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Abstract
Hops contain many prenylated flavonoids, some of which are estrogenic, i.e. they
mimic the female sex hormone 17β-estradiol. Being exposed to excess estrogenic
compounds (estrogens) is problematic to health by causing developmental disorders.
For example, genital abnormalities and augmentation of breast cancer. The most
potent phytoestrogen known is 8-prenylnaringenin and is present in hops and beer.
In addition, xanthohumol and isoxanthohumol can be transformed by the gut
microflora into 8-prenylnaringenin, increasing the estrogenic potential of hops.
Studies have shown that during the beer brewing process the concentration of the
prenylated flavonoids decrease from start to finish, but there have been no studies
carried out on an industrial scale. Therefore, an analysis of the fate of the potential
estrogens during the beer brewing process on an industrial scale in the present
project was carried out. The findings show that the beer brewing process causes
these compounds to decrease in concentration during the brewing process and that
xanthohumol isomerises into isoxanthohumol. Also, beer contains compounds that
have the potential to be estrogenic, but the concentration of these are far less than
what would cause a detrimental health affect in humans. Lastly, analysis was
difficult due to their low concentrations found in beer and this is why a method
using chemiluminescence was carried out with the aim of improving the analysis.
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CHAPTER 1: BEER CONSUMPTION AND
HEALTH
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1.1 Introduction
1.1.1 The early days of beer
The origins of beer date back many millennia (approx. 7000 BC) when a crude
fermented (by wild yeast) solution (Grut) made from water, grain and herbs was
created.1 Grut was beneficial to communities because the process of yeast
fermentation produced ethanol. The addition of herbs with antimicrobial properties,
along with the ethanol, could make contaminated water viable for consumption.
Obtaining drinkable water in ancient times was difficult and the creation of Grut
was a treatment process that produced drinking water, principally for European
and Middle Eastern civilisations.2
The brewing process over the millennia has been significantly refined. An important
stage in that refinement took place around around 700 AD, when Bavarian monks
added hops (Humulus lupulus) they had cultivated to Grut, thus creating a beer
more closely representing the beverage we enjoy today. The addition of hops
improved the quality of Grut by favouring yeast growth conditions, while
preventing spoilage. Nowadays, hops are an essential ingredient in beer and are
known to influence a multitude of its properties such as, flavour, aroma and
texture. It is also recognised that hops provide a preservative quality to the
product.3
In 1516, William IV the Duke of Bavaria, introduced a law (Reinheitsgebot)
requiring that there can only be three ingredients (hops, water, and grain) used in
beer manufacture. Yeast had not been discovered at this time and so was not
included as a permitted ingredient. Reinheitsgebot was one of the earliest food
regulations and retains an impact after 500 years. Some modern-day brewers still
abide by the Reinheitsgebot requirements, even, although they are no longer
enacted (repealed in 1993).4 Coincidentally, this thesis will be summited soon after
the 500-year anniversary of Reinheitsgebot (April 23rd, 2016).
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1.1.2 Yeast and beer brewing
Louis Pasteur discovered the next milestone in brewing in 1850, namely that
yeasts, i.e. living organisms, are responsible for fermentation. This finding was
published in his famous paper “études sur la bière”, which revolutionised the
understanding of how beer was produced.5 This discovery led to the isolation of
single yeast strains which enabled brewers to control the yeast strain they would
use to infect beer for fermentation. Such control could influence the flavour and
quality of beer because different yeast strains produce different flavouring
compounds.6
One of the first people to isolate a single strain of yeast was Emil Hansen, an
employee of the Carlsberg brewery. He isolated a yeast named Saccharomyces
carlsbergensis, after Carlsberg. After modern DNA characterisation techniques
were applied to the genotyping of this yeast it was no longer considered a separate
species and was renamed Saccharomyces pastorianus, an earlier discovered species
named after Louis Pasteur
Along the time of the discovery that yeast is responsible for fermentation, the
quality of beer improved, due to the development of better brewing equipment.7
This era in brewing saw many regulations, and, with advancing technology this led
to refinements in the beer brewing process, which has resulted in safer and better
beer for consumers, due to stricter controls of the overall process.
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1.1.3 The effect of hops on the estrous cycle
In 1953, it was discovered that hops altered the estrous cycle of hop pickers.
Interestingly, before this was shown, hops had been used to treat gynaecological
disorders.8 This awareness raised the question of whether hops contain
xenoestrogens i.e. foreign compounds that mimic the action of estrogens (female sex
hormones). This question arose around the same time that the first estrogen
receptor (ERs), the ER alpha (ERα), was discovered.9 With the discovery of the
effect of hops on estrous cycles, recommendations about the harvesting process
changed to mechanical rather than hand picking to address the apparent risk
involved (discussed later in Section 1.1.9).
It was not until many years after the discovery that hops disrupted the estrous cycle
that scientists found that hops contained xenoestrogenic compounds. Whilst this
was initially thought to be xanthohumol (XN), it was not until many years later
that the principal estrogen was found not to be XN, but a closely related compound
8-prenylnaringenin (8-PN).10 8-PN is now regarded as the most potent plant-derived
xenoestrogen (phytoestrogen) known, and is naturally only found in hops and two
other plants, Anaxagorea luzonensis and Sophora flavescens.11,12,13

1.1.4 The significance of beer
Beer has had a significant impact on history. Initially it allowed civilisations to
expand by providing safer supplies of drinking water that would not otherwise be
viable for human consumption. As well as contributing to society and influencing a
range of cultural customs, beer has shaped many social and health outcomes. It has
been argued that beer was a motivation for plant cultivation in that it contributed
to the drive for primitive humans to cultivate grain.14 Whether this is true or not,
beer has influenced humankind for millennia. This thesis focuses on newly
discovered compounds in beer, the changes that occur to them during the brewing
process and how that might influence the health of consumers.15
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Today, beer is the most widely consumed alcoholic beverage in the world and is the
third most consumed beverage, after water and tea. The amount of beer consumed
globally in 2013 was approx. 1.8𝑥10&& L, according to the Kirin annual beer
consumption report.16 Given the prevalence of beer consumption and the presence of
xenoestrogenic compounds in hops, the impact of beer consumption on health has
been questioned.17,18,19

1.1.5 Hop anatomy
Hops is a member of the Cannabaceae family. It is a dioecious flowering plant
native to central Europe and North America in areas known for their temperate
environments. The cold winters in these regions cause the majority of the plant to
die back leaving only the rhizomes, which then grow back during the warmer
months (spring/summer) at a growth rate of up to 0.5 m/week. The flowers (cones) of
hops are almost exclusively used in the brewing industry although there is some
development of other uses, such as, flavouring agents for confectionary and
potential applications in pharmaceuticals.20
The hop plant is a bine (i.e. unlike a vine, it does not produce tendrils) that
naturally climbs a support (e.g. trees) by wrapping itself around in a helix. The
plant does not produce its own supporting structures and so less energy is invested
in getting closer to sunlight. Hop cones contain a central strig, with branching
bracteoles covering the lupulin glands (Fig. 1.1). These glands produce essential oils
and resins. The lupulin gland is the most useful part of the plant in brewing and is
the most pharmacologically active part known. It is a small bright yellow ball
containing oils and resins. It has a pungent smell and bitter taste and the more
magnified image of the lupulin gland below reveals visible oil droplets (Fig. 1.1).
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Figure 1.1: Anatomy of hop flowers. Hop cone (Top). Zoomed in leaf showing lupulin glands (middle)
and lupulin oil globules (bottom). Respectively it is 2 X, 10 X and 40 X magnification.

For brewing purposes, hop cones are usually preserved by being dried in an oast
house (building for drying hops), ground into pellets and vacuum sealed in foil bags
to retain the volatile oils. These hop cones contain alpha acids (AA) that are the
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principal bittering compound in beer.21 The hop pellets are given a grade according
to the intensity of the AA content; for example, hop 90 pellets have 90% AA
remaining after the drying process.

1.1.6 Health effects of beer consumption
In fact, beer is a rich source of nutrients, as it contains an abundance of
carbohydrates, vitamins, polyphenols, proteins, prebiotic compounds and various
essential bioinorganic compounds.2, 22 There is evidence that moderate consumption
of beer is beneficial to health, as it may contribute to a reduction in the onset of
dementia, osteoporosis and mortality.23,24,25,26,27 Such findings suggest that
consumption of beer would give access to a good source of nutrition and promote
health. Whilst this may be the case, beer also contains potentially toxic components
such as ethanol, various polyphenols and mycotoxins; which in turn are likely to
negate any health giving properties.2 The ethanol in beer is the most concerning
component as it is classified as a carcinogen and is the most concentrated of the
negative constituents listed previously.28 Polyphenols are considered toxic because
they can mimic the effects of estrogen (e.g. isoflavonones) and the mycotoxins in
beer are linked to severe kidney toxicity and can be xenoestrogenic (e.g. ochratoxin
A and zearalenone).29,30
The competing attributes of beer make it a great example of a beverage where
moderate consumption could be said to be healthy and yet over consumption could
be very unhealthy.3,26,13 This raises the question of the risk versus benefit of beer
consumption.31
In the words of Theophrastus Von Hohenheim Paracelsus, father of toxicology, “sola
dosis facit venenum”, or, “the dose is the poison.” In other words, everything is toxic
if taken in high enough doses.32 The question to be answered is whether there are
toxic compounds in beer at concentration levels that would cause its consumption to
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deliver a dose of a toxin that would be detrimental to health. The ethanol will be
omitted from health evaluation of beer because it is well documented that overconsumption causes many negative health effects.33 To analyse the health effects of
beer consumption overall, a complete understanding of its composition is necessary.
Each ingredient used in beer manufacture contains a multitude of compounds that
might be toxic and the complete molecular composition of beer is still not known,
despite the vast amount of research that has been undertaken to answer this
question.34
There are only four ingredients used in beer manufacture with a multitude of
compounds in each ingredient. For example, the hop essential oils (volatiles) contain
over 300 key compounds that provide aroma alone.35 This is only one of the
principle fractions relevant to (see Section 2.1) hops and does not take into account
any chemical changes to hops that arise from the brewing process. Furthermore,
there are many unidentified compounds in hops that might cause a toxicological
effect.36 The knowledge of the unidentified compounds, is that upon analysis of the
total composition of hops, the measured amount of each individual component did
not equate to the total weight of the hops; most likely due to unidentified
compounds. 37,38 The four ingredients in beer and their primary purpose are
explained below.
Water is the ingredient that is in highest abundance in beer, and is the solvent
providing a soluble medium for brewing. Water used in brewing also contains
inorganic ions that aid sufficient yeast growth.
The second most abundant ingredient in beer is the grain, which is a source of
carbohydrates and provider of the Maillard reaction (from boiling) products that
affect flavour.
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The next ingredient, the hops, provides flavour, aroma and texture. It also
maintains head retention and provides anti-microbial properties. These are the
main features of hops along with other emerging health effects provided by its oils
and resins.21
Lastly, the yeasts are the workhorses in the brewing process. These ferment the
carbohydrate sourced from the grain into alcohol and influence flavours via
fermentation products. Of all the ingredients discussed, the impact of hops in the
nutritional input of beer is the most thoroughly investigated. Discoveries of the
health effects of hops are increasing and these have a particular focus on the
flavonoids (discussed in Section 1.1.7).
The ‘craft’ brewing industry (small independently owned breweries) is developing in
popularity for beer consumers. Craft brewing tends to use more hops in the brewing
process than large scale commercial breweries and arguably this could produce an
increased dose of xenoestrogenic compounds in such beers.39

1.1.7 Hop flavonoids and health
Flavonoids are ubiquitous among green plants (including hops) and are secondary
metabolites; meaning that they are not essential for plant survival, but support
overall health. Flavonoids are believed to be plant pigments and they provide
protection from UV light, pathogens and herbivores. Chemically, flavonoids are
defined as having a C15 backbone and usually consist of two phenolic rings (A and
B) linked with a heterocyclic C-ring (Fig. 1.2). Many functional groups naturally
occur around the phenolic rings meaning there are many flavonoids (e.g.
naringenin, quercetin). The backbone nucleus of flavonoids allows them to be an
electron sink and is why they are thought to contribute to a reduction in harmful
effects that could be caused by reactive oxygen species (ROS) produced within
organisms (e.g. ROS created by xanthanine oxidase).40,41
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Figure 1.2: The flavonoids have a characteristic C15 backbone (benzo-γ-pyrone) with two phenolic
rings A and B linked by a C-ring. There are many examples of flavonoids depending on the
functional groups attached to the backbone.

Another protective moieties of flavonoids is their ability to chelate various inorganic
ions. The mechanism of the reducing a toxic effect via inorganic ions being quenched
and excreted from the body more easily – a type of chelation therapy.40, 42 In
addition, there are examples of flavonoids directly interacting with molecular
receptors (e.g. 8-PN can bind to the ERs).43 Flavonoids can also interact with
enzymes, the result of which could be a bioactive response depending on the dose.42
Interacting with receptors and enzymes can trigger a biological response, which
may cause a change in the health of the host.
Hops contain a unique class of flavonoids, namely the prenylated flavonoids (Fig.
1.3), with a different pharmaceutical potential than non-prenylated flavonoids,
probably due to their increased lipophilic nature. The increased hydrophobicity of
the prenylated flavonoids in hops could allow them to scavenge ROS at lipophilic
tissue types (e.g. adipocytes). The major difference with the prenylated flavonoids is
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their prenyl group, which is hydrophobic and would be attracted to the cell
membrane. Terao et al. (2014)44, have discussed the increased cellular uptake of the
prenylated flavonoids is due to the prenyl group. This difference causes the
prenylated flavonoids to have a higher affinity towards cell membranes compared to
most non-prenylated flavonoids.

Figure 1.3: Common prenylated flavonoids 1, XN a prenylated chalcone that can isomerise into 2,
isoxanthohumol or be demethylated giving 4, desmethylxanthohumol. 3, is 6-prenylnaringenin and is
formed when desmethylxanthohumol cyclises, which gives two products, 2 and 3.

The lipophilic properties of prenylated flavonoids increases the bioavailability
compared with the non-prenylated flavonoids. It is known that most non-prenylated
flavonoids pass through humans without much cellular uptake, whereas prenylated
flavonoids have been shown to be taken up by cells and to undergo increased
enterohepatic recirculation (absorption back into the gastrointestinal tract).45 The
mean serum half life of XN in humans is 20 h for a single oral dose of 60 mg (low
dose) and 60 h for 180 mg (high dose), while typical non-prenylated flavonoids half
lives are 2-28 h.46,47 Having an increased bioavailability would most likely increase
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the probability of flavonoids having a bioactive effect, thus a higher dose of XN
would be favoured for uses in pharmaceuticals. These attributes mean there is
increased potential for such flavonoids to be used in the development of
pharmaceuticals. Whilst positive health effects have been shown with the nonprenylated flavonoids they are of little relevance due them passing through in-vivo
systems with absorption. In contrast, the increased availability of prenylated
flavonoids can be expected to increase the chances of a bioactive response.45
There are other health effects that the prenylated flavonoids from hops might
provide; for example, XN has been shown to inhibit electron transport complex I
(NADH dehydrogenase) in the mitochondria, and therefore, can lead to apoptosis in
exposed cells.48 This can have two significant implications on an organism’s health.
First, taking advantage of decoupling electron transport could be a viable obesity
treatment (metabolic syndrome). Second, this ability to lead to apoptosis, through
the production of ROS, means that carcinogenic cells could be lead to an apoptotic
pathway. The potential for treating certain carcinoma arises because cancer cells
are considerably more metabolically active, thereby making them more viable to
inhibition. There is additional evidence that XN can decrease glucose uptake by
other pathways, thus increasing the possibility of using XN as a medication against
obesity. 49,50 XN has also been used in the treatment use of obese male rats (known
as fatty Zucker the most widely used obesity treatment model).51 The inhibition of
glucose uptake is also believed to be the mechanism of the chemoprotective function
of XN.52 Lastly, XN has heptaprotective (protection of the liver) properties that
could be the protective qualities of drinking beer versus ethanol alone.53,26
Although most published research discusses the positive health effects of XN, there
are other prenylated flavonoids found in hops that have adverse effects. Of more
concern is XN is the precursor to the concerning compounds IX and 8-PN.47 The first
precursor isoxanthohumol (IX) is formed by spontaneous cyclisation of XN by
human gut microbial systems (Fig. 1.4). IX is a xenoestrogenic molecule, but it is
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not as estrogenic as 8-PN, which is produced by the demethylation of the methoxy
group on the A ring of IX (Fig. 1.3). The estrogenic effect that 8-PN produces is the
most profound plant-derived estrogenic compound known.54
In the gut of rats XN is believed to be rapidly cyclised spontaneously into IX and
then catalysed into 8-PN by demethylation with Cytochrome P450 1A2 (CYP1A2,
Fig. 1.4).22 The result of the transformation of XN in the gut suggests that it should
not be taken as a supplement because of the risk that it might produce sufficient
quantities of the xenoestrogen 8-PN.47 Possemiers, et al. (2006)55 conclude that the
amount of IX (a dose of 5 mg/day) in beer might be converted in the colon into 8-PN
in high enough doses to cause a negative health response. That study goes on to
conclude that more in-vivo trails are needed to evaluate this potential health
effect.54

Figure 1.4: The metabolism of XN to IX and 8-PN in the gut.

Glucoronide conjugates are the main metabolites found in rat faeces after XN
supplementation. In all 20 metabolites were found, but they were in trace amounts
(e.g. methylation of the OH-groups of XN).56 The conjugated flavonoids exert a
bioactive response, but it should be noted that the total levels that could exert a
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biological effect in cells might be different than what is reported.56 In addition,
blood plasma levels are usually analysed in human trials and might not indicate
what effects occur in tissue. Therefore, free XN might be present inside cells and
upon conjugation facilitate the excretion of the prenylated flavonoids into blood
plasma. Measuring XN in blood plasma might not reflect the actual amount of XN
in cells that could induce a bioactive response. The fact that tissue levels of XN in
humans has not been published and gut microflora might change the prenylated
flavonoids means it is possible XN consumption might effect humans on an
individual basis and with a greater effect.57,54

1.1.8 Enzymology of hop prenylated flavonoids
The number of prenylated flavonoids isolated from hops to date is 30 with most
being unique to a specific plant species. Many of these have a pharmacological
potential due to their abundance and possible medicinal properties.13 The highest
concentration prenylated flavonoid in hops is XN at 1.2% of the dry weight of the
hop cone.36,58 The other prenylated flavonoid amount for less than 0.1% dry weight
of the hop cone. The low concentrations of other prenylated flavonoids can be
explained by the biosynthetic pathway given the majority are believed to be nonenzymatically produced, apart from XN and desmethylxanthohumol (DMX).
The XN biosynthetic pathway is not yet fully understood, but is a continuation from
the shikimate pathway starting with phenylalanine (Fig. 1.5). The first step in the
pathway involves phenylalanine being catalysed into trans-cinnamate by
phenylalanine ammonia lyase. The second step hydroxylates trans-cinnamate at the
para position on the aromatic ring, facilitated by cinnamate-4 hydrolase and
reduction of NADPH and O2 to NADP+ and CO2, thereby producing 4-coumarate.
Co-enzyme A is then added to coumarate facilitated by reduction of ATP to ADP +
pyrophosphate (PPi) producing 4-coumaroyl-CoA. Chalcone synthase then uses
three malonyl-CoA in three different reaction steps to generate chalcone
naringenin. The prenylated step has not been characterised, but it is believed that
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chalcone naringenin is prenylated before being methylated. The last two reactions
are carried out by aromatic prenyl-transferase and O-methyltransferase (OMT)
respectively giving XN.59

Figure 1.5: The biosynthetic pathway of XN. A continuation from of the shikmate pathway of
phenylalanine to XN using 6 steps.

The biosynthesis of XN in the lupulin gland is different to the standard flavonoid
pathway in plants. The reason is that in most flavonoid biosynthetic pathways
chalcones are enzymatically cyclised into flavonoids. Unlike in higher plants, hops
seem to lack the enzymatic framework to cyclise XN into IX.60 Interestingly, IX is
found in hops, which supports the proposition that most prenylated flavonoids in
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the flavanone isoform are products of chemical degradation rather than the result of
the endogenous biosynthetic pathway in hops. This is because the enzymatic
machinery required to produce many of the prenylated flavonoids in hops, is either
lacking or has not been identified.61,60

1.1.9 Estrogen and its health effects
In all invertebrates and some insects, estrogens are the primary female sex
hormone and play a vital role in the formation of female secondary sex
characteristics. In addition, they have many biological functions, such as
accelerating metabolism, regulating lipids and controlling fluid balance.62 The
regulation of estrogens is crucial as a disruption in the normal levels can affect
sexual development and the biological functions that are controlled by estrogen.
Exogenous compounds that can induce an estrogenic effect are classified as
xenoestrogens. These augment natural estrogen levels by essentially mimicking the
mode of action of estrogens. The process of changing the natural estrogen levels is a
type of endocrine disruption, given that estrogens are a major endocrine system
hormone. Changing the natural levels of estrogens can have a major impact on the
health and development in any organism that uses estrogen as a sex hormone. An
elevated estrogenic load can cause many health issues including, increased risks of
certain cancers along with changes in sexual development and fertility.62
The term estrogen mimic refers to any compound that mimics the molecular
structure of 17β-estradiol (E2). Estrogen mimics can induce a cellular response by
having a similar mode of action to estrogen. Estrogens bind to ERs causing them to
become active and induce a cellular response. A positive cellular response is when
estrogen molecules bind to the ERs in an agonistic way producing feminising
related proteins (FRP). The negative response is when molecules acts
antagonistically, blocking estrogen binding to ERs causing a down regulation of
FRP. Estrogen-like compounds (ELC) are molecules that are commonly divided into
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two categories. Xenoestrogens are any molecules produced exogenously that induce
an estrogen response and include phytoestrogens, which are plant derived (there
are also mycoestrogens which are from fungi). Xenoestrogens are believed to have
an impact on human health such as bisphenol A (BPA) and phthalates; both are
used in plastics. The health impacts that the xenoestrogens and phytoestrogens can
produce include hyperestrogenemia (elevated estrogens), promotion of cell
proliferation in breast cancers, reduction in the human sperm count and precocious
puberty in females. One environmental impact of xenoestrogens is their
contribution to the changing of the sex of fish via feminisation. Such a result
demonstrates an impact that may cause a reduction of animal populations as the
balance of male to female ratios is disrupted.63
The effects phytoestrogens have on humans are well documented and affect males
and females. For men, excessive phytoestrogens can cause erectile dysfunction,
decreased testicle weight and many other sexual dysfunctional disorders.64 In
female rats, excessive phytoestrogens result in changes to the estrous cycle,
irregular uterus size and also other problems associated with hormone imbalances
Such changes might also occur with female humans. These effects suggest that
phytoestrogens in beer could have an effect on human populations and this
particularly worthy of further investigation, given some phytoestrogens from hops
are more potent than those that were linked to the health problems discussed
above.43
Estrogen is produced at different locations in the human body, such as in the
ovaries, liver and lipocytes. There is also a great difference in concentration of
estrogen between the sexes with females having much higher blood concentrations
than males (10-50 ng/L in males and 20-250 ng/L in females).65 There are four main
endogenous estrogens, estrone (E1), E2, estriol (E3), and estetrol (E4). The
strongest binding estrogen to either ERs, alpha (ERα) beta (ERβ) is E2 and it has a
preference for ERβ. E2 is usually used as the reference for how strong
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xenoestrogens are compared to the natural hormone, as all known phytoestrogens
show a weaker binding affinity to ERs. E2 is the primary estrogen hormone because
it has the strongest effect on ERs, even though it is found in lower blood
concentrations than E1 and E3.66
There are two ways estrogen has an effect on organisms that utilise these
hormones; either by transcription or a non-genomic response. A transcriptional
response is where the estrogen has an effect, by up or down regulating genes that
produce proteins that are relevant to females. The non-genomic response is a signal
cascade that can induce a fast response (e.g. blushing and mood swings). The faster
of the estrogen response is the non-genomic response, which uses signal
transduction factors, which onset can be seconds to minutes.67 The transcriptional
response is controlled by two receptors, the ERα and ERβ that essentially dimerise
using a variety of accessory proteins that interact with transcriptional factors, and
switch on relevant feminising genes.68
The classical mechanism of an estrogenic response (Fig. 1.6) at a cellular level is
first estrogen diffuses through the cell membrane into the cytosol and interacts with
an ERs. Subsequently, another ERs that has estrogen bound allows for dimerisation
of the ERs, where accessory proteins bind to the ER complex (E2-ER). The E2-ER
then can interact with an estrogen response element (ERE) in a target gene
promoter. This E2-ER complex causes the up-regulation of FRP, which usually
leads to feminisation of the host.
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Figure 1.6: The mechanisms of a estrogen response at a cellular level. The estrogen is lipid soluble
and passes through the cell membrane where once in the cytosol can interact with a membrane
incorporated ERs or a cytosolic receptor.

There is evidence of a membrane bound ERs termed G protein-coupled estrogen
receptor 1 (GPR30).69 The cell localisation of this receptor is debated, but it is most
likely located on the endoplasmic reticulum. Although, it has been shown that E2
bound to BSA, which would prevent simple diffusion through the membrane, leads
to non-genomic responses, strongly supporting an outer membrane bound ERs. In
addition, the membrane associated response to E2 could be caused by
palmitoylation of ERs, which is the covalent addition of a fatty acid chain to the
ERs. By incorporating a fatty acid allows the cytosolic ERs to be membrane
associated.70
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As explained before, flavonoids from beer may contribute to hormone imbalances
and feminising of organisms. Not all the flavonoids consumed in diet are estrogenic,
but many can induce an estrogenic response. On average, we consume around 1-2 g
of total flavonoids (not all estrogenic) in our food, making flavonoids a major
contributor to our diet, while taking into account that they are not an essential
component for nourishment. It is possible that the levels of flavonoids in our diet
may contribute to unwanted estrogenic loads. Similarities between the structures of
many flavonoids and estrogens might explain why some dietary flavonoids are
estrogenic. In beer there are many prenylated flavonoids such as IX, 8-PN, 6prenylnaringenin (6-PNG) and the proestrogen XN. The presence of these elements
makes it possible that beer contains concentrations of xenoestrogens that should be
of concern.

1.1.10 The structural activity relationship of estrogens
The estimation of estrogenicity of a compound can be calculated by structureactivity relationships (SARs) in most cases. SARs are the relationships between
molecular form and biological activity.40 Conceptually, it is thought that if two
molecules resemble each other structurally and contain similar functional groups,
they might have similar biological activity.71 The compounds can act similarly
because they possess the chemical nature to induce a biological response. This can
be by binding to a protein receptor causing a conformational change, as its
chemistry is similar to the endogenous compound. This can cause the enzyme to be
activated or inhibited, thus if a compound has a high efficacy and is in high enough
concentrations a biological response might occur. SARs have helped with the
understanding of how ELCs mimic estrogens, as the binding pocket of the ERs can
usually accommodate molecules with similar chemistry. The analogy that is
commonly used to explain protein receptors is they work similar to a lock and key.
The molecule is the key and if it can fit into the lock (receptor) a conformational
change will occur in the receptor. The conformational change usually activates the
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receptor and facilitates a biological response.72 The similarities between 8-PN and
E2 are shown in Figure 1.7.
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Figure 1.7: The Structural activity relationship of 8-PN (A, black) and E2 (B red) superimposed (C,
slightly offset for clarity) top. The 3D structure of the ERs binding domain bound to E2 (grey)8-PN
overlaid (red, bottom). 73
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The SARs between 8-PN and E2 are two hydroxyl groups at either end that can
bind to ERs. There is also a central hydrophobic core that is in a similar shape. The
functionality of E2 binding to the human ER is from the aromatic hydroxyl and
then a hydrophobic core with and aliphatic hydroxyl. The differences are 8-PN does
not have an aliphatic hydroxyl but has two aromatic hydroxyls with a hydrophobic
core.72 The prenyl group on 8-PN may interact with a hydrophobic pocket in the
ERs.74 This would increase the binding ability and might explain why 8-PN is
profoundly estrogenic.

1.2 The beer brewing process
The beer brewing process differs slightly between breweries, but the process
described below takes place in a typical brewery. For simplicity the preparation of
the four staple ingredients will not be discussed as this a science in its own right.
This discussion provides sufficient detail to understand the brewing process and
how it could influence the fate of the prenylated flavonoids.

1.2.1 Mashing
The first step in brewing is to mill the germinated malted grain, most commonly
barley. The process of milling grain allows enzymes (from the grain) to access starch
from the grain. The particle sizes in the grain can influence the outcome of the beer,
as too fine causes the end product of beer to be astringent, thicker and gluggy. In
contrast, leaving the grain intact causes the starch to not be soluble meaning the
beer will not have sufficient starting material to be extracted. Thus, the grain
milling is necessary and is controlled step in brewing.
Once the grain is milled, it is transferred into a mash tun (Fig 1.8) for the mashing
process. At first hot water of a specific temperature is poured onto the grain so that
it can incubate over a set time (usually an hour). The temperature is carefully
chosen so that enzymes from the grain are at their catalytic optima. Brewers choose
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different temperatures depending on the style of beer they wish to produce. For
simplicity, only the amylases will be discussed although there are other enzymes
such as proteases involved in the mashing step. Proteases cleave proteins into
peptides that can react with sugars by the Maillard reaction influencing flavour.75
There are two common amylases in malt. α-Amylase and β-amylase and each have
different functions. α-Amylase, was the first one discovered in malt and is
responsible for cleaving starch into polysaccharides at random positions along the
oligosaccharide chain at the 1,4-glycosydic bond (Fig. 1.8). β-Amylase is the other
enzyme involved in cleaving starch and it functions differently than α-amylase by
cleaving the starch into single glucose monomers, which are fermentable by the
yeast. These enzymes have two different temperature optima and that allows
different temperatures to control the degree of fermentability and taste from the
carbohydrate in the grain.
Brewers can take advantage of the enzymes from the grain to produce random
length polysaccharides and glucose monomers. Fermentable and non-fermentable
sugars allow the mashing step to influence the flavour (α-amylase) and alcohol (βamylase) content that the yeast can produce which is why mashing is an important
step in brewing. Hops are not added in the mashing step so there can be no changes
on the transformation of prenylated flavonoids. Once the enzymes have converted
the starch to fermentable sugars at a level the brewer desires, hot water (strike
water) is poured over the grain while it is being transferred into a kettle (a boiler).
The purpose of this strike water is to deactivate the enzymes so that further
conversion of starch to fermentable sugars is prevented and the flavour and alcohol
content of the beer is controlled.
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Figure 1.8: The mash tun is an insulated container that has the capability to keep a constant
temperature. The amylases functions for the breakdown of starch are shown in the red circle

1.2.2 Kettle boiling
The second step in brewing is called the kettle boiling. At this step the mash, now
called the wort, is boiled for a set amount of time (approx. 90 min), with hop
additions at different time intervals. The heat from boiling sterilises the wort and
allows the proteins to denature and precipitate out. This process stops the
enzymatic hydrolysis of the starch or complex carbohydrates that are left in the
wort for flavour. Once all proteins are denatured and the wort sterilised, hops are
added to the wort so that their oil and resins can be extracted. At room temperature
many of the oils and resin present in hops are non-soluble in water so the increased
solubility produced by heating allows more hop compounds to be extracted. These
oils and resins stabilise head retention, add flavour, and give beer antimicrobial
properties, thus preventing contamination from unwanted bacteria. 76
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The heat from boiling hops also facilitates the isomerisation of the AAs, making
beer bitterer, as isomerised AA are the main flavour compound in beer.21 The AA
content of hops is labelled on most hop packaging because higher AA content hops
can be expected to produce more bitter beers.21
Once the isomerisation of the hops is completed, additional hops can be added at the
end of the boil. This allows less volatile polyphenols being boiled off, preserving
aromatic flavours in beer, while contributing much less bittering flavours. The
addition of hops at the end of the boil (whirlpool) can increase XN concentrations.
This is due to less XN being isomerised into IX (Fig. 1.9).
The boiling of the wort has many other purposes, such as allowing dimethyl
sulphide (DMS) to evaporate and not be present. High concentrations of DMS is
linked to many off flavours found in beer (e.g. cooked corn smell and taste).
The isomerisation mechanism of a chalcone to a flavanone is shown in Fig. 1.9 and
it has been shown to happen in controlled brewing trials to near complete
conversion.77
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Figure 1.9: The brewing kettle boils the wort using a steam generator. The isomerization of the AA
and the prenylated flavonoids (chalcones) are shown in the red circles.

1.2.3 Fermentation
Between the boiling stage and fermentation there are 2 minor steps, the Whirlpool
followed by chilling of the wort. The whirlpool is a step where the wort is circulated
causing the solids (trub) to be separated out from the wort. After this the wort is
rapidly cooled to the fermentation temperature using a heat exchanger (wort
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chiller) to cool the boiling wort as quickly as possible. This part of the process has
the potential to remove the prenylated flavonoids via the trub or for them to be
absorbed to the wort chiller, which could be a fate for the flavonoids. All of the steps
outlined above can be carried out in a single day.

In contrast, fermentation requires weeks for completion. The fermentation step
(Fig. 1.10) uses microorganisms; usually yeast to convert the fermentable sugars
into CO2 and ethanol. Depending on the style of beer that is desired, fermentation
can be carried out at different temperatures, but is usually at a constant
temperature, which improves flavour consistency between beer styles. There are
two main types of brewing-yeast involved in fermentation; top or bottom
fermenting, which each produce different styles of beer. Top fermenting yeast is
usually used to produce ales, while bottom fermenting yeast is used to produce
lagers and pilsners. At the fermentation stage flavonoids could be bio-transformed
by yeast or absorbed to particulates, and so there is potential for the flavonoid
amounts to decrease.38
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Figure 1.10: Fermentation vessel. The fermentation steps use yeast to metabolise the sugars that
were produced in the mash to ethanol. There may also be other fermented products of hop
compounds found at this brewing stage, which could influence the concentration of the prenylated
flavonoids.
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1.2.4 Conditioning
The final step in the brewing process is bottling and/or conditioning of the beer.
This process can take weeks or even years. Depending on the time frame for
conditioning, there is the potential for hop-derived flavonoids to degrade, although
the beer sometimes temperature regulated and the flavonoids are stable for 6
months at 4°C. Despite this, high ethanol conditions can lead to increased
stability.78 Another reason for the loss, could be attributed to adsorption of the
flavonoids to glass in bottles or metal in kegs, a potential fate of the prenylated
flavonoids. Lastly, gelatine is added to some beers as a fining agent (Fig. 1.11)
causing the yeast to flocculate out of the beer. In such circumstances the flavonoids
have been shown to absorb to yeast.79 Gelatine is rich in collagen, which contains
many arginine amino acids which are positively charged. The yeast cells have
glycoproteins which are relatively negatively charged. The addition of gelatine
causes these elements to aggregate so that they precipitate out, clarifying the beer.
There are many variables in the beer brewing process which is why an
understanding of each step is required for a complete investigation into the fate of
hop flavonoids during the brewing process. Craft and commercial size breweries
have not been investigated to date and it should be noted that the craft breweries
tend to use more hops compared with large scale commercial breweries.
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Figure 1.11: Conditioning tank. A very simplified schematic of yeast aggregation is shown.
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1.3 Research Aims
This project aims to understand the fate of three prenylated flavonoids (XN, IX and
8-PN) that have the potential to influence the estrogenicity of beer.
The aims will be achieved by:
•

Isolating XN, IX and 8-PN from hops for use as analytical standards for the
analysis of the prenylated flavonoids in samples taken during the brewing
process (Chapter 2).

•

A health risk assessment will be carried out for estrogenicity of beer on the
consumer (Chapter 3).65

•

An alternative method of analysis of the prenylated flavonoids will be
investigating using chemiluminescence (Chapter 4).

1.3.1 Potential impact of the project
There is increasing interest in the health effects of micronutrients in beer, but
increasing evidence for estrogenic compounds from beer is being revealed. The risk
analysis of the consumption of beer, might reveal the need to alter the brewing
process to reduce the concentration of xenoestrogens in beer. Contrastingly, it could
be shown that the xenoestrogenicity of beer is negligible and that XN might provide
some health benefits with beer consumption.
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CHAPTER 2: ISOLATION OF PRENYLATED
FLAVONOIDS FROM HOPS
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2.1 Introduction
In the current study, it was necessary to isolate XN for three reasons. First, XN is
expensive and the amounts needed for experimental use was uneconomical to
purchase. Second, to use XN as an analytical standard for the analysis of the
concentration of the three selected prenylated flavonoids during the brewing
process. Third,to use XN as a model for analysing prenylated flavonoids in an
alternative method of chemiluminescence (Chapter 4).

2.1.1 Isolation of prenylated flavonoids from hops
Hops contain myriad compounds that are biosynthesised in the lupulin gland of the
hop plant, as discussed in Section 1.1.5. The majority of these compounds are
secondary metabolites in the plant in that they are not essential for survival, but
support overall health.21 There are three different categories of secondary hop
metabolites:
1.

Hop polyphenols; containing various polyphenol compounds (e.g.
proanthocyanins and various non-prenylated flavonoids).

2.

Hop essential oils; containing volatile compounds (e.g. the sequesterpenes,
humulene and myrcene and other odorous compounds).

3.

Hop resins; containing the α-acids, β-acids and prenylated flavonoids.

In brewer’s terms, the categorisation of the secondary hop metabolites is based on
solubility in various solvents (Table 2.1). Steam distillation has been used to isolate
the essential oils, cold CH3OH or diethyl ether is used to extract hops resins. It
should be noted that the polyphenols (mostly) remain in the hop cone following
extraction and steam distillation. There are two subclasses of hop resins, the ‘soft’
and ‘hard’ resins, comprising of AA and β-acids and the prenylated flavonoids
respectively.21 Hexane is used to extract the hard resins from the soft resins,
because the hard resins are relatively hexane insoluble.
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Table 2.1: Common components of New Zealand hops produced by the lupulin gland. The resins,
containing the hard resins (prenylated flavonoids) and the soft resins ( α-acid and β acids). The
Essential oils contain many volatile compounds, which give hops their pungent aroma (e.g. Isoprene
derived compounds). Lastly, polyphenols, consisting of condensed tannins and non-prenylated
flavonoids. The tannins monomeric forms can condense into polymers; the example is shown is (+)catechin can polymerise into procyanidin. There is presumed to be many unidentified flavonoids and
condensed tannins present in hops.36
Classification

Examples

Extraction
method

Composition

Hard
OH
HO

OH

O

Hop resins

OH
HO

CH3OH or
diethyl ether

O

O

O

O

Isoxanthohumol
(Flavonone)

Xanthohumol
(Chalcones)

XN
< 1%
Isoxanthohumol
< 0.01%

Soft

HO

OH O

OH O

O
OH

O

Humulone
(Alpha-acid)

H

Caryophellene

Humulene

Myrcene

HO
HO

O

OH

OH
OH

HO

O

O

OH
OH

OH
HO

Terpene
< 3.3-68.2%

Unknown to
> 17%

OH

O

HO

Condensed
tannins are
mainly
insoluble

n
OH

OH
OH

Steam
Distillation

Sesquiterpene
< 5-64.1 %

Farnesene

OH

Hop
polyphenols

α-acid 4-20%
and
β- acids 2.4-10%

Colupulone
(Beta-acid)

H

Hop
essential oils

CH3OH /
diethyl ether
followed by
Hexane

OH
OH

OH

Condensed tannins (Procyanadin)
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The amount of polyphenols, essential oils and resins in hops varies considerably
between different hop varieties (Table 2.1).36 These constituents also vary
depending on seasonal changes and the origins and cultivars of the plant. Such
variability makes isolation of hop compounds difficult because it is unknown
whether there are sufficient quantities to purify. To overcome this, each hop variety
requires analysis before isolation. Although the analysis of the prenylated
flavonoids in hops is not routine, some rough estimates about the concentrations in
certain cultivars exist (e.g. Green bullet and Dr Rudi). Therefore, the correct hop
variety needs to be selected, to get sufficient amounts desired compounds purified.
The compounds of interest for this study are the prenylated flavonoids XN, IX and
8-PN because of their possible health effects, as discussed in Chapter 1.
Isolating the prenylated flavonoids is difficult because they are present in hops at
very low concentrations (<1.2 %). For example, despite XN being the most abundant
prenylated flavonoid, it usually comprises of less than 1% of the plants dry weight.
XN is believed to degrade into other prenylated flavonoids (e.g. IX, 6-PN, and 8-PN
amongst others). The chemical transformation is believed to be caused by chemical
changes during storage of the hops and could be why other prenylated flavonoids
(e.g. IX, 8-PN and 6-PN) are present in concentrations 10-100 times less than
XN.36,58 Considering that the amounts of prenylated flavonoids, except XN, are in
quantities of 0.1% or less of the dry weight of the plant makes purification even
more difficult and this is why methods usually isolate XN to use as a precursor to
produce the other prenylated flavonoids. The conversion of XN into other prenylated
flavonoids can be carried out either by biotransformation or chemical
transformation.80,81,82
Another prenylated flavonoid from hops, DMX, is not a product of chemical
transformation, but is the precursor for the biosynthesis of XN (discussed in
Chapter 1). DMX is also at low natural abundance in hops because the enzyme
OMT that methylates XN into DMX is not regulated.83,59 Having an uncontrolled
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step could mean that once DMX is produced it is rapidly catalysed into XN by OMT.
This uncontrolled step in the biosynthetic pathway might be explain why the
amount of XN is much greater than DMX. This would leave the DMX in low natural
abundance in the lupulin gland (refer to Section 1.1.8). 83,59

2.1.2 Purifying XN for use in pharmaceuticals
The isolation and purification of XN has recently become of great interest to
pharmaceutical companies due to potential pharmacological properties (discussed in
Section 1.1.7).84,85 The biotransformation process of XN uses transgenic yeast or
plants to alter natural biosynthetic pathways to generate XN analogues with the
aim to improve bioactivity efficacy. The aim of the biosynthesis is to produce XN
derivatives such as 8-PN amongst other analogues with different pharmacological
properties in higher abundance than what could be produced naturally or by
producing completely new analogues.86,80 Studies using XN as a starting material
for the production of analogues have shown improved bioactive potency.81,87 The
biotransformation pathway methodologies advantages over chemical transformation
are improved selectivity, stereoselectivity and high yields; however these methods
are usually expensive and time consuming. Chemical transformation, on the other
hand, is less selective, but is usually easier and cheaper to carry out.48 Typical
chemical transformation methodologies of XN are discussed in Sections 2.1.4 and
2.1.5.
The interest of XN being used in pharamceuticals is increasing, and that is why it
might be beneficial to develop improved XN isolation methods. This would allow the
bioactivities to be investigated further. In addition, purifying XN without the use of
harsh chemical might be advantageous, as this would allow XN to have no traces of
unwanted solvent residues, making supplementation and food enrichment safer.15
Although, the risk/hazard of trace amounts of solvents would not likely be an issue
because it is most likely that evaporation of the solvents would be sufficient in
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removal. An alternative medication route is to enrich food with XN i.e. producing
functional foods, which is more acceptable in some countries. This has let to a vast
amount of research in the development of XN enriched beers.88 89
To purify XN from hops cultivars containing high concentrations of XN were
selected. The maximum amount of XN reported in some varieties of hops is 1% w/w
of the dry weight (e.g. ‘Dr Rudi’ and Green Bullet, Pers. Com. Dr Rob Beatson, NZ
Hop Research Centre). Therefore, Dr Rudi and Green Bullet hops were chosen to
isolate XN from hops, with the aim of using XN as a starting material for the
production of IX and 8-PN for applications in experimental methods (e.g. analytical
standards and investigations in other analytical methodology). In addition, to avoid
degradation of XN in hops during transport, the cultivars selected were from New
Zealand.

2.1.3 Enriching beer with XN
The information on the lowest pharmacologically relevant dose of XN needed for a
biological response with dietary supplementation is incomplete.90 The main reason
for the incomplete information is that XN is changed extensively by the gut
microflora, which might cause individuals to respond to supplementation differently
because of the differences in their gut bacteria.91 Thus, there needs to be more
studies carried out on XN and its potential health effects. Despite the fact that the
lowest dose response is unknown, there have been many methods developed
enriching beers with XN, as the typical intake from beer (< 1 mg/L) is not believed
to have a biological effect. An effective dose for the treatment of metabolic disorders
(obesity) in rats is 16 mg/kg bw, which is much higher than the amount in beer that
can be consumed to give this dose (e.g. 16 mg/kg bw).92, 91, 93, 94 The amounts of XN
found in beer are below the lowest known pharmacological dose, therefore,
enriching beer with XN could be beneficial.
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A method to enrich beer with XN involves the addition of a XN extract at the kettle
boiling stage; however, the XN concentration decreases during the kettle boiling
process. The possible reason for the decrease is XN isomerised into IX, which is
known to occur when XN is heated. Another reason for the low amounts in the beer
is XN is poorly soluble and might have adsorbed to the brewing equipment
material.93 Another study identified that there is more XN in dark malt beers.95 It is
suggested that Maillard reaction products (e.g. melanoidin) from grain protect XN
conversion to IX.88 Therefore, using darker grains in the brewing might mean that
higher XN content beers are produced. The mechanism for the Mailliard product
protection is unknown, but resulted in beers with 3.5 mg/L of XN, which is still
below the determined pharmacological dose required for a health effect. Another
study has determined the saturation point of XN in dark beers is 20mg/L and in
pale malt 12.8 mg/; this is within the pharmacologically relevant range based on rat
studies.96
Although, the pharmacological relevance of XN in beer is not fully understood,
evaluations by a tasting panel preferred XN (3 mg/L) enriched beers. Therefore, the
fact that enriching beer with XN at 3 mg/L improves taste, better tasting beverages
could be produced using these methods, as 3mg/L is within the range of the
commercially available enriched beers.96. The taste of beer is also influenced by
grain type and it has been shown that losses of flavonoids and polyphenols during
the brewing process are reduced when using maize.97
In German brewing practices it is desired to abide by Reinheitsgebot (Chapter 1).
The Reinheitsgebot practice can cause complications with enriching beer with XN
as only the four ingredients can be used; there are many methods of enrichment
requiring additives that are different to these four ingredients. In addition,
considering that Germany is a leader in beer production does provide the need for
an alternative method using these four ingredients to enrich beer with XN. There is
a method to enrich beer with XN without using additives and has lead to the
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development of using supercritical CO2 and the ethanol produced by yeast during
fermentation to extract XN from hops. The XN is not extracted using super critical
CO2, removes unwanted hop compounds first before ethanol is used to extract the
XN. This leaves a product known as “Xan beer” and uses XAN-technology in
production.95 This method complies with purity law, but critical CO2 is expensive. If
the cost was reduced it might be viable way of enriching XN in beer abiding by
Reinheitsgebot.15 Although, the beer was only enriched to 1.9 mg/L starting with 20
mg/L XN before wort boiling.95 The efficacy of this method is poor and vast amounts
of XN, which is expensive is wasted.
The spent material in brewing, other than the grain, is often discarded, but might
have a small number of commercial applications. One example of the use of the
yeast trub is the production of Marmite (a trade mark name for a yeast spread). The
spent brewing material could be a valuable source of XN, which could lead to
further transformation to potent pharmacological drugs. The limiting factor is
getting a method to isolate enough XN to be economically viable. If this is achieved,
it might be possible to use spent hop material from brewing for developing
pharmaceuticals for the treatment of the health benefits, discussed in Chapter 1.
Although, the pharmaceutical industry is interested in XN, there might be an issue
with consumption of XN, as it might be converted into IX and 8-PN by gut
microflora.54 The fact that 8-PN is estrogenic could result in adverse health effects if
the amounts of 8-PN are produced in sufficient levels and result in
pharmacologically or toxicologically relevant blood levels.51 Overall the enrichment
of XN in beer could have negative connotations because clinical trials on for XN are
not fully understood and that the human gut microflora transforms XN into 8-PN.
Exposure to excess amounts of xenoestrogens may lead to many health
complications, such as proliferation in breast cancers, reduction in the human
sperm count and decrease the age for puberty onset in females (discussed in Section
1.1.9).98
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2.1.4 Alternative methods for obtaining XN
The major natural source of XN is hops, and, therefore, obtaining it requires
purification from these plants. In addition, it can be produced by chemical
synthesis, but this is a complex low yield process.99 Other methods use naringenin
as a starting material to give XN by prenylation of the 2' hydroxyl followed by a
Claisin-Cope rearrangement catalysed by Eu(fod)3 (Europium(III)-tris (1,1,1,2,2,3,3heptafluoro-7,7-dimethyl-4,6-octanedionate). The prenylation of XN using chemical
transformation is more laborious than using a purification method from a natural
source.100,101 The fact that the chemical synthesis is laborious is a contributing
factor to carry out the purification of XN from hops in the present study.

2.1.5 Production of IX an 8-PN using XN
XN is not the only prenylated flavonoid needed for experimental use in this study,
the others are IX and 8-PN. Previously it was outlined that IX and 8-PN are in low
abundance naturally in hops and this is why the best way to obtain them is by
chemical synthesis using XN as a starting material.
The first step in IX production is isomeristion of XN (Fig. 2.1). The reaction involves
adding base or heating above 80°C. Yields using this method are approx. 84%.82

Figure 2.1: Reaction mechanism for thermal isomeristion of XN (1) to IX (2).
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Once IX is produced, it can be produced into 8-PN, using a demethylating method
developed by Anoil et al. (2008)82, (Fig. 2.2). If the process of purification,
isomerisation and demethylation of XN is successful it will yield XN, IX and 8-PN.

Figure 2.2: The de-methylation of IX (1) to form 8-PN (2) using MgI2 as catalyst82

The chromatographic methods used for the purification of XN are combinations of
silica gel (SiO2) and Sephadex LH-20 column chromatography. The reasoning for
the purification procedures carried out are discussed below.

2.1.6 Liquid chromatography and flavonoid purification
There are many examples of stationary phases used in column chromatography.
SiO2 is one of the most commonly used for the large-scale preparation in wet
chemistry laboratories. SiO2 is inert to many solvents, has a high affinity for water
and is porous. The basis for compounds affinity to adsorb to silica is with
hydrophilicity and hydrogen bonding between the SiO2 having exchanges with
hydroxyls form SiOOH.
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Therefore, interactions between the hydroxyl groups and XN for purification might
cause a different degrees of adsorption through hydrogen bonding to the solid phase,
causing hop compounds to be separated out. Column chromatography using SiO2 is
often gravity assisted, which is slow. To increase the flow rate a vacuum or an inert
gas can be used to pull/push the solvent through the column (known as flash
chromatography).
Sephadex utilises a similar principle of adsorption and partition chromatography
like that of SiO2. The main difference for Sephadex rather than SiO2 is it consists of
dextran polymers of different particle sizes.102 Dextran increases the chance for
hydrogen bonding between the hydrophilic compounds because it contains more
hydroxyls than that of SiO2. A particular variant of Sephadex is LH-20 consisting of
a cross-linked network of dextran that is propylated. The dual character of
Sephadex LH-20 of the hydrophilic and lipophilic propylated groups is particularly
useful for the separation of flavonoids and polyphenols from plants. In addition, the
poly-dextran network of Sephadex LH-20 is suited to separate small molecules
because of it is a particular pore size of 25 – 100 µm acting as a molecular sieve.
Both the SiO2 and Sephadex LH-20 will be used in the purification of XN along with
solvent extraction methods.

2.1.7 Precautions carried out on the light sensitivity of hop compounds
The prenylated flavonoids are sensitive to UV; therefore, care must be taken to
wrap all samples in aluminium foil prevent direct exposure to light. In addition,
exposure to direct sunlight was minimised by putting foil on the windows to keep
purification procedures out of direct sunlight.
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2.2 Purification methods
2.2.1 Chemicals
All chemicals were of analytical grade unless otherwise stated. The water used was
either deionised (DI) or purified using a milliQ system. The milliQ water (MQW)
was purified using a Q-guard 1 purification pack (Merck Millipore) and had a
resistance of 18.2 mΩ/cm.

2.2.2 Special chemicals
Were sourced as follows
SiO2 (400 mesh) and Sephadex LH- 20, were purchased from GE Health care.
High performance liquid chromatography (HPLC) grade CH3OH and HPLC grade
CH3CN were purchased from Merck Millipore Auckland New Zealand

2.2.3 Initial isolation of hard resins from hops
The method used was adapted from Stevens et al. (1997).3 Whole dried hop cones
(150 g) of ‘Dr Rudi’ variety (purchased from Finney’s homebrew emporium,
Christchurch, New Zealand) were immersed in 2 L of dichloromethane (DCM) for 1
min producing a brown hop extract. The hop extract was decanted into another
beaker (2 L) and the remaining plant material was discarded. The hop extract was
filtered through grade 5 filter paper (Whatman millipore, Sigma Aldrich, Auckland,
New Zealand), assisted by a vacuum and concentrated in 200-300 mL aliquots by
rotary evaporation (Rotovapor R-114, and a B-480 water bath, BÜCHI, Sigma
Aldrich, Auckland, New Zealand), leaving a brown viscous extract. The extraction
method was repeated a second time with a further 150 g of hops and both extracts
were combined by dissolving in minimal CH3OH, pooled together and concentrated
using rotary evaporation. Subsequently, additional minimal CH3OH was added to
the hop crude extract and refluxed at 65°C for 20 min, allowing any lipophilic
compounds to aggregate and precipitate out of the extract. The extract was then
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stored at -20°C under N2 overnight. The next day the extract was filtered through a
sintered Buchner funnel and concentrated again. Overall the amount of hop extract
was around 25 mL and stored at -20°C under N2.

2.2.4 Initial clean up of the crude hop extract
The Sephadex LH-20 was prepared by producing a CH3OH slurry (approx. 50 g of
Sephadex suspended in 100 mL CH3OH) and left to swell for 4 h in a 250 mL conical
flask. The expanded Sephadex was packed to a height of 15 cm into sintered glass
column (2.5 cm diameter) and rested for 1 h; keeping the Sephadex LH-20
completely immersed in CH3OH. The hop extract (3 mL) was loaded onto the
column using a 16 1/2 -gauge needle (BD microlance 3, Auckland, New Zealand) and
glass syringe (7.5 mm Thermo Fisher Scientific, Melbourne, Australia). CH3OH was
used as the elution solvent, and 20 mL fractions were collected at a flow rate of
approx. 1 mL/min. The fractions were analysed using thin layer chromatography
(TLC) using methods described in Section 2.2.5.
The Sephadex- LH-20 purification was repeated five times resulting in 15 mL of the
hop extract being used. During purification the meniscus of CH3OH did not fall
below the level of the Sephadex.

2.2.5 TLC locating reagents
2.2.5.1 Anisaldehyde reagent
Para-anisaldehyde (4 g) was dissolved in glacial acetic acid (2 mL) followed by
ethanol (150 mL) and finally concentrated H2SO4 (5 mL). The mixture was mixed
vigorously and then stored out direct light.
2.2.5.2 FeCl3 reagent.
FeCl3 (2 g) was dissolved in CH3OH (100 mL). The solution was mixed vigorously
and kept out direct light by wrapping in aluminium foil.
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TLCs were developed in a coplon jar on silica coated aluminium sheets cut to 3 x 10
cm (EMD, Millipore, SiO2 60 F254 Coated Aluminum-Backed TLC Sheets) using
toluene: dioxane:acetic acid (18:5:1 v/v/v).
The TLC plates were dipped in either anisaldehyde or FeCl3 reagent and heated
with a heat gun (Ryobi 2000 W, Bunnings, Christchurch, New Zealand) for approx.
30 s. The anisaldehyde produced black spots for XN and the FeCl3 produced blue
spots after heating.

2.2.6 Final clean up of the hop extract
Fractions 6-12, derived from the procedure described in Section 2.2.4 were pooled
and concentrated using a rotary evaporator, leaving a yellow oil. The yellow oil was
lyophilised using a FreeZone 2.5 freeze dry system (Labconco, Global sales) to
remove water before column purification.
SiO2 was packed (2.5 x 15 cm) in a glass column using petroleum ether (pet-ether)
(100 %). The yellow oil was dissolved in CH3OH with a few grams of SiO2 (400
mesh) concentrated and dry loaded in the column. The starting eluent was (petether) and N2 was used to push solvent through the column. The first 5 fractions (80
mL) that were collected were colourless. The solvent was then changed to pet-ether
(90%) and CH3OH (10%) and 8 fractions were collected. The CH3OH was gradually
increased by 10% with 50 mL fractions being collected until a final concentration of
60% CH3OH was achieved. The fractions that contained XN (checked by mass
spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR)) eluted in
30% CH3OH and was lyophilised, giving a bright yellow powder.
Approx. 5 mg XN was purified with only 15 mL (out of approx. 25 mL) of the initial
extract (Section 2.2.4) used because 3 mL could be loaded onto the column. This
method required an increase in the volume of the LH-20 purification step because
the amount of XN produced was not sufficient for isomerisation into IX. The LH-20
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is expensive (Approx. $700 for 100 g); therefore, a different purification method for
the isolation of XN was carried out.

2.2.7 Secondary method of purification of prenylated flavonoids
The alternative method is adapted from Aniol et al. (2008).82 Green Bullet hops
(200 g, purchased from Finney’s homebrew emporium, Christchurch, New Zealand)
were immersed in acetone (1 L) in a conical flask (2 L) and stirred (24 h) at room
temperature using a magnetic stir bar. The hop extract separated into two parts; a
brown leaf material and a dark green solution. The particulates were filtered off
using a Büchner funnel and solvent removed by in rotary evaporation leaving a
green viscous hop extract (Approx. 50 g).
A small scale purification was initially carried before the large scale to check
whether the method would purify XN.
A 2.5 cm fritted glass column was packed with SiO2 (Mesh 400) and 1 mL of the
green hop extract was dry loaded (the same as described in Section 2.2.6). The
elution solvent used 98% CH3Cl and 2% CH3OH.
The fractions with XN were checked by TLC and MS and were concentrated using
rotary evaporation and subject to further purification using the same procedure as
2.2.4, but with silica clean up first, followed by LH-20 purification giving XN
powder (approx. 1 mg).

2.2.8 Large-scale purification of XN (second method)
The column used was 10 cm in diameter and was packed with SiO2 (400 mesh) to 15
cm height. The larger column increased the packing by 16 times the volume. The
amount that was isolated containing XN from the SiO2 flash chromatography was
still more than the loading capacity of the Sephadex LH-20 but reduced the number
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columns to four. The total amount of XN purified using this method followed by LH20 clean up (Section 2.2.6) was 78 mg. 40, 300 mL fractions were collected and the
fractions containing XN were checked by MS, NMR (Section 2.3).

2.3 Methods for identifying xanthohumol
2.3.1 MS analysis of fractions collected
All samples for MS analysis were filtered through 0.2 µm hydrophobic syringe
filters (7.5 mm sterile hydrophobic filter Thermo Fisher Scientific, Melbourne,
Australia). Samples were prepared by adding 1 drop of sample into a 1.5 mL vial
(SUN Sri, ThermoFisher Scientific, Auckland, New Zealand) with HPLC grade
CH3OH (Approx. 1 mL). The samples were directly injected the MS with a mobile
phase flow of 0.2 mL/min of 50% CH3CN with 49.9% H2O and 0.1% formic acid (FA).
MS was carried out by Dr Amelia Albret and Dr Alexander Goroncy using a Maxis
4G spectrometer operated in high-resolution mode with a positive ESI source.
Scanning was from 50 m/z to 1000 m/z with N2 gas flowing at 8 L/min.

2.3.2 NMR analysis of XN
XN (3 mg) from the secondary purification was dissolved in the minimum amount of
CD3OD and subjected to NMR analysis using proton (H’), Gradient-Selected
correlation spectroscopy (gCOSY), Heteronuclear Single Quantum Coherence
(HSQC), 13C and Heteronuclear Multiple Bond Correlation (HMBC). The
measurements were carried out on an Agilent 400 MR spectrometer operating at
400 Mhz for 1H and 101 Mhz for 13C. Chemical shifts are giving in parts per million
(ppm).
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2.3.4 UV-Vis analysis of XN
The XN sample was prepared by dissolving 1 mg into 2 mL CH3OH. Using a quartz
curvette (3 mL) the sample was scanned on a Varian CARY UV/Visible
spectrometer over the range of 200-800 nm with a 1 cm path length.

2.3.5 IR spectroscopy of XN
XN powder (approx. 1 mg) was placed directly onto the Attenuated total reflection
crystal and compressed with the swivel pressure tower. A Bruker ALPHA Platinum
ATR FT-IR spectrometer was used to acquire spectra in the range of 450-3500 cm-1
with a resolution of 4 cm-1.

2.3.6 HPLC analysis of the XN and XN extracts
A drop of oil or small amount of powder, depending on the sample, of unknown
products was added to 1.5 mL screw top vials (Sun-Sri 9 mm).
The photo diode array (PDA)- was set to collect data at 210, 270, 320, and 370 nm.
Two different methods were adapted from Stevens et al.(1999)103 for HPLC analysis
of the hop extracts.103
The first method used a semi-preparative column and was used for analysing the
hop extract samples. The HPLC system consisted of a c18 luna semi-preparative
column with two mobile phases, A and B. Mobile phase A consisted of 1% FA, 10%
CH3CN and 90% MQW, which was filtered using a 0.2 µm membrane filter
(Whatman Millipore, Sigma Aldrich). Mobile phase B consisted of 1% FA, 80%
CH3CN and 19% MQW and this again was filtered. The mobile phase A was then
used to equilibrate the column for 1 h. While the column was equilibrating, 1 mg of
the purified XN was dissolved in analytical grade CH3OH (1 mL) and filtered
through 0.2 µm filter (Whatman Millipore, Sigma Aldrich). The sample (100 µl) was
injected onto the column with mobile phase B being increased in a gradient to 100%
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over 20-min. The mobile phases B was left at 100% for 30-min and subsequently
mobile phase A was increased to 100% for 50-min.
The analytical method used an analytical column (phenomenx C18 prodigy 5 µm
ODS3 100 A 250 X 4.60mm (S/No 584453-48)) on an dionex HPLC system (p680
HPLC pump automated sample injector ASI-100, thermostatic column
compartment TCC-100, Thermo Fisher Scientific). Two mobile phase, A and B.
Mobile phase A consisted of 1% FA, 10% CH3CN and 90% MQW, which was filtered
using a 0.2 µm membrane filter (Whatman Millipore, Sigma Aldrich). Mobile phase
B consisted of 1% FA, 80% CH3CN and 19% MQW and this again was filtered. The
mobile phase A was then used to equilibrate the column for 1 h. While the column
was equilibrating 1 mg of the XN was dissolved in analytical grade CH3OH (1 mL)
and filtered through 0.2 µm filters. The sample (20 µl) was then injected onto the
column with mobile phase B being increased in a gradient to 100% over 10 min. The
mobile phase B was left at 100% for 5 min and then mobile phase A was increased
to 100% for 20 min.

2.3.7 Diffractometry
Crystals were subjected to difractometry analysis. Crystallography was carried out
by Dr Matthew Polson on an Agelint SuperNova, (Dual, Cu at zero) Atlas
diffractometer
2.3.7.1 Colupulone crystal
Single crystals of C25H36O4 named [HOP_CrA] crystallised from the crude mixture.
A suitable crystal was selected and mounted on a nylon loop in perfluoronated oil on
a SuperNova, Dual, Cu at zero, Atlas diffractometer. The crystal was maintained at
120.00 K during data collection. Using Olex2104, the structure was solved with the
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ShelXT105 structure solution program using Direct Methods and refined with the
ShelXL105 refinement package using Least Squares minimisation.
2.3.7.2 Xanthohumol crystal
Single crystals of C22H26O6 named [LRB57-XN-01A] were grown in minimal
CH3OH. A suitable crystal was selected and mounted on a nylon loop in
perfluornated on a SuperNova, Dual, Cu at zero, Atlas diffractometer. The crystal
was maintained at 119.99 K during data collection. Using Olex2 104, the structure
was solved with the SIR2004105 structure solution program using Direct Methods
and refined with the olex2.refine105 refinement package using Gauss-Newton
minimisation.

2.4 Results and discussion
2.4.1 HPLC results demonstrating XN purification
The HPLC chromatogram (Fig. 2.3) of the hop extract from Section 2.2.4 shows that
there are many different compounds present. Unfortunately, at this stage the XN,
or any other compound had not been determined. Using NMR and MS data it was
later found out that the peak at retention time (Rt) = 43.3 is XN. The ambiguity on
this purification method could not rely on analytical standards, but high-resolution
MS was regularly carried out on fractions in order to identify XN. The MS results
supported the purification success, due to an m/z of 355.155 being found in fractions
that were combined. The molecular mass of XN is 354.14 g/mol and previous
reported MS data of XN has an m/z of 355.155.106 This supports that the initial
isolation method has indeed isolated XN from hops.
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Figure 2.3: HPLC chromatogram of the extracted hop extract (Section 2.2.4) that has undergone
column chromatography with silica as the stationary phase - none of the peaks were identified.
There are a multitude of compounds still present that required further purification.

The second HPLC chromatogram (Fig. 2.4) of the hop extract shows one major peak
at Rt = 14.4 this was determined to be XN; there are minor contaminants present,
but the chromatogram suggests that it is reasonably pure. The reason for the
different Rt (43 vs 14) is the HPLC methodology was changed from a semi
preprative column to an analytical column. The semi-preparative column was
investigated for initial use, but this was not continued, due to the Sephadex LH-20
clean up being sufficient for uses in analytical methodologies. In addition, the UV
maxima of the largest peaks in both HPLC chromatograms are 370 nm and the
reported maximum of 368 nm, further suggesting that XN was purified.107 The
comparison of Fig. 2.4 and Fig. 2.5 demonstrates that the purification of XN is
successful, due to fewer peaks being visualised.
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Figure 2.4: XN HPLC chromatogram of the final XN product. This shows that XN is relatively pure
with only a few minor contaminants. The peak at Tr = 14.137 is XN. Different wavelengths were
used

2.4.2 MS of hop extracts during the purification of XN
MS analysis of the hop extracts was recorded in each purification step. In the large
scale purification (Section 2.2.4) the spectrum has an m/z of 355.155, which is
indicative of XN (Fig. 2.5). The fractions that had an m/z of 355.155 were pooled and
subjected to further purification (Section 2.2.6), leading to XN being purified, this
can be seen in Fig. 2.6.
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Figure 2.5: MS spectrum on a hop crude extract after a large-scale column purification. This shows
that after the initial purification that there are still a variety of unknown compounds that have not
been separated from XN, which should give an m/z of 355.155. Therefore, further purification was
carried out. When zoomed in there is also an m/z of 299, a fragmentation pattern that is consistent
with XN. This suggests that the initial isolation is successful.

Figure 12 MS of XN (m/z =355.154). This is final purification product from hops and is consistent
with the m/z values for previous reports of XN.106
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2.4.3 Nuclear magnetic resonance analysis on xanthohumol
The corresponding protons are labelled according to Fig 2.7 along with gCOSY,
HSQC, 13C and HMBC (Figure 1-4, Appendix 1) and confirmed the identity of XN.
Proton nuclear magnetic resonance (NMR) Spectrum of purified XN; peaks are
shown in ppm (Fig. 2.8). 1H NMR (400 MHz, CD3OD) δ 7.80 (dd, J = 15.6, 3.2, 1H,
α), 7.66 (dd, J = 15.6, 3.2, 1H, β), 7.47 (d, J = 8, 2H,2/3), 6.82 (d, J = 7.2, 2H, 5/6),
6.00 (t, 1H, 5’), 5.19 (t, J = 6, 1H, 2’’), 3.88 (t, J = 3.2, 3H, 1’’’), 3.29 (d, J = 1.6, 2H,
1’’), 1.74 ( S, 3H, 4’’), 1.63 (S, 3H, 5’’). The NMR spectrum is XN. Refer to Appendix 1
for further NMR data.

Figure 2.7: The structure of XN with labelled protons. This was used in the labelling of the 1H NMR
below. The numbers are the proton labels. The A and B are the aromatic ring labeleing systems for
chalcones.
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1
Figure 2.8: Spectrum of a compound thought to be XN, proving that it is XN H NMR (400 MHz,
CD3OD) δ 7.78 (dd, J = 15.6, 3.2, 1H, α), 7.66 (dd, J = 15.6, 3.2, 1H, β), 7.47 (d, J = 8, 2H,2/3), 6.80
(d, J = 7.2, 2H, 5/6), 6.00 (t, 1H, 5’), 5.19 (t, J = 6, 1H, 3’’), 3.88 (t, J = 3.2, 3H, 1’’), 3.29 (d, J = 1.6, 2H,
1’’), 1.74 ( S, 3H, 4’’), 1.64 (S, 3H, 5’’). The corresponding protons are labelled as in Fig. 2.7.

2.4.4 UV/Visible spectrum of XN
The UV/Visible (UV/Vis) spectrum of XN is the similar to what is reported by
Verzele et al. (1957)107 with a UV maxima of 368 nm (Fig. 2.9).107
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Figure 2.9: The UV spectrum for XN. The UV maximum reported for XN is a 368 nm.107

2.4.5 IR spectrum of xanthohumol
The fingerprint region is similar to what was reported in Verzele et al. (1957)107 for
XN, but is of a higher resolution considering a newer instrument was used in the
data collection (Fig. 2.10). The noisy background between 2000 and 2500 cm-1 is
caused by the diamond plate that the sample was crushed on.
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Figure 2.10: IR spectrum of purified XN.

2.4.7 TLC analysis
The initial purification using SiO2 showed two black spots of an unknown identity
with a retention factor (Rf) 0.9 and XN with an Rf 0.7. The identity of the Rf 0.7 was
confirmed to be XN after Sephadex LH-20 purification, following further TLC, MS
and NMR analysis. The best visualising agent for XN was FeCl3, which upon
heating gave a bright blue spot.

2.4.8 Crystal structure of Colupulone
2.4.8.1 Crystal structure determination of [HOP_CrA]
Crystal Data for C25H36O4 (M =400.54 g/mol): orthorhombic, space group Pbca (no.
61), a = 20.3243(2) Å, b = 10.90914(10) Å, c = 21.2694(2) Å, V = 4715.86(9) Å3, Z = 8,
T = 120.00(10) K, µ(CuKα) = 0.592 mm-1, Dcalc = 1.128 g/cm3, 37567 reflections
measured (8.314° ≤ 2Θ ≤ 153.788°), 4964 unique (Rint = 0.0429, Rsigma = 0.0190)
which were used in all calculations. The final R1 was 0.0467 (I > 2σ(I)) and wR2 was
0.1339 (all data).
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The crystallographic data is of the compound that crystalised in the crude hop
extract is colupulone. An image of the calculated atomic resolution of the crystal is
shown in Fig. 2.11. The fact that colupulone crystalised in the hop crude extract
indicates the that the initial extraction procedure of purifying the hop resins (Table
2.1) because a β-acid colupulone crystalised in this extract. Refer to appendix 2 for
further crystal data.

Figure 2.11: Crystals formed in the hop crude extract before column purification and underwent
difractometry. The resulting crystal is at 0.8 Å and is colupulone.

2.4.9 Crystal structure of xanthohumol
2.4.9.1 Crystal structure determination of [XN_01]
Crystal Data for C22H26O6 (M =386.45 g/mol): triclinic, space group P-1 (no. 2), a =
8.12290(16) Å, b = 15.3015(4) Å, c = 18.5365(6) Å, α = 112.137(3), β = 98.755(2), γ =
98.4216(18)°, V = 2056.31(10) Å3, Z = 4, T = 119.99(10) K, µ(Cu Kα) = 0.743 mm-1,
Dcalc = 1.2482 g/cm3, 20671 reflections measured (9.82° ≤ 2Θ ≤ 140.16°), 7780
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unique (Rint = 0.0265, Rsigma = 0.0299) which were used in all calculations. The final
R1 was 0.0455 (I>=2u(I)) and wR2 was 0.1278 (all data). See appendix 2 for further
crystal data.

The purified XN was crystalised and was subjected to difractometry, which resulted
in a crystal image of XN (Fig. 2.12).

Figure 2.12 XN image of crystal that underwent difractometry in CH3OH. The hydroxyl on the
phenol ring has 2 protons due to sharing with adjacent molecule.

2.4.10 Purifying XN
The initial purification carried out provided XN in amounts that could be used for
analytical standards. The amount was not enough for chemically transforming the
XN into IX and 8-PN, therefore, a second purification method was carried out with
aims to get increased amounts of XN purified.
The secondary method for purifying XN used acetone as an initial extraction
method to isolate the hard resins from hops, which has been reported to be more
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efficient than using DCM.84 The difference with this extraction step is that the
colour was dark green, rather than yellow-brown, presumably because chlorophyll
(green) was extracted in the initial isolation process.108 Both of these hop crude
extracts were very difficult to work with, as the viscosity was like tree sap.
The larger scale purification method started with a cheaper alternative of using
SiO2 for the initial purification. The SiO2 step removed most of the unwanted
compounds and left the primarily the XN as seen in the HPLC (Fig. 2.3) Once this
had undergone sephadex LH-20 purification the primary compound left was XN (65
mg) and this was unequivocally determined using MS, NMR, UV-Vis, HPLC, IR and
diffractometry.

2.4.11 Isomerising XN to IX
The aim of isomerising XN into IX was not achieved, due to the time taken to purify
XN. Therefore, to analyse the concentrations of the selected prenylated flavonoids
during the beer brewing process 1 mg of IX and 5 mg of 8-PN were purchased.
These were used in investigating the concentration of XN, IX and 8-PN during the
beer brewing processing.82,101
The acidification step that was not described in the methodology most likely
reversed the reaction. The washing steps with water were necessary as the
inorganic salt sodium sulphate is formed when adding H2SO4 to NaOH.
Unfortunately, no IX was produced upon multiple attempts that used vast amounts
of XN.

2.5 Conclusion
The purification of XN was successful and its identity was unequivocally
determined using NMR, MS, HPLC, IR, UV/Vis spectroscopy and diffractometry.
The IX methodology was not successful and at the acidification step presumably
caused IX to isomerise back to XN after treatment with base. Therefore, IX and 8-
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PN were purchased for use in the analytical methods (Chapter 3). The purified XN
was enough (65 mg) to be used as a model for further investigations with a different
analytical procedure (Chapter 4). The methods that were used to isolate XN were
successful but were time-consuming. Therefore, there are still many refinements
that can be made to increase efficiency and amounts of XN purified from hops or
spent brewing material.
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CHAPTER 3: ANALYSIS OF BEER AND
STAGES IN THE BREWING PROCESS
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3.1 Introduction
At first, the only prenylated flavonoid known to be present in hops was XN and this
was because it is in the highest concentrations, making it easier to detect than the
other prenylated flavonoids.109 Another phytoestrogen, IX is present in high
concentrations compared to 8-PN; it was thought to be responsible for the estrogenic
effect of hops (discussed in Chapter 1).110,111 Hence, the compounds that were
originally thought to have a potential estrogenic effect were XN and IX.10 XN is
present in high concentrations in hop oil, 0.5% to 1% (dry weight of the plant) with
IX present < 0.1%.111,18 In contrast, the concentration of 8-PN is much less at
<0.002% of dry weight and, further it is believed to be an artefact caused by storage
degradation.58 The low concentration of 8-PN makes it more difficult to detect than
XN and IX. This is why at first 8-PN was not thought to have a major impact on
hops estrogenicity.109 Once the isolation of 8-PN was achieved the estrogenic
activity was examined by Milligan et al. (1999).109 A comparison of the estrogenic
effects of 8-PN with XN and IX, shows that 8-PN is the most potent phytoestrogen
known. Indeed 8-PN is nearly 100 times more powerful an estrogen than is IX.112,113
Therefore, the low concentrations of 8-PN in beer could have pharmacological effects
to the consumer (discussed in Section 1.1.9). The human impact is discussed later in
this chapter.
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Figure 3.1: Common prenylated flavonoids 1, XN a prenylated chalcone that can isomerise into 2,
isoxanthohumol or be demethylated giving 4, desmethylxanthohumol. 3, is 6-prenylnaringenin and is
formed when desmethylxanthohumol cyclises, which gives two products, 2 and 3.

As a further complication, there are two isoforms of ERs named the ERα and ERβ,
which are structurally similar and differ in only a few amino acids in the binding
domain (discussed in Section 1.1.9).114 Both ERs are transcription factors and can
regulate the production of FRP. The improtance of this is that the estrogenicity of
hops has mainly been tested using the ERα not ERβ.112 There are exceptions as
shown by Milligan et al. (2002),43 and Roelens et al. (2006),115 who demonstrated the
estrogenic activity for both isomers of 8-PN bind to the ERα and ERβ. This might
influence the estrogenicity from hop phytoestrogens by having an additive effect by
binding to both ERs depending on the isomers found in beer. There are also other
phytoestrogenic flavonoids present in hops such as 6-PN, an isomer of 8-PN, that
has an estrogenic activity approximately 100 times less than 8-PN, itself slightly
less than IX.43, 109
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The estrogenicity of hops has not been fully investigated. In summary, there are
many proestrogens and estrogens that are present in hops some of which are in
concentrations that might add to the estrogenicity of beer, such as XN (<0.5 mg/L)
and IX (<3.4 mg/L) and that the most potent phytoestrogen known 8-PN has been
reported to be in beer.77 The conclusion that phytoestrogens are present in hops
could affect regular consumers of beer by exposure to undesired amounts of
estrogen.116

3.1.1 UV identification of flavonoids
As discussed in Chapter 1, flavonoids are polyphenolic compounds with a C15
backbone that consist of two phenolic rings connected by a heterocyclic ring.
Flavonoids are believed to be plant pigments because generally they have a yellow
colour (flavus is Greek for yellow) and the ability to absorb UV light. The fact that
the flavonoids absorb UV light is beneficial for analysis because it allows the use of
a PDA to calculate the concentration and even identify the compounds using HPLCdiode array dection (DAD), due to the differences in UV absorption spectra.19
The prenylated flavonoids in hops are either flavanones or chalcones, and these
both have distinct UV absorbance at λ 270 nm or 370 nm respectively. This is very
useful in the identification of whether the prenylated flavonoids are in the chalcone
or the flavanone conformation.3 The prenylated flavonoids UV absorbance is distinct
from many compounds found in beer, therefore, making it easier to identify the
prenylated flavonoids using a PDA. A number of papers have measured the
prenylated flavonoids in beer using HPLC-DAD, the same analytical process that is
used in this project for the analysis of the prenylated flavonoids XN, IX and 8PN.117,18,19
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3.1.2 The use of flavonoids in beer authenticity testing
Calculating the different concentrations of prenylated flavonoids in beer could be
used to fingerprint different hop varieties. Allowing for an identification for the
origin of the hops used. This might be of importance because the demand for hops is
increasing, while hop production is decreasing. This could mean that some brewers
might be tempted to use flavouring agents or hop varieties with a lower quality.
One flavouring agent that was used in the 1800’s was quassia (a bitter plant).118
Although, this has not been used in recent times, the fact that there is a hop
shortage globally could tempt brewers to start producing fraudulent or lower
quality beer.119 The development of a method that can analyse the prenylated
flavonoids during the brewing process, or of the beer itself, could identify such
beers. There have been some studies that have been developed to fingerprints of hop
varieties, but not in beer. The fingerprints of the non-prenylated have been
successful in the identification other plants, therefore, this application might work
with identifying hops.120 Although, a simple way to determine whether there are
sufficient AA present in beer would determine if a beer uses hops, but couldn’t
identify the origins. Other methods have evaluated the volatiles found in beers to
identify beer styles.121

3.1.3 Difficulty in analysing beer samples and the prenylated flavonoids
The prenylated flavonoids are generally considered stable in nonaqueous solutions,
but there are issues with the chalcone forms cyclising during storage.77,106 It has
been shown that 1% FA improves stability to prevent cyclisation of XN and at 4°C
in CH3OH it is stable for up to 4 months when kept out of direct light.58, 106 There is
also the fact that the concentrations of the prenylated flavonoids in hops are very
small and in beer they are in smaller concentrations, making detection difficult. The
other reported finding is the increased hydrophobicity makes separation difficult
when using HPLC compared to non-prenylated flavonoids (e.g. quercetin).106,58,116
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3.1.4 Methods that have been utilised for analysing beer
A number of methods have been established using HPLC to detect the prenylated
flavonoids. One of the easiest methods is to de-gas beer and then to filter it through
a nylon filter and inject the sample directly into the HPLC-DAD.19 Although this
method is simple, there is a possibility that co-elution of analytes might occur, but
this methods is fast and reasonably accurate.122 The advantages of using HPLCDAD are that is less expensive than other methods and data interpretations are
simple compared to that of liquid chromatography mass spectrometry (LC-MS) and
LC-MS/MS. Another method quantified the prenylated flavonoids using HPLCDAD, but instead of using primary analytical standards and calibration graphs nonprenylated flavonoids were used; of which are far cheaper than the prenylated
flavonoids. Substantial error might be apparent when using non-prenylated
flavonoids as analytical standards, therefore, the approach of carrying out HPLCDAD using primary analytical standards was carried out for the analysis of the
brewing process.

3.1.5 Selecting the beer style for analysis
There is a vast variety of beer styles and significant differences among varieties.
The amount of the most common prenylated flavonoids (XN, IX and 8-PN) that has
been calculated in beers ranges < 3.7 mg/L.58,116 The prenylated flavonoids found in
highest concentration in beer is IX, but in hops the highest concentration is XN. The
reason is XN isomerises during the brewing process in the boiling step (thermal
isomerisation of XN). Thus, a beer containing a large amounts of dry hops, which
are not boiled in the brewing process, should be selected for analysis, as this might
contain more prenylated flavonoids than other styles.
Typically, a beer that has high hop content should be investigated for the
concentration of the prenylated flavonoids. Lager style beers are a beer that contain
very little amounts of hops i.e. low amounts of prenylated flavonoids would be
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expected. In contrast India Pale Ale (IPAs) are heavily hopped in the boiling stage
and are extensively dry hoped, giving an intense hop flavour. Therefore, IPAs might
contain a large amount of prenylated flavonoids compared to that of lagers. Another
style of beer that could be of interest is Porter because dark malts (protects
conversion of XN) and a reasonable amount of hops are used in production. The
porter type was not investigated because these styles of beers have been
investigated for their prenylated flavonoids content, although they have not been
investigated throughout the brewing process.58,116 The Three Boys IPA was used in
the investigation of the fate of the prenylated flavonoids during the brewing
process.

3.1.6 The concentration of prenylated flavonoids found in beer
The concentrations of XN previously reported in beer range from not detectable
(limit of detection not stated) to 0.690 mg/L with the highest concentration found in
a Porter (Table 1).106,58,116 Both the Porters beers and the IPA style beers have a
high flavonoid content. In the case of the Porters this is likely to be because they
usually have darker grains and for the IPA it could be due to the use of extensive
use of dry hoping. The kettle stage of brewing extracts the oils from the hops as the
hops become spent. Leaving hops in the kettle stage for longer allows for a greater
extraction of flavonoids but it increases the possibility of the prenylated flavonoids
to degrade.77 The concentration of 8-PN in beer ranges from not detectable (<0.8
mg/L) up to 0.240 mg/L (Table 3.1). This high concentration is from a Porter beer
and might be due to more hops being added during the kettle process.116
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Table 3.1: The concentrations (mg/L) of prenylated flavonoids that are found in different beer stlyes
using gas chromatography - mass spectroscopy (GC-MS).58,116

Beer style

XN (mg/L)

IX (mg/L)

8-PN (mg/L)

Lager

0.034

0.530

0.015

Porter

0.690

1.330

0.240

Strong ale

0.240

3.440

0.008

IPA

0.160

0.800

0.039

Non alcoholic

0.003

0.110

0.003

The amounts of 8-PN detected between studies differs, possibly due to different
beers and depending on where the hops are grown. Maragou et al. (2008)116 who
found the maximal amount of 8-PN present in beer to be 0.0386 mg/L. This is
different from Stevens et al. (1999)77 who found the maximal amount of 8-PN
present in beer to be 0.240 mg/L. The values in Table 3.1 suggest that flavonoid
concentration is highest in beers having more hops in their manufacture, which is
expected. Interestingly the ratios of flavonoids in beer are different than hops
suggesting that transformation of flavonoids might be occurring during the brewing
process.The health concerns due to the effect of estrogens in beer remain unclear,
despite several studies that note that prenylated flavonoids in beer is very unlikely
to be concerning to health.123,112,58

3.1.7 Liquid chromatography MS
HPLC-based peak identification has limitations, due to the chance (although
remote) of a co-chromatographing peak occurring. For this reason, the use of LC-MS
is favourable in identifying the eluting peaks. Another advantage is that it can have
a lower detection limit which permits lower quantities to be measured. This was
needed for analysis of 8-PN because only small amounts in only a few samples were
found using HPLC-DAD.
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3.2 Methods
3.2.1 Chemicals
All chemicals were of analytical grade unless otherwise stated. The water used was
either DI or purified using a milliQ system. The MQW was purified using a Q-guard
1 purification pack (Merck Millipore, Auckland New Zealand) and had a resistance
of 18.2 mΩ/cm.

3.2.2 Special Chemicals
Special chemicals were sourced as follows:
XN was isolated using a modified method of Stevens et al.(1999)77 (Chapter 2).
HPLC grade CH3OH, HPLC CH3CN, MS grade FA and MS grade water were
purchased from Merck Millipore, Auckland New Zealand.
8-PN and IX were purchased from Sigma Aldrich, New South Whales, Australia.

3.2.3 Beer Brewing
See Section 1.2 an introduction to the beer brewing process and the terminology
used below.
Brewing was carried out by Eli Haines (Head brewer) at Three Boys Brewery
(Ferrymead, Christchurch, New Zealand). Water was sourced in-house and treated
using gypsum (CaSO4;2H2O, 450 g), CaCl2 (210 g) and lactic acid (500 g) were added
in the mashing step.
The grains used are: Ale (83.2%), Medium Crystal (6.4%), Light Crystal (6.4%)
Wheat (2.0%) and was purchased from Gladfield Malt (Dunsandel, Canterbury,
New Zealand). In addition, Cara Amber (1.4%) and Cara Aroma (0.6%) these were
purchased from Weyermann Malts (Bamberg, Bavaria, Germany). In total, 390.8 kg
of grain in the percentages listed above was milled and added to a mash tun.
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Subsequently, sparge water (1,167 L at 72°C) was poured over the grain until a
final temperature of 67°C was achieved. It was left to incubate for 1 h. The mash
was then transferred to the kettle, hot water (73°C, strike water) was poured over
the grain while transferring the mash (1,900 L) into the kettle. Once the mash was
transferred into the kettle it was boiled for 90 min using a steam heating generator
(Thermo Aqua Steam Boiler, Portals Saunders Electrical, New Zealand).
While the wort was boiling hops were added at 3 intervals: at 10 min, at 60 min and
then during the whirlpool. In total 9,934 g of hops were added during the boil in the
following amounts: Green Bullet (1,434 g), Pacifica (1,500 g) Cascade (2,500 g),
Rakau (2,500 g), and Nelson Suavin (2,000 g).
After the wort had been boiled, it was transferred through a heat exchanger into a
3,600 L fermentation tank at 18°C and around 10 L of a yeast (America ale 2) slurry
was added. The next day a further 1,800 L of a similar brew was added to the
fermentation tank at 18°C. The fermenting beer was dry hopped after 9 days with
Cascade (7,000 g), Amarillo (1,500 g), Rakau (2,500 g) Nelson Sauvin (2,000 g),
hops. The tank was left for a further four days and the fermented material was
transferred to a conditioning tank along with conditioning Amarillo (1,000 g) hops.
The conditioning lasted for 1 week. The beer was then transferred to a carbonation
tank, where it was carbonated by injecting food grade CO2 (BOC, Sockburn,
Christchurch) into the conditioning tank. Following sufficient carbonation, the beer
was bottled or kegged.
The instrument that was used for calculating the volumes transferred during the
brewing process was a G2 Stainless Steel Industrial Flow meter (FlowMec, NSW,
Sydney, Australia). All trubs were weighed in plastic buckets using an electronic
platform scale (TSC Electronic Platform Scale). The brewing samples were collected

70

in 50 mL Schott bottles and transported to the laboratory on ice and kept at 4°C
until they were prepared for analysis (Section 3.2.2)
In total, 15 samples were taken in the following order: Mash 1, Mash 2, Kettle boil,
10 min boil, Kettle boil 90 min, Kettle trub, 24-h Fermentation, 9-Day fermentation,
Transfer beer, Condition layer 1, Condition layer 2, Unfiltered beer and, Finished
beer (See Fig. 3.2 for separation into categories). The conditioning trub had two
distinct layers, Conditioning layer 1 (green) and Conditioning layer 2 (brown).

Figure 3.2: Seperation of samples. Samples were taken and categorised into liquids and trubs. The
samples were then centrifuged to separate the particulates from the supernatants. These sample
then underwent either liquid-liquid extraction or solid- liquid extraction depending on whether the
sample was a liquid or a solid.
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3.2.4 Preparation of brewing samples
Brewing samples (15 mL) were weighed and centrifuged (Multifuge 1 S-R, Heraeus,
Hanau, Germany) in 15 mL Corning polypropylene falcon tubes (Sigma Aldrich,
Auckland New Zealand) at 5000 x g at 4°C for 15 min. The supernatant and pellet
were separated; the solid was weighed, and the volume and weight of the
supernatant recorded. The supernatant was subjected to liquid-liquid extraction
(see Section 3.2.5 below) and pellet was subjected to solid-liquid extracted (see
Section 3.2.6 below). All samples were stored in the dark and at 4°C until
analysed.19

3.2.5 Liquid-liquid extraction
Liquid-liquid extraction using diethyl ether and the sample (3:1 v/v) was carried out
on 10 mL of the supernatant on samples, except the trubs. The trubs after
centrifugation had less than 8 mL of supernatant remaining, therefore the volume
used was 8 mL.

3.2.6 Solid-liquid extraction
Solid-liquid extraction samples were made up to a total of 10 mL with DI water and
extracted using diethyl ether (3:1 v/v).
In both extraction methods, samples were shaken 3 times with 3:1 v/v diethyl ether
to sample. The transferred material was thoroughly washed using diethylether.
Na2SO4 was used as a drying agent to remove water and was washed with diethyl
ether a further 3 times. The diethyl ether was removed (rotary evaporated) and
samples were dissolved to a total of 5 mL HPLC grade CH3OH.
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3.2.7 Recoveries of prenylated flavonoids
Samples that did not contain XN (Mash 1, Mash 2) were spiked with 5 mg/L XN, 2.5
mg/L IX and 2.5 mg/L 8-PN. The spiked samples were extracted using either the
liquid-liquid extraction emthod or the solid-liquid extraction method (Section 3.2.5
and Section 3.2.6).

3.2.8 Determination of prenylated flavonoids in hop samples
The different hop cultivar pellets were blended together using a mortar and pestle
in 1000 times less than the amounts mentioned in Section 3.2.3. The hop additions
were in three different steps. The kettle hops: Green Bullet (1.4 g), Pacifica (1.5 g)
Cascade (2.5 g), Rakau (2.5 g) and Nelson Suavin (2.0 g). Dry hops: Cascade (7.0 g),
Amarillo (1.5 g), Rakau (2.5 g) Nelson Sauvin (2.0 g). Conditioning hops: Amarillo
(1.0 g).

3.2.9 Analytical HPLC methodology
The HPLC waste same used in Section 2.3.6. The HPLC was purged and primed
with 90:10 v/v CH3CN:H2O and needle washed (5x) using CH3OH before each
injection. The column was equilibrated for 30 min using 40:60 v/v CH3CN:H2O with
0.1 % FA at a flow rate of 1 mL/min. Samples (20 µL) were injected at a flow rate of
250 µL/min. The solvent system used a gradient of increasing CH3CN starting at
40:60 v/v CH3CN:H2O and increased to 80:20 v/v CH3CN:H2O over 10 min. The
80:20 v/v CH3CN:H2O was run for 5 min and then back to 40:60 v/v CH3CN:H2O for
a further 10 min. Between each sample the column was re-equilibrated for 5 min
before the next sample was injected. Blanks (100% HPLC grade CH3OH) were used
between every second sample to check for carry analyte over.
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3.2.10 Calibration graphs
The calibration graphs were prepared by making a stock solution of 200 mg/L of XN
and 100 mg/L of IX and 8-PN. The concentrations that were made for XN were 20,
10, 5, 1, 0.5, 0.2 and 0.1 mg/L. The concentrations for both the 8-PN and IX were 10,
5, 2.5, 0.5, 0.125 and 0.05 mg/L. The samples were filtered using a hydrophobic
filter (7.5 mm sterile hydrophobic filter, Thermo Fisher Scientific, Melbourne,
Australia). and then subjected to HPLC analysis described method in Section 3.2.9.

3.2.11 Determining the concentrations of prenylated flavonoids
The concentrations of prenylated flavonoids for analysis were quantified by using a
linear regression analysis. The area of the analytes peaks with the same Rt, at the
analytes UV maxima were used for analysis and calibration graphs for XN, IX and
8-PN were used in quantification. The amounts of prenylated flavonoids in the
solids were diluted by at least 10 and the dilution factors were used in back
calculating the original concentration. The supernatants were all concentrated 2fold in the extraction protocol (e.g. 10 mL sample extracted and resuspended in 5
mL of CH3OH).

3.2.12 Preparation of Marmite samples
Marmite a table spread that is yeast extract and by-product of beer manufacture,
was purchased from a nearby supermarket (New World, Christchurch, New
Zealand) and 1 g weighed and treated as a solid sample (see Section 3.2.5).

3.2.13 LC-MS analysis of prenylated flavonoids
MS was the same as in Section 2.3.1, but was coupled to am HPLC system. All
samples were filtered through 0.2 µm hydrophobic syringe filters (7.5 mm sterile
hydrophobic filter Thermo Fisher Scientific, Melbourne, Australia). Samples were
prepared as described in Section 3.2.5 (liquids) and section 3.2.6 (solids) in 1.5 mL

74

(SUN Sri) vials. The samples were injected directly into the mobile phase flow at 1
mL/min using a Dionex HPLC system (Sample injector ASI-100, thermostatic
column compartment TCC-100, Thermo Fisher Scientific). The HPLC was fitted
with an analytical column (Phenomenx C18 prodigy 5 µm ODS3 100 A 250 X
4.60mm (S/No 584453-48)) The solvent system was the same used as in Section
3.2.9.

3.3 Results and Discussion
3.3.1 Chromatogram of analytical standards
The chromatogram of the analytical standards (Fig. 3.3) shows three major peaks at
λ 320 nm detection. Detection at λ 320 nm was used because it allows all three
peaks to be visible at the same wavelength. The max absorbance of the prenylated
flavonoids is not λ 320 nm, but a compromise of λ 320 nm allows detection of all
analytes although sub-optimally. The concentrations of the anaytes were
determined using peak analysis at their UV maxima (370 nm for XN and 270 nm
for IX and 8-PN). Each peak separated well and the Rt of each analyte is low at less
than 12 min; making the overall analysis faster and decreasing the amount of
solvent needed for analysis. No carry over was was observed in the blanks (HPLC
grade CH3OH) injected between each second sample. The analytical standards 8-PN
had an extra peak present that was unidentified. The purchased analytical
standard stated it was < 95% pure (cas number 53846-50-7).
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Figure 3.3: Chromatogram of analytical standards. The separation of each analyte – shown at at 320
nm. Rt = 2.5 min is the solvent front, Rt 6.2 min IX, Rt = 8.5 min 8-PN and Rt = 10.9 min XN.

3.3.2 Calibration graphs of XN, IX and 8-PN.
Calibration graphs of all three analytes (XN, IX and 8-PN) were prepared by
diluting a stock solution of 200 mg/L XN, 100 mg/L IX and 8-PN. The calibration
graphs each graph has an R2 >0.999 with XN having the greatest analytical linear
range of 0.1 to 20 mg/L (Fig. 3.4). IX and 8-PN have 0.05 to 10 mg/L (Fig. 3.5 and
3.6)124 The flavanones, 8-PN and IX showed a smaller UV absorbance response than
the chalcone XN, probably due to their is fewer delocalised electrons to participate
in light capture. In all calibration graphs error bars are standard ±SD with less
than 5% error.124
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Figure 3.4: The calibration graph of XN ranging from 0.1 mg/L to 20 mg/L with 7 dat points. Error
bars are ±SD.
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Figure 3.5: The calibration graph of isoxanthohumol ranging from 0.1 mg/L to 10 mg/L with 7 data
points. Error bars are ±SD.

77

Area of peak at Rt = 8.4 min at 270 nm
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Figure 3.6: The calibration graph of 8-PN ranging from 0.1 mg/L to 10 mg/L with 7 data points. Error
bars are ±SD.

3.3.3 Recoveries
The recoveries (refer to Table 3.2 for recovery values) of the samples are within the
analytical acceptable range of greater than ± 20% based on the SANCO report.125.
The recoveries are close to 100% and in a narrow range. For this reason, it was
decided not to correct for recoveries in determining the amounts of prenylated
flavonoids during the brewing process. Also in food and beverage analysis recoveries
are quoted, but are not accounted for (Pers. Com. I.C. Shaw, former chairman, UK
Pesticide Residue Committee).
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Table 3.2 Recoveries of prenylated flavonoids from wort spiked samples which originally contained
no prenylated flavonoids

XN (recovery %)
Wort 1 (supernatant)

IX (recovery %)

8-PN (recovery %)

88.38 ± 5.29

114.9 ± 0.5.0

93.44 ± 0.64

93.07 ± 5.05

95.75 ± 2.10

94.95 ±0.74

87.05 ± 6.10

86.17 ±1.10

86.75 ± 0.75

98.43 ± 5.29

96.7 ± 4.30

98.04 ± 0.00

Wort 2 (supernatant)

Wort 1 (solid)
Wort 2 (solid)

3.3.4 Determination of LOD and LOQ
The limit of determination (LOD) was calculated by 2 SD of noise in the background
noise observed in CH3OH blanks (Fig. 3.7). This was calculated at for 0.001 mg/L for
XN 8-PN and IN.

The limit of quantification (LOQ) is 0.05 mg/L for IX and 8-PN and 0.1 mg/L for XN,
but this value might be lower, but no peaks were visualized at 0.005 and 0.001
mg/L. An example of the LOQ peak is shown in Fig.3.8. Both lowest amounts 0.05
mg/L and even the highest levels (20 mg/L), are likely to be below the amount that
can cause a bioactive response.11Previous reports of the LOQ using HPLC-DAD are
0.01 mg/L, which is an order of magnitude lower than reported here.122
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Figure 3.7: A chromatogram of blank (CH3OH).

Figure 3.8: Chromatogram of the lowest injection of XN 0.1 mg/L. XN elutes at Rt=10.8 min and is
indicated by an arrow.
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3.3.5 Concentration of prenylated flavonoids during the brewing process
The concentration of the prenylated flavonoids, XN, IX and 8-PN, was measured
using HPLC-DAD, an example of a typical chromatogram of a sample, typically is
shown in Fig 3.9.

Figure3.9: A chromatogram of a sample subjected to HPLC-DAD analysis at 320 nm showing XN Rt
= 10.85 min and IX Rt = 6.11 min)

3.3.5.1 Effects of Mashing on the prenylated flavonoids in the supernatants
The concentration of the of prenylated flavonoids in the supernatants of brewing the
sample is shown in Fig. 3.9. The first two steps, which are the wort 1 and wort 2,
had no prenylated flavonoids present (Fig. 3.10). This is to be expected because
there are no hops used in this brewing step.
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The injection timing of these samples was also random to act as a control point to
check for carry over. These samples were then used for recoveries (Table 3.2) by
spiking with the analytical standards and carrying out the extraction methods
(Section 3.2.5 and Section 3.2.6).

concentration of the prenylated flavonoids in supernatants of
samples taken during the beer brewing process

Concentration of prenylated flavonoids (mg/L)
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8-PN
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2
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Wort 1
wort 2
10 min hop 90 min boil 24-h ferment
supernatant supernatant supernatant supernatant supernatant

9- day
transfer beer Finished beer
ferment
supernatant supernatant
supernatant

Figure3.10: The concentration of the prenylated flavonoids XN, IX and 8-PN in beer brewing samples
supernatants. The values given are calculated using the peak area of duplicate samples and derived
from the calibration graphs using linear regression. The star (red) indicates that the sample might
not have been homogenous when collected.

3.3.5.2 Effects of Mashing on the prenylated flavonoids in the particualtes
There were no prenylated flavonoids found in the Wort 1 and Wort 2 particulates
(Fig. 3.11) as seen in the mashing supernatants (Fig. 3.10). This is expected because
no hops were added in the mashing step.
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Concentrations of the prenylated flavonoids in particulates in
samples taken during the brewing process
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Figure 3.11: The concentration of the prenylated flavonoids XN, IX and 8-PN in brewing
particulates. The star represents the sample might not have been homogenous when collected.

3.3.5.3 Effects of Kettle boiling on the concentration of prenylated
flavonoids in the supernatants
The kettle boiling stage is the first step that employs hops. The sample was taken
10 min after hops were added to allow the hops to mix. The sample appeared to be
homogeneous when collected. The graph (Fig. 3.10) shows that there is both XN and
IX present at concentrations of 1.93 mg/L and IX was 0.68 mg/L. Therefore, there is
3-fold more XN than IX. No 8-PN was found at this stage in the brewing process.
Interestingly, it has been reported that XN isomerises within 10 min of boiling
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under laboratory conditions and in Fig3.10 it is shown that there is mostly XN
present.126 Stevens, et al. (1999)77 reported the ratio of XN to XN al. was
approximately 50:50 after the boiling hops for 15 min, but in the result in Fig 3.7
XN to IX is approx. 70:30.77 An explanation for the increased amount of XN present
in the kettle boiling could be that the surface area of the particles in the hop
material is reduced by the increased bulk of the hops used. A decreased surface area
in contact with the wort, might prevent isomerisation of XN. In addition, Magalhaes
et al. (2008)88a showed that greater amounts of dark malts protect the isomerisation
of XN to IX. The Three Boys IPA does not use dark malts as an ingredient.
At the 90 min stage of boiling there is more IX than XN and the concentration of the
prenylated flavonoids present has increased to 4.8 mg/L from 1.5 mg/L (Fig 3.10).
The increased amount of prenylated flavonoids could be due to the hop compounds
solubilising in the kettle boil by having a longer time for extraction. In addition, IX
is more soluble in water than XN (5.6 mg/L against 1.3 mg/L). Therefore, the boiling
process converts the XN into IX increasing the total prenylated flavonoid content.
There would also increasing Maillard products present later in the brew, increasing
the solubility further, which might explain why XN is present in concentrations
higher than its water solubility of 1.3 mg/L as the wort is not only water. Therefore,
the fact that there is not much dark grain in the beer analysed makes it unusual
that the amount of XN was obtained, perhaps a larger scale boil protects XN
isomerisation with an unknown mechanism. Compared to previous studies that
show XN almost isomerises to IX within 10 min of the kettle boiling step. No 8-PN
was detected at this stage in the brewing process.
3.3.5.4 Effects of Kettle boiling on the concentration of prenylated
flavonoids in the particulates
The concentration of XN is 7.2 mg/L and IX is 0.6 mg/ L in the particulates (fig
3.11). The ratio of XN to IX at the 10 min hop addition is 3:1 with XN to IX in a
ratio 11:3, in the particulates (Fig 3.11). The result suggest that the solids protect

84

the isomerisation of XN to IX. This has been reported by Magalhaes et al. (2011)88
that higher malt content protects the conversion of XN to IX, although Magalhaes et
al. (2011)88 attributed this to darker malts and they concluded that there was no
known mechanism.88 A possibility for the higher concentration of the, chalcone XN,
is that it is less water soluble than IX. The differences in solubility might mean that
once XN is isomerised into IX it becomes soluble. This would explain why the solids
have higher concentrations of XN compared to IX, which is apparent when
comparing the kettle boil samples Fig. 3.10 and 3.11.
The 90 min boil of the particulates has 2.8 mg/L of XN and 7.5 mg/L of IX, nearly 3fold more IX than XN, showing that the kettle boiling vastly increases the
isomerization of XN because in the 10 min of boiling there is 11-fold more XN. The
result is consistent to what is reported in Stevens et al. (1999)77 and Magalhase et
al. (2008)89a, which is that near the end of the boil there is nearly complete
conversion of XN to to IX.77,127 In addition, a small amount of 8-PN (1.19 mg/L) was
present in the 90 min boil particulate sample.

3.3.5.5 Effects of fermentation on the concentration of prenylated flavonoids
in the supernatants
The 24 h fermentation stage of brewing has high concentrations of IX at 6.5 mg/L
and the concentration of XN 1 mg/L, giving a combined concentration of 7.5 mg/L.
This is an increase after the 90 min boil supernatant which had 5 mg/L of XN and
IX combined (Fig. 3.10). Overall, there is an increase of 2.5 mg/L of prenylated
flavonoids without the addition of hops, this step could be an an anomaly as the
concentration of the prenylated flavonoids is higher (represented as a red star on
Fig. 3.10). A possible reason for the increase in concentration of prenylated
flavonoids (XN and IX) is the sample might not have been homogenous and,
therefore, a concentrated portion of the sample might have been collected. In
addition, approx. 4 kg of yeast was added from a previous brew to this step, which
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might have added to the concentration of of prenylated flavonoids calculated in the
24 h fermentation supernatant sample. The result does show that there is mostly IX
present (7.5-fold more IX) and there is also a small amount of 8-PN present (0.24
mg/L), which is the only time 8-PN was found in the supernatants. This might
suggest the yeast are metabolising the IX to 8-PN, by a demethylation process of
using CYP1A2 (Fig 1.4).57
There was a smaller amount of prenylatef flavonoids in the 9-day fermentation
supernatant (Fig. 3.10), demonstrating that dry hops have not added to the amount
of prenylated flavonoids. In the 9-day fermentation supernatant there is 2-fold more
IX than XN, but the concentration of XN has increased by 1 mg/L showing that the
addition of dry hops added XN. The effect of dry hopping on brewing has not been
evaluated before, but it seems that the increase is minimal, most likely due to XN
being insoluble and that the boiling process does not convert XN to the more soluble
IX. The decrease in the prenylated flavonoid concentration (IX and XN) could be
attributed to the hop material settling in the fermenter and would be removed in
the yeast trub (Fig. 3.12).

3.3.5.6 Effects of fermentation on prenylated flavonoids in the particulates
The fermentation of the particulates at 24 h shows a decrease in the concentration
of the prenylated flavonoids combined from 10.5 mg/L (90 min boil) to 5.5 mg/L (Fig.
3.11). This is the opposite to what occurred with the supernatants as they increased
in concentration Fig. 3.10. The concentration of XN is lower (1.7 mg/L) than IX (3.8
mg/L in this step.
The 9-day fermentation of the solids in Fig 3.11, show that there is a large increase
in the concentration of XN this is attributed to the addition of dry hops. The reason
that the concentration of XN is higher than the amount that is soluble is that XN
adsorbs to the solids in the brewing process. Stevens et al. (2004)58, suggested that
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the prenylated flavonoids adsorb to solids and are removed with the solids, but not
carry out an analysis of the solid material. Here it is shown that the prenylated
flavonoids adsorb to the particulates considering the concentration of the prenylated
flavonoids is 17 mg/L. There is a small amount of 8-PN found, which could be
formed by yeast metabolism (Discussed in Section 1.7).

3.3.5.7 Effects of conditioning on prenylated flavonoids in the supernatants
Once fermentation was completed the beer was transferred into a chiller and left to
condition for around a week. There is a small loss of the prenylated flavonoids (1.2
mg/L) when transferred. There is approx. 3-fold more IX than XN found and that it
is consistent to the findings of Stevens et al. (1999)106. There are conditioning hops
added at this stage, but suprisingly there is no increase in the concentration of the
prenylated flavonoids. Perhaps the low solubility of the XN is preventing it from
being extracted, or it could be the cold temperatures preventing the extraction of
XN from the hops.

3.3.5.8 Effects of conditioning on prenylated flavonoids t in supernatants
the particulates
The transfer of the beer went through a filter that couldn’t be accessed because it
was welded shut, so no sample was taken from this apparatus. The concentration
calculated after filtration shows that the majority of the prenylated flavonoids are
removed at this stage in the brewing process and that is evident in the
concentration of the prenylated flavonoids are very small 0.24 mg/L XN and 0.1
mg/L IX in the conditioning tank.
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3.3.5.9 Concentration of prenylated flavonoids present in beer supernatant
The final concentration of XN found in beer supernatant was 0.8 mg/L and IX was
2.98 mg/L. This shows that the Three boys IPA like previous studies which analysed
the concentration of the prenylated flavonoids in beer there was more IX than XN
present.19,77,106, 128 The implication of this on health will be discussed later (Section
3.3.9).

Water is the main ingredient in beer brewing making the the particulate in smaller
amounts than the supernatants and that is due to water being the main ingredient
in brewing. The prenylated flavonoids generally are in much higher concentrations
in the particulates (Fig. 3.11) and that is most likely due to them not being very
water soluble (IX 5mg/L and XN is 1.3 mg/L).61 The fact that there was more IX
than XN in the supernatants was most likely from having a greater solubility than
XN. Removing the solid is most likely the fate of XN from beer.

3.3.5.10 Concentration of the prenylated flavonoids present in beer
particulates
The weights of beer particulates were small compared to the amounts of
supernatants in the beer supernatant. This was due to extensive use of finings (e.g.
gelatin, discussed in Section 1.2.4) and filtration of beer.

3.3.7 The amounts of the prenylated flavonoids in total brewing process
The only prenylated flavonoid found in the hops analysed was XN, this is different
to Stevens et al. (1999)106 who found approx. 5% of IX.106 The reason for XN only
being found could be that the hops analysed were of a different variety than the
hops anlaysed by Stevens et al. (1999)106. Or the hops might have been stored better
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because it is believed that IX is a product of storage degradation.106 77 The amount
XN added to the brew from the hops (The kettle, dry and conditioning hops) was
13,100 mg of XN. The amount of prenylated flavonoids (Fig. 3.12) that was removed
(Trubs) in total was 15,100 mg with a further 3300 mg left in the beer as XN (700
mg) and IX (2600 mg). This equates to an increase of 28 %, that could be attributed
some samples not being homogenous, making the amounts calculated higher.
Another possibility for the increase is that yeast (approx. 4 kg) is added to the
fermentation that was not analysed for prenylated flavonoids. The result is the
opposite of Stevens 1999, who reported that 28 % of the prenylated flavonoids were
not accounted for, which was attributed to adsorption of the prenylated flavonoids
to the particulates.77 The trend of the total amounts of the prenylated flavonoids is
that it decreases during the brewing process and that XN isomerises into IX. A
small amount a of 8-PN were found during the brewing process (10 min hop, 90 min
hop, yeast trub and 9-day ferment), but the hop trub is the only waste product
where it was found (Fig. 3.12).
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Figure 3.12: The total amounts of prenylated flavonoids during the brewing process solids versus the
supernatants. hopefully shows that the prenylated flavonoids stick to the solids.

3.3.8 Prenylated flavonoids in Marmite
Marmite is a food product that is produced from the yeast trub, which has very little
uses and is often is discarded. Marmite might have more prenylated flavonoids
because the results of Section 3.3.5 show that the prenylated flavonoids adsorb to
the particulates. Therefore, is there and impact that could be attribute from the
consumption of Marmite™. The concentrations of XN was 24.05 mg/kg and IX was
7.17 mg/kg. No 8-PN was detected in Marmite™. The higher concentrations of XN
in Marmite could mean processing causes IX to isomerise back into XN because the
yeast trub (Fig 3.12) has higher amounts of IX. A chromatogram of Marmite is
shown in Fig. 3.13. The amount of Marmite typically used for consumption is 15 g
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per slice of bread. Therefore, if two slices of bread are consumed with Marmite
would be equivalent to 0.072 mg of XN and 0.0021 mg of IX. A value that is much
lower than in beer and is very unlikely to have a health effect, explained below for
beer.

Figure 3.13: Chromatogram of the prenylated flavonoids in Marmite.

3.3.9 The toxicological impact from beer consumption
The concentration of XN found in the beer analysed (Fig.3.10 and 3.11) when
combining the particulates and the supernatants is approx. 0.8 mg/L. This is higher
than reported in previous studies and it could be due to extensive dry hopping of the
IPA during the brewing process. The IX in the beer was also 2.9 mg/L, which is is
close to the strong ale 3.4 mg/L (Table 3.1).
Using the combined concentrations of the prenylated flavonoids (IX + XN) from Fig
3.10 and 3.11, the consumption of beer would be equivalent to a concentration of 3.7
mg/L The gut microflora and human liver microsomes (vesicle like Endoplasmic
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reticulum with CYP1A2 on the surface) have been reported to convert XN and IX to
8-PN to concentrations that could effect on health.57, 129 43 The degree of conversion
of XN into metabolites is only 10% with unknown amounts (the pathway for the
conversion goes XN to IX to 8-PN) of 8-PN being formed.47 Therefore, it will be
assumed that 1% of the metabolites formed is 8-PN, but the value could be lower
because the concentration has not been calculated.47
Using the assumption that 1% of XN and IX is converted to 8-PN could mean if a
person consumes 1 pints of beer (568 mL) it could contain up to 0.21 mg/L of 8-PN
and since 8-PN approaches near complete bioavailability, this might have
significant toxicological connotations.130 The data on the toxicological effects of 8-PN
are not extensive, but Rad et al. (2006)130 carried a human trial of 8-PN
supplementation on post menaposal woman.130 The maximum dose that was given
in the trial was 750 mg, which if the average participant weighed 70 kg (average
weight of male and females in …..), the dose would be 10 mg/kg bw.131 In the
reported study, headaches were a side effect, but the observation was noted in the
placebo, meaning no adverse effects can be attributed from 8-PN consumption; the
No Observable Adverse Effect Eevel (NOAEL) Therefore, the NOAEL of 8-PN is
above 10 mg/kg bw; it could be much higher because the actual NOAEL was not
identified in the study by Rad et al. (2006).130
The amount of 8-PN transformed from the gut when beer is consumed (using the
assumptions explained above) would be 0.21 mg/L, which is higher than the NOAEL
calculated from Rad et al. (2006).130 Therefore, there would be no risks associated
with the consumption of beer, taking into acount the assumptions of 8-PN
formation. To get to levels of 8-PN above the NOAEL from beer consumption using
the assumptions made, a consumer would need to drink approx. 3500 pints of beer
per day.
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3.3.10 LC-MS analysis on beer sample
The samples analysed using HPLC-DAD for co-chromatographing peaks using
qualitative LC-MS were: unfiltered beer supernatant, wort 1 supernatant,
unfiltered beer trub supernatant, 10 min hop supernatant, unfiltered beer trub
supernatant, 90 min boil supernatant, wort 1 supernatant, 10 min hop solid, 90 min
boil solid, wort 1 solid, wort 2 solid, hop wort trub solid, 9-day ferment supernatant,
24 h ferment supernatant, 9-day ferment solid, 24 h ferment solid. The same
conditions for HPLC were used, discrepancies in the retention times (± 0.5 min)
could be due to a different, sample injector (ASI-100, thermostatic column
compartment TCC-100, Thermo Fisher Scientific, Melbourne, Australia) being used.
The reported m/z of XN is 355.155 [XN H+] with a fragmentation of 299 and 179
Fig. 3.14.3 The sample shown in Fig.3.15 is the 90 min boil solid. The results show a
fragmentation of 299 and 179 (Fig 3.15). The peak eluting at Rt= 10 min. is
primarily XN and has very few contaminants. The peak of m/z 377 is supportive of a
sodium adduct with XN.
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Figure 3.14: The MS fragmentation of XN.

Figure 3.15: Extracted ion chromatogram of 355.155 the m/z that is reported for XN and IX. The
sample shown is 90 min boil particulates. The bottom spectra is the m/z for peak 2.

94

The IX eluted at an Rt = 5.6 min and shows an m/z of 355.155 [IX + H]. The Fig. 3.16
shows that the primary peak that eluted is IX.

Figure 3.16: Extracted ion chromatogram of IX in 90 min boil. The 377 could be a sodium adduct (IX
+[Na] = 377). The m/z peak is 1 and there is a small [IX+ Na].

The last peak that that was analysed using LC-MS (Fig. 3.16) showed a main m/z of
341.14, the m/z that is reported for 8-PN is 341, which corresponds to 8-PN + H. The
analytical standards XN, IX and 8-PN eluted at the same Rt as the peaks analysed
using LC-MS.
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Figure 3.17 Extracted ion chromatogram of 341.14. The Rt = 8.5 and 9.5 could be DMX or 6-PG, as
they have the same m/z. The Rt= 7.5 is 8-PN and was detected, using MS.

The results of LC-MS show that the eluting peaks are primarily that of the analyte.
This gives evidence that the peaks analysed during the brewing process are not cochromatographing.

3.4 Conclusion
The concentrations of XN and IX combined in beer were calculated to be 0.8 mg/L
and a risk assessment on the estrogenicity of beer was carried out using an NOAEL
of 10 mg/kg bw for 8-PN. The finding is that 3500 pints of beer would need to be
consumed to exceed the NOAEL and that is assuming 1% of XN and IX is
transformed to 8PN in the gut. Therefore, moderate beer consumption is unlikely to
be concerning to health.112,58 Marmite, on the other hand, has high concentrations of
the flavonoids, but the exposure of this is low. A person who consumes two slices of
toast would be exposed to 0.072 mg XN and 0.0021 mg IX; below the dose in a single
beer.
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CHAPTER 4:
CHEMILUMINESCENCE: AN
ALTERNATIVE METHOD OF
ANALYSING PRENYLATED
FLAVONOIDS
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4.1 Introduction
4.1.1 The theory of chemiluminescence
Chemiluminescence is a chemical reaction that produces an electronically excited
species that emits photons when relaxing to the ground state.132 The light produced
from chemiluminescence is proportional to the concentration of the chemical species
involved; therefore, chemiluminescence is useful as an analytical tool.
Chemiluminescence is different to DAD which measures the light absorbed by an
analyte and from an external source (e.g. PDA). The PDA signal is usually noisier
than chemiluminescence, owing to increased losses of light through scattering
interference.132 The number of chemical species that react with chemiluminescence
reagents is smaller than the chemicals that can be detected by DAD. Having less
compounds detected can produce produce less background noise, as only select
compounds will interact and produce a chemiluminescence response. Having less
background noise is beneficial for analytical methods, as it can significantly
decrease the LOD. In addition, the light produced by chemiluminescence should
have quantum efficiencies, where 1 mol of reagent produces 6.022 x 1023 (Avogadro's
number) photons. The fact that the sensitivity, selectivity and background noise is
reduced; the other parameters are improved. The improvements of analytical
chemiluminescence, versus DAD, makes it the preferred choice for analytical
protocols to which it can be applied.132
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4.1.2 Advantages of chemiluminescence
Analysis of the prenylated flavonoids in beer requires very sensitive methods (e.g.
HPLC-DAD and LC-MS), as discussed in Chapter 3. These techniques are
expensive, time-consuming and each has its limitations. An alternative analytical
method that might be cheaper and improve the analysis of the prenylated
flavonoids is manganese (Mn) chemiluminescence used as an HPLC post-column
derivatisation detection process.133 The advantages of this technique are as follows:
1. The sensitivities for chemiluminescence reactions can challenge those of LCMS.134
2. Chemiluminescence can be much cheaper to set up and has lower running
costs compared with HPLC-DAD and LC-MS.
3. The concentration ranges of analytes can be be greater than DAD, which
increases the diversity of samples for analysis; therefore, minimising the
number of sample dilution steps necessary.135
4. The chemiluminescence reaction is very selective and only compounds that fit
specific criteria will react with Mn-chemiluminescence reagents.133
5. There is no external light source involved in chemiluminescence that could
cause background or scattering interference, so reducing the background
noise compared with DAD.136
6. The prenylated flavonoids meet the chemical criteria (e.g. polyphenolic,
readily oxidisable) necessary to react with distinct oxidation states of Mn to
produce light.137
Mn-chemiluminescence, if successful, might be an improved method of analysis,
compared to LC-MS and HPLC-DAD, is that it will be more cost effective. The Mnbased chemiluminescence capital expenditure costs are in the $1000, whereas LCMS can be $1,000,000s and HPLC-DAD in the $100,000s. In addition, the running
costs of Mn-chemiluminescence are likely to be lower than LC-MS and HPLC-DAD.
The reason for this is that the solvents used for chemiluminescence do not need to
be as pure because Mn-chemiluminescence can be carried out using DI water and
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analytical grade solvents, as opposed to more expensive HPLC and MS grade
solvents.138 A more selective modification of Mn-chemiluminescence uses HPLC to
separate each compound before post-column chemiluminescence detection.
Unfortunately, coupling chemiluminescence with HPLC does increase the cost, but
is still cheaper than an HPLC-DAD, because the DAD capital costs alone can be
$10,000’s- unlike the chemiluminescence apparatus. The less expensive Mnchemiluminescence would thus be favoured, due to having both a lower capital
expenditure and running cost with increased sensitivities.139 HPLC
chemiluminescence is discussed further in Section 4.1.7.

4.1.3 The uses of Mn-chemiluminescence in flavonoids analysis
Mn-chemiluminescence has been shown to be a viable method for detecting nonprenylated flavonoids with high specificity and low sensitivity. Using Mn-based
chemiluminescence to analyse quercetin and catechin the detection limits are
between 1 and 10 nM, similar to the sensitivity of LC-MS.134 These sensitivities are
far below those discussed in Chapter 3, where the detection limit for XN using
HPLC-DAD is above 140 nM (0.05 mg/L). Based on the above information for the
non-prenylated flavonoids, Mn-chemiluminescence might find a useful application
in their analysis when compared with HPLC-DAD or perhaps LC-MS. To date,
there have been no studies on Mn-chemiluminescence analysis of the prenylated
flavonoids. Therefore, an investigation using Mn-chemiluminescence as an
analytical method for quantifying prenylated flavonoids (in this study XN) was
carried out.
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4.1.4 Mn-chemiluminescence and analysing brewing products
Knowing the concentrations of the prenylated flavonoids in beer is important to the
understanding the pharmacology of beer, as discussed in Chapter 1.23, 140, 141
Unfortunately, small breweries usually cannot afford specialised equipment (e.g.
HPLC, spectrophotometers, LC-MS) and, therefore, cannot analyse beer and
brewing products onsite. The only way for them to obtain specialist information
about the composition of beer is to send samples offsite this can be expensive and
time-consuming. Reducing the cost of analysing beer-brewing products could allow
sensitive equipment to be more financially accessible to smaller breweries. If
brewers had access to specialised equipment, it would enable them to have a more
thorough understanding of the composition of the beer they produce. Many
commercial breweries already test their beer onsite, but the cost is usually too high
for ‘craft breweries’. Therefore, the majority of ‘craft’ beer quality is determined by
taste and not analytical methodologies, which cannot confirm the chemical
composition of beer.7
The potential advantages of using chemiluminescence to analyse the prenylated
flavonoids in beer brewing products are significant; for this reason, a study of Mn chemiluminescence analysis was carried out. The prenylated flavonoid, XN was
selected, as it is the prenylated flavonoid that is in highest concentration in hops. A
good starting point for analysis of the prenylated flavonoids is to analyse and
optimise analytical conditions with flow injection analysis (FIA). The reason for this
is that FIA is fast and will allow a quick comparison of what reagent is suitable for
analysing XN. To improve the selectivity of FIA when analysing beer HPLC
separation is necessary, as beer contains many compounds (e.g. other flavonoids,
including quercetin and catechin), which might also react with the
chemiluminescence reagents. Therefore, FIA was used with pure standards to
identify the best conditions before HPLC-chemiluminescence was carried out.

101

4.1.5 The mechanism of Mn-chemiluminescence
The common oxidation states using Mn-chemiluminescence reactions are Mn (VII),
Mn (IV) and Mn (III).142 These oxidation states of Mn can produce different
chemiluminescence signal intensities, and, for this reason, they were all
investigated in the present study. The chemiluminescence generated is also
dependent on the analyte. The exact mechanism of Mn (VII), Mn (IV) and Mn (III)
produced chemiluminescence is not entirely understood.
The basis of the Mn-chemiluminescence reaction (Fig. 4.1) involves more than one
step. First, Mn (VII) is reduced to Mn (III) by a reducing agent (e.g. sodium
thiosulfate (Na2S2O3)), and the analyte becomes radicalised. Second, the radical
further reduces Mn (III) to a Mn (II)* emitter, where radiative decay from the
emitter produces photons which are detected by a photomultiplier tube (PMT), thus
facilitating efficient photon capture. Finally, the loss of photons eventually causes
Mn (II)* to go to ground state Mn (II). This process is facilitated by mixing three
different solutions in a reaction coil (Fig. 4. 2) at a confluence point. The
chemiluminescence apparatus is designed to allow Mn-chemiluminescence to
produce the maximum amount of light as close as possible to the PMT to ensure
maximal light trapping. In addition, the PMT apparatus is surrounded by a black
box to minimise the effect of external light interference.
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Figure 4.1: Proposed generalised mechanism of chemiluminescence production for a KMnO4 reaction:
(a) Mn (VII) or the reducing agent radicalises the analyte producing a radical intermediate. Mn (VII)
is reduced by a reducing agent to produce Mn (III). (b) Unknown products form, while the reducing
agent further reduces the Mn (III) to Mn (II)* emitter. Light is released and is detected using a
photomultiplier tube (PMT) giving a signal in mV. (d) The Mn (II)* photon is released causing the
Mn (II) to go to ground state.143 Once the Mn (II) is formed no more photons can be released and the
chemiluminescence is complete.

Kinetics plays a significant role in determining the magnitude of the signal from
chemiluminescence reactions, since a faster reduction of either Mn (VII), (IV) and
(III) to the Mn (II)* increases the magnitude of the signal produced.135 The kinetics
of the Mn (VII)-produced and Mn (IV)-produced chemiluminescence is dependent on
the rate of reduction to Mn (II)*. Hence, the reduction of Mn (VII) and Mn (IV) is
dependent on the analyte’s concentration, reducing ability and the rate of mixing in
the flow cell manifold, (Fig. 4.2). To increase the rate of formation of Mn (II)*,
partial reduction of Mn (VII) using Na2S2O3 can be used to give a mixture of Mn
(VII) and Mn (III).133 Excess Na2S2O3 quenches the chemiluminescence, as it causes
the formation of non-excited Mn (II) through non-radiative decay pathways
preventing chemiluminescence from occurring. Thus, Mn based chemiluminescence
reactions require the correct amount of Na2S2O3 and optimal mixing in a
conventional flow cell to ensure the most efficient kinetics.
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Figure 13: The FIA set up. 1, The carrier line is introduced into the flow cell with a peristaltic pump.
2, The Mn reagent mixes with the analyte and produces chemiluminescence. 3, The analyte is
injected into the carrier using a valve switch. 4, The flow cell, where a T-piece junction introduces
each solution at known flow rates, regulated using a peristaltic pump. 5, The PMT is located close to
the flow cell to enable the maximum signal. 6, The interface connected to a computer and the PMT
records the signal. The entire reaction is housed in a black box (dotted line) to reduce unwanted
signals from stray light.139

Mn (V) and Mn (IV) are unstable at acidic pH, and so they are not usually involved
in chemiluminescence chemistry because the reagent solution is acidic (approx. pH
2.5).143 The chemistry of the Mn (VII) reagent can be manipulated to make Mn (IV),
which is not water-soluble, by producing a colloid with particle sizes in the range of
90-320 nm. Formation of a colloid prevents the Mn (IV) precipitating out, thus
allowing it to be analytically useful for FIA due to it being in a solution. The
selectivity of Mn (IV) is unknown, but can be orders of magnitude more sensitive
than the other Mn (VII) chemiluminescence reagents (e.g. Mn (IV) has been used to
measure morphine concentration with a detection limit of 9 nM), which is on the
same order to that for LC-MS.133 The selectivity of Mn (IV) chemiluminescence, is
unknown; however there is a possibility that XN will react with Mn (IV) to produce
chemiluminescence
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4.1.6 Mn-chemiluminescence enhancers
Many additives enhance chemiluminescence reactions; for example, Na2S2O3 is
known to increase the reaction rate of Mn-chemiluminescence reactions, for reasons
discussed in Section 4.1.5, but other enhancers may improve sensitivities still
further. One of these is sodium polyphosphate ((NaPO3)n). When added to Mnchemiluminescence reagents it can enhance light production significantly.142 The
chain length of the polyphosphate significantly increases the enhancement of
chemiluminescence - hexametaphosphate has been shown to be the best.144
Polyphosphates are believed to make stable cages around the Mn (III) preventing
non-radiative relaxation to Mn (II) before interaction with the analyte; therefore,
allowing more Mn (III) to be present, which increases the amount of Mn (II)*
making more light. Rather than Mn (VII) being reduced to Mn (II)* there is more
Mn (III) being reduced to Mn (II)*; this process is faster, thus increasing the
chemiluminescence potential of Mn based reagents.138
Without the addition of polyphosphate, insoluble Mn (IV) precipitates, resulting in a
murky yellow-brown psuspension - rather than the characteristic purple of Mn (VII)
and lighter purple solution when Mn (III) is present. Having Mn (IV) precipitate out
results in less Mn (VII) and Mn (III) being available to produce Mn (II)*, thus
lowering the chemiluminescence potential. The polyphosphate favours the reactants
in the Fig. 4.3:

Figure 4.3: The equilibrium of Mn (III.) Having polyphosphate present favours equilibrium for the
reactants. By favouring the reactants means there is more Mn (III) available to react to produce
chemiluminescence.

Thus ensuring Mn (III) is present (i.e. the equilibrium lies to the left in the presence
of polyphosphate).142 Therefore, combining the Na2S2O3 and polyphosphate
enhancers allows maximisation of the rate of the reaction to form Mn (II)* when an
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analyte is introduced into the flow cell, thus increasing the chemiluminescence
potential of the reagent.
H2SO4 is used extensively in Mn-chemiluminescence analysis as an enhancer. While
the mechanism of enhancement is unknown, adding acids to Mn-chemiluminescence
reactions increases the amount of light produced; H2SO4 is the best known
enhancer.134 Other chemiluminescence enhancers of low molecular weight include
CH3OH, FA, and formaldehyde.133 The enhancers listed before might produce
excited CO2* or related product that produces light. The evidence for this
mechanism of enhancement is that the wavelength of the light produced from CO2*
is similar to Mn (II)* chemiluminescence (i.e. λ max = 689 - 734 nm).138 133 To date,
there is no evidence for the existence of CO2*, but if present the signal might add to
the Mn-chemiluminescence, due to the similar wavelength of light as Mn (II)*.145 146
147

Another point of conjecture is that the enhancer might assist in the partial

reduction of Mn (VII), (IV) to Mn (III), increasing the light potential (discussed in
Section 4.1.5) of the reagent. Perhaps the mechanism of enhancement is in
combination: first, the partial reduction of Mn (VII) and (IV) to Mn (III) and second,
the production of a CO2* which would add to the chemiluminescence signal
observed when a chemiluminescence reaction is carried out. More research is
needed to elucidate the exact mechanism of action of the enhancers. Until then,
determining the performance of each enhancer is required to formulate the most
sensitive chemiluminescence reagent.

4.1.7 HPLC coupled with a chemiluminescence detector
Chemiluminescence analysis has been used to determine the antioxidant potential
of beer as a whole, but the information gained does not show the antioxidant
potential of each beer component.137 Coupling HPLC with a chemiluminescence
detector (Fig. 4.4) allows the determination of the antioxidant ability of each
component, because the individual molecules in beer are separated by HPLC and
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their antioxidant potential determined according their chemiluminescence response.
The difference in the set up for the chemiluminescence detector is that the carrier
solvent is the HPLC mobile phase meeting at the confluence point in the flow cell.
In addition, chemiluminescence can be used in series with DAD, thus increasing the
information gained (e.g. UV absorbance and the Mn-chemiluminescence response),
making the identification of analytes more certain. Due to the Chemiluminescence
the chances for a co-chromatogram contaminant to react in the same way is lower
than with UV absorption.
The information acquired using HPLC-chemiluminescence can characterise,
quantify and determine the antioxidant potential of the analytes. However, there
are some problems when including HPLC. First, it increases the cost, since the
capital expenditure for HPLC equipment is high. Second, peak broadening occurs
due to lateral diffusion with the increased length of tubing that carries the mobile
phase to the confluence point to the chemiluminescence detector. Third, using a
gradient mobile phase system might cause an increasing baseline over time that
can reduce peak resolution.137 Fourth, careful consideration must be given to the
choice of mobile phase used, because, for example, CH3CN quenches Mnchemiluminescence.148 Lastly, the enhancers and chemiluminescence reagents need
to be introduced post column. The reason for post-column chemiluminescence
detection is the Mn is a strong oxidiser and might precipitate in the column causing
considerable damage. having Mn precipitating or oxidising in the stationary phase
would likely destroy the column or effectively make the column unusable by
blocking it.
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Figure 4.4: Simplified schematic of an HPLC-chemiluminescence setup. 1, Mobile phase. 2, Mixer.3,
Injection of a sample, usually done with an auto-sampler. 4, HPLC column. 5, Mn-based
chemiluminescence reagent. 6, Flow cell. 7, Photomultiplier tube. 8, Black box. 9, Data recorder.

The simplest and fastest way to determine which Mn reagent will have the greatest
analytical potential is to use analytical standards with FIA, as the time taken to
process a sample is only min.149 In contrast, HPLC – chemiluminescence can take
tens of min per sample and requires a more elaborate setup. Unfortunately, FIA is
restricted to analysing pure compounds or to total chemiluminescence potential of a
complex sample. To overcome this issue, HPLC can be used to separate the
compounds before they are introduced into the carrier line and mixed with the
reagent in a flow cell to produce chemiluminescence. Therefore, FIA was used to
determine which reagent is best suited for the analysis of XN using standards. Once
a suitable reagent was chosen, HPLC-chemiluminescence was used on XN and the
limit of detection was determined. Unfortunately, CH3CN quenches
chemiluminescence reactions as previously outlined. Therefore, the HPLC
methodology described in Chapter 3 was modified to use CH3OH instead of CH3CN
as the mobile phase.148
The analytical standards chosen to compare the chemiluminescence response of
analytes in this study were resveratrol, luteolin, catechin and XN (Fig. 4.5). Due to
the high cost of prenylated flavonoids, only XN was analysed, as the amount
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purified from hops (Chapter 2) was sufficient only for FIA and HPLCchemiluminescence studies. This work was carried out with Prof. Neil Barnet at
Deakin University, Australia where he specialises in analytical chemiluminescence.
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Figure 4.5: The analytical standards used with FIA using Mn-produced chemiluminescence.
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4.2 Methods
4.2.1 Chemicals
Analytical grade reagents and DI water were used unless otherwise stated.

4.2.2 Special Chemicals
Chemicals were sourced as follows:
Potassium iodide (Ajax Finechem, New South Wales, Australia).
Orthophosphoric acid (85%), and KMnO4 (Chem-supply, South Australia).
FA (Hopkin and Williams, Essex, England).
Catechin, luteolin, resveratrol, and sodium polyphosphate (80 mesh). (SigmaAldrich New South Wales, Australia).
CH3OH and H2SO4 (Merck, Victoria, Australia).
XN was isolated using a modified method of Stevens et al.(1999) (Chapter 2).103

4.2.3 Preparation of acidic KMnO4 reagent
To prepare the acidic KMnO4 reagent, 1 mM of KMnO4 was added to in 1% w/v
sodium hexametaphosphate (aq.) and stirred with a magnetic stirrer until
dissolved. The pH of the solution was subsequently adjusted to pH 2.5 with H2SO4
and made up to 250 mL in DI water. The reagent was used within 24 h of
preparation.

4.2.4 Preparation of enhanced KMnO4 reagent
To prepare the enhanced KMnO4 1.6 mM of KMnO4 was added to 1% w/v sodium
hexametaphosphate (aq.) and stirred with a magnetic stirrer until dissolved. The
solution was adjusted to pH 2.5 with H2SO4. Then Na2S2O3 was added to final
concentrations of 0.1, 0.3, 0.6, 1.0 and 1.2 mM, making 5 reagents in total. The
reagents were used within 24 h of preparation.
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4.2.5 Preparation of Mn (IV) reagent
The method used for preparing Mn (IV) is adapted from Jaky, et al. (1984).150
Colloidal Mn (IV) was prepared by adding KMnO4 (2 g) to DI water (50 mL), and
adding 3 M sodium formate (aq.) drop-wise until a brown precipitate formed. The
precipitate was vacuum filtered through a sintered funnel and washed with DI
water (approx. 5 mL). Approx. 0.6 g of the precipitate was dissolved into 500 mL of 3
M orthophosphoric acid and sonicated for 30 min, incubated at 80°C for 1 h and
subsequently cooled to room temperature. The concentration of colloidal MnO2 (Mn
IV) was calculated using iodometric analysis (Section 4.2.6) and made up to 0.5 mM
with DI water. The reagent was left in the dark for 24 h before use.

4.2.6 Titration of the MnO2
Colloidal MnO2 from 4.2.4 was left in the dark for 10 min before addition of
potassium iodide (10 mM). The MnO2 was then titrated against 3 mM Na2S2O3 with
a starch indicator (3 mM). The starch indicator was added after 10 mL of Na2S2O3
had been added. The end point of the titration was when 2 drops of Na2S2O3 caused
the solution to clear. The titration was done in triplicate and the concentration was
calculated using the stoichiometry from Fig. 4.6:

I2

Mn4+ +

2I-

Mn2+

+

2S2O32- +

I2

S 4O62-

+ 2I-

Figure 4.6: Reaction scheme for iodometric analysis of MnO2.

4.2.7 Analytical standards
To use with FIA (Section 4.3.1), the analytes were made to 2 mg/L in DI water,
whereas XN was made up in CH3OH or DI water (2 mg/L). To compare the
enhancement of FA (0.1%) against DI water analytes were injected into the FIA
with DI water or DI water adjusted to pH 2.5 with FA.
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For HPLC-chemiluminescence, 0.08, 0.1, 0.2, 0.5, 0.8, 1.0, and 2.0 mg/L XN were
made up in HPLC grade CH3OH and filtered using 0.2 µm nylon syringe filters (7.5
mm sterile hydrophobic filter Thermo Fisher Scientific, Melbourne, Australia).

4.3 Instrumentation
4.3.1 Flow injection analysis equipment
The flow injection apparatus consisted of a peristaltic Gilson minipuls 3 pump (John
Morris Scientific, New South Wales, Australia) fitted with polyvinyl chloride (PVC)
tubing (1.02 mm i.d.). Samples were manually injected with 1 mL plastic
(polypropylene) syringes into a 100 µL loading loop and a 6-port injection valve (Vici
04W-0192L, Valco Instruments, Texas, USA) facilitated the sample into the
peristaltic flow. The flow cell was made of coiled-coil PVC pipe flush against a PMT
(Electron Tubes Enterprises, model P30A-05 ETP, New South Wales, Australia).
Data were recorded using eDAQ recording software with an e-corder 410 data
acquisition system (eDAQ, New South Wales, Australia).

4.3.2 Post HPLC chemiluminescence monitoring equipment
The HPLC setup was an Agilent 1260 infinity quaternary system fitted with a
Kinetex 2.6 µm EVO C18 100A liquid Chromatography Column, 20 x 2.1 mm
(Phenomenex, New South Wales, Australia). The flow rate was 0.2 mL/min and the
column was equilibrated using CH3OH:water, 40:60 v/v (containing 0.1 % FA) for 20
min before initial use. Once the analyte was injected the mobile phase composition
was changed to CH3OH:water, 80:20, v/v (containing 0.1% FA, pH 2.5) over 10 min.
The mobile phase was then left at CH3OH:water, 80:20 v/v (0.1% FA, pH 2.5) for 5
min and then re-equilibrated with the starting mobile phase (CH3OH:water, 40:60
v/v) for 6 min. CH3OH blanks were injected regularly to check for analyte carry-over
of any sample material from the previous injection. A similar FIA to the one used in
6.3.1 was used, with an additional analogue to digital interface box (Agilent
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Technologies) allowing the data to be analysed using HPLC Chemstation software
(Agilent Technologies). The DAD on the HPLC was turned off to reduce stray
electrical signals that might interfer with the chemiluminescence apparatus.

4.4 Statistics
All FIA analyses were carried out in quadruplicate and the HPLCchemiluminescence analyses were in duplicate. Analytes responses to
chemiluminescence are area of the peaks expressed as mean ± SD. R2 values
represent a linear standard regression analysis with an intercept through x = 0 and
y = 0.

4.5 Results and Discussion
CH3OH itself produces a chemiluminescence response with Mn-based reagents.
Therefore, all samples dissolved in CH3OH were normalised using a CH3OH blank
(i.e. the values reported are minus the CH3OH blank signal).

4.5.1 Comparison of different Mn reagents
The initial FIA compared different reagents (Fig. 4.7; acidic KMnO4, enhanced
KMnO4 and MnO2) chemiluminescence responses to selected analytes (resveratrol,
catechin, luteolin and XN). Comparing each reagent shows a trend that all of the
analytes, except XN in CH3OH, increased the signal with the expected values (i.e.
the KMnO4 lowest, enhanced KMnO4 second and MnO2 produced the greatest
response).
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Chemiluminescence response (mV)

Comparison of reagents using FIA
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Reagant KMnO4 1.0 mM pH 2 1% polyphosphate

Xanthohumol
(MeOH)

Reagent KMnO4 1.6mM pH 2.5 1% PP 0.6mM sodium thiosulfate
MnO2
Figure 4.7: Comparison of different reagent conditions.1, KMnO4 (1mM) and 1% polyphosphate (pH
2.) 2, KMnO4 1.6mM at pH 2.5. 3, MnO2 at 0.5 mM. The responses (shown as mV) are from the
analytical standards catechin, luteolin, resveratrol, and XN. The XN in CH3OH value is normalised
by reducing the value by the CH3OH signal.

The aqueous KMnO4 is the least responsive reagent with each analyte and could be
attributed to the reagent consisting mainly of Mn (VII). The result is expected
because KMnO4 contains no additional enhancers that might aid in a faster
reduction of Mn (VII) to Mn (II)*. However, there might be small amounts of other
Mn oxidation states (e.g. Mn (III) and Mn (IV)) present in the reaction, due to
equilibriums with Mn (VII). The other Mn oxidation states could be important in
the overall reaction, but the majority of Mn producing chemiluminescence is from
Mn (VII). It has also been shown by Francis et al. (2011)151, that acidic KMnO4 does
not usually produce chemiluminescence to the same extent as the enhanced KMnO4
and colloidal Mn (IV).133,151
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The chemiluminescence signal produced on the analytes, except XN in CH3OH,
responded better with MnO2. The most responsive to chemiluminescence with MnO2
was resveratrol at 0.05 mV (Fig. 4.7). The reagents might produce different
chemiluminescence signal due to the reduction of Mn through a different pathway
to get to the Mn (II)*, as the other flavonoids clearly show different responses to
that of XN (Fig. 4.7).136,142 Another possibility to why there is increased responses
with MnO2 is more Mn (II)* might be produced. The production of Mn (II)* might be
improved with the non-prenylated flavonoids by two different pathways. First, the
other analytes could reduce the Mn (IV) faster, resulting in a greater
chemiluminescence signal. Second, the prenyl group on XN might partially quench
or inhibit the production of Mn (II)*. To determine what exactly is occurring, the
identification of the mechanism for chemiluminescence is needed.
To explain the increase in the XN in CH3OH with the enhanced KMnO4 over the
other analytes is difficult because unfortunately, the comparison of dissolving the
other analytes in CH3OH was not carried out. This could have caused all analytes to
behave with the same trend of increasing signals. Although, CH3OH has been
reported to be very weak enhancer, with flavonoids and here it shows that there is
over a 5-fold increase in the enhancement when comparing the XN in water with
XN in CH3OH using the enhanced KMnO4.136 The fact that having CH3OH, as an
enhancer enabled better responses with XN, could mean that this might be a viable
option for uses in analytical methodology for detecting prenylated flavonoids. There
has been reports of small increases of enhancement using CH3OH, but usually the
best being formaldehyde and ethanol, therefore, Mn-chemiluminescence analysis of
the prenylated flavonoids might be improved using ethanol and/or formaldehyde
enhancers.136 The reason they were not carried out was time constraints and that
formaldehyde has increases the risks (e.g. formaldehyde is a carcinogen)
The CH3OH in water had the lowest response overall. This could be attributed to
the solubility of XN in water is reported at 1.3 mg/L. The XN that was dissolved in
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DI water was checked for visible particles in the prepared solution, but none were
observed.93 Therefore, to compensate for any solubility loses that may have occurred
XN was additionally, dissolved in analytical grade CH3OH at 2 mg/L. In addition,
the CH3OH carried the XN through the HPLC to the chemiluminesence flow cell.
CH3OH is known to cause a signal enhancement in some chemiluminescent
reactions hence why XN was compared with DI water.
Polyphosphate was added to this KMnO4 solution, as this can aid in a longer time
for the light emitting state of Mn (II)*, but this was not added to the MnO2.133
Therefore, no comparison can be made about this enhancer. The best reagent for
analysing XN in this case was the non-enhanced and this occurred on both the XN
in water and XN in CH3OH. The enhanced KMnO4 was then used to compare FA
with DI water as the analyte carrier into the flow in Section 4.5.2.

4.5.2 Comparison of FA in the carrier line
The second reagent comparison was with 0.1% FA in DI water against pure DI
water in the carrier flow (Fig. 4.8). The results show that there is an increased
response from all samples in the presence of 0.1 % FA. Again the least responsive
was XN in water, but there is a significant improvement for the XN in CH3OH,
which has now a greater response than that of resveratrol, which did not occur in
the previous (Fig. 4.7) reagent comparison. Demonstrating that using 0.1% FA
allows for more significant responses with Mn-chemiluminescence with XN. In
addition, the outcome that FA improves chemiluminescence is beneficial because
the HPLC setup used a mobile phase with 0.1 % FA in the mobile phase.
The best response for XN with 0.1% FA present increases the response by more
than double when XN is in CH3OH. Contrastingly, this does not occur when XN is
in water because the response was very low by having the 0.1% FA. Surprisingly,
resveratrol had a lower response than XN in the FA reagent comparison,
demonstrating that each analyte responds differently to Mn-produced
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chemiluminescence. The finding is that 0.1% FA improved the signal this was then
used in the final FIA (Fig. 4.8).

Chemiluminescence response in mV

FA reagent screen. Enhanced vs non FA
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

Resveratrol

XN in water
DI water

XN in MeOH

0.1% Formic acid

Figure 4.8 The second FIA compared the use of DI water against 0.1% FA to carry the analyte into
the reaction coil. The result shows that 0.1% FA in the carrier enhances the signal across all
analytes investigated.

4.5.3 Comparison of Na2S2O3 concentrations.
The third reagent comparison (Fig. 4.9) compared varying concentrations of
Na2S2O4 as this might alter the chemiluminescence response based on the
information discussed in Section 4.2. To find the optimal concentration of Na2S2O4
for the best chemiluminescence response a range of concentrations 0.1, 0.3, 0.6 and
1 mM were compared. The least responsive was 0.1 mM Na2S2O4 and the greatest
was 1 mM Na2S2O4. Na2S2O4 at 1.2mM was also studied, but no response was
observed, this is probably due to all the Mn being reduced to Mn (II) by Na2S2O4
through a non-radiative decay pathway.
The trend in the results show that increasing the amount of Na2S2O4 increases the
signal on two levels. First, the CH3OH blanks chemiluminescence response
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decrease. Second, the chemiluminescence signal increases when the concentration of
Na2S2O4 increased. It is shown in Fig. 4.9 that using CH3OH to dissolve the analyte
improves the signal given, as the signal increased nearly 3-fold. The concentration
of 1 mM of Na2S2O4 was then investigated with HPLC-chemiluminescence (Fig.
4.10).

Comparison of sodium thiosulfate with enhanced KMnO4
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Figure 4.9: FIA with enhanced KMnO4 comparing different concentrations of Na2S2O4. The
comparison shows that increasing the concentration of Na2S2O4 causes the signal to be enhanced.

4.5.4 Post HPLC chemiluminescence detection on xanthohumol
The condition that gave the best response was enhanced KMnO4 1.6 mM pH 2.5 and
1mM Na2S2O4 and it was used in the HPLC- chemiluminescence. A chromatogram
of the HPLC-chemiluminescence is shown in Fig. 4.10 and the Rt for XN is 10.5 min.
There is a secondary peak immediately after the XN peak, suggesting that there is
some impurity present in the XN standard.
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CH3OH producedan increase in background noise and this is visible as a small
increase in the baseline as time increases, but the XN peak is clearly visible with
the size of the peak. The overall peak area of each peak was used to evaluate the
concentration in a calibration graph in Fig. 4.10. There was an observed saturation
of signal in the PMT in the graph at above 5 mg/L XN.

Chemiluminescence response of
xanthohumol (mV)

Chromatogram for xanthohumol at 8 mg/L
100.00
90.00
80.00
70.00
60.00
50.00
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20.00
10.00
0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.0011.0012.00

Time (Mins)

Figure 4.10: A chromatogram of the chemiluminescence product produced post HPLC. The XN is at
Rt= 10.5- where the solvent front is at 1.03 min. It is clear that the XN is not 100% pure, due to two
peaks being present at Rt = 6.4 and Rt= 10.75 (Shown as arrows). The nature of chemiluminescence
doesn’t allow the determination of purity, as the unknown peak might be very sensitive to
chemiluminescence. The signal that is shown is neglible to analysing the concentration, as the
proportion of the area is < 1%. There is additional information (NMR) in chapter 2 supporting XN
purity.

The calibration graph (Fig. 4.11) is a straight line that intercepts x and y at 0 with
an R2 value of 0.999 and was carried out in duplicate; errors are ±SD and are
represented as error bars. The LOD was 0.08 mg/L (using the base line fluctuation
in the standard deviation of peak area multiplied by 2) and this is similar to that of
DAD. There is also a small peak at 4.67, which a ratio over 10.5 is 1.6, where as the
ratio from XN to IX in chapter 3 is 1.7 suggesting that it could be IX due to the
different solvent used, but with a similar stationary phase (C18). The visibility of the
IX in chapter 2 using the HPLC is non-existent, but perhaps the XN has isomerised
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during travel, as the XN was not refrigerated for 24 h. The LOD in chapter 3 is 0.05
mg which is similar to the chemiluminescence technique.

Area of peaks in the chemiluminescence
response (arbuitury units)
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Figure 11: The calibration graph of the chemiluminescence response with HPLC –
chemiluminescence. The R2 value is 0.999, showing that a good representation of the concentrations
of standard that were probed to calculate the LOD. The concentrations in samples varied from 0.8 –
2 mg/L and were done in dupilicate showing the standard deviation as error bars.

4.5.5 The HPLC-chemiluminescence
The results from the FIA showed that XN reacts with Mn (VII), Mn (IV) and Mn
(III) to produce a light signal that can be calculated to represent the concentration.
This is the first time XN has been used in chemiluminesence reactions and the first
time prenylated flavonoids have been investigated using Mn-chemiluminescence.
Unfortunately, the sensitivities were near that of HPLC-DAD, 150 nM (0.08 mg/L)
and not of the desired aim of getting LC-MS values < 10 nM. Therefore, the
continuation of the Mn -chemiluminescence was not carried out analysing beerbrewing samples.
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The use of Mn-chemiluminescence is a viable option for detecting the prenylated
flavonoids at the similar sensitivities of DAD. Second, the chemiluminescence
sensitivities could be increased when using other enhancers (e.g. formaldehyde)
although this could increase the risks associated with handling such chemicals, due
to the carcinogenic potential of formaldhyde.

4.5.6 Further applications for Mn-chemiluminescence analysis relevant to brewing
The use of the chemiluminescence method described here, might be better suited for
use on the AA, which are the principle flavouring agent in beer. The reason for this
is they are in higher concentration and might provide brewers with a more complete
cheap alternative to finding the concentration of a major flavouring compound in
beer and determine the efficiency of the brewing production. Although, a similar
analytical evaluation, such as above would need to be carried out on the AA. The
future potential of chemiluminescence detection will only increase, but more
research is needed to elucidate the mechanism of action of Mn-chemiluminescence
and finding this will be key to understanding and producing a sensitive method that
is cheap and reliable.

4.6. Conclusion
More investigations for Mn-based chemiluminescence with the prenylated
flavonoids are needed to optimise the conditions for detecting polyphenols in beer.
The results here show that the analytical standard XN produced a
chemiluminescence response, but the hope of finding the sensitivities close to that of
LC-MS were lacking. Perhaps determining the prenylated flavonoid concentrations
in beer and hop related products with chemiluminescence may be of use in the
future, but further investigations are needed. Finding a cheap and reliable
analytical method is needed for breweries, especially that more breweries are being
of the ‘craft’ industry, where the production of beer produced is a fraction of that of
the commercial breweries. Hence, they have less money to spend on analysis. The
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emerging evidence for the prenylated flavonoids and their effect on human health
could mean prenylated flavonoids in beer need to be measured in the future.89b
Measuring the amount of prenylated flavonoids does have difficulties, as the
methods and scientific equipment is very expensive, therefore, producing a cheap
alternative analytical method might enable breweries to measure the amount of
prenylated flavonoids in beer.152
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CHAPTER 5: OVERALL CONCLUSION AND
FUTURE WORK
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The present study demonstrates a method of XN isolation and purification from
hops. Subsequently, the analysis of the prenylated flavonoids during the brewing
process was assessed. The fate of the prenylated flavonoids during the brewing
process are from trub removal and that XN isomerises to IX. Interestingly, the
industrial scale might protect the isomerisation of XN as high concentrations were
found after the boiling stage.
The concentrations of XN and IX in beer were analysed. IX and small amounts of
XN remained. No 8-PN was found. The risk assessment on the estrogenicity of beer
was calculated using a NOAEL for 8-PN. Based on this evaluation, 3500 pints of
beer would need to be consumed to exceed the NOAEL. Therefore, moderate beer
consumption is very unlikely to be concerning to health regarding the prenylated
flavonoids.
The current research on the prenylated flavonoids in beer is relatively new and
toxicological data is lacking. Therefore, further toxicological data would benefit
pharmaceutical development of the prenylated flavonoids because the long term
exposure effects are unknown.
A different method of analysis (chemiluminescence) was carried out. The prenylated
flavonoid XN had a chemiluminescence response and the analytical sensitivities
were in a similar range of HPLC-DAD. The aim was to lower the detection limit
closer to that of LC-MS, but further optimisation of the method is required. The
present research could impact the brewing industry to understand further and
optimise the composition of beer. Notably, craft brewers who are using increasing
amounts of hops.
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Appendix 1: NMR data
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Figure 1 Appendix: gCOSY NMR- shows the coupling between protons. This allowed the
determination of the coupling between protons that are adjacent to each other on figure 6. This gives
stronger evidence that XN has been purified.

Figure 2 Appendix: Carbon NMR of xanthohohumol- this was then used in the HSQC to show the
protons associated with carbons on XN.

Figure 3 Appendix: HSQC of XN. The dark dots are odd number of protons e.g. 3 or 1 and the open
dot shows the protons on carbons that have even numbers. This is consistent with XN, as there is
only one carbon with 2 protons and 10 uneven protons that are attached to carbon on XN. The HSQC
gives additional information, such as the correlation for the protons attached to carbons.
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Figure 4 Appendix: HMBC of XN. The spectrum above shows the relationship between protons and
carbons that influence each other from 2 or 3 bonds with each other. The combined spectra allowed
the determination that the compound in the NMR is xanthothohumol.

Appendix 2: Crystal data
Table 1 Appendix: Crystal data and structure refinement for HOP_CrA (Colupulone).

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°

HOP_CrA
C25H36O4
400.56
120.00(10)
orthorhombic
Pbca
20.3243(2)
10.90914(10)
21.2694(2)
90
90
90
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Volume/Å3
Z
ρcalcg/cm3
μ/mm‑1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e
Å-3

4715.86(9)
8
1.1283
0.592
1749.3
0.2491 × 0.1734 × 0.082
Cu Kα (λ = 1.54184)
8.32 to 153.78
-25 ≤ h ≤ 25, -13 ≤ k ≤ 11, -26 ≤ l ≤
26
37598
4964 [Rint = 0.0429, Rsigma = 0.0190]
4964/2/277
1.033
R1 = 0.0462, wR2 = 0.1285
R1 = 0.0487, wR2 = 0.1313
0.32/-0.30

Table 2 Appendix Crystal data and structure refinement for LRB57-XN-01A (XN).

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3

LRB57-XN-01A
C22H26O6
386.45
119.99(10)
triclinic
P-1
8.12290(16)
15.3015(4)
18.5365(6)
112.137(3)
98.755(2)
98.4216(18)
2056.31(10)

141

Z
ρcalcg/cm3
μ/mm‑1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e
Å-3

4
1.2482
0.743
826.9
0.2939 × 0.1336 × 0.0417
Cu Kα (λ = 1.54184)
9.82 to 140.16
-10 ≤ h ≤ 8, -19 ≤ k ≤ 18, -23 ≤ l ≤
23
20671
7780 [Rint = 0.0265, Rsigma = 0.0299]
7780/9/542
1.048
R1 = 0.0455, wR2 = 0.1219
R1 = 0.0509, wR2 = 0.1278
0.38/-0.38
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