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I. Abstract 
 
 

The modern "green economy" places great emphasis on eco-friendliness and 

sustainability. With increasing awareness of environmental issues, consumers are becoming 

more selective on how products are sourced and manufactured, favouring companies with 

environmentally and socially responsible practices. Flavours and fragrances (F&F) are 

important components in many products, such as food, beverages, cosmetics, and 

pharmaceuticals. They are traditionally sourced from natural extracts (e.g., plants, animal 

secretions) or synthetic processes using petrochemicals, but biotechnology has challenged 

this status quo, offering a natural, selective, and energy-efficient alternative: enzyme-catalysed 

reactions. As such, the improvement of these processes has become the focus of many studies 

in the past decade. Thus, different analytical methodologies and a variety of reaction 

processes are constantly being developed to evaluate and modify a range of products 

generated by this strategy. 

In line with this interest, gas chromatography (GC) and its advanced techniques have 

been used for qualitative and quantitative analysis of natural, synthetic, and chemically or 

biologically modified F&F products, including essential oils. GC is a robust, efficient and 

versatile technique applied to volatile compounds in many types of samples of different 

complexities. Improved resolution, identification and quantification can be achieved with 

comprehensive two-dimensional (GC×GC) and multidimensional (MDGC) advanced GC 

techniques coupled with mass spectrometry, which expand the information collected for the 

samples, providing important insights into their chemical and biological properties. Thus, there 

are still opportunities to improve GC methods, especially in identifying variations in a sample’s 

composition and chiral ratio, and correlating chemical profile to the source or processing type. 

In this interdisciplinary thesis, analytical and biocatalytic methods were designed to 

explore the potential of enzyme-catalysed reactions as a more sustainable alternative for the 

production of aroma compounds. Five lipases and two laccases were applied to standards and 

essential oil samples for the synthesis of acetyl esters and oxidised olefins, respectively. GC 

and GC×GC methods were created to assess the changes in all the different stages of the 

enzyme study, including characterisation, screening, optimisation and application to samples.  

The best-performing enzymes were CALA (lipase) and NZ-51003 (laccase), which, 

under the tested conditions, were not enantioselective and preferably reacted with primary 

alcohols and phenolic compounds, respectively. The optimum conditions for the lipase (CALA) 

were 37-40 °C, 3-4 mg/mL of enzyme, and 58-60% (v/v) vinyl acetate, which were effective for 

a broad range (0.1 – 50% w/v) of substrate concentrations. CALA successfully esterified 53% 

of the alcohols identified in 35 essential oil samples within 48h, with conversions of 80-100% 

for most primary and secondary alcohols. Laccases were not optimised due to poor 

compatibility of the applied enzyme preparation with organic and organic/aqueous medium. 

The GC methods helped to determine the enzymes’ chemo- and stereoselectivity, and the 

changes in the samples’ chemical profile. Especially, GC×GC enabled the identification of 125 

target compounds and facilitated the visualisation of the process changes through the 2D plots. 

The methods and findings of this research impacts the development of improved and 

green biocatalytic processes that can generate better, innovative and safer natural products. 
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V. Abbreviations and parameters 
 
 

A  CM concentration of the analyte in 
the mobile phase 

α 
[chromatography] relative 
retention ratio or separation / 
selectivity factor 

COP copaiba essential oil sample 

α [statistic] significance level Cs 
concentration of the analyte in 
the stationary phase 

A peak area Cu copper 

ABTS 
2,2’-azinobis (3-
ethylbenzthiazoline-6-sulfonate) 

CV coefficient of variation 

Asp asparagine CYP cypress essential oil sample 

Astec 
CHIRALDEX 
BPM 

non-bonded; 2,3,6-tri-O-methyl 
derivative of β-cyclodextrin 
capillary column 

Cys cysteine 

aw thermodynamic water activity   

    

    

B  D  

B.C. before Christ 1D first dimension 

BERG bergamot essential oil sample 1D one-dimensional 

BOR boronia essential oil sample 2D second dimension 

  2D two-dimensional 

  3D three-dimensional 

C  DB-5 
5% diphenyl / 95% 
dimethylpolysiloxane capillary 
column 

C% percent concentration  df stationary phase film thickness 

C% enzyme conversion percent DL-IIS DeniLite-IIS 

CALA Candida antarctica lipase A DOE design of experiments 

CDWA 
cedarwood atlas essential oil 
sample 

  

CDWV 
cedarwood Virginian essential 
oil sample 

  

CINM cinnamon essential oil sample   

CIT citronella essential oil sample   

CLARY clary sage essential oil sample   

CLO clove essential oil sample   
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E  H  

E enzyme h peak height 

E° redox potential H plate height 

EC enzyme commission number H2 hydrogen gas 

ECD electron capture detection H2O water 

ee enantiomeric excess HBT 1-hydroxybenzotriazole 

eGC 
enantioselective gas 
chromatography 

H/C heart-cut 

eGC×GC  
enantioselective comprehensive 
two-dimensional gas 
chromatography 

He helium gas 

eMDGC 
enantioselective multidimensional 
gas chromatography 

His histidine 

e-nose electronic nose detector   

EO essential oil I - J  

ES enzyme-substrate complex i.d. 
capillary column internal 
diameter 

e-tongue electronic tongue detector IR infrared 

EUCR eucalyptus essential oil sample IRMS 
isotope ratio mass 
spectrometer 

  JAS jasmine essential oil sample 

    

F  K  

F&F flavour and fragrances K equilibrium constant 

FID flame ionisation detector k 
retention factor or capacity 
factor 

Fig. figure Kc partition coefficient 

FKI 
frankincense essential oil 
sample 

Kcat enzyme turnover number 

FPD flame photometric detection KFL kaffir lime essential oil sample 

FTIR 
Fourier transform infrared 
spectrometer 

KM Michaelis constant 

  KNK kanuka essential oil sample 

    

G  L  

GC gas chromatography LAV lavender essential oil sample 

GC×GC  
comprehensive two-
dimensional gas 
chromatography 

LMG 
lemongrass essential oil 
sample 

GER geranium essential oil sample 
LZ-
CALBL 

Lipozyme CALB L 

GUA guaiacol LZ-TLIM Lipozyme TL IM 

    

    



 
x 

M  PDMS polydimethylsiloxane 

MDGC 
multidimensional gas 
chromatography 

pH potential of hydrogen 

MEGA-DEX 
DET Beta 

diethyl tertbutylsilyl-β-

cyclodextrin capillary column 
PINE pine essential oil sample 

MNK manuka essential oil sample p-NP p-nitrophenol 

MS 
mass spectrometer, mass 
spectrometry or mass spectrum 

p-NPO p-nitrophenyl octanoate 

MSB masoi bark essential oil sample PPMP 
peppermint essential oil 
sample 

MS/MS tandem mass spectrometry PTC patchouli essential oil sample 

MYR myrrh essential oil sample   

m/z mass-to-charge ratio Q - R  

  QSAR 
quantitative structure-activity 
relationship 

N  R2 coefficient of determination 

N number of theoretical plates RI retention index 

nc peak capacity ROSE rose essential oil sample 

NC-ADL NovoCor ADL ROSM rosemary essential oil sample 

NC-IUBMB 

Nomenclature Committee of the 
International Union of 
Biochemistry and Molecular 
Biology 

Rs resolution 

NMG nutmeg essential oil sample RSM response surface methodology 

NPD nitrogen-phosphorus detection   

NRL neroli essential oil sample S  

NZ-435 Novozym 435 S [enzyme] substrate 

NZ-51003 Novozym 51003 S [statistics] standard deviation 

  SAR structure-activity relationship 

O  
SDS-
PAGE 

sodium dodecyl sulphate 
polyacrylamide gel 
electrophoresis 

O olfactometry detector SDWA 
sandalwood Australian 
essential oil sample 

O2 molecular oxygen SDWI 
sandalwood Indian essential 
oil sample 

  Ser serine 

P  SLB-IL60 

Non-bonded; 1,12-
di(tripropylphosphonium) 
dodecane 
bis(trifluoromethanesulfonyl) 
imide capillary column 

P product sn 
stereospecific numbering 
system for glycerol derivatives 

PAR physical-activity relationship SWORG 
sweet orange essential oil 
sample 

    



 
xi 

T  V  

T temperature V0 initial reaction rate or velocity 

T1, T2, T3 laccase redox sites Vmax 
maximum reaction rate or 
velocity 

TCD thermal conductivity detector VR retention volume 

TMS 
toroidal ion trap mass 
spectrometer 

VTV0 
vetiver essential oil sample 
(Natoria) 

TOFMS 
time-of-flight mass 
spectrometer 

VTV1 
vetiver essential oil sample 
(Australian Botanical Products) 

t’R adjusted retention time VUV 
vacuum ultraviolet 
spectrophotometry detector 

tR retention time   

1tR 
retention time in the first 
dimension 

  

2tR 
retention time in the second 
dimension 

  

TTO tea tree essential oil sample   

    

U  W-Z  

U or IU enzyme activity units w1/2 peak width at half-height 

UV-Vis 
ultraviolet-visible 
spectrophotometry 

wb peak width at baseline 

  YY 
ylang-ylang essential oil 
sample 

    

Units  M molar concentration 

°C degree(s) Celsius mg/mL milligram(s) per millilitre 

cm centimetre(s) min minute(s) 

fg Fenton gram(s) mL millilitre(s) 

g gram(s) mm millimetre(s) 

h hours  mol mole(s) 

kat katal pg picogram(s) 

kDa kilo Daltons ppm parts per million 

kg kilogram(s) ppb parts per billion 

L litre(s) rpm rotations per minute 

µL microlitre(s) s second(s) 

µm micrometre(s) V volts 

µM micromolar concentration v/v volume per volume 

µmol micromole(s) w/v weight per volume 

m metre(s) w/w weight per weight 
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VI. Synopsis of thesis investigation  
 
 

The research and development of efficient methods to apply and assess the performance 

of enzyme-catalysed reactions for the sustainable synthesis of high-value compounds is an 

ongoing and critical effort, which is closely related to the advance and diffusion of 

biotechnology and green chemistry into different industry sectors. The present work explored 

lipase and laccase reactions, as well as the high-resolution capacity of GC-based analytical 

techniques to devise methodology strategies for the synthesis and profiling of compounds 

relevant to the F&F industry. Thus, the key objectives of this thesis included the creation of GC 

methods and protocols for the assessment of different enzyme reactions, the investigation of 

chemo- and enantioselectivity of the biocatalysts studied, and the identification of changes in 

the composition of complex samples (i.e. essential oils), arising from the bioprocessing.   

The background and fundamentals of GC, flavours and fragrances and biocatalysis are 

presented in Chapter 1 of this thesis, as an introduction to the theoretical concepts and 

relevance of this research study. This chapter discusses in more detail the basis of GC and its 

advanced analytical techniques, their importance to improved separation performance and the 

steps of the method development process. Subsequently, an overview of F&F is presented, 

including definitions, importance, sources, essential oil complexity, structure-property 

relationships, the importance of GC for the study, quality, and safety control of F&F, and the 

role of green chemistry and biotechnology as superior processes to obtain F&F products. 

Lastly, lipases and laccases are defined and key factors of enzyme reactions are presented. 

The preparation of this chapter was supported by the knowledge acquired through the 

preparation of several review papers on GC analysis of flavours and fragrances published 

during the course of this PhD program, especially the sections 1.1 and 1.2.4, which contains 

some of the information and illustrations published. 

Chapter 2 covers the development of strategic methods for characterisation, screening 

and optimisation stages of enzyme reaction studies. In this work, lipases and laccases were 

used as catalysts, terpene and phenyl standards as aroma-related substrates and GC as the 

main analytical technique for quantitative assessment and enantiomeric ratio determination to 

examine the enzymes enantioselectivity. A design of experiments (DOE) surface response 

methodology was applied to optimise key parameters of lipase reactions. This study sets the 

stage for the next experiments of this thesis and helps to establish standard parameters to 

assess the outcomes of similar enzyme studies.  

Chapter 3 complements the knowledge from the study in Chapter 2, applying the 

selected lipase enzyme and optimised reaction conditions to a large set of essential oil 

samples. The chemical diversity of the targeted (i.e., alcohol substrates) and non-targeted 

compounds in these samples, helped to expand the knowledge of the enzymes’ selectivity and 

inhibitory effects. Moreover, a GC×GC‒MS method was developed to improve the separation 

and identification of target compounds, and facilitate the visualisation of bioprocessing 

changes amid essential oil samples complex profiles.  

Finally, Chapter 4 summarises the findings of this thesis, incorporating the research 

impact, concluding remarks and future directions.  
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1.1. Gas Chromatography 
 

1.1.1. Fundamentals and key parameters 
 

Gas chromatography (GC) is a separation technique applied to gases and (semi-)volatile 

substances that are thermally stable. The analysis of less volatile compounds is also possible, 

provided they are transformed into volatile derivatives. Conventional GC separations are 

usually performed on long (10-60 m) and narrow (0.1-0.32 mm i.d.) fused silica capillary 

columns and are based on the difference of distribution of the analytes between a liquid (or 

less commonly, a solid) stationary phase and a gas mobile phase (Fig. 1). The stationary phase 

in the most familiar format of the open tubular GC columns is a non-volatile liquid coating (0.1 

– 5 µm df), chemically bonded and cross-linked in the column. The general parts of a GC 

system include the carrier gas line, injection unit, oven, capillary column, detector and a data 

acquisition/processing computer [1-3]. 

 

 

Figure 1. Diagram of the GC system general parts (top) and schematic representation of the GC 

separation process (bottom), illustrating different stages of equilibrium and separation of analytes 

between the stationary and mobile phases, from injection (1) to progressively better separation (2 - 5) 

and finally eluted from the column for detection.  

 

The distribution constant (Kc), also called partition coefficient, is defined by the ratio of 

distribution of a given analyte between the two phases in a specific GC column, system and 

separation method (Kc = CS / CM). The concentrations of the analyte in the stationary and 

mobile phase are represented by CS and CM, respectively. When Kc > 1, the analyte is mostly 

retained in the stationary phase and, therefore, moving slowly through the column and having 

a longer retention time. If Kc < 1, the compound is concentrated predominantly in the mobile 
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phase, moving faster through the column and having shorter retention time.  Other parameters 

(Table 1), such as the retention time (tR), peak width, number of theoretical plates, retention 

factor and resolution can also be good indicators of performance and efficiency in GC, as well 

as help in the analyte identification and quantification [1-3]. 

 

Table 1. Summary of gas chromatography key parameters.  

 Parameter Description / Usefulness Equation 

tR 

t’R 

Retention time 
and adjusted 
retention time 

Time the analyte takes, from the 
injection, to elute through the 
column and reach the detector. 
Peak info / Qualitative 

t’R = tR - tm 

Kc Partition 
coefficient 

Distribution ratio of analytes 
between stationary and mobile 
phase. Performance. 

Kc = CS/CM 

k Retention factor 
or capacity factor 

Indicates how long the analyte is 
retained in the stationary phase. 

𝑘 =
𝑡′𝑅

𝑡𝑀
=  

(𝑡𝑅 − 𝑡𝑀)

𝑡𝑀
 

VR Retention volume 
Volume of mobile phase required 
to elute the analyte. 

VR = tR – tM 

α 
Relative retention 
ratio or separation 
/ selectivity factor 

The ratio of retention factors for 
adjacent peaks. Selectivity. 

𝛼 =  
𝑡𝑅2

𝑡𝑅1
=  

𝑘2

𝑘1
=  

𝐾𝑐2

𝐾𝑐1
 

N Number of plates 

A theoretical index that expresses 
the number of equilibrium stages 
undergone in a separation 
process. Efficiency. 

N=(16tR2)/wb
2 = (5.54 

tR2)/w1/2
2 

H Plate height 

The distance travelled by the 
analyte during the equilibrium 
stages in the column. Column 
efficiency. 

H= L/N 

Rs Resolution 

The difference in separation 
between two peaks. 
Separation efficiency. 
 
 
Rs ≥ 1.5 → peaks are fully 
separated 
 
Rs < 1.5 → partial or full co-elution 

For peak width at the base 
(wb(A) and wb(B)): 

𝑅𝑠 = 2 (
𝑡𝑅(𝐵) − 𝑡𝑅(𝐴)

𝑤𝑏(𝐵)
+ 𝑤𝑏(𝐴)

) 

 
For peak width at half-height 

(w1/2(A) and w1/2(B)): 

𝑅𝑠 = 1.18 (
𝑡𝑅(𝐵)−𝑡𝑅(𝐴)

𝑤1/2(𝐵)+𝑤1/2(𝐴)
) 

 
efficiency, retention, 

selectivity 

𝑅𝑠 =  
√𝑁

4
∙ (

𝛼 − 1

𝛼
) ∙ (

𝑘2

1 +  𝑘2
) 

nc Peak capacity 
Indicates the theoretical number of 
just resolved peaks that can fit in a 
chromatogram of total time tg. 

𝑛𝑐 =  
𝑡𝑔

𝑤𝑏
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1.1.2. Method development and data analysis 
 

The analytical method development in GC is a process of adjusting different parameters 

(Fig. 2), such as the choice of sampling method, stationary phase, column dimensions and/or 

use of multiple columns, injection mode, flow rate, oven temperature program and the detector 

settings.  

 

Figure 2. Diagram of the analytical method development process in GC. 

 

Every analytical process actually starts with the sample. General information about the 

chemistry and physical properties of the sample, such as solubility and expected composition 

(at least in terms of chemical classes), helps to determine the best approach for sample 

preparation, injection and the GC analysis. The analysis goals (e.g., targeted/untargeted, 

qualitative/quantitative) should also be established at this stage. The most commonly applied 

extraction and sampling techniques for GC analysis are solvent extraction (or dilution), solid 

phase extraction (SPE) and solid phase microextraction (SPME). Others, such as purge and 

trap, dynamic headspace, distillation, solvent assisted flavour extraction (SAFE), and variant 

techniques of SPME and solvent extraction are also frequently applied. Ultrasonic vibration 

and microwave heating can be used to assist some of these extraction techniques. A chemical 

derivatisation step may be required prior to the analysis of compounds with low volatility, 

thermal instability, low detectability or incompatibility with GC analysis [1, 4, 5]. 

The next step in the GC method development is the choice of stationary phase. The 

polarity is a key column selection criteria, since it is directly related to the selectivity of the 

stationary phase, although selectivity cannot be predicted unless further information is 

available. Thus, depending on the polarity of the most part of the compounds in the sample or 

the target analytes (i.e., nonpolar, intermediate or high polar), the stationary phases are 

commonly chosen alike. The columns with 5%-phenyl 95% methylpolysiloxane or polyethylene 

glycol (also called “wax”) phases are usually a good start point for the analysis of compounds 
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with low to medium or high polarity, respectively. The challenge arises when a sample is 

complex and comprises multiple chemical classes spanning a range of polarities [1, 4, 5]. For 

instance, for essential oils comprising non-polar and polar analytes in approximately equal 

proportion, any of the above stationary phases can be used. However, more separation steps 

(e.g., MDGC, GC×GC) may be required to enhance the resolution. 

Some capillary columns, such as ionic liquid or cyclodextrin (Fig. 3) stationary phases 

also have additional mechanisms of separation, such as the interfacial adsorption and trapping 

processes by size/shape, respectively, which can affect the elution order of analytes [1, 4, 5]. 

 

Figure 3. Schematic representation of the cyclodextrin chemical (A) and tridimensional (B) structures 

and the trapping process towards an analyte to form an inclusion complex (D). The structures of the α-

, β- and γ-cyclodextrins (C) are composed by 6, 7 and 8 units of the sugar monomer, respectively, which 

also increases the cavity size. Adapted with permission from ref. [4]. Copyright 2018 Springer Nature. 
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Cyclodextrin-based stationary phases are currently a standard approach for general 

enantioselective separations (eGC), which are indispensable for authentication, origin 

attribution and sensory confirmation of samples, such as essential oils and flavour 

components. Usually, long (≥ 10 m) and / or narrower (i.e., smaller internal diameter, 0.1 mm) 

columns are required for a satisfactory chiral separation, hence the use of such columns in 

fast-GC or as a second dimension (2D) column in GC×GC is difficult. Moreover, the chiral 

selectivity of these columns is largely affected by temperature, so that the resolution of a given 

enantiomeric pair may decrease as the temperature increases. Thus, it can be really 

challenging to achieve full separation of chiral compounds of high molar mass or as a 

component in complex samples, especially with only one column (i.e., one dimension) [6, 7].  

After knowing the sample, defining the analysis goals and the column(s) to be used, it is 

time to set up the method in the instrument. The GC program is typically optimised by 

improving a general method found in the literature for the same or similar type of sample. The 

separations are commonly performed using constant flow rate, using around 1 mL/min, which 

gives an equivalent linear velocity within the optimum range for the most common carrier gases 

(He and H2) according to van Deemter’s theory. The inlet and detectors must be kept at a 

temperature above 100 °C and also above the final temperature of the oven program to allow 

fast volatilisation and avoid any condensation. Split mode is usually preferred for a fast sample 

introduction, avoiding peak broadening. A typical oven temperature program can ramp up from 

around 40 to 250 °C, at 3 or 5 °C/min, varying according to the sample. The injections can be 

done manually or in an automated sequence, the volume used is around 1 µL, and the sample 

concentration is usually up to 1 mg/mL (1000 ppm). The injected analyte mass range is limited 

to around 10-11 to 10-8 g for the most common capillary columns. Additional valves or 

modulators, if present, may require setting up temperature, flow and time. It is a good idea 

taking in consideration the resources available and the approximate number of injections to be 

made, in order to establish an ideal analysis total time. 

Finally, the detector set up typically comprises parameters such as temperature, flow 

and ionisation voltage. The most commonly employed types of detectors in GC (Fig. 4) are the 

flame ionisation detector (FID) and the mass spectrometer (MS), due to their universality, 

mass-sensitivity, quantitative performance and, in the case of the MS, the ability to provide a 

spectrum that supports the analyte’s identification [1, 8, 9]. 

The FID uses a mixture of purified hydrogen and air to produce an oxygen-rich flame 

that ionises organic compounds in the gas phase by removing electrons from C‒H bonds. 

These ions are then detected by a collector electrode, generating a current the magnitude of 

which is proportional to the amount of carbon present in the analytes. Compounds having no 

C‒H bonds or heteroatoms will not have good FID response. Some of the characteristics that 

make the FID so popular are the reliability, ease of operation, stability, response robustness 
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and reproducibility, low electronic and flame-based noise, low detection limits (10-12 g or 2 pg 

C/s) and large linear response range (107) for most compounds. Moreover, the negligible 

internal volume, combined with fast transduction of the chemical signal, ensures that the FID 

imposes minimal detector-based broadening on the chromatographic signal. As a result, the 

FID produces narrower peaks than other detectors [1, 8, 9] and should closely follow the elution 

profile of the compound as it elutes from the column. 

 

 

Figure 4. Schematic representation of FID, q-TOFMS and olfactometry detectors. 

 

The MS, in brief, usually uses an electron beam (electron ionisation mode) or chemical 

reaction to produce ions in a vacuum environment, which are accelerated and deflected 

through an electromagnetic field, sorted according to their masses, amplified and detected. 

The energy used for deflection or the time taken for the ions to reach the detector are related 

to their mass or speed and, consequently to their mass-to-charge ratio (m/z). Since the majority 

of the ions produced by different ionisation methods in mass spectrometry have a charge of 

±1, the m/z is normally equal to the mass of the molecule or its fragments. The MS also has a 

good linearity range (105) and detection limit (25 fg to 100 pg, depending on analysis mode). 

The combination of high mass accuracy and resolution enables some MS systems to 

distinguish ions with very similar m/z, improving structure elucidation and compound 

identification quality [1]. The isotope ratio mass spectrometer (IRMS) is a detector applied to 

determine stable isotope ratios (13C/12C; 2H/1H; 18O/16O; 15N/14N) in a sample and it finds special 
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usefulness in the authentication of F&F samples, enabling the source-specific discrimination 

of compounds produced during the biosynthesis process in plants [10]. Other detectors, such 

as element-specific and olfactometer (Fig. 4) are also important for certain applications. In F&F 

analysis, olfactometry detection (GC-O) is crucial and it usually consists of transferring the 

effluent of the GC column to a sniffing device with proper temperature and humidity control, 

which can then be smelled and described by an expert analyst, thereby, allowing the 

assessment of the aroma profile and its potency. GC-O is often conducted by splitting part of 

the GC effluent to the ‘O’ system, and to a parallel FID or MS detector [11]. 

The chromatogram is the result taken from the GC analysis and it is a graphic 

representation of the separation process where the peaks' abundance versus retention times 

are plotted (Fig. 5). From this result, different types of information can be extracted. The type 

of data analysis to be performed is closely related to the analysis goals. Quantitative GC 

analysis aims to determine the concentration of the analytes in the sample. In this case, the 

peak area (or height) and the response factors for the analytes are crucial. They are obtained 

with proper chromatogram integration. Internal standards or standard curve analysis are also 

required in order to comparatively measure the analyte’s concentration.  

Qualitative GC analysis is made when the aim is to discover the identity of the 

compounds in a sample. Therefore, a mass spectrometer (MS) or a Fourier transform infrared 

spectrometer (FTIR) can be used as detectors, as well as performing analysis of authentic 

standards of the targeted analytes. Key parameters for peak identification are the retention 

times (tR), retention indices (RI) and the data/library spectrum comparison (MS or FTIR). Note 

that, RI values are especially useful (and often required) for essential oil analysis, and so are 

included here as a standard protocol. After proper chromatogram and spectrum treatment (i.e., 

integration, deconvolution, baseline subtraction and others as required), the identification 

process is performed according to the following steps:  

 First, the retention times of the samples’ components are obtained, as well as for the 

authentic standards or a mixture of homologous reference compounds. The retention time 

represents the time an analyte takes to elute through the system and reach the detector.  

 Next, the retention indices are calculated. This step is only crucial if no authentic standards 

are available to confirm the compound’s identity. The retention index is a measurement 

based on the comparison between the tR of a certain analyte and the tR of an homologous 

series of reference compounds (e.g., n-alkanes, methyl esters, alcohols, fatty acids). The 

advantages of this approach are the normalisation of the tR across different GC systems, 

the accessibility of the reference chemicals required and the wide range of boiling points 

covered, but it also suffers variations according to the stationary phase and the separation 

program used. The most used and widely known retention indices systems were introduced 

by Kováts (1958; isothermal separations) and van den Dool and Kratz (1963; temperature 
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programed separations; Equation 1). The difference between the calculations of these two 

indices is regarding the logarithmic scale used for the adjusted retention times, which are 

used only by Kováts [1]. 

𝑅𝐼 = 100𝑛 + 100 (
𝑡𝑅(𝑥)−𝑡𝑅(𝐶𝑛)

𝑡𝑅(𝐶𝑛+1)−𝑡𝑅(𝐶𝑛)
)                                                            (Equation 1) 

 If an authentic standard was analysed, then its tR and mass spectrum should match the 

analyte’s result. If the standard is not available, the RIs and mass spectra obtained are 

compared with the reference library. The library search generates a list of possible 

compounds and their match factors and probability, which represent how closely the queried 

compound and the library spectra match. An excellent library match factor and probability 

are ideally above 900 and 90%, respectively and the experimental RI should be no more 

than ±20 units from the reference value. However, even when having good library match 

scores, the analyst should pay close attention to the mass spectrum similarity and 

investigate prior published works in order to increase the probability of a correct 

identification. Thus, match quality alone does not guarantee correct structure assignment. 

 

Figure 5. Diagram of the key measurements taken from a chromatographic peak. 

 

The presence of unresolved (overlapping) peaks can make the identification task very 

difficult, to the point that the identity confirmation is not straightforward even when having an 

authentic standard. In these cases, deconvolution procedures, MS/MS analysis and 

multidimensional separation techniques may be required to improve the identification 

accuracy. 
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1.1.3.  Multidimensional and comprehensive two-dimensional GC 
 

Since its introduction between the 1940s and 1950s, GC has been in constant 

development (Fig. 6), with the evolution of equipment (e.g., portable and hyphenated systems), 

accessories (e.g., injection and detection devices, cryogenic traps, switching valves), columns 

(e.g., packed columns, then capillary and ultra-narrow bore) and stationary phases (e.g., ionic 

liquid and cyclodextrin phases) [2, 12].  

 

Figure 6. Highlights of the GC history timeline. 

 

Multidimensional (MDGC) and comprehensive two-dimensional gas chromatography 

(GC×GC) are hyphenated advanced techniques, consisting of two or more consecutive and 

coupled separation stages that are performed using columns of different polarities and 

selectivities providing much greater ‘peak capacity’. The main objective of these techniques is 

to improve resolution of target analytes in complex sample analyses. However, they can also 

offer faster well-resolved results for less complex samples, especially when there is an 

important region to be better resolved; thus, saving time, resources and energy in some cases 

[2, 13].  

While MDGC is composed of two (or more) separation steps that progressively 

‘deconvolute’ target analytes or a fraction of the primary column chromatographic elution, 

GC×GC is a two-dimensional modulated untargeted separation method, which is used to 

obtain improved resolution of the whole sample. The separation columns are referred to as 

dimensions—first column or dimension 1D and second column 2D—which highlights that they 
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operate as independent elution stages. Both techniques use substantively different stationary 

phases in each dimension, in order to obtain improved resolution by means of changing the 

separation mechanism (orthogonality). Whilst the term ‘orthogonal configuration’ has been 

applied to such column selectivities, true orthogonality cannot be obtained with GC 

separations, since the ‘boiling point’ parameter is a common ‘partial’ mechanism to all GC 

separations. Although multidimensional GC separations have been applied since the early 

1960s and the comprehensive technique was introduced in the early 1990s, the number of 

publications in this field was boosted in the past 20 years by the continuous technological 

advances in instrumentation, software and data processing [2, 14, 15]. 

The general advantages of GC over other techniques are well-recognised and include: 

application to a wide range of samples, low sample volume required, non-destructive 

separation, capillary column reusability and diversity of stationary phases, great analysis 

speed and resolution, less preparation and conditioning steps of the instrument before the 

analysis, improved software capabilities. In addition, advanced GC separation techniques, 

such as MDGC and GC×GC, have extra features, which are compared on Table 2. 

 

Table 2. Multidimensional (MDGC) and comprehensive two-dimensional gas chromatography (GC×GC) 

general features and counterpoints. Reproduced from our review paper ref. [16]. Copyright 2019 

Creative Commons Attribution (CC BY) licensed by MDPI. 

Technique Features Pros Cons 

MDGC 

- Target analysis (heart-cut; 
H/C) 
- Target peaks/regions are 
transferred according to 
retention times in 1D, and 
analysed in 2D 
- 2D column usually has similar 
dimensions to the 1D 
- A cryotrap can be used to 
focus the transferred analyte 
peaks/regions 

- Allows enrichment of 
target analytes or fractions 
through multiple injections  
- Provides increased 
resolution on the 2D 
column and can improve 
detection specificity and 
sensitivity 
- Stereoisomer resolution 
uses a chiral 2D column 
and improves resolution 
from interfering peaks 

- Requires a cryogenic 
trap to reduce 1D 
dispersion  
- Requires a switching 
valve for on-line H/C 
programing 
- Not designed to 
resolve the full sample; 
- Requires extra GC 
program to elute the 2D 
column, unless on-the-
fly operation is used  

GC×GC 

- Non-target analysis; applied 
to all sample compounds 
- Modulator sub-samples 
peaks as small slices to 2D, 
giving a 2D plot 
- 2D separates overlapped 1D 
peaks 
- 2D column is shorter, to 
separate transferred 
compounds before the next 
modulation 

- Full 2D sample 
resolution can be 
achieved 
- Stereoisomer resolution 
uses a 1D chiral column 
- The 2D image generated 
provides excellent profiling 
/ differentiation of 
samples. 
- Cryogenic modulation 
leads to response 
increase 

- Requires a modulator; 
some can be costly 
- Method set-up can be 
more complex 
- Software and 
interpretation can be 
more convoluted 
- Personnel need 
special training  

 



 
24 

 

Different design configurations are continually being explored for multidimensional GC 

techniques, using extended or integrated MDGC and GC×GC systems (Fig. 7), coupled with 

different detectors, to address the complexity of the samples and accomplish greater 

separation. The overriding aim is to expand the separation capacity of the system.  

 

Figure 7. Simplified schematic examples of different multidimensional systems: MDGC, GC×GC and 

integrated MDGC/GC×GC. Dean switches (b) or modulators (m) connect the first (1D) and second 

dimension columns (2D). The 2D columns are connected to the detectors (a) and cryogenic traps (c). 

Adapted from our review paper ref. [16]. Copyright 2019 Creative Commons Attribution (CC BY) licensed 

by MDPI. 

MDGC (Fig. 8) does this by taking heart-cuts of specific regions on a first column and 

passes them to a conventional length 2D column for greater separation, which is of particular 

value in enantioselective analysis where the 2D column comprises the enantioselective phase. 

A cryogenic trap assists in reducing the dispersion of compounds that naturally occurs on the 

1D column, by applying low temperature to provide a refocusing step (re-condensation of the 

analytes) at the start of the 2D column. 

 

Figure 8. Diagram of the MDGC instrumentation (A1), with schematic representation of the Deans 

Switch (A2) and cryogenic trapping process (A3), and chromatograms illustrating the steps of the heart-
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cutting (H/C) technique (B1-B4). All chromatograms in this figure (part B) were adapted with permission 

from ref. [17] Copyright 2018 American Chemical Society. 

 

By contrast, GC×GC (Fig. 9) uses a modulator device in conjunction with a short 2D 

column to rapidly and sequentially transfer solute between the two columns, according to the 

modulation period, to produce a significantly increased overall capacity for the total sample. 

Presentation is conveniently expressed as a 2D plot, with axes x and y representing the first 

and second dimension retention times (1tR and 2tR), respectively, and individual compounds 

located throughout the plot according to their chemical/physical properties and interaction with 

the stationary phases. A further option of hybrid nature (MDGC/GC×GC) allows operations 

such as select target zones, improve their separation, and subject them to GC×GC. 

 

Figure 9. Diagram of the GC×GC instrumentation (A) with a solid state modulator (B), and simulated 1D 

and 2D chromatographic outputs for three co-eluting peaks (in green, pink and purple), including a 

schematic representation of the cold trapping process (C). 

 

The analyst may rely on different chromatographic systems and detectors to achieve 

improved sample characterisation. This is usually performed by matching the chromatographic 

information (e.g., retention times, retention indices) of sample analytes and authentic 

standards with the response of different detectors. The detectors can be general/universal 

(e.g., flame ionisation detection—FID, mass spectrometry—MS, Fourier transform infrared 

spectroscopy —FTIR, vacuum ultra-violet spectrophotometry —VUV), element-selective (e.g., 

flame photometric detection—FPD, nitrogen-phosphorus detection—NPD, electron capture 

detection—ECD) or sensorial (e.g., olfactory port—O, electronic nose—e-nose, electronic 

tongue—e-tongue) [18]. Important detectors for determination of aroma-active compounds are 

the mass spectrometer and the olfactory port, which provide a measure of chemical and 
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sensorial identification, respectively. Other spectroscopic detection techniques, such as 

Fourier transform infrared spectroscopy (FTIR), provides additional specificity and unique 

spectra for isomers with similar fragmentation patterns on the mass spectrometer [19]. The 

continuous development and commercial introduction of new or improved stationary phases, 

such as ionic liquids and derivatised cyclodextrins, may address new mechanisms of 

separation, but in complex samples, they may do little to expand the separation capacity in 1D 

GC. Thus, the problem of incomplete separation of components remains, and for the MS and 

‘O’ detectors, generally the complete resolution provides best information of chemical 

properties or identification. For instance, the correct description of two different aroma 

compounds is highly compromised by coelution. The importance and role of GC and various 

advanced techniques applied to F&F analysis will be expanded in the next section.  

 

1.2. Flavours & Fragrances 
 

1.2.1. Definitions, history and importance 
 

Flavour is a multisensory experience, involving taste (gustation), smell (orthonasal and 

retronasal olfaction), and trigeminal reception (e.g., cooling, burning, spiciness, fizziness, 

stinging, tingling, pungency, and astringency), but it is also influenced by texture and other 

sensorial stimuli. Fragrance, however, usually refers to a pleasant sensation arising mostly 

from orthonasal and trigeminal nerve stimulation [20, 21].  

Olfaction is a chemical sense and a primitive way of communication between living 

species on Earth [22]. The use of fragrance materials is an ancient heritage and started to be 

deeply explored by the great civilisations in Egypt, Mesopotamia, China and Indus, between 

4000 and 2000 B.C. From a religious practice to a luxury hedonic product, it was only after the 

Industrial Revolution, especially in the 20th century, that these products became popular and 

were used in various consumer goods applications [23, 24]. Various trends have emerged in 

F&F between the years of 1950 and 2000, and they evolved from simple extracts to products 

with integrated technology, functionality and health aspects [25]. Nowadays, F&F is a world 

market valued at more than US$ 20 billion, with an annual growth rate between 3-5%. Swiss 

companies Givaudan and Firmenich hold the largest share of the sector, accounting for 19.5 

and 13.9% in 2017, respectively.  

Smell and taste are important quality markers that boost the consumers’ choice of food, 

drinks and beverages, fragrances, cosmetics and other products in various industrial 

segments. Thus, this market demands constant innovation, high volume production, high 

quality, reproducible formulation, and safety, which can be difficult to achieve in an 

environmentally friendly way, even for naturally sourced products. Although more than 3000 
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fragrance ingredients are available, there is still a need for new compounds to extend the 

perfumer’s palette, due to problems of stability, costs, formulation compatibility and 

performance, plus the production of new fragrance / flavour formats [26]. The production 

volumes can vary from 0.5 up to 15000 tonnes per annum, depending of the potency, source 

or purpose of the odorants. Actually, for some products like menthol, natural farming sources 

have higher carbon footprints than related synthetic routes, although a ‘natural’ fragrance has 

important connotations for market acceptance. Thus, the greatest challenge for the fragrance 

chemists is to design new products that can be sustainably provided in the required scale and 

at a competitive cost. Therefore, they generally take advantage of interesting feedstocks, 

intermediates or by-products and technology to achieve this goal [22, 27]. 

 

1.2.2. Essential Oils 
 

Essential oils (EO) are among the most important ingredients to create F&F products, 

having also a remarkable economic value and applications to food, perfumes, cosmetics and 

pharmaceutics. They are complex mixtures of secondary metabolites biosynthesised by some 

living organisms, especially plants, where they can be found in oil cells, secretory ducts or 

cavities, or in glandular hairs in various parts, such as leaves, flowers, buds, fruits, seeds, 

rhizomes, trunk and bark. Some mosses, liverworts, seaweeds, sponges, fungi and 

microorganisms, insects and terrestrial and marine animals can also produce EO or volatile 

aroma compounds. The occurrence and function of EO in nature is usually related to defence, 

signalling and attraction/reproduction [28, 29].  

These natural oils are commonly extracted by distillation or expression techniques and 

are usually a liquid, with low solubility in water and soluble in the various organic solvents. 

However, extracts obtained by solvents, fluidised gases or other techniques (e.g., concretes, 

absolutes, oleoresins) are not classified as EO. Their chemical composition generally include 

(mono- and sesqui-) terpenoids and phenylpropanoids, but can also contain diterpenes, fatty 

acids and their esters, or decomposition products of these compounds. In some cases, these 

molecules can be bound with carbohydrates in the form of glycosides [28, 29]. The oxygenated 

monoterpenoids are a highlighted class, as they are frequently among the character / impact 

odorants (i.e., compounds whose smell is very potent or instantly associated with the sample) 

and, therefore, they have a remarkable contribution to the aroma of the oils. When the sesqui- 

and higher terpenoids have odours, they may be used as a good base or fixative fragrance 

ingredient, as their lower volatility (among other attributes) increases their tenacity or 

persistence. Different factors can influence the chemical profile of these oils, such as species, 

chemotype, plant origin and age, environmental conditions, extraction method and processing 

(e.g., plant drying, oil deterpenation).  
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EO are often used in products that interact directly with the human body and, due to its 

diverse composition, they can have several interesting biological activities, beyond their odour 

and flavour properties, such as antioxidant, antibacterial, antifungal, anticancer, insecticidal 

activities, and as a repellent. For instance, tea tree oil is widely known for its antiseptic and 

curative properties. Furthermore, some studies are also concentrated in the psychological 

benefits of the aromas. The so-called aromatherapy and aromachology, are areas that are 

gaining prominence in aroma science and are directly connected to human behaviour and 

health. Indeed, some EO such as lavender, are effectively used to aid the treatment of mental 

disorders like anxiety [30]. 

Among several EO of commercial importance, some crops, such as orange, lemon, lime, 

grapefruit, cornmint, peppermint, spearmint, camphor, eucalyptus, cedar, pine, anise, clove, 

cinnamon, coriander, rosemary, lavender, patchouli, citronella, tea tree and others, are 

produced in hundreds or thousands of tonnes per year and account for 80% of the world 

market, while the remaining 20% comprises over 150 crops. The major EO producers are 

found in developing or emerging economies, such as Brazil, China, Egypt, India, Mexico, 

Guatemala and Indonesia, while the major consumers are the industrialised countries, such 

as USA, Western Europe and Japan. The large volumes of EO produced and the limited 

number of species traded worldwide shows the economic potential of EO plants as new crops 

[22, 31-33]. Among other high-valued fragrance ingredients, it is quite common to have floral 

and woody scents, such as rose, jasmine, orris, oud (agarwood) and sandalwood, not to 

mention the animal-derived odorants, such as musk, ambergris, castoreum and civet, which 

nowadays are obtained by synthetic processes [22, 27].  

Some drawbacks of EO production chain for applications as F&F, refer to the difficulty of 

cultivation and harvesting of some plants (which sometimes endangers rare species, such as 

Agarwood [34]), low yield of EO, variations in the chemical composition (quality) of each EO 

per season, degradation during processing or storage, etc. For example, to produce 1 kg of 

jasmine oil it is necessary to extract about 7 million flowers, which have to be manually 

harvested in the early morning, when it is at the peak of EO production [22, 30].   

Moreover, toxic, allergenic or undesirable substances of EO composition may hinder 

their application in products for human use, or became a pollutant in the environment, such as 

atranol (allergenic), eugenol (allergenic), estragole (hepatotoxic), methyl eugenol, safrole and 

isosafrole (carcinogenic), musk ambrette (neurotoxicity, photosensitisation, bioaccumulative 

pollutant) [35]. The presence of allergenic compounds requires all commercial products to be 

certified to contain less than certain concentrations of these compounds, and this depends on 

whether the product use is as a leave-on (e.g., perfume), or wash-off (e.g., soap) product. For 

these reasons, the International Fragrance Association established it is mandatory to keep the 

concentration of these substances below maximum allowed levels in the final product [35]. 
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Companies may apply methods such as successive fractionation and distillation techniques, 

laser photolysis, molecular trapping, among others in the post-treatment of EO to remove these 

unwanted products, however, these processes involve the use of high amounts of solvents, 

consume time and energy, and often alter the quality of the product due to lack of selectivity. 

Chemical derivatisation is also unsuitable, due to the complexity of these oils and the lack of 

selectivity of the process. Thus, enzymatic processing represents an interesting alternative to 

remove such undesired compounds [30]. 

 

1.2.3. Chemical structure and odour activity of F&F  
 

The naturally-derived materials used as F&F are mostly secondary metabolites obtained 

by biosynthetic processes in plants, although some can be produced by degradative processes 

of primary metabolites (i.e., proteins, carbohydrates, lipids and nucleic acids). It all starts with 

the glucose molecule produced during the photosynthesis, which is bioconverted to other 

metabolites such as acetyl coenzyme-A and shikimic acid, triggering other specific metabolic 

pathways that will end up producing the key classes of aroma compounds, namely: terpenoids, 

phenolic compounds, polyketides and alkaloids [22]. 

High-impact aroma compounds are potent odorants, i.e., of low odour threshold (≤10 

ppb), and desirably pleasant characteristics that are instantly associated with a given sample. 

Other important features of these F&F are: substantivity, stability, safety and commercial 

applicability [36]. Various studies tried to decode the physical-chemical mechanisms of 

receptor-odour binding process behind the olfaction, establishing some empirical rules to 

quantitatively determine the structure-activity relationship (SAR or QSAR) or the physical-

activity relationship (PAR). These theories can be based on different chemical or physical 

descriptors, such as molecular weight, number of atoms, polarity, 3D shape, steric properties, 

electronic effects, IR vibration patterns, solubility, boiling point, vapour pressure and many 

others. The structural similarities between organic compounds can be used to predict some of 

the properties of new synthetic molecules, such as chemical reactivity, physical properties or 

biological activity. This useful tool is widely used in the design of novel products, such as 

pharmacological agents, herbicides, pesticides, as well as in the investigation of toxicity and 

environmental risk of several chemicals. Meanwhile, some of the physical correlations are 

used in the perfumery industry to predict the substantivity and retention of F&F ingredients, 

which is the duration a compound remains bound to surfaces such as hair, skin or cloth [26, 

37]. 

In the F&F field, however, the SAR methods are very difficult to apply. Some of the 

major reasons are: (1) Compounds with similar structures can have completely different odours 

(e.g., carvacrol enantiomers and thymol), as well as structurally different molecules can have 

similar smells (e.g., the musk-like odorants Helvetolide®, Muscone and Tonalid®). In addition, 
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any small change in the structure, such as the addition of a methyl group, can cause complete 

loss or change of the smell. (2) The difficulty associated with odour measurement, which is 

subjected to many factors, such as purity, concentration, solvent medium, temperature, 

humidity, and the analyst’s perception and expertise [21, 26, 36]. The “touch” component of 

the smell sense, which is mostly related to the trigeminal nerve stimulation and can be 

perceived even by anosmic people, is also very impactful to the odour recognition, especially 

for small molecules. Some examples of chemicals with strong trigeminal responses are: L-

menthol (cooling), acetic acid, ethanol, 1,8-cineole, acetone, propanol. In this context, the SAR 

approach can be usefully applied to larger molecules with complex structures, since they seem 

to have lower trigeminal distribution. [21]. 

The three most important SAR techniques to F&F are pattern recognition, Hansch 

analysis and the olfactophore approach. Pattern recognition deals with the problem of dividing 

compounds into two or more classes and, therefore, is suitable to large qualitative datasets of 

structurally diverse compounds. Thus, the generation and use of descriptor systems is widely 

adopted by many companies and is also the method behind the electronic noses and tongues 

technology, which use neural networks to match the aroma’s identity and sensorial information. 

A GC‒O analysis of original and pure standards, performed in controlled conditions, by an 

expert panel and using standard odour descriptors lexicon is recommended to avoid 

discrepancies and obtain precise and reproducible odour data. The Hansch method is widely 

used when quantitative data are available and suggests that the biological activity of a 

molecule is a function of its electronic, steric and hydrophobic properties, the latter most often 

being represented by the partition coefficient between water and octanol. The olfactophore 

approach assumes that the similarity in the smell of a group of active analogue molecules is 

based on a common 3D conformation in which key atoms or functional groups are placed at 

certain relative distances from each other. This model is best suited to qualitative sets of data 

and for compounds with a limited amount of conformational flexibility. Although all these SAR 

models are helpful, there is always a degree of uncertainty in directly correlating a chemical 

structure to a sensorial attribute [21, 26, 36].  

 

1.2.4. GC importance and applications to F&F analysis 
 

Among countless applications of GC and its advanced techniques, F&F analysis is one 

of the topics most explored in the literature [2]. Historically, GC has provided crucial information 

to perfumers and flavourists to accurately identify and reconstitute key natural aroma 

compounds at a lower cost. The use of headspace extraction techniques (e.g., SPME), GC‒

MS and GC‒O has also enabled the in-vivo analysis of high-impact odorants emitted by plants, 

which gives a more true representation of the aroma [36, 38]. The study of F&F and their 

natural products matrices is usually carried out to determine: (1) the qualitative/quantitative 
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composition, (2) the authenticity/adulteration/contamination, (3) processing effects, (4) 

stability, and (5) the product compliance with quality and safety parameters, which are 

indispensable, since they are present in a wide range of products destined for human use and, 

therefore, must be free of, or have very low concentration of allergens, pesticides, additives 

and preservatives. Moreover, GC enables the understanding of the different degrees of 

complexity of EO, which can vary according to the species, chemotype, geographical origin, 

cultivation and processing (e.g., plant drying, extraction method, oil deterpenation), as well as 

different F&F formulations comprising natural and synthetic ingredients in various 

concentrations [16]. 

Besides the complexity, the common presence of unsaturated, cyclic and oxygenated 

compounds with similar chemical structures in EO (and therefore, close retention times), as 

well as stereoisomers and on-column isomerisation (e.g., tautomerisation, interconversion) are 

other factors that can complicate the analysis [2, 39, 40]. The molecules’ chirality is a very 

important aspect in aroma science, since different enantiomers of a given compound can have 

different sensorial and biological activities. For example, (R)-(-)-carvone smells like spearmint, 

while (S)-(+)-carvone smells like caraway. Thus, enantioselective separations with mass 

spectrometry and olfactometry detection are crucial to an accurate F&F analysis. However, the 

olfactory perception of a single aroma compound can also be affected by other co-eluting 

odour-active compounds. Therefore, MDGC and GC×GC are frequently required to achieve 

complete resolution of these samples. The diverse range of component polarities in EO, allows 

the use of either a less polar 1D/more polar 2D column set or the opposite configuration for 

GC×GC and MDGC analysis. For enantioselective separations, however, the chiral column 

should be the first dimension of an eGC×GC method and the second dimension for eMDGC 

in order to achieve proper resolution of the components [16]. 

Many studies have been focusing on the application of GC×GC and MDGC methods to 

analyse EO and F&F compounds [13, 39, 41-53]. Vetiver essential oil and vetiveryl acetate, 

an improved odorant product derived from the acetylation of vetiver essential oil alcohols, were 

targeted by different authors, which used GC×GC analysis to obtain the qualitative and 

quantitative profile of these samples. The technique has enabled the identification of hundreds 

of compounds in these samples, and the generated datasets can be used to assess the impact 

of the manufacturing process on essential oil composition and odour properties [41-43].  

Filippi et al. [41] conducted a qualitative and quantitative study of vetiver essential oil 

components, using a GC×GC‒FID/MS system. The method allowed the identification of 135 

compounds in four different samples by dosing in internal calibration standards, as well as 

observation of differences in composition of each sample related to their origins and ages. 

Tissandié et al. [42] studied the composition of different samples of a perfume ingredient called 

“vetiveryl acetate,” an improved odorant product derived from vetiver essential oil processing. 
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The GC×GC‒MS/FID analysis allowed identification of more than 200 compounds in the 

samples, generating a new dataset that can be used to assess the impact of the manufacturing 

process on essential oil composition and odour properties. Francesco et al. [43] used GC×GC 

to assess the composition of natural vetiver oil with transformed products—a vetiveryl acetate 

biocatalysed product, obtained from a lipase-catalysed acetylation of vetiver essential oil. The 

esterification process was highly chemoselective towards primary sesquiterpene alcohols, and 

had more sustainable processing features (i.e., mild reaction conditions, reusable catalyst, 

etc.). The use of the comprehensive technique was indispensable to deeply understand and 

compare the differences of the crude and the modified oils, since the matrix is highly complex 

and not suitable for discovery purposes when analysis is based on the poor resolution of a 1D 

GC method. 

Fidelis et al. [44], studied the essential oil obtained from the leaves of rosewood (Aniba 

rosaeodora Ducke), from plants of different ages, as a potential, more sustainable, alternative 

to extraction from the chipped wood. The chemical profile of the leaf oil samples from plants 

of different ages was similar and was examined by GC×GC, enabling a three-fold increase in 

the number of compounds reported than a conventional separation. The characterisation of 

the chemical and odour profile of guaiacwood oil, was obtained by Tissandié et al. [46] from 

the heartwood of Bulnesia sarmientoi. GC×GC‒FID/MS was applied for identification and 

quantification of the substances, which was mainly composed of sesquiterpene hydrocarbons 

and oxides, alcohols, phenols, ethers, aldehydes and ketones. The main odorants were 

identified by GC‒O, highlighting the compounds bulnesol (rosy) and β-ionone (fruity), which 

had the most odour impact contribution. Typical notes of leather, clove and vanilla were also 

detected and related to phenolic compounds. 

Flower stereoisomer odorants, linalool and lilac aldehydes/alcohols, from 15 different 

plant species were assessed by Dötterl et al. [45], using eMDGC separations and 

electrophysiological tests in a noctuid moth. Eight lilac aldehydes and their alcohol isomers 

were identified, and found to induce the insect response. The S-configured isomers were 

predominant in almost all the plant species studied. The technique was indispensable as a 

route to identify and collect the individual stereoisomers. He et al. [52] used eMDGC–MS to 

evaluate the stability of chiral flavour compounds in lemon-flavoured hard tea beverages over 

8 weeks of storage. The heart-cut analysis showed that (R)-(-)-linalool, (S)-(-)-α-terpineol and 

(S)-(+)-4-terpineol were the predominant enantiomers in the samples at the beginning; 

however, the opposite antipode was observed after the storage. Only (R)-(+)-limonene was 

not affected by the storage conditions. In recent years, enantioselective analysis has also been 

combined with other techniques, such as combustion/pyrolysis GC or stable isotope ratio mass 

spectrometry (IRMS) to determine the original isotopic abundance of key components in 

natural products samples and compare it with commercial products in order to track the 



 
33 

 

geographical origin or assess the authenticity, as performed by Sciarrone et al. [53]. The 

authors monitored the key-aroma compound bis(methylthio)-methane to assess the 

authenticity of truffle (Tuber magnatum Pico) and related products, one of the most expensive 

food flavouring products. It is especially important that quantitative separation is achieved 

when using IRMS, otherwise the appropriate isotopic ratios will be in error. 

Marriott and co-workers have contributed a number of technical solutions and separation 

strategies to achieve better resolution of aroma compounds [13, 17, 34, 39, 49-51, 54, 55]. 

The successful implementation of many hybrid GC approaches in a single instrument 

represents a convenient qualitative and quantitative solution to overcome uncertainty of data 

correlation across multiple hyphenated systems. The use of cryogenic trapping and modulators 

allows the focusing and/or concentration of the volatile analytes in various modes of operation, 

which improves separation peak capacity and enhance the quality of analyte characterisation.   

Among the applications explored by the group, an integrated 3D GC-GC×GC system 

was used to improve the resolution of oxygenated sesquiterpenes of Agarwood (Aquilaria 

malaccensis). In the first multidimensional step a 4 min heart-cut was taken using a Deans 

switch and cryogenic trap device that gives improved separation, with the number of detected 

compounds increased by approximately two-fold compared with 1D GC. However, overlapping 

peaks were still observed and a subsequent separation was necessary. The application of a 

cryogenic modulation GC×GC step further extended the peak capacity of the heart-cut region 

by three-fold or more [17]. In another work, Dunn et al. [13, 56] used GC×GC and MDGC to 

analyse suspected allergens in fragrance products. They found that different column set 

approaches can be complementary, providing different separations in 2D space. The authors 

also highlighted the importance of cryogenic focusing to improve peak shapes and separation 

in the 2D column by reducing the effect of peak dispersion (broadening) on the 1D column. In 

another study, the authors applied principles of the comprehensive GC×GC technique to 

develop a rapid repetitive modulation MDGC method to analyse sequential heart-cuts of 

peppermint essential oil volatiles. Using a relatively short (~ 6 m long), narrow bore (0.1 mm 

ID) 2D column and a cryogenic modulation system, heart-cuts of 60 s were sampled and 

delivered to the 2D column to greatly expand separation with each heart-cut analysis shown 

from the time of delivery to the 2D column; the authors obtained 2D separations in 30 s and 

with up to a 40-fold increase in signal response. 

With the introduction and diffusing of biotechnology processes to F&F, new challenges 

on methodology and applications of GC arise. Whether this is due to the extra layer of 

complexity added by the biological matrices/reagents, the need for identification and 

quantification of biomarkers, metabolites and target analytes, or the need for better 

understanding of reaction mechanisms and selectivity, GC and its advanced techniques can, 

precisely and reliably, provide further information about the studied subject, usually with 
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relatively fewer sample preparation steps [34, 57]. Some of these challenges will be addressed 

in the next chapters of the present study, with the development of GC and GC×GC methods 

for a more comprehensive understanding of the reaction process and potential applications to 

the F&F industry and other areas. 

 

1.2.5. Enzymes and F&F biotechnology  
 

From more than 25000 enzymes existing in nature, about 400 have been applied to 

stereoselective organic synthesis and F&F production, with the main classes being hydrolases, 

transferases, oxidoreductases and lyases. Microorganisms are the main source of enzymes 

for this application, which can be extracted and expressed in recombinant species [58]. 

Biotechnological processes, such as biocatalysis and fermentation, have been applied 

in the development of new molecules, transformation of raw materials and are an excellent 

alternative to obtain commercial amounts of the high-valued compounds that are present in 

trace amounts in natural sources [59, 60]. The chemical synthesis can sometimes be cheaper 

and quicker, but they are usually less selective and have a negative impact on the environment, 

due to the greater number of steps of the reaction and purification and the presence of 

hazardous reagents and by-products. For instance, the enzymatic reaction of lipases with 

vetiver alcohol fraction has exhibited a high chemoselectivity towards the primary 

sesquiterpene alcohols, whereas in the chemical modification, the total conversion of the 

secondary alcohols into acetyl esters was observed and few tertiary alcohols were also 

acetylated [43]. However, the most common chemical esterification process relies on the use 

of carboxylic anhydrides and other additives or catalysts, which are used in some excess and 

must be distilled at the end. 

The stereoselectivity of these reactions is of great advantage to obtain desired chiral 

compounds, which ideally could enrich a product with the compounds with the most desirable 

properties. For instance, (2S,4R)-(-)-cis-rose oxide is the stereoisomer with the lowest odour 

threshold and exhibits more biodegradability [61, 62], so if more of this potent odorant is 

preferentially synthesised by an enzyme, fewer steps of purification will be necessary and the 

final product will be more environmentally-friendly and require less amount of the chemical in 

the formulation to achieve the same sensorial impact of the mixture of isomers. Accordingly, 

the modification of target molecules present in the EO can improve their odour, stability, safety, 

biological activity and biodegradability, enabling a safer use in products for human use and 

increasing their commercial value [30].  

Among the most recent and successful applications of biotechnology to F&F synthesis 

in industry, the biocatalysis processes involving purified enzymes, such as lipases and 

laccases, or fermentation using modified E. coli that express different enzymes are highlighted. 

Symrise (2002), used a lipase-catalysed enantioselective hydrolysis of a mixture of menthyl 
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esters to obtain pure L-menthol (ee>>99%), which is the enantiomer with stronger cooling 

effect [27, 58]. Givaudan researchers (2012) obtained a new class of 1-hydroxy-

octahydroazulene derivatives with a strong and pleasant woody-floral odour by the application 

of a laccase-mediated system for the oxidation of sesquiterpenes in an olefinic fraction derived 

from patchouli [59, 63]. Givaudan also uses microalgae and fermentation processes from plant 

materials, such as sugar cane, to produce other cosmetic ingredients and aromas, such as 

BisaboLife® (2017), Ambrofix® (2019) and Sensityl® (2019). Ambrofix® is obtained from the 

diastero- and enantioselective conversion of β-farnesene, using squalene-hopene cyclases 

extracted from Alicyclobacillus acidocaldarius and expressed in Escherichia coli [64]. These 

bioprocesses require hundreds of times less land to produce a kilo of the product. Firmenich 

uses a similar fermentation processes to obtain the products Clearwood® (2014) and 

Dreamwood® (2020), which are biodegradable aromas related to patchouli and sandalwood, 

respectively. Furthermore, Firmenich researchers, headed by Dr. Laurent Daviet, reproduced 

in the laboratory the biosynthetic pathway of sclareol, a diterpene alcohol produced by clary 

sage (Salvia sclarea) and used as a precursor to obtain Ambrox®, which was first discovered 

in the 1950s and started to be bioproduced in 2016. The genetic engineering study resulted in 

the isolation, functional characterisation and cloning of specific diterpene synthase enzymes 

from clary sage DNA and introduction of the genes in E. Coli. The bacteria was then able to 

reproduce the plant’s enzymatic reactions to produce sclareol in larger amounts in a cost-

effective and more sustainable process [65]. The perfumery industry has adopted synthetic 

ambroxides as a replacement for ambergris, which is a highly priced and valued ingredient 

with a musky, woody, sweet and earthy odour and fixative properties that was originally 

obtained from a waxy excretion produced by sperm whales, now an endangered species. 

Alternative sources were deemed both necessary and acceptable and, thus, plant labdane 

diterpenoids, like sclareol, are now the major precursors for ambroxide synthesis in industry 

[66]. 

The lipase-catalysed large-scale synthesis of (Z)-3-hexenyl acetate, with (Z)-3-hexenol 

and acetic acid in hexane was described in the literature. This ester has a fruity odour and 

shows a significant green note flavour. Lipases are key industrially applied biocatalysts for the 

stereoselective production of esters and lactones, kinetic resolutions of racemic alcohols and 

hydrolysis of fatty acids and derivatives. Esters are usually related to fruity notes, especially 

the low molecular weight compounds, and due to their lower polarity and absence of hydroxyl 

groups, alkyl esters are usually more volatile (which can favour the odour detection threshold) 

and less sensitising than their corresponding alcohols when in contact with human skin  [58, 

67]. As discussed above, the enantioselectivity is important in F&F, since chiral molecules 

often have different odour perceptions (see Section 1.2.4). Meanwhile, laccases are used in 

the synthesis of the key grapefruit flavour (nootkatone), to remove undesirable phenolic 
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compounds that can impact upon the sensory properties of products like wine, beer and fruit 

juices, and in the repurposing of waste products, such as those containing limonene, pinene 

and other terpene hydrocarbons, which are discarded in large quantities every year due to 

their low commercial and aroma value and chemical instability, while many of their 

oxyfunctionalised metabolites have higher aroma impact and value [58, 68-71]. Further 

information about these enzymes and biocatalytic reactions will be covered in the next section. 

 
 

1.3. Biocatalysis 
 

 

1.3.1. From green chemistry to white biotechnology 
 

Green chemistry can be understood as a set of practices and principles adopted by 

academia and industries to eliminate the use and generation of hazardous substances and to 

reduce their release to or impact on the environment and human health during the study, 

development and application of chemical products and processes [72, 73].  

The overview of the history and development of green chemistry can be found in review 

publications [72-74]. According to this historical record, the idea was introduced in the United 

States and Europe in the second half of the 20th century, through the work of many scientists 

and environmentalists such as Rachel Carson, whose book “Silent Spring” (1962) arose 

awareness about the impact of the massive use of pesticides. In response, governments 

created environmental protection agencies and more strict laws, forcing companies to amend 

their practices. By the end of the century (1998), Anastas and Warner introduced the “twelve 

principles of green chemistry”, a summarised guideline in the quest for the reduction of waste, 

material and energy use, risk, hazard and cost of chemical processes. Those principles were 

widely disseminated in order to guide research and innovations to reduce negative impacts 

from industrial activity.  

Subsequently, a new set of 12 principles was published by Winterton (2001), focusing 

especially on the academic environment in order to raise awareness and direct efforts for the 

development of green processes that are viable at the industrial scale. The adoption of this 

second set of principles facilitates evaluation of the potential of chemical reactions studied in 

the laboratory so that their scale-up can be transposed safely, that good technical solutions 

are implemented, and without loss of their green characteristics [72-74]. 

The dissemination of these principles, coupled with the increased rigidity of 

environmental regulation, competitiveness, social conscience and the consumers’ responsible 

consumption, has led a large number of companies to invest more in environmentally-friendly 

technological innovations for their products and processes. The concepts were also adopted 
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by other fields, such as the agricultural and biotechnology sectors, which have taken benefit 

of the new green chemical processes and products to improve their practices [72-75]. In 

biotechnology, the differentiation of the main areas of application has earned its own colour 

code: white (industrial), green (agricultural), blue (marine and fresh-water), red 

(pharmaceutical), brown (desert biotechnology), purple (patents and inventions), and yellow 

(applied entomology) [76]. 

Biocatalysis is a key tool to white biotechnology and consists in the use of enzymes or 

whole cell microorganisms for the conversion of specific substrates into compounds of 

commercial interest. This practice has flourished as one of the most selective and efficient 

biosynthesis and bioremediation processes, representing a green alternative to traditional 

synthesis, since it has a lower energy cost, ideally lower content of toxic by-products, reduction 

or non-use of organic solvents, avoidance of heavy metal reagents, less waste, and with the 

possibility of reuse of the biocatalysts used. In addition, enzyme reactions are chemo-, regio- 

and/or stereo-selective and are conducted in mild conditions (such as low temperature and 

pressure). Finally, the products obtained through this process can be considered natural, if all 

the substrates and chemicals used are of a natural source. This is a very important aspect of 

great economic interest for industries, as consumers are increasingly interested in acquiring 

and using natural products, even though this attribute is not always synonymous with safety 

[59-62, 77, 78]. 

Despite the remarkable advantages and the various possibilities of application, at 

present, the potential of biocatalysis has not been fully exploited. There is still much to be 

discovered about the enzymes and the reactions they can catalyse. Some challenges related 

to the application of these processes are: the susceptibility to inhibition of the reaction by the 

substrate or product; reduction of the activity after immobilisation; reaction yield; the limitation 

in the operating conditions (e.g., temperature, pH, solubility); and the cost of some processes 

that is related to the type of enzymes, use of co-factors, co-enzymes, etc. With the 

advancement of biotechnology and genetic engineering, some of these difficulties are being 

overcome and an increasing number of enzymes with catalytic potential are being identified, 

improved and made available commercially, which contributes to the increase in the number 

of research studies for industrial application. Indeed, quite a number of companies currently 

adopt, and are increasing their investments in, biotechnology innovations. The main industry 

sectors that have been accessing these processes are pharmaceutical, food, flavour & 

fragrances, agrochemical, cosmetics and polymers [59, 60, 77]. 

According to the Nomenclature Committee of the International Union of Biochemistry 

and Molecular Biology (NC-IUBMB), enzymes are divided into six major classes according to 

the types of reactions they catalyse: oxidoreductases, transferases, hydrolases, lyases, 

isomerases and ligases. The classes of enzymes with the highest industrial application are 
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hydrolases and oxidoreductases, which may be related to the general accessibility and 

characteristics of enzymes that are favourable to the process (e.g., stability, efficiency, 

selectivity, etc.), as well as the commercial importance of the products obtained [59, 60]. Within 

these two main classes, the two types of enzymes highlighted for F&F applications, are lipases 

and laccases, which will be discussed in more detail in the next sections. 

 

 

1.3.2. Lipases 
 

Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) are among the most popular 

hydrolases and are an industrially-established group of enzymes with multiple applications, 

since they can catalyse different reactions (e.g., esterification and transesterification, 

hydrolysis, epoxidation), accept a wide range of substrates (e.g., alcohols, esters, fatty acids, 

amines), and remain active in different media (e.g., aqueous, organic, ionic liquids, 

supercritical fluids, deep eutectic solvents) and over a wide temperature range. Another factor 

that contributes to their successful application in industrial scale processes is the development 

of immobilisation techniques, which can increase the performance, stability and allow the reuse 

of the biocatalyst, besides facilitating the separation of the product [59, 62, 67, 77]. 

Lipases can be obtained from different sources, such as fungi (e.g., Candida, Penicillium, 

Mucor, Rhizopus and Aspergillus sp.), bacteria (e.g., Pseudomonas, Acinetobacter, Bacillus 

and Chromobacterium sp.), eukaryotes (e.g., porcine pancreatic lipase), plants (e.g., from 

papaya, pineapple, castor bean, oil palm and oilseed rape) and expressed in recombinant 

organisms for industrial applications. Such diversity in origin reflects in their different 

biochemistry and function. Enzymes from bacteria and fungi are generally more robust, easy 

to produce and recover from microbial cell culture and, therefore, have the greatest potential 

for industrial applications [79]. 

Despite their variability, most lipases display a common catalytic mechanism and 

structural architecture (i.e., the α/β hydrolase fold), with an active site composed by the 

catalytic triad: serine, aspartate or glutamate and histidine. This active site is located in a 

“pocket-like” cavity in the enzyme’s 3D structure (Fig. 10), which can also contain a “lid” that 

remains closed, unless the enzyme is in a lipophilic media or in aqueous-organic interface. 

This lid is an amphipathic structure (i.e., hydrophilic outside face and lipophilic inside face) that 

has not only the opening/closing function, but also helps regulating the enzyme’s activity and 

selectivity. In several lipases, the lid opening is also responsible for the formation of the so-

called “oxyanion hole” which is involved in the stabilisation of the reaction intermediates [79-

82].  
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Figure 10. Thermomyces lanuginosus lipase 3D ribbon diagram, showing the structure of the catalytic 

triad in the enzyme’s active site (in green), and the lid domain (in red). A space-filling molecular model 

representation of the Candida rugosa lipase (top, left side) shows the closed (a) and open (b) 

conformations of the enzyme’s lid (in black). Adapted with permission from ref. [79, 82]. Copyright 2007 

and 2021 Springer Nature, respectively. 

 

Although most lipases share the same structural fold, their substrate binding regions 

differ greatly in size, structure and physico-chemical properties, which results in their distinct 

selectivities. The substrate access to the active site is achieved through a binding site located 

in this pocket, on the top of the central β-sheet. The length, shape and hydrophobicity of the 

binding pocket has been related to the substrate’s chain length preference. Moreover, 

crystallography studies with the Burkholderia cepacia lipase identified multiple binding pockets: 

one oxyanion hole and three other pockets lined by amino acids with different hydrophobicities, 

that accommodate the sn-1, sn-2 and sn-3 fatty acid chains as substrates. The sn-2 fatty acid 

chain pocket was found to be a major determinant for this enzyme’s stereoselectivity. The 

hydrogen bonding between the histidine of the active site and the substrates (esters) oxygen 

atom was influenced by the substituents at the sn-2 position of the substrate. However, general 

rules for lipases chiral selectivity are difficult to establish, since it seems to be dependent on 

both, the enzymes’ and the substrates’ structures. The study of these lipase structure-activity 

relationships allows site-directed mutagenesis, which generates improved activities for target 

substrates [79]. 

Lipases generally have two main operation modes: In aqueous media, they favour 

hydrolysis reactions, acting in the cleavage of carboxyl ester bonds of substrates, such as 

triacylglycerols, in the first step and using water molecules as co-substrate in the second step. 

In low-water conditions, the reverse synthetic reaction is favoured with a similar mechanism, 

leading to esterification, transesterification (Fig. 11), or other types of reaction [79, 83].  
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Figure 11. Schematic representation of lipases general transesterification reaction mechanism. The reaction steps include: (A) The formation of the oxyanion hole, 

which conducts the co-substrate ester to the enzyme calalytic centre; (B) The electron transfer from catalytic centre to the co-substrate-oxyanion hole complex; (C) 

The formation of the first tetrahedral intermediate; (D) The formation of the covalent acyl-enzyme intermediate and release of an alcohol by-product; (E) The attack of 

the enzyme to the main substrate alcohol; (F) The formation of the second tetrahedral intermediate; (G) The formation and release of the ester product, with the 

regeneration of the enzyme’s catalytic centre. 
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In this case, a carboxylic molecule (e.g., ester reagent or “acyl donor”) acts as a co-

substrate in the first step, and the main substrate (e.g., alcohol) is attacked by the enzyme in 

the second step. Therefore, the main steps in lipases reaction mechanism process are: (I) The 

attack of the enzyme to the carbonyl carbon of the main substrate (or co-substrate) and the 

formation of a first acyl-enzyme intermediate. (II) The attack of the enzyme to the hydroxyl (or 

amyl) group of the co-substrate (or main substrate), leading to the hydrolysis of the acyl-

enzyme intermediate and formation of the product.  

In more detail, the reaction starts by the hydrogen bonding of the carbonyl oxygen of the 

substrate (or co-substrate) to main-chain NH and OH groups. Such residues build up the so-

called “oxyanion hole” that in some lipases is pre-formed in the correct orientation, whereas in 

others it is positioned upon the opening of the lid structure (Fig. 11A). Consecutively, the 

ionisation of asparagine and electronic transfer to the catalytic histidine and serine, enhances 

the nucleophilicity of the active site, which leads to the attack of the carbonyl carbon of the 

susceptible ester bond (Fig. 11B). A tetrahedral first intermediate is formed (Fig. 11C), carrying 

a negative charge on the carbonyl oxygen atom that is stabilised through hydrogen bonding. 

The electronic rearrangement and transfer of a proton from histidine to the ester oxygen results 

in the bond cleavage and formation of a by-product (e.g., alcohol, water). A covalent acyl-

enzyme intermediate is then formed with the substrate (or co-substrate) esterified with the 

serine residue (Fig 11D). A similar process happens in the second part of the reaction, but this 

time with the acyl-enzyme and a water molecule (hydrolysis) as a co-substrate or an organic 

molecule, such as an alcohol (transesterification), as the main substrate (Fig 11E). In this step, 

the electronic transfer from asparagine and histidine to the main substrate (organic molecule) 

or co-substrate (water) produces an hydroxide ion that attacks the carbonyl carbon atom in the 

substrate–enzyme covalent intermediate, generating a negatively charged tetrahedral second 

intermediate (Fig 11F), which is then stabilised by hydrogen bonds to the oxyanion hole. 

Finally, the main reaction product and regeneration of the enzyme’s catalytic centre (Fig 11G) 

are achieved after electronic rearrangements and transfer of a proton from substrate (or co-

substrate) to the active site serine [79, 83].  

 

 

1.3.3. Laccases  
 

Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2), are multi-copper 

containing enzymes that catalyse the oxidation of various types of phenolic compounds (with 

tyrosine as the main exception) by reduction of molecular oxygen (O2), with formation of a free 

cationic radical and water (H2O) as the only by-product. For this reason, laccases are 

commonly considered as the ultimate “green catalysts”. The substrate range is further 

expanded when used along with mediator molecules [84, 85].  
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Firstly identified in 1883 in exudates of a lacquer tree (Rhus vernicifera), laccases are 

ancient enzymes that can be found in plants, insects, bacteria, but are predominantly obtained 

from fungi, such as Basidiomycetes, Ascomycetes and Deuteromycetes phyla. Most 

commercial laccases are expressed in heterologous hosts, such as Aspergillus or Pichia sp., 

which enable the overproduction of the enzyme in industrial scale. Currently, the main 

applications of laccases in industry include: delignification, dye or stain bleaching, 

bioremediation, plant fibre modification, ethanol production, oxidative coupling reactions,  

biosensors and biofuel cells, in various sectors such as pulp and paper, textile, construction 

and furniture, paint, energy, food, cosmetics, pharmaceutical and nanobiotechnology [84, 85]. 

Crystallographic and phylogenetic studies indicate that the active site and its 

environment are structurally highly conserved in all laccases (Fig. 12), even when the rest of 

the protein molecule varies. Their catalytic centre is composed of four copper atoms in three 

different redox sites (T1, T2 and T3) and twelve amino acid residues that serve as the copper 

ligands. The centres T1 and T2 contain one copper atom each, while T3 centre contains two 

atoms. These copper atoms are classified according to their different spectroscopic and 

paramagnetic properties, and their location, such as: Cu1 (type I, paramagnetic “blue”, T1 site), 

Cu2 (type II, paramagnetic “non-blue”, T2 site), Cu3-Cu4 pair (both type III, diamagnetic spin-

coupled, T3 site). The T1 copper is bound as a mononuclear cluster and its oxidised resting 

state, resulted from the covalent bonding with cysteine (Cys-Cu2+), is responsible for the 

intense greenish-blue colour of laccases. Together, T2 and T3 coppers form a trinuclear 

cluster, with a triangular geometry, where the reduction of O2 and release of water takes place. 

Finally, a tripeptide (His-Cys-His) form the channels that are involved in the electron transfer 

pathway between the T1 copper and the trinuclear cluster [84-86]. 

  

Figure 12. Trametes trogii laccase 3D ribbon diagram, showing the 3D and simplified structures of the 

active site where the trinuclear clusters with copper ions (T1, T2 and T3) are located. Adapted with 

permission from ref. [85]. Copyright 2015 Elsevier. 
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The structural conservation reflects in a common electron transfer mechanism from 

substrate oxidation to molecular O2 reduction in these enzymes (Fig. 13). Although still not fully 

understood, the main stages of this mechanism are: (1) the enzyme oxidises the substrate by 

the abstraction of one electron mediated by the T1 Cu2+, forming a free (cationic) radical. This 

radical can further undergo laccase-catalysed oxidation or non-enzymatic reactions, such as 

dimerisation or cleavage of polymers and aromatic rings; (2) Each electron extracted from 

different substrate molecules at T1 site is transferred to the trinuclear cluster where O2 is 

bound; (3) Laccase stores electrons from four substrate molecules monooxidation to 

completely reduce O2 to H2O.  

 

Figure 13. Simplified representation of laccases general oxidation reaction mechanism.  

 

Two solvent channels connect the copper atoms in the T1 site to the T2 and T3 sites, 

facilitating the fast access to the trinuclear cluster and O2 molecule, and subsequent easy 

release of water. The energy required to capture one electron from the substrate with the 

corresponding formation of a cation radical is given by the T1 site redox potential (E°), which 

usually varies between +0.4 to +0.8V for fungal laccases. A combination of an enzyme with 

high E° and a substrate with low E° can result in high reaction rate [84]. 

Laccase-mediator systems are a combination of the enzymes and a highly diffusible, 

easily oxidisable and low-molecular weight co-substrate (mediator). The mediator molecules 

will be oxidised by the enzyme, producing an unstable and reactive cationic radical that will 

then oxidise target compounds that are not directly converted by the enzymes, either due to 

steric hindrance or high redox potential. Compounds such as 2,2’-azinobis (3-

ethylbenzthiazoline-6-sulfonate) (ABTS), 1-hydroxybenzotriazole (HBT), syringaldazine are 

some of the most known mediators, which can be used alone or in a mixture when a synergistic 
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effect is observed. The downside of the mediators use is that some of these molecules are 

toxic, unstable or expensive and can lead to the formation of undesirable by-products and the 

enzyme inactivation [84].  

Laccases are usually unstable, denaturised or inhibited in organic solvent media, where 

many potential substrates and mediators are better solubilised. Thus, the use of water-solvent 

(mono or biphasic) systems have been applied in some processes with up to 50% v/v solvent. 

Maximum reaction rates were found to remain more or less the same when using aqueous 

solutions, water-miscible solvents (~20-30% v/v) or reverse micelle systems (surfactant + 

hydrophobic organic solvent, containing a suitable amount of water). However, the presence 

of these organic co-solvents can significantly affect the structure, the stability and the activity 

of the enzymes, through direct interactions with the protein molecules or through modification 

of the thermodynamic water activity (aw). Other compounds such as chelating agents, 

ammonium detergents, fatty acids, kojic acid, halogens and some metal ions can also inhibit 

laccase activity by interrupting the electron transfer, removing or displacing the copper atoms 

or changing in the amino acids residues conformation. Thus, strategies such as immobilisation 

and directed molecular evolution are being implemented to overcome these limitations [84, 

86].  

 

1.3.4. Factors affecting enzyme reactions 
 

Enzymes are proteins that work as organic catalysts in specific reactions, usually 

involving the cleavage of bonds in a single substrate or the formation of bonds between two or 

more substrates, forming one or more products. These specialised proteins are produced by 

living organisms, but are capable of acting inside or outside the cells. Enzyme-catalysed 

reactions generally happen in different stages (Equation 2), including the binding of enzyme 

(E) and substrate (S), the formation of the enzyme-substrate complex (ES) and the formation 

and release of the product (P). Generally, the fast stage (K1 and K-1) is a second order and 

reversible reaction, while the slow step (K2) is a first order and irreversible reaction, and it is 

the one who determines the reaction rate (catalytic step). 

 

 𝐸 + 𝑆               𝐸𝑆                𝐸 + 𝑃                                                                     (Equation 2) 

 

These reactions are susceptible to multiple chemical and physical factors, such as pH, 

temperature, enzyme type and preparation form (e.g., immobilisation), and concentrations of 

the substrate and enzyme, that may impact upon their performance in different ways. The 

selection of the appropriate enzyme is also fundamental when planning the application, 

(fast) 

K1 
(slow) 

K2 or Kcat  
 

K-1 

catalytic step 
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because yield and selectivity of the enzymes can vary greatly. For instance, Candida rugosa 

lipase will give high yields but has a low selectivity, whereas Aspergillus niger lipase is highly 

selective [58]. Thus, finding the best working conditions for a specific enzyme with interesting 

features is the key to obtaining efficient processes.  

Enzyme kinetics studies help to determine the activity (i.e., maximum reaction rate or 

velocity, Vmax) and other important parameters that characterise these biocatalysed reactions 

(Table 3), which ultimately helps to understand the impact of the aforementioned factors on 

the enzymes’ performance (Fig. 14). It is common to use the enzyme activity as a unit of 

measurement of the enzymes, rather than their mass. The reason is that the function is more 

important than the purity of the protein, since even a pure enzyme can be totally inactive [87, 

88].   

 

Table 3. Summary of key kinetic parameters of enzyme reactions. 

Parameter 
Abbreviation 

(common units) 
Definition 

Maximum enzyme 

velocity or Enzyme 

activity units 

Vmax 

(µmol/min; mol/s) 

 

U or IU 

(µmol/min; kat) 

 

 

A measure of enzyme activity, which indicates the 

turnover per time unit at saturating conditions of 

substrates and cofactors under standard conditions. 

It is commonly used to express the enzyme amount 

converting 1 µmol substrate/min.  

 

Conversion: 1 kat=60,000,000 U 

                    1 nkat=0.06 U 

                    1 U=0.0000000167 kat 

Enzyme volume 

activity 
U/mL; kat/L  Enzyme units per volume unit. 

Specific enzyme 

activity  
(U/mg; kat/kg) 

Enzyme activity units per protein mass or volume 

activity/protein concentration. 

Enzyme velocity 
V  

(mol/s; µmol/min) 
Enzyme turnover per time unit. 

Turnover number 
kcat 

(s−1) 

Catalytic constant given by the enzyme maximum 

velocity divided by the enzyme concentration 

(kcat=Vmax/[E]0). 

Michaelis constant 
KM 

(M) 

Substrate concentration for half-maximal velocity 

(Km=(k−1+kcat)/k1). 
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Figure 14. Diagrams exemplifying the effects of different factors on the rate of an enzyme reaction.   

 

Michaelis-Menten and Lineweaver-Burk equations are the main kinetic models used in 

the calculation of these parameters. The Michaelis-Menten equation (Equation 3) is derived 

from the rate law of the catalytic step and it is based on the theory of the ES complex formation, 

which basically assumes that K2 << K-1. 

 

 𝑉0 =  
𝑉𝑚𝑎𝑥 .  [𝑆]

𝐾𝑚+[𝑆]
                                                                                                        (Equation 3) 

 

The Lineweaver-Burk equation or double-reciprocal is a linearisation approach given 

by the inverse form of both sides of the Michaelis-Menten equation. This approach makes it 

easier to determine the kinetics of multisubstrate enzymes and the interaction between 

enzymes and inhibitors, and is the most used method to determine the enzyme activity (Vmax). 

It involves the reaction of the enzyme in a fixed concentration and the substrate in various 

saturating and evenly spaced concentrations. The initial rate (V0) is given by the slope of the 

linear part of each “time vs product (or substrate) concentration” plot. The Lineweaver-Burk 

plot (Fig. 15) is then obtained by the inverse values of each initial rate (1/V0) and substrate 

concentration (1/[S]). The y-intercept of this graph gives the enzyme activity (Vmax) and the 

slope is used to calculate the Michaelis-Menten constant (Km).  
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Figure 15. General representation of the Linewaver-Burk plot and equation. 
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2.1. Article 
 

This study investigated the efficacy of different enzymes in the bioprocessing of aroma-related 

compounds. Methods based on GC-FID analysis were developed to facilitate the evaluation of 

the stages of characterisation, screening and optimisation, including chiral ratio determination 

for enzyme enantioselectivity assessment. The characterisation process included activity 

assays using UV-Vis and GC-FID, as well as protein quantification through NanoDrop 

spectrophotometry and molar mass estimation via SDS-PAGE electrophoresis. Screening 

experiments evaluated a range of enzymes, substrates, solvents, acyl donors, and mediators. 

The aroma-related substrates included terpene and phenolic compounds. Five lipases (CALA, 

NZ-435, LZ-TLIM, NC-ADL, LZ-CALBL) and two laccases (NZ-51003 and DL-IIS) were 

investigated. Among these, NZ-435, CALA and NZ-51003 were the best performers in the 

characterisation and screening stages, achieving conversions above 70% for citronellol 

(lipases) or 50% for eugenol (laccase). Although, enantioselectivity was not observed under 

the tested conditions, lipases and laccases demonstrated a chemoselectivity towards primary 

alcohols and phenolic compounds, respectively, among tested substrates. The optimisation 

stage was demonstrated through the lipase-catalysed (CALA) transesterification of a standard 

alcohol mixture (citronellol, menthol, linalool), wherein the best conditions of temperature, 

enzyme and acyl donor concentrations were investigated using a design of experiments (DOE) 

approach. Optimal conditions were found to be 37-40°C, 3-4 mg/mL of enzyme, and 58-60% 

(v/v) vinyl acetate. Confirmation experiments using the same standards and citronella oil 

sample showed good conversions for citronellol (> 95%/ h) and menthol (20%/ h and 74%/ 

day). The proposed GC-FID approach was suitable for determining reaction profiles and chiral 

ratio variations for biocatalysed reactions involving low complexity aroma samples. This study 

set the foundation to future applications of the enzymes to complex essential oil samples, 

where it is anticipated that advanced GC separations will be required. 

After publication of this paper, additional screening experiments were conducted for laccases 

NZ-51003 and DL-IIS, using different water/solvent media and various standards as mediators 

and substrates. However, these enzyme products underperformed in the applied conditions, 

mainly due to their incompatibility with organic solvents and substrates (i.e., aroma standards 

and essential oils). In other words, using a predominantly organic medium or emulsifiers is 

unfavourable to the enzyme activity, but is necessary for substrates’ solubilisation. Additionally, 

the liquid-liquid extractions were laborious, wasteful and introduced variation in the recovery 

of target analytes and general sample composition. Enzyme immobilisation could have been 

a solution to these problems, but it was unfeasible due to agreement restrictions with the 

enzymes provider, as well as time and resource constraints. Thus, the progress of the studies 

with laccase optimisation and application to complex essential oil samples was hindered.  
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3.1. Article 
 

This Chapter builds on the characterisation of enzyme activity, and initial studies outlining 

preferred sampling approaches introduced in Chapter 2. The enzymatic transesterification of 

terpene and phenyl alcohols in 35 essential oil samples was carried out using Candida 

antarctica lipase A (CALA), identified as the best performing commercial biocatalyst in the 

previous stage of this study (Chapter 2). Comprehensive two-dimensional gas chromatography 

with mass spectrometry (GC×GC‒MS) analysis was selected as the most appropriate 

analytical technique for analysis of the essential oils (EO), and enabled the separation and 

identification of 125 compounds, allowing the instant visualisation of the reaction process 

changes, amid the complex chemical background of the samples. Preliminary selection of a 

range of capillary GC phases for use for 1D and 2D separation was undertaken, in order to 

provide the most appropriate use of the 2D separation space in the GC×GC experiment. Thus 

a DB-5ms / SLB-IL60 column set of appropriate dimensions was selected. The use of such 

large sample set with different degrees of complexity allowed detailed investigation of the 

enzyme’s performance towards an extensive number of alcohol substrates, which helped to 

determine the selectivity and apparent lack of inhibition effects for the enzyme in the tested 

conditions. The results indicate that 42 out of 79 alcohols identified were fully or partially 

esterified within 48 h of reaction, with primary alcohols showing the highest conversions (90-

100%), and were clearly the enzyme’s preferred substrates. Secondary alcohols had mostly 

~80-100% conversion, while no significant conversion was observed for tertiary alcohols and 

phenols under the tested conditions. The enzyme performed consistently well for primary 

alcohol substrates in various samples. The observed selectivity, efficiency, robustness, 

scalability (enzyme/substrate working concentration ratio >1:160), potential reusability, mild 

reaction conditions, and other factors make this process a greener and more sustainable 

alternative for industry applications, particularly for the manufacture of novel flavours and 

fragrances. 

The development of MDGC-O/MS methods for sensory analysis of the enzymatic reaction 

products was originally planned. This kind of analysis often requires a trained panel of analysts 

and, in the case of complex samples, it is necessary to do multiple injections of the same 

sample with aroma assessment being performed in short blocks, in order to avoid olfactory 

fatigue. However, the project timeline was compromised, due to the COVID-19 pandemic, and 

so the chemical analysis was prioritised. 
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The investigation of enzyme-catalysed alternatives for the sustainable synthesis of 

aroma compounds and the development of GC analytical strategies are presented in this 

thesis.  

Seven commercially available enzyme products were studied, including five lipases and 

two laccases. The activity, selectivity and efficiency of the enzymes were determined in 

different experimental steps, including characterisation, screening, optimisation and 

application to samples. Characterisation included activity assays (UV-Vis and GC‒FID), 

protein quantification (NanoDrop spectrophotometry) and molar mass estimation (SDS-PAGE 

electrophoresis). Screening experiments assessed different enzymes, substrates, solvents, 

acyl donors or mediators. At this stage, the enzyme substrates included aroma-related 

standards, such as terpene and phenolic compounds. A response surface design of 

experiment approach was applied to optimise different variables of the enzyme reactions, 

including temperature, enzyme concentration and co-substrate (acyl donor) concentration, 

while keeping the substrate concentration constant. Finally, the application step investigated 

the performance of selected enzymes towards a wide-range of essential oil samples. 

CALA, NZ-435 (lipases) and NZ-51003 (laccase) were the best-performing enzymes in 

the characterisation and screening stages, achieving conversions above 70% for citronellol 

(lipases) or 50% for eugenol (laccase). CALA lipase was selected for the next steps due to 

their better performance towards secondary alcohols. Optimised CALA conditions were found 

to be 37- 40 °C, 3-4 mg/mL of enzyme, and 58-60% (v/v) vinyl acetate. These settings resulted 

in a conversion of >95% for citronellol after 1 h (for both, standards mixture and citronella oil 

sample), and 20% or 74% for menthol after 1 h or 24 h, respectively. In the application to 

samples phase, CALA optimised conditions have demonstrated to be effective in (≥25x) higher 

substrate concentrations. The enzyme was able to esterify 42 of the 79 alcohols identified in 

35 samples within 48 h, with conversions above 90% and 80% for most primary and secondary 

alcohols, respectively. Overall, lipases have shown a preference for primary alcohols, while 

laccases preferred phenolic compounds among the tested substrates. No significant 

conversion of tertiary alcohols and phenols were observed for lipases in the tested conditions. 

None of the tested enzymes demonstrated significant enantioselectivity under the tested 

conditions. 

The use of organic medium and mild temperatures (to avoid evaporation) were found to 

be more suitable biocatalytic conditions for most aroma compounds, due to their limited 

solubility in water and high-volatility. The immobilised lipases were fully compatible with these 

requirements and were not inhibited by the different levels of complexity (i.e., number, 

concentration and chemical diversity of components) of essential oil samples, as well as being 

easy to apply and remove from the reaction media. Meanwhile, both of the laccases 
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investigated showed low compatibility with organic and organic/aqueous medium, which 

hindered the study from progressing beyond the screening phase for these enzymes.  

The enzyme studies included in this thesis also highlighted the importance of testing the 

prospective enzymes to a broad range of substrates (e.g., standards and samples) in order to 

make a better selection and understand the enzymes’ selectivity, robustness and inhibitory 

effects in the desired application settings. This strategy generated remarkable results for CALA 

lipase, with the production of esters from primary and secondary alcohols, surpassing previous 

investigations. 

In parallel with the above enzyme experiments, different strategies based on GC analysis 

were developed to facilitate the assessment of all the stages of the biocatalysis study. The 

analytical methods developed included GC‒FID, eGC‒FID with chiral ratio determination, and 

GC×GC‒MS analysis. 

The GC‒FID and eGC‒FID methods were suitable to determine the reaction profiles and 

chiral ratio variations for biocatalysed reactions with aroma compounds in low complexity 

samples.  This methodology is unique in that it provides direct quantification of substrates and 

products without the use of chemical indicators, which is usually not possible with non-

chromatographic methods. The use of GC analysis also offers the possibility of structural 

identification of reaction products, when using mass spectrometry as an on-line detection 

technique (GC‒MS), as well as the assessment of the enantioselectivity of the reactions. 

These are essential for authentication of F&F samples and enable the source-specific 

discrimination of compounds produced in bioprocesses. 

The developed GC×GC‒MS method has enabled the separation and identification of 125 

target compounds in 35 essential oil samples of different complexities. This advanced 

chromatographic technique offers superior resolution and improved compound identification 

capabilities, expanding the analytical information content and enabling the instant qualitative 

assessment through the 2D plots, which facilitate the visualisation and comparison of the 

differences in the samples’ chemical profiles before and after the enzymatic processing.  

The designed methodology and findings of this thesis have significant impact for the 

analysis and development of more efficient enzyme-catalysed methods that can be used to 

produce high-value aroma compounds in a more environmentally friendly and cost-effective 

way. This important area of research has the potential to revolutionise the F&F industry, since 

the combination of low-cost natural raw materials, such as some essential oils, with the 

robustness, selectivity, efficiency, scalability, biodegradability, and reusability of the correctly 

selected biocatalysts, are compliant with the green chemistry principles and have the ability to 

improve the properties and safety of the final products, without compromising the branding 

associated with “natural” labelling.   
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As future directions, the investigation of immobilised laccase preparations could improve 

their performance towards aroma compounds in organic medium. Additional immobilised 

enzymes could also be explored to achieve an enantioselective processing, generating 

products enriched with single enantiomers possessing the most favourable properties (e.g. 

odour or biological activity). Reusability and scaling up studies would generate interesting 

insights to support future industrial applications. The investigation of waste products, such as 

wood, paper, food waste and used cooking oil, as substrates could reduce even more the 

environmental impact of this process, and so has potential applications beyond the EO / F&F 

studies considered herein. Additionally, MDGC-O/MS methods could be developed to facilitate 

the sensory assessment of the bioprocessed essential oil samples by a trained panel. This 

could help to determine the impact of the enzymatic changes to the odour activity of the target 

molecules, as well as for the overall sample. Biological activity tests could also be performed 

to help to determine the allergenicity and toxicity of these new aroma products. Thus, based 

upon the preliminary studies reported above, there is considerable opportunity to undertake 

further research in this vast and promising field. 
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