression determines the peak
capacity, for a gradient elution, in terms of the gradient time (tg) and average peak width (w) assuming a
resolution = 1 for all peaks. Typically, the average peak width can be estimated by the average of the first
and last peaks’ width. In this calculation, the widths of the most narrow and wide peaks (peak 101 and

peak 24 for each set of data) were averaged to provide a rough estimation.
P~1+ % Equation 5
10.4 Results and discussion

To push the limits of fast chromatography with the best current instrumentation and to concurrently
evaluate recent signal processing methods, a complex chromatogram of 101 components separated in <

60 seconds was developed (Fig. 1A).
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Chapter 10 Figure 1. The separation of 101 components in under 60 seconds: A) original signal
chromatogram, B) original signal processed chromatogram by deconvolution with Fourier transform.

Each of the 101 compounds in Fig. 1A are listed in the Materials and Methods in order of their elution
time. The basic requirement is that each components’ chromatographic peak maximum be distinguishable
(Rs > 0.3). This is necessary for the derivative and power-based signal processing methods to be effective
[14-16]. The Fig. 1A chromatogram has various peak resolutions, heights, areas, and shapes
representative of a complex analysis, much like a complex biological analysis. The mixture was injected
six times and was reproducible (see Materials and Methods). Additionally, the position of each analyte
was confirmed with individual standards by their retention time. After confirmation, the chromatographic
Rs of each adjacent peak was determined and reported in ranges as shown in Table 2. Most components in

the original chromatogram had overlapping chromatographic peaks, with a Rs < 1.0. Signal processing
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methods like even-derivative peak sharpening and normalized power methods have been shown to be
highly accurate (<1 % error in peak area) when the original chromatogram has a Rs > 0.7 for the
overlapping pair of peaks [14-16]. Therefore, at least 62% of this chromatogram could be quantitated

accurately.

Chapter 10 Table 2. Gain in chromatographic resolution and peak capacity using signal processing
approaches.

Resolution? Original®? Fourier Transform?? Derivative® Power>
0-0.7 36% 26% 5% 3%
0.7-1.0 55% 48% 42% 14%
1-125 2% 16% 33% 18%
125-15 3% 3% 14% 19%

>1.5 2% 7% 6% 46%

@ The percentage of chromatographic resolution from each signal data: original data, Fourier transform
deconvoluted data (FT), even-derivative sharpening (Derivative), and normalized power law (Power).

b The chromatographic resolution was calculated using PeakFit (see Materials and Methods).

Before applying derivatives or powers, Fourier transform deconvolution was performed to remove extra
column variance (band broadening). Table 1 explains this process and the resulting chromatogram is
shown in Fig. 1B. When compared to the original signal, the Fourier transform deconvoluted signal has
slightly decreased retention times. The peak capacity (Pc) of the column was determined according to
Equation 5 in the Materials and Methods. Typically, the column’s peak capacity describes the maximum
theoretical number of components that can be separated with Rs = 1 [25]. Peak capacity is highly
dependent on chromatographic peak width, and since signal processing techniques reduce peak width, we
expect an increase in P.. With deconvolution by Fourier transform, the peak capacity would remain
constant if there was no extra-column band broadening present. However, this was not the case since the
peak capacity increased from 78 to 93 with the Fourier transform procedure (calculated by Equation 5 in

Materials and Methods). Relative to other signal processing procedures, which will be discussed, this gain

in peak capacity is minimal, which indicates the UHPLC instrument used in this study has low but non-
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zero extra-column volume. After deconvolution via Fourier transform, chromatographic Rs slightly
increased; i.e., fewer separations with a Rs of 0 — 0.7 and 0.7 — 1.0 (26% and 48%, respectively), and
more with a Rsof 1.0 —1.25, 1.25 - 1.5, and > 1.5 (16%, 3%, 7%, respectively) (Table 2). However, the
Fourier transform deconvolution added significant noise to the chromatogram (Fig. 1B) and a cut-off

filtering was required in the frequency domain.

After completing the Fourier transform deconvolution, even-derivative peak sharpening was used to
process the data [15]. Table 1 explains the application of derivatives on the Fourier transformed data.
However, the Fourier transform deconvolution process decreased the signal-to-noise, which resulted in
the formation of additional chromatographic peaks after even-derivative sharpening. Therefore, the
original chromatographic data was determined to be better suited for derivative-based signal processing.
The resulting chromatogram of the derivative sharpening procedure on the original signals (not the
Fourier transform deconvoluted signals) is shown in Fig. 2B and compared to the original chromatogram

(Fig. 2A).
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Chapter 10 Figure 2. Signal processing of the separation of 101 components in under 60 seconds: A)
original chromatogram, B) signal processed chromatogram by even-sharpening derivatives, and C) signal
processed by deconvolution using Fourier transform, normalized to peak 5*, and raised to a power, n = 3.
The components 1-101 are listed in Materials and Methods in order of their elution.

When applying the protocol to the complex set of data, it was observed that one set of K values (K2 and
K4 coefficients determine the amount of sharpening) was not going to be optimal for processing. This was
indicated by several negative dips in the signal at the beginning and end of the chromatogram where R is
higher than in the middle. Avoiding negative dips in the chromatogram typically makes quantitation
easier and more accurate [15]. Therefore, different K, values were utilized in segments of the
chromatogram, which has been reported as segmented even-derivative peak sharpening [15]. In Figure
2B, 4 sections were made with various K3 values chosen empirically (K2 = 3.5 for 0.05 — 0.07 min, K, =7
for 0.07 — 0.13 min, K, = 20 for 0.13 — 0.90 min, and K2 = 6 for 0.90 — 1.00 min). K4 values were kept

constant (K4 = 0.001 for 0 — 1.0 min), since minimal chromatographic Rs gain was observed when
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changing this coefficient. Smaller K, values were used in higher R areas, while larger K values were
needed in lower Rs areas. This empirical optimization required more time than just using one coefficient
value and the choice in K value was not always clear. However, more sharpening can be achieved with
fewer negative dips using segmented even-derivatives compared to the typical even-derivatives protocol
(one set of K values for the entire chromatogram). After segmented even-derivative sharpening,
significant increases in chromatographic resolution (Rs) were observed, with an increased peak capacity
equal to 107 (P calculated by Equation 5 in Materials and Methods, see Table 2 for R;). Over 30% of the
original peak overlaps with chromatographic Rs < 0.7 were increased to > 0.7 and approximately 50% of
the entire chromatogram had a chromatographic Rs > 1. It should be noted that more improvement in

chromatographic Rs might have been observed with additional segments.

Unlike derivatives, the power law was applied to the Fourier transform deconvoluted data because it
improves the signal-to-noise. Table 1 explains the protocol for the normalized power law, which provides
a back-calculation of the original area underlying the overlapping peaks. The Fourier transform
deconvoluted signal was normalized to the shortest peak, peak 5, and raised to the power, n = 3. (Figure
2C). Higher powers could have been used but were not needed to significantly enhance chromatographic
Rs. The power law process increases the original signal’s peak capacity as a function of v/n, resulting in a
peak capacity of 145 (calculated by Equation 5 in Materials and Methods). Therefore, several more
components could have been included in the original chromatogram. Almost 50% of the entire
chromatogram was baseline resolved with a power of 3 on the Fourier transformed data (Table 2). The
power law method seems to be more powerful than derivatives for complex chromatograms and works
well with Fourier transform deconvoluted data that may have significant noise. Additionally, larger
powers can be used to further enhance chromatographic Rs. The difference in chromatographic Rs

between the original signal, and different powers (n = 3, 5, and 7) is shown in Fig. 3.
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Chapter 10 Figure 3. The increased chromatographic resolution of the original chromatogram of 101
components (n = 1) when powered by n = 3, 5, and 7. The power law process increases the original
signal’s peak capacity as a function of v/n. Peak capacity (Pc) was calculated according to equation 5 in
Materials and Methods. *Resolution values at 2.0 represent chromatographic Rs > 2.0.

Values at Rs of 2.0 represent chromatographic Rs > 2.0. Original data is represented by black circles in
Fig. 3 show a maximum at a Rs of ~0.8. By raising the signal to a power, n = 3, the majority of
chromatographic R; shifts to Rs > 1. The slope of the powered, n = 3 signal data (blue triangles) seems to
plateau over a Rs of 1. However, with increasing powers, n =5 and n = 7, the shift is more pronounced,
with an exponential rise. With n =7, ~90% of all components are baseline separated (Rs > 1.5). The peak
capacity, P, was calculated for n =5 and n =7, and increased to 181 and 218, respectively (see Fig. 3).
Thus, the original peak capacity obtained with no signal processing could be increased ~3-fold by

processing it with a power, n = 7.
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Representative chromatographic pairs from the 101-component separation that had overlap in the R
ranges mentioned in Table 1 were chosen for quantitation evaluation. Their peak areas were determined
(as described in Table 1) and compared to the true peak areas (as described in Materials and Methods) in
Table 3. The areas determined by even-derivative peak sharpening and the normalized power law
procedures were very close to true areas for peaks with Rs = 0.8. For the overlapping pair with Rs ~ 0.5,
the peak areas for the derivatives and powers techniques had errors from 2 — 15%. It should be noted that
this pair was not optimized to a baseline separation using higher powers or K values, which would
improve the quantitation. Additionally, error corrections have been reported for the power law procedure,
which allows its use for lower original chromatographic R, [21]. However, as seen for this complex
example of 101 components in less than a minute, the majority of Rs was 0.7 — 0.8, where these signal

processing techniques have high accuracy in peak area quantitation.

Chapter 10 Table 3. Representative quantitation evaluation of signal processing techniques.

Peak #? Rsb ATrueC ADerivatived APowere
26 0.0142
053 0.0121 0.0135
21 0.0087 | 4 00gg 0.0097
4 0.0035 0.0026
051 0.0033
5 0006 | o010 0.0014
32 0.0102
o7 0.0106 0.0098
33 0.0099 | 40102 0.0093
92 0.0075 |  0.0078 0.0076
134 | ¥ : :
93 0.0058 |  0.0059 0.0057
101 | Baseline | 5009 | 0063 0.0061

2 The name of the peak according to peak # can be found in Experimental.

b The chromatographic resolution (Rs) in the original chromatogram of adjacent peaks.

¢ The true area of each peak (Atwe) Was determined with a separate injection of a standard that had the
same concentration of that component as in the mixture of 101 components.
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d The areas determined by the even-derivative sharpening approach (Aperivative)-
¢ The areas determined by the height correlation equation (Equation 4) from the normalized power law
approach that only normalizes the shortest peak of the chromatogram (Apower).

10.5 Conclusions

New signal processing protocols can be used to enhance resolution, peak capacities, and signal-to-noise
ratios of complex chromatograms. Deconvolution by Fourier transform produced small improvements in
chromatographic Rs but added significant noise. Signal processing with segmented even-derivative peak
sharpening required more time and resulted in less enhancement than the power law approach. The
normalized power procedure was simple and effective, providing baseline separation for ~90% of the
chromatogram (with n = 7). Power processing also increases signal-to-noise, so it is well suited for fast
liquid chromatography data of complex biological samples. Signal processing also allows users to operate

above normal column peak capacities, which will surely benefit complex multicomponent separations.
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Chapter 11

Summary and Future Outlook

Separation science has progressed toward using short, high-efficiency columns packed with small, often
superficially porous particles for liquid chromatographic analysis. This dissertation focused on providing
methodologies for hundreds of small molecules using several existing and new high-efficiency chiral
stationary phases (Chapters 2-6). The fundamental methodologies led to universal methods, including the
enantiomeric separation of 18 racemic controlled substances in 35 minutes (Chapter 2) or 32 fungicide
enantiomers in less than 20 minutes (Chapter 6), each with a single method using LC-MS. While these
methodologies did advance the literature with fast and effective separations, peak overlap was still
observed. This led to the introduction of post-acquisition signal processing, which can be used in any type
of chromatography, to enhance chromatographic resolution. Indirect and direct methods, specifically
iterative curve fitting, Fourier transform, power law, and derivatives were evaluated and discussed
(Chapters 6-10). Signal processing presents an effective and simple platform for extracting more and
better information from any given chromatogram. However, it will be most useful in high-throughput
screening applications and for complex sample analysis. The separation of 101 components in under a
minute provides the ultimate example of the power of these signal processing techniques (Chapter 10).
Surely, future automation will make them extremely useful to the chromatography community-hence this

intelligent peak processing is the future of chromatography.
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