University of

Reading

2

COMPONENT ANALYSIS BY SENSOMICS
CONCEPT ON FLAVOUR ENHANCEMENT
OF SMOKED INGREDIENTS

By
KANOKKAN PANCHAN

A Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy
Department of Food and Nutritional Sciences
School of Chemistry, Food and Pharmacy

University of Reading
2024



Declaration

I confirm that this is my own work and the use of all material from other sources has been

properly and fully acknowledged.

Kanokkan Panchan

February 2024



Abstract

Smoked ingredients are used to improve the organoleptic qualities of culinary products
in the food industry. This can be due to the pleasant fragrant aroma derived from the smoke,
but we hypothesise that it may also be due to taste enhancement, either directly through the
activity of tastant molecules or possibly from odour-induced taste enhancement (OITE). It
might be possible to use smoked ingredients to reduce salt or monosodium glutamate (MSG)
levels in food products. However, the smoking process, which is required for flavour
development, also produces a series of polyaromatic hydrocarbons (PAHs), including the
known human carcinogen benzo[a]pyrene. The concentrations of PAHs can now be reduced
using Puresmoke technology™ (PST). This technology has been shown to remove aroma
compounds from the smoke, but also results in a more balanced aroma. The aim of the thesis
is to investigate the contribution smoked water makes to the flavour of a soup matrix,

comparing both PST and traditionally smoked water (TR).

In the first instance, it is important to understand what the important aroma compounds
in smoke are and the impact of PST on the flavour profile. Smoked water was selected for an
in-depth analysis of the aroma compounds using a low (P25) and a high (P50) number of filter
plates of PST. The effect of P25 and P50 on 77 volatile compounds using 3 wood types (apple,
beech, and oak) was investigated using a sensomics approach. Solid phase microextraction
(SPME) and solid phase extraction (SPE) which used diethyl ether as the eluent, were the two
most effective extraction techniques for smoked water based on the number of compounds
extracted. Seventy-seven aroma-active compounds were detected in P50 and TR apple-wood
smoked water. The most abundant compounds were phenol and phenol derivatives, followed
by aldehydes, ketones, diketones and guaiacol and guaiacol derivatives, in that order. In
general, the main constituents were found in higher concentrations in TR than in PST smoked

water.

Aroma extract dilution analysis (AEDA) was employed in both SPME and SPE extracts
to determine the most odour-active compounds. A total of 67 aroma-active compounds were
detected by gas chromatography-olfactometry (GC-O), the majority of which were phenols and
guaiacols. At least 22 compounds with odour activity values (OAVs) more than 1 were

identified as potent aroma compounds. To confirm the identity of the odour-active compounds,

II



the identified 22 potent aromas were combined to generate full and partial recombinates at
concentrations corresponding to those in P50 smoked water. The sensory profiling scores (5-
point scale) of four descriptors, smoky, woody, ashy, and phenolic, of the recombinates did not
closely correspond to the original P50 smoked water, indicating that more refinement of the
recombinate was required. The effect of PST on the aroma profile (77 compounds) was
analysed in smoked water prepared from three different types of hardwood, each compared to
TR smoked water. When the PST was used, the majority of compounds were reduced. The
difference between P25 and P50 was significantly less than the difference between TR and P25.
The principal component analysis (PCA) plot determined that apple smoked waters were
associated with higher concentrations of phenols group, traditionally beech smoked water had
high levels of syringols and guaiacols. All three samples of oak-smoked water were similar and

had high levels of furans.

Three mechanisms of smoked water on flavour enhancement were investigated using
trained sensory panellists. In the absence of MSG, the panel with the aroma excluded through
wearing of nose clips, detected an umami taste in the presence of apple-wood smoked water.
In the complex mixture of model soup, the smoked water made little difference to the umami
taste and when smoked water was added to the mixture of MSG and 5'-ribonucleotides, there
was no umami enhancement. However, an umami enhancement was observed in the model
soup containing MSG and 5'-ribonucleotides at subthreshold umami levels (below 344 mg/L
or 0.038%). Intriguingly, umami was the primary taste that was enhanced when smoked water
was combined with 5'-ribonucleotides in salt-reduced soups without using nose clips. This
result suggests that odour-induced taste enhancement was the primary mechanism by which
smoked water enhanced flavour. In contrast, partial recombinate (17 compounds) did not
significantly enhance the tastes of salt-reduced soup compared to salt-reduced soup without

recombinate.
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Chapter 1

Literature review

Section 1 Smoke and volatiles

Since discovery of fire, the tradition smoking process has been used for food
preservation, however smoking is now used mainly for organoleptic reasons to contribute
desirable features such as smoke colour, smoke aroma and smoke flavour, which significantly
affects the sensory characteristics, overall sensory acceptability and makes the smoked food
appealing to consumers (Jaffe et al., 2017; Marusi¢ Radov¢i¢ et al., 2016; Wang & Chambers,
2018). The smoking techniques have improved from primary to contemporary technologies.
There are different types of smoking method to be classified; it is usually divided into two main
categories, direct and indirect (Ledesma et al., 2016), of which traditional smoking and liquid

smoking are an example of these two methods, respectively.

Generation of smoke

Pyrolysis is a process in which complex macromolecules of biomass are broken apart
by heat in the lack of oxygen into several small molecules. There are two types of pyrolysis
based on heating rates: fast and slow pyrolysis. Fast pyrolysis undergoes fast burning and a
short time to turn biomass into bio-oil. Slow pyrolysis, on the other hand, mostly turns biomass
into biochar. Bio-oil is derived from biomass pyrolysis and is enriched with various
compounds, such as alcohols, phenols, aldehydes, and organic acids (Hoang Pham et al., 2021).
Through the pyrolysis process, smoke is produced by heating (450-600 °C) wood or similar
materials with limited oxygen. Three major wood components, hemicellulose, cellulose, and
lignin, are pyrolyzed to form different groups of smoke compounds. According to the
mechanism of pyrolysis, various categories of smoke compounds are generated. Hemicellulose
and cellulose combustion are a simple process with a narrow range of temperature between 180
°C and 350 °C, producing carboxylic acids and carbonyl compounds, while lignins pyrolysis
occurs over a wider range of temperatures between 300 °C and 500 °C, producing phenolic
compounds (Hoang Pham et al., 2021; Simko, 2005). The compounds generated from the

pyrolysis of lignin and hemicellulose are shown in Figure 1.1.
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Figure 1.1 Reaction pathways for the pyrolysis of lignin and hemicellulose to form phenolic,
alkyl phenol, hydrocarbon, and aromatic hydrocarbon compounds according to Hoang Pham

et al. (2021).

The carbonyl compounds impart a sweet aroma and brown colour to smoked products,
while the groups of phenols (phenolic compounds) are responsible for a desirable smoky
character and function as antimicrobial and antioxidant compounds (Lingbeck et al., 2014;
Malarut & Vangnai, 2018). The optimal temperature to produce carbonyls, furans, and phenolic
compounds is between 450 °C and 500 °C, but carcinogenic polycyclic aromatic hydrocarbons
(PAHSs) are also increased from 400 °C to 1000 °C (Lingbeck et al., 2014; Varlet, 2009). The
smoke produced by pyrolysis can be used as a direct source of smoke (direct smoking) or
collected through a condenser, which liquefies the smoke (vapours), followed by refining and
filtering to clarify the solution and remove any remaining dissolved hydrocarbons
(Hollenbeck, 1977; Janairo & Amalin, 2018; Lingbeck et al., 2014) to produce liquid smokes
(indirect smoking). The production of the required organoleptic volatile compounds free of
PAHs contaminants appears to be difficult; therefore, filtration and purification processes are

useful for reducing these contaminants (Varlet, 2009).



Hardwood and softwood

There are two types of wood species: hardwood and softwood (Popescu et al., 2009)
that are used to produce smoke. In addition to wood, agricultural waste/residues and by-
products containing cellulosic products, such as rice husk (Pino, 2014), cacao pod husk (Janairo
& Amalin, 2018), energy crops e.g. sugarcane leaves, bamboo (Hoang Pham et al., 2021), are
source of biomass used to produce smoke. Hardwoods are derived from angiosperms
(flowering plants), while softwoods are derived from gymnosperms (mostly conifers) (Popescu
et al., 2011). In general, the structure of hardwoods is more rigid, complex and heterogeneous
than that of softwoods (Stelte & Sanadi, 2009). Wood consists of an ordered arrangement of
cells whose cell walls are composed of variable amounts of cellulose, hemicelluloses, and
lignin, classified as high lignocellulose compounds. Cellulose, hemicellulose, and lignin,
which combine to form a composite material consisting of rigid cellulose fibres embedded in
a cross-linked matrix of lignin and hemicelluloses that bond the fibres (Le Floch et al., 2015).
Cellulose and hemicellulose are hydrophilic and are soluble in water, whereas lignin is

hydrophobic and dissolves in organic solvents and alkali solutions (Erfani Jazi et al., 2019).

Cellulose comprises 40-50% of dry wood and has a high molecular weight that
contributes to the strength of wood. Cellulose has about 60% crystalline structure of linear
glucan polymer chains connected by f-1,4-glycosidic bonds (Figure 1.2). Hemicelluloses are
heterogeneous polysaccharides made up of various simple sugar units such as pentoses,
hexoses, and uronic acids linked by f-1,4 bonds (Figure 1.3). Hemicellulose, which binds to
cellulose microfibrils to reinforce the cell wall and typically accounts for 25-35% of dry wood
mass, is responsible for strengthening the cell wall. Lignin has an amorphous structure which
composes of a macromolecule with various linkages between its constituent monomers and
branch molecules (Figure 1.4). These branches are three basic building blocks of lignin which
compose of dimethoxylated (syringyl, S; sinapyl alcohol), monomethoxylated (guaiacyl, G;
coniferyl alcohol), and non-methoxylated (p-hydroxyphenyl, H) moieties (Assor et al., 2009;
Castro et al., 2020; Le Floch et al., 2015) (Figure 1.5). Lignin from hardwood is formed of S,
G units, and trace amounts of H units, while softwood lignins have G units and small amount
of H units (Assor et al., 2009). The most frequent bond in native lignin is f-O-4 linkage in
coupled with other linkages, namely, -5, 5-5, - 5, 4-O-5, and S-1 linkages (Assor et al., 2009).



Figure 1.2 Repeating unit of the cellulose (cellobiose), which consists of two B-glucose

molecules linked by 3-1,4 glycosidic bond (source; Le Floch et al. (2015)).
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Figure 1.3 Representation of hemicellulose structure (source; Machmudah et al. (2017)).
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Figure 1.5 The three building blocks of lignin (source; Chakar and Ragauskas (2004)).

Cell walls are made up of different ratios of cellulose, hemicellulose, and lignin. This

ratio varies depending on the source of biomass, such as hardwood, softwood, and herbs (Silvy
et al., 2018). Hardwoods typically include 15-25% hemicelluloses, 40-50% cellulose, and 15-
25% lignin. Softwoods contain a higher lignin content (25-30%) and hemicellulose (24-37%)

than hardwoods but have similar cellulose ranges at 40-45% (Popescu et al., 2009; Silvy et al.,

2018). The cellulosic contents in some biomass are shown in Table 1.1.

Table 1.1 Cellulose, hemicellulose and lignin contents of some biomass.

Biomass samples Average content (%) References

Cellulose  Hemicellulose Lignin
Hardwoods
1. Twelve oak wood  22-50 17-30 17-30 Le Floch et al. (2015)
2. Oak wood powder 48-49 29-34 18-22 Popescu et al. (2011)
3. Red Oak 58.6 3.4 24.1 Referred by Lingbeck et al. (2014)
4. White oak 21.4 3.6 39.3 Referred by Lingbeck et al. (2014)
5. Apple 20.7 6.9 37.9 Referred by Lingbeck et al. (2014)
6. Cherry 20.7 34 13.8 Referred by Lingbeck et al. (2014)
7. Chestnut 214 3.6 32.1 Referred by Lingbeck et al. (2014)
8. Hard maple 17.2 17.2 55.2 Referred by Lingbeck et al. (2014)
9. Hickory 41.4 1.7 24.1 Referred by Lingbeck et al. (2014)




Biomass samples Average content (%) References

Cellulose  Hemicellulose Lignin
10. Mesquite 8.0 8.0 44.0 Referred by Lingbeck et al. (2014)
11. Eucalyptus 35.02 28.34 22.17 Hoang Pham et al. (2021)
sawdust
12. Eucalyptus 63.71 15.32 7.91 Malarut and Vangnai (2018)
woodchip
13. Beech woodchip  54.23 21.01 12.5 Malarut and Vangnai (2018)
14. Beech wood 47-48 30-35 18-22 Popescu et al. (2011)
powder
15. Neem woodchip  54.29 19.55 13.21 Malarut and Vangnai (2018)
16. Copper pod 47.13 25.28 14.37 Malarut and Vangnai (2018)
woodchip
17. Earleaf acacia 60.27 11.9 13.71 Malarut and Vangnai (2018)
woodchip
Softwoods
1. Fir wood powder  35-37 37-41 24-26 Popescu et al. (2011)
Agriculture wastes
1. Rice husk 34.32 34.21 28.75 Hoang Pham et al. (2021)
2. Palm kernel shell ~ 7.24 28.45 54.84 Hoang Pham et al. (2021)
3. Corn cob 31.62 45.12 20.29 Hoang Pham et al. (2021)
4. Coconut shell 18.82 38.99 41.04 Hoang Pham et al. (2021)
Energy crop
1. Sugarcane leaves  28.96 32.77 15.03 Hoang Pham et al. (2021)
2. Napier grass 27.32 35.78 20.93 Hoang Pham et al. (2021)

What are volatiles in smoke?

In general, the compounds of smoke can be roughly categorized into three classes,

including acidic, phenolic, and sugar-derived carbonyl compounds, with phenolic substances

contributing the most flavour (Hollenbeck, 1977). Liquid smoke is a mixture of many volatiles

and certain non-volatiles of different structure, reactivity and sensory activity (Kostyra &

Barytko-Pikielna, 2006). The volatile compounds in smoke ingredients that relate to the desired



flavour and aroma have been found in most recent studies. Table 1.2 shows some potent
odorant volatile compounds and their odour characteristics that are detected in smoke

ingredients/products.

It is known that phenolic compounds contribute to the odorant "smoky" structure of
wood smoke. Medium-volatility phenolic compounds are regarded as the most important key
odorant molecules. The medium-boiling fraction (91 °C - 132 °C) consisting of isoeugenols,
syringol, and methylsyringol has a distinctive smoke flavour (Varlet, 2009). The amount of
phenolic compounds in final products relies on the type of wood used to generate smoke. The
guaiacols, syringols, phenolic derivatives, are specified as the most characteristics of smoked
compounds (Jonsdottir et al., 2008). Hitzel et al. (2013) analysed the content of phenolic
substances in Frankfurter sausages and mini-salamis smoked, they discovered that the content

of the phenolic compounds varied according to the type of wood in both smoked products.

Table 1.2 Some most potent odorant volatile compounds and odour characteristics in salmon

fillets treated by liquid smoke (adapted from Varlet et al. (2007)).

Compounds LRI (DB-5) Odour characteristics
2-Furfural 859 Smoke, green
2-Methyl-2-cyclopenten-1-one 920 Cooked potato, green
2-Acetylfuran 925 Cooked vegetables, potato,
usually toasty
5-Methylfurfural 970 Cooked, earthy, green
Phenol 992 Marine, metallic, chemical,
mushroom
2,3-Dimethyl-2-cyclopentenone 1052 Spicy, wood fire, roasty
2-Methylphenol 1068 Chemical, spicy, burnt
4-Methylphenol 1093 Animal, spicy, burnt
Guaiacol 1110 Smoked, vanilla, ink
2,6-Dimethylphenol 1130 Chemical, burnt, spicy/woody
3-Ethyl-2-hydroxy-2-cyclopentenone 1140 Solvent, medicinal
2,4- and 2,5-Dimethylphenol 1160-1180 Cucumber, violet, spicy, smoked
4-Methylguaiacol 1192 Candy, spicy, smoked




Compounds LRI (DB-5) Odour characteristics

3,5-Dimethoxytoluene 1282 Burnt, green, chemical
4-Ethylguaiacol 1287 Green, smoke, vanilla, clove
4-Vinylguaiacol 1330 Smoke, green, spicy
Syringol 1365 Burnt rubber, spicy

Eugenol 1370 Spicy, smoke, clove
4-Propylguaiacol 1382 Green, spicy, vanilla
1,2,3-Trimethoxy-5-methylbenzene 1400 Cooked, earthy

Isoeugenol 1473 Clove, green, roasty
4-Allylsyringol 1615 Smoke, rotten

Sugar-derived carbonyl molecules have also been implicated in the smoky aroma of
wood smoke. These carbonyl-containing chemicals have a sweet or burnt-sweet odour and tend
to reduce the strong smoky aroma of phenolic compounds (Montazeri et al., 2013; Varlet,
2009). The phenolic and carbonyl compounds in liquid smoke contribute to the reduction of
significant foodborne pathogens due to their antimicrobial (Lingbeck et al., 2014) and
antioxidant properties (Kjéllstrand & Petersson, 2001). Soares et al. (2016) evaluated the
antibacterial capabilities of liquid smoke. The researchers observed that liquid smoke
effectively suppressed the growth of prominent pathogens such as Escherichia coli, Salmonella
choleraesuis, Staphylococcus aureus and Listeria monocytogenes bacteria in bacon products.

Additionally, the study unveiled the antioxidant activity of this liquid smoke.

The odour impact molecules in smoke substances are mainly found in different smoked
products; for example, phenolic compounds and carbonyl compounds are effective in liquid
smoke (Varlet, 2009), while the phenolic compounds are mostly responsible for the smoke
odour in the smoked food products (Ai-Nong & Bao-Guo, 2005; Marusi¢ Radov¢i¢ et al., 2016;
Varlet et al., 2006).

Aroma compounds extraction methods

Aroma compounds typically exhibit a relatively low boiling point and possess restricted
solubility in water. Gas chromatography—mass spectrometry (GC-MS) is a sophisticated
analytical technique widely employed in identifying aroma compounds due to its exceptional

sensitivity. However, in order to obtain a representative extract of the original aroma
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compounds and prevent the degradation of the non-polar GC column phase caused by water
molecules, it is necessary to use an extract sample that contains a minimal amount of non-
volatile components and, ideally, no water. By separating water and non-volatile substances
from volatile substances, the ability to identify the aroma's components is greatly enhanced
(Elmore, 2015). Several extraction methods have been reported for volatile compound analysis
in food matrices, including headspace solid phase micro-extraction (HS-SPME), dynamic
headspace extraction (DHE), solid phase extraction (SPE), solvent extraction, solvent-assisted
flavour evaporation (SAFE), stir bar sorptive extraction (SBSE), etc. Although numerous
methods exist for the analysis of aroma compounds in food, three methods have gained
popularity over the past two decades, which were SAFE, SPME, and SPE (Elmore, 2015). The
SAFE method extracts aroma compounds from the sample matrix using organic solvents, while
the SPME method uses polymer fibre to absorb volatiles in the sample's headspace, and the

SPE method is used to clean up the sample and extract the volatiles.

SAFE, involves a mild and exhaustive distillation coupled with acid/neutral/base
fractionation, is a method utilised to separate the class of odorants and prevent matrix
interference, thereby simplifying the chromatographic outcomes. One method for isolating the
volatile is liquid-liquid extraction (LLE), employing multiple solvents without fractionation.
This LLE approach is comparatively faster than SAFE; however, it is important to consider
that the interference of the matrix may introduce an error in the concentration of the desired
odorants. Headspace measurements are traditionally carried out by collecting a sample of the
headspace at equilibrium, commonly by the use of Tenax traps or coated fibres (SPME), which
extract the analytes from the gas phase. The SPME headspace is solvent-free and does not
involve numerous steps of sample preparation like the SAFE technique, which can lead to
artefacts and be time-consuming. The SPME headspace technique is widely used for volatile
compound extraction and concentrates volatiles from a non-volatile matrix. SPME headspace
could be used for routine work because it is a fast and simple technique that can be applied to
a variety of samples. However, the SPME headspace does have some drawbacks, including the
fact that it only provides information on the chemicals that vaporise in the headspace, one
extraction can only be used for one analysis, and the quantitative analysis is challenging.
Additionally, even while alternative extraction methods, such as the SPE, LLE, and SBSE
techniques, are more suitable for quantifying compound analysis, but they typically contain

solvents that can introduce contaminants, and they are also time-consuming methods.



Solid phase extraction (SPE) is a widely used technique that offers fast and specific

sample preparation. The adaptability of SPE enables its applications, including purification,

trace enrichment, desalting, derivatisation, and fractionation. SPE technique allows for the

concentration and purification of analytes from a solution by adsorbing them onto a solid

sorbent and purifying the resulting extract following the extraction process. The typical

protocol involves applying a solution onto the SPE solid phase, eliminating unwanted

components through washing, and subsequently eluting the target analytes into a collecting

tube using a different solvent (Zwir-Ferenc & Biziuk, 2006). The extraction techniques used to

extract smoke ingredients and smoked food products are shown in Table 1.3.

Table 1.3 Volatile extraction techniques for smoke ingredients and smoked food products.

Products Extraction methods Extracted compounds References
Alder smoke Adsorbent cartridge  Phenols, anhydrosugars,  Kjéllstrand and
Tenax TA furaldehydes, furans, Petersson (2001)
hydrocarbons
An aqueous oak Solvent Aldehydes, ketones, Guillén and Manzanos
smoke (dichloromethane) diketones, furans & (2002)
pyrans, alcohols & esters
& acids, phenols,
guaiacols, syringols,
lignin dimers,
pyrocatechols
Commercial liquid Solvent Phenolics, aldehydes & Montazeri et al. (2013)
smoke (dichloromethane) ketones, furan & pyrans,
organic acids
Smoke flavouring Solvent Acids, alcohols, Pino (2014)
from rice husk (dichloromethane) carbonyls, esters, furans,

phenols
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Products

Extraction methods

Extracted compounds

References

Commercial smoke

flavouring

Liquid smoke

flavouring

Wood smoke

Chinese traditional

smoke-cured bacon

Fresh and smoked

salmon

Smoked meat

Smoked dry-cured

ham

Solid phase
microextraction

(SPME)

Solvent

(dichloromethane)

Stir bar sorptive
extraction (SBSE)

Nitrogen purge-and-

steam distillation

Simultaneous
distillation

extraction (SDE)

Solvents followed
by solid phase
extraction (SPE) for

clean-up

Solid phase
microextraction

(SPME)

Furans/pyrans, phenols,
guaiacols, syringols,
benzenediols, aldehydes

& ketones

Carbonyls, phenolics,

organic acids

Phenols, ketones,
aldehydes, alkanes, acids,
furans,esters, ethers,

alcohol, heterocycles

Hydrocarbons, phenols,
carbonyls, alcohol,
amides, esters, amine,
carboxylic acods,

heterocyclic

Phenolic, furanic,
pyrazines & heterocyclic
nitrogen, other cyclic &

aliphatic

Polycyclic aromatic

hydrocarbons (PAHs)

Aldehydes, phenols,
alcohols, terpenes,

aromatic hydrocarbons,

Giri et al. (2017)

Sokamte tegang et al.

(2020)

Zhang et al. (2020)

Ai-Nong and Bao-Guo
(2005)

Varlet et al. (2006)

Stumpe-Viksna et al.
(2008)

Marusi¢ Radovcic et al.

(2016)




Products Extraction methods Extracted compounds References

alkanes, ketones, esters,

acids
Smoked bacon Solid phase Phenols, furans, Saldafia et al. (2019)
microextraction aldehydes, ketones,
(SPME) alcohols

Sensomics approach for identifying key aroma compounds

Sensomics, a multistep analytical procedure involving the human olfactory system, is
the standard method for identifying and quantifying key odorants and defining their sensory
impact in the overall food aroma profile by aroma recombinates (Nicolotti et al., 2019). The
sensomics strategy integrates the use of a machine (GC-MS) and human senses (GC-O) to
separate, quantify, and characterise flavour compounds. Experiments involving the
reconstitution and omission of aromas can be conducted using both qualitative and quantitative
data. This sensomics approach was a unique methodology established by the research group at
the School of Life Sciences, Technische Universitit Miinchen, Germany (TUM, n.d.). The
concept sequence procedure and related terminology of sensomics are below (Parker, 2015;

TUM, n.d.).

1. Separation of a volatile fraction containing odorants from a non-volatile fraction of
food constituents comprising taste-active components, to increase the compound identification

ability and select the most suitable extraction method for aroma compounds.

2. Identification of aroma-active compounds using gas chromatography-olfactometry
(GC-0) and aroma extract dilution analysis (AEDA). GC-O is crucial for identifying the aroma
components. After proper extraction, GC separates the aroma compounds, and trained
assessors describe and evaluate the intensity of the aroma that they perceive at the sniffing port

of GC-O.

2.1 AEDA uses GC-O to identify all odour-active compounds contained in an
aroma extract and then repeats the GC-O on a series of serial dilutions until only the strong

aroma compounds are detected. PLEASE add here why AEDA on an SPME extract will give

12



different results to AEDA on a liquid extract — SPME depends on partition coefficients from
water to air to fibre. Heavy molecules have a low partition coefficient and may be

underestimated by SPME. With liquid extracts the GCO is not skewed like this.

2.2 Flavour dilution factors (FD factor) is the number of times the original
extract can be diluted before the assessor loses the aroma in GC-O sniffing. The odour active
compound is given by its dilution factor value. The compounds with the highest FD factors are
the compounds of interest. For instance, in a sequence of dilutions where the initial extract is
progressively diluted at a 1:1 ratio (Frauendorfer & Schieberle, 2006), the components that no
longer retain the aroma after the second dilution possess an FD factor of 4. Serial dilutions can
be employed to reduce the number of GC-O assessments needed by utilising a 1:2 dilution

ratio, resulting in FD factors of 3, 9, 27, and so on (Parker, 2015).

3. Quantitation of individual odorants by using GC-MS and stable isotope dilution

analyses (SIDA) and calculation of odour activity value.

3.1 SIDA is the most widely used technique in sensomics. The extracts are
added with known quantities of isotopically labelled standards of all compounds of interest
(when possible), which serve as a known reference against which the target compound can be
estimated. Since there are only a few isotopically labelled standards, this frequently requires

some organic synthesis.

3.2 Odour thresholds are defined as the concentration at which a person first
detects a stimulus. This can be a detection threshold where the point at which an individual
detects an aroma or a recognition threshold is the point at which an individual recognises an

odour.

3.3 Odour-activity value (OAV) is defined as the concentration of the aroma
component divided by its odour threshold, therefore an OAV greater than one indicates that
the compound is present above its aroma threshold and is likely to contribute to the flavour

profile.

4. Validation of analytical and sensory data: a total recombinant of all identified

odorants, each in its natural concentration as found in the extract, is compared to the flavour
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profile of the authentic sample to confirm that all key odorants have been identified and

quantified.

4.1 Recombinates; reconstruct the potent aromas in a base that is neutral but
representative to create a recombinate. Typically, a sensory panel evaluates the recombinate
and compares it to the aroma of the original extract. If a close match is found, it is likely that
all compounds contributing to the aroma have been identified. If not, the search for the missing

components continues.

4.2 Omission tests; those compounds that genuinely have an impact on the
aroma profile can be determined by systematically removing each compound from the
recombinate. In theory, this test shows which volatile components should be targeted for

flavour optimisation.

Food products are often aqueous, so the first step of any method is to extract them into
an organic solvent. The sensomics approach usually involves the integration of the SAFE
technique and GC-O-MS in order to identify volatile chemicals. In addition to the SAFE
technique, solvent extraction (SE) and simultaneous distillation extraction (SDE) are other
activation techniques also utilised to obtain liquid extracts. SDE is extensively utilised to obtain
more representative extract samples (d’Acampora Zellner et al., 2008). Nevertheless, since
SDE is not conducted under reduced pressure, higher temperatures are employed. For both
SDE and SAFE techniques, substantial quantities of sample are required, and the volatiles
extract obtained has to be concentrated prior to GC—-O analysis; otherwise, volatiles with high
volatility would be lost. Typically, SE yields complex extracts, which can result in numerous
co-elution in GC-O and complicate the identification. Additionally, the presence of the solvent
peak in GC-O analysis may mean that the early eluting odour active volatiles which coelutes

are not reported.

For the purpose of identifying volatile compounds in smoked water samples using the
sensomics approach, in this research, some sensomics procedure has been modified. Even
though the original sensomics approach for extracting volatile compounds utilised a SAFE
technique, the free-solvent SPME extraction technique was employed to extract smoked water

samples to preserve and enrich the highly volatile compounds. The SPE technique was also
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carried out to extract non-polar, aromatic, and low- or medium-volatile compounds from

smoked water samples to obtain a wide range of volatile substances.

Polycyclic aromatic hydrocarbons and carcinogenicity

Polycyclic aromatic hydrocarbons (PAHs) contain two or more fused benzene rings.
There are no heteroatoms or substituents present on the polycyclic ring. Prior to the 1950s,
PAHs were thought to be the primary carcinogen and continue to be one of the most significant
classes of carcinogens due to their prevalence in the environment. PAHs with four rings are
referred to as light, while those with more than four rings are referred to as heavy. Heavy PAHs
are more persistent and toxic than their lighter counterparts. PAHs can be produced in either a
natural or an anthropogenic manner and are commonly found in the air, soil, and detritus
(Sahoo et al., 2020). PAHs are produced through the pyrolysis of wood during the smoking
process, as well as when the fat in the juices of flesh grilled directly over an open flame drips
onto the flames and causes them to ignite, then PAHs in these flames adhere to the surface of

the meat.

In 2002, the European Commission's Scientific Committee on Food (SCF) proposed 15
categories of PAHs that should be monitored closely in food products to emphasise the highly
carcinogenic PAHs. In 2005, the Joint FAO/WHO Expert Group on Food Additives (JECFA)
introduced a PAH to EU standards (Sun et al., 2019). These 16 EU PAHs are often known as
the "15 + 1 EU priority PAHs" shown in Table 1.4. The International Agency for Research on
Cancer (IARC) has classified benzo[a]pyrene as a carcinogen (group 1). Group 1 indicates that
the chemical is a proven human carcinogen and one of the most hazardous substances found in
food. In 2003, a European regulation set the maximum contents of PAH of benzo[a]anthracene
and benzo[a]pyrene must not exceed 20 and 10 mg/kg in liquid smoke, respectively. The
maximum permissible level of benzo[a]pyrene in smoked fisheries and crustacean products has

been established at 5 mg/kg (Varlet, 2009).

15



Table 1.4 Sixteen PAHs defined by Environmental Protection Agency (modified from Malarut
and Vangnai (2018)).
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V' TARC = International Agency for Research on Cancer: 1 = Known human carcinogen, 2A = Probably

carcinogen, 2B = Possibly carcinogenic, 3 = Not classifiable, NS = Not yet evaluated.
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Methods of removal of PAHs

As shown in Figure 1.6, there are four basic types of procedures used to eliminate

PAHs. These are physical, chemical, biological, and combination treatment approaches.

PAHs Removal

l

Physical treatment Chemical Biological Combined
method treatment method treatment method treatment method
- Membrane filtration - Chemical precipitation —  Phytoremediation

. —  Bioremediation
- Flotation —  Chemical oxidation

—  Adsorption
P - Electrochemical technologies

-  Oxidation process

Figure 1.6 Various methods of removal of PAHs from produced water (source; Sher et al.

(2023)).

Physical treatment methods can remove coarse particles, organic and inorganic
pollutants, and other impurities from wastewater. Physical treatment is frequently utilised as a
preliminary step before employing contemporary technology (Sher et al., 2023). According to
Hollenbeck (1977), wood smoke consists of two phases, namely a particulate phase and a
vapour phase. Due to the fact that the particulate phase contains a large proportion of smoke
tars, removing the particulate phase also significantly decreased the level of benzopyrene in
the smoke. Rusz (1977) utilised an electrostatic precipitator to eliminate the particulate phase
and discovered that electrostatic precipitation also removed benzo[a]pyrene effectively. The
original smoke contained an average of 38.5 ug/L of benzo[a]pyrene, but after passing through

electrostatic precipitation, the concentration dropped to 0.8 pg/L.
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Through chemical reactions, chemical methods are used to treat water, such as chemical
precipitation, chemical oxidation, electrochemical technologies, and advanced oxidation
processes. In the biological treatment method, PAHs can be biodegraded aerobically and
anaerobically. PAHs can be biodegraded by microorganisms such as fungi. Bumpus (1989)
incubated PAH-containing anthracene oil for 27 days in nutrient nitrogen-limited cultures of
the white rot fungus Phanerochaete chrysosporium. Analyses revealed that at least 22 PAHs,
including all the most abundant PAH components in anthracene oil, exhibited a reduction
ranging from 70% to 100%. Integrated physical, chemical, and biological approaches have
demonstrated promising results in effectively degrading, solubilising, and completely

eradicating a number of PAHs with high molecular weight from water (Sher et al., 2023).

PST technology

In 2015, Parker et al. (2018) developed PureSmoke™, a new smoke filtration
technology that employs molecular size exclusion to prevent harmful smoke components from
reaching the food. The active material is a natural zeolite, which is a crystalline alumina-silicate
lattice linked by oxygen atoms to form a stable cage-like framework. The interesting
characteristic of this material is that the cavities throughout its structure enable it to behave like
a molecular sieve, preventing larger molecules and undesirable PAHs while allowing the
passage of smaller flavour molecules (see Figure 1.7). In accordance with the EU regulations,
this technology reduces the number of PAHs, thereby enhancing both consumer safety and
taste. A zeolite-based filter eliminated PAHs from a smoke stream, allowing the preparation of
smoked ingredients with significantly reduced PAH levels. When controlled smoke was
compared to smoke passed through a bed of treated zeolite, the most hazardous PAHs with four

or more rings were reduced by up to 95%.

Sensory profiling was performed on two smoked tomato sauce samples, one treated
with traditional smoke and the other with smoke treated with PST. The tomato sauce with
treated PST smoke was judged to be sweeter and more balanced than the untreated sample due
to the loss of some of the harsh, acrid notes of smoke and the oiliness on the palate (Parker et
al., 2018). Another study showed no adverse effect on the aroma after the PST was introduced
into the smoked ingredient, and they discovered that the flavour was more rounded and
balanced when the PST filter was applied (Chua et al., 2019). In sensory profiling and consumer

preference studies, smoked tomato flakes (either treated with PST or untreated) were added to
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either low-fat or full-fat cream cheese. The sensory analysis revealed a significant decrease in
bitterness when the PST was used, as well as a significant decrease in overall smoky aroma

and flavour, increasing the perception of cheesy aroma and flavour (Chua et al., 2019).
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Figure 1.7 The production of smoked ingredient by PureSmoke™ Technology (source;

Besmoke (2017)).

The smoked volatiles are regarded as potential contributors that can enhance the aroma
and flavour of smoked products. While consuming food, the volatile substances will stimulate
the olfactory receptors located in the olfactory epithelium through the retronasal and orthonasal
pathways, resulting in the production of an olfactory sensation. The overall food flavour
perception is regarded to be an integration of simultaneous sensory which include odour and
taste from available chemical stimuli in the mouth and perceptual intra- and cross-modal

interactions (Nasri et al., 2013; Small & Prescott, 2005).
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Section 2 Cross modal interaction

2.1 Odour-induced taste enhancement

The cross-modal odour-taste interaction implies that taste can boost the intensity of
odour meanwhile the odour can enhance the taste perception. The odour-taste interaction may
happen when the odour and taste compounds are at levels above or below the threshold and
rely on the food matrices (Poinot et al., 2013). Taking into account the effect of aroma on the
perception of taste, several studies have reported that the taste perceived, including sweetness,

saltiness and bitterness, can be improved by addition of a congruent aroma.

Sweet enhancement

Excess sugar consumption increases the chance of acquiring noncommunicable
diseases (such as obesity, cardiometabolic disorders, and dental diseases). Sweetness
enhancement by aromas has been proposed as a way to reduce sugar reduction in food products,
although enhancement is dependent on the type of aroma and sugar content (Bertelsen et al.,
2020). Frank and Byram (1988) studied the odour-induced sweetness of whipped cream
products. According to the findings, strawberry odour tended to boost maximum sweetness;
however, peanut butter odour did not. This study discovered that odour-enhanced sweetness is
odour-dependent. Furthermore, the strawberry odour did not boost the saltiness of sodium
chloride, indicating that an odour-enhanced taste is dependent on the tastant. The potential of
odour-induced sweet enhancement of strawberry odour was obvious when the panels clamped
the nostrils before tasting. The sweetness perception of strawberry-flavoured whipped cream

was reduced by 85%.

Sweetness taste enhancement was discovered with the odours of caramel, maracuja,
strawberry, and lychee, whereas sweetness taste suppression was observed with angelica oil
and damascone. The major discovery was that caramel's sweet-smelling odour enhances the
sweetness of sucrose and reduces the sourness of citric acid (Stevenson et al., 1999). Dalton et
al. (2000) demonstrated the sensitivity of benzaldehyde perception when paired with congruent
and incongruent stimuli (saccharin; sweet and monosodium glutamate; umami, respectively).

When benzaldehyde (almond-cherry odour) was combined with saccharin, the participants'
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sensitivity to benzaldehyde increased. However, this was not the case when incongruent stimuli
(MSG and water) were presented with benzaldehyde. Some perceptual interactions between
suprathreshold tastes and odours appear to be dependent on the congruency of specific stimulus
combinations (Dalton et al., 2000). For example, the sweetness of sucrose can be improved by
strawberry odour but not by peanut butter odour (Frank & Byram, 1988). Several studies have
demonstrated that volatile aromas can enhance the perception of taste. For instance, the
presence of caramel, vanilla, or fruity notes has been found to increase sweetness (Labbe et al.,
2006; Rao et al., 2017; Sakai et al., 2001; Stevenson et al., 1999). Additionally, the aroma of
cocoa has been shown to stimulate bitterness (Labbe et al., 2006). The phenomenon of synergy
is more commonly observed at lower intensities or concentrations, whereas greater intensities
or concentrations are less likely to result in enhancement and may even lead to suppression, as

reported by Keast and Breslin (2003).

Salt enhancement

A reduction in sodium quantity is often connected with a decrease in customer
acceptance due to the loss of saltiness and flavour of food products (Batenburg & van der
Velden, 2011). One feasible approach for reducing salt consumption is to decrease the quantity
of salt added to processed foods (Doétsch et al., 2009). Apart from gradually decreasing sodium
levels in food products, there are a number of salt reduction strategy approaches presently being
effectively used, including; a taste—taste interaction in which the presence of another taste alters
the perceived intensity of one taste. Yamaguchi and Ninomiya (2000) investigated the ratio
between sodium chloride (NaCl) and monosodium glutamate (MSG) in a clear soup in order
to maintain a high palatability score in the event that NaCl levels in the soup needed to be
reduced. When used at the optimal level, MSG helped maintain the palatability score of the
soup with reduced sodium. However, if the MSG was added higher than the optimum level,
the pleasantness was decreased; this indicated that the suitable amount of MSG to add to a salt
solution is limited and varied in different food products (Yamaguchi & Takahashi, 1984a). The
research has been conducted on the use of soy sauce (rich in glutamate) as a means of replacing
and reducing the sodium content of culinary products through salt reduction. McGough et al.
(2012) utilised various concentrations of soy sauce to supplant and reduce sodium in emulsified
sausages. They found that a treatment containing 50% salt from soy sauce and 50% from flake

salt produced the greatest sensory and quality characteristics. Adapted to a 20% NaCl
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formulation reduction, the results indicated that a treatment consisting of 50% salt from soy

sauce and 30% from flake salt might be suitable for industrial applications.

Another strategy is odour-induced taste enhancement (OITE), in which the presence of
an odour enhances the perceived intensity of a taste. The use of tasteless odorants to
compensate for the salt reduction through multisensory-integration mechanisms of cross-
modally odour-taste interaction has been shown to be a promising method for improving the
saltiness (Lawrence et al., 2009; Thomas-Danguin et al., 2019). Recent research indicates that
adding a salty-smelling odour, such as that of soy sauce, sardines, bacon, anchovy, peanut,
poultry, tuna, cheese, brothy, increases the perception of saltiness (Batenburg & van der
Velden, 2011; Djordjevic et al., 2004; Lawrence et al., 2011; Lawrence et al., 2009; Nasri et
al., 2011; Onuma et al., 2018; Seo et al., 2013; Syarifuddin et al., 2016). However, despite the
fact that the soy sauce odour added to the product was intended to aid in salty enhancement,
which can result in an increase in consumer acceptability in salt-reduced food products, it was
discovered that the introduction of soy sauce odour strongly influenced the loss of consumer
acceptability by significantly increasing off-flavour notes (Lee et al., 2015). Previous evidence
suggests that congruent aroma may be necessary for odour induced taste enhancement.
Lawrence et al. (2009) demonstrated that participants were able to estimate the saltiness of
foods on the basis of their written names. In addition, the authors have shown that a number of
specific salt-associated odours (especially anchovy and bacon odours) via the retronasal route
could amplify the saltiness of a low-concentrated NaCl solution. The authors also stated,
however, that some odours not associated with salt could lead to a reduction in saltiness: tomato
and carrot odours; although the intensity of these odours was quite high, the odour-induced
saltiness enhancement (OISE) remained very low or negative. The corresponding odour-
induced taste enhancement is more significant in the low-concentrated taste solution than in
the high-concentrated taste solution (Seo et al., 2013). In another study, Batenburg and van der
Velden (2011) studied the effect of single salt-congruent odour components and complex
savoury flavourings on saltiness perception. Among the single salt-congruent aromas that could
compensate for a 15% reduction in salt, they discovered that sotolon was the best for salt
enhancement in salt-reduced bouillons. Meanwhile, when combined with salt-reduced
bouillons, the complex savoury flavouring may mask the off-flavour of potassium-based salt

substitutes.
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Section 3 Umami enhancement

3.1 Umami substances

3.1.1 Monosodium glutamate

Since low-salt diets are generally considered tasteless, it is important to find ways to
prepare palatable salt-reduced foods. One well-known method is the addition of monosodium
glutamate (MSG) at an optimum level (Manabe et al., 2014). MSG is considered to be a typical
umami substance, it also contains one sodium equivalent, thus evoking saltiness (Linscott &
Lim, 2016). Glutamates are the salts that can be created from glutamic acid, the most common
of which is a sodium salt, monosodium glutamate. All glutamates produce umami taste, but
MSG is particularly efficient as it interacts with table salt (sodium chloride). MSG is very stable
and does not break down during normal food preparation, but when MSG crystals contact with
water, they divide into sodium ions and glutamate ions, taking on the form in which can
produce the umami taste (Spence, 2014). MSG is described as a taste stimulant that is brothy,
salty, and meaty (Ninomiya, 2002). If MSG is added to suitable foods in moderate

concentrations, the palatability and pleasure of the food will increase (Ventanas et al., 2010).

3.1.2 Ribonucleotides

Other important compounds associated with umami taste are 5'-ribonucleotides such as
disodium-5'-inosinate (Inosine-5'-monophosphate; IMP), disodium-5'-guanylate (Guanosine-
5’-monophosphate; GMP), adenylate or adenosine-5'-monophosphate (AMP), and
xanthosinate or xanthosine-5-monophosphate (XMP) (Spence, 2014; Yamaguchi &
Ninomiya, 2000). IMP and GMP have been manufactured industrially since 1960, and are used
as additives in many prepared foods, such as pies, chips, noodles, sausages, soups and sauce
bases, often in combination with glutamate, to benefit from the synergy between them (Spence,
2014). Ribonucleotides that impart umami are present in many raw ingredients. For instance,
inosinate is found in meat, guanylate is found in plants and fungi, and adenylate is found in
fish and shellfish, inosinate and guanylate are found in konbu (Spence, 2014). Moreover, the
ingredients high in umami of 5'-ribonucleotides (5'-GMP) are yeast extracts and mushrooms

such as shiitake, and tomato is rich in 5'-AMP (Dermiki et al., 2013).
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3.2 Taste-taste enhancement

The umami taste compounds can be discovered in different levels in many foods. For
example, high levels of glutamic acid can be found in kelp, especially Japanese kombu,
fermented soy products, cheeses, mature Cheddar, yeast extracts and tomato (Dermiki et al.,
2013). Yamaguchi and Takahashi (1984a, 1984b), Mojet et al. (2004) discovered that MSG
appear to have a compensatory relationship with NaCl, demonstrating the ability of umami-
containing substances to increase a salty taste despite decreases in salt content. The optimal
concentration of MSG also enhanced the saltiness of soup samples. More study has shown that
umami-tasting substances such as MSG and soy sauce could decrease sodium contents in foods,
but the enhanced impacts of MSG and soy sauce on saltiness and palatability appear to depend

on food matrices (Kremer et al., 2009).

Yamaguchi (1967) studied the synergistic effect of taste between MSG and IMP by
keeping the sum of MSG and IMP concentrations constant and varying the amount of IMP in
the mixture from 0% to 100%. The flavour intensity is very mild at the extreme values of MSG
or IMP alone. Even when the concentration was significantly raised, the taste intensity of IMP
alone barely increased. When MSG and IMP were mixed together, there was a synergistic taste
impact, which could imply that IMP plays an important role as a flavour enhancer in the
presence of MSG. Another synergistic effect between MSG and 5'-ribonucleotides (IMP and
GMP) was explored by Giovanni and Guinard (2001); they discovered that the tertiary mixtures
of MSG and both 5'-ribonucleotides had the highest peak intensity of time-intensity profiles.

In addition, at lower concentrations, GMP was more effective than IMP.

3.3 Odour-induced umami enhancement (OIUE)

Manabe et al. (2014) investigated the effects of the retronasal odour of dried bonito
stock (umami-rich) on the enhancement and improvement of palatability upon reduction of
sodium. The results indicated that when the odour of dried bonito stock was added to a 0.68%
NaCl solution (15% salt reduction of 0.8% NaCl), the aroma raised umami and enhanced
palatability. Frost et al. (2021) investigated the volatile compounds that may positively
contribute to the perception of umami in dashi (aqueous extract of seaweed) stocks made from
16 distinct types of seaweed. The descriptive sensory analysis was performed under two

conditions: with and without olfactory input. When the nostril was pinched, there were
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significant differences in the perceived umami taste of the 12 dashi samples. The three dashis
with lower glutamate levels exhibited a more prominent odour-induced taste enhancement,

while those with higher glutamate content showed less effect.

The implementation of odour-induced taste enhancement proved to be an effective
approach for reducing certain food ingredients in order to provide health advantages or enhance
the overall quality of food products. Sugar, salt and fat reduction methods through the odour-
induced taste enhancement pathway have been shown to be promising methods nowadays
(Batenburg & van der Velden, 2011; Frank & Byram, 1988; McGough et al., 2012; Onuma et
al., 2018; Stevenson et al., 1999; Syarifuddin et al., 2016). Odour-induced taste enhancement
not only restores the lost taste from the reduction of certain food ingredients, but it also
enhances the umami taste of food products, making them more palatable. However, taste
enhancement by odour is considered more efficient with congruent odour-taste than an
incongruent odour-taste and more prominent with lower intensity of the tastant compounds
(Linscott & Lim, 2016; Nasri et al., 2011; Thomas-Danguin et al., 2019). Odour-taste
congruency is the most relevant enhancement that revealed significantly greater activation of
brain regions associated with the integration of odour and taste compared to the brain signal of

an incongruent combination (Seo et al., 2013).

Research overview

In this research study, we have attempted to understand the reasons behind the unique
character and consumer appeal of food products, either those containing smoked ingredients or
those that have undergone the smoking process. Numerous studies have investigated the
volatile compounds present in liquid smoke and various smoked food products and identified
the potent aroma compounds. However, there is currently no evidence to support the assertion
that these potent aromas are validated in a recombinant blend solution. The aim of Chapter 2
is to confirm and validate in a recombinate blend, the identity of the most potent odour active
compounds in apple-wood smoked water which is used in subsequent sensory experiments.
Moreover, many of the previous studies concentrated on a single processing type of smoked
ingredients or a specific variety of wood, so in Chapter 3 we compared the volatile profiles of
smoked water produced using a traditional direct smoking method with a recently developed

technology (PST) which reduces the concentration of carcinogenic benzo[a]pyrene in smoked
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water. We used three different woods and found similar trends in all three. In Chapter 4, we

focus on how smoked water and its constituent volatiles may act as taste enhancers and the

potential mechanisms of action whereby they impart a savoury taste to smoked food products.

We suggested that the group of potent aroma compounds present in smoked water could be

congruent with savoury foods and, therefore, can be used to enhance taste.

Research objectives and hypotheses

The overall hypothesis is that the use of smoked water as an ingredient can enhance the

taste of salt-reduced soups.

1.

Chapter 2: Characterisation of the key odorants in smoked water by means of the

sensomics approach

Research question: What are the potent odour active compounds in traditional (TR) and

PureSmoke Technology (PST) smoked waters?

Aim: To identify odour active compounds in smoked water using the se