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Preface

Although gas chromatography and chemometrics are both mature fields of analyti-
cal chemistry, progress is continually being made in these important fields. New
technologies, new methods, and new applications have been frequently reported in
peer-reviewed literature, in manufacturer catalogs, and on the internet. A number of
such novel aspects are presented in this book.

The introductory chapter describes more recent developments in gas chromatogra-
phy, and also the utility of chemometrics approaches in gas chromatographic analysis.
Chapter 2 describes the principle of negative thermal gradient chromatography,

the advantages of this technique, and its applicability. Chapter 3 presents the main
characteristics and utility of portable gas chromatography/mass spectrometry sys-
tems, and discusses some specific applications. Chapter 4 describes various sampling
procedures used to make flavor and fragrance samples amenable to gas chromato-
graphic analysis. Chapter 5 discusses various new applications of gas chromatography
in the analysis of biotics and xenobiotics, such as volatile compounds of biological
origin, components of biological fluids, drug metabolites, and toxicants. Chapter 6
considers the use of conference matrices as an alternative to other types of screen-

ing experiments used in chemometrics to separate key variables from those that are
unimportant in large sets of influential parameters. Chapter 7 looks at quantitative
structure-retention relationship (QSRR) models for liquid chromatography method
development.

The goal of this book is to increase understanding of the subject by including the most
recent information described in a unified form by specialists. The book is addressed to
a large audience, including analytical chemists in general, either working on applica-
tions or lecturing in analytical chemistry.

Serban C. Moldoveanu
R.J. Reynolds Tobacco Co.,
Winston-Salem NC, USA

Vu Dang Hoang
Hanoi University of Pharmacy,
Hanoi, Vietnam

Victor David
University of Bucharest,
Bucharest, Romania






Chapter1

Introductory Chapter: Novel
Aspects in Gas Chromatography
and Chemometrics

Vu Dang Hoang, Victor David and Serban C. Moldoveanu

1. Introduction

Gas chromatography and chemometrics are important topics of analytical chemistry.
They are both mature areas of research, and for this reason, the more recent progress
made in these fields is not necessarily revolutionary. Nevertheless, the progress
continues. A wide range of applications associated with continuous demands to improve
analytical techniques is also reflected in the progress seen in gas chromatography and
chemometrics.

2. An overview of progress in gas chromatography

The first gas chromatographic separations were performed more than 75 years
ago [1, 2]. These separations used hydrogen as a carrier gas, a chromatographic
column containing silica gel on activated carbon, and a thermal conductivity detec-
tor [3]. Important developments followed, such as the invention of flame ionization
and electron capture detectors, the introduction of temperature gradient for the
GC separation, the connection of a gas chromatograph with a mass spectrometer,
the introduction of open-tubular (capillary) column, the introduction of capillary
columns made from fused silica, etc. From the beginning of GC and up to this day,
the progress in the nature of the stationary phase was also made. The first stationary
phases in the packed column were made of solid porous support coated with a high-
boiling fluid or porous plastic, and those were followed by the capillary columns with
abonded, cross-linked coating [4]. The minicomputer revolution allowed the intro-
duction of computer control of the gas chromatographic instrumentation and the data
processing in GC. Throughout its history, numerous other important improvements
were made in gas chromatography. Among these can be mentioned the invention of
other types of detectors, development of various injection procedures allowing large
volume injections or cold on-column injection, development of solid-phase micro-
extraction (SPME), introduction of autosamplers, development of comprehensive
two-dimensional GC, introduction of fast gas-chromatography, etc.

Modern gas chromatography is strongly associated with the use of gas chroma-
tography-mass spectrometry, which has a mass spectrometer as a detector for a GC
system. As a result, the progress in mass spectrometry has been very important for the
utilization of GC, and GC-MS became the most utilized and powerful technique for
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compound identification in mixtures, and for the detection and quantitation of trace
components when they are volatile. For this reason, the progress in GC is strongly
associated with the developments in MS. Besides, the important improvements in
mass spectrometric sensitivity, stability, and mass range, other examples of the prog-
ress include the development of large mass spectral libraries, introduction of GC-MS/
MS systems, hyphenation of GC with high-resolution MS instruments, etc.

Over the years of utilization, significant effort has been made to adjust by chemi-
cal derivatization of the analytes in order to make them volatile and stable at a higher
temperature such that to extend the range of compounds capable to be analyzed by
GC and GC/MS [5]. Another extension of GC and in particular of GC-MS utilization
is that on polymeric materials analysis. Polymeric compounds cannot be analyzed
directly by GC due to their lack of volatility, but can be analyzed after thermal decom-
position using a pyrolyzer.

The previously indicated developments are far from covering many develop-
ments in gas chromatography, mainly related to incremental developments. These
developments are not seen as “milestones” although they can be very useful for
practical purposes. For example, in the development of chromatographic columns
for GC, among such incremental improvements is the decrease in column bleeding.
As the temperature of the GC oven increases, some compounds from the station-
ary phase start to be generated and in the mass spectrometric detection produce an
undesirable background. An important progress in making stationary phases aimed
for the reduction of column bleeding allowing a better detection and also extending
toward higher values the range of temperatures at which the columns can be utilized.
Instrumentation in gas chromatography also has experienced numerous incremental
improvements. Among these can be indicated the better control of oven temperature,
better pneumatic control of pressures in the instrument, replacement of gas cylinders
with gas generators, introduction of gas switches for helium conservation, develop-
ment of portable GC (and GC-MS) systems, etc.

Another aspect related to the progress in gas chromatography refers to the exten-
sion of a range of applications for this technique. From the initial applications of
separating gases and highly volatile compounds, gas chromatography continually
expanded its range of applications. This included numerous applications for oil
industry as well as for the analysis of fragrances and flavors, environmental pollutants
(air, water, soil, etc.), pharmaceutical drugs, compounds in food, beverages and agri-
cultural products, etc. A special role of GC (and GC-MS) is in the analysis of biologi-
cal samples such as breath condensate, volatiles emitted from skin or bodily fluids,
various xenobiotics, etc. A large part of biological samples is, however, non-volatile or
highly polar molecules that cannot be directly analyzed by GC. Because of the impor-
tance of biological sample analysis, a significant effort has been made to process this
type of sample by transforming them into volatile/semi-volatile compounds amenable
for GC analysis.

Comprehensive two-dimensional gas chromatography coupled to mass spec-
trometry (GC x GC-MS) is now a common analytical technique used for the
study of various complex samples, and the chemometrics based approaches are
designated to decode the large amount of analytical information produced by this
process (e.g. [6]).

A very large body of publications including papers in peer-reviewed journals,
books, manufacturer catalogs, and information on the internet cover novel aspects in
gas chromatography. Several novel items from a long list of improvements in the field
are discussed in the present book.
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3. Trends in chemometrics-based GC analysis

Historically, the application of chemometrics to GC analysis probably commenced
in the 1990s with the works of Mayfield et al. employing a chemometrics software
package to classify orange essence oil varieties analyzed by GLC (with FID and MS
detectors) [7] and Jurasek et al. on the use of a chemometric detector (i.e., a computer
method to selectively detect isotope cluster patterns in a time series of mass spectra of
GC-MS analyses) [8].

Over the past decades, the proliferation of perceptibly sophisticated analytical
systems coupled with more powerful detection techniques applied to the separation of
complex samples has indeed requested highly efficient data analysis and optimization
strategies. Chemometrics methods play a vital role in revealing the chemical informa-
tion/knowledge hidden in high-dimensional datasets acquired from multidimensional
separations. The idea of dimensionality of a mixture of compounds was defined by
Giddings as “the number of independent variables that must be specified to identify
the components of the sample” [9]. To improve the resolution and separation power of
an analytical method, Giddings also suggested that a sample is subjected to a number
of different separation mechanisms (i.e., the dimensionality of a separation method)
[10]. With reference to gas chromatography, heart-cutting (i.e., conventional) tech-
niques were initially proposed as multidimensional separations, in which the effluent
from the first column was fractionally injected (i.e., a fraction or several consecutive
fractions) onto a secondary column coated with a different type of stationary phase
[11]. Although these conventional techniques could be useful in some cases when
allowing additional separation of a modest number of the target analytes in specific
regions of a single GC chromatogram, such analysis is not popular for complex matri-
ces nowadays. The dimensionality of GC analysis has thus been mainly demonstrated
by the application of GC-MS and comprehensive two-dimensional gas chromatog-
raphy (GC x GC). For the former, although GC-MS is commonly employed in the
analytical sciences [12] many readers may not realize that it is, in effect, a multidimen-
sional technique as a mass spectrometer as the detector adds a dimension to that of the
chromatographic separation. For the latter, GC x GC is, in fact, a separation in which
many sequential heart-cuts are further separated in a second column i.e., the effluent
existed from the first column is periodically sampled in such a manner to preserve the
separation in the first dimension and to subject all the compounds in a sample to both
separation dimensions. To do so, the system must contain two orthogonal GC columns
integrated by a special interface (modulator) [13].

It is worth mentioning that multidimensional GC data can have the second-order
advantage for quantification using calibration standards containing only the analytes
of interest without prior knowledge of possible matrix interference [14]. This can
also considerably shorten analysis time by eliminating the need to resolve chromato-
graphic overlapping signals. In practice, however, the full advantage of a combina-
tion of complementary techniques has not been efficiently exploited. For instance,
GC-MS data are usually analyzed using the mass spectrometer as a filter to generate
an entire chromatogram for single ions or using the GC chromatograph as a filter to
identify particular peaks based on mass spectra matching. The fact that either filter
is completely selective, necessitates the requirement for chemometric tools to extract
all valuable information from huge amounts of multidimensional data sometimes
referred to as “a tsunami of data” or more generally “Big data”.

Basically, the application of chemometrics to GC analysis can be categorized into
two main groups: data preprocessing and data analysis. The aim of data processing
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Chemometric tools Overall features Ref.
Data Preprocessing
Baseline correction
Savitzky-Golay Using a polynomial fit of m™ order to (2% + 1) neighboring points [15]
(inclusive of the point to be smoothed) with#n >m
Asymmetric least Using a smoother with deviations asymmetrically weighted to estimate a [16]
squares baseline
Polynomial fitting Using a polynomial of 7™ order that is a best fit (ina least-squares sense) [17]
for the data
Penalized least Balancing the fit of a model to the data generated by the sum of squares [18]
squares against its roughness by altering a smoothing parameter, provided that the
location of peaks in a chromatogram is established
Moving window Sliding a window of length & across neighboring points (inclusive of the [18]
minimum value point to be smoothed) to give an array of local k-point centered minimum
values.
Local minimum Using a linear interpolation to estimate the local minimum values in [18]
values coupled with a chromatogram as a new baseline vector, with the help of a robust
robust statistical statistical strategy to detect outlier data points (corresponding to the
analysis unseparated peaks)
Retention-time-alignment
Correlation- Dividing chromatograms into several local regions to be iteratively [19]
optimized warping stretched and compressed until the Pearson correlation coefficient
between the test chromatogram and the reference chromatogram is
maximized
Local minimum Using a linear interpolation to predict the baseline after finding local [20]
value minimum values in a chromatogram and eliminating outlier data points by
an iterative optimization
Automatic peak Accepting a signal as a true peak if (i) the absolute value of its first-order [21]
detection and derivative is five times larger than a noise threshold and (ii) its second-
background drift order derivative crosses the zero-line fewer than eight times; correcting
correction background drift by replacing regions containing peaks by linear baselines
and using three-point moving-window averaging for denoising
Data Analysis
Classification
Unsupervised Pattern Recognition
Cluster analysis Grouping objects into clusters according to their similarity (proximity); [22]
(CA) monitoring the correctness of clusters and detecting deviation points
Hierarchical cluster Creating a classification hierarchy that starts with each object in a single [23]
analysis (HCA) cluster and puts together clusters until only one is left
Principal component Reducing the dimensionality of an original data set and creating [23]
analysis (PCA) new dimensions of data by conversion of strongly correlated input
variables into uncorrelated values, called principal components; the
first components can represent the maximum variance direction in the
data and the omission of the remaining components does not result in a
significant loss of information.
Supervised Pattern Recognition
Linear discriminant Data are projected from a D dimensional feature space down to a D’ [24]

analysis (LDA)

(D > D’) dimensional space to maximize inter-class variability and reduce
intra-class variability




Introductory Chapter: Novel Aspects in Gas Chromatography and Chemometrics
DOI: http://dx.doi.org/10.5772/intechopen.109943

Chemometric tools Overall features Ref.
Quadratic An LDA closely related algorithm that omits the assumption of equal [25]
discriminant covariance for all classes, but maintains the assumption of normality
analysis (QDA) (unsuitable for very small sample sizes)
K-nearest neighbor A non-parametric algorithm that uses proximity to make classifications [26]
(KNN) about grouping an individual data point. The classification of an object
is based on a plurality vote of its neighbors when assigning it to the class
most common among its k nearest neighbors (k is a positive integer,
selected by cross-validation procedures to ensure the lowest classification
error)
Random Forest (RF) An ensemble learning algorithm that constructs multiple decision trees to [26]
find the best split to subset the data
Soft independent Samples are analyzed by PCA, with only the significant components [27]
modeling of class retained. They can be identified as belonging to multiple classes, not
analogy (SIMCA) necessarily classified into non-overlapping classes.
Support vector A linear classifier based on the kernel function can be used for [28]
machine (SVM) non-linearly separable data by implicitly mapping them into higher
dimensional feature spaces.
Partial least squares A discriminatory variant of Partial Least Squares regression [29]
discriminant
analysis (PLS-DA)
Quantification
Partial least squares A multivariate calibration method that reduces the predictors to a smaller [30]
regression (PLSR) set of uncorrelated components for least squares regression performance.
It is very useful when the predictors are highly collinear and can be
measured with error.
Artificial Neural It is a subset of machine learning, constructed by using a set of algorithms [31]
Networks (ANN) that mimic the behavior of the human brain for pattern recognition. ANN
are comprised of node layers; each node (aka. Artificial neuron) connects
to another to form an extensive network for exchanging messages. It can
be used as a prognostic model.
Multivariate Multivariate curve resolution, similar to PCA, seeks solutions accounting [32]
curve resolution- for the most variation possible with non-negativity constraints. Using a
alternating least constrained Alternating Least Squares algorithm, MCR-ALS solves the
squares (MCR-ALS) MCR basic bilinear model.
Parallel factor It decomposes multidimensional arrays into component matrices and [33]
analysis (PARAFAC) commonly uses ALS to calculate the decomposition.
Generalized rank It is for solving an eigenvalue problem by using two data matrices [34]

annihilation simultaneously (unknown and calibration). The introduction of factor
(GRAM) analysis is to project a target bilinear matrix onto another PC bilinear
matrix space.
Table 1.

Chemometric tools for preprocessing and analyzing GC data.

strategies is to render GC data ready for accurate identification and quantification.

They include (i) background correction (i.e., denoising and smoothing for the
removal of low-amplitude signals irrespective of their frequency and high-frequency
signals irrespective of their amplitude; drift correction for subtracting the baseline
shape from a measurement) and (ii) retention time alignment (i.e., correcting
inter-run variation in retention time for similar samples). After preprocessing data,
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the translation of complex data for a sample into useful information covers a series
of steps such as (i) peak detection (i.e., locating true signals in a chromatogram), (ii)
information extraction (i.e., applying data dimension reduction), (iii) classification
(i.e., discriminating between sample classes with different chemical characteristics).
Table 1 displays commonly used chemometric tools fo and analyzing GC data with
some typically applied studies for illustration purpose.

4. Conclusions and future outlook

In the literature, GC has been undoubtedly proven to be one of the most sensi-
tive and popularly applied techniques for the separation and analysis of volatile and
semi-volatile organic compounds. Its application can be adopted in a wide range of
analytical studies in the biomedical, pharmaceutical, forensic, environmental and
food sciences. To enhance the power for maximum sensitivity and selectivity, the use
of multidimensional GC (especially hyphenated with mass spectrometry) is a help-
ful hint for sure. The analysis that relies on such modern GC techniques can generate
a very powerful data platform, e.g., the use of profile data leads to more accurate
information than centroid spectra. Thus, it necessitates robust data analysis strategies
to extract relevant information from such GC data. Although there have been many
interesting developments in the field of chemometrics-based GC analysis, it is still
difficult to judge which algorithms can give the best results in general. This is because
most chemometric methods were reported when addressing a specific challenge in a
data set and comparisons with other approaches were infrequently sighted. It is sug-
gested that more comprehensive studies should be done with different types of data
and algorithms to shed light on the pros and cons of each chemometric tool.

In the 21st century, Artificial Intelligence (AI) is a fast-augmenting sector that has
dramatically changed many aspects of daily life worldwide. It is unsurprising that
Al if exploited correctly as demonstrated e.g., [35-37], can help scientists achieve
unimaginable breakthroughs and solutions regarding GC data analysis in the future.
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Abstract

Gas chromatography is typically operated in isothermal mode for optimum
separation of a mixture of compounds with a narrow boiling point range, or in
temperature-programmed mode, which strives to achieve a compromise between sepa-
ration efficiency and time. Temperature gradients also keep the peak widths nearly
constant over a wide range of retention times, enhancing the detectability of the later
eluting peaks. In this chapter, the use of negative thermal gradients for gas chromatog-
raphy (NTGGC) - for the sake of simplicity, subsequently only denoted as thermal
gradient-gas chromatography, TGGC - shall be discussed. (N)TGGC is achieved by
producing a stationary temperature gradient along the relatively short GC column in a
proprietary experimental setup that allows cooling on one end of the column and
heating on the other. The sample is injected into the hot end of the GC column, and
analytes move towards the colder end of the column. Along their passage through the
column, they are focused by the increasingly lower temperature of the stationary phase.
This leads to a focusing of the peaks as they reach the cold column end. With appropri-
ate temperature programming, very fast (sub-minute) chromatography with excellent
resolution can be achieved on short GC columns. The present contribution will both
discuss the theory behind this unusual, but highly performant mode of gas chromato-
graphic separation, and also the hardware aspects of this technique. Relevant examples
will be presented which highlight both the speed and the separation power by which
(N)TGGC excels in comparison with regular temperature-programmed GC.

Keywords: temperature-programmed GC, fast GC, peak focusing, temperature
gradient, column efficiency

1. Introduction

Gas chromatography is without doubt the most powerful separation technique
for the analysis of volatile and semi-volatile organic (and inorganic) compounds
and permanent gases [1, 2]. Under optimized conditions, peak capacities of
several hundred and theoretical plate numbers in the order of several ten thousands
[3] can be reached with commercial set-ups, however, at the cost of extended
separation times.
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Speed

Capacity Resolution

Figure 1.
The ‘magic triangle’ of chromatographic separation: It is impossible to optimize all three factors separation speed,
separation efficiency and sample capacity at the same time (vedrawn after [4]).

As with other forms of chromatography, also gas chromatographic operation is
governed by the “magic triangle” of chromatography [4], namely the fact that it is
virtually impossible to optimize speed, separation efficiency and sample capacity of a
chromatographic system at the same time (Figure 1). This is, because the separation
efficiency (expressed as number of theoretical plates, N*) for a capillary column is
directly proportional to the column length L, and (as can be deduced from the C-term
of the van Deemter Eq. (2) inversely proportional to the column diameter d,. and the
stationary phase film thickness, dy. This means that an improvement in separation
efficiency is either related to an increase in separation time, or a reduction of sample
capacity under normal operating conditions. Similar mutual dependencies can be
derived from the interrelation of the other parameters in the van Deemter equation.

Chromatographers have therefore searched for possibilities to overcome these
inherent limitations, which has led them to develop various innovative and uncon-
ventional approaches to speed up chromatography [5-8]. Among these are:

* Micro- and narrow-bore gas chromatography,

* Vacuum-outlet (low-pressure) GC,

* Direct resistive heating GC and

* Temperature gradient gas chromatography (TGGC).

While the theoretical foundations of the first three types of fast GC shall be

discussed here only briefly, the discussion of the various aspects of TGGC shall be the
main focus of this chapter.

1.1 Micro- and narrow-bore gas chromatography

Gas chromatography with commercial instrumentation is often performed with
columns of 0.25 mm or larger inner diameter, 0.25 pm film thickness and 30 m length.
These column dimensions, providing a phase ratio of p = 250 are in many cases a good
starting point for further optimization [9]. The typical number of theoretical plates

" See list of symbols, acronyms and abbreviations at the end of this chapter.
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achievable in this setup is about 3,000/m or ca. 90,000 for a 30 m column. If scaling
laws are followed, a very similar resolution and number of theoretical plates can be
achieved on a 10 m column with 0.1 mm ID and 0.1 pm stationary phase film
thickness. If the same linear velocity of the carrier gas is maintained, an improvement
by a factor of 3 in separation time is achieved. The price to pay is that the sample
capacity is lower by a factor of approximately 3% since the volume of stationary phase
is reduced by approximately this factor (a factor 3 in column length, a factor of 2.5 in
stationary phase thickness and a factor of 2.5 in column inner diameter). Even with
highly sensitive detectors, this factor quickly becomes limiting, and the gain in sepa-
ration speed or sample throughput is offset by the loss in sensitivity and, in particular,
dynamic range.

1.2 Vacuum-outlet- (low-pressure) gas chromatography

Vacuum-outlet- or low-pressure GC operation denotes an operational mode in
which the column outlet is kept at sub-ambient pressure [5, 10]. While this in fact is
the case for all GC/MS instruments, there is still an important difference in the
operation of columns under ‘normal’ conditions with a vacuum detector, and the low-
pressure (LP) GC operation [9]: In the former case, column dimensions are chosen
such that the column inlet can be kept at positive pressure even while the column end
is at vacuum (Figure 2). This explains why the above-mentioned column dimension
(30 m x 0.25mm x 0.25 pm film thickness) enjoys great popularity for GC/MS
operation as resulting flows are in a range that is well compatible with the pumping
capacity of modern quadrupole MS systems (1-5 ml min ™). If shorter columns or
columns of larger ID are chosen, then flow rates in excess of 5 ml min ! would result,
even with the inlet being kept at ambient pressure. Alternatively, a flow restriction
can be placed at the head of the column which limits the column flow and causes
vacuum to extend from the detector end throughout the largest part of the column in
contrast to normal operation where vacuum extends only into the final fraction of the
GC column [11]. Since the diffusion coefficient in the mobile phase D,,, is strongly
pressure-dependent (and increases inversely proportional to total pressure, Eq. (1)),
the values of the Diffusion coefficient at outlet and inlet conditions (D, , and Dy, ;,
respectively) can be related to the pressure at inlet (p;) and outlet condition (p,):

Dm,opo = Dm,i-pi (1)

Abs. Pressure

[Torr]
800

10 m x 0.10 mm

10 m x 0.25 mm

[10 m x 0.53 mm |

0

10

0
Injection side Separation length Column outlet

Figure 2.
Pressure drop along 10 m GC columns of different diameters. (Drawn after [11]).
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It also has a pronounced effect on the terms in the van Deemter equation that
depend on the mobile phase diffusion coefficient D; ,,,. This relates both to the B-term
(describing longitudinal diffusion) where the increasing mobile phase diffusion coef-
ficient increases its relative contribution, as well as to the C,,-term where a larger D; ,,
reduces its contribution to the theoretical plate height (Eq. (2)):

2 2
Dmﬂ+11y +6kﬂ+1xd§% 2% d

+ ~ Uy (2)
Uo 96 (1 + k,)z Dm,o fl f2

H= |2 X
3(1+k)° Ds

where &’ represents the capacity factor (also known as the retention factor), d. the
capillary column diameter, df the stationary phase film thickness, %, the mobile phase
velocity at the column outlet, Dy, , and D, the diffusion coefficients of the analyte in
the mobile phase at the column outlet condition and in the stationary phase, respec-
tively, and f; and f; are pressure correction factors according to Giddings [12].

Taking these two effects together, this leads to a shift of the minimum of the van
Deemter curve, denoting the optimum separation velocity #,,; (Eq. (3)).

D, | 3(1+k)°
de \ 11k + 6k' +1

(3)

ﬂopt = 8

The optimum mobile phase velocity will thus scale with the average diffusion
coefficient in the mobile phase D,,, leading to an improvement of a factor of roughly 4
compared to operation at ambient pressure (Figure 3). As the slope of the right arm of
the van Deemter curve also decreases, it is possible to obtain an even higher gain in
separation speed, if one is willing to sacrifice some of the theoretically achievable
separation. In contrast to the micro- and narrow-bore GC column approach, LP-GC
utilizes normal- or even wide bore columns which offer a much larger maximum
sample capacity Q (Eq. (4)) [5].

s (1)’

12
kO

_5n

Q, zﬂ 0; X df xd. xH (4)

where B is a solute-liquid phase specific factor, &’y is the capacity factor at infinite
dilution, and ps is the density of the stationary phase. A further significant advantage

HETP
[mm] Operatehd ulnder | Operated under
atmospheric outlet vacuum outlet

1.00

0.75

0.50 i Optimum linear velocity

: ‘ increases by a factor 8+
0 i i

50 100 150 200 Linear gas
velocity [cm 5]

Figure 3.
Van Deemter curve for a 0.53 mm ID capillary column with He as a carrier gas for normal pressure and reduced
pressure operation.
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is that due to the reduced pressure within the column, the analytes elute at much lower
oven temperatures (compared to normal pressure operation) which is highly beneficial
for thermally labile compounds but also reduces the thermal stress to the GC column.
The reduction in resolution is normally not a problem, as in most cases mass
spectrometers are used as detectors that tolerate to some degree also the coelution of
analytes due to their selective detection and/or signal deconvolution capabilities.

1.3 Direct resistive heating for GC

Air bath ovens are nowadays still standard in commercial instrumentation, offer-
ing operational simplicity and stability and ease of temperature control. Still, their low
heating rates, high power consumption and typically bulky size do not make them the
ideal choice if fast separation or portable instrumentation are envisaged. All these
disadvantages can conveniently be overcome by using resistive heating which uses an
electrically conductive material as the heat source [13]. To this end, the heating
element either has to be placed in intimate contact with the GC column, or in the ideal
case is the GC column itself. Heat is transferred by conduction or radiation. Although
resistive heating was used already at a very early stage for gas chromatography [14], it
was replaced soon after by air bath ovens due to their greater practicability and user-
friendliness. Resistive heating only reappeared in the 1980s (although rather as a niche
technique) and was continuously improved since.

Resistive heating offers fast heating and cooling rates, low power consumption and
allows instruments to be built with a small footprint. All of these features make
resistive heating the ideal heating technique for miniaturized and transportable GC
instrumentation. Moreover, resistive heating has also become attractive for benchtop
instruments where extremely fast heating rates are required that no longer can be
reached by conventional air bath oven systems.

The optimal heating rate for a GC column (achieving the best compromise
between separation efficiency and analysis time) is dictated by a range of parameters,
such as carrier gas flow rate, column diameter and length. Blumberg et al. [4, 15]
introduced the concepts of speed-optimized gas flow rate (SOF) and optimal heating
rate (Rr, opt), Which can be used as starting points of settings for fast GC analysis.
Here, the speed-optimized flow rate is:

SOF =f . de 5

where fy.s, in mL min~ ' mm ™, is determined by the carrier gas type (10 for
hydrogen and 8 for helium) and 4. is the column internal diameter in mm. R, op is
usually 10°C per void time [15], which results from the selected flow rate and column
dimensions. Some model calculations for the optimum GC parameters and the
resulting analysis times and peak capacities are reported in Table 1.

It becomes evident that maximizing the advantage of short column lengths for fast
GC while maintaining a good peak capacity requires the operation with very high
heating rates, which makes resistive column heating mandatory.

1.4 Multiplexing GC

Not a fast GC method in the strict sense, multiplexing GC still offers the possibility
to increase sample throughput, and thus the number of GC runs performed in a given
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Column length SOF Void time Rt opt Normalized peak Normalized

[m] [mL min ] [min] [°C min™!] capacity analysis time

1 0.8 0.0134 746 31.6 43

3 0.8 0.0568 176 54.8 18.1

5 0.8 0.116 86 70.7 371

10 0.8 0.313 32 100 100
Table 1.

Optimum GC parameters and resulting separation performance for various column lengths, calculated for
He as carrier gas, an internal column diameter of 0.1 mm and the void time being calculated at 50°C (after
Wang et al [13]).

time frame. The idea of multiplexing GC is based on introducing a sample (either the
same, or a gradually changing sample) at pre-defined intervals which are much
shorter than the chromatographic run time [16, 17]. This leads to a complex chro-
matogram that results from the superposition of the individual chromatograms intro-
duced at different timepoints. It is possible to deconvolute the complex chromatogram
into the individual chromatograms, provided that the sequence at which the sample
was introduced is known (Figure 4), and that it is a random, non-periodic binary
sequence (0 = no sample is introduced; 1 = sample is injected).

While the concept is attractive and has in recent years been applied to gas chro-
matographic and other types of chromatographic [18, 19] and non-chromatographic
separation [20] notably by the group of Trapp and co-workers, it requires a significant
computational effort, and also can be used to monitor processes only in retrospect, as
the entire data set must be recorded prior to deconvoluting the data into the original
individual chromatograms.

2. Basics of gas chromatographic separation

Gas chromatography is a separation technique for compounds which are suffi-
ciently volatile to be transported via the gas phase. As the analytes travel along the
column, they encounter retention on the basis of their individually different interac-
tion with the stationary phase and eventually are separated. The parameters that
influence the resolution are the chemical nature of the stationary phase (governing the
selectivity a), stationary phase thickness df, column length L (proportional to theo-
retical plate number N) and inner diameter d. (inversely proportional to theoretical
plate number), carrier gas velocity # (allowing to reach optimal, that is, minimal
values for the theoretical plate height H) and the column operation temperature. Since
the latter parameter is the easiest to change from the practical point of view, practical
method development typically starts with the adjustment and optimization of the GC
column temperature programme.

In classical gas chromatography, two major modes of operation are distinguished:
isothermal GC and temperature-programmed GC. In isothermal GC, the analytes are
separated at constant column temperature. This leads, for the members of a homolo-
gous series, to exponentially increasing retention times ¢ and to peak widths W that
increase roughly proportionally (proportionality factor b) with retention time (see
Eq. (6)) [21].
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Figure 4.

Concept of multiplexing GC used for high-throughput analysis: a) schematic experimental setup for an analytical
system equipped with a multiplexing injector. The samples are sequentially injected by short pressure pulses (1—

5 ms) onto the separation column by the multiplexing injector according to an n-bit binary pseudo-random
sequence (n = 5) with time intervals At on the ovder of seconds. b) Temporally shifted chromatograms obtained by
repetitive sample injections according to the pre-determined pseudo-random sequence. c) Convoluted
chromatogram, which represents the sum of the chromatograms depicted in (b). (Reprinted with permission from
O. Trapp, Angew. Chem. Int. Ed. 46 (2007) 5609-5613. © 2007 WILEY-VCH Verlag GmbH ¢ Co. KGaA,
Weinheim [17]).

W=bt (6)

Although peak width increases with retention time, the resolution of two adjacent
peaks improves by a factor /N, and thus with the square root of the column length,
which causes a proportional increase in separation time if the measurements are
performed at the same linear (average) velocity. However, the price that one has to
pay is the loss in sensitivity, as the peak height becomes the smaller, the wider the
peaks are. At a certain point, the signal-to-noise ratio will become so low as to prevent
their detection.

While isothermal separations are always superior to temperature-programmed
separations under comparable conditions in terms of achievable resolution, these are
only recommended where the analytes have a relatively narrow range of boiling points
to avoid unacceptably long separation times. However, as the GC system is in constant
thermal equilibrium, very stable retention times and chromatographic peak areas are
typically produced because the baseline, inevitably caused by column bleed, is either
very low or constant throughout the entire run.

In contrast to this, a temperature gradient- or temperature-programmed separa-
tion is performed when an analyte mixture of largely different composition and
boiling points is to be analyzed [22]: In that case, the change of column temperature is
associated with a change in chromatographic retention, expressed by the capacity
factor (often also called retention factor) &’ (Eq. (7)):

k/ = tr/tm (7)
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where the temperature dependence of &’ is described by:
k' = ky exp (AG/(RT)),or (8)
Ink' = In ky+ (AG/(RT)) 9)

In Egs. (8) and (9), k¢’ is the retention factor of some previously chosen reference
substance, R = 8.314 ] mol " K the universal gas constant, T the absolute tempera-
ture in K and AG an increment (relative to the reference solute) in Gibbs free energy
of desorption of a given solute from the stationary phase.

Two analytes will be separable from each other by gas chromatography, if there
exists a difference in their interaction with the stationary phase, which implies
AG; # AG; and consequently leads to &y’ # k;’.

At the same time, both parameters (capacity factor or retention factor k¥’ and Gibbs
free energy change AG) show a distinct dependence on temperature. Keeping in mind
that the capacity factor k&’ is related to the distribution constant or partitioning coeffi-
cient K of an analyte through the phase ratio p (Eq. (10)):

=K /B (10)
where the phase ratio p is defined as (Eq. (11)):
B=V,/V; (11)
and V,, and V are the volumes of mobile and stationary phases, respectively, in
the GC column, we can express the relation between the partitioning coefficient K and
the change of Gibbs standard free energy AG® at equilibrium by (Eq. (12)):
AG°®° = —RT In (K) (12)
As it is known from thermodynamics that the change in Gibbs free energy can be
related to the change of the standard enthalpy AH° and the standard entropy change
AS° according to (Eq. (13))
AG° = AH®° — T AS° (13)
Substituting Eq. (13) into Eq. (12) leads to:

AH®° — TAS® = —RT In (K) (14)

which can be rearranged to yield:

AH® AS°) (15)

Kze‘xp(—RT+ R

As both AH® and AS° can, in a first approximation, be considered constant for a
narrow temperature interval, it becomes evident that the partitioning coefficient
critically depends on temperature. Even a small temperature change can have a
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remarkable effect on the partitioning coefficient and hence on retention. This effect is
used to maximize the difference in relative retention between analytes, and thus to
effect separation.

The importance of temperature in GC separations has already been known from
the beginning of its development. Already in the very first examples of successful GC
separations, different column temperatures were chosen to separate different mix-
tures [23, 24]. However, in the early years of gas chromatography, it was experimen-
tally difficult to reproducibly set different column temperatures and keep them
constant. Thus, volatile compounds were separated at low column temperatures while
less volatile compounds eluted at long retention times and with broad peaks. This
problem is generally referred to as the “general elution problem” which can only be
overcome by altering the capacity factor k£’ from high values at the beginning of the
chromatogram to lower values towards the end of the chromatogram, achieved by an
increase of column temperature. Griffiths et al. [25] demonstrated as early as 1952 the
benefits of changing the temperature of the GC column to improve separation. How-
ever, it should take until the late 1950s for both the instrumentation and the theory for
temperature-programmed GC (TPGC) as developed, largely led by the instrumental
developments and the theoretical treatment of Dal Nogare [14, 26, 27]. TPGC was
demonstrated to provide a solution to the general elution problem and quickly became
the primary separation mode in GC.

Temperature-programmed GC (TPGC) has a number of advantages over
isothermal GC (ITGC), which are [28]:

* better resolution of early eluting peaks,
* better detectability for late eluting peaks,
* shorter analysis times,

* removal of less volatile sample constituents (matrix or contaminations) from the
column if the temperature is increased sufficiently at the end of the run or held
for a certain period at the gradient end temperature,

* decreased peak width and hence increased peak height and enhanced sensitivity
for late eluting peaks and

* better peak shapes and precision (as a result of better-defined peak
boundaries).

This is contrasted by a number of drawbacks which, however, are normally by far
offset by its advantages. These include:

* the need for more complex instrumentation,
¢ an increase in baseline noise,

* limitations to use certain stationary phases due to lack of suitability for use at
high temperatures, and

* eventually, longer total analysis time due to a long cooling period after each
analysis.
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In TPGC, three types of temperature profiles are generally used:

* linear profiles, at which the temperature is changed at a constant rate,

* multilinear profiles, which consist of several phases of either isotherm operation
or heating at a constant rate and

* ballistic profiles, which occur when an oven is rapidly heated. The heating rate
changes over time.

3. Thermal gradient gas chromatography (TGGC)

Classical chromatographic operation modes achieve the separation of analytes
either under constant retention conditions, or by initially retaining these strongly at
the start of the chromatogram, and then reducing their retention by lowering the
capacity factor for these compounds. In gas chromatography, this corresponds to the
operational modes of isothermal GC (ITGC) and temperature-programmed GC
(TPGC). In liquid chromatography, the equivalent modes would be isocratic separa-
tion (= separation under constant elution strength) and gradient separation (with a
solvent of increasing elution strength). In both GC and LC separation, the application
of a gradient results in the decrease of the capacity factor k’, and hence in reduced
retention. This illustrated in Figure 5, where the retention ratio R, has been intro-
duced as a dimensionless parameter describing the analyte velocity relative to the
mobile phase velocity (Eq. (16)):

1

_ 1
1+ % (16)

r

It is a characteristic property of separation under static (isothermal/isocratic)
conditions that the axial dispersion of the analyte band within the column increases
with migration distance. In isothermal separation, however, the retention time differ-
ence between two (differently) retained peaks increases stronger than the peak width
does. Isothermal separations represent thus the best achievable separation from a
theoretical point of view. With increasing temperature, retention times become
shorter (and separation consequently faster) but also resolution between two adjacent
peaks is reduced. The explanation is that the migration velocity of the two analytes
approaches the mobile phase velocity with increasing temperature, leading to a partial
and finally a complete loss of resolution when a temperature is reached at which both
analytes are exclusively in the mobile phase. For (linearly) temperature-programmed
separations, however, separation benefits from the fact that the analytes are at least
partially retained (and they consequently move through the column at a lower speed
than the mobile phase velocity) as long as the column temperature is below their
boiling point. Once the boiling point of this substance is reached, or more correctly,
once it no longer partitions into the stationary phase, it starts to travel along the
column with the velocity of the mobile phase. The separation of the analytes is thus
achieved in the first part of the temperature gradient of the separation, where the
analytes have (due to their individual affinity towards the stationary phase) different
linear velocities in the column. As soon as the analytes are both only present in the
mobile phase, they are transported towards the detector with a constant time offset,
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Figure 5.

Plot of retention ratio (R,) against migration distance for different modes of chromatographic operation. Abbreviations
and symbols: PTGC: Programmed-temperature GC; TGPGC: Thermal gradient-programmed-temperature GC, k’:
Capacity factor; L: Column length; Z: Traveled distance of the analyte (redrawn after Rubey [29]).

and resolution does, in fact, not change much. This behavior is clearly seen in the
simulations reported in Figure 6, which represent simulated results” for the separa-
tion of linalool and linalool acetate under isothermal conditions at different tempera-
tures (Figure 6a), and under different gradients (Figure 6b and c). In the simulation
of the isothermal separation, it becomes evident that (theoretically) the best separa-
tion is achieved at low oven temperature (at the price of an excessively long duration
of the separation). Increasing the isothermal temperature reduces both the absolute
and the relative retention and thus decreases the resolution. For the case of
temperature-programmed GC with a linear ramp, it can be seen in Figure 6b and ¢
that for a given temperature window (separation with the same gradient steepness but
different starting temperatures), the absolute difference in retention times is approx-
imately constant, and so is also the peak width. Consequently, the resolution is con-
stant in this window of operating temperatures, and it only starts to decrease when the
gradient starting temperature is so high that the second, slower analyte is no longer
retained sufficiently relative to the first, faster-traveling analyte. At a certain point,
the resolution of the considered peak pair is lost or at least significantly compromised.
The steeper the temperature gradient is, the earlier this point is reached (compare
Figure 6b and c).

Temperature gradient GC separations are different from ITGC and TPGC in that a
temperature gradient is applied; however, this gradient is normally a gradient in space
rather than in time, and the gradient leads to a decrease of column temperature in
axial direction. While the use of such a gradient is contra-intuitive according to
normal chromatographic separation theory, it bears a number of advantages over
classical modes of operation as the axial negative thermal gradient leads to a reduced k&’
value and hence a reduced migration velocity of the analyte peaks as they travel down

* Simulations of GC retention time and peak width were performed with the web version of the freeware
programme “Restek Pro EZGC Chromatogram Simulator” (available at: https://ez.restek.com/proezgc,
accessed on 10.01.2023). Simulations were performed for the analytes linalool and linalool acetate on a Rtx-
1 column of dimensions 30 m x 0.25 mm x 0.25 pm with a flow of He at 2 ml min~* under the conditions
specified.
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Simulations of gas chromatographic retention and the resulting resolution for linalool and linalool acetate
(simulated using the Restek Pro EZGC Chromatogram Simulator [hitps://ez.vestek.com/proezgc,]) under a)
isothermal conditions, b) gradient separation conditions at different starting temperatures and a vamp of 10°C/
min and c) gradient separation conditions at different starting temperatures and a ramp of 20°C/min.

the column. Since the leading edge of a peak is decelerated versus its centre or trailing
edge, the peak is focused (Figure 7).

Remarkably narrow (and thus high and well-detectable) peaks can result from this
mode of operation; however, as all peaks are decelerated in a static temperature
gradient GC (TGGC) system, the resolution is typically also reduced in comparison to
an isothermal separation system.

In fact, it has been a matter of debate whether peak focusing can improve the
resolution of a negative thermal gradient system over the best achievable isothermal
separation (called by Blumberg %dealized basic separation’, IBS) [31-33]. The conclu-
sion was that even peak focusing through a negative thermal gradient could not
improve resolution over what is achievable in the IBS under isothermal conditions
[34]. However, as the resolution is often limited by practical problems (slow injection,
cold spots, peak tailing), TGGC counteracts many of these and is thus capable of
bringing the resolution of practical chromatograms closer to the theoretically
achievable performance limit [35].

To overcome the limitation of decreasing resolution as the peaks get slower as they
move towards the (colder) column end, TGGC can also be operated in the dynamic
mode. This operation mode involves using an axial negative thermal gradient along
the GC column, which is ramped during the chromatogram. The increase in temper-
ature as a function of time prevents the analytes from getting stuck on the column,
thereby losing the separation already achieved. Important parameters that govern the
resolution are the speed at which the temperature is ramped up and the steepness of
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Peak broadening in conventional GC (left) compared to peak compression due to the negative temperature
gradient (vight). In equilibrium, the thermal velocity of the sample is identical to the chromatographic velocity of
the sample. (Reprinted with permission from P. Boeker, ]. Leppert, Anal. Chem. 87 (2015) 9033-9041. © 2015
American Chemical Society [30]).

the gradient (temperature difference between the inlet and outlet of the GC column).
The different modes of chromatographic operation are listed in Table 2 and
graphically represented in Figure 8.

Thermal gradient gas chromatography can offer several advantages over PTGC.
The most important ones are listed below [36]:

* Use in hyperfast-GC analyses possible,

* Elution at lower temperatures than in PTGC, especially useful for the analysis of
thermally unstable substances (Figure 9),

* Increased chromatographic resolution,
¢ Possible use in miniature and micro-GC units,

* Continuous sample injection is possible in some designs.

Producing and maintaining a stable thermal gradient requires a very different
and dedicated instrumental setup than conventional GC. The various approaches
to designing and constructing instrumentation capable of TGGC mode operation
will be discussed in the subsequent section. An overview of the different possibilities
for creating a temperature gradient along the column is given in Figure 10 (after
Conteras [36]).

T = f(Position along the column)?

No Yes
Isothermal GC (ITGC) TGGC with a stationary gradient
T = f(Time)?
Yes Programmed-temperature GC (PTGC) TGGC with a moving gradient
Table 2.

Modes of chromatographic separation.
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Figure 9.

Hllustration of one of the most important advantages of TGGC: The elution of analytes (here: n-alkanes C8 — C30)
at significantly lower column temperature than in TGGC. The difference can be as large as 45°C, as shown here,
while the peak width of TGGC and PT-GC separations is practically the same. (Reprinted with permission from
P. Boeker, ]. Leppert, Anal. Chem. 87 (2015) 9033-9041. © 2015 American Chemical Society [30]).

4. Producing axial temperature gradients in GC

Very soon after the establishment of gas chromatography as a versatile separation
technique [37], different operational modes were studied to improve its performance.
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Left: Possibilities of creating thermal gradients along a GC column. Right: Classification of heating and cooling
methods by heat transfer mechanism (after Contreras [36]).

The first application of axial thermal gradients in gas chromatography was probably
reported by Zhukovitskii et al. in 1951 [38]. In this work, a furnace was used to
generate a temperature gradient between the head of the column that was heated to
the highest temperature and where the heat dissipated towards the end of the glass
column, filled with a solid adsorbent. This method was capable of reducing the severe
peak tailing seen in isothermal operations. This variant of gas chromatography was
named ‘chromathermography’, a name also used later on by several other groups [39].
In 1956, Zhukhovitskii introduced a modification of the original design which had a
furnace that was moving along the packed GC column to create a dynamic tempera-
ture gradient [40]. In this design, frontal chromatography was combined with a non-
stationary gradient to allow the semi-continuous analysis of samples [41]. Further
developments of this principle became in the late 1950s and early 1960s a mainstay for
chromatographic analysis in the USSR, with two commercial instruments, namely
models KhT-2 and later KhT-2 M, being introduced on larger scale [42-44]. In these
instruments, both active heating and cooling were implemented, the former being
achieved by contact heating of the coiled chromatographic column and the latter by
blowing cool air counter-currently to the direction of the carrier gas stream in the
column. Relatively little notice was taken outside the USSR of this technique, mainly
because hardly any publication was available outside the USSR [38]. Tudge reviewed
this and several other Russian papers related to chromathermography and contributed
to this technique’s theory [45]. In the USA, Nerheim published a paper on this method
[46]. This work generated a heated zone by a glass sleeve wrapped with heating tape
that was moved along a short linear glass GC column. The oven was passed several
times over the GC column whereby the temperature was increased from one passage
to the next, allowing the separation of individual peaks. The next contribution to this
type of chromatography was made by Ohline and DeFord, who used a 15” long oven
consisting of an aluminum bar that was heated on one and cooled on the other end
[37]. Due to the use of cooling (cold water) and heating medium (steam), only
relatively low-temperature gradients of 1 to 8.5°C/cm could be reached. In addition to
a theoretical comparison of separation times in ITGC and TGGC, this allowed an
acceptable separation of low alkanes (C5-C9).
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In the early 1970s, a new way of creating the thermal gradient was introduced by
Vergnaud and co-workers [47, 48] which in fact marked the transition from what was
hitherto called ‘chromathermography’ (where the heated zone is moved along the GC
column, and consequently the temperature gradient is created only along a (short)
section of the entire GC column) to thermal gradient GC where the temperature
gradient extends along the entire chromatographic column which however still is of
short length (typically below 5 m, and more often even below 2 m). The temperature
gradient was created by resistive heating with a heating wire coiled around the
separation column [49, 50]. With this general idea, various operational modes were
available, such as isothermal and programmed-temperature operation, temperature
gradient operation and also backflushing, depending on the control of the heated
zones [47, 48]

While this experimental setup already provided considerably increased flexibility
as compared to conventional operational modes in GC, this was taken even further by
the approach of Fenimore [51], who designed an experimental setup in which column
sections would be heated individually. To this end, an 11 m long capillary column was
coiled around five sections of brass tubing of 4.35 cm OD, which could be heated
individually by coiled nichrome heating elements mounted on ceramic tubing coaxial
to the brass tubing. Each coil held, within a grove machined into the surface of the
brass tubing, approximately 2.25 m of column length. This allowed the separation of
C10-C18 hydrocarbons in less than 3 min, and as the heaters could be controlled
individually, also the use of different operational modes.

In the second half of the 1970s and early 1980s, some few papers appeared on
chromathermography for preparative use and discussed the practical realization
[52, 53] and the quantitative aspects of this technique, which was considered as an
analogue to frontal (displacement) chromatography for liquid chromatography where
the role of the displacement solvent was taken by the heater element.

After a long period of hibernation, renewed interest in the TGGC technique arose
in the early 1990s. Rubey both patented [54, 55] and published [29, 56] an approach to
produce axial thermal gradients where a column mounted in a sheath assembly on a
heat exchanger allows establishing a temperature gradient along the column. Heating
is achieved by an electrical heater that provides a constant amount of heat along the
column length, while cooling is done with a stream of nitrogen that is pre-cooled
when entering the heat exchanger and loses its ability to cool the column as it passes
along the column in counter-current orientation to the carrier gas stream. In addition
to introducing the three-dimensional view of temperature distribution along the col-
umn length and with time that we also use in Figure 8 to illustrate the characteristics
of TGGC in comparison with ITGC and TPGC, Rubey succeeded in separating a
mixture of n-alkanes with wide volatility differences (#C8 — nC22) within
100 seconds.

In a series of papers, Jain and Phillips [57-59] developed an experimental setup for
TGGC in which the temperature gradient was created by directly resistively heating
the capillary GC column. This was achieved by using a thin electrically conductive
film applied to the outside of the column such that a negative resistance gradient was
created along the column. The negative temperature gradient along the column con-
tinuously refocused eluting bands, resulting in sharper and taller peaks. The authors
also concluded that the proposed technique showed promise for rapid analyses of
flowing streams and, thus, for real-time monitoring applications.

The revived interest in TGGC was also demonstrated by several patents filed in the
early 1990s with different materializations of the TGGC principle. The patents of
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Rubey [54, 55] were already mentioned above; they described a TGGC system in
which the thermal gradient was created by controlling the temperature of a heat
transfer fluid via resistive heating. In 1993, Hiller et al. patented a TGGC system [60]
where the GC column is incorporated into a system of two coaxial tubes. Through
these tubes, a cold and a hot heat transfer fluid are circulated counter-currently and
allowed through a heat exchanger and the control of the fluid flow rates and
temperatures the production of different temperature gradients.

Rounbuehler et al. filed in 1998 a patent [61] in which the production of thermal
gradients by various approaches was claimed, among these using directly resistively
heated metal columns of different cross-sections for the increasing removal of heat
from a uniformly heated metal capillary by a more efficient heat exchanger. Although
the theoretical concepts are interesting, the patent seems to be a rather hypothetical
work, as the authors have not reported any chromatogram recorded with their
approach, nor have they published any results obtained with any of their described
systems.

Only one publication on TGGC seems to have appeared in the decade from 2000 to
2010: This is the work of Zhao et al. [62], who have produced a temperature gradient
on a 70 cm PLOT capillary column (filled with Porapak™ Q) inserted in the spiral
grove of a brass plate. This plate — and consequently the GC column seated therein —
was heated by a centrally located heating element, and the temperature gradient was
created by the dissipation of heat to the environment. Although only a very shallow
temperature gradient (ca. 1°C cm ") could be produced this way, some improvement
in separation time over classical TPGC was reached while separation efficiency
remained almost unaffected.

A significant impulse to this direction of research was given by Contreras in 2004,
who then submitted his Master thesis at the University of Dayton [63] that was devoted
to the design and application of thermal gradient programming techniques for use in
multidimensional gas chromatography-mass spectrometry (MDGC-MS). In this thesis,
TGGC operation was proposed as a technique that allows focusing of the analytes
eluting from the 1D-column at the head of the 2D column and their subsequent fast
separation in the second dimension. To this end, a column sheath assembly was
constructed to create an axial temperature gradient in the column, and have a fast
heating and cooling cycle, while keeping radial temperature uniform within the column.

While rapid heating usually is not a problem in (comprehensive) MDGC, it was
correctly pointed out by the thesis’ author that rapid cooling is problematic, which in
this case was achieved by a mechanically modulated device that exposed different
sections of the second-dimension column to a liquid-nitrogen cooled stream of gas-
eous nitrogen. Unfortunately, none of the considerations of this author regarding
TGGC operation was published outside of his Master thesis. However, in his PhD
thesis, performed at Brigham Young University, Utah, under the supervision of
Milton Lee, Contreras returned to the investigation of axial temperature gradients in
gas chromatography, which he has already started in his Master thesis [36]. Two
publications resulted directly from this PhD thesis in which Contreras discussed the
possibility of using a TGGC system for fast separation.

The first of these two publications [64] describes the “peak sweeping” mode of
TGGC operation. This is based on introducing a sample into a column with a preset
decreasing temperature gradient along its length, waiting for a short time until the
sample separates along the gradient, and then raising the temperature to sweep all of
the compounds out of the column and into the detector (“peak sweeping”). To
demonstrate the feasibility of this approach, a simple laboratory apparatus was
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TGGC system for generating axial temperature gradient profiles (from Contreras [36]).

constructed based on simultaneous resistive heating and convective cooling

(Figure 11). Contreras could demonstrate by experimental comparison between iso-
thermal GC (ITGC), temperature-programmed GC (TPGC) and TGGC that the result
of TGGC separation is essentially equivalent to TPGC operation when using the same
column length; however, narrower peaks and higher signal-to-noise-ratios are
achieved in TGGC (Figure 12). Furthermore, TGGC helps to minimize band broad-
ening and peak tailing that arise from non-ideal sample introduction or column
adsorption. The extremely high column heating (4000°C min ") and cooling rates
(3500°C min ') as an effect of the low thermal mass of the system allow for selective
separation (i.e., “peak gating”) of compounds in a mixture without sacrificing the
resolution of earlier or later eluting compounds (Figure 13).

28



Perspective Chapter: Negative Thermal Gradient Gas Chromatography
DOI: http://dx.doi.org/10.5772 /intechopen.110591

Isothermal
165 °C

- |
N

00 24 36 48 60 72 84

Programmed Temperature
80-200°C @ 25°C/s

00 12 24 36 48 é"sjo' 72 84

- Cuo
‘ Co C
Crz Thermal Gradient
- 80 to -20°C
o Te Peak sweep to 200°C @
= | 13 58°Cls

00 12 24 36 48 60 72 84
Time (s)

Figure 13.
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29



Novel Aspects of Gas Chromatography and Chemometrics

Sample Outlet to
Detector

Sample

Inlet \\

GC Column
(Two Loops)

l Cooing Fans
>
y e / L7
/ Circuit Boards

Electronic Circuit
Boards

Figure 14.
Schematic three-dimensional drawing of the GC system used to create the different temperature gradient profiles
(left) and photograph of the actual experimental setup (vight) (from Contreras [36]).

The second paper published by Contreras in connection with his PhD thesis [65]
described a TGGC system capable of rapidly producing and varying thermal gradient
profiles by simultaneous use of resistive heating and convective cooling. The middle
section of a 3 m GC column was inserted into a nickel tubing that was resistively
heated by 40 individually addressable heated zones of each 5 cm length over an
active column length of 2 m. Active cooling was achieved by five computer fans
aligned along the GC column coil. The initial and terminal parts of the column were
used to interface the column to the inlet and the flame ionization detector of a
commercial chromatograph (Figure 14). Heating and cooling rates as high as
1200 and 2500°C min ™, respectively, allowed the creation of dynamic temperature
gradients. The separation characteristics of TGGC with dynamically changing tem-
perature gradients were demonstrated with an experimental setup using a 1 m column
length. With a gradient velocity of 2.22 cm s/, repetitive separations were possible every
45 s, and injection bandwidths of 45 s duration were transformed into peaks of approxi-
mately 1s peak width. Dynamic TGGC enables unique control over separations, allowing
to improve resolution and detection of signal-to-noise. Smart separations can be
performed by TGGC in which the separation time window is most efficiently utilized,
and optimized separations can be quickly achieved. However, both the energy and the
space demand of this instrument are considerable, making it not very attractive in the
routine laboratory, despite of its excellent chromatographic performance.

Only a limited number of further practical works related to TGGC were later on
performed at Brigham Young University — among these, the PhD thesis of Wang [66]
which investigated direct resistive heating and axial thermal gradients applied to
microchip gas chromatography [67]. Although, due to the difficulty of microscale
fabrication of the GC columns, the improvement achieved by TGGC over TPGC with
regards to peak width and separation efficiency was not as impressive as at normal
scale, the improvement in peak shape and the significant reduction of peak tailing was
noteworthy. Instead, the group around Tolley and Lee concentrated on more theoret-
ical studies on the separation behavior and simulation of GC separation under the
different experimental conditions. These findings were published in a series of papers
[68-71], many of which were based on the Master thesis of Avila published in 2021
[72]. They discuss in detail the simulation of capillary GC separations, including
thermal gradient conditions [69], the comparison of static thermal gradient to
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isothermal conditions in GC [71] and the comparison of dynamic thermal gradient GC
operation to temperature-programmed gas chromatography [71].

Prior to this, the same group of authors had filed a patent on “Gas chromatography
using a thermal gradient that is substantially monotonically non-increasing and has a
positive second derivative” which is presenting two embodiments of the invention
claimed to be capable of producing temperature profiles that are monotonically
decreasing from injection to detection, or of constant temperature. The distinguishing
feature is the fact that with segment-wise created gradients, there would typically be a
piece of separation column where, for practical reasons, the temperature profile
would increase — in contrast to the present invention [73]. A further patent was filed
in 2020 by Tolley and Kingston, aiming at introducing a new realization for both
temperature gradient and traveling wave gas chromatography [74]. The patent
describes inductive heating of (sections of) a GC column housed in a metal capillary
that allows the production of either a monotonically decreasing temperature profile
from head to the end of the GC column or to move a heated zone only along the GC
column. Although many different forms are presented in this patent which theoreti-
cally could produce the desired results, it must be assumed that the idea was never put
to work as no chromatograms are presented.

In this context, a further patent deserves mentioning where a “fluidless column oven
for gas chromatography” is presented in which the GC column (inside a metal capillary)
is resistively heated to the desired temperature or temperature profile [75]. The
characteristics of this system are that it has a number (6, in the disclosed setup) of
individually heated zones: The initial five heated zones allow to create a monotonically
decreasing temperature along the column while the last zone is heated again to higher
temperature than the penultimate column segment. It is not detailed by the inventors
why such a system should bring an advantage over classical isothermally operated, or
thermal gradient/temperature-programmed GC systems that have an essentially
monotonous increasing or decreasing temperature profile, and it must be doubted that
there actually is an advantage in this particular mode of operation (Figure 15).

It shall be mentioned that the inventor of this patent is also involved in the produc-
tion of a TGGC setup that can be fitted into any commercial GC by using its injector and
detector; however, replacing the conventional air bath oven with an assembly consisting
of a coiled GC column installed over a number of individually addressable heated zones
with an external temperature control unit [76]. In contrast to the invention described in
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Figure 15.

a) Schematic drawing of the GC system used to create a customized temperature profile with a “fluidless column
oven for gas chromatography” and b) resulting non-monotonous temperature profile along the GC column as
described in the patent of Pierce [72]). The numbers in the left panel vefer to the original patent and denote: 10:
Fluidless column oven (‘FCO’), 11: Inlet portion, coupled to 102: Injector, 12: Plurality of heat zones, 13: Outlet
portion, coupled to 106: Detector, 104: Analytical column (veproduced from DR Pierce, Patent US 10,520,478 B2

(2019). [75]).
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Figure 16.

Separation of a 15 organochlorine pesticides with a GC system with “fluidless column oven”, employing the TGGC
principle. Column used: Restek MXT-1, 30 m x 0.53 mm, 0.5 um dg inlet: 320°C, outlet: 180°C, FID detection
(reproduced from GC Ovens Inc. Website [76]).

the patent, only a monotonous decreasing temperature profile along the column is used,
without the ascending final part of the temperature, which is the distinguishing feature
of the disclosure in contrast to earlier patents. The proposed system offers the advan-
tage of being able to work with any commercial column of regular dimensions; how-
ever, the length of such columns precludes achieving very fast and highly resolved
separations, as the optimum heating rate scales with the column length and diameter
[15, 77]. Also, as the temperature gradient is not ramped, the late eluting peaks are
significantly broadened compared to the early eluting peaks (Figure 16).

In contrast to publications and patents that did not lead to a commercial
product, the independent development of Boeker at the University of Bonn
[78, 79] did lead to a system that eventually also was commercialized [80]. The system
consists of a cylindrical tower with a spiral grove from bottom to top along its wall. It is
filled with air-permeable foam, open at its bottom end and closed at the top. Centred
over the spiral grove, 2a1.8 m x 0.1 mm ID x 0.1 mm df GC column is placed inside a
stainless steel (SS) capillary that is directly resistively heated. A commercial GC injector
and a TOF-MS detector are connected via heated transfer lines. The temperature gradi-
ent along the column is formed by operating a ventilator that pushes cold air from the
bottom of the cylindrical tower through the foam. Due to the flow resistance, presented
to the airflow by the foam inside the cylinder, an airflow gradient is created from
bottom to top. At the bottom, the airflow is largest, leading consequently to the stron-
gest cooling of the GC column within the SS capillary, while at the top of the cylinder,
the air stream is only faint, leading to much less efficient cooling of the GC capillary.
This way, a temperature gradient is created from top where the sample is injected at
high column temperature, to the bottom, where the temperature is the lowest at the
detector end, which is controlled by the relative strength of heating and cooling
(Figure 17). The development and characteristics of this system were presented in the
initial publication in 2015 [30]. A number of interesting applications were to follow,
such as the TGGC/MS separation of explosives [81] or the analysis of residual solvents
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Figure 17.
Schematic vepresentation of the thermal gradient GC system developed by Boeker et al. (Reproduced from the
HyperChrom S.A. homepage [80], with permission).

after CO,(;) cryofocusing [82]. Later, Boeker and co-workers, in collaboration

with Blumberg, also turned to the theoretical description and modelling of the

TGGC separation. Notably the peak profiles and the separation performance of
negative thermal gradient operation were discussed in a series of papers [83-85], which
can be seen as a scientific dialog to the papers of Tolley and Lee [69-71]. This is
particularly so as they were successfully describing both chromatographic separation
and peak width.

While the instrument developed by Boeker et al. (Figure 17) appears to be the only
one commercially available that provides maximum performance at dramatically
reduced separation time, work is also undertaken in other laboratories to improve the
“cooling tower” concept [86], or to develop even more flexible ways of producing
thermal gradients [87].

5. Turning theory into viable instrumentation and selected applications of
temperature gradient GC

Although the principle of TGGC was already introduced at a very early stage of
chromatographic development [36-38], it should take more than six decades until the
full potential of this versatile technique is recognized [88]. Much of the delay in
appreciating the full versatility of this approach lies in the unavailability of the early
landmark papers of Russian authors to the non-Russian speaking community, the
scientific correct but in their strict treatment of the matter somewhat apodictic papers
of Blumberg et al. who pointed out that gradients along the separation column (what
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Brumberg called ‘nonuniform (coordinate dependent) time-varying separation’) would
not improve chromatographic resolution beyond what is achievable with uniform
time-invariant separation, e.g. in [34, 89]. However, the biggest challenges that had to
be overcome were technical. Much of the ideas that led to the initial prototype of the
TGGC system are described in the first column of Boeker [88] which was later
extended by a second installment in which he in more detail commented on the
technological improvements that allowed the instrument to actually achieve the high
performance that it demonstrates today [90].

These improvements relate to the construction of the cooling tower, which in its
initial design was a polymer cylinder into which the helical channel was machined
and, in the current version of the instrument, is realized with additive manufacturing
of the column’s support. Using selective laser sintering, internal cooling channels are
printed into the wall along the flow channels.

The TGGC module is connected to the injector and the detector via heated transfer
lines. This is essential to avoid cold spots, particularly after the separation column,
which could be detrimental to the separation already achieved. Moreover, these transfer
lines and connectors allow the easy exchange of the separation column (which is to be
inserted into the stainless steel tube wound around the supporting structure); however,
to adequately fulfill their purpose without adding to peak broadening or distortion,
these connectors must be purged. The flow of these connectors must be precisely
controlled (via electronic pressure controllers, EPCs) to have in the column the flow that
is providing optimum separation efficiency. Temperature control becomes of utmost
importance, as due to the short column length and separation times, temperature
fluctuations in both space and time immediately lead to unstable retention times. The
amount of sample injected also is critical: To achieve maximum performance, the
column must not be overloaded, which requires high split ratios considering the short
length, small ID and low film thickness of the GC columns typically used. This, in turn,
requires the use of highly sensitive and fast detectors. Both the FID and time-of-flight
mass spectrometers (TOF-MS) are suitable detectors, offering the required sensitivity as
well as the necessary data acquisition rate in excess of 100 Hz.

The examples published so far illustrate the advantage of TGGC versus classical
modes of operation. These include mainly speed and elution of compounds at lower
column temperatures. To illustrate the former advantage, a gas oil sample analysis is
reproduced in Figure 18. This analysis is completed in 1 minute using a 1.8 m

ASTM D2887 Reference Gas Oil
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Figure 18.

a) Fast TGGC analysis of an ASTM D2887 reference gas oil sample within 60 s, applying a temperature gradient
from 35 t0 320°C in 40 sec. b) Analysis of a set of 15 explosives and related substances at two different temperature
gradients. (Reproduced from the HyperChrom S.A. homepage [80], with permission,).
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narrow-bore (0.1 mm ID) column and even offers a better resolution than the stan-
dard ASTM method D2887 [91] that proposes a 10 m x 0.52 mm ID wide bore
column, leading to a run time of ca. 25 min. Also, the advantage of lower elution
temperatures here than in TGGC mode allows eluting even the higher boiling sample
constituents below the upper column temperature limit.

This situation has been used to advantage for the analysis of explosive
substances which are highly thermolabile. For example, using the somewhat slower
gradient (which extends over 40 s), a higher peak is obtained for the most labile
substance PETN as compared to the faster gradient (over 35 sec) as the elution
temperature of this peak is more than 20°C lower in the case of the slower gradient
(Figure 18).

6. Conclusions and outlook

The development and (commercial) introduction of TGGC and its beginning
acceptance in the scientific community probably represent the greatest innovation in
gas chromatography of the last decade, or even after the invention of comprehensive
two-dimensional gas chromatography by Liu and Phillips in 1991 [92]. The versatility
of this technique to achieve fast, highly resolved separations with short columns is
impressive, even if it is accepted by now that the resulting separation cannot be better
than the idealized basic separation (IBS). However, due to the negative temperature
gradient’s inherent focusing effect on the analytes, much of the non-ideal behaviour of
chromatographic separation can be overcome or reduced, leading to significantly
improved peak shape and width.

Practical advantages of lower elution temperature have also been acknowledged,
which are equally important for thermally labile analytes and for stationary phases
with low upper-temperature limits.

As the GC capillary is directly resistively heated, energy consumption is only a
fraction of what an air bath oven GC requires, making this technique more “green” [93].
With the design improvements of the instrumentation that can be expected to
benefit, for example, from additive manufacturing [86, 94] or microprocessor control
and improved electronics [87], it is expected that TGGC instruments will in the future
have an even lower footprint and energy consumption, making them suitable for

portable or field-deployable instrumentation.

Making use of the gating ability of a specifically temperature-controlled TGGC
setup, it is also anticipated that TGGC will find use in the continuous monitoring of
process streams and in comprehensive multidimensional chromatography.

Very likely, TGGC will enable new operational modes of
chromatography and their use for advanced applications we may at the current
time not even be aware of.
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Acronyms and abbreviations

ASTM American Society for Testing and Materials

b proportionality factor

de film thickness of stationary phase

d. capillary diameter

D diffusion coefficient in the mobile phase at inlet condition
Do diffusion coefficient in the mobile phase at outlet condition
Dy diffusion coefficient in the stationary phase
EPC electronic pressure control (unit)

fufa pressure correction factors

Saas normalized (to column diameter) speed-optimized gas flow rate
FID flame ionization detector

AG (change in) Gibbs free energy

H theoretical plate height

AH (change in) enthalpy

IBS idealized basic separation

ID inner diameter

ITGC isothermal gas chromatography

k’ capacity factor (retention factor)

ko capacity factor at infinite dilution

K partitioning coefficient (distribution coefficient)
L column length

LP-GC low-pressure gas chromatography

MDGC multidimensional gas chromatography

MS mass spectrometry

N number of theoretical plates

NTGC negative thermal gradient gas chromatography
pi pressure at inlet condition

Po pressure at outlet condition

PETN Pentaerythritol tetranitrate

Q sample capacity

R universal gas constant (= 8.314 ] mol 1K)

R, retention ratio

Rt opt optimal heating rate

AS (change in) entropy

SOF speed-optimized gas flow rate

SS stainless steel

t retention time

t, corrected retention time

tm dead time

T absolute temperature

TGGC temperature gradient gas chromatography
TOF-MS  time-of-flight mass spectrometer

TPGC temperature-programmed gas chromatography
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N
=)

mobile phase velocity at outlet condition
volume of mobile phase

volume of stationary phase

selectivity (selectivity factor)
chromatographic phase ratio
solute-liquid phase specific factor

Ps density of the stationary phase.

ob

M

= ™ R
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Abstract

Gas chromatography mass spectrometry (GCMS) technology, whether in a
laboratory or in the field allows scientists to identify and quantitate volatile and
semi-volatile chemical compounds at low levels. It was not until the 1990s, well after
the birth of GCMS in the 1950, that portable GCMS technology became possible.
GCMS miniaturization along with a need for scientists to test samples outside of the
laboratory drove the development of portable GCMS systems. Currently, scientists in
the environmental, emergency response, government, military sectors, and private
manufacturing industries use portable GCMS technology to monitor and quantitate
various chemicals such as low levels of hazardous compound exposure in the environ-
ment. Successful implementation of portable GCMS also required that many sample
preparatory techniques used in the laboratory must be modified for application in the
field to maintain simplicity and robustness of the analysis of complex matrices like
soil or water. This chapter will describe portable GCMS technology along with the
current uses and sample preparatory techniques utilized.

Keywords: portable gas chromatography, mass spectrometry, sample preparation, field
deployment, GCMS technology

1. Introduction

Portable gas chromatography mass spectrometers (GCMS) have been used by
people in the environmental science, emergency response, government, military, and
private manufacturing sectors [1]. Common analysis targets in the field have been
narcotics, explosives, hazardous industrial environmental contaminants, and even
food/beverage biomarkers for counterfeit prevention. These systems can identify
and quantitate volatile and semi-volatile compounds contained in gases, liquids, and
solids [1]. The sensitivity of this technique is high with the limit of detection for some
chemical targets ranging from parts-per-billion to parts-per-trillion.

This section gives an overview of the topics reviewed in this chapter including
portable GCMS technology, user requirements, and method development. Section
2 contains information about the basic technology behind portable GCMS sys-
tems. This includes information on low thermal mass gas chromatography column
technology. It also includes key technology differences including available sample
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preparation devices for the following commercial portable GCMS systems: Perkin
Elmer Torion T-9series, FLIR Griffin 500 series, and Infincon Hapsite ER series.

All systems have different, yet similar characteristics that need to be evaluated by
users to establish the best system for their specific methods and deployment criteria.
Section 3 will provide specific case studies highlighting the different systems and
techniques.

Section 3.1 will give characteristics important to users. The users for a Homeland
Security study designed testing parameters to evaluate different portable GCMS tech-
nology specifically to see which characteristics were most important for first respond-
ers or investigators in the field. The study suggested that many different parameters
were important, but again each user would need to evaluate which parameters fit
better with their specific application.

Section 3.2 contains a method development review for headspace needle trap
quantitation of butylated hydroxy toluene using a portable GCMS. The method will
describe the effort involved in creating a purge and trap method for the analyte of
interest and comparison with established GCMS preparatory methods. This work
allowed for better quality control of cosmetics containing butylated hydroxy toluene
using portable GCMS technology.

Section 3.3 contains a method development review for measuring 24 different
illicit drugs with adulterants which could interfere with quantitation using portable
GCMS technology. Method development was needed to show that the results cre-
ated with the portable GCMS technology matched benchtop GCMS technology in a
laboratory.

Section 3.4 showed that by using focusing agents for thermal desorption some
portable GCMS technology had better precision when measuring chemical weapons
agents. These focusing agents were necessary to decrease the relative standard devia-
tion in order to show good chemical weapon agent quantitation reproducibility in the
field using portable GCMS technology. These study descriptions show the amount of
data required to create reliable quantitation methods for portable GCMS technology
out the field.

2. Characteristic portable GCMS technology

Different commercialized portable GCMS technology have unique features over-
laying a set of common core elements. In this next section, the technology that makes
portable GCMS distinct from laboratory based GCMS technology will be discussed
in detail to show why this technology can be deployed outside of the laboratory. In
addition, vendor specific sample preparatory technology will be discussed. Review
of the product brochures and vendor specific documentation are included to describe
the following portable GCMS systems: Perkin Elmer Torion T-9, FLIR Griffin G510,
and Hapsite ER systems. These three instruments are the most up to date examples of
portable GCMS systems in the literature.

2.1 Low thermal mass gas chromatography column technology

Besides the GCMS column selectivity, the temperature programming is one of the
most important factors in contributing to a successful GCMS separation. Temperature
programming is a process of increasing and decreasing column temperature during
a GC run [2]. The temperature changes over a GC run contribute to the separation
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of compounds with different boiling points, and can be used to change detection
limits, help with peak symmetry, and facilitate column cleaning of high boiling point
compounds [2].

For normal GC systems, a convection oven requiring 220 volts is used to heata
silica capillary column to achieve the programmed temperature control mentioned
above. The heating of normal GCMS ovens requires a lot of energy and is relatively
fast. The cool down time of the oven can be much longer as the oven approaches room
temperature since it is only cooled by a fan. All the materials that make up the oven
store the heat which in turn need to be cooled.

The temperature programming of a portable GCMS column allows for faster
changes in temperature rates for heating and cooling and has roughly 1% of the
energy usage compared to a laboratory based GCMS system [3]. The technology used
to achieve this is called low thermal mass (LTM) GC. Unlike a convection oven of a
normal GC system, the LTM GC technology combines silica column, heating ele-
ments, insulation, and temperature sensors in one assembly as to require less material
to heat up and cool down. Less required energy means less time required to heat
up and cool LTM GC columns [3]. This is important for GCMS miniaturization for
portable systems to conserve energy on battery power and to maintain the ability to
run with a column up to 30 meters in length.

The LTM GC column assemblies consist of the following parts: insulated silica
capillary column, insulated heating wire, resistive temperature detector (as a temper-
ature sensor), and metal foil. Each component is bundled together and then twisted
into a torus shape formed by rotating the closed loop of bundled components to create
a smaller loop. Figure 1 shows the composition of the LTM GC column torus con-
figuration along with the cross section of the bundle. This configuration allows for a
high surface area and thus rapid heating and cooling potential while maintaining low
power consumption due to the fact there is no large GC oven, just the heating wires in
the torus bundle. The absence of a large GC oven means the overall heat capacity of
the system is smaller and thus the amount of energy required to heat or cool is much
smaller. Faster heating and cooling rates allow for smaller runtimes and potentially
better peak resolution depending on specific methodology required.
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Figure 1.
A diagram of the LTMGC assembly and a cross section of the bundle.
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2.2 Commercialized portable GCMS systems

As discussed above, the LTM GC column set up is shared among many of the
portable GCMS systems. In this section, three of the following commercialized
portable GCMS systems will be discussed from literature available from the manufac-
turer: Perkin Elmer Torion T-9series, FLIR Griffin 500 series, and Infincon Hapsite ER
series. Method development required to create methods in the field will be discussed
later in the Section 3 case studies. As of the writing of this chapter, these three instru-
ments are the most up to date examples of portable GCMS systems in the literature.

In addition, the vendor-specific sample preparation technology associated with each
portable GCMS technology will be discussed.

2.2.1 Perkin Elmer Torion T-9 GCMS product brochure information

The weight of the Torion T-9 portable GCMS is 32 pounds. Battery power is up to
2.5 hours. This system has the option of an internal disposable helium cylinder or an
external hookup for a larger helium container. From a cold start, the system is ready to
run samples within 5 minutes. Automated startup performance validation is done to
check system performance [4]. The LTM GC column allows for the analysis of volatile
organic compounds (VOCs) and semi-volatile organic compounds (SVOCs) with
the ability to match performance from lab based GCMS systems. Small diameter GC
columns along with rapid temperature programming allows for shorter GC analysis
times. The maximum temperature ramp rate is 2.5°C per minute.

The Toroidal ion trap allows for large trapping volumes which can increase
signal to noise and spectral quality with a scan range of 41-500 m/z [4]. The color
touchscreen allows for easy changes in the method and for data analysis. On-board
automated Chromion® software/option PC integration allow for the potential of
compound deconvolution and identification with the National Institute of Standards
and Technology (NIST) libraries [4].

Some of the Perkin Elmer sample preparation technologies for portable GCMS
systems technologies are as follows for Custodian® Sampling Devices: Solid Phase
Micro Extraction (SPME), Coil Microextraction (CME), and Needle Trap (NT).

The Custodian® devices are made of hard plastic and have a push button trigger that
allows certain parts of the extraction devices to exit and retract into a 19-gauge needle
[5]. The SPME device exposes a SPME fiber PDMS / DVB 65 pm to concentrate vola-
tile compounds when exposed to sealed headspace or direct immersion into water/
liquid samples [5]. The CME device exposes a steel coil that draws up dissolved solid
and liquid samples [5]. The solvent is then allowed to evaporate before it is retracted
into the 19-guage needle and is often best for SVOCs [5, 6]. The NT device contains
a protected tribed Tenax TA, Carboxen 1016 and Carboxen 1003 fiber [5]. This fiber
can be exposed to liquid samples when coupled thermal desorption units or a pump
can pump air through it with a purge and trap apparatus for air samples [5]. All fiber
sorbents or coils that have been retracted into the Custodian® device can be inserted
into the heated GCMS inlet for volatilization according to specific parameters of the
matrix holding the chemical compounds.

2.2.2 FLIR Griffin 500 GCMS

The weight of the FLIR Griffin 500 portable GCMS is 36 pounds. Battery power
is 2 to 4 hours depending on the scanning mode. This system also has the option of
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an internal disposable helium cylinder or an external hookup for a larger helium
container. From a cold start, the system is ready to run samples within 15 minutes.
This system also uses a LTM GC column assembly for the analysis of VOCs and SVOCs
with the ability to match performance from lab based GCMS systems. The mass
spectrometer in this system is a linear quadrupole that allows scanning from 15 to

515 m/z [7]. The color touchscreen allows for any changes in the method and for data
analysis. On-board software allows for the potential of compound deconvolution and
identification with the NIST and Scientific Working Group for the Analysis of Seized
Drugs (SWGDRUG) libraries [7].

The Griffin portable GCMS systems have many different sample introduction
techniques which include air, liquid, and solid samples. There is an integrated heated
sample probe that can intake air sample from the environment during survey mode
[7]. Split/splitless injection ports are present for different forms of sample introduc-
tion including air, liquid and SPME fibers. Syringes can be used to inject gas or liquid
samples into the GCMS [8]. SPME fibers can be either used in sealed headspace
experiments or immersed in liquids like water or solvents to concentrate the chemi-
cal compounds. Any commercial SPME fiber can be used and then put into the
Griffin GCMS injection port. External headspace heating devices are available for
purchase. When many liquid samples need to be injected into the GCMS with repro-
ducible volume measurements, Griffin offers an autosampler that can hold up to
120 samples. Another sample prep device is the PSI-Probe. It is used with the Touch-
and-Go (TAG) technology to collect solid or liquid samples just by touching the TAG
sampler to the sample and then dropping it into the probe for thermal desorption. No
solvents or sample prep is needed according to FLIR [8]. External headspace heating
devices are also available for purchase. In addition, GERSTEL-Twister bars, spin
plate bars coated in sorbent, can be used to extract compounds from liquid samples.
The bars are said to be more sensitive than SPME and can be dropped into the PSI-
probe once they are dry [8].

2.2.3 Infincon Hapsite ER portable GCMS system

The weight of the Inficon Hapsite ER portable GCMS is 42 pounds. Battery
power is between 2 to 3 hours. This system has the option of an internal disposable
nitrogen cylinder or an external hookup for a larger nitrogen container. Tuning
occurs with an internal gas cylinder containing an internal standard [9]. This
system also uses a LTM GC column assembly for the analysis of VOCs and SVOCs
with the ability to match performance from lab based GCMS systems. The mass
spectrometer allows scanning from 41 to 300 m/z [9]. The touchscreen allows
for any changes in the method and for data analysis. On-board software does
compound data processing with the National Institute for occupational Safety
and Health (NIOSH) database. The NIST library is also available on a laptop for
processing [9].

The Inficon Hapsite ER system has many options to introduce samples into the
system. The air probe introduces volatiles compounds directly into the portable GC
system [8]. In addition, the air probe can be hooked up to other available accessories.
The headspace sampling system is a battery-operated accessory that can heat liquid
and solid samples in vials, create headspace volatiles, and then the headspace is
pumped directly into the Hapsite system with the air sampling probe [9]. The Thermal
Desorber Sampling System can be attached directly to the Hapsite ER universal
interface to allow suction of air for defined times through a TDU sorbent tube and
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then subsequent desorption of that sorbent into the mass spec for analysis [8]. The
SPME sampling System can also be attached to the Hapsite ER universal interface

for SPME fiber introduction which can extract samples from gas headspace or liquid
samples [9]. Also, the Situ Probe Purge and Trap GCMS is a battery-operated acces-
sory allowing for purge and trap sampling of water head space samples directly to the
Hapsite ER system through the air sampling probe [8].

2.3 Commercialized portable GCMS conclusions

There are some characteristics of commercialized portable GCMS systems that
were not included in the discussion. The previous sections showed that portable
GCMS systems have some similar features such as LTM GC columns and sample
preparation techniques. Each manufacturer has different variants of how to perform
SPME and headspace. Overall, every user will have to evaluate each characteristic and
potentially request a demo model to evaluate which system is best for their required
method and their required deployment area such as a war zone, manufacturing facil-
ity or storage facility for illicit drugs.

3. What aspects of portable GCMS systems are useful to the user?
3.1 Important considerations for portable GCMS users in the field

What are the important considerations relevant to using portable GCMS
in the field according to the experts? Many first responders, scientists, and
other portable GCMS users have shared what portable GCMS characteristics
are important to them as part of the System Assessment and Validation for
Emergency Responders (SAVER) program which is under the National Urban
Security Technology Laboratory (NUSTL) and the U.S. Department of Homeland
Security (DHS).

The SAVER program gathers product information on commercially available
equipment, conducts impartial testing led by experts in the first responder commu-
nity, and then provides the results to allow for better informed decision-making when
users buy equipment [1].

The SAVER program assessed several commercially available portable GCMS
systems in order to demonstrate the important characteristics required by expert
users in the field. The case studies in Sections 3.1.1 and 3.1.2 describe the study
parameters used by the SAVER program to determine the characteristics important
to users. The experts used in this study each had 8 to 20 + years in firefighting, public
health, law enforcement, national guard weapons of mass destruction, civil sup-
port, and hazardous materials management. This information was then published
for users to make informed decisions on capabilities of portable GCMS technology
[1]. This section is provided to familiarize the reader with general portable GCMS
function and what functions are important to GCMS users in the field and outside
of the controlled laboratory environment. Different samples were analyzed to assess
the following portable GCMS systems for usability, ease of deployment, maintain-
ability, and capability: Griffin G-510, Torion T-9, and Hapsite ER. Sample prepara-
tion techniques/technology will be discussed in more detail in Section 3 as it pertains
to method development.
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3.1.1 Unknown analysis of portable GCMS systems

Each portable GCMS system was assessed for the ability to analyze for volatile or
semi-volatile compounds in vapor from a sample. This test analyzed the following
consumer products: isopropyl alcohol, ethyl acetate-based, and acetone-based nail
polish remover [1]. All of these products contained volatile organic compounds with
large vapor pressures in simplistic matrices for preliminary testing.

Each instrument had different ways of introducing the samples into the system.
The testers used vapor sampling probes for the Griffin G-150 and Hapsite ER systems
and a Solid Phase Micro Extraction (SPME) fiber collection device for the Torion T-9
to introduce the samples into the GCMS systems.

All the systems were able to identify isopropyl alcohol, ethyl acetate, and acetone
in each of the consumer products along with relative chemical compositions listed by
the manufacturers [1]. The evaluation then moved onto the second stage of chemical
composition testing.

3.1.2 Liquid and solid sample testing

The next round included each evaluator testing at least one liquid and one solid
sample. The liquid samples available for testing were fabric spot cleaner, mentholated
electronic cigarette liquid, caffeinated beverage, oral analgesic spray lubricant, and
liniment. The solid samples available for testing included wintergreen candy, wood
filler, ibuprofen, aspirin pill, and caffeine pill [1]. These solid and liquid samples
were included not only for the complex matrix, but also because of the semi-volatile/
higher molecular weight ingredients. These compounds required longer analysis
time compared to the volatile compounds in the previous experiments due to higher
molecular weight/semi-volatile compounds having physical properties which cause
longer elution times on the GC columns.

The evaluators repeated the use of the sampling probes and the SPME fibers
from the previous section to extract any volatile compounds from the liquid and
solid samples. Also, the solid and liquid samples were dissolved and diluted in
organic solvent. These samples were then injected into the sample injection port of
the Griffin G-150 with a calibrated GC syringe accounting for specific volumes to
measure the analyte concentration. The samples dissolved in organic solvent were also
extracted by submerging a Coiled Microextraction (CME) device manufactured by
PerkinElmer. This CME device was then injected into the Torion T-9 using the instru-
ment’s sample injection port.

Additional samples were also analyzed due to availability in their immediate
environment. The sample vapor probes for the Griffin G-150 and Hapsite ER instru-
ments were used to collect emissions from vehicles in a parking lot. The same vapors
were also sampled with a SPME fiber and then inserted into the Torion T-9 for a
full GCMS analysis. The volatile organic compounds emitted by pine trees next to
the parking lot were sampled with the sample probes of the G-150 and Hapsite ER.
Sampling occurred either next to the pine needles or at the top of a vial containing
harvested pine needles. In addition, a SPME fiber was used to collect the volatile pine
needle compounds from the headspace of a vial and then the SPME fiber was put into
the Torion T-9. Another sampling technique for the Torion T-9 included a battery-
operated air sampler. This device sucked air/ vapor close to the branch of a pine tree.
This air sampler contained a detachable needle trap device (NTD) with sorbent. This
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device was then detached and inserted into the Torion T-9. Samples were analyzed
with full scan GCMS.

The chemical composition of each analysis contained compounds that matched
reported chemical compositions in the literature. In addition, to evaluate accessibil-
ity and usability while wearing personal protective equipment, experts used Level
A gloves from encapsulated suits commonly used to completely protect users during
hazardous materials/biological/chemical spills.

3.1.3 Report summary about major considerations for portable GCMS acceptability

This evaluation used the testing procedures described above to decide what were
the most important characteristics of portable GCMS systems in the following catego-
ries: usability, ease of deployment, maintainability, and capability. The scores of each
portable GCMS system will not be discussed in this section, but the main characteris-
tics of portable GCMS systems required for successful experiments will be discussed.

The usability or ease of performing analyses in the field increases the chance
of successful experiments. Easy to learn interfaces with the built-in touch screen
along with intuitive operating systems were important. The touch screen could even
be operated while the experts were wearing Level A gloves in a self-encapsulated
hazardous materials suit. The software’s ability to switch between basic settings
and advanced settings would allow the user experience to be varied based on user
availability in the field. Remote function of the system would be beneficial if the
instrument had to be mounted to a robotic system for remote transport into extremely
hazardous conditions. Ease of sampling with sampling probes or cheap/innovative
consumables gives the user more flexibility in the field when the matrix may be gas,
liquid, or solid. With more use also comes the necessity to count injection to estimate
carrier gas usage of the internal helium or nitrogen gas cylinders in the system. Some
users suggested internal gas pressure levels to directly measure the gas, an integral
part of the system. In addition, the inclusion of multiple gas cylinders within a system
would allow the possibility of gas cylinder replacement without having to shut down
the instrument. All these observations would increase the chances of successful
experiments in the field.

The deployment and maintainability, along with ease of basic setup and startup
in the field, were important to the end users. Multiple batteries to power the system
was desirable to lengthen the analysis time. In addition, charging capabilities must
be as fast as possible with the inclusion of vendor independent batteries for ease and
cost of replacement. Operating temperature of the instrument must be able to handle
both hot and cold environments. Remote access and diagnosis of problems by vendors
was suggested to prevent instrument downtime and detachable/replaceable parts
like inlet covers were required to allow for decontamination, if necessary, in toxic
environments.

The main instrument capability category or scientific measurement ranges were
also evaluated. Large ranges in atomic mass units from small to large were essential for
an expert to measure volatile or semi-volatile compounds that could range in size in
an unknown matrix. A wide column temperature range would also help in this aspect
so that separation from a complex matrix would be possible. Automated data analysis/
processing tools used with mass spectral library identification, report generation, and
sending reports by email were highly rated in this process.

In summary, many different aspects of portable GCMS systems were evaluated.
None of the portable GCMS systems failed the analytical testing performed by the
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experts. Usability with sample preparation, ease of sample introduction, tempera-
ture limits, mass scanning limits, and ability to swap battery and gas canisters were
important to the experts. This report gave general opinions about operation and
usability parameters important to portable GCMS systems. Each system needs to be
evaluated by target users to determine if those parameters are important for their
specific applications.

3.2 Case study 1
3.2.1 Case study 1: Introduction

Case study 1 relates to creating a method for measuring butylated hydroxytoluene
(BHT) in cosmetics [10]. As seen in Figure 2, BHT is one of many antioxidants used
in skin care products. Antioxidants are included in these products to help prevent the
appearance of dark spots, wrinkles, and changes in skin elasticity. The antioxidants
act directly to eliminate free radicals which damage skin DNA, lipids, and proteins
which in turn causes the signs of skin aging described above. The free radicals come
from exposure to sun and other environmental contaminants [10, 11].

BHT penetrates the skin, acts on free radicals, and then any residual BHT remains
within the layers of the skin. It is suggested that long term exposure to the skin can
contribute to increased toxicity in various organ systems in the human body [10, 12].
Toxicity issues may be mitigated by decreasing exposure dosage or exposure dura-
tion. Despite having potential toxicity issues, products do contain this antioxidant.
Methods of measurement are required to serve as quality control tests for manufac-
tures to prevent overages that may be excessive.

A previous GCMS methods available for quantitating BHT included solvent
extraction/Solid Phase Extraction (SPE) in water and then evaporation for GCMS
analysis [13]. This method was made to be simpler and more robust than other
techniques in order to rapidly quantitate BHT in cosmetics in manufacturing
facilities using a portable GCMS system. This study chose lotion with BHT as a
representative cosmetic since lotions have long exposure times on human skin due
to the method of use.

3.2.2 Case study 1: Portable GCMS parameters

The Torion Tridion-9 portable GCMS system was used to analyze for BHT in this
study [10]. As previously mentioned, this portable GCMS system can accept Solid
Phase Micro Extraction (SPME) fibers or tubes/devices containing sorbent material.

Figure 2.
Butylated hydroxy toluene structure.

53



Novel Aspects of Gas Chromatography and Chemometrics

Once the objects containing the sorbent material were inserted into the portable
GCMS, the analytes of interest bound to the sorbent were desorbed and entered the
GCMS for analysis both with split and splitless sample flow. The inlet temperature
was 280°C to ensure complete desorption. As the sample was desorbing, the resulting
volatized compounds were drawn into the GCMS. The inlet desorption method was
the following: 280°C hold for 1 second splitless air flow, 10:1 sample air split flow

for 10 seconds, and a 50:1 sample air flow split for 30 seconds. The splitless and split
air flow sections were combined to balance higher sensitivity (splitless) with high
enough air sample flow rates (split) to desorb samples fast enough to maintain good
peak shape of the matrix and BHT [10]. The oven method was as follows: 37°C for

2 seconds, increase to 220°C at a rate of 2°C per second, and then a 50 second hold at
220°C (approximate chromatographic separation of 2.4 minutes). GC ion-trap heater
was 155°C and transfer line temperature was 250°C. Calibration and performance
validation was done with Perkin Elmer’s Calion-13 standard mixture. The portable
GCMS mass analyzer was run at 70 eV with an in-trap electron gun source. The
GCMS scanned from 43 to 500 Da with a scan time of 50 ms.

3.2.3 Case study 1: SPME headspace method

This study performed several sample preparation techniques to compare results
and see if any differences appeared between methods. The first method started with a
standard addition calibration curve to quantitate BHT in lotion due to a matrix inter-
ference potential affecting the signal. Known quantities of BHT were spiked into the
lotion matrix which contained an unknown starting BHT concentration. This method
was also repeated with lotion which did not contain BHT. BHT standards of 10, 7, 5, 3,
and 1 pg/mL were prepared by diluting a stock with acetone to obtain the desired con-
centrations. Ten microliters of each standard was spiked onto separate 0.1 g samples
of the lotion suspended in 4 mL of water. Each sample was vortexed for 5 minutes and
then further mixed with a rotating apparatus for 5 minutes at 1200 rpm. Due to the
volatility of the BHT, the vials were heated for 30 minutes at 60°C to force the BHT
into the headspace of the sealed vials. The headspace was exposed to a 65 pm DVB/
PDMS SPME fiber punctured through the septum for 10 minutes. The SPME fiber
bound the BHT present in the headspace during these 10 minutes. The fiber was then
inserted into the inlet of a Torion Tridion-9 Portable GCMS to be heated and desorbed
for analysis. Each spiked sample was prepared in triplicate. The calibration curves
(with and without BHT) were created with the original unknown concentration of
BHT in the spiked lotion matrix being y = 0.

3.2.4 Case study 1: head space needle trap method

The second method used a needle trap device (NTD) for binding the BHT. NTDs
are needles with sorbent material on the inside of the needle that can bind volatile
organic compounds (VOCs) or semi-volatile organic compounds (SVOCs) [14]. One
end of the needle is connected to a suction pump and the other end of the needle
remains open to draw gaseous sample into it to interact with the sorbent. The NTD
can then be inserted into a GCMS inlet to be heated to desorb any bound chemical
compounds.

The same calibration curve creation procedure with the SPME fiber in Section
3.2.3 was performed with the NTD with the setup portrayed in Figure 3. There were
two needles inserted through the cap septum. The first needle was a purge needle
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Figure 3.
NTD device setup.

which would flow helium through the spiked lotion solution. The BHT and other
compounds would be volatilized easier with the gas flow through the solution. The
second needle (NTD) was attached to a suction pump which would cause the head-
space of the sample to be sucked through the sorbent. The NTD contained Tenax/
CAR sorbent. Approximately 10 mL of gas passed through the NTD at a rate of 10 mL
per minute. No breakthrough of the BHT occurred over this time and flow rate was
based on the study coupling two NTDs in series previously. At one minute the run-
time for this method was significantly less than the 10 minutes required for the SPME
fiber to bind the BHT. The NTD was injected into a Torion-9 portable GCMS system.
Again, the calibration curves created quantitated the original unknown BHT concen-
tration in the lotion.

3.2.5 Case study 1: thin film liquid injection

Thin film (TF) liquid injection was used to help confirm the amounts of BHT
extracted from the lotion in the standard addition curves. The TF method put small
amounts of liquid with predetermined concentrations of analytes on a thin film
membrane [15]. The membrane containing the liquid with the analyte of interest was
placed into a SPS-3 PerkinElmer thermal desorption unit (TDU). The TDU device
when connected to a NTD via a sorbent tube, transferred the analyte from the TF to
the NTD. The NTD was then put into the portable GCMS inlet and heated at 250°C

55



Novel Aspects of Gas Chromatography and Chemometrics

to desorb the BHT and analyze it in the portable GCMS. This allowed neat, liquid
BHT standards to be injected into the instrument to correlate amount of BHT to the
instrument response. A calibration curve was obtained when different BHT concen-
trations were injected using the TF method. BHT amounts put onto the TF ranged
from 0.15 pg to 3 pg. This was done to confirm the amount of BHT extracted from

the spiking with the standard curve creation and to observe any instrument response
differences caused by interfering peaks from the lotion. This method also served as an
external calibration method.

3.2.6 Case Study 1: results

The results for head space needle trap sampling coupled to a portable GCMS for
testing BHT in cosmetics are shown in Table 1. The instrument responses from the
TF BHT method were used to transform the NTD and SPME extraction responses
to the amount of BHT injected on column versus spiked BHT standard extracted
from the lotion. These values allowed for the quantitation of the BHT in the lotion
using headspace/SPME BHT. The retention time of the BHT in the GCMS method was
95.4 seconds with no co-eluting peaks detected when comparing the standard addi-
tion curves of lotion with and without BHT.

Injecting three replicates showed that variability was less than 10% and had
good linearity with a R? value of 0.98. As mentioned above, the NTD and SPME
standard addition curves that originally had response versus spiked BHT standard
were transformed to the amount of BHT extracted versus spiked BHT standard. The
amount of BHT originally in the lotion was calculated when the value of y was set to
zero iny = mx + b. There was good agreement between the NTD and SPME standard
curves with only a 74% difference between the slopes of each curve. Spiked recoveries
and comparison between the NTD standard addition and the external calibration are
shown in Table 1.

A 0.005% BHT concentration was estimated based on the data from the standard
addition curves. The results show that the NTD was able to concentrate the BHT from
the headspace effectively even when mixed with the lotion matrix. Even with dilution
by the helium, the headspace NTC method was able to achieve less than 10% relative
standard deviation between replicates. Extracting from the headspace was a method

BHT (pg) BHT (pg)
Non-BHT containing Spiked Recovered Extraction
body lotion Efficiency
Sample 1 7 6.5 92.8
Sample 2 5 54 108.0
Sample 3 15 15.2 101.3
Calculated from standard Calculated from external
addition curve calibration curve
BHT containing body 5.6 61 108.9
lotion
Table 1.

Spike recoveries and comparison of NTD standard addition curve and external calibration.
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advantage because some protocols may call for a dilute and shoot GC method for the
lotion which would be problematic for the instrumentation.

3.2.7 Case 1 study: conclusion

The new method described in this case study was a headspace needle trap method
used for the rapid determination of BHT using a portable GCMS. The sample prepara-
tion used a purge and trap method that included only diluting the lotion sample in
solvent and then enriching the BHT sample on the NTD sorbent. Laborious sample
preparation procedures, such as liquid-liquid partitioning, were avoided to obtain a
simpler and faster procedure. The NTD method results agreed well with the SPME
results which further strengthened the method validity. In addition, due to the air
flow across the NTD, theoretically the NTD can concentrate more analyte in a shorter
amount of time compared to SPME.

Future work suggested in this study would be a longer extraction NTD time with
higher temperatures to make the method more exhaustive if the sample matrix is
changed. This method allowed for rapid determination of BHT in non-laboratory
environments lending to better quality control in factories or storage facilities if
inspections of those locations were required.

3.3 Case study 2
3.3.1 Case study 2: introduction

Adulterants may be added to illicit drugs to either boost the drug’ effects or
increase profits [16]. The mixing of different compounds together can lead to unfore-
seen negative side effects if ingested, even leading to death. In addition, these adulter-
ants can also be mixed with ingredients that do not have any pharmacological effect
such as sugars and bicarbonates [16].

Identifying adulterants in crime labs is often not done due to the lack of analytical
method development for these compounds and the adulterants are not considered
illegal compounds of abuse [16]. Including these compounds in the analytical meth-
ods would benefit clinicians when diagnosing the treatment for acute toxicity from
drug mixtures, help investigate chronic health impacts of these mixtures and even
serve as chemical fingerprints when tracking illicit drugs since certain illicit drug
manufacturers have signature recipes [16].

This study was meant to develop and validate a method for illicit drug analysis
along with potential adulterants using a FLIR Griffin G510 portable GCMS system
and then compare the results to a laboratory based GCMS system.

3.3.2 Case study 2: methodology

A FLIR Griffin G510 portable GCMS was used in this study. A 5m x 0.18 mm
x 0.18 pm DB-5 column was the low thermal mass GC column used for analytical
separation. The carrier gas was helium supplied by the internal helium cartridges of
the G510. The programmed temperature gradient was as follows: ramp of 30°C per
minute from 50°C to 340°C and hold at 340°C for 4 min (total runtime of 13.6 min-
utes). Full scan mode was used (43 to 425 m/z) with 275°C injection port temperature
and a 1 pL splitless injection.
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An Agilent GCMS 6890 N/5975B was used as the laboratory based GCMS to con-
firm the test results from the portable GCMS system. This GCMS was operated in full
scan mode from 40 to 550 m/z. The GC column was a DB-1 column (12 m X 22 mm X
0.3 pm). The following parameters were used: 1 pL injection volume, splitless mode
injection at 265°C and detector at 300°C with a 1.2 mL/min helium flow rate. The
temperature program for the GC method was as follows: ramp 30°C per minute from
50°C to 340°C and hold at 340°C for 2.33 min (total runtime of 12 minutes).

The main compounds of interest were as follows: alprazolam, amphetamine,
aminopyrine, benzocaine, caffeine, cocaine, codeine, diltiazem, ephedrine, fentanyl,
fenethylline, furanylfentanyl, heroin, hydroxyzine, levamisole, lidocaine, metham-
phetamine, morphine, noramidopyrine (a marker of metamizole), phencyclidine,
phenacetin, procaine, strychnine and xylazine. Stocks were made to a concentration
of 1 mg per mL and diluted to 0.1 mg per mL for method validation. Each solution
was injected separately to establish retention time and confirm NIST library match
scores. To mimic field conditions, a protocol was made to weigh approximately 1 mg
of powder into 10 mL of methanol to give a 0.1 mg per mL concentration. This was an
approximate concentration since analytical balances would not be brought into the
field. The five main parameters to create a validated method for the 24 above com-
pounds on a portable GCMS system were interference, precision, limit of detection,
robustness, and carryover.

To analyze precision, each of the target compounds was injected 10 times every
day for 3 days. In addition, fresh solutions were made every day. Confirmation of each
peak included setting a 0.3-minute retention time variation limit and a NIST library
match score of at least 65 or above. If the criteria were not met, then the peak seen in
the GC run was not identified as one of the 24 compounds of interest.

Possible interferences would be the adulterants, and according to this study they
were commonly found in seized illegal drugs [16]. The interferences evaluated were as
follows: salicylic acid, atropine, cannabidiol, delta 9-THC, diphenhydramine, ibupro-
fen, methadone, mitragynine, nicotine, quinine, lactose, creatine, acetaminophen,
thebaine and theophylline [16]. Stock solutions of 0.1 mg per mL were made and
analyzed in duplicate to establish retention times and the most abundant mass frag-
ments from the mass spectrum. The mass spectrum allowed for the identification of
any unique fragments for each compound which showed selectivity in differentiating
between signal features.

Limit of detection (LOD) was established by analyzing the lower concentrations to
identify the point when the signal to noise ratios were less than 3:1. This reproducible
3:1 instrument response plus the 0.3-minute retention time window and the NIST
score greater than or equal to 65 were all criteria in identifying the LOD and confirm-
ing the identity of the compound. All these values were used to help with the valida-
tion of this method.

The carryover was tested by injecting 0.2, 0.5, and 1.0 mg per mL of the drugs
of abuse and the adulterants. Two solvent blanks (methanol) were then injected in
duplicate. The concentration at which the method did not have carryover was desig-
nated as the highest analyte concentration at which none of the illicit drug samples or
adulterants were observed in the blank.

To evaluate the robustness of the instrument or the portable GCMS instrument
performance reliability, small changes were made to see any fluctuations in instru-
ment response. The injector temperature was varied plus or minus 5°C and the
injection volume was varied plus or minus 0.2 pL. Each of the variations was done in
duplicate and the criteria for peak identification of each of the 24 analytes along with
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the adulterants were retention time windows of 0.3 minutes and GCMS library match
scores greater than or equal to 65.

After validation of the portable GCMS method, tests were performed to show the
method could correctly identify the drugs of abuse and adulterants. Fifty different
seized drug lots were tested for this purpose. The benchtop GCMS results were run
alongside the portable GCMS to confirm the reliability of drug testing results from
the portable GCMS. This study described using a method called Receiver Operating
Characteristic (ROC) analysis to show the reliability of the portable GCMS results
[16]. The ROC analysis assigned different categories to the portable GCMS data when
it was compared to the benchtop GCMS. As above, identification criteria were estab-
lished with specific parameters related to retention time and GCMS library identifica-
tion score. True positive (TP) samples showed positive identifications on both the
portable GCMS and benchtop GCMS for target analytes. True negative (TN) samples
showed negative identifications on both portable and benchtop GCMS. False posi-
tive (FP) samples screened positive on the portable GCMS for a target analyte, but
it was confirmed absent on the benchtop GCMS. False negative (FN) results showed
an absence of target analytes on the portable GCMS results, but positive identifica-
tion of the targets was confirmed on the benchtop GCMS. Based on the results, each
compound in the 50 seized drug lots received a TP, TN, FP, or FN designation, and
these values were used to calculate the following performance parameters describes
in Table 2: sensitivity, specificity, accuracy, positive predictive values (PPV), and
negative predictive values (NPV).

3.3.3 Case study 2: vesults

Some of the 24 target compounds had similar retention times to several
adulterants, but the mass spectrum of each of the co-eluting peaks were distinct
enough to resolve/differentiate these compounds. There was no carryover of the
analytes of interest or adulterants using the concentrations described in the previous
section. Carryover was important to test since sample concentration variability was
expected to be high in the field without calibrated glassware or analytical balances.
Confirming the absence of carryover ensured a lower chance of false positives when
there was high sample preparation variability causing the concentration to be greater
than 1 mg/mL. Limits of detection ranged from 0.01 to 0.1 mg/mL depending on the
analytes of interest in this study.

Parameter Formula (%) Definition

Sensitivity 100 x (TP#) / (TP# + FN#) % Positively identified results in
confirmed positive samples

Specificity 100 x (TN#) / (TN# + FP#) % Negatively identified results in
confirmed negative samples

Accuracy 100 x (TP# + TN#) / % Similarity between portable

(TP# + TN# + FP# + FN#) GCMS and benchtop GCMS
Positive Predictive Value (PPV) (TP#) / (TP# + FP#) Ratio of true positive results
Negative Predictive Value (NPV) (TN#) / (FN# + TN#) Ratio of true negative results
Table 2.

Performance parameters use to scove portable GCMS performance.
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Thirty injections at 0.1 mg/mL of each of the standards were made to measure
the precision. Heroin and morphine were not detected in 1 out of the 30 injec-
tions while diltiazem and fenethylline were not detected in 3 out of 30 injections.
The precision for the other analytes were not mentioned. Many aspects of manual
injection can change the results such as air bubbles, injection speed, and injection
timing. It is important for the analyst in the field to emphasize reproducible injec-
tion technique.

Fifty seized illegal drug samples composing of mainly cocaine, methamphet-
amine, and heroin underwent screening with the validated portable GCMS method
using the FLIR Griffin 510. Data was confirmed with a benchtop GCMS system.
The data showing the results of the Receiver Operating Characteristic (ROC) are
in Table 3. The data confirmed the presence or absence of adulterants and other
illicit drugs mixed with the cocaine, methamphetamine, and heroin samples. Only
5 samples (10%) were true positives for one substance and 19 samples (38%) had
two substances from the above list. Ten samples (20%) contained three of the above
compounds, and 16 samples (32%) had four or more of the above drugs and or
adulterants. The study did not specify which samples contained the adulterants.
The data did not include all the compounds developed for the portable GCMS
method because the samples tested in Table 3 only contained the compounds with
true positive or false negative hits. Refer to the methods for definitions of TP, FN,
FP, and TN.

Some additional facts of the data need to be discussed. Accuracy values from the
portable GCMS that were in high agreement with the lab based GCMS had higher
values in the accuracy column. As Noted in from the methods section, the sensitivity,
accuracy, and NPV were affected by the number of false negatives as seen with caf-
feine, heroin, procaine, amphetamine, lidocaine, and benzocaine. Most compounds
had high values, but each method had limitations such as benzocaine having a PPV
that could not be calculated since there were no true positive samples.

3.3.4 Case study 2: conclusion

The screening method developed in this study measured 24 different illicit drugs
along with several adulterants on a FLIR Griffin 510 portable GCMS. To confirm the
results, a laboratory based GCMS was used to set criteria for measuring sensitivity,
specificity, accuracy, and the probability of predicting whether a compound would
be present or absent. Through this process, the portable GCMS method was validated
to show a relatively high degree of accuracy for correctly screening the presence
or absence of these compounds in 50 seized drug samples. The adulterants did not
significantly affect the performance of the method, and this method was prepared for
monitoring of these adulterants as needed.

3.4 Case study 3
3.4.1 Case study 3: introduction

The need exists to detect and quantitate chemical warfare agents (CWAs) in
the field in order to protect those who may be at risk of exposure. The portable
GCMS systems are most advantageous since deployment in the field yields shorter
data turnaround times as samples do not have to be transported to laboratories
for analysis [17, 18]. Besides short turnaround time, reproducible CWA absolute
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quantitation data for portable GCMS is very important due to the high toxicity of
these substances. Shown in Figure 4, the analytes of interest in this study were
the G-series nerve agents tabun, sarin, soman, and cyclosarin and the blistering
agent sulfur mustard [18]. Previous work showed the possibility of using response
factors (analyte peak area/internal standard peak area) for quantitating G-series
nerve agents using Hapsite and Hapsite ER portable GCMS systems [19]. The results
showed significant carryover effects from concentrator sorbent, air sampling robe,
and transfer line. In addition, the Hapsite ER system built-in internal standard, bro-
mopentafluorobenzene (BPFB) showed 26.3% relative standard deviation (%RSD)
between days and 32.9% RSD within a day. Both high % RSD values showed that
the BPFB was not a good candidate for calculating relative response factor CWA
calibration curves.

This case study sought to show that better? %RSD values for the above com-
pounds could be achieved by spiking potential candidate compounds (Figure 5)
onto thermal desorption (TD) tubes. These compounds served as focusing agents
allowing relative response factors (RRFs) to be used to create calibration curves with
better %RSD values and thus better quantitation parameters for portable GCMS
systems [18]. The focusing agents in Figure 5 were as follows: 2-chloroethyl ethyl
sulfide (2-CEES), diisopropyl fluorophosphate (DIFP), diethyl methylphosphonate
(DEMP), diethyl malonate (DEM), methyl salicylate (MES), and dichlorvos (DCV).
In addition, the stability of the focusing agents 14 days after spiking was also deter-
mined at multiple conditions. Another goal was to reproduce the data across multiple
Hapsite portable GCMS systems to show inter-instrument feasibility for low % RSD
quantitation of the CWAs.
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Figure 4.
Nerve agents and blistering agents.
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3.4.2 Case study 3: methodology

The study used Supelco Tenax® TA (35/60) TD tubes to measure sarin, tabun,
soman, cyclosarin, and sulfur mustard on multiple Hapsite ER portable GCMS
systems. The TDU sampling system was set to 310°C and nitrogen gas was used to
transfer the desorbed sample to a tri-bed concentrator. This concentrator was then
held at 45°C for 12 minutes, 280°C for 11 seconds, and then the desorbed sampled
entered a DB-1 ms GC column (15 m, 0.25 mm ID, 1.0 pm d¢). The total run time of
the method was 15 minutes 30 seconds. The programmed temperature method was as
follows: hold at 60°C for 1 minute 15 seconds, ramp of 8°C per minute for 3 minutes
45 seconds, after reaching 90°C ramp at 25°C per minute for 4 minutes 24 seconds
with a maximum temperature at 200°C. Hapsite portable GCMS system were used
with scanning from 45 to 300 m/z [18].

The TD tubes were spiked with 1, 2, 5, 10, and 50 ng of each of the previously
mentioned focusing agents. Stability, carry-over, and remaining residual focusing
agent were tested with two Hapsite ER portable GCMS systems. Carryover was
determined by desorbing a spiked TD tube and then desorbing a blank TD tube.
Residual focusing agent remaining on the TD tube was analyzed by desorbing spiked
TD tubes multiple times. Stability was determined by measuring the mid-point signal
response of 5 ng of each of the focusing agents spiked on a TD tube over a 14-day time
period with multiple time points in between. External calibration curves were made
with the system internal standard but had a %RSD value of around 24.2%. RRFs used
area values determined by Hapsite ER IQ software and Automated Mass Spectral
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2-chloroethyl ethyl sulfide (2-CEES) diisopropyl fluorophosphate (DIFP),

\ /O\/ 0 0
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Figure 5.
Structures of focusing agents used in study.
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Deconvolution and Identification System (AMDIS) version 2.72 [18]. TD tubes were
conditioned before spiking with dry purging rates of 50 mL of nitrogen per minute
and temperature hold of 280°C for 120 minutes.

RRFs were calculated by dividing the (CWA Area X mass of focusing agent) by
the (Focusing agent area X mass of the CWA). Six-point calibration curves were made
for1, 2,5, 10, 20, and 50 ng of each CWA in relation to the RRF of each CWA and
focusing agent.

3.4.3 Case study 3: vesults

The goal of this study was to improve the quantitation method of sarin, tabun,
soman, cyclosarin, and sulfur mustard on a portable GCMS using the focusing
agents listed above. The retention times of the CWAs and the focusing agents were
mostly chromatographically resolved. Soman (retention time 6 minutes 13 seconds)
was close to DEMP (retention time 5 minutes 52 seconds) and DEM (retention time
6 minutes 31 seconds). Cyclosarin (retention time 7 minutes 44 seconds) was not
chromatographically resolved from focusing agent MES (retention time 7 minutes
48 seconds) in the total ion chromatogram, but the quantitation was done on specific
and distinct mass spectral features [18]. If the mass spectral data was not present,
quantitation of cyclosarin would be potentially less accurate.

All CWAs and focusing agents were analyzed on a single TD tube with 5 ng of each
focusing agent. The measured peak areas were used to calculate the RRFs and calibra-
tion curves for each of the CWAs in triplicate across four Hapsite ER portable GCMS
systems. Carry over of the CWAs was established to be low. For tabun, sarin, soman,
and cyclosarin, the carryover was as follows: 0.26%, 0.04%, 0.01% 0.02%. Carryover
for sulfur mustard was not given in the study. The residual BPFB internal standard
was around 58%, and the carryover was less than 0.1%.

All RRFs were combined for six-point calibration curves for each of the CWAs of
1,2, 5,10, 20 and 50 ng of each CWA. The RRFs for the calibration curves were tested
over 14 days and the % RSD values of each of the CWAs with each of the focusing
agents are included in Table 4. All calibration curves were linear and had R* values of
at least 0.983.

All % RSD values were compared to the % RSD of the internal BPFB internal
standard of 32.9%. Most of the %RSD values were lower than the 32.9% except for the
CWAs with 2-CEES. Sulfur mustard had high % RSD for most of the focusing agents
but MES seemed to be the best for this specific compound. This was a significant
improvement over the BPFB and thus allowed for greater confidence in the CWA

%RSD
CWA 2-CEES DIFP DEMP DEM MES DCV
Tabun 45 14 12 22 30 20
Sarin 51 3 8 10 21 9
Soman 37 18 25 9 2 9
Cyclosarin 41 12 18 2 9 3
Sulfur Mustard 29 32 37 22 12 23

Table 4.
Average RRF %RSD values for CWAs over 14 days.
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quantitation. DIFP, DEMP, and DEM had the lowest overall %RSD for most of the
CWaAs. The overall difference in area responses for all CWAs between two Hapsite
instruments were as follows: 2-CEES 21%, DIFP 6%, DEMP 6%, DEM 16%, MES
13%, and DCV 7%. The similar values for DIFP and DEMP showed that the calibra-
tion curves were transferable between Hapsite instruments and were not just limited
to one portable GCMS.

3.4.4 Case study 3: conclusion

This study showed that thermal desorption calibration techniques on the Hapsite
portable GCMS system could be used to improve quantitation reproducibility of
CWaAs. By using focusing agents, the intra-instrument relative standard deviation
was greatly reduced below the 32% using the internal BPFB standard. In addition,
the inter-instrument variability was also shown to be much lower than that of the
BPFB standard. This study successfully showed that CWA quantitation on portable
GCMS equipment in the field can have high reproducibility and thus be more valid as
absolute quantitation numbers.

4, Conclusions

As shown in this chapter, many different fields such as manufacturing, government,
and first responders elect to use portable gas chromatography mass spectrometers
(GCMS) for analysis. For each field, compound analysis targets are different, but
testing is required for public safety such as with illegal drugs, chemical weapons, or
potentially harmful ingredients in cosmetics. These systems are used for their mobil-
ity and sensitivity for analyzing complex mixtures in the field. Without portable
GCMS technology, toxic samples may have to be shipped to laboratories which would
delay data analysis and decision making.

Section 2 of this chapter reviewed the technology behind portable GCMS
systems. The GC columns are low thermal mass column technology allowing for
miniaturization and 1% the power requirements of a laboratory based GCMS.

The following commercial portable GCMS systems were discussed in the chapter:
Perkin Elmer Torion T-9series, FLIR Griffin 500 series, and Infincon Hapsite ER
series. All have similar specifications, but slightly different sample introduction
and sample preparation technologies. The characteristics of each system require
user evaluation to choose which system would be better for their specific methods
and deployment criteria.

Section 3.1 reviewed a Homeland Security report on the portable GCMS charac-
teristics which were important to users in the first responder fields. Many different
evaluation tests were done to evaluate the three different portable GCMS systems.
Many of the criteria were similar on the different systems, but ease of use and deploy-
ment were important to most users. Again, a user evaluation would be required before
purchase to match system requirements to user method development requirements.

Section 3.2 contained a method for the quantitation of butylated hydroxy toluene
using a portable GCMS and needle trap technology for a purge and trap method. This
work created a method which would allow researchers to decrease the time it would
take for quality control testing.

Section 3.3 described the development of a new method for evaluation of 24
different illicit drugs with adulterants which could interfere with quantitation using
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portable GCMS technology. Method development showed that the portable GCMS
results were the same as the benchtop GCMS technology in a laboratory.

Section 3.4 reviewed that focusing agents used on TDU tubes allowed for better
precision when measuring the chemical weapon agents on portable GCMS systems.
Reliable quantitation of these compounds was vital when the lives of personal would
be put in danger. Also, depending on the application needs, these instrument can
perform in-field analysis just as well as instruments in laboratory settings.
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Chapter 4

Liquid Extraction for Flavor
and Fragrance Analyses in
Consumer Products

Zhigang Hao, Vivian Liu, Jake Salerno, Yu Wang,
Mania Bankova and Long Pan

Abstract

Gas chromatography-mass spectrometry is a powerful tool to analyze flavor and
fragrance from raw materials to the final commercial products. During the develop-
ment of new technologies, most focuses have been given to novel columns, advanced
detectors, and automation designs to leverage the instrument capabilities. The fun-
damental factors including polarity impact on sample homogenization and chemical
interaction between analytes and extraction solvents are not equally emphasized
during the sampling procedures. The current project focused on the liquid extraction
procedures prior to GCMS analysis. Significant nucleophilic reactions were found
to take place when a water-ethanol solvent was tried to extract flavor and fragrance
ingredients. The isooctane in water-isooctane extraction system is friendly with GC
columns and effective to extract the volatiles. However, the surfactants, humectants,
and polymers in consumer cleaning products have significant impact on analyte
distribution between water and isooctane solvents. The enhanced solubility of certain
ingredients in water phase will change their profiling information in isooctane. During
such extractions, hydrophilic volatile ingredients can be missed and the results become
unreliable. For this reason, a newly designed water-n-propanol-isooctane extraction
system was compared. This one-phase sample solution follows the homogenization
rule in analytical chemistry and be more representative to the original samples.

Keywords: liquid extraction, gas chromatography, mass spectrometry, flavor,
fragrance, volatiles, consumer products

1. Introduction

Personal and oral care products that serve subtle human needs are tied inextricably
to sensory values of taste, odor, and texture. Moreover, failure to meet flavor and
fragrance expectations may often signal poor quality and could even be related to
inherently subjective influence. For these commercial reasons, product manufactur-
ers, distributors, buyers, wholesale and retail sellers, and especially consumers need
reliable ways to assess product flavor and fragrance quality. From the perspective of a
consumer product company, “a reliable assessment” of a chemical mixture—whether
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it is raw materials or final products—calls for the need to make a correct analytical
measurement. A “reliable assessment” should be objective; even the term “flavor and
fragrance” could often be inherently subjective [1].

Flavor and fragrance are typically consistent with volatile ingredients. The determi-
nation of volatile components in a mixture is a process widely used in many disciplines,
such as flavor, fragrance, environmental, food, forensic, oil, pharmaceutical, and
consumer product analysis [2, 3]. The method of choice for many of these analyses can
be simply described as a sampling procedure plus instrumental analysis such as GCMS.
Solvent extraction is the most common sampling step before the GCMS analysis is per-
formed. During extraction, all volatile ingredients should be transferred and dissolved
into extraction solvents. Qualitative and quantitative studies of chemical compounds
from different matrices, such as plant materials, drugs, and consumer products, rely
mostly on the selection of appropriate extraction methods [4, 5]. Extraction plays a
significant and crucial role for the final outcome. Extraction methods are sometimes
referred to as “sample preparation techniques.” Most of the time, this part of the study
is neglected and done by non-trained research personnel [6, 7], despite two-thirds of
the analytical chemist workforce accounting for sample preparation techniques. Most
researchers believe in the importance of sample preparation during any analytical
studies because the analytes could be missed or alternated without a suitable sampling
procedure [8]. Even with very selective mass detectors such as Thermo orbitrap or time
of flight, sample cleanup procedure is still a critical stage for the final analytical results
[9]. It is true that the development of modern chromatographic and spectrometric tech-
niques makes chemical compound analysis easier than before, but a successful method
still heavily depends on sampling procedures, input parameters, and exact nature of
materials [10]. High-resolution mass detectors can filter out a large part of sample
matrix noise due to its mass selectivity and ensure more precise results. However, the
detector cannot guarantee the high accuracy if certain ingredients are not fully extracted
and transferred into the instrument via solvents during the extraction period.

Common factors affecting extraction processes are sample matrix property, solvent
selection, operation temperature, pressure, and time [11]. Those common factors could
cause the chemical interaction between extraction solvents and chemical composi-
tion to be analyzed. The chemical interaction could not only cause chemical structure
changes such as chemical reaction but also alternate a substance solubility, precipitation,
solvation, complexation, and dissociation [12]. For cleaning consumer products such as
toothpaste, the matrix usually contains a significant amount of silica base, humectants
such as glycerin or sorbitol and polymers such as polyethylene glycol (PEG) and xanthan
gum, and certain amount of surfactants. Silica usually has poor solvent solubility, and
polymers usually contain both hydrophobic and hydrophilic segments inside their struc-
tures. That is why these products cannot be evenly suspended with organic solvents or
even very polar alcohols such as methanol or ethanol. Water is necessary to suspend the
toothpaste matrix and provide a homogenized sampling procedure. For this reason, we
often use common extraction solvents such as methanol or ethanol with water to directly
extract analytes from oral and personal care products for GCMS analysis [13]. In addi-
tion, highly hydrophobic organic solvents such as isooctane (2,2,4-trimethylpentane)
were used to extract flavors and fragrance from the water phase with a fractionation
operation. Those two methods have been alternatively used for the quantification of fla-
vor and fragrance based on their polarity difference. However, those two methods faced
the challenges during flavor and fragrance profiling projects for quality evaluation. Some
existing ingredients were missing in GCMS chromatograms due to two extraction phases
and ingredient distribution impacted by the sample matrix. The chemical interactions
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between flavor and fragrance ingredients and extraction solvents can change flavor and
fragrance profiles during their chemical analysis. To overcome those challenges, a water
organic miscible solvent system was developed and used for flavor and fragrance extrac-
tion in cleaning products such as toothpaste. In this study, three extraction procedures
were explored and compared. Their positive and negative attributes were discussed. A
general extraction summary is provided at the end.

2. Materials and methods
2.1 Chemical reagents and materials

Isooctane (2, 2, 4-Trimethylpentane, CgH;g) was purchased from VWR (Radnor,
PA, USA). Anhydrous sodium sulfate (Na,SO,) was purchased from Sigma-Aldrich
(MilliporeSigma, St Louis, MO, USA). n-propanol (n-propyl alcohol, C;HgO) was
purchased from Honeywell (Charlotte, NC, USA). Wintergreen oil (CAS#: 90045-28-
6), lemongrass oil (CAS#: 8007-02-1), and peppermint oil (CAS#: 8006-90-4) were
purchased from MilliPoreSigma). PTFE membrane filter was obtained from VWR.

2.2 Instrumentation

A Genie 2 vortex mixer from MilliPoreSigma was used to assist sample dispersion in
a minimal amount of time. The Eppendorf centrifuge 5810R from MilliPoreSigma was
used to centrifuge the toothpaste sample for 10 min at 5000 g before the GCMS analysis.

A gas chromatography system 6890 N combined with 5975 mass spectrometry
detector (MSD) from Agilent Technology (Santa Clara, CA, USA) plus multiple-
Purpose-Sampler (MPS2) from Gerstel (Linthicum, MD, USA) was used for flavor
analysis. Separation was accomplished using the GC column HP-5MS (30 m x
0.25 mm x 0.25 pm, length x inside diameter x film thickness, Agilent Technologies).
A 1pL sample was injected in the splitless mode. The oven temperature was initially
held at 80°C for 1 min. Thereafter, the temperature was raised at 4°C/min until 150°C
and held for 1.5 min. Total running time is 20 min. Helium was used as the carrier gas
and delivered at 1 mL/min constant flow rate. The gas pressure and velocity were at
8.2 psi and 37 cm/sec, respectively. The injector temperature was set at 250°C, and the
interface temperature between GC oven and MS detector chamber was 250°C. The
MS detectors were tuned with the standard spectrum auto-tune, and the MS data for
total ion chromatogram (TIC) were acquired in the full scan mode (m/z of 29-450 at
a scan rate of 3 scan/sec using electron ionization (EI) with electron energy of 70 eV.
The MS source and quat temperatures were 230°C and 150°C, respectively.

2.3 Sampling procedure with ethanol-water system
2.3.1 Standard preparation using ethanol-water solvents

About 100 mg of flavor oil was added into 49.9 grams of a 1:8 water-ethanol
solution. Total weight of the solution was 50.0 grams. Three flavor stock solutions
(2000 ppm) from wintergreen, lemongrass, and peppermint oils were used as refer-
ence standards in this project. The stock solution was then diluted 20-fold with the
1:8 water-ethanol solution, reaching target concentrations of 100 ppm. This standard
solution was transferred into a 2-mL autosampler vials for GCMS analysis.
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2.3.2 Sample preparation using ethanol-water solvents

About 0.5 gram of toothpaste sample was weighed into a 50-mL polypropylene
conical tube. The weight of 3.2 gram of water was added into the tube and mixed with
toothpaste by using a Genie 2 vortex mixer into slurry. Next, a weight of 21.3 gram of
ethanol was added to the tube. The solution was then mixed thoroughly with a Genie
2 vortex mixer, and the mixture was centrifuged by using Eppendorf centrifuge
5810R for 10 min at 5000 g. The top layer of solution was filtrated with a 0.2 pm PTFE
membrane and transferred into a 2-mL autosampler vial for GCMS analysis.

2.4 Sampling procedure using isooctane with saturated sodium sulfate water
solution

2.4.1 Preparation of a saturated sodium sulfate solution

About 40.0 gram of anhydrous sodium sulfate salt was transferred into a 250-
mL Erlenmeyer flask with 100 mL of distilled water and mixed thoroughly with a
magnetic stirring bar. After excess sodium sulfate started to rest at the bottom of the
container, the upper clear saturated solution was carefully transferred to another
clean glass jar for use.

2.4.2 Standavd preparation using isooctane solvent

About 100 mg of flavor oil was added into 49.9 gram of isooctane. The total weight
of the solution was 50.0 gram. Three flavor stock solutions (2000 ppm) from winter-
green, lemongrass, and peppermint oils were used as reference standards. Then, the
stock solution was diluted 20-fold with isooctane solvent, reaching target concentra-
tions of 100 ppm. This standard solution was transferred into 2-mL autosampler vials
for GCMS analysis.

2.4.3 Sample preparation using isooctane with saturated sodium sulfate water
solvents

About 0.5 gram of toothpaste sample was weighed into a 50 mL polypropylene
conical tube. In total, 24.5 gram of saturated sodium sulfate water solution was added
into the tube and toothpaste was mixed and suspended with a Genie 2 vortex mixer
into the slurry. About 12.5 gram such aqueous toothpaste solution was mixed with
12.5 gram of isooctane solvent. This combination was then mixed thoroughly with the
Genie 2 vortex mixer. The mixture was centrifuged by using Eppendorf centrifuge
5810R for 10 min at 5000 g. The top clear solution of isooctane was transferred into a
2-mL autosampler vial for GCMS analysis.

2.5 Sampling procedure with water-n-propanol-isooctane (1:8.5:15) solvent
system

2.5.1 Standard preparation using water-n-propanol-isooctane (1:8.5:15) as solvent

About 100 mg of flavor oil was added into 49.9 gram of water-n-propanol-
isooctane solvents. Total weight of the solution was 50 gram. Three flavor stock
solutions (2000 ppm) from wintergreen, lemongrass, and peppermint oils were used
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as reference standards. The stock solution was then diluted 20-fold with water-n-pro-
panol-isooctane solvents, reaching target concentrations of 100 ppm. This standard
solution was transferred into 2-mL autosampler vials for GCMS analysis.

2.5.2 Sample preparation using water-n-propanol-isooctane (1:8.5:15) as solvent

About 0.5 gram of toothpaste sample was weighed into a 50-mL polypropylene
conical tube. About 1.0 gram of water was added into the tube and toothpaste was
mixed and suspended with the Genie 2 vortex mixer into the slurry. Next, 8.5 gram of
n-propanol solvent was added. The mixture was then mixed thoroughly with the Genie 2
vortex mixer again. Lastly, 15.0 gram of isooctane was added. The combination was then
blended thoroughly with Genie 2 vortex, and the mixture was centrifuged by using the
Eppendorf centrifuge 5810R for 10 min at 5000 g. The top solution was filtrated with a
0.2 pm PTFE membrane and transferred into a 2-mL autosampler vial for GCMS analysis.

3. Results and discussion
3.1 Sampling procedure with ethanol-water system

Due to the specific properties of cleaning products we described in the introduction
section, aqueous methanol and ethanol are very common liquid extraction solvent
systems used for toothpaste sampling procedures [13, 14]. Water can easily suspend
toothpaste into the slurry and organic solvents can effectively extract most analytes.
The ratio between organic solvent and water can further determine the polarity of the
analyte to be extracted. Because most flavor ingredients are hydrophobic, we used a
high ratio of organic solvent at 1:8 ratio of water:ethanol to extract toothpaste flavors.
The extraction efficiency and recovery were close to 100% as predicted because ethanol
not only has good solubility for most flavor ingredients but also possesses penetration
capabilities into toothpaste matrix materials such as silica and polymers. However, the
hydroxyl group in ethanol structure has a very strong nucleophilic attaching capability,
which can easily react with the compounds having carboxyl groups including esters.
When quantification of methyl salicylate in wintergreen flavor and related products
was tried with this extraction system, ethyl salicylate was identified within 30 min after
sampling shown in Figure 1. From 30 min, 6 hours to overnight time periods, methyl
salicylate continuously decreased and ethyl salicylate correspondingly increased, which
is demonstrated well in Figure 1. In addition, when quantification of lemongrass flavor
oil was tried with this same procedure, a new citral diethyl acetal peak at retention
time of 15 min was observed and identified 60 min after sampling shown in Figure 2.
Those reacted products indicated that the quantity of original flavor ingredients can
be changed due to the reaction with extraction solvents. The final results on the GCMS
instruments then become unreliable. Specifically, if an integrated flavor profile is
needed to evaluate the flavor quality, the aqueous methanol and ethanol systems could
become challenging.

3.2 Sampling procedure using isooctane with sodium sulfate saturated aqueous
solution fractionation

Most volatile ingredients are hydrophobic or with a middle range of polarity.
Usually, they can be well dissolved into hydrophobic solvents such as isooctane. To
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Figure 1.

Thge GCMS chromatogram of wintergreen flavor extracted by using a water-ethanol solvent system. The peaks of
menthol and anethole at the retention times around 10.87 and 14.25 min displayed similar ion count intensity. The
methyl salicylate peak intensity at 11.54 min was continuously reduced from brown, green and purple to black
after sample extraction, and ethyl salicylate peak intensity at 13.82 min was continuously increased from brown,
green, and purple to black. The structure change is demonstrated inside figure.

enhance the extraction efficacy, dispersive liquid-liquid microextraction methods
have been reviewed [15]. The emulsion formed between the organic solvent and
water can increase the contact surface and enhance the extraction efficiency. Many
reports [16-20] have found that the addition of a water-soluble inorganic salt can
aid in sufficient dispersion of extraction solvent at microliter level into aqueous
phase. Specifically, Na,SO,4 could enhance the formation of the emulsion between
aqueous sample solution and organic solvent [17]. Many studies discovered that a
vortex-assisted mixing method helped disperse emulsion and improved extraction
efficiency [21-23]. Therefore, an isooctane-water system is commonly used to extract
flavor from the toothpaste. Water with Na,SO4 was used to disperse and suspend
toothpaste matrix into loss slurry at first, and then, isooctane was applied to extract
the flavor ingredients. After vortex-assisted mixing, centrifuging at 5000 rpm for

10 min was performed to collect the top isooctane phase for GCMS analysis of flavor
ingredients. Most flavor ingredients can be successfully extracted out in this manner,
and this method was successful in quantifying menthol and methyl salicylate in the
corresponding flavor oils and related products with good recovery and reproduc-
ibility (data are not shown here). The advantage of this extraction system is there

is no water in the injection solvent, which should improve column life based on the
traditional GC column stability consideration. Most modern GC columns except wax
and free fatty acid phase (FFAP) columns have significantly improved tolerance to
water except when strong acid or base is present in injection liquid. But the presence
of water in the injected solvents still exhibited more column bleeding at elevated
temperatures. One big disadvantage of this method is that two liquid phases were
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Figure 2.

The GCMS chromatogram of lemongrass flavor extracted by using water-ethanol solvent system. The citral peak
intensity at 11.37 min was veduced from green to ved after extraction. A new peak at 15.01 min was observed and
identified as citral diethyl acetal 60 min after extraction. Both citral and citval diethyl acetal are shown in figure.

involved in the sampling procedures, which could be against the sample homogeniza-
tion rule in analytical chemistry. The situation is even worse when a full integrated
flavor profile is required to evaluate the flavor quality. The flavor ingredients could

be unevenly partitioned between those two phases. If only the organic phase is used
for injection, this uneven distribution in the two separated liquid phases could twist
and change the final analytical results. This phenomenon could be very significant
for cleaning products such as toothpastes. Common toothpastes contain about 30%
of either glycerol or sorbitol as humectant. Those polyalcohols will mainly stay with
water, and they can dramatically enhance the flavor solubility in the water phase and
significantly change the flavor ingredient distribution between water and isooctane
phases [24]. Polyalcohol impact on flavor distribution during the two-phase fraction-
ation may not be obvious for nonpolar flavor ingredients because they can be well dis-
solved in hydrophobic isooctane solvent. That is why the quantitation of menthol and
methyl salicylate can exhibit a good accuracy and precision result after flavor ingre-
dients were formulated with toothpaste matrix. However, if a full flavor ingredient
profile needs to be analyzed to evaluate the flavor quality, this extract system could
bring some errors for the final results. Here is an example. When the current proce-
dure was compared with the method described in the Section 3.3 below, the results of
toothpaste flavor are shown in Figure 3. The two peaks at the retention times of 3.43
and 5.59 min are missing when the current two-phase, water-isooctane, extraction
method was applied. Those two peaks were identified as acetic and propanoic acids by
using the NIST library and chemical standard. They are the flavors corresponding to
sour and cheese characters and commonly used in toothpaste [25]. Those two flavor
ingredients are very critical to flavor quality evaluation. Due to their polarity and high
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Figure 3.

Th% GCMS chromatographic flavor profiles from a commercial toothpaste product. The compounds were
identified by mass spectra, NIST library, and reference standards. The green chromatogram is extracted by using
one phase of water-n-propanol-isooctane (1:8.5:15) solvent system, and the ved one is extracted by using two
phases of water-isooctane solvent system with fractionation separation.

content of humectants such as glycerol or sorbitol in the water phase, they will stay in
the water phase and cannot be injected into the GCMS instrument.

3.3 Sampling procedure with water-n-propanol-isooctane (1:8.5:15) solvent
system

To avoid the disadvantage of water-isooctane two-phase application, a new extrac-
tion system composed of water-n-propanol-isooctane (1:8.5:15) was explored for flavor
ingredient extraction from toothpaste matrix. This single-phase system mimics tooth-
paste polarity and allows flavor ingredients to be equitably transferred from high viscous
paste to light clear extraction solvents. A minimum amount of water was applied to dis-
perse and suspend the toothpaste matrix, and n-propanol was used not only for further
dispersion of toothpaste matrix but also to enhance the water solubility in isooctane to
avoid phase separation and constitute a one-phase extraction solvent system. Isooctane
is a major extraction solvent to get flavor ingredients from the toothpaste matrix. This
system was well aligned with the homogenization rule during sampling procedures,
which enabled high confidence in detecting all the flavors on the GCMS instrument
analysis. By using this ratio of three solvent compositions to mix different commercial
toothpaste products, no phase separation was observed and sampling homogenization
was achieved during vortex-assisted mixing. This system can dissolve and extract not
only hydrophobic flavor ingredients but also hydrophilic flavor ingredients including
acetic and propanoic acids, which is demonstrated in Figure 3 and described in Section
3.2. For a different consumer cleaning product, the ratio of three solvents would need to
be slightly adjusted to make sure no phase separation and dominant isooctane is present.
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4, Conclusion

This study explored three liquid extraction systems for sampling flavor ingredients
from toothpaste products. They are representative liquid sampling procedures to most
consumer cleaning products. The first extraction system is the simplest and most
eco-friendly"™. Due to high water activity and nucleophilic attacking capability from
the hydroxyl group in ethanol, nucleophilic substitution reaction of ethoxyl from
methoxyl group in methyl salicylate compounds and nucleophilic addition reaction
from citral to citral diethyl acetal were observed after extraction procedures. In the
second system, water-isooctane solvent mixture with two-phase fraction provided
a cleaner extraction solution for the GCMS instrumental analysis, especially for
hydrophobic flavor ingredient quantitation. However, the ingredient distribution in
two phases could be against the homogenization rule to present the holistic sample
profiles. Specifically, the high contents of polyalchols such as glycerol and sorbitol
present in toothpaste products could prevent polar flavor ingredients such as acetic
and propanoic acids from isooctane phase. Therefore, this solvent extraction system
is not ideal for flavor profile analysis, and the results could be misleading for flavor
quality evaluation. The third liquid extraction system with small amounts of water,
suitable amount of n-propanol and large amounts of isooctane provided a one-phase
extraction media after mixing with the toothpaste products, which can better satisfy
the sampling homogenization rule in the analytical chemistry. This system is not
only suitable for flavor ingredient quantification but also can be used for toothpaste
product flavor profiling analysis.
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Chapter 5

Recent Applications of Gas
Chromatography in Bioanalysis

Victor David and Serban C. Moldoveanu

Abstract

Bioanalysis involves a broad range of chemical analyzes. These analyzes include
that of biotics, such as natural components of living organisms, as well as xenobiotics,
such as drugs and their metabolites in biological systems. Because many biotics and
xenobiotics are not volatile molecules, the main technique for bioanalysis is high-
performance liquid chromatography (HPLC) and the limitation of GC utilization is
caused by the fact that GC is applicable only to volatile samples. However, gas chro-
matography (GC) in particular coupled with mass spectrometry (MS) as detection
is also a very useful technique in bioanalysis. A considerable number of analytes in
bioanalysis are volatile or can be made volatile following, for example, derivatization.
Asaresult, GC (and GC/MS) are commonly utilized for the analysis of biotics, such
as amino acids, fatty acids, various metabolites in biological fluids, and in particular
of alarge number of xenobiotics, such as drugs, drug metabolites, toxicants, and
certain metabolic compounds caused by toxicants. The chapter will present progress
in the GC methodology for extending its applicability to bioanalysis and will provide
areview of more recent applications.

Keywords: bioanalysis, gas chromatography, mass spectrometry, volatile compounds,
toxicants, biotics, biomatrix

1. Introduction

Biological samples include biotics, which are natural components of living
organisms, as well as xenobiotics, such as drugs and their metabolites, toxicants,
certain metabolic products caused by toxicants, and other components of biologi-
cal systems. Biometrics may consist of various body tissues, blood, plasma, serum,
hair, milk, saliva, sweat and skin surface lipids, urine, fecal materials, and breath.
Biological samples typically have a very complex composition and provenience.
Bioanalysis involves a broad range of chemical analyzes and chromatographic
techniques are the ones most frequently utilized for this purpose. The most com-
mon chromatographic technique used in bioanalysis is high-performance liquid
chromatography (HPLC), but gas chromatography (GC) is also frequently utilized.
The present chapter describes some of the more recent applications of GC in
bioanalysis.

81 IntechOpen



Novel Aspects of Gas Chromatography and Chemometrics

2. Short overview of gas chromatography

Gas chromatography (GC) is one of the main types of chromatographic
techniques that has gas as the mobile phase, usually helium or hydrogen. As an analytical
technique, the separation by GC is always coupled with a detection technique. Gas
chromatography requires the sample to be in gas form during the separation, and
this causes its limitation to the analysis of only volatile compounds. However, many
nonvolatile compounds can be transformed into volatile compounds by chemical
modifications (derivatization).

The separation in GC takes place in a chromatographic column, the modern
instruments use open-tubular columns (capillary columns), while packed columns
that were used in the past are now much less utilized. The capillary column, com-
monly made from silica, has an inner coating with a film that acts as a stationary
phase that can have different chemical structures. The stationary phase film is
selected based on the intended separation, and a variety of such phases are commer-
cially available. The chromatographic column is placed in an oven with a controlled
temperature kept constant during the separation process (isocratic conditions)
or modified following a specific program (gradient conditions). The sample to be
analyzed is introduced at the head of the chromatographic column using an injector.
For liquid samples, the injector typically uses a syringe placing a precise volume,
such as 0.5, 1.0, or 2.0 pL, into the injection port of the GC that is heated at a specific
temperature, volatizes the liquid, and places the sample in the gas flow of the chro-
matographic column. The gas samples are usually placed in the gas flow of the GC
using a loop of specific volume that is connected to the gas flow of the instrument.
Various solvent-less type injections are also possible [1]. The separated components
of the sample are carried into a detector that generates an electric signal. The signal is
proportional to the instantaneous concentration (or amount) of the analyte passing
through the detector, allowing the use of the signal for quantitative measurements.
Several types of detectors are used in GC. The most common detectors in GC are
probably the flame ionization detector (FID) and the mass spectrometer (MS). Other
detectors, such as thermal conductivity (TCD), nitrogen phosphorus (NPD), electron
capture (ECD), photoionization (PID), are also used in GC. Some of these detectors
have a universal response to the analytes and provide only quantitative information
(e.g., FID), other detectors are element specific (e.g., NPD), and others offer both the
capability of quantitative and qualitative identification (e.g., MS). The MS detector
generates a total signal that can be used for quantitation, but also mass spectra for
the compounds passing the detector. Large libraries of mass spectra (some libraries
containing spectra for over 800,000 compounds) allow qualitative identification of
unknown components in the sample, or confirmation of the nature of the evaluated
analyte. The detectors have different sensitivities and linear ranges, this depending on
the type of detector but also on the detector manufacturer.

3. Gas versus liquid chromatography in bioanalysis

Because of the common complexity of biological samples, bioanalyses usually
include separations that are carried out with chromatographic techniques [2-4].
These analyses produce quantitative and/or qualitative information about biotics,
as well as xenobiotics. A biomatrix typically consists of three main components:
large molecules, such as proteins, small (non-polymeric) organic molecules that are
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typically the target for analysis in GC, and inorganic content. Bioanalytical inves-
tigations are commonly based on a protocol that should be focused on two aspects,
namely, the sample preparation and chromatographic methodology.

Although high-performance liquid chromatography (HPLC) can be considered as
the technique most commonly utilized in bioanalysis due to the more options to inves-
tigate the complex biological matrix and the more large area of compound amenable
to the analysis by this technique, GC in spite of its smaller covered domain of applica-
tions has several advantages, such as higher separation capacity, excellent sensitivity,
and much better capability of unknown compound identification (when coupled
with MS). Besides sample enrichment and interferences removal from the biological
matrix, which is common to both GC and HPLC [5, 6], sample preparation for GC can
include the role of transforming the nonvolatile analytes in volatile compounds. This
can be performed by various techniques and can use a range of derivatization reagents
[7-10]. Generally, the sample preparation is carried out by extraction techniques,
including liquid-liquid, supercritical fluid, solid-phase, or microextractions, which
may include or not a derivatization step for improving volatility, detectability, or
improvement of separation capability [8]. In conclusion, sample preparation for GC
analysis has the main role of sample simplification, analyte concentration, or analyte
structure modification (derivatization). Derivatization in GC can be used to render
the analytes more volatile and thermally stable, to improve separation, detectability,
and accuracy of analysis.

4. GC determination of volatile organic compounds of biological origin

Usually, a volatile organic compound (VOC) is characterized by a minimum 0.13
kPa vapor pressure at 20°C [11] and can belong to various classes, such as aliphatic
and aromatic hydrocarbons, alcohols, amines, ketones, aldehydes, acids and their
derivatives, sulfur compounds, and many compounds with multiple functionalities.
Volatile organic compounds (VOC) of biological origin (e.g., human) are chemical
components from breath [12], as well as volatiles emitted from the skin, or bodily
fluids (urine and feces), many of them being odorous and different from the metabo-
lites produced in the axillae (underarms) [13]. Identification of these compounds
and their concentrations could be useful for assessing various diseases that include
pulmonary diseases, liver dysfunctions, kidney diseases [14], gastrointestinal prob-
lems, diabetes, and others. Therefore, the investigation of the content of such samples
by various analytical techniques, including GC, can be considered a potentially
noninvasive means of diagnosis, monitoring of pathological processes, and assess-
ment of pharmacological response, being fast, simple, and acceptable to patients [15].
However, unlike solid or liquid biomatrices, gaseous samples are more difficult to be
sampled and sampling is critical in the analytical process.

Gaseous samples of biological provenience can be collected by different tech-
niques, including solid-phase microextraction (SPME) [16], adsorption on graphi-
tized carbon, molecular sieve, various resins (e.g., XAD resins), or by condensation
in cold traps (cryfocusing), when the water should be removed selectively before
analysis [17]. Also, a sampler can be a cylinder that can be placed on the skin surface
in order to create a headspace [18]. In the case of using SPME for breath sampling,
this approach should avoid the collection of droplet phases of exhaled breath by using
a filter-incorporated needle-trap device [19]. Needle-trap devices are recommended
for the extraction of VOCs from biological solid and liquid samples. They are capable
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of satisfying many actual demands, as green analytical methods, eliminating solvent
consumption, and performing an on-site sampling. After extraction of VOCs, they are
thermally desorbed and automatically injected into the GC system for separation and
quantitation [20]. Specifically for breath analysis, sampling and storage can also be
chosen from several modalities, such as polymeric sampling bags (Tedlar®, Nalophan,
Cali-5-Bond), syringes, gas evacuated steel, or glass containers [21]. Sample collec-
tion can be performed offline, preserving stability in a time of the samples, or online,
which is less used in practice [22].

Analytical methodologies based on GC with mass spectrometry (MS) have
been developed for the determination of exhaled VOCs pattern and have become a
potential method for early diagnosis of lung cancer. Thus, GC-MS analysis for many
patients revealed that 1-butanol and 3-hydroxy-2-butanone are biomarkers that at
significantly higher concentrations in breath can diagnose lung cancer [23]. There are
other studies that reported the analysis of exhaled volatile carbonyl compounds for
the identification of specific carbonyl cancer markers to differentiate benign pulmo-
nary disease from early-stage lung cancer and to compare its diagnostic accuracy with
positron emission tomography scans [24]. Asthma can be diagnosed by measuring the
concentration levels of ethane, pentane, 8-isoprostane, and NO [25].

Other examples of VOCs as biomarkers determined by GC technique and their
concentrations used for illness diagnostics include, for example, (i) alkanes, mono-
methylated alkanes for breast cancer; (ii) S-containing compounds, such as methyl
mercaptan, dimethylsulfide for hepatic coma and cholera [15, 26]; (iii) carbon
disulfide, pentane, ethane for schizophrenia; (iv) hexanal, 1-octen-3-o0l and octane
for liver cancer [27]; and (v) nonanal, 2-ethylhexan-1-ol, 5-ethyl-3-methyloxolan-
2-one, heptan-2-one, 1,1,4a-trimethyl-4,5,6,7-tetrahydro-3H-naphthalen-2-one and
propan-2-one from urine as surveillance biomarker of bladder cancer [28].

One of the common possibilities to diagnose gastrointestinal disease relies on the
analysis of VOCs from fecal materials. For example, the analysis of several VOCs from
chicken feces with and without Campylobacter jejuni revealed the abundance of six
VOCs, considered fecal biomarker for this bacteria in chicken feces, namely, hexanal,
2-octenal, pyrrole, ethyl acetate, methanol, and 2-heptanone [29].

5. GC analysis of biotics in biological fluids

There is a large variety of chemical species as part of the biomatrices. Among
them, amine-type compounds, including polyamines, amino acids, catecholamines,
fatty acids, and carbohydrates (monosaccharides, disaccharides, oligosaccharides,
and polysaccharides), are essential for cell metabolism. These compounds are very
polar and many of them are lacking a chromophore moiety in order to be detected by
UV-Vis spectrometry [30].

The determination of amino acids in biological fluids can serve as cancer biomark-
ers [31, 32]. The first choice in selecting chromatographic techniques is liquid chro-
matography, which offers various retention mechanisms for amino acids [33], but gas
chromatography coupled with mass spectrometry is still being used for the analysis of
these compounds from biomatrices due to its advantage in compound identification.
The difficulty in GC determination of these very polar compounds is their lack of
volatility, and the only possibility to use this chromatographic technique is to apply
a derivatization procedure in order to decrease their polar character and transform
amino acids and more volatile species. The derivatization procedure can take place
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simultaneously with an extraction operation, or can be performed separately, before
extraction [34]. Besides isolating the derivatives from an aqueous medium, the
extraction has the role of eliminating part of the sample matrix, and in some cases the
enrichment of the target analytes [8].

Derivatization of amino acids with alkyl chloroformates, such as propyl chloro-
formate [35], is commonly used and the derivatization can be carried out directly
in the biological samples that do not need prior protein precipitation or solid phase
extraction of the amino acids. The reaction takes place rapidly (less than 1 min) ina
water/propanol/pyridine medium. The analytes are further extracted in chloroform
and analyzed by GC or GC-MS. Other alkyl chloroformates can be used for the same
purpose [36]. The derivatization at both functional groups, amino, and carboxyl, of
amino acids, will lead to stable volatile derivatives that are further extracted in an
organic solvent (e.g., chloroform or isooctane) and injected into the GC-MS system. By
these GC-MS methods, a large number of amino acids and dipeptides were determined
allowing limits of detection (LOD) situated in the range of 0.03-12 pmoles/L [37].

An older study compared the main derivatization reagents used for GC analysis
of amino acids in complex samples (lyophilized E. coli microbial culture) [38]. These
reagents were N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), N-methyl-N-(terz-
butyldimethylsilyl) trifluoroacetamide (MTBSTFA), and isobutyl chloroformate
(iBuCF). The study showed that the performances in the case of silylation with the
aid of MTBSTFA are comparable to those obtained for acylation with iBuCF, but
require a more laborious extraction procedure to isolate the amino acids prior to
derivatization, and determination of amino acids as N(O,S)-alkoxycarbonyl alkyl
esters is more advantageous for this type of application.

Derivatization with BSTFA of amino acids, attaching trimethylsilyl at both
functional groups, was applied for their analysis in urine and cerebrospinal fluid
collected from rats [39]. The derivatives of amino acids were isolated with the aid of
hollow fiber solid phase microextraction (HF-SPME) and were analyzed by GC-MS.
This method generated limits of detection (LOD) situated in the range of 0.3-17 ng/
mL [40]. A version of this derivatization reaction, assisted by microwave, was used
for the determination of the concentrations of L-amino acids in cerebrospinal fluid
in order to have a biochemical insight into central nervous system disorders [41]. A
review on this topic has been very recently published and offers information on new
potential biomarkers of central nervous system diseases investigated by GC-MS [42].

A variety of fatty acids play critical roles in biological systems. They exist in the
diet of humans, in the bloodstream, cells and tissues of humans, both being an energy
sources and membrane constituents. GC with different detections is the most widely
used analytical technique for the separation and quantitation of fatty acids as methyl
ester derivatives. Complete separation of common fatty acids is currently carried
out by using capillary columns with polar stationary phases, and the use of a flame
ionization detector (FID) offers sufficient sensitivity to measure them from complex
samples. In specific applications, depending on the class of lipids to be separated, fur-
ther separation and fractionation should be necessary or different columns required
for GC separations [43].

Fatty acids can influence cell and tissue metabolism, function, and responsiveness
to hormonal and other signals, and imbalances in fatty acids are related to a variety
of diseases, which makes the measurement of fatty acids in biological samples very
important [44]. For example, fatty acids (octadecanoic acid, heptadecanoic acid,
tetradecanoic acid, eicosanoic acid, and cis-vaccenic acid) and their esters showed
altered levels in breast cancer patients in several studies, and the oxidation of these
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acids is important in the development of tumor cells [45]. The use of GC-MS-based
investigations allowed the identification of several metabolites resulting from meta-
bolic processes [46, 47]. Some of the main strategies include extraction methods
(e.g., liquid-liquid extraction and solid-phase microextraction), derivatization
methods, column selections, and internal standard selections, in order to identify
and measure the concentration of various fatty acids in biomatrices. A recent GC-MS
analytical procedure for the rapid and selective derivatization of free fatty acids

into methyl esters directly in plasma without transmethylation of lipid-bound fatty
acids was developed based on the reaction with CHjl in dimethyl sulfoxide and in the
presence of solid bases (sodium carbonate) [48]. The method requires a very small
volume of plasma (50 pL) and has a detection limit of 0.1 ng/mL. The relationships
between fatty acid imbalances and the investigated diseases [44], or the influence of
the use of drugs [49] have been recently reviewed.

Lipids are also frequently analyzed using GC. A variety of lipids are present in liv-
ing organisms, such as glycerolipids, sterols, stanols, prenols, and phosphoglycerides.
Although the direct analysis of lipids is difficult using GC, the technique is commonly
used for the analysis of fatty acids present in lipids and of other lipid components
[50]. Some lipids can be directly analyzed using GC-MS [51], but hydrolysis of lipids
and derivatization of the fatty acids is a common procedure for analysis using GC
separation.

Determinations of carbohydrates by GC are limited to mono-, di- and trisaccha-
rides, and these can be performed after derivatization to enhance their volatility and
thermal stability [46]. Upper saccharides are less stable at elevated temperatures used
in GC, and only a few applications are known for these compounds. Generally, the
lower saccharides are transformed into methyl ethers, acetate, trifluoroacetate, and
trimethylsilyl derivatives that are separated and detected by GC.

Silylation reagents used for carbohydrate analysis include hexamethyldisilazane
(HMDS), trimethylchlorosilane (TMCS), N-trimethylsilylimidazole (TMSI),
N-methyl-N-trimethylsilylacetamide (MSA), N-trimethylsilyldiethylamine
(TMSDEA), N-trimethylsilyldimethylamine (TMSDMA), N-methyl-N-
trimethylsilyltrifluoroacetamide (MSTFA), N,O-bis(trimethylsilyl)acetamide (BSA)
and N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) [52]. The derivation condi-
tions depend on the type of reagent and samples to be analyzed. Comparison of the
analytical performances of GC-MS based on silylation derivatization with other
derivatization procedures based on other chromatographic techniques, mainly with
hydrophilic interaction liquid chromatography (HILIC), reversed-phase liquid chro-
matography (RP-LC) applied to biological samples has been recently reported [53].

From the class of derivatization of carbohydrates by alkylation reactions, the most
convenient is permethylation. In practice, this reaction can be achieved using CHjl,
in the presence of dimethyl sulfoxide and a solid base (NaOH, KOH, and potassium
tert-butoxide) [54, 55].

The alkylation of sugars can be performed in only one step by adding dimethyl
sulfoxide, powdered sodium hydroxide, and methyl iodide directly to an aqueous
solution of the sample. This procedure can be applied also to aqueous samples by an
additional excess of sodium hydroxide [56]. The procedure has been applied to many
biological systems, for example, ref. [57-59].

A few analytical studies have been dedicated to the determination of fatty alco-
hols, attempting to elucidate the role of fatty alcohols in biological systems which is
still uncertain. So far, it is known that an inherited disorder of fatty alcohols metabo-
lism, known as Sjégren-Larsson syndrome, is a consequence of a deficiency in fatty
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alcohols oxidation. A report describing the determination of these compounds in rat
plasma samples is known, based on derivatization with pentafluorobenzoyl chloride
and gas chromatography/electron capture negative ion chemical ionization-MS [60].

6. GC analysis of drugs and metabolites in main biological matrices

Drugs and, in many cases, their metabolites are of interest of being analyzed
in biomatrices for clinical and pharmacological purposes. Biological samples are
frequently processed in the view of GC analysis. The processing can be achieved
by several liquid-liquid or solid-phase extraction techniques. This part of sample
preparation has the role of simplification of sample composition and in several
circumstances to enrich the sample. The main purpose of sample preparation is
however to enhance the volatility of target compounds, drugs or their metabolites,
which are nonvolatile in many cases. Therefore, this task is crucial for the perfor-
mance of GC analysis, the method is usually applied to a large number of samples
[5]. Derivatization can take place before, simultaneously with or after the extraction.
This process is dependent on the detection used in GC analysis. Validation is another
important part of the GC protocol and should take into consideration all aspects of
the analytical process based on GC separation and detection [61]. The criteria for GC
methods have not changed too much in time and they include the proof for stability,
selectivity, accuracy, precision (intra- and inter-day), recovery, response linearity,
computation of detection limit (LOD) and quantitation limit (LOQ ), ruggedness, and
other issues important to be applied to a large number of biosamples. The protocol for
validation may also require re-validation, cross-validation, endogenous drug evalua-
tion, and evaluation of matrix effects [62].

The derivatization method is usually chosen from this list of reactions: silylation,
alkylation, acylation, and the formation of cyclic derivatives. A long list of derivatiza-
tion reagents is available for these applications, but in practice, methodologies based
on the several formations of trimethylsilyl, perfluoroacyl, or methylated-derivatives
have proved to be the most versatile and extensively used [63]. The use of GC-MS sys-
tems for bioanalysis is almost always recommended for structural confirmation, and
this is facilitated by the existence of comprehensive libraries containing reference MS
spectra for different derivatives of many drugs and their metabolites [63]. Although
much less utilized, GC coupled to Fourier transform infrared spectroscopy (FTIR) is
also an alternative technique to GC-MS, providing structural information that allows,
for example, the discrimination between isobars and isomers [64].

The literature reports several reviews focused on GC applications for bioanalysis
for specific classes of drugs and their metabolites [65-67]. Some examples of ana-
lytical methods based on GC techniques are listed in Table 1. The majority of these
techniques are applied to detect drugs of abuse, such as opiates, cocaine, cannabis,
amphetamines, or benzodiazepines.

Various technical aspects of using GC/MS analysis in bioanalysis are related to the
complexity of the matrix of the samples of biological origin. For example, in using
GC/MS on biological samples one problem is the possibility that the matrix is influ-
encing the intensity of MS signals by the co-eluting species with the target analytes.
Interferences effects are characterized by signal enhancement or suppression [81].
This phenomenon is known as the matrix effect and can be observed also in liquid
chromatography coupled to electrospray ionization MS. In GC-MS the matrix effect is
usually less important compared to LC-MS or LC/LC-MS. For this reason, in GC-MS

87



Novel Aspects of Gas Chromatography and Chemometrics

Tuy/3u 0g
Jelos sem Qoﬂumuﬂﬁﬁmﬁ—u
Jo3mwry “Tuy/Su 008-05

'] se yp-aurdezo]) opour
(Burrojruour uot pa3dS[as) WIS ut
uo10339p SIAl ‘@uexoisA[odiAtrour
(1Auayd)-0G 3o gy > wrl

GE'0 yam pajeod A[rewrejur ‘p'1

(VvAL)

SpLIpAYUe 5112020ION[JLI}
&#3 ﬁOﬁmNﬁN\wiw@ ﬁﬁm
IDHD YIM UOIIORIIXD0I0IW

[t£] I2A0 urewrop AjLreaury wrl oGz X wipg utmjod Arefrden pmbij-pmbiy aatszadsiq ewse[d uewngyy aurdezol)
surydiowr
pue 19352 (Ao
suruo3os 105 8/31 1070 —
‘souruogdosjhozuaq 1oy 331
70°0 — ‘@uopeyow pue ‘SpIepue)s [euIajur "V.LSd YIM UOLIRZILALISP
SURA1[19E00 SUTEI0D 10§ se pasn axe spunodurod pajeraIna(g PUE S[DHD YIM uonna +
3/81 600" 0 — :uonoa3ep ¢ (ssauory) wpry wd-g¢° 0 “p'r urx uomnoenxa aseyd-pIjos oenxs
Jo syury <8/31 0001 01 -0’0 x wr G'gr) auexois AN Hd 313 Jo uoreZIUIEN[E ‘Sa)A[eUE anssn asodipe surydrowr
[0/] 1'0 usamiaq Arreaur| 9S SING-XAAH uwnjod Arefiider Jo uonoenXa proe snoanby WI31I0UNSOq pue ‘QuopeyIauI ¢(SA[OEIAUL) SUIEIOD)
SPIUIE}aOLOION[JLIY
(Ksidgrowiin) -N-[Aypew-N (sunsayur
spour DI, Ul U01dap Surhordurs uoneziyeariap ¢(a/a pue ‘udapds “raAr]
SIAL ‘uwunjod suexoyisAjodAyewrp 05:0S) auexay ;joueng-1 Suisn Koupny a3 jo
[w/3u 0osz suajAuayd (AxofisjAyouurp) siq-4°T Aq pakordurs sem porzaur uonytod e) sydures
[69] 01 00§ UsamIaq ALreaur| pue ‘wrd Gz*o ‘W 7' x wog uonoenxs pmbij-pmbry sanssi QUL apraidaujn
*(SI) piepuess [eurajul [opeiuade) ‘jopeurenjf1ausap-Q
se unjeoeuayd fuoreziureye ‘opewen; ‘surraseded ‘Surjoridd
ardures jo dajs snorasid e pue -1-[Auaydip -¢c-[Appow--1Aye-g
*(INIS) apout Suriojruour uot JUDAJOS UOTIOBIIXD SB 91BI2IE durprjoriddjfuaydip-¢“¢c-jAyraurrp
ur uooa19p SIAl ‘uondafur ssaprds [A1y25 Jo asn 3} “UONIEdIUOSEIN -G*T-ouapIAy19-7 ‘DuopeyIaur
¢ (auexoqisA[od [Ayrawrp 9466 pue Busn sopdures pooyq sjoym urydourifyze ‘urydiourosap
squi/3u 000C [Auaydip 046 padjurl-ssoxd ‘wrr Gz'0 a1 jo Jusuureanaxd oy jo surydiourjf1aoe-g ‘uroray
[89] pue T¢ usam1aq AjLresury furu Gz'Q w o¢) uwnjod Areqiiden Pa1sIsSuod poyraut SYFYDAND Poo[q 3[oY A ourydiow ‘eutapod :sprordp
‘394 sasueurioyrad reondeuy s[re1ap DO uoneredaxd sydureg xrryew fesrSoforg sureu Snaqg

88



w3 $7-61:(D0T)

"uor10319p
SN ‘sseworys wirl Gz°( fww Gz x

"VALSIN yam
uonelpsiiyrounn () pue
‘oprLIo[yo01pAYy durure[AxoIpAy
ILM UOLBUIIXO (T)

suouTyIedIoWAYIS-f
SUOUTYIedY I WIAYISWIP-§°¢
QUOUTYIEIYID[AYISW-§ ‘OUOUTYIEIYISUL
QUOUTYEdYIaUIoION]J-1 SSNIp

[9/] uonrenuenb jo jruwry w (¢ ‘GXdg ‘uwnjod Do) Areqde) :uoneznearap dais-omiay], sneyuis ad£y-suouryie)
*(suopfyuad pue ¢(a1j0qeIawr
suoxpaydaur) suripaydsjAypow-4
¢ (anjoqerowr surrpayds suoxpaydng)
T SPIEPUE]S [EUINUI PateIaInag "21e1908 surrpaydnq ‘ouoipaydaur :ssuourtred
/3u Q0T pue Gz usamiaq opouwr (JNIS) Surtoyruour uor Ay3e ur (Yddd) spupAiyue snayuAs ¢ (sururelsydureyrowr
(DOTT) uoneoynuenb Pa309[8s Ul UO119319p SNl ‘UWN[Od sruordoxdoxongyeyuad yaim Axorpaushyaw-4¢- (¥) pue
Jo syrur] mor fui/3u Gz (ssewpryy wirl Gz'0 ‘ww Gz° UOTIRZIIALIDD ‘GA-SINAd ‘urureysydurefxoiaur-ered
pue g usamiaq (Q0T) x w og ¢(duexoisAjodAyppowr pue ‘(spowt paxiur) XDS-8TD ‘oururelsydureyiow Sururelsydure
[sz] UoN0233p JO U] 9%S6/14uayd 946) sws-gq 910 sdn 1oqy ynM FINS ssywemnuns ad A-surureyoydury
(@dn)
uor10939p snioydsoyd usSoniu
‘ssawory aseyd Areuonyess urrd JUSAJOS UOTIDBIIXD SB 9JBIDIE
"1/3u ST°0 & yam uwnjod Areqides [Axay Sursn uonoenx20ITW
/] GI pue 8 J usamiaq sqO'1 “ww Gz 0 x W O€ ‘SINSE-dd aseyd-pmbiy 1eqry mofjoH ewsepd pue aurin [TuejURyNS pue [Aue)usy rueIusjy
"3UOS[110D 10§
Tur/Su G9 pue T ¢[OS[1.10D
10§ Tui/3u o4 pue T apout \[[S UI U011033ap S ‘aseyd suojostupaid [ero

‘auostupaid 1oy Tur/3u
GIT pue O ‘ouojostupaxd

Areuornyess jo ssouxporyy wiyry wrl
ST'0 yM (‘prumw Gz x ydusy

"(VedH) epLpAyue
suking-u-oxonyerday yarm

Surmp swoipuhs

//dx.doi.org/10.5772/intechopen.106894

http

Recent Applications of Gas Chromatography in Bioanalysis

DOI

105 Tui/3u 0OG pue w GT) uwnjod Areides eorrs uonezneaLap a3pinred Apoq SUOSI}10D
[e£] 0T usamiaq Arreaury pasng 1-gds yam Do Axefiden -110Ys snig 81D yed-das uo 745 sojdures ewse[q pue ‘[os1100 ‘ouostupaid ‘Quojostupaig
€d-N4D pu® ‘¢d-OHL ‘€d-ado
SpIepuels [BUISIUI PaIeIaInap VALSIA YIM UOIIRZITeALISP
ey jo ur ‘opowr (NYIN) Suriojruour Aq pamoy[oj uonoenxa (NED)
/3d 6z¢ 01 o woiy paduex -uomnoear s[dnnur ur uoToIP aseyd-prjos + uonnjos HOeN [ourqeuued (DH,,) [OUIqeuued0IpAyena)
[e] SUONEIUDUOD (JFD SIAl ‘uoryeredas Do) uo [1e39p ON Ul Irey Woij Uonoenxy wroxy sojdures arey £(dgD) [oIpIqeuUED [SpIouIqeuue))
‘394 sasueurioyrad reondeuy s[re1ap DO uoneredaxd sydureg xrryew fesr3oforg sureu Snaqg

89



Novel Aspects of Gas Chromatography and Chemometrics

*$01430UL [92130]0Lq UL STNAP J0 U0V UIMAIIIP Y] 40f SPOYIIUL DO

TIIqEL
‘prepuels
[BUISIUT SE 9P-UTULIOJIaUI
UOTJBZIUOL [EJIUIDYD UOI-2A11EZoU *3USN[0) YIIM UOIIOBIIXD
UI uon1AP SIAL (SSAUDIY) W[y <aye3a0e (A3 ur apLIpAyue
[outy wirl Gz'0 "’ W 7' X Wi GT) osruordoxdoronpyejuad aunm
[08] 00€ JO W[ UoI1213(] /1 eumndQ uumyoo Areiden M UOIIRZIIBALID(] pUE WNISS UBUINE] UTULIOJIRIA
Tu/3u pIepuels [euIa)ul *(VdAd) epuphyue
GZ'0 =DOTPUBSZIO Se DeURJOPIPAXOIPAY-f apout INIS sruordoxdoronyyeuad “Apmas
= O ‘Tuy/3u oG pue ur SN ¢(wr 6z'p x wrl oGz x Wi GT) UILM UOLIRZIJEALISD aouaeambaorq
[64] GT'0 usamiaq AyLresur| uunjod Axefpides eoris pasny 1-dg £OUBXDY] Ul UOTIDBIIXY cewserd uewnyy SeURJOI(
U0T}3)3p
Tuw/3u 6 =DOT pue “Tu SIN “PTw Gz°0 * Yadua] w og "VALSIN Y3M UOLRZIFRALISD Apms
/8u g =qoT ‘1Twy/Su 00s sssawpry) wy wil Gz'o Yum pue a1e300€ [A119 pue 19732 souaeambaoiq
[8/] pue 6T usam1aq Lirresury uumyod SN §-JH Yaim uorreredag TA3S1P YIIM UOTIORIIXY cewseqd uewmyy [o1tpaaIeD)
[094[3[AuaydAxo1pAyrp-4¢ SaseasIp
OI)N3PLI} SUOTIEZIUOL [EOTUIAYD onewmay1
uor-aanedau arnjded-uonospp Aroyewrurepyur
M SIA] £ (SSIUNDTYD WLy W ‘aprwoiq [Azusqoionyeuad SIUOIYD W01}
fpQ “prwu Gz o x W GT) {1IM UOIIRZI]BALISP pUE Burzagyns syuatyed [024[3AuaydAxo1pAyIp-1°¢
[22] [owe 9/ :qO1 uwnjod edI[Is pasny IG-g( aye390€ [A19 UI UOIIOBIIXY SuLIn UBWNL| 19)1[0qBISUI SUIWIB[OYDIE))
‘394 sasueurioyrad reondeuy s[re1ap DO uoneredaxd sydureg xrryew fesrSoforg sureu Snaqg

90



Recent Applications of Gas Chromatography in Bioanalysis
DOI: http://dx.doi.org/10.5772/intechopen.106894

the possibility of interference is frequently neglected in spite of the fact that it still
should be taken into consideration when sample preparation does not remove entirely
the sample matrix. The difference between the effect of matrix on the two chromato-
graphic techniques HPLC-MS and GC-MS is caused by the fact that the two methods
are based on different ionization mechanisms, and the matrix effects can have differ-
ent intensities in affecting ionization. In HPLC-MS the ionization mechanism is a soft
process in the interface of MS, while in GC-MS this process involves higher energy
that overcomes the competition with the other possible co-eluted compounds. One of
the solutions to compensate for the interference effects is the use of stable isotopically
labeled standards of the target analytes [82, 83], such that both the analytes and the
standard are equally affected by interferences.

7. GC determination of toxicants in biological matrices

Forensic toxicology deals with the investigation of all substances of exogenous
origin that do not have a normal physiological role in the biochemical processes of the
organisms [84, 85]. This includes analytical toxicology, which is focused on meth-
odologies for the identification and quantitation of chemical substances that have
adverse effects on living organisms. These analyses in biomatrices are very important,
and frequently the interest is directed toward the analytical investigation of toxic
species in various consumable products (e.g., food, beverages, nutraceuticals, agricul-
tural products, pharmaceuticals, environment, or tobacco products), and also to the
detection of various metabolites of these species in biological fluids and living organ-
isms. The domain of concentrations that need to be determined by GC is generally
very broad and depends on the sample provenience and the degree of contamination
of investigated samples. Some recent applications of the use of GC-MS in this domain
are further presented.

GC-MS techniques can be utilized, for example, for the evaluation of certain
metabolic disruptions caused by various toxicants [86]. Thus, the high sensitivity
of GC-MS was useful for investigating the effect of different concentration levels
(toxic and subtoxic) of 3,4-methylenedioxypyrovalerone on the metabolic profile
of primary mouse hepatocytes, under normothermic and hyperthermic conditions,
providing new insights into the mechanism of hepatotoxicity induced by this cathi-
none derivative as well as the higher risks occurring under hyperthermic conditions
[87]. In another study, GC-MS has been used to analyze the metabolomic changes in
the rat liver after chlorpyriphos, cadmium, and their mixtures treatment [88]. By this
technique, a number of eleven biomarkers have been identified, among them being
butanedioic acid, myo-inositol, and urea. Another example is the use of a GC-MS-
based metabolomic approach for the investigation of the metabolic mechanism of
triptolide-induced reproductive toxicity in order to identify potential novel biomark-
ers for the early detection of spermatogenesis dysfunction [89].

Several studies are reported for measuring the toxicant levels in biological speci-
mens. A group of four synthetic insecticides from the class of pyrethroids (tefluthrin,
bifenthrin, a-cypermethrin, and deltamethrin) were determined collected samples of
blood, liver, and cerebellum were analyzed 6 hours after administration with the aid
of GC with electron capture detector (GC-ECD) [90]. The results provided informa-
tion regarding the exposure-dose-effect relation for pyrethroids and were useful for
designing pharmacokinetic models for environmentally relevant exposures to pyre-
throid mixtures. Polychlorinated biphenyls (PCBs) are another class of toxicants that
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can be determined by GC. Their concentrations (at levels of pg/g), for example, in
maternal blood during pregnancy for 169 participants, and the associations between
prenatal exposure to various PCBs and the gene methylation levels were evaluated
in infants by GC coupled to high-resolution mass spectrometry (GC-HRMS), after
extraction with organic solvent [91].

An important class of applications refers to the investigations of specific phar-
maceuticals used for reducing the effect of certain toxicants. For example, sodium
salicylate has been shown to be a promising antidote for the treatment of paraquat
(N,N’-dimethyl-4,4'-biphenyl dichloride) poisonings [92]. Besides the modulation
of the pro-oxidant and pro-inflammatory pathways and anti-thrombogenic proper-
ties of sodium salicylate, this study was focused on proving the possibility that a
direct chemical reaction may take place between sodium salicylate and paraquat as
aresult of charge-transfer complexes, whose stoichiometry was established from
GC-MS experiments. The possibility of formation of specific adducts in biological
matrices can be made using a variety of techniques including GC-MS. An example
is the investigation of detoxification of severe nerve agents like cyclosarin, sarin,
tabun, and VX (ethyl N-2-diisopropylaminoethyl methylphosphonothiolate) using
p-cylodextrin derivatized with iodosobenzoic acid (CD-IBA) [93]. The biochemi-
cal assay was based on GC-MS determinations of the nerve agent concentrations in
the extracts of chloroform obtained from biomatrix, using propyl-N,N-dimethyl-
phosphoramidocyanidate as internal standard [93]. The possibility of the identifica-
tion of toxic effects of approved drugs by using GC for their measure in biological
fluids is another example of the utilization of this technique. Toxicological analysis
by means of GC-MS and GC-MS-TOF for the determination of propofol in the blood
and urine were used in real situations of suspected acute and lethal intoxication
caused by this pharmaceutical compound [94]. Other examples are the designer
drugs: a-pyrrolidinovalerophenone and its metabolites in urine and blood in an acute
poisoning case [95, 96], zolpidem in postmortem specimens in a voluntary intoxica-
tion [97], antiepileptic drugs (pentobarbital, phenobarbital, and carbamazepine),
and antipsychotic drugs (chlorpromazine and thioridazine) in blood samples [98], or
drugs and pesticides in postmortem blood [99].

Another toxicological example is the GC determination of two p-carbolines
alkaloids (harmine and harmaline), as well as the potent hallucinogen N,N-
dimethyltryptamine as the main active components in ayahuasca, which is a halluci-
nogenic beverage used in religious rituals in South America. In this particular case,
sweat was the biological matrix selected for the investigation of these species found
in ayahuasca, because this can be collected by a simple and non-invasive procedure,
subjected to solid-phase extraction (SPE), and followed by GC-MS analysis [100]. In
general, sweat analysis has become a very useful tool in toxicology for monitoring the
therapeutic drugs and drugs of abuse [101, 102].

8. Perspectives

Gas chromatography with MS or other types of detection is a mature analytical
technique with broad applications in various fields, including bioanalysis. In a few
examples of applications of GC in bioanalysis presented in this chapter one may
conclude that its performances (separation capacity, detection limits, and complex
information provided by MS) are exceeded by other related separation techniques,
such as LC-MS. However, GC-MS potential in bioanalysis can be very much enhanced
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by the versatile sample preparation that makes biocompounds amenable to GC
analysis. Generally, the new applications of GC depend on both methodology and
instrumental developments and improvements. Advances in sample preparation
coupled with on-line GC, high-resolution MS, bidimensional and comprehensive GC,
and chemometrics are only a few directions of developing this technique and improv-
ing its analytical performances [103, 104]. GC and GC-MS perspectives in bioanalysis
have been extended for different types of applications, such as for example in the case
of omics-based domains [105, 106].
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Chapter 6

Designs for Screening Experiments
with Quantitative Factors

Nam-Ky Nguyen, Stella Stylianou, Tung-Dinh Pham
and Mai Phuong Vuong

Abstract

Most screening experiments in chemometrics and science are quantitative,
i.e. continuous factors. These factors should be 3-level and the designs for these
experiments should also be 3-level. However, popular designs for screening experi-
ments are still Plackett-Burman designs (PBDs) and 2-level fractional factorial designs
(FFDs) such as resolution III and resolution IV FFDs. This chapter introduces the
conference matrices as an alternative to PBDs and resolution III FFDs and definitive
screening designs, a conference matrix-based class of designs, as an alternative to
resolution IV FFDs. A table of conference matrices of up to order 32 and examples are
also provided for illustration.

Keywords: conference matrices, definitive screening designs, fractional factorial
designs, Plackett-Burman designs, response surface designs, screening designs

1. Introduction

Screening experiments are used at the initial stage of experimentation and aim at
identifying the dominant main effects out of a large set of potentially active factors.
The benefit of the screening approach is the use of a cost-effective design and process
to separate the influential variables from the non-influential ones. By using the active
effects that have been identified by the screening process, the research can run
additional follow-up experiments to fit higher-order effects and build a better and
more complex model. Screening is traditionally performed by applying a linear model
using a 2-level FFD. When the screening process involves quantitative factors, other
designs with better properties are also available in the recent literature.

Consider a 2" experiment conducted by Poorna & Kulkarnin [1] (hereafter
abbreviated as PK) to investigate 15 2-level factors, which might affect inulinase
production. These factors come from four carbon sources: A Inulin (%), B Fructose
(%), C Glucose (%), D Sucrose (%); four organic nitrogen sources: E Corn steep
liquor (%), F Peptone (%), G Urea (%), H Yeast extract (%); four inorganic nitrogen
sources: J Corn steep liquor (%), K Peptone (%), L Urea (%), M Yeast extract (%);
and three other parameters: N Trace element solutions (mL), O Inoculum level
(10° spores/mL), P (pH). The two responses are inulinase activity (units/mL) at
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60 hours and dry weight biomass (mg/mL). This experiment is also summarized in
Example 6.4 of [2].

The design for the PK experiment is a 257 ™ (a resolution I1I FFD for 15 factors
in 16 runs) given in Table 1(a). The 11 design generators for this experiment are:

E = -ABCD,F = BCD,G = ABC,H = -CD,I = -BD,] = ABD,K = ACD,
L=—-ACM = —AD,N = —AB, and O = —BC. For a resolution III design, no main
effects (MEs) are aliased with any other MEs, but MEs are aliased with 2-factor interac-
tions (2FIs). For this design, each ME is aliased with seven 2FIs. For example —A =
BN=CL=DM=EF=GO=HK=Iand -D=AM=BI=CH =EG=FO =
JN = KL. An alternative design with similar number of runs, whose MEs are pairwise
orthogonal and are not fully aliased with 2FIs, will be presented in this chapter.

Let us examine another experiment on the human blood formation that originates
in hematopoietic stem cells (HSC) and hematopoietic progenitor cells (HPC). Due to
the complexity of clinical use of cells in serum medium, Yao et.al. [3] set up a 2°*
experiment to screen out the most important serum substitutes affecting the growth
of HSC and HPC among eight kinds of compounds: A Albumax I (10g/1), B BSA
(10g/1), C TF(0.4g/1), D Glutamine (2mM), E HC (1mg/1), F Peptone (1g/1), G 2-ME

(a)
A B C D E F G H I J K L M N O
1 1 1 1 1 1 1 -1 1 1 1 -1 -1 -1 -1
1 1 1 -1 1 -1 1 1 1 -1 -1 -1 1 -1 -1
14 1 1 1 1 1 1 -1 -1 -1 -1 1 1 1 -1
i -1 1 -1 -1 1 -1 1 -1 1 -1 -1 1 1 1
4 1 -1 1 -1 -1 1 1 -1 -1 1 -1 1 1 1
i 1 1 1 1 -1 -1 -1 1 -1 1 -1 -1 1 1
i1 1 -1 -1 1 -1 -1 1 -1 1 1 1 -1 1
14 1 1 -1 -1 -1 -1 1 1 1 1 1 -1 1 -1
-1 1 1 1 -1 -1 1 1 1 1 -1 1 1 -1 1
1 -1 -1 -1 1 -1 1 -1 -1 1 1 1 1 1 -1
-1 1 1 -1 1 1 1 1 1 1 -1 -1 -1 1 1
4 -1 1 -1 1 1 1 1 -1 -1 1 1 -1 -1 1
4 <1 1 1 1 1 1 1 1 1 1 - 1 -1 -
i -1 -1 1 -1 1 1 1 1 -1 -1 1 -1 1 -1
i1 -1 1 1 -1 -1 1 -1 1 -1 1 -1 -1 1
14 -1 -1 -1 -1 -1 1 1 1 -1 -1 -1 -1 -1 -1
(b)

A B C D E F G H

1 1 -1 -1 -1 -1 -1 -1

1 -1 -1 -1 1 1 1 1

1 1 -1 -1 1 -1 1 1

1 1 -1 -1 1 1 -1 -

1 -1 1 -1 1 1 1 -1

1 1 1 1 1 -1 -1 1

1 1 1 1 1 1 1 1

1 1 1 -1 -1 -1 1 -

1 1 1 1 1 1 1 1

1 1 -1 1 1 -1 1 -

1 1 -1 1 -1 1 1 -

1 1 1 1 1 -1 -1 1

i 1 1 1 1 -1 1 1

1 -1 1 1 -1 1 -1 -

1 1 1 1 1 -1 -1 -

1 1 1 1 1 1 1 1

Table 1.
(a) Poorna & Kulkarni’s 2*5" experiment, (b) Yao et al.’s 284 experiment.
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(55¢M) and H Insulin (10ug/ml) for hematopoietic ex vivo expansion culture. Among
them, the first three factors are non-hormonal proteins, Insulin and HC are both
hormonal proteins, 2-ME is an antioxidant molecule, and Glutamine is an amino acid.

The design for the experiment in the second example is a 2§, * (a resolution IV FFD
for eight factors in 16 runs) given in Table 1(b) where level —1 means no addition,
and 1 indicates a specified concentration of the compound. The four design generators
for this experiment are: E = BCD, F = ACD, G = ABC, H = ABD. For a resolution
IV design, no MEs are aliased with any other ME or 2FIs, but 2FIs are aliased with
other 2FIs. For this design, each of 2FIs is aliased with three other 2FIs: AB = EF =
CG = DH,AC = DF = BG = EH,AD = CF = EF = BH,AE = BF = DG = CH,

AF = CD = BE = GH,AG = BC = DE = FH, and AH = BD = CE = FG. Again, in
this chapter we will present an alternative design, whose MEs are orthogonal to other
MEs and 2FIs and whose 2FIs are not fully aliased with other 2FIs.

Motivated by the above examples, this chapter introduces the use of conference
matrices and conference matrix-based designs, including the popular definitive
screening designs (DSDs), as an alternative to Plackett-Burman designs or PBDs [4]
and resolution III and IV FFDs.

2. Conference matrices and its use

A conference matrix C of order m is an m x m (0, £1)-matrix with zero diagonal
satisfying the condition CC' = (m — 1) I, where I is the identity matrix. A conference
matrix is said to be normalized if all entries in its first row and first column are 1
(except the (1,1) entry, which is 0). Removing the first row and the first column of a
normalized conference matrix yields its core. A conference matrix is said to be skew-
symmetric if C = —C'. It is conjectured that a conference matrix C exists for all m = 2
(mod 4) as long as m — 1is a sum of two squares. Examples of non-existent
conference matrices are the ones of size 2, 34 and 58. More information about the
conference matrices can be found in Section 6.1 of [5].

A large number of conference matrices can be constructed by the single cyclic
generators. Table 2 displays two generating vectors for the conference matrices with
m < 32. To generate the conference matrix for m = 8, for example, we use the
generating vector (0 + + — + — —) to generate its core and then augment it with 0 in
the (1,1) entry, —1 in the remaining entries of the first row, and +1 in the remaining
entries in the first column. Note that if we replace the first element of this generating
vector, i.e. 0 by +1, we have the generating vector for the PBD with eight runs.

Table 3 displays the conference matrices for m = 6, 8, 10, 12, 14, 16, 26 and 28.
Note that, the conference matrices for m = 10, 16, 26 and 28 cannot be generated by
the cyclic generators. Unlike conference matrices of order m = 10, 16, 26 and 28 in
[6], the numbers of 1's and —1’s in each column from 2 to m differ by only one. A
conference matrix of order 27 can be constructed from a conference matrix of order

m by the following equation:
C —(C+1/
(C +1 o} ) @

Here, C in (1) is a conference matrix of order m, and I is the identity matrix. We
use (1) to construct the conference matrix of order 16 in Table 3 from the conference
matrix of order 8 in this table.

105



Novel Aspects of Gas Chromatography and Chemometrics

m Generating vectors

4 0-+

6 0-++-

8t O++-+--

10  See Table 3.

12t O+—-+++—-——+-—

¥ O+-4+-=—=++-+

16  See Table 3.

B 0-——+—+4+——Ft++—4+——

200t O+——++4+4+—-+—-4+————++-

22 Not exist.

24t O++++—-+—-++-——F++——+—+-————

26  See Table 3.

28  See Table 3.

30 O0+——++++—+———-+——F———F+—++++——+
32 O++—++—++++———F—F -ttt ————h—— -
1Obtained from the generating vector for a Plackett-Burman design.
The remaining generating vectors are from Table 1 of [6].

Table 2.
Generating vectors for conference matrices with m <32,

One of the most popular use of the conference matrices is to construct definitive
screening designs (DSDs), which are the 3-level designs introduced in [7] for studying
quantitative factors. The design matrix D for a DSD can be written as:

C
0 (2)
-C

where C is a constituent 7 x m (0, £1)-matrix with zero diagonal, —C is the
foldover fraction of C, and 0 is a row vector of 0’s. Note that O can contain more than
one row vector of 0.

The model for a 3-level screening design such as a DSD is:

y=Xp+e (3
where y is the response vector; X is the model matrix of size # x p with

m
p=14+2m+ (2 ) ; B’s is the vector of parameters to be estimated; ¢ is the error

vector with components assumed to be independent and identically distributed (iid)
N(0,6%). Letdy;,(u = 1, ... ,n;i = 1, ... ,m) be the entry in the uth row and ith column of
the design matrix D. The uth row of X can be written as

(L, duts o> dum> 2y s dl diadi,s .. dy(m—1)4um). The terms in each vector corre-
spond to the intercept, MEs, quadratic effects (QEs) and 2FIs.

DSDs have the following desirable properties:
i. The design is mean orthogonal;

ii. The number of runs is # = 2m + 1, i.e. saturated for estimating the intercept,
m MEs and m QEs;
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Table 3.
Conference matrices for m = 6, 8, 10, 12, 14, 16 and 28.

iii. If a conference matrix (or some columns of a conference matrix) is used for C

in (2), the constructed DSD is also orthogonal for MEs [6, 8, 9];

iv. Unlike the resolution III FFDs, the MEs are orthogonal to all 2FIs;

v. Unlike the resolution IV FFDs, 2FIs are not fully aliased with one another;

vi. The number of runs for DSDs are more flexible than the ones for resolution
IV FEDs. Unlike the former, the latter should be a 2*,(k > 2).

An application of a DSD to decolourization of an azo dye on boron-doped diamond
electrodes is given in [10].
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3. Discussion

The suggested alternative design for the 217! FFD used in the PK experiment is
presented in Table 4(a). This design contains columns 2-16 of the conference matrix
of order 16 in Table 3 and a row of 0’s. The 2§ ' FFD has 16 runs, and the suggested
alternative has 17 runs. This type of saturated or near-saturated designs is used when
the experimental resource is expensive.

To have a complete picture of the aliasing patterns of the PK design and the suggested
one, we show the correlation cell plots (CCPs) of the two designs Figure 1(a) and (b).
These CCPs, proposed by [7], display the magnitude of the correlation (in terms of the

m
absolute values) between m MEs and (2 ) 2FIs in screening designs. The colour of each

cell ranges from white (no correlation) to dark (correlation of 1, which means full aliases).
It can be seen that while the cells in CCP for the FFD in Figure 1(a) are either white or
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1 1 4 1 -1 - 1 41 -1 1 41 1 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(b)

A B C D E F G H

o -1 -1 -1 -1 1 -1 -1

1 0 1 -1 1 -1 -

1 -1 0 1 1 - 1 -1

1 -1 -1 0 1 1 -1 1

1 1 -1 -1 0 1 1 -1

1 -1 1 -1 -1 0 1 1

1 1 -1 1 -1 - 0 1

1 1 1 -1 1 1 -1 0

0 0 0 0 0 0 0 0

0 1 1 1 1 1 1 1

-1 0o -1 -1 1 - 1 1

-1 1 0 -1 -1 1 -1 1

-1 1 1 0 -1 - 1 -1

1 41 1 1 o -1 -1 1

-1 1 -1 1 1 o -1 -

-1 -1 1 -1 1 1 0 -1

-1 -1 1 1 -1 1 1 0

Table 4.

(a) Suggested design for Poorna & Kulkarni’s 2251 experiment, (b) Suggested design for Yao et al.’s 284
24 g1 94 28 gn

experiment.
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(a)

Figure 1.
CCPs for (a) a 2} ** FFD used in the Poorna ¢ Kulkarni’s experiment and (b) a suggested design for 15 factors
in 17 vuns in (Table 4(a)).

dark, there are no dark cells in the suggested design in Figure 1(b), meaning none of the
ME:s (or 2FIs) are fully aliased with the other 2FIs. Altogether, there are 420 dark cells
(which represent full aliases) in the upper/lower diagonal portion of the CCP in Figure 1
(a): 105 between the MEs and 2FIs, and 350 among the 2FIs.

Although the first-order D-efficiency of the 27 ™ FFD is higher than that of the
suggested design (1 vs. 0.886), and there is a small correlation among the MEs of the
suggested design (|r| = 0.004), there are at least three reasons for the researchers to
choose the latter:

i. Like the resolution III FFD or the PBD, the half fraction of a 3-level DSD might
give researchers conclusions similar to the one obtained when the full DSD is
used. Consider the data given in Table 2 in [10] collected from a DSD for
9 factors in 21 runs (one run is a centre run). Analysing the data using the main-
effects model, we found two factors 2 and 3 significant at 10% level and two
factors 7 and 8 significant at 1% level with the adjusted R? = 0.6775. Repeating
the analysis with the first half fraction of the design (runs with odd order
number) plus the centre run, we found three factors 2, 3, and 4 significant at
10% level and two factors 7 and 8 significant at 5% level with the adjusted
R* = 0.9875.

ii. The experiment is conducted in stages, and in the first stage, the design is a
half fraction of a 3-level DSD and not of the one of a 2-level FFD of resolution
IV. In the second stage, the fraction is the foldover of the first half fraction.

iii. The researchers do not wish to use designs with full aliases between MEs and
2FIs and among 2FIs.

The suggested alternative design for the 2, * FFD is the DSD in Table 4(b). This
DSD is constructed by Eq. (2) with C being the conference matrix of order 8 in Table 3.
The CCPs of the 2%7 4 FFD and the DSD are in Figure 2(a) and (b), respectively. As
expected, both CCPs show that the MEs are orthogonal to the 2FIs. There are 42 dark
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Figure 2.
CCPs for (a) a zf\;“ FFD used in Yao’s experiment and (b) a DSD for eight factors in 17 runs (Table 4(b)).

cells (which represent full aliases between the 2FIs) in the upper/lower diagonal portion
of the CCP in Figure 2(a). Unlike the CCP for the Zf\; 4 FFD in Figure 1(a), the one for
the DSD in Figure 2(b) shows that none of the 2FIs is fully aliased with the other 2FIs.

The reasons for using a DSD instead of a resolution IV FFD are mentioned in the
previous section. Unlike resolution IV FFDs, DSDs can also estimate # QEs (in
addition to the intercept and m MEs). Also, QEs are orthogonal to MEs and not fully
aliased with 2FIs.

Up to this point, we have been discussing conference matrix-based designs when
all factors are quantitative. When there are m3 3-level factors and m, 2-level factors,
i.e. qualitative or categorical factors, we select m3 + m, columns from m columns of a
conference matrix and then change 0’ to 1’s in the last #, columns. The uth row of the
model matrix X in (3) is now written as

(1’ dub e du(m3+m2)a dip cees dﬁ(mﬁ_mz)a dulduz’ cees du(M3+m271)du(rn3+mz)) .
Let C* be the matrix formed by these columns, the final design is of the form:

(2)

This simple method of constructing conference matrix-based designs with mixed-
level was mentioned in [11]. Another method of constructing this type of design was
discussed in [12]. When there are more 2-level factors than 3-level ones, the readers are
encouraged to use the Hadamard matrix-based designs discussed in [13]. Note that when
there is a need to block a design into two blocks, one of the 2-level factors can be used as
a blocking factor. When there is a need to block a design into three or more blocks or
when there is more than one blocking factor, readers are encouraged to refer to [14].

4, Conclusions

This chapter advocates the use of conference matrix-based designs for screening
experiments when the factors are quantitative. For these experiments, a number of
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quantitative factors have to be studied, but only a few of them is expected to be
important. In the past, popular designs for this type of experiment are PBDs and
2-level regular FFDs of resolution III and IV. Conference matrix-based designs, unlike
the mentioned popular designs, cannot be analysed by hand-calculators. Nowadays,
this is not an issue as most data analysis can be done on computers.

Data from experiments using conference matrix-based designs discussed in
this paper can be analysed by more advanced statistical methods such as subset or
step-wise regression.

Additional use of conference matrices in screening experiments can be found
in [15].

The link for the matrices in Tables 2 and 3 is at https://designcomputing.net/
Cmatrices/.
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Chapter 7

QSRR Approach: Application to
Retention Mechanism in Liquid
Chromatography
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Abstract

One-factor-at-a-time experimentation was used for a long time as gold-standard
optimization for liquid chromatographic (LC) method development. This approach
has two downsides as it requires a needlessly great number of experimental runs and it
is unable to identify possible factor interactions. At the end of the last century,
however, this problem could be solved with the introduction of new chemometric
strategies. This chapter aims at presenting quantitative structure-retention relation-
ship (QSRR) models with structuring possibilities, from the point of feature selection
through various machine learning algorithms that can be used in model building, for
internal and external validation of the proposed models. The presented strategies of
QSRR model can be a good starting point for analysts to use and adopt them as a good
practice for their applications. QSRR models can be used in predicting the retention
behavior of compounds, to point out the molecular features governing the retention,
and consequently to gain insight into the retention mechanisms. In terms of these
applications, special attention was drawn to modified chromatographic systems,
characterized by mobile or stationary phase modifications. Although chromatographic
methods are applied in a wide variety of fields, the greatest attention has been devoted
to the analysis of pharmaceuticals.

Keywords: liquid chromatography, machine learning algorithms, molecular
descriptors, QSRR model building and validation, analyte’s retention predictions

1. Introduction

One of the most widely applied analytical techniques in a broad variety of applica-
tion areas is high-performance liquid chromatography (HPLC). It stands out due to its
high precision, efficacy, and robustness. Despite its undeniably good aspects, the
susceptibility of analyte’s retention to a diversity of experimental setup parameters
makes HPLC method development a time-consuming and expensive process. Unfor-
tunately, the selection of an appropriate combination of chromatographic conditions
related to both a stationary and a mobile phase, as a starting point for the analysis of a
particular drug chemical entity, is often done using a trial-and-error approach [1].
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At the same time, one of the major goals of contemporary chromatographic analysis
is to efficiently identify optimal working conditions for a better success rate in the
method development. Luckily, a tailored, pragmatic approach denoted as quantita-
tive structure-retention relationship (QSRR) modeling was introduced [1, 2]. With
the assistance of computerized statistical methods, QSRR models are supposed to
mathematically relate the molecular structural properties with the chromatographic
response of a drug generated within a set of defined experimental conditions. The
molecular structure encodes its physicochemical information in the form of numer-
ical quantities denoted as molecular descriptors. This approach offers great assis-
tance in understanding the analyte’s chromatographic behavior and enables the
discovery of physicochemical processes involved. As expected, statistical QSRR
studies are, therefore, recognized as a supreme chemometric approach leading to
the timely enhanced, high-quality separation, and efficient analytical method
development [1, 2].

QSRR models are commonly associated with the retention prediction of a new
and non-analyzed compound. However, QSRR models are much more useful since
they are applied in revealing the molecular descriptors with the greatest retention
predictive potential as well as in revealing the mechanisms that govern the separa-
tion in a specific chromatographic system on a molecular level. Based on a reliable
QSRR model that accounted for different sets of chromatographic data within the
same type of stationary phase (e.g. reversed-phase (RP)), the quantitative compar-
ison of chromatographic columns can be achieved [1, 3]. The additional value of the
same data refers to the direction where to look for a chromatographic column with
equivalent performance and orthogonal selectivity as well as to upgrade chromato-
graphic performances that are the most responsible for retention parameters inclu-
sive of a short overall run time [4]. Besides all the aforementioned, many authors
assert that the retention in an HPLC system, especially in RP- and micellar chro-
matographic systems, can be closely related to the biological activity of a drug. This
can be understandable in terms of a compound’s lipophilicity and pKa value because
its chromatographic distribution between stationary and mobile phases is highly
similar to its bodily distribution between the cell membrane and intracellular or
extracellular fluids. As a result, the chromatographic data can be related to the
description of biological processes of drug absorption, distribution, and excretion as
well as drug-receptor interactions. Looking at the QSRR study within these wider
frames, this approach can be used as a valuable in silico method for the prediction of
the analyte’s lipophilicity and biological activity of potentially new drug molecules.
In such a manner, the utilization of less effective experimental methods and animal
models can be reduced [3].

Because of their wide applicability, the QSRRs methodologies have been quite
extensively studied over the past two decades. The first article, in which Tamf and
Kamlet mention QSRR in a similar context known nowadays, dates from 1977. How-
ever, an intense interest in this topic has arisen over the last two decades after the
work of Roman Kaliszan [5]. The first theory used to describe chromatographic
retention was the theory of linear free-energy relationships (LFER), according to
which the analyte’s retention parameters reflect the free-energy changes associated
with the chromatographic distribution [6]. In that regard, a chromatographic column
is recognized as a “free-energy transducer,” which translates the chemical structure
differences of compounds into quantitative differences in the retention parameters. In
order to provide the proper knowledge about a chromatographic system, a relatively
large set of reliable input data, coming from a group of structurally heterogeneous
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compounds and retention data, is needed. The early introduced QSRR models were
based on a priori selection of a small set of structural descriptors derived from a
molecular formula or a molecular graph reflecting physicochemical properties. These
sets of structural descriptors are well known to chemists since they originate from the
accepted theories of chromatographic separation and the interpretation of fundamen-
tal intermolecular interactions [7]. Since the representation of the separation process
solely in terms of intermolecular interactions is questionable, an approach based on
linear solvation energy relationships (LSER) was introduced by Abraham [6, 7]. He
pointed out a new notably expanded set of molecular descriptors indicating the dif-
ference in interactions as a consequence of the solvent properties of the mobile and
stationary phase. In parallel with these considerations, to provide reproducible quan-
titative input chromatographic data, two main methodological directions may be
observed in the literature. The retention data can be determined under the same
experimental condition or by varying chromatographic conditions, such as mobile
phase compositions, flow rates, column temperatures, etc. [1]. The latter approach,
also known as mixed QSRR modeling, is found to be advantageous. It enables the
recognition of patterns in analyte’s retention changes within observed experimental
ranges of chromatographic parameters and consequently an in-depth understanding
of complex chromatographic systems. In addition to proper input data, statistically
significant and physically meaningful QSRR modeling finally relies on solid mathe-
matical analysis. The usual technique for the mathematical description of correlations
between all gathered data is multiple linear regression (MLR). However, the advances
in liquid chromatography (LC) and an increase in the amount of chromatographic
data generated over time make the conduction of a QSRR study difficult to handle
traditionally. In that regard, QSRR models have shifted from a priori selection of
simple descriptors and traditional regression analysis to the generation of a large pool
of molecular descriptors and machine learning algorithms (MLAs) based on linear
and/or nonlinear regression analysis [1]. For the sake of obtaining chemically valid
interpretations, useful and reliable QSRR models demand a selection of the most
informative and predictive descriptors among often mutually correlated ones. There-
fore, the need for suitable selection techniques for input information data emerged
accompanied by QSRR model validation strategies used to evaluate model prediction
performance [2]. High-performance calculations at all the stages have made the pro-
cess of LC method development more efficient and sustainable. They have also
improved the fundamental knowledge of the separation processes. In accordance with
numerous benefits, the anatomy of the QSRR modeling is reviewed below in conjunc-
tion with the guidance of modern requirements and tendencies.

2. QSRR workflow: a detailed walkthrough
2.1 Molecular descriptors

The power of QSRR comes from the characterization of compounds via molecular
descriptors (MDs) that depict the physicochemical information of molecules in a
numerical manner. The concept of MDs has come a long way in the last 50 years as it
witnessed constant progress in computational chemistry. The accompanying advances
in hardware enabled the calculation of over 5000 descriptors for a single molecule
[8, 9]. Depending on the classification criteria, molecular descriptors can be divided
into several groups. Some descriptors are obtained experimentally, while the others
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are purely theoretical. According to the data type, molecular descriptors can be Bool-
ean, integer, real, vector, etc. According to the structural dimensions (D), on the other
hand, molecular descriptors can range from 1D to 6D [10, 11]. Based on the references
outlining their application in QSRR studies, the extensively used descriptor-
calculation software are AlvaDesc [12-14], Dragon [15-19], Molinspiration
Cheminformatics [20, 21]. and Chem3D Ultra [19]. The latest and freely available
software, PaDEL-Descriptor [14, 18] and Mordred [22, 23], allow MDs to be com-
puted under open science practice representing a valuable addition to the palette of
commercial software. For more simple descriptors (e.g. compositional or topological
descriptors), a simplified molecular input line entry system string (SMILES) or a 2-D
map can be used to represent molecules under study. If descriptors give more infor-
mation, molecular geometry has to be determined prior calculation process. The
accuracy of the most descriptors subsequently depends on the method used to build a
3-D molecular structure. Given a variety of the computational methods used for
optimizing the geometry of analytes for QSRR studies and the availability of
resources, researchers can opt to perform empirical force field methods (e.g., molec-
ular mechanics), semi-empirical optimization (e.g., AM1, PM3), or sophisticated ab
initio calculations (e.g., Hartree-Fock and Density Functional Theory) [24, 25]. In an
interesting study, Amos et al. investigated how different levels of theory for structure
optimization contributed to the QSRR outcome. The sum of ranking differences
(SRD) showed that a fast and rational method of structure optimization shared the
results with time-consuming and expensive calculations in terms of the final accuracy
of the QSRR model. Moreover, the solvent correction did not reduce the mean abso-
lute error of QSRR predictions. The authors carefully explained these unexpected
findings in the context of an error inherent in the Dragon descriptor calculation
process [26].

2.2 Feature selection

A small set of predictors (i.e., input variables or factors) with well-known physi-
cochemical meaning can be pre-defined when modeling separation in systems with
fully elucidated retention mechanisms. For complex chromatographic modes, such as
micellar liquid chromatography (MLC) and mixed-mode liquid chromatography
(MMLC), a priori attribute selection may compromise the accuracy of QSRR predic-
tions making it a poorly acceptable strategy for retention modeling [27, 28]. Alterna-
tively, a large set of independent variables can be formed; the most significant
attributes can be extracted from it and used to build a model for retention time
prediction. Clearly, the predictive ability of these models depends on the efficiency of
the mathematical algorithm used to select predictor variables [7, 29].

The choice of the most informative features for a particular regression problem
poses one of the main challenges in machine learning (ML). Determining the appropri-
ate method of variables selection, in this regard, has been an interesting topic in a broad
range of domain applications, including studies for which the datasets with hundreds or
thousands of attributes become available along with the development of molecular
modeling software. Faced with plenty of noisy and irrelevant features, contemporary
QSRR studies call for variable selection without exception. The purpose of variable
selection methods is to handle space dimensionality by discarding the features that are
redundant and irrelevant in predicting endpoint values. A feature is irrelevant if it is
unpredictive for the dependent variable or response. A reduction is needed if it is highly
correlated with other features. The adoption of feature selection techniques ultimately
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avoids overfitting, improves a model’s predictive power, and enhances an understand-
ing of the underlying patterns preserved in data. A decreased computational burden
placed on modeling techniques as well as easier data visualization happens to be
additional benefits associated with feature selection techniques [29-31].

In a typical MLA-empowered QSRR pipeline, a minimal feature subset is deter-
mined after the pre-processing of raw data and before the modeling. Among various
techniques, MLR, genetic algorithm (GA), and Relief method have been quite eagerly
used in QSRR studies [31, 32]. Other important feature selection methods are least
absolute shrinkage and selection operator (Lasso), artificial neural network (ANN),
and random forest (RF) [24, 27, 33]. The last two algorithms will be discussed later in
the text, as part of Section 2.4.

2.2.1 Multiple linear regression

MLR founds a linear relationship between a dependent variable and two or more
independent variables (regular attributes). It is basically the extension of the Ordinary
Least Squares (OLS) method.

The general MLR model can be written using Eq. (1):

Y = Prxj + Poxjp + e + PuXjn + o + £ (1)

where y; is a dependent variable, x; are independent variables, j3, are slope coeffi-
cients for each predictor, fy is an intercept, and € refers to a model’s error term.

In the OLS method, the slope coefficients that minimize the loss function come
from Eq. (2):
k k )

()’j _37]) = Z ()’j — (P +ﬂ0)) (2)
—1 i

J

The use of MLR makes sense only if: a) there is a linear relationship between
predictors and dependent variable, b) the correlation between variables is not too
high, c) the instances are chosen randomly from the population, and d) the residuals
are normally distributed. MLR estimator is burdened with a great variance,
especially in the cases, where the number of attributes approaches the number of
observations [27].

2.2.2 Least absolute shrinkage and selection operator

Lasso regression is one of the most popular regularization methods for selecting
significant independent variables. The concept of regularization has been introduced
to avoid overfitting in MLR modeling. In brief, the regularization refers to adding a
“penalty” term to the best model built upon a training dataset and to achieve a smaller
variance and control the influence of the predictor variables over the response. In
Lasso regression, this is done by penalizing the absolute value of the magnitude of

coefficients (Eq. (3)).

K p
LASSO =Y (yj —~ Zﬂxjnﬁn)z A €)
J=1 k=1
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In Eq. (3), A is the tuning parameter that controls the amount of shrinkage. If ) is
large, the slope coefficients are penalized highly toward 0, and more features are
eliminated. If A is O, all features are considered and the residual sum of squares
criterion is applied. As A increases, the bias increases. Otherwise, the variance
increases [27, 34].

2.2.3 Genetic algorithm

GAs are methods that generate a solution for optimization and search problems by
simulating the mechanism of natural selection and the survival of the fittest. In the
initial stage, the GA creates a random population of chromosomes. Each chromosome,
usually represented by a binary string, encodes a potential solution to the problem
under study. In the case of feature selection, individual chromosomes make up a
random subset of variables, where the presence or absence of a variable in the chro-
mosome is denoted by 1 or 0, respectively. Using individuals in the current genera-
tion, the GA creates a sequence of new populations. To achieve this goal, the
algorithm first evaluates each chromosome of the current population by determining
its fitness value. The fittest individuals are selected to pass their genes to the next
generation. Offsprings are, in fact, produced by subjecting the selected parents to
crossover (gene exchange) and mutation (gene change in individuals). In addition,
some of the population’s members with the best fitness values are chosen as elite
children and added directly to the next population. The subsequent generation is
formed after children with inherited good characters replace the current population of
parents. The GA loops until one of the stopping criteria is met (e.g. a predefined
number of generations). The flowchart (Figure 1) outlines the main GA steps.

In terms of the prediction accuracy of constructed QSRR models, the GA showed
superiority in selecting the most relevant features compared to other variable selection
methods [18, 35]. Lately, the GA has been used for the non-polynomial hard problem
of feature selection [36], the selection of molecular descriptors for localized QSRR
models [37], and the development of a QSRR model intended to improve the struc-
tural annotation of triterpene metabolites in an LC-HRMS system [38].

2.2.4 ReliefF

In this method, each attribute is assigned a relevance weighting according to its
ability to distinguish between class labels. Attributes with weight above the user-
defined threshold 7 are considered significant and included in the set of selected
features. The underlying principle is that the instances belonging to the same class
should be closer than those of different classes. The algorithm cycles over j training
cases (R;) that are chosen by the user. First, # dimensional weight vector Wof zeros is
initialized. Then, the target instance R; is selected at random and the distances
between it and its two nearest neighbors, namely, nearestHit (the closest instance with
the same class) and nearestMiss (the closest instance with the opposite class) are
calculated. Feature weight W is updated so that more weight is assigned to attributes
that distinguish an instance from neighbors of different classes (Eq. (4)). Afterj
cycles, each element of the weight vector is divided by j, giving rise to the relevance
vector [27, 30, 31].

W;=W; — (R — 1'zer,westHit)2 + (R — nearestMiss)2 (4)
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Figure 1.
GA flowchart.

Originally, the Relief algorithm has been intended for classification problems and
could be fooled by an insufficient number of cycles. Nowadays, it has been adapted
for predicting continuous decision variables and as such is being used for QSRR
studies (e.g. to predict retention parameters). The differences between Relief, ReliefF,
and RReliefF are presented in detail in [39].

2.3 Response transformation

When implementing supervised algorithms, it is a good practice to examine data
distribution. The distortion of the symmetry of normal distribution around its mean is
denoted as skewness. A general impression of skewness can be gained by drawing a
histogram or computing the skewness coefficient. If the distribution’s shape has one
peak and a long tail on the right side of the curve, the distribution is positively skewed.
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In contrast, the distribution has a negative skew if a long tail is on the left side of the
curve. In numerical terms, the skewness for a normal distribution is (approximately)
0. Negative coefficients are related to negative skewness and vice versa. The coeffi-
cient values between — 0.5 and + 0.5 indicate moderately skewed data, and if they are
less than —1 or greater than + 1, the distribution is highly skewed. A highly skewed
dataset can contaminate a model’s predictive performance because the algorithm has
to deal with scattered endpoints at extreme values. In the case of right-skewed data,
for instance, MLAs are likely to predict points with lower values better than those
with high values. Therefore, skewed distribution is one of the major obstacles to the
application of MLAs to real-world data and should be addressed prior to the modeling.
A common strategy for dealing with skewed variables is to transform them. Logarith-
mic, square root, and cube root transformations are recommended when data follow
the power-law distribution, while in the opposite case, it is better to opt for square,
higher powers, or cube root transformations [27, 40, 41].

2.4 Model building techniques

The choice of regression technique for correlating molecular descriptors and chro-
matographic conditions with a chromatographic parameter has a huge impact on the
performance of any QSRR model. Due to its simple and explainable character, MLR
received considerable attention in mechanistic research long ago [24]. However, if
researchers amass vast troves of data and cannot make sense of it in a reasonable
amount of time, the process is the main candidate for modeling through more sophis-
ticated MLAs. MLAs fall under the umbrella of artificial intelligence and can process
and understand data faster. These algorithms learn to resolve issues by drawing firm
conclusions from observation data they are supplied with. Along with improvements
in technology and computing power, QSRR can take advantage of machine learning in
a fundamental and practical manner. By acknowledging nonlinearity in LC data,
MLAs play an important role in the accuracy of property predictions. However, no
currently available MLA can deliver optimal performance for every modeling task.

A variety of MLAs should be used before selecting a particular regression technique.
The common MLAs are ANNs, support vector regression (SVR), and ensemble
methods [42].

2.4.1 Artificial neural networks

ANN is a series of machine learning algorithms that mimic the process of natural
thinking by making experience-based decisions. Modeled on the human brain, the
ANN refers to a massive composition consisting of some primitive processing ele-
ments (i.e. artificial neurons). Most operative neural nets are constructed by grouping
neurons into layers. An individual neuron might be connected to several nodes in the
layer beneath, i.e., above it. Data passing through layers in only one direction makes
up a feedforward neural net (or multi-layer perceptron). Apart from the layers, the
main components of ANN include the adaptive coefficients —weights, assigned to each
of the connections between the layers, as well as the transfer functions, which convert
received raw data into output. The transfer functions, learning rules, and architecture
itself define the behavior of each ANN [43]. When a neural net is being trained, all of
the weights are first randomly assigned to synapses between neurons. Then the input-
output pairs of data are fed to the net in an attempt to train an algorithm to recognize
the underlying patterns between variables. This strategy pertains to the process of
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supervised learning. In a supervised feedforward backpropagation algorithm, the
training is performed by comparing the processed signals with the desired outputs and
adjusting the inputs’ weights until the margin of error is minimal. Herein, the weights
are updated in the steepest descent fashion. Higher weights are attributed to the
inputs that contribute the most to achieving the right target [44, 45].

Neural nets are a valuable tool for analytical R and D due to the ability to learn
nonlinear relationships encountered between predictors and dependent variables in
most corresponding systems. Contemporary applications of ANN in the pharmaceuti-
cal sciences are broad, ranging from interpretation of analytical data to drug design.
Over the past decade, there has been an impressive increase in the number of publica-
tions on QSRR studies that used ANN as a modeling technique. In particular, the single-
hidden layer neural nets provided a satisfactory level of prediction accuracy [46-51].
After the improvement in computer power and the rise of big data, ANNs began to
flourish in the form of deep learning (DL) algorithms [52-55]. Deep neural networks
are the ones that have more than one hidden layer. With each additional layer, the DL
algorithm can model increasingly complex relationships. As compared to other ML
techniques, ANN architecture is characterized by great flexibility and can process raw
data and automatically extract a set of the most informative features. Unfortunately,
the DL is not free of limitations; in general, these algorithms are data-hungry and
require massive training sets. The question to be raised, in that respect, is whether the
analytical domain can provide big data without losing valuable resources [56, 57]?

2.4.2 Support vector regression

SVR is another promising machine learning algorithm that acknowledges the
nonlinearity in data. It is built on the principles of statistical learning and the concept
of constructing a line (or hyperplane in high-dimensional space) that fit the data.
Among an infinite number of possible solutions, SVR finds a hyperplane with the
greatest distance to the nearest training instances. Finding such a hyperplane is based
on minimizing the 12-norm of the coefficient vector, w (Eq. (5)), while the absolute
error between the target y, and predicted values are set to be less than or equal to a
specified margin, ¢ (Eq. (6)).

min 12||w||2 5
b}i — wixi‘ <e (6)

In Eq. (6), x; is the i-th input point in the input space (a feature) and wj is its
associated coefficient. The maximum error ¢ is tuned to gain the predictive ability of
the built model satisfactorily.

For the endpoints that reside outside the e-tube, deviation from the margin is
represented by the slack variable, & Term C is added to penalize these points in
comparison with those either above or below the hyperplane. With respect to these
deviations, the objective function and its constraint are given in Egs. (7) and (8),
respectively.

1 &
min > [[w]| +c;§i )
ly; — wixi| <e +|&] (8)
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The SVR hyperplane is constructed after the inputs are mapped into a space of
higher dimension(s) than the original using the kernel function (e.g., polynomial,
splines, radial basis function, etc.). Then, using a simple linear function, the SVR helps
predict the target value. By projecting the optimal hyperplane back into the input
space, it takes on a nonlinear form. Due to its remarkable generalization ability, the
SVR has gained popularity in QSRR studies [31, 44, 55, 58-63]. In most publications,
the empirical performance of SVR matches with or is considerably better than the
performance of other MLAs studied.

2.4.3 Ensemble learning algovithms

In ensemble learning, algorithms with high bias or too much variance (so-called
weak learners) are merged to produce the most popular result. The underlying idea of
aggregating predictions is to create a much more accurate and robust model. Bagging
(also known as bootstrap aggregation) and boosting are the most prominent classes of
ensemble methods [64].

Weak learners that are used widely in ensemble learning are decision trees (DTs).
DTs are nonlinear machine learning techniques that can handle either regression or
classification tasks. They are simple, intuitive, and can deal with missing values and
large datasets with elegance. The classification and regression tree (CART), intro-
duced in 1984, is a typical DT algorithm [65]. It is presented as a tree-shaped diagram
containing a set of nodes and branches growing downwards. This topology gives the
idea of a binary and hierarchical algorithm that adopts the recursive partitioning
method. It is an iterative procedure that seeks to find the best split (the best splitting
feature and the best input data) at each step. Performance metrics, e.g., Gini index,
information gain, or error rate, are utilized to assess the quality of the split. Funda-
mentally greedy nature and poor ability to cope with the penalties on tree complexity
(while growing the tree) are the main disadvantages of the top-down approach.
Pruning is done to prevent an overfitting phenomenon [66].

2.4.4 Random forest

RF was introduced as a DT-based ensemble in 1984 [65]. It is a collection of
unpruned DTs (grown to the maximum extent) that are trained by the bagging
method. In bagging, base models are grown on bootstrapped subsets of the data and
the individual predictions of all base models are averaged to get the final output. As a
result, the ensemble model has less variance than its building elements. While sharing
the main idea with bagging, the RF adopts an additional level of randomness — each
node of each tree deliberately takes into account only a random subset of features
(e.g., the square root of a number of descriptors) for the splitting procedure. An RF
model benefits from this tactic in terms of efficacy. In addition, it is important to
mention that the internal validation is built into the forest growth. According to the
concept of bootstrapping, some of the data are omitted from the samples intended for
tree growth, while the others are repeated in the samples. The former is denoted as
Out-Of-Bag (OOB) data. Given the fact that the OOB sample is not included in the
tree fitting, it is used to estimate the model error. Usually, it makes up to one-third of
the available data, while the other two-thirds of the data is used for training. In order
to achieve a small OOB error, it is necessary to optimize the number of base models
and the size of a subset of features [66, 67].
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In QSRR studies, the RF algorithm is readily used as a modeling technique
[42, 55, 66, 68] as well as a feature selection method [69, 70]. The latter is due to the
ability of the algorithm to quantify the importance of variables under study. The
importance of each feature is determined by observing a change in prediction error when
the OOB set for that feature is permuted (and the other features are kept constant).

2.4.5 Gradient boosted trees

Gradient boosted trees (GBT) is an extremely powerful ensemble algorithm based
on boosting and gradient descent approach. Unlike the bagging, which combines weak
learners in parallel, the boosting merges base models linearly. The focus here is
especially on shallow DTs that have low variance and high bias.

A correlation between base models (arising from the same data) is precluded by an
incremental change of the training set. This is done by assigning weights to each
example. Initially, all weights are set to be equal and the first decision tree is trained
on the original dataset. Accurately predicted instances have their weights decreased,
while the others have their weights increased. The trees that enter the ensemble in
subsequent iterations are thus applied to the reweighted data and their goal is to
correct the errors made by the previous model. Boosting, which decreases the bias of
individual base models, is viewed as one of the groundbreaking concepts introduced
in ML over the last decades. The GBT algorithm minimizes a loss function via a
gradient descent procedure. The predictive power of the GBT ensemble correlates
with the number of base models and the size of learning rate. A larger ensemble will
very quickly over-fit, while a combination of too few DTs might lead to poor predic-
tive performance. Lower values of learning rate (a parameter that controls the length
of incremental step) may resolve the problem of overfitting, but a prolonged conver-
gence toward the solution can place a lot of computational burden on the model in
question [71, 72]. Due to the ability to create highly accurate QSRR models (and the
fact that it quite often outperforms many other regression algorithms), the GBT is
popular in analytical R&D. The successor to the gradient boosting, regularized gradi-
ent boosting (i.e., XGBoost), is increasingly used to provide state-of-the-art solutions
to many LC challenges as it yields improved generalization capabilities and better
avoids over-fitting [27, 32, 42, 73, 74].

2.5 QSRR model validation

It seems that it is feasible to build mathematical models that fit the data very well.
But, there is still a possibility that it may happen due to chance correlations or
overfitting. In that case, the models are not considered appropriate for their intended
application. Therefore, proper statistical validation of models is of great importance in
QSRR studies. The two main concepts, denoted as internal and external validation,
will be discussed herein. The internal validation procedures include leave-one-out
(LOO) and leave-many-out (LMO) cross-validation (CV), y-randomization, and
bootstrapping.

2.5.1 Leave-one-out cross-validation

LOO-CV is performed by excluding each sample (compound) once and building a
model with the remaining data and predicting the value of the response for the
eliminated sample. Due to the presence of repetitive cutting data set activities, the
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LOO is also known as rotation estimation and jack-knife validation method. This
approach indicates that the eliminated sample serves as a temporary test set taken
from the overall training set. Each cycle of this repetitive procedure is followed by
calculating the differences between experimentally observed response values and
estimated (predicted) ones by the model. These values are afterward included in

Egs. (9) and (10) corresponding to the root mean square error of CV (RMSECV) and
the cross-validated correlation coefficient (Q?), respectively. Finally, the model pre-
dictive performances are inspected by the values of the root mean square error of
calibration (RMSE, Eq. (11)) and the overall CV correlation coefficient value, calcu-
lated for the whole original dataset as the average value of Q” from each CV cycle [27].
The value of overall Q° is usually greater than that of individual Q?, though a large
difference between them (overall Q* greater by 25%) indicates that the model suffers
from overfitting [75].

2
Z (y experimental ~ Y predicted )

RMSECV = )
n—1
2
5 Z (y experimental —-J predicted)
Q?=1- 5 (10)
Z (y experimental — <y experimmml>)
2
RMSE — Z (y experimental -J predicted ) ( 1 1)

n

In the aforementioned Egs. (9)-(11), # stands for the number of samples in the
dataset, Yexperimentar are the values of experimentally observed responses and y,edicred
are the responses calculated (theoretically predicted) based on the built model calcu-
lated either from the data used from model development (in case of Q? and RMSECYV)
or the original dataset (in case of RMSE). The brackets > are used to point out the use
of the average values of experimentally obtained responses.

2.5.2 Leave-many-out cross-validation

To perform the LMO-CV, the initial dataset is divided into blocks of samples;
afterward, each block is eliminated once from the model building in each cycle in a
similar manner as applied in the LOO-CV. The prediction of response is made for the
block under consideration. It should be noted that the blocks may consist of the same
number of constituents, but that is not an obligation. The LMO may also have differ-
ent validation cycles. In that respect, as an example, the original dataset can be divided
into 10 parts indicating that each data block accounts for 10% of the data, 10 valida-
tion cycles are needed and the respective method may be referenced as 10-fold CV as
well. In comparison with the LOO, this procedure is more time-effective. The valida-
tion metrics are similar to those presented for the LOO-CV with adjustments in
relation to a sample or a block of samples. It is worth mentioning that the same
appropriate adjustments must be implemented in the used equations. Also, since there
is no truly new compound under consideration within none of the variations of the
internal validation procedures, it is advisable to perform as many as possible internal
validation tests for the final justification that the model is of good quality, relevant,
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and suitable for its intended use. This recommendation especially stands in the case of
the modeling based on small datasets where any omission of data from the original
dataset may lead to the inability to perform the modeling procedure at all [75, 76].

2.5.3 y-randomization

Y-randomization is used to ensure the robustness of the developed model. For
example, it can check whether there is a molecular descriptor statistically well corre-
lated with the response value y; but, in reality, there is no cause-effect relationship
originating from the physical and/or chemical meaning of a molecular descriptor and
the respective retention measurement. The model validation is performed by keeping
the so-called X matrix with original unchanged descriptors while the vector of the
response values y is randomized or scrambled. Since the new models are built based
on the same input dataset but associated with changed (false) responses, it is expected
that they are of poor quality as reflected by the values of Q° and overall Q°. Kiralj and
Ferreira proposed a detailed overview of the possible Q” and overall Q” values and
their interrelationships according to which the chance correlation may be inspected

[77].
2.5.4 Bootstrapping

Bootstrapping procedure suggests the random splitting of a complete dataset into
training and test sets several times and the building of respective models afterward.
While in the LOO and LMO procedures each sample is excluded from the modeling
only once, in the bootstrapping there is an equal chance for a sample to be eliminated
once, several times, or even never. The corresponding Q° and overall Q° validation
metrics are calculated and expected to be of high values as well as to oscillate around
the real values or values obtained from the LOO-CV of a real model. It should be noted
that this validation procedure is affected by a number of splits or resampling as well as
the structure or similarity between the training and test sets [77].

2.5.5 External validation

The predictive power of a QSRR model is evaluated by the external validation,
with model blind samples (compounds), meaning that these samples were not previ-
ously seen by the model or used for model development. Therefore, the extraction of
an external validation test set from the original data is required, and a proper selection
of the size and type of these data is of crucial importance for a successful validation
process. Usually, this subset covers 15-25% of the original dataset [78, 79]. Although
the external validation test set is a golden standard of the QSRR models’ prediction
properties, there is a concern about the relatively small size of the external test set in
comparison with the LOO- or LMO-CV where the whole dataset acts as a test set in
some moment. At the same time, the consideration of the similarity between the
training and external validation subsets is of utmost importance by means of similar
variable ranges and distribution. The common trend indicates that a greater similarity
between these subsets leads to a decrease in prediction errors [4]. Finally, more than
one splitting of the dataset into modeling and external validation test sets is also
advisable [80].

The statistical parameters for model evaluation include the multiple coefficients of
determination of external validation, also called predictive R?, and the root mean
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square error of prediction (RMSEP). The values of these parameters can be calculated
using Egs. (10) and (11), taking into consideration that all data correspond to the
external test set solely. Another valuable indicator of the model’s predictive perfor-
mance is the Pearson correlation coefficient of prediction (R), which is used to reflect
a correlation existing between the experimentally observed responses and the
responses predicted by the model. It is expected from the value of R to be maximally
close to 1. The parameter R can be calculated by Eq. (12) [77].

R— Z ( (y experimental <y experimental >) (y predicted <y predicted >)

VS o — Do) V[ Ot~ g’

2.5.6 Detection of sources of prediction errors

(12)

Apart from the inspection of the statistical parameters computed from the respec-
tive validation procedure, to assure the quality and practical usefulness of QSRR
models, it is worth getting insight into the possible sources of prediction errors
(residuals). In that respect, besides the calculation of RMSE, which uses the same
units as the response, it is useful to express it in percentages. By analyzing the value of
RMSE (%), the magnitude of the prediction error concerning the mean of actual
experimentally observed values is clearer for understanding. Another benefit of this is
the possibility to detect outliers i.e., the samples for which the predicted values are too
distant from the mean of the experimentally observed values. The outliers differ
significantly from all other observations due to the exceptional chemical nature or
chromatographic behavior of a compound and may occur in the test dataset as well as
in the training dataset. Since their values lie outside the overall usually normal distri-
bution of a dataset, it is quite obvious that the outliers can cause serious problems
when it comes to the development of reliable and statistically stable QSRR models.
Based on the number of outliers and the intensity of their distinction from other data
points in a dataset (soft or influential outliers), the model predictive ability and/or
model statistical stability may be brought into question [44]. It is recommended that
the outliers should be removed from a dataset before proceeding with model devel-
opment and analyzed for the origin of possible errors [77, 78, 81]. For the sake of
building models of suitable quality, various methods for outlier detection immerged
among which some are based on visual analysis of scatter plots, histograms, Box plots,
and the others on the calculation of Z-score and interquartile range. More sophisti-
cated methods propose so-called acceptable error windows and unambiguous cut-off
limits for applicability domain margins while considering the chemical structural
diversity of compounds in a dataset, standardized residuals of predictions and a
specific leverage (structural) value of each compound (OTrAMS method), a standard
deviation of predictive residuals and a mean of predictive residuals (Monte-Carlo
sampling method). More detailed information on the use of later outlier detection
methods was provided by Aalizadeh et al. [59].

2.5.7 Definition of model applicability domain

In addition to the statistical model assessments, the predictive power of a robust
and validated QSRR model must be expressed in terms of the applicability domain.
The model interpretability is affected by its characteristics as well. This domain refers

126



QSRR Approach: Application to Retention Mechanism in Liquid Chromatography
DOI: http://dx.doi.org/10.5772 /intechopen.106245

Chromatographic
conditions

Molecular
descriptors

S nuis -input-
Retention
data

-output-

DATA COLLECTION

COMPUTATIONAL DATA

PROCESSING

asavoo.  ([EETEETEY "\
VALIDATION

5000le ®@e00
0000|0 coee
0000 |®| (@000
000 |e| |[©OC®O| Cee0
O0O0|e| [©COO® coee
000|® ®@000 /

- Definition of
Comparison of J :
physicochemical
columns
property

Identification of RELIABLE QSRR Evaluation of

informative descriptors MODEL biological activity

Prediction of Understanding molecular
retention mechanism of separation

Figure 2.
QSRR workflow.

to a theoretical space defined by a range of the molecular descriptors of compounds
used for model training purposes and respective chromatographic conditions as well
as a range of the modeled responses. It is obvious that the applicability domain
strongly reflects the physicochemical and structural properties and chromatographic
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behavior of compounds from a training set. In order to make the best response pre-
dictions, the training set must be similar to the target molecule [24, 44, 75]. The aim of
narrowing the space for making predictions actually serves to avoid unjustified and
inaccurate model extrapolations. The dedicated approaches for the definition of
applicability domain based on the range of response variables or the range in the
descriptor space (geometrical methods and distance-based and probability density
distribution-based methods) were thoroughly described by Roy et al. [82, 83]. As the
issue is closely related to the applicability domain, the same authors elaborate the
strategy for a proper selection of data to be introduced in the training and/or test
dataset out of the original dataset as well [83]. It is perfectly reasonable to state that
the lack or poorly conducted selection of compounds increases modeling errors and
calls into question the success in all predefined QSRR modeling goals or application
areas.

After summing all the previous considerations into a graphical presentation, the
QSRR flowchart may look like the one in Figure 2.

3. Application of statistical QSRR model in complex HPLC techniques

The application of the QSRR approach is directly driven by its definition. As the
QSRR represents a mathematical relationship between molecular retention
behavior and its properties inherent in molecular structures (molecular descriptors),
they are primarily used to predict the retention behavior of molecules omitted
during model development. In addition, it can be used to single out important fea-
tures, by which the retention behavior is governed and it is possible to gain insight
into the retention mechanisms. It can also be applied for stationary phase characteri-
zation or their comparison in terms of separation characteristics [5]. In some cases,
they can provide drug or xenobiotics classification or an assessment of their
bioactivity [2]. By incorporating experimental parameter values into a QSRR
model, their application can be expanded on HPLC method development and
optimization [84].

Since various highly adaptable mathematical tools are suitable for structuring
statistical QSRR models, the QSRR approach shows compatibility with a broad spec-
trum of HPLC properties. Although it has a place in the modeling of conventional
unimodal HPLC, which was discussed in more detail by Haddad et al. [84], it is also a
valuable tool in the case of defining more complex HPLC systems. Complicated
molecular retention patterns are often generated from mobile or stationary phase
modification. Taking into consideration such HPLC system modification, the predic-
tive abilities of QSRR can not only reduce experimental requirements but also provide
a deeper insight into the retention mechanism. The following section is not a compre-
hensive literature review but rather a demonstration of the beneficial properties of
QSRR used for characterizing complex HPLC systems applied for the analysis of small
molecule substances.

3.1 QSRR approach for HPLC with mobile phase modifications

Increasing the retention of poorly retained analytes in RP-HPLC is often achieved
by modifying mobile phase properties. The addition of modifiers can provoke changes
in the retention behavior by imposing an additional equilibration process.
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3.1.1 Ion-interaction chromatography

Compromised retention of basic solutes can be promoted by introducing ion-
interaction agents into the mobile phase. Ion interaction chromatography (IIC)
involves a series of equilibration processes between chromatographic phases and
analytes, which necessitates the understanding of the separation process [85, 86]. An
IIC system, with added chaotropic salts, was assessed by Colovié et al. [63]. A mixed
QSRR-SVR model was developed based on the retention data of 34 analytes as inde-
pendent variables were selected i.e., three mobile phase parameters (concentration of
NaPF6, pH, and acetonitrile content) and four molecular descriptors (Branching
index EtaB with ring correction relative to molecular size (ETA_EtaP_B_RC), calcu-
lated octanol/water partition coefficient (XlogP), 3D topological distance-based auto-
correlation - lag 9/weighted by polarizabilities (TDB9p) and radial distribution
function — 045/weighted by relative polarizabilities (RDF45p) descriptor). The
importance of analytes’ steric effects and voluminosity were indicated by
ETA_EtaP_B_RC, while XlogP implied the significance of hydrophobicity, which was
in line with the RP retention mechanism. However, TDB9p and RDF45p indicated the
participation of electrostatic interactions during the retention process. Thus, the
hypothesis on the complementarity of the analytes’ electronic structure and the elec-
trical bilayer created in the stationary phase was supported.

3.1.2 Micellar liquid chromatography

In MLC, a modification of mobile phase features is attained by adding surfactants.
When surfactants are present at a concentration above the critical micellar concen-
tration, micelle formation occurs. Surfactant molecules can coat the stationary phase
as the absorbed monolayer. Moreover, surfactant interaction with both analyte and
stationary phase implies the presence of secondary equilibration. Thus, the explora-
tion of the MLC retention process is challenging [85, 87]. A QSRR-MLR modeling
approach was performed by Ramezani et al. for testing anthraquinones. These authors
linked molecular descriptors (partition coefficient calculated from hydrophobic frag-
mental constants (logP), Geary autocorrelation of lag 8 weighted by van der Waals
volume descriptor (GATS8v), the mean topological charge index which represented
the effect of analyte charge in the MLC separation (JGI4), and descriptors based on 3D
molecule representation of structuves based on electron diffraction theory (3D-MoRSE),
namely 3D-MoRSE descriptor of signal 27 (Mor27m) and 3D-MoRSE descriptor of
Moran autocorrelation of lag 7 (MATS7md)) and empirical factors of six organic
modifiers to anthraquinones’ retention time. It was concluded that the retention
behavior is significantly influenced by the modifier’s logP values, as well as by the
mass, molecular weight, and van der Waals volume, in addition to the topological
charge [63].

Complementation of the available knowledge on MLC was attained by Krmar
et al.; numerous mixed QSRR models were developed using different types of algo-
rithms. Not only was the GBT identified as the most suitable but also the most
significant properties relevant for the separation of aripiprazole and impurities were
extracted. QSRR models, in addition to MDs, contained experimental parameter
values (concentration of non-ionic surfactant Brij L23, pH, and the content of ACN)
in line with the Box-Behnken design. Steric effects and dipole-dipole interactions were
identified to be the most important thermodynamic molecular parameters relevant for
retention behavior [27].
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3.1.3 Cyclodextrin-modified liquid chromatography

Shifting the analytes’ retention behavior in RP-HPLC can also be provoked by
adding cyclodextrins (CD) to the mobile phase. Molecular retention patterns are
modified because of CD-analyte complex formation, in addition to the adsorption
process of CD on the stationary phase surface [85].

Maljuri¢ et al. developed a QSRR-ANN model for the retention property analysis of
risperidone, olanzapine, and related impurities in a CD-modified RP-HPLC system.
The values of MSs, complex association constants, and chromatographic factors were
used in the model. The most influential molecular descriptors and complex association
constants were polarizability (POL), solvent-excluded volume (SEV), octanol/water
partition coefficient (logP), dipole-dipole energy (DEN), binding energy (BE), elec-
trostatic energy (EE), and unbound energy (UE) [48]. In a later study, a developed
model was employed for determining a change in retention factor, the stability con-
stants, and thermodynamic parameters of complex formation [88].

Another QSRR-ANN model for revealing separation processes in a CD-modified
RP-HPLC system was developed by Daji¢ et al. The experimental parameters were
acetonitrile percentage, aqueous phase pH, f-CD concentration, and column temper-
ature. The most important molecular descriptors were identified as radial distribution
function - 075/weighted by mass (RDF075m), signal 04/weighted by mass (Mor04v),
and CATS2D positive-lipophilic at lag 08 (CATS2D_08_PL). It was found that the
molecular size, shape, and lipophilicity of analytes significantly affect their retention.
The retention behavior is also governed by the size and lipophilicity of the added CDs
as it determines the structural agreement with the tested analytes [89].

3.2 QSRR for HPLC with unconventional stationary phases

Non-straightforward retention behavior resulting from the application of an
unconventional stationary phase can be defined similarly as in the previous examples.
As the QSRR successfully reveals additional interactions shaped by mobile phase
modifiers, it can also expose multiple retention mechanisms provided by the station-
ary phase.

3.2.1 Immobilized artificial membrane chromatography

The characteristics of the stationary phase used in immobilized artificial mem-
brane (IAM) chromatography are in line with its structure based on phosphatidyl-
choline residues covalently bound to silicon dioxide. In this way, the column mimics a
phospholipid membrane monolayer and exhibits biomimetic properties [90].

In the research of Ciura et al., the general conclusions about the molecular reten-
tion mechanisms of isoxazolone on an IAM chromatographic system were derived
from a QSRR model. The purpose of this research was to assess isoxazolone deriva-
tives’ affinity toward phospholipids. The model was developed using differential
evolution combined with partial least squares regression (PLS). Molecular descriptors
carrying the information referred to van der Waals volume as well as those defined
based upon the weighted holistic invariant molecular theory (WHIM), geometry,
topology, and atom-weights assembly theory (GETAWAY), and 3D molecule repre-
sentation of structures based on electron diffraction theory (3D MORSE), stood out as
descriptors of importance, carrying the information related to molecular size, shape,
symmetry, and atomic distribution. However, polarizability related and descriptors
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based on chemically advanced template search theory (CATS) were omitted despite
being important for lipophilicity determination. The interpretation of these results led
to a conclusion about the insufficient binding of isoxazolone derivatives to phospho-
lipid molecules [90].

In another study, Buszevski et al. tried to gain insight into the biological activity of
30 flavonoids using IAM chromatographic analysis. The GA-PLS algorithm was used
for QSRR model development. The conclusion about retention mechanisms was made
upon quantum chemical descriptors, indicating that hydrophobic forces, dispersion
effect, and electrostatic interactions govern the retention behavior of flavonoids in
IAM chromatographic separation [36].

3.2.2 Mixed-mode liquid chromatography

A promising application of QSRR models has also been shown by the explanation
of MMLC, where multiple functionalities in charge of providing different
intermolecular interactions are integrated into a single stationary phase.

Obradovi¢ et al. developed QSRR models to characterize an MMLC system in
which RP and hydrophilic interaction (HILIC) modes participate equally. Forty-three
substances, serotonin, and imidazole receptor ligands were tested. Interestingly, sep-
arate QSRR models for four different types of responses were developed. The reten-
tion factor in pure eluents and the turning point for modality shifting were used as
selected outputs. For characterizing the partition process in the RP mode, atomic
mass, lipophilicity, and intermolecular hydrophobic interactions were proved to be
important. The partition process in the HILIC modality was characterized by
lipophilicity, distribution of ionic forms, and electrostatic properties. Adsorption, on
the other hand, was driven by molecular geometry, electronegativity, polarizability,
van der Waals volume, and atomic mass of the tested analytes. For the turning point
and modality expressions, distribution of ionic forms, hydrogen bonding properties,
and electronic properties, as well as atomic mass, were significant [91].

Russo et al. used a QSRR model developed by PLS in combination with block
relevance (BR) to detect retention mechanisms provided by the arginine stationary
phase. Due to the diverse interaction ability of the stationary phase, analytes with
diverse ionization capacity (neutral, acids, and bases) were selected. It was noticed
that the analyte’s size and hydrogen donor capacity were important for the retention
of neutral substances. For acidic molecules, descriptors calculated with VolSurf+
software and VS+ descriptors, did not describe the electric charge well enough; the
MLR strategy was used for confirmation of the electrostatic background of acidic
analytes’ retention. Also, with the constructed QSRR model, it is possible to recognize
the turning point for modality shifting. The basic substances did not show a sufficient
degree of retention, so it was not possible to qualitatively define the retention mech-
anisms involved in their separation [92].

3.3 Future perspectives

With the use of adequate mathematical tools for linking input variables (both
molecular descriptors and experimental parameters) with suitable responses, the sta-
tistical approach of QSRR modeling does not recognize limitations regarding the type
of HPLC system that needs to be characterized. For this reason, it is considered that
especially mixed QSRR models can significantly improve the understanding and
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development of HPLC methods when complex retention patterns are present due to a
possible reduction of the requirements for experimental work.

4. Conclusion

It can be concluded from the literature that QSRR models have been widely applied
in chromatographic science, this topic is, therefore, of great interest to researchers in
different scientific areas. This chapter has presented the QSRR models with structur-
ing possibilities in detail, the importance of molecular descriptors, and machine
learning algorithms selection, as well as different approaches to conducting these
important tasks. It can be also used as a guideline when choosing internal and external
validation approaches to apply in the consideration of their main advantages and
disadvantages. Special attention was put into disclosing the most important QSRR
model applications, by pointing out the possibilities of investigating modified HPLC
systems that are of great interest to analysts working with different kinds of com-
pounds.
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